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Being aske d t o wha t en d h e had bee n born , h e replied ,
"To stud y th e Su n and Moo n an d th e heavens. "

Diogenes Laërtius , speakin g of Anaxagoras.

Lives and Opinions  o f Eminent Philosophers  II , 10 .

I kno w tha t m y day' s lif e i s marked fo r death .
But whe n I  search int o the  close , revolvin g spirals of  stars,

my fee t n o longe r touc h th e Earth . Then ,
by th e sid e of Zeus himself , I  tak e m y shar e o f immortality .

Epigram attribute d to Ptolemy.

Palatine Anthology IX , 577.
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The ancien t Wester n astronomica l traditio n i s one o f grea t richnes s an d
impressive duration . I t begin s with record s o f planet observation s mad e

by the Babylonians in the second millenniu m B.C . It includes the developmen t
of an astronom y base d o n geometrica l method s an d philosophica l principle s
by th e Greek s betwee n th e tim e o f Aristotle (fourt h centur y B.C. ) and th e
time o f Ptolemy (secon d centur y A.D.) . Afte r a  period o f decline , o r a t leas t
of quiescence, astronom y underwen t a  renaissance in the Islamic Middle East
in th e nint h centur y A.D . For th e nex t severa l centurie s th e languag e o f
astronomical learnin g was Arabic, as Greek had bee n before , an d a s Akkadian
had bee n befor e that . This astronomical traditio n culminate d with th e astro -
nomical revolutio n o f th e sixteent h centur y i n centra l Europe , wher e Lati n
was th e languag e o f scientifi c discourse . Thi s histor y o f nearl y 3,00 0 year s
therefore involve s contributions by the Babylonian, Greek , Arabic, and medi -
eval Latin cultures. But it was the Greek period that determined the fundamen-
tal characte r o f thi s endeavor .

This boo k i s called Th e History an d Practice  o f Ancient Astronomy.  In th e
largest sense , it s subjec t i s th e ancien t astronomica l traditio n o f th e West ,
which I  take to encompas s th e period an d th e culture s named . Bu t the focu s
of this book is the Greek period. One canno t reall y understand what medieval
Arabic and Latin astronomy were about, nor can one understand what Coper-
nicus and Keple r di d i n the Renaissance , without understandin g Ptolemy .

Of course , Gree k astronom y di d no t develo p i n a  vacuum . Indeed , i n
our centur y scholar s hav e com e t o appreciat e ho w importan t a n influenc e
Babylonian astronomica l practic e exerte d o n th e Greek s o f th e Hellenisti c
and Roman periods . Babylonian astronomy is a complex subject, intellectually
and historicall y rich , an d full y worth y o f stud y i n it s ow n right . I  hav e no t
been able to devote space to Babylonian astronomy tha t would be commensu -
rate with it s intrinsic significance . However , I  hav e trie d t o includ e enoug h
to give the reade r an insight into th e essential character of Babylonian astron-
omy, it s historical development, an d the nature of its influence on the Greeks .

In the same way, I have not attempted t o write a history of medieval Arabic
astronomy or of medieval or Renaissance European astronomy . Eac h of these
subjects, i f treate d i n adequat e detail , woul d requir e a  boo k o f it s own .
However, I  have ofte n illustrate d the continuity o f the Western astronomica l
tradition b y showing what become s o f some aspec t of Greek astronomy (e.g. ,
astronomical tables ) in the Middle Ages. Some subjects , such as the astrolabe,
that show a  rich developmen t i n th e Middl e Age s are treated i n considerabl e
detail. And , o f course , n o treatmen t o f Gree k planetar y theor y coul d b e
considered adequat e i f it omitted a  discussion of its radical transformation by
Copernicus i n th e sixteent h century .

In callin g this boo k History  an d Practice  I  pledged t o sta y a s close and a s
true a s possible to both . Stayin g clos e t o histor y mean s bringin g th e reade r
into direc t contac t wit h th e ancien t sources . I  hav e trie d alway s t o tel l no t
only what  bu t als o ho w we kno w abou t th e astronom y o f the ancien t past .
Throughout the book, man y extract s from ancien t writers are reproduced, t o
allow the reader to form hi s or her own impression of the ancient astronomica l
discourse. While scholars can agree about th e mai n outline s of the histor y of
Western astronomy , opinio n i s often divide d on details , and occasionally even
on issue s of major importance . Wher e th e evidenc e i s conflicting, I have no t
tried t o hid e ou r ignoranc e bu t hav e presented th e cas e as I see it.

The materia l cultur e o f ancien t astronom y i s a n importan t par t o f it s
history. Th e instrument s use d b y th e ancien t astronomer s ar e a  par t o f th e
story, n o les s tha n th e text s the y wrot e an d studied . Man y illustration s ar e
reproduced her e t o provid e a  visual impression o f the natur e o f the evidenc e
on whic h ou r reconstructio n o f the pas t mus t b e based.

In ou r time , knowledg e i s fragmente d int o hundred s o f specialitie s an d
subspecialities. No on e science occupies a  central place. But in ancient Greece

reface



Vlll P R E F A C E

and medieva l Islam, as well as in medieval Europe, astronomy held a privileged
place, wit h importan t connection s t o philosoph y an d religion , a s well a s to
art and literature. For the ancient Pythagoreans, astronomy was one of the fou r
chief branche s o f mathematics , alon g with arithmeti c (i.e. , numbe r theory) ,
geometry, an d musi c theory . I n th e medieva l universitie s thes e sam e fou r
arts becam e the quadrivium—th e upper-level sequence o f course s i n th e art s
curriculum. Thus, a n introductio n t o astronom y remaine d a  centra l par t o f
the experience deemed essential for an adequate education. A complete history
of the astronomical tradition certainl y cannot leave out of account th e relation
of astronomy t o th e broade r culture .

Staying clos e t o th e practic e o f astronom y mean s explainin g a subjec t i n
enough detai l fo r th e reade r t o understan d wha t th e ancien t astronomer s
actually did.  Nearl y ever y subjec t tha t i s treate d i n thi s boo k i s treate d i n
enough detai l t o permi t th e reade r to practic e th e ar t o f astronomy a s it was
practiced i n antiquity . After working throug h chapter 3 , the reade r should b e
able to mak e a  sundial b y methods approximatin g thos e use d b y Greek an d
Roman astronomers . Afte r workin g throug h chapte r 7 , the reade r shoul d b e
able t o predic t th e nex t retrogradatio n o f Jupiter, eithe r b y the method s o f
the Babylonia n scribe s or b y the method s o f Ptolemy .

The decisio n to focus on astronomica l practice entailed a  number o f com-
promises. Fo r example , topic s tha t seeme d to o comple x t o b e treate d i n
adequate detai l withou t extravagan t demand s fo r spac e an d o n th e reader' s
patience hav e bee n omitted . Th e bes t exampl e o f suc h a n omissio n i s th e
ancient luna r theory . Thus , while both th e Babylonia n and Gree k planetar y
theories ar e discussed in detail , I  have chosen t o le t the Moo n go . But I  am
confident tha t the reader who has mastered Ptolemy's theorie s of the Sun and
of Mars i n thi s boo k wil l have no troubl e with th e luna r theor y i f he or she
should pursu e i t elsewhere .

In focusing o n practice , th e question naturall y arises of what astronomica l
knowledge th e reade r ca n be assumed already to possess . I  have not assume d
that th e reade r know s an y astronomy. Th e basi c astronomical fact s require d
for understandin g th e ancien t text s ar e developed a s the boo k progresses .

But perhap s th e mos t seriou s choice t o b e made i n writing a  book abou t
astronomical practice is the selection o f the appropriat e level of mathematics .
For, i n bot h Greec e an d Babylonia , astronom y wa s alread y a  thoroughl y
mathematical subject . M y goa l ha s bee n t o trea t th e astronomica l concept s
rigorously and accurately, bu t t o minimize the mathematical tediu m a s much
as possible. This i s done by severa l differen t methods .

First, I  hav e followe d th e ancien t an d medieva l practic e o f emphasizin g
astronomical tables.  Already in Ptolemy' s da y handy table s were produced t o
make astronom y mor e user-friendly . Thes e table s (fo r problem s associate d
with th e dail y revolutio n o f th e celestia l sphere an d fo r th e mor e comple x
motions o f th e planets ) i n fac t serve d t o defin e th e practic e o f astronomy .
Wherever i n th e medieva l world ther e wer e tables, rea l astronomy was prac-
ticed; where tables were lacking ther e were only dilettantes an d dabblers . So
the reade r o f thi s boo k wil l lear n t o us e tables. An d thu s th e reade r will b e
prepared fo r an y further stud y o f Greek , Arabic , o r medieva l o r Renaissanc e
Latin astronomy .

A secon d wa y I  hav e foun d o f minimizin g th e mathematica l labo r i s t o
rely o n graphica l method s an d o n model s (suc h a s the astrolabe ) wheneve r
possible. So, for example, the reader can construct a sundial purely by graphical
methods, withou t an y computation at all. The reade r can predict the positio n
of Mars accordin g t o Ptolemy' s theor y b y manipulating a n instrumen t (th e
Ptolemaic slats ) rather tha n b y performing a  tedious trigonometrica l calcula -
tion. Some of the necessary models can be assembled from th e patterns found
in th e appendi x t o thi s book .
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When a  more detailed mathematical treatment o f some topic seems desir-
able, I  usually place it i n a  special section o r separate it of f in a  Mathematical
Postscript, afte r a  less mathematical treatment . This will allow readers who ar e
on friendly terms with trigonometry to pursue a subject in more detail, without
subjecting othe r reader s t o unnecessar y abuse . Thos e wh o wis h t o ski p th e
mathematical postscript s can do so without fea r that they are missing concepts
essential t o late r developments .

In th e sciences , i t i s commo n t o encounte r monograph s i n whic h th e
author interrupts the development fro m tim e to time by posing problems and
exercises for the reader . This is the author' s way of saying, You can't be sure
you understan d thi s materia l unles s yo u ca n us e it . Bu t th e exercise s an d
suggestions fo r observation s tha t ar e intersperse d throughou t thi s boo k ar e
unusual features fo r a historical work. These ar e meant t o giv e the reade r th e
chance t o practice the ar t o f the ancien t astronomer . Any attempt a t a  grand
historical synthesi s o r a  philosophica l analysi s o f th e Gree k vie w o f natur e
that i s not underpinne d wit h a sound understanding of how Greek astronomy
actually worked is headed for trouble. I hope that the attention to detail and
the provisio n o f exercise s will als o mak e th e boo k usefu l fo r teaching . Bu t
every reader of the book—the general reader, the classicis t who wants to kno w
more about Greek planetary theory, the astronomer who wants to understand
the earl y history of his or her field—is urged to work a s many of the exercises
as possible . Ther e i s al l th e differenc e i n th e worl d between  knowing  about
and knowing  how t o do.

In translations from ancien t writers, pointed brackets < >  enclose conjec-
tural restoration s to th e text . Squar e bracket s [  ]  enclos e words adde d fo r
the sak e o f clarit y but tha t hav e n o counterpart s i n th e origina l text . When
the translato r i s not identified , the translatio n i s my own .
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I.I ASTRONOM Y A R O U N D JOO  B.C. :
TEXTS FRO M TW O CULTURE S

Astronomy among  the Greeks  of  the  Archaic Age

The oldes t survivin g works o f Gree k literatur e ar e th e Iliad  an d Odyssey  o f
Homer, whic h wer e pu t int o writte n for m probabl y aroun d th e en d o f th e
eighth centur y B.C . Onl y a little younger i s Hesiod's Works  an d Days,  whic h
dates from abou t 650 B.C. When Homer and Hesiod wer e writing, the Greeks
were just emergin g fro m thei r dark age . Literac y had bee n gained , the n los t
in th e convulsions of the twelft h century B.C. , then regained . Historians tur n
to Homer and Hesiod for insight into the Greek societies about 700 B.C.—fo r
insight int o th e Greeks ' economi c life , thei r socia l organization , an d thei r
religious practices. We can profitably inquire of Homer and Hesiod jus t what
the Greek s kne w o f astronomy .

Homer I n th e eighteent h boo k o f th e Iliad,  Hephaisto s make s a  shield fo r
Achilles an d decorate s it with image s o f the heave n an d the Earth :

First of  all  he  forged a  shield  that  was  huge and heavy.  .  . .
He made  the Earth upon  it,  and  the  sky, and the  sea s water,
and the  tireless  Sun,  and  the  Moon waxing  into her fullness,
and on  it  all  the  constellations  that  festoon the  heavens,
the Pleiades  and  the  Hyades  and  the  strength of Orion
and the  Bear,  whom  men  also  give the name  of  the  Wagon,
who turns  about in a  fixed place and looks  at  Orion
and she  alone is never plunged in  the  wash  of  Ocean.  . . .
He made  on it  the  great strength of the  Ocean  River
which ran  around the uttermost  rim of  the  shield's  strong  structure.1

Here, then , are a few stars and constellations mentioned b y name: the Pleiades,
the Hyades , Orion , an d th e Bear , which i s also pictured a s a Wagon. (Th e
Bear or Wagon is our Ursa Major. The seven brightest stars of this constellation
form th e Bi g Dipper. ) Elsewhere , Home r mention s th e Do g Sta r an d th e
constellation Bootes . Al l thes e star s hav e therefor e been calle d b y th e sam e
names for nearly 3,000 years. In the passage above, Homer mentions that th e
Bear "turns about in a fixed place" and "is never plunged in the wash of Ocean."
This is  a reference to the  fac t tha t the  Bea r is a  circumpolar  constellation : it
can b e seen al l night long turnin g abou t th e celestia l pole an d neve r rises or
sets. Homer also knows tha t sailors can steer by the Bear : Odysseus keeps the
Bear o n hi s lef t i n orde r t o sai l t o th e east .

How ar e we to imagin e the plac e o f the Earth ? Homer nowher e make s a
clear statemen t abou t th e shap e o f th e Earth , bu t h e seem s t o pictur e i t as
flat, lik e a  shield. As is clear from th e passag e above, th e lan d make s a  single
island, surrounded by Ocean. Home r probably imagined th e sky , or heaven,
as solid , fo r i n severa l passages he likene d i t t o iro n o r bronze .

Homer know s tha t differen t star s ar e conspicuou s a t differen t time s o f
year. Diomedes ' blazin g armor i s compared t o th e Do g Sta r (Sirius),

that star  of  the  waning  summer who beyond  all  stars
rises bathed  in the  Ocean  stream to glitter in brilliance?

Sirius is the brightes t star in the sky . In Homer' s time and place , Sirius made
its morning rising in th e summer . Then Siriu s could be seen rising in the east
just befor e sunrise . At thi s morning rising , Sirius reemerged from a  period of
invisibility o f ove r tw o months . (Siriu s wa s invisible when th e Su n wa s to o
near i t i n th e sky. ) So here we have a reference to tellin g the tim e o f year by
the stars— a very important traditio n i n Gree k culture .

O N E
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A few of the star s exercise influences over men an d women . Mos t strikin g
is th e cas e o f Sirius. In th e Iliad,  Achilles , movin g ove r th e battlefiel d in hi s
blazing armor, i s compared t o Sirius ,

the star they give the  name  of  Orion's  Dog,  which  is  brightest
among the  stars,  and  yet is  wrought as a sign  of  evil
and brings  on  the  great fever for unfortunate  mortals. '

The mornin g risin g of Sirius was associated wit h th e summer heat . Bu t ther e
is no hin t o f an elaborat e system o f personal astrologica l forecasts . That was
a developmen t o f the Hellenisti c period , five or si x centuries later , when th e
Greeks ha d becom e mor e "scientific. "

The evenin g star and mornin g sta r are mentioned i n severa l passages. Bu t
Homer apparentl y di d no t kno w tha t these  ar e one and th e same, ou r plane t
Venus.

Hesiod's Work s an d Day s I n Hesiod' s poem , Works  an d Days,  writte n a
generation o r tw o afte r Homer' s time , w e se e a  mor e systemati c effor t t o
connect astronom y with th e lives of men and women. Th e centra l part o f the
poem i s a n agricultura l calendar , whic h prescribe s th e wor k t o b e don e a t
each seaso n o f the year . The farme r is to tel l th e tim e o f year b y the heliaca l
risings and setting s o f the star s (also called sta r phases) . These are risings and
settings o f the star s that occu r jus t befor e the Su n rise s or just afte r th e Su n
sets. The calenda r o f works an d day s begins with th e tw o famou s lines :

When the  Pleiades,  daughters  of  Atlas are  rising,
begin the  harvest,  the plowing when  they  set.

The Pleiade s mad e thei r mornin g risin g i n May . The n the y coul d b e seen ,
rising in the eas t just before sunrise. This was the tim e t o harves t th e wheat .
The Pleiade s made thei r morning settin g (goin g down in the west just before
the Su n came  u p i n th e east ) i n lat e fall . Fo r Hesiod , thi s wa s the sig n t o
plow th e lan d an d so w the grain . Fal l is the tim e fo r planting wha t toda y is
called winte r wheat , th e onl y kin d grow n i n antiquity .

Hesiod's agricultura l yea r begin s i n th e fal l wit h th e mornin g settin g o f
the Pleiades and the sowing of the grain. Hesio d warn s that if the farmer puts
off his sowing unti l th e "turnin g o f the Sun " (i.e. , the winter solstice) , he will
reap sittin g an d gai n bu t a  thin harvest .

Hesiod refer s t o th e equino x a s the tim e whe n "th e day s an d night s ar e
equal, and the Earth, the mother o f all, bears her various fruits." This reference
to th e equino x i s followe d immediatel y b y tw o othe r sign s o f spring—th e
evening risin g of Arcturus an d th e retur n o f the swallow :

When Zeus  has  finished  sixty  wintry  days
after the  turning  of  the  Sun,  then  the  star
Arcturus leaves  the  holy  stream  of Ocean
and first rises brilliant in  the  twilight.
After him  Pandion  's  twittering  daughter,  the  swallow,
comes into  the  sight  of men  when  spring  is  just beginning.

Hesiod's statemen t tha t th e evenin g risin g of Arcturus come s sixt y days afte r
the winter solstice gives a way of checking th e er a in which h e lived . (Se e sec.
4.9 for the method o f making suc h a  dating.) Hesiod' s statement i s consistent
with th e dat e w e have assume d fo r him , abou t 65 0 B.C .

Spring i s also th e tim e whe n th e on e wh o carrie s his hous e o n hi s bac k
(the snail ) climb s u p th e plant s "t o flee the Pleiades. " Thi s i s a reference to
the mornin g risin g o f the Pleiades , which , a s mentioned above , signale d th e
time o f the grai n harvest .



T H E B I R T H O F A S T R O N O M Y 5

When th e harves t is over, Sirius makes it s morning risin g and th e hottes t
time o f th e summe r arrives . This i s the seaso n whe n th e artichok e bloom s
and the cicada chirps , when goat s are fattest an d wine sweetest , when wome n
are mos t ful l o f lus t bu t me n ar e feeblest , becaus e "Sirius parches hea d an d
knees, and th e ski n i s dry fro m heat. " Her e i s another instanc e o f the belie f
in the influences exerted by Sirius at its morning rising . The tim e fo r picking
grapes arrives

When Orion  and Sirius  come into  mid-sky,
and rosy-fingered  Dawn  looks  upon  Arcturus  . . ..

The tim e is September, when Orio n and Sirius are high in the sky at morning
and Arcturus makes it s morning rising .

The agricultura l year end s a s i t began , wit h th e mornin g settin g o f th e
Pleiades:

When the  Pleiades and  Hyades  and  strong  Orion  set,
remember it  is  seasonable for sowing.
And so  the completed  year passes beneath  the earth. 14

This complete s th e agricultura l calenda r i n th e Works  an d Days.  A  fe w
other astronomica l reference s are found in the following section of the poem,
which treat s sailing . The mornin g settin g o f the Pleiade s and Orio n aroun d
the en d o f October signals a stormy season and th e end o f good sailing . Th e
best tim e fo r sailin g is the fift y day s following the summe r solstice .

The poe m end s wit h a  lis t o f lucky an d unluck y day s o f th e month . I n
his reckoning of days, Hesiod seem s to assume a month of thirty days, divided
into three parts of ten days each—the waxing, the midmonth, an d the waning,
which correspon d to  the  phase s of  the Moon . A day is  usually (though not
always) indicated b y specifying it s place in on e o f these three decades. So, for
example, th e eighth and th e ninth da y of the waxing month ar e good fo r the
works o f man . Th e sixt h o f th e midmont h (i.e. , th e sixteent h da y o f th e
month) i s unfavorable for plants, good for the birth of males, and unfavorable
for a  girl to b e born or married . These lucky and unluck y days are not take n
up i n an y obvious order, no r i s there any explanation o f why one da y should
be goo d o r ba d fo r an y particula r job. Ther e als o i s n o distinctio n amon g
months o r years—th e thirteent h o f th e mont h alway s is bad fo r sowin g bu t
good fo r setting plants .

Early Astronomy  in Babylonia

In Babylonia n astronomy o f about 70 0 B.C . w e can recogniz e man y feature s
that remind us of Greek astronomy of the same period. However, in many ways
Babylonian astronomy was further advanced . We can form a  fair impression of
the stat e o f Babylonia n astronomy aroun d 70 0 B.C . by lookin g i n detai l a t
two texts .

MUL.APIN MUL.API N i s the titl e of a Babylonian astronomical tex t tha t
survives in a number of copies on clay tablets. The nam e of this work is taken
from th e openin g word s o f th e text : "Plo w Star. " Th e oldes t extan t copie s
date fro m th e sevent h century B.C. , bu t th e tex t i s a compilation fro m severa l
different sources , which may have been substantially older. The tex t continued
to b e copie d dow n t o Hellenisti c times . Tha t i t wa s considered a  standar d
compilation i s apparen t fro m th e fac t tha t th e survivin g copie s diffe r ver y
little fro m on e another . I n figure i.i, we see a fragment of MUL.APIN no w
in th e Britis h Museum .

MUL.APIN begin s with a  list o f stars and constellations :
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FIGURE i.i . A  fragment o f a table t
bearing par t o f the tex t o f MUL.APIN. By

permission o f the Trustee s o f the Britis h
Museum (B M 42277 Obv.).

The Plow , Enlil , who goe s a t the fron t o f the star s of Enlil .
The Wolf , th e seede r o f the Plow .
The Ol d Man , Enmesarra .
The Crook , Gamlum .
The Grea t Twins , Lugalgirr a and Meslamtaea . .  . .  15

(s represent s th e soun d o f Englis h sh. ) Th e sta r lis t i s immediately followe d
by a  lis t o f th e date s o f th e heliaca l rising s o f various constellations , whic h
begins thus :

On th e is t o f Nisannu th e Hire d Ma n become s visible .
On th e loth of Nisannu th e Crook becomes visible.
On th e is t of Ajjaru th e Star s becom e visible .
On th e loth o f Ajjaru th e Jaw of the Bul l becomes visible .
On th e loth o f Simanu th e True Shepar d o f Anu an d the Grea t Twin s

become visible. 1

This i s a star calendar, o r what th e Greek s calle d a  parapegma. I t enables  th e
user t o determin e th e tim e of year b y noting th e heliaca l risings and setting s
of the stars . On th e first day of the mont h o f Nisannu, th e Hired Man (ou r
Aries) make s it s morning risin g and thu s "become s visible. " The Hire d Ma n
would b e seen rising in the east just before dawn. It marks the first reappearance
of the constellatio n afte r a  period o f invisibility of a month o r more . O n th e
first o f Ajjaru , "th e Stars " (ou r Pleiades ) mak e thei r mornin g rising . Th e
calendar i n MUL.APIN i s reminiscent of the agricultura l calendar in Hesiod' s
Works an d Days,  bu t i t i s far more complet e an d systematic .

The parapegm a i s followed b y a  lis t o f star s and constellation s tha t hav e
simultaneous rising s and settings :

The Star s ris e an d th e Scorpio n sets .
The Scorpio n rise s an d th e Star s set .
The Bul l o f Heaven rise s and SU.P A sets.
The Tru e Shepar d o f Anu rise s and Pabilsa g sets . .  . . 17

The openin g line s o f thi s sectio n o f MUL.API N infor m u s tha t whe n th e
Pleiades ar e see n risin g i n th e east , th e Scorpio n wil l b e see n settin g i n th e
west (an d vic e versa). Wh y woul d anyon e nee d t o kno w this ? Th e lis t o f
simultaneous rising s an d setting s i s undoubtedl y connecte d wit h th e para -
pegma. Usin g th e parapegma , on e tell s th e tim e o f yea r b y notin g whic h
constellation i s rising in the eas t just ahead o f the Sun . Bu t suppos e tha t th e
eastern horizo n i s obscure d b y clouds . The n on e coul d loo k t o se e whic h
constellation i s setting in the west just before sunrise . From the list of simulta-
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neous risings and settings, one could then infer which constellation was rising.
It i s interesting that a  similar list of simultaneous risings and setting s is given
explicitly for thi s purpos e by the Gree k poe t Aratu s in hi s Phenomena (third

\ 1 8century B.c.j .
The nex t section of MUL.APIN supplements the parapegma by giving the

time interval s between th e mornin g rising s of selected constellations :

55 day s pass fro m th e risin g of th e Arro w t o th e risin g of th e sta r o f
Eridu.

60 day s pas s fro m th e risin g of the Arro w t o th e risin g of SU.PA .
10 day s pass from th e risin g of SU.PA t o th e risin g of the Furrow .
20 days pass from th e risin g of the Furro w t o th e risin g of the Scales .
30 days pas s from th e risin g of the Scale s to th e risin g of the She -

goat "

We als o find lists of this sort in later Greek papyri—for example , the so-called
art o f Eudoxu s papyrus o f abou t 19 0 B.C. 20

The Babylonians , like most early Mediterranean cultures, used a luni-solar
calendar. The mont h began with the new Moon. That is, a new month bega n
when th e crescen t Moo n coul d b e see n fo r th e firs t tim e i n th e wes t just
before sunset . The yea r usually contained twelv e months. But because twelve
lunar months onl y amount t o 35 4 days, a  year of twelve months wil l steadily
get ou t o f ste p wit h th e Su n an d th e seasons . (Th e sola r year i s about 365
days long.) Thus , th e Babylonians , like th e Greeks , inserte d (o r intercalated)
a thirteent h mont h i n th e year fro m tim e t o time .

The months mentione d in the parapegma of MUL.APIN ar e therefore not
months of  an actua l calendar year, but rathe r the  months of  a sort of average
or standar d year . Th e Hire d Ma n doe s no t alway s make hi s morning rising
on the first of Nisannu. Nisannu was traditionally the spring month. Whenever
the Nisann u go t to o fa r ou t o f step with th e season s (o r with th e mornin g
risings of the fixed stars), a thirteenth month was intercalated into the calendar
year t o brin g things bac k into alignment . Consequently , althoug h th e Hire d
Man alway s mad e hi s mornin g risin g around  th e firs t o f Nisannu , th e dat e
could actually slosh back and forth by up to a month. The lis t of time intervals
between th e rising s of key stars was therefore in some ways more usefu l tha n
the artificia l sta r calendar , fo r th e forme r was no t tie d t o particula r mont h
names.

In th e earl y period , th e nee d fo r intercalatin g a  thirteent h mont h wa s
established withou t th e ai d o f an y theory , simpl y b y observation . And th e
observations migh t no t eve n b e astronomica l i n nature . A s w e hav e seen ,
Hesiod use s signs taken fro m animal s along with th e astronomica l signs: the
return of the swallow and the first appearance of snails are used in combinatio n
with th e heliaca l rising s and setting s o f th e stars . I t i s noteworthy tha t tw o
sections o f MUL.API N se t ou t rule s fo r determinin g whethe r a  thirteent h
month shoul d b e intercalated. For example, tw o o f the man y rules state tha t
a leap month shoul d b e inserted to kee p the morning risin g of the Star s (our
Pleiades) a t th e righ t tim e o f year:

<If> th e Star s become visibl e <on th e is t o f Ajjaru>, thi s year is
normal.

<If> th e Star s become visibl e on th e is t o f <Simanu>, thi s year i s a leap
year.21

Within a  fe w centuries , th e hodgepodg e o f rule s governin g th e luni-sola r
calendar wa s regularized into a  rea l system , base d o n a  nineteen-yea r cycle .
By contrast, the Greeks never did a  institute a regular scheme of intercalation.
One reaso n tha t th e Babylonian s eventually succeeded i n regularizin g their
calendar, while the Greeks failed, is that the astronomer had a more important
place i n Babylonia n civilization . Th e astronomer s o f Babyloni a were civi l
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servants wh o worke d a t religiou s temples , fo r example , a t th e grea t templ e
Esangila i n Babylo n itself . Thus , th e practic e o f astronom y ha d a  politica l
and religiou s significance i n Babylonia n civilizatio n that i t di d no t hav e i n
the Gree k world .

A good exampl e o f the politica l an d religiou s significanc e of Babylonian
astronomy is provided by the list of omens in MUL.APIN. Omen s were taken
both fro m th e fixed stars and fro m th e planets . Her e ar e a few examples:

If the star s of the Lio n .  . . , the kin g wil l be victorious wherever h e
goes.

If Jupiter i s bright, rai n an d flood .
If the Yoke is dim whe n i t come s out , th e lat e flood wil l come .
If the Yok e keeps flaring up lik e fire when i t come s out , th e cro p wil l

prosper.22

The Yoke appears here to be another name for Jupiter. There also exist portions
of a vast compendium o f omens, called Enuma Anu Enlil. This collection was
considerably olde r tha n MUL.APIN . It s omen s wer e frequentl y quoted an d
interpreted i n late r texts . Fro m a  surviving table of contents , i t appear s tha t
Enuma An u Enlil  filled some sevent y tablets , wit h thousand s o f individua l
omens. Th e templ e astrologer s woul d sometime s sen d report s t o th e king ,
citing an observation recentl y made togethe r with th e relevan t interpretation
quoted fro m th e standard ome n lis t in Enuma. Anu Enlil.  Some of the omen s
in MUL.APIN wer e drawn from thos e i n Enuma Anu Enlil . As a rule, ancient
Babylonian omens apply to the nation, o r to the king, not to ordinary individ-
uals.

Other section s o f MUL.API N contai n informatio n abou t th e chang e i n
the length of the day between the solstices and the equinoxes, and the variation
in th e length o f shadows in th e cours e of the day . The number s set down are
not rea l observations , bu t represen t idealize d arithmetica l patterns—thoug h
these must, of course, have been ultimately based on observation . Finally , the
beginnings o f a  theor y o f th e planet s ca n b e perceive d i n MUL.APIN . A
portion o f th e tex t give s numerica l value s fo r th e period s o f visibilit y an d
invisibility o f th e planets . Althoug h th e number s se t dow n ar e crud e an d
inconsistent, the y d o represen t a  beginnin g t o th e scientifi c stud y o f th e
planets—the most  difficul t branc h o f ancient astronomy—whic h was to reach
a highly succesfu l conclusio n severa l centuries later .

A Circular  Astrolabe

The Babylonian s visualized the nigh t sk y as divided int o thre e belts . Thes e
were name d afte r thre e divinitie s and calle d th e wa y of Ea , the wa y of Anu ,
and th e wa y o f Enlil . Th e star s o f Anu wer e situate d i n a  broa d bel t tha t
straddled th e celestia l equator. The star s of Anu thu s rose more o r les s in th e
east an d se t more o r les s i n th e west . Th e star s o f Ea were locate d sout h o f
the bel t of Anu. The star s of Ea thus rose well south of east and se t well south
of west. The star s of Enlil, located t o the north o f the belt of Anu, ros e north
of eas t an d se t nort h o f west . Include d amon g th e star s o f Enli l wer e th e
northern circumpola r stars , which d o no t ris e o r set .

In th e firs t quotatio n fro m MUL.APIN , cite d earlier , w e rea d tha t th e
Plow Star "goes at the fron t o f the star s of Enlil." The othe r star s in the same
passage ar e al l star s i n th e bel t o f Enlil . Th e tex t o f MUL.APIN mention s
some thirty-tw o star s (o r sta r groups ) o f Enlil . Added t o th e star s of Enli l is
the plane t Jupite r (calle d th e sta r o f Marduk , wh o wa s th e chie f go d o f
Babylon), even thoug h th e tex t explicitly states that the sta r o f Marduk doe s
not stay put but keeps changing its position. The next part of the constellatio n
list i s devoted t o ninetee n star s of Anu. Associate d wit h th e star s of Anu ar e
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the planets Venus, Mars, Saturn, and Mercury. The constellation lis t concludes
with fiftee n star s (o r sta r groups ) o f Ea .

Other Babylonian text s give shorter lists of thirty-six star groups only. Th e
organizing principl e i s that ther e shoul d b e on e sta r grou p fro m eac h o f th e
three belts , fo r each o f the twelv e months o f the year . The list s give one sta r
from eac h o f th e thre e belt s tha t mad e it s mornin g risin g i n th e mont h o f
Nisannu, on e fro m eac h o f th e thre e tha t mad e it s mornin g risin g i n th e
month o f Ajjaru, an d s o on. I n th e earlies t such text s (from abou t no o B.C.) ,
the thre e group s o f twelve star s are simply written i n paralle l columns .

But ther e als o exis t fragments of a  lis t arrange d i n a  circula r patter n (se e
Fig. 1.2) . This i s usually called a  circular astrolabe. However, thi s name i s no t
especially apt, fo r the word astrolabe  is also used for two kinds o f astronomica l
instruments that were developed in late antiquity and the Middle Ages. Circular
star list  therefore migh t b e mor e suitable . Th e fragmen t i n figur e 1. 2 date s
from the reign of Ashurbanipal, which would place it around 650 B.C.—roughly
contemporary with th e oldes t survin g texts of MUL.APIN. A  modern recon -
struction, based on the more complete information take n from the rectangular
star lists , i s shown i n figur e 1.3 .

The pi e wedge s represen t month s o f the year . Wedge I  i n figur e 1. 3 is for
Nisannu, th e sprin g month . Th e thre e circula r belt s ar e th e way s o f E a
(southern stars , oute r ring) , Anu (equatoria l stars , middl e ring) , an d Enli l
(northern stars , inne r ring) . The Plo w Star , MUL.APIN , appear s i n th e bel t
of Enlil, in wedge I , indicating tha t th e Plow makes its morning risin g in th e
month of Nisannu. Th e Pleiade s (MUL.MUL, "th e Stars, " in the bel t o f Ea)
make thei r mornin g risin g in th e mont h o f Ajjaru, a s we saw in th e secon d
extract fro m MUL.API N cite d earlier . But here we have an apparent proble m
with the Babylonia n astrolabes—the Pleiades are near the celestia l equator an d
ought rathe r to be placed in the way of Anu, as indeed the text of MUL.API N
confirms. This is one of many small ways in which th e star list of MUL.API N
represents a n improvemen t o n th e astrolabes,  whic h probabl y deriv e fro m
older material. The presence of planets in the circular astrolabe is also puzzling,
for th e planet s canno t b e use d fo r tellin g th e tim e o f year , sinc e the y mov e

FIGURE 1.2 . A  fragmen t
of a  circular star lis t
(sometimes calle d a  circula r
astrolabe). Fro m va n de r
Waerden (1974) .



FIGURE 1.3 . A  reconstruction
of a  circula r astrolabe .

From Schott  (1934) .

around th e zodia c an d d o no t mak e thei r mornin g rising s a t th e sam e tim e
every year. The plane t names perhaps designate some sort of "home positions"
of the planet s amon g th e stars .

The Babylonia n divisio n o f the nigh t sk y into th e way s of Ea , Anu, an d
Enlil an d th e selectio n o f thirty-six stars to mar k the month s o f the yea r are
much olde r tha n th e oldes t survivin g astrolabes. Indeed, thi s organization o f
the sk y i s explicitl y mentione d i n th e tex t o f Enuma  Elish,  th e Babylonia n
creation epic . (Th e standar d titl e i s the translatio n o f th e openin g word s o f
the text : "Whe n above." ) Thi s lon g poem , whic h reache d it s definitive form
by 150 0 B.C. , describes th e birth s o f th e gods , th e ascen t t o supremac y o f
Marduk, an d Marduk' s creatio n o f th e th e world. 24 A t on e stag e i n th e
construction o f th e univers e by Marduk, w e read

He [Marduk]  fashioned  stands  for the  great gods.
As for the  stars,  he  set  up  constellations  corresponding  to  them.
He designated  the  year and marked  out  its  divisions,
Apportioned three  stars  each  to  the  twelve  months.

This is a clear reference to the 3 x 1 2 arrangement of the Babylonian astrolabes.
Each wedge in the circula r astrolabe of figure 1.3 contains a number. These

indicate the length of a watch. Th e da y was divided into three watches, whic h
were regulated by means of water clocks. The nigh t was  similarly divided int o
three watches . I n th e summer , th e da y watche s wer e lon g an d th e nigh t
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watches were short. In the winter, the reverse was true. The longes t day watch
occurs i n wedg e II I (mont h o f Simanu) , whic h woul d b e aroun d summe r
solstice. Th e 4  in th e oute r segmen t o f wedge II I indicate s tha t on e shoul d
put 4  minas o f water int o th e water clock . When thi s water ha s flowed out,
a da y watc h i s over . (Th e min a wa s a  uni t o f weight. ) Th e shortes t da y is
around the winter solstice (wedge IX), when the day watch lasts for the amount
of time require d fo r 2  minas o f water t o flo w fro m th e wate r clock . Simila r
information i s found i n MUL.APIN .

The Babylonian s further divide d eac h of the three watches into four parts ,
which resulte d i n a  twelve-part divisio n o f the day . The Greek s learned thi s
twelve-part divisio n from th e Babylonians , as the Gree k historian Herodotu s
remarked. Th e numbers written in the inner two circles represent the lengths
of half-watches and quarter-watches , respectively . Thus, i n wedg e III , 2  and
i ar e one-half an d one-quarte r o f 4 . Bu t wha t abou t th e number s i n wedg e
II? Ther e th e sequenc e reads 3 40 ( a day watch) , i  5 0 (half a  day watch) , 55
(a quarte r watch) . Th e number s ar e written i n sexagesimal  notation , tha t is ,
in base-6o , afte r standar d Babylonia n practice . Thus,

40 5 03 40 mean s 3  —-, i  5 0 means i  —, etc .60 6 0

i 50/6 0 i s half o f 3  40/60. And 55/6 0 i s half o f i 50/60 . Ou r ow n sixty-part
divisions o f th e unit s o f tim e an d o f angl e deriv e fro m ancien t Babylonia n
practice.

Let u s examin e th e sequenc e o f th e length s o f th e da y watche s a s we go
from summe r t o winte r solstice :

Month Watch  Change

III 4
020

IV 34 0
0 2 0

V 3  20
020

VI 3
0 20

VII 24 0
020

VIII 2  20
020

IX 2

The lengt h o f th e da y watc h decrease s b y stead y increment s o f 20/6 0 o f a
mina fro m on e mont h t o th e next . Thi s i s a n exampl e o f a n arithmetic
progression. It is a characteristic feature of Babylonian mathematical astronomy.
Clearly, thi s unifor m progressio n i s no t a  resul t o f direct  measurement , fo r
the actua l change s i n th e lengt h o f th e da y ar e smalle r aroun d th e solstices
and large r aroun d th e equinoxes . Rather , i t represent s a n attemp t b y th e
Babylonian astronomer s t o impose an arithmetica l pattern o n a  natural phe -
nomenon. The applicatio n o f mathematics t o astronomy had alread y begun.

1.2 OUTLIN E O F TH E WESTER N
ASTRONOMICAL TRADITIO N

By about 700 B.C . astronomy was well under way in both Greece and Mesopo -
tamia. Th e text s examine d i n sectio n i. i revea l man y feature s i n commo n
between Gree k an d Babylonia n astronomy . Nevertheless , these tw o cultures
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approached th e subjec t fro m differen t perspective s an d th e scienc e develope d
quite differentl y i n th e tw o regions .

Babylonian Astronomy

Early in the second millenniu m B.C. , southern Mesopotamia wa s unified unde r
the rul e o f Hammurapi , a  kin g o f Babylon . Marduk , th e nationa l go d o f
Babylon, displaced competing deities and became the chief god of the Mesopo-
tamian pantheon. Th e cit y of Babylon, at one time a minor cit y indistinguish-
able from man y others , rose to becom e the intellectua l an d cultura l cente r o f
the ancien t Middl e East . Babyloni a expande d an d contracte d wit h th e tide s
of fortune . But , apar t fro m exceptiona l brie f period s o f militar y adventure ,
the kingdom neve r controlled muc h territor y beyond th e valleys of the Tigri s
and Euphrates . Moreover , Babyloni a was repeatedly subjec t t o conques t an d
occupation b y foreig n powers . Nevertheless , throug h most  o f th e ancien t
period, Babylo n retaine d a  reputatio n fo r splendor , cultura l brilliance , an d
arcane knowledge .

Cuneiform Writing  Th e Babylonians , who spok e a  Semitic language calle d
Akkadian, adopted the cuneiform (wedge-shaped) writing of the older civiliza-
tion o f thei r souther n neighbors , th e Sumerians . Thi s styl e o f writin g was
well suite d t o it s customar y medium , th e cla y tablet . I t i s easier t o pres s a n
indentation int o cla y than t o scratc h i t neatly . A  stylus was pressed int o th e
clay t o mak e wedge-shape d marks . Combination s o f thes e cuneifor m mark s
made u p th e sign s for words an d syllable s (figs , i. i an d 1.2) .

The Babylonian s used Sumeria n word-sign s fo r phoneti c units . Thus, a n
Akkadian wor d wa s broke n int o individua l syllables , an d eac h syllabl e was
represented by a Sumerian sign for that syllable' s sound; that is, the Sumeria n
signs served as phonograms. However, a  large number o f old Sumeria n word s
were retained a s ideograms, that is, signs that represen t a meaning, rather than
a sound .

The Babylonian s used Sumeria n word-sign s i n bot h way s when puttin g
their spoke n languag e into writing . Fo r example , th e Akkadian wor d fo r the
constellation Libra is zibamtu, which mean s "scales" or "balance." Th e Sumer -
ian word for a balance is RIN. A Babylonian astronomer, writing in Akkadian,
could writ e the nam e o f the constellatio n Libr a in two ways. He coul d brea k
the word int o syllable s and represen t it phonetically b y four cuneifor m signs :
zi-ba-ni-tum. O r h e coul d writ e a  singl e cuneifor m sign : RIN . I n readin g
aloud, h e migh t pronounc e thi s sig n eithe r a s "rin" o r a s "zibanitu."

The situatio n i s very complicated, fo r the sam e sign migh t have multipl e
phonetic value s as a phonogram, as well as multiple meanings as an ideogram .
Consider, fo r example, th e sig n "r. I n Sumerian , thi s represented th e nam e
of th e th e sk y god, AN . Bu t thi s sig n als o mean t "god " i n general . A  thir d
meaning wa s "sky. " I n Akkadian , th e sam e sig n wa s taken ove r fo r writin g
the name of the Babylonian sky god, Anu. It was also adopted a s an ideogra m
for "god " i n general, in which cas e it represented th e Akkadian wor d ilu.  No t
surprisingly, i t als o serve d a s an ideogra m fo r sky,  Akkadian samu.  Thus, a s
an ideogram, th e sign had a t least three different meanings . Bu t the same sign
also served as a phonogram fo r writing syllable s of other Akkadia n words , i n
which cas e it represented the sound an —the original Sumerian phonetic value
of this sign. To mak e matters worse, the same sign also acquired the phoneti c
value il,  fro m th e Akkadian .

In transliteratin g Babylonian texts, it is customary to distinguish Akkadia n
words fro m Sumeria n word s an d ideogram s b y writing th e Akkadian word s
in italic s and th e Sumeria n word s i n Roma n type . Thus , i n sectio n i.i , we
encountered MUL.APIN , th e "Plo w Star. " Actually, the sign MUL fo r "star "
was probably not alway s pronounced—it serve d to aler t the reade r t o th e fac t
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that th e plo w intende d wa s a  sta r an d no t a n ordinar y plow . I n moder n
practice, th e wor d MU L i n fron t o f sta r name s i s sometimes omitted , an d
sometimes i t i s written i n superscript : muAPIN.

In the last three centuries B.C., cuneiform writing became increasingly rare as
it was displaced by Aramaic. But cuneiform continued t o serve as a specialized,
scholarly scrip t fo r technica l astronomy . Indeed , th e las t know n cuneifor m
texts, fro m th e firs t centur y A.D. , ar e astronomical .

Numbers I n writin g numbers , th e Babylonian s used a  base-6o, place-valu e
notation. Two kind s of  strokes were used, vertical and slanting . Thus, groups
of fro m on e t o nin e vertica l stroke s were used fo r the number s I  through 9 :

1 2 3 4 5 6 7 8 9

For 1 0 throug h 50 , groups o f fro m on e t o five slanting wedges were used :

10 2 0 3 0 4 0 5 0

Any number between i and 5 9 could be represented by combinations o f these
marks. Fo r example ,

16 4 2

The pattern start s over at 60. That is, the single vertical stroke can represent
either i , or 60 , or 3,600 ( = 6o2), dependin g o n the place i t holds. The lower -
valued places are on th e right . (Thi s i s analogous to ou r ow n practice : in th e
expression in , th e first i o n th e righ t represent s a  single unit , th e secon d i
represents 1 0 units , an d th e thir d i  represent s lo 1 units. ) Ther e i s som e
ambiguity in th e writin g o f cuneiform numerals. Thus,

«F <W

can mea n

or

24 x  6 0 +  1 8 =  1,458 ,

24 X 60 +  1 8 x  6 0 =  87,480 ,

24 1 8
~7~ + ~>— = 0.405,60 360 0

since fractions in base-6o were written in the same notation. Th e scrib e would
usually b e able to tel l th e prope r meanin g fro m context .
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In moder n practice , th e custo m i s to separat e sexagesimal (base-6o) place s
by commas , bu t t o mar k of f th e fractiona l par t o f the numbe r b y means o f
a semicolon . Thus ,

24 3 6
5;M,36=5 + 6o + 3^00 = 5.41

but

365,2436 = 5 x 60 + 24 + -- = 324.660

The reade r should no w b e able to mak e ou t th e numeral s for 2 ; 20 and i ; 10
in figur e 1.2 .

Major Periods  o f Babylonian History  an d Astronomy  Mesopotamia n civiliza -
tion exhibit s a  grea t dea l o f continuity , eve n thoug h th e politica l situatio n
changed through a  series of military conquests. We cannot enter into a detailed
history o f Babylonia n civilization , bu t i t wil l b e helpfu l t o sketc h th e majo r
periods (refe r t o fig. i.4).29 Many date s in th e earl y part o f figure 1.4 are quite
uncertain.

Hammurapi's reig n and the unification of southern Mesopotamia int o one
kingdom fall in what i s called the Old Babylonia n period. Epic poems describ-
ing Marduk's creatio n of the universe probably date from this time. As we saw
in section i.i , one of these poems, Enuma  Elish, contains som e astronomica l
material—references t o the phases of the Moon and to the thirty-six star s used
to tel l th e tim e o f year.

We als o have a set of observations of the planet Venus—the so-called Venus
tablets o f Ammi-saduqa, i n whose reig n the observation s were made (thoug h
the copie s tha t hav e com e dow n t o u s were written muc h later) . The tablet s
list th e firs t an d las t visibl e risings an d setting s o f Venu s ove r a  perio d o f
about 2 1 years . Althoug h som e section s o f th e tex t appea r t o lis t genuin e
observations, othe r section s contai n idealize d rising s and setting s base d o n a
simple, but rathe r faulty , scheme . Thus, in the oldes t significan t astronomica l
text tha t we possess , both observatio n an d som e sor t o f theor y (eve n i f i t is
a crud e one ) ar e alread y present . Interestingly , eve n th e apparentl y genuin e
observations ar e liste d i n ome n form : "I f o n th e 28t h o f Arahsamna Venu s
disappeared [i n the west] , remainin g absen t i n th e sk y 3 days, and o n th e is t
of Kislev Venus appeare d [i n the east] , hunger fo r grain an d stra w will be i n
the land ; desolatio n wil l b e wrought." Th e ome n for m allowe d th e scribes
to predic t th e status of the grain an d stra w supply the nex t time Venus wen t
through th e sam e pattern . Whil e th e observation s i n th e Venu s tablet s ar e
not especiall y remarkable, they are significant in two ways. First, they provide
some help  datin g th e reig n o f Ammi-saduqa , an d thu s i n establishin g th e
chronology o f th e Ol d Babylonia n period . Second , the y poin t ou t a  rea l
difference betwee n Gree k an d Mesopotamia n civilization . There i s nothin g
comparable t o th e Venu s tablet s i n th e Gree k tradition . Earl y Babylonia n
observations are not especially precise. (The remarkable accuracy of the Babylo-
nian observer s is a silly fiction that one stil l frequently encounters i n popula r
writing abou t earl y astronomy. ) Th e importan t thin g i s tha t ther e wa s a
tradition o f actually making observations and of recording them carefull y an d
a socia l mechanism fo r preservin g the records . A good dea l o f headwa y ca n
be made with an extensive series of observations, even if the individual observa-
tions ar e not terribl y accurate.

Part of the motivation fo r making the observations was religious. And par t
of it was practical: the stars and especiall y the planets were believed to provide
signs of the futur e welfar e o f the king and the nation. Durin g th e long perio d
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DATE

Old Babylonia n Period
1700 B C

1600
Kassite Dynasty
1500

1400

1300

1200
Six Dynasties
1100

1000

900

800

700 Assyrian Rule

600 Chaldaean Dynasty

Persian Rule
500

400

Seleucid Dynasty
300

200 B C

ASTRONOMY

Venus observations

Enuma Ann  Enlil

Oldest rectangula r astrolabe

Eclipse records

MUL.APIN
Oldest astronomica l diaries

Equal-sign zodiac
Regularization of calendar

Planetary theor y

GENERAL HISTORY

Reign of Hammurapi

Enuma Elish

Reign of Nabonassar

Reign of Ashurbanipal

Alexander takes Babylon

100 Parthian Rul e FIGURE 1.4 . A n oudin e of
Babylonian astronomy .

from abou t 157 0 t o abou t 115 5 B.C. , Babylonia was rule d b y th e king s o f the
Kassite dynasty . Th e hug e compilatio n o f omen s calle d Enuma  Ar m Enlil
probably date s fro m th e Kassit e period. Th e Venu s tablet s o f Ammi-saduqa
were incorporated int o thi s series.

From the middle o f the twelfth century to the middle of the eighth century
B.C., Babyloni a was rule d b y a  serie s o f unremarkabl e dynasties . Th e oldes t
surviving rectangula r "astrolabes " (th e 3<5-sta r list s discussed i n sec . i.i ) dat e
from thi s period . Nea r th e en d o f thi s period , th e scribe s bega n t o kee p
careful record s o f eclipses . One text , portion s o f which survive , reporte d th e
circumstances o f successiv e luna r eclipses , a t leas t fo r th e year s 731—31 7 B.C.
In thi s and othe r suc h lists , the eclipse s are arranged in eighteen-year groups .
Because som e o f th e circumstance s o f luna r eclipse s repea t i n a n eighteen -
year cycle , th e scribe s wer e soo n abl e t o us e th e record s o f pas t eclipse s t o
predict futur e eclipses. 31

The reig n o f Nabonassa r (747—73 3 B.C. ) is especially important fro m th e
viewpoint o f late r Gree k astronomy . Bot h th e quantit y an d th e qualit y o f
Babylonian observations improved dramatically starting around this time. Th e
eclipse record s ar e onl y on e aspec t o f thi s change . When , severa l centuries
later, the Greek astronomers gained access to Babylonian observational records,
the oldes t usefu l materia l was from th e eight h century . The beginnin g o f the



l6 T H E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

reign o f Nabonassa r wa s therefor e use d b y late r Gree k astronomer s a s a
fundamental referenc e poin t i n thei r system o f reckoning time .

After abou t 90 0 B.C. , Babylonia came increasingly under th e militar y and
political influenc e o f Assyria, a kingdom locate d t o th e north , farthe r u p th e
valley of the Tigris . Historian s o f ancien t Mesopotamia therefor e often refe r
to the whole period fro m abou t 900 B.C . to the ris e of the Chaldaean dynasty
as th e Assyria n period . Th e growin g Assyria n interventio n i n Babylonia n
affairs cam e to its logical conclusion in 728 when Tiglath-Pilesar II I o f Assyria
established direct rule over Babylonia. While the Babylonians could no longer
effectively oppos e th e militar y strengt h o f Assyria , Babylonia n cultur e di d
prevail, a s the conqueror s adopte d muc h o f the cultur e of the conquered . A
good exampl e comes fro m th e reig n of the Assyrian king Ashurbanipal. This
king set out t o acquir e a complete library of al l known literature—Sumerian ,
Babylonian, Assyrian. Vast number s of tablets were copied o n hi s orders and
stored a t his library in Nineveh. This library, discovered by British archaeolo-
gists i n 1853 , i s a  majo r sourc e o f ou r knowledg e o f Babylonia n literature.
Ashurbanipal was also responsible for rebuilding the temple Esangila at Baby-
lon, which ha d bee n badl y damaged .

Shortly afterward , th e Assyrian s overextende d themselve s i n ambitiou s
military campaign s an d thei r empir e collapse d wit h astonishin g rapidity . A
Chaldaean, or Neo-Babylonian, dynasty was established in 625 B.C. by Nabopo-
lassar. Th e Chaldaean s wer e originall y a  trib e fro m th e souther n par t o f
Babylonia, who graduall y assumed a greater importance in Babylonian affair s
before finall y puttin g a  king of their own int o power . Durin g th e Chaldaea n
dynasty, Babylonian culture underwent a renaissance which extended to astron-
omy. As mentioned earlier , a notable difference betwee n early Greek and early
Babylonian astronom y i s that i n Babyloni a there was a social mechanism fo r
making and recordin g astronomical observations and for storing  and preserving
the records.  Scribe s at th e templ e Esangil a i n Babylo n had th e responsibilit y
of watching the sky every night and recording all that transpired—observations
of th e Moo n an d planets , a s well a s of th e weather , th e dept h o f th e river ,
and s o on . Th e resultin g document s ar e calle d astronomical  diaries. Larg e
numbers of these astronomical diaries have been found. The oldes t we possess
come from th e seventh century B.C., but they probably began a century earlier.
Babylonian astronom y o f the Chaldaea n perio d an d a  bi t late r ha d a  majo r
influence o n th e development o f Greek astronomy. Gree k and Roma n astro -
nomical writers usually referred t o th e Babylonian s as Chaldaeans.  And ofte n
Chaldaean wa s used b y Gree k an d Roma n writer s to mea n a n astronomer  or
astrologer of Babylon .

In 53 9 B.C., Babylon wa s conquere d b y Cyrus , th e kin g o f th e Persians ,
an Irania n peopl e t o th e east . This wa s during th e perio d o f rapidl y rising
Persian power. I t was only a generation late r when the Persians made th e first
of thei r attempte d invasion s of Greece . Th e crushin g defeat o f Xerxes' navy
and arm y in Greec e in 480/47 9 B.C . marke d th e beginnin g of the declin e o f
Persian power .

Babylonian astronomy continued to develop without noticeabl e hindranc e
during th e perio d o f Persia n rule . Indeed , ther e wa s a  rapi d increas e i n
sophistication. Earl y Babylonian astronomy was fairly crud e and simple , an d
the pace of development wa s very slow before the seventh century. After abou t
650 B.C., the pac e picks up. Bu t th e most  rapi d advances were made starting
about the middle of the Persia n period. The equal-sig n zodiac was developed
as a rationalization of the much older zodiac constellations. In the fifth century
B.C., i f no t a  littl e earlier, the Babylonian s regularized their calenda r o n th e
basis o f th e nineteen-yea r cycle : 1 9 year s =  23 5 months. Thus , i n ninetee n
years, one counts twelve years of twelve months each and seven years of thirteen
months each . Th e greates t advances i n Babylonia n astronomy depended no t
so much on better observations as on better use of mathematics. Th e scribe s
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rapidly learned to apply elaborate arithmetical method s t o astronomical prob -
lems. Th e us e o f arithmeti c progression s (a s in sec . i.i ) wa s a  characteristi c
technique.

In 33 1 B.C., Alexander, called the Great , conquere d th e Persian empire with
an arm y of Macedonian soldier s and Gree k mercenaries . Alexander' s empir e
lasted bu t eigh t years , fo r i n 32 3 B.C. he die d o f a  feve r i n Babylon . Afte r
Alexander's death , th e empire broke up and his generals carved out kingdom s
for themselves . I t too k a generation o f warfare fo r the ma p t o becom e stable .
When th e dus t ha d settled , tw o kingdom s o f considerabl e siz e an d powe r
were established i n non-Gree k lands .

Ptolemaios I  made himsel f kin g of Egypt. A  Greek-speaking Macedonia n
dynasty thu s rule d Egypt fro m th e en d o f the fourt h century B.C . to th e en d
of the firs t century B.C. , when Egyp t was finally annexed a s a province o f th e
Roman empire . Th e las t o f the Macedonia n monarch s o f Egypt wa s Queen
Cleopatra. A s we shal l se e below, th e Ptolemai c dynast y was o f considerable
importance t o th e developmen t o f Greek astronomy .

In th e vas t land s o f th e ol d Persia n empire , stretchin g fro m th e border s
of Egypt t o the frontier s of India, and includin g Mesopotamia, Seleuko s I set
himself u p a s kin g an d establishe d th e so-calle d Seleuci d dynasty . No w a
Greek-speaking rulin g class administered a  huge region , populated b y peoples
of enormous variet y in language, religion , an d socia l customs. The histor y of
the Seleuci d kingdo m i s quit e differen t fro m tha t o f Egypt . Th e centra l
government neve r was abl e t o exer t th e sam e leve l o f direc t administrativ e
control over its far-flung province s as could th e governmen t o f Egypt. Almos t
as soon as the kingdo m wa s established, th e easter n provinces bega n t o break
off as the nativ e peoples declared independence o r as renegade Greek adminis -
trators rebelled an d establishe d thei r ow n kingdoms .

The Seleuci d period i s of enormous importanc e fo r th e histor y o f astron-
omy. It was during this time that Babylonian mathematical astronom y reached
its ful l maturity . Th e scribe s succeede d finall y i n devisin g a  mathematica l
theory that permitted accurat e numerical prediction o f planetary phenomena .
The Seleuci d perio d wa s als o th e tim e o f mos t intimat e contac t betwee n
Babylonian an d Gree k astronomy . However , Seleuko s ha d mad e a  decisio n
that was to lea d inevitably to the declin e o f Babylon. Rathe r tha n rebuildin g
the city and establishin g his capital there, he buil t a  new city, Seleucia, abou t
thirty-five mile s away on th e Tigri s River . Babylon neve r regained it s forme r
status.

On th e easter n frontier o f Mesopotamia, there was a resurgence of Iranian
power unde r th e Parthia n o r Arsacid dynasty . I n 12 5 B.C. th e Parthia.i s unde r
Mithradates I I too k Babylo n an d th e perio d o f Gree k rul e wa s over . Th e
Seleucids hung on i n Syria until 6 4 B.C. , when th e las t of their holdings were
annexed b y the Roma n empire .

Greek Astronomy

Hesiod's Works  an d Days,  discusse d i n sectio n i.i , summarize s th e statu s
of Gree k astronom y i n th e sevent h centur y B.C . The subject s treate d b y
Hesiod—phases o f the Moon, th e annua l solar cycle, and th e annua l cycle of
appearances an d disappearance s o f th e stars—constitut e wha t w e migh t cal l
the popular and practical astronomy of the Greeks. The origin s of this popular
astronomy g o back beyon d th e beginning s o f writing. Fro m abou t th e fift h
century B.C . onward, w e can recognize three different astronomica l traditions ,
all o f whic h stemme d originall y fro m th e popular-practica l astronom y o f
remote antiquity . Thes e thre e tradition s ma y b e characterize d a s literary ,
philosophical, an d scientifi c (se e fig. 1.5) .

The Literary  Tradition  Th e literar y tradition involve d the continuatio n an d
elaboration o f Hesiod' s theme . Th e preserver s of thi s traditio n wer e chiefl y
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FIGURE 1.5 . A n outlin e o f
Greek astronomy . Th e arrow s

show continuin g tradition s an d
directions o f influence.

poets, who sang of the constellations , th e signs of the revolving year, and th e
works o f the farme r an d th e sailor . A notabl e poe t o f thi s genr e wa s Aratus
of Sol i i n Cilicia , wh o aroun d 27 5 B.C. wrot e Phenomena,  a poe m o f som e
1150 lines. In the Phenomena, Aratus treated the constellations and their risings
and settings and provided a  list of natural signs that might b e used in makin g
weather predictions. The poem was extraordinarily popular and was translated
into Lati n a t leas t thre e times .

Latin poets composed origina l works in the same tradition. Notable amon g
these are Ovid (Fasti)  an d Virgi l (Georgics).  When astronomy an d agriculture
ceased t o attrac t th e interes t o f th e poets , th e traditio n wa s continue d i n
modified for m b y prose writers on agriculture . A good exampl e is Columella
(ca. A.D . 50), whose treatis e o n farmin g was th e most  comprehensiv e o f al l
Roman work s o n thi s subject . Columell a include d i n th e elevent h boo k o f
his treatis e a  farmer' s calendar , whic h gav e fo r eac h mont h o f th e yea r th e
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astronomical sign s of the seaso n as well as the prescribe d agricultural activity .
This mix of astronomical lor e and agricultural advice continued t o be popular
down throug h th e Middl e Ages. The sam e mix can be found i n the grocery -
store almanacs o f our ow n day .

The popula r Gree k an d Lati n work s d o no t reflec t th e leve l achieved b y
the ancien t astronomers , just as today popula r literature on th e science s doe s
not giv e a detailed pictur e of our own science. Bu t the ancient popula r works
are valuable because they give us an ide a o f the astronomica l knowledg e tha t
an ordinar y educated perso n was likely to possess .

The Philosophical  Tradition  Fro m th e ris e of Greek philosoph y i n th e sixth
century B.C. , its practitioner s concerne d themselve s wit h th e fundamenta l
causes of things. The natur e of the heavenly bodies, thei r origin, the cause of
their motion , th e shap e o f the Earth , an d it s position withi n th e cosmos—al l
these wer e subject s o f intens e argumen t an d speculation . Fro m th e tim e o f
Plato onward, Gree k philosophy broadene d t o encompass new interests (e.g.,
ethics an d esthetics) . Nevertheless , considerabl e effor t wa s stil l devote d t o
physical principles . Th e dominan t figur e i n physica l though t wa s Aristotle
(fourth centur y B.C.) . Hi s chie f doctrines affectin g th e scienc e of astronom y
were that (i ) the Eart h i s at res t at the cente r o f the universe , (2) the universe
is finit e an d (3 ) changeless , an d (4 ) th e motion s o f th e celestia l bodie s ar e
uniform an d circular .

These doctrine s wer e generall y accepte d b y the Gree k astronomers . Th e
first doctrine, on  the  situation of  the Earth , agrees with our  everyda y percep-
tions. The second, on the finiteness of the universe, has a strong commonsense
appeal. Th e las t tw o doctrine s seeme d wel l confirme d b y observation . Th e
Aristotelian conception o f the heavens was one part of the menta l equipmen t
that every astronomer brough t with him when he attacked a  scientific problem.
Yet i t i s easy t o overstat e it s importance . I n th e firs t place , ther e wa s muc h
greater diversity of opinion ove r physical matters than i s commonly claimed .
Second, th e astronomer s ofte n showe d themselve s capable o f questioning o r
even abandonin g Aristotle' s tenet s whe n i t seeme d necessar y to d o so.

The diversit y of physical thought ca n be illustrated by the controversy over
a single topic—the existence o f a  void place . Tw o differen t possibilitie s must
be distinguished . I f the cosmo s i s finite , there migh t b e a  void plac e outsid e
it. And ther e migh t b e void places within th e cosmos itself , a s hollows within
apparently solid objects . Three different school s of thought ca n be identifie d
in Gree k philosophy. Th e Aristotelians denie d th e existenc e of both kinds of
void and gav e many convincin g arguments . For example , a void plac e would
offer n o resistance to the motion o f objects, which would therefore rush along
with infinit e speed—whic h would b e absurd.

The Stoi c school, amon g whom Posidoniu s (firs t century B.C. ) was promi-
nent, agree d tha t ther e coul d b e n o voi d plac e withi n th e cosmos . For ,
according to the Stoics , the cosmo s was held togethe r b y a kind o f breath o r
tension, whic h woul d b e broke n b y a  ga p i n th e materia l o f th e cosmos .
Without thi s tensio n t o maintai n it , th e cosmos would fly apart . Th e Stoic s
disagreed wit h Aristotle , however , o n th e possibilit y o f a void plac e outsid e
the cosmos : the y neede d i t t o explai n condensatio n an d rarefaction . When
wood i s burned the smoke takes up more space than th e wood did . Evidently ,
the cosmos mus t expand . Thus, i n the Stoi c doctrine, th e cosmo s alternatel y
contracts an d expand s int o th e infinit e voi d spac e beyon d it .

A thir d distinc t vie w wa s offere d b y th e Atomists , wh o boldl y accepte d
both kind s o f void . Th e foundin g figure s o f thi s schoo l wer e th e Gree k
philosophers Leucippu s an d Democritu s (fift h centur y B.C.) . Bu t th e mos t
comprehensive survivin g exposition o f thei r view s i s the Lati n poe m O n th e
Nature o f Things  o f Lucretiu s (firs t centur y B.C.) . Th e Atomists ' universe ,
which reall y is rather frightful , bu t whic h w e have come ultimatel y to accept ,
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consisted of atoms traveling in infinite void space. In antiquity, thi s was always
a minority view. But the Greeks were no more unanimous in physical doctrine
than i n politic s o r religion.

The secon d poin t to bear in mind i n assessing the importance of Aristotle's
physics i s tha t th e astronomer s wer e capabl e o f abandonin g i t wheneve r i t
seemed expedient . I t was accepted tha t the heavens  were changeless: no shift s
in the figures of the constellations had ever been detected through generations
of observation. Yet Hipparchus and Ptolemy recorded many sightings of three
stars tha t la y on th e sam e straigh t lin e fo r th e purpos e o f allowin g futur e
generations t o chec k whethe r thes e star s might actuall y shif t wit h respec t t o
one another . Th e astronomer s di d no t believ e tha t th e constellation s woul d
actually suffe r an y changes , bu t the y wer e willing to entertai n th e possibility.
And, again , whe n th e observation s seeme d t o deman d it , th e astronomer s
introduced nonunifor m motions into their planetary theories—a serious depar-
ture fro m Aristotelia n physics . Ther e wer e even a  few astronomical thinker s
who asserted , against the majorit y opinion, tha t the Earth move s around th e
Sun. The Gree k astronomers simpl y never were the blind slave s to Aristotle's
system tha t the y sometime s hav e been mad e ou t t o be .

With these qualifications in mind, we may still say that Aristotelian doctrine
guided the majority of Greek astronomers in their physical thought. Ptolemy ,
for example , mention s Aristotl e b y nam e i n a  prominen t place : i n th e firs t
chapter o f the firs t boo k o f the Almagest.

The Scientific  Tradition  Scientifi c astronom y i n Greec e bega n i n th e fift h
century B.C . The summe r solstice of 432 B.C. was observed at Athens by Meto n
and Euctemon . Thi s i s th e oldes t date d Gree k observatio n tha t ha s com e
down to us. It was used by later generations of astronomers in several successiv e
efforts t o determin e a  more accurat e value for th e lengt h o f th e year .

In th e earl y stages , muc h effor t wa s devote d t o traditiona l problem s o f
time reckoning. Meton's name is attached to the so-called Metonic or nineteen-
year cycle . Th e sam e cycl e wa s discovere d earlie r i n Babylonia . Whethe r
Meton's resul t represents a borrowing from Babylonia n sources or an indepen -
dent discovery , w e d o no t know . Euctemo n i s know n t o hav e devise d a
parapegma o r sta r calendar , which liste d chronologicall y th e appearance s an d
disappearances of the most prominent star s in the course of the year, togethe r
with associate d weather predictions . Th e origina l motivation behin d th e sta r
calendar mus t hav e bee n th e desir e t o improv e on , o r t o supplement , th e
chaotic Gree k civi l calendars . Eac h Gree k cit y had it s own calendar , wit h it s
own mont h names.  I n differen t cities , th e yea r migh t begi n wit h differen t
months. Moreover , n o tw o citie s followed the sam e practice in th e insertio n
of th e occasiona l thirteent h month . Thus , a  citize n o f Athens an d a  Gree k
from Thessaly , fo r example , coul d no t communicat e a  tim e o f year t o on e
another b y mentionin g a  mont h nam e an d a  da y o f th e month . Bu t the y
could communicat e unambiguousl y b y mean s o f sta r phases : th e mornin g
rising of Arcturus meant th e beginnin g o f fal l fo r everyone . Nearly al l Greek
astronomers o f thi s perio d concerne d themselve s with sta r calendars . I n s o
doing, the y continue d an d refine d a  tradition tha t date d bac k t o Hesiod .

As their science matured, th e astronomer s becam e intereste d i n question s
with less immediate practical significance: "pure science." By the fourth century
B.C. the Earth had bee n proven to be a sphere and it s size had bee n estimate d
by mean s o f astronomica l observations . I t i s no t know n wh o mad e these
observations an d firs t deduce d fro m the m th e siz e o f th e globe , no r ar e any
details o f their methods known . Bu t Aristotle summarized thei r result s in his
treatise O n th e Heavens  (ca. 35 0 B.C.). Th e famou s measurement o f th e siz e
of the Earth b y Eratosthenes, who use d the fac t tha t th e Su n shone vertically
down int o a  well a t Syene , Egypt , o n th e summe r solstice , was made abou t
a centur y later .
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The firs t Gree k attemp t t o explai n th e comple x motion s o f the planet s
was made b y Eudoxus, who cam e fro m Cnidu s on th e wester n coas t o f Asia
Minor bu t wh o travele d to Athens twic e and kne w bot h Plat o an d Aristotle .
Eudoxus i s known als o to have written a  treatise on th e celestia l phenomena ,
which containe d a  description o f the constellations and of the principal circles
on th e celestia l sphere . Thi s pros e work , whic h ha s no t survived , serve d as
the inspiratio n an d mode l fo r Aratus's vers e Phenomena,  mentioned earlier .
This is a notable, an d early , example o f the influenc e o f a scientific write r o n
a poet .

None o f th e work s o f the scientifi c astronomica l writer s mentione d thu s
far (Meton , Euctemon , Eudoxus ) hav e come dow n t o us . We kno w th e titles
of som e of  thei r works , and  hav e a  partia l understandin g of  thei r contents ,
only because of citations made b y later writers. The oldes t surviving  works of
Greek mathematica l astronom y are those of Autolycus of Pitane (ca. 320 B.C.).
In one  of  his  works, On  the  Revolving Sphere, Autolycu s prove d a  number of
theorems concernin g th e dail y revolutio n o f th e spher e o f th e heavens . I n
another, O n Risings and Settings,  he provided a  geometrical treatment of the
old proble m o f the annua l appearance s an d disappearance s o f the stars . I t is
noteworthy tha t on e o f th e oldes t survivin g work s o f Gree k astronom y i s
devoted precisel y t o th e practica l proble m o f tellin g th e tim e o f year , firs t
sketched b y Hesiod and the n elaborate d i n the parapegma tradition . Euclid' s
Phenomena, a  short , elementar y treatis e o n geometrica l matter s relevan t t o
astronomy, date s fro m abou t th e sam e period .

During th e perio d o f earl y Greek astronom y (fift h an d fourt h centurie s
B.C.), Athens was the intellectua l cente r o f the Gree k world . Althoug h man y
intellectuals cam e fro m othe r part s o f th e Gree k world—an d notabl y Ionia ,
on th e western coas t o f Asia Minor—many o f them wen t t o Athens t o stud y
or'teach. Eudoxu s i s a good example .

Alexander's military career changed this , along with so much else. Alexander
was a  grea t founde r o f cities , al l o f which h e name d afte r himself . Mos t o f
these ne w citie s neve r amounte d t o much . Bu t afte r hi s conques t o f Egypt ,
Alexander founde d a  cit y a t th e mout h o f th e Nile . Thi s Alexandri a gre w
rapidly i n siz e an d wealth . I n a  shor t time , i t becam e th e most  importan t
center o f commerc e i n th e easter n Mediterranean . Fro m th e lat e fourt h t o
the lat e firs t century B.C. , Egypt wa s ruled b y a Greek-speaking Macedonia n
dynasty name d fo r Ptolemaios I  Soter, th e genera l who mad e himsel f kin g of
Egypt afte r Alexander' s death .

The firs t tw o king s o f th e Ptolemai c dynasty , Ptolemaio s I  Sote r an d
Ptolemaios I I Philadelphos , wer e great patrons of the art s and sciences . They
founded and supported the Museum and Library at Alexandria. The Museum ,
the firs t establishmen t eve r t o g o b y this name , wa s an institutio n o f higher
learning, dedicate d t o th e muses . The member s of the Museu m live d on th e
grounds, hel d thei r property i n common , an d devote d themselve s t o literary,
philosophical, an d scientifi c studies . Th e Alexandria n Librar y becam e th e
greatest i n th e world . Alexandri a becam e th e plac e t o g o i f one wante d t o
study literature, mathematics, o r science, as Athens onc e had been . Moreover ,
because o f the fertilit y o f the Nil e valley , Egypt was a fairly wealthy country .
Although th e king s o f Egyp t carrie d o n intermitten t borde r warfar e wit h
their neighbors, the country's geographica l situatio n protecte d i t from seriou s
military threat . Thus , th e Ptolemai c kingdo m o f Egyp t wa s far mor e stabl e
and secur e than it s neighbors. As a result of all these factors—wealth , politica l
stability, an d roya l patronage—the history of later Greek astronomy i s largely
centered o n Alexandria . Man y o f th e late r astronomer s an d mathematician s
of note live d o r a t leas t spent som e tim e there .

Good example s are Aristyllos an d Timochari s (ca . 290 B.C.) , who worke d
at Alexandria, and wh o ar e known t o u s becaus e some o f thei r observations
were used by later writers . The observation s of Timocharis an d Aristyllos are
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not al l that great in number; nevertheless , they constitute th e oldest surviving
body of careful astronomical observations in the Greek tradition. Thus, system-
atic observatio n starte d muc h late r i n th e Gree k worl d tha n i n Babylonia .
Moreover, the Greeks never did develop much devotion to regular observation.
For this reason, the later Greek astronomers, notably Hipparchus and Ptolemy,
made a s much o r mor e us e of Babylonia n observations that ha d com e int o
their possessio n as they di d o f observations by Greek astronomers.

The greates t successes of Greek astronomy came not so much fro m straigh t
observation as from th e application o f geometry to the problems of astronomy
and cosmology . The geometrizatio n o f the cosmos ha d begu n with th e mea -
surement o f th e siz e o f th e Eart h an d th e workin g out , b y Eudoxu s an d
Autolycus, o f the theor y o f the celestia l sphere. This program wa s continue d
by a calculation of the sizes and distances of the Sun and Moon by Aristarchus
of Samo s (ca . 27 0 B.C.) . Aristarchus "s result s clearly demonstrated th e powe r
of geometrical  method s i n astronomy .

Indeed, on e o f th e critica l development s o f thi s perio d wa s th e ris e o f
Greek geometry , which le d rapidly to th e mathematizatio n o f Greek astron -
omy. Notable geometers of this period were Euclid, Archimedes, and Apollon-
ius of Perga. Apollonius (ca. 225 B.C.) seems to have been the first to experiment
with combination s o f deferent circles and epicycle s in a n attemp t t o provid e
an explanation fo r the motions o f the planets , Sun , an d Moon. The work on
the sola r an d luna r theorie s wa s carrie d t o a  hig h leve l b y Hipparchu s (ca .
140 B.C.) . Fo r the firs t time i n Gree k astronomy, i t became possible to mak e
quantitative prediction s o f th e futur e position s o f th e Su n an d Moon , a s in
the predictio n o f eclipses.

Cross-Disciplinary an d Cross-Cultural  Fertilization Tw o importan t event s a t
about this time were of great benefit to Greek astronomy: first, the development
of trigonometry, and second, the borrowing of astronomical results and mathe-
matical procedure s fro m th e Babylonia n tradition. I n bot h o f these develop -
ments Hipparchu s playe d a  majo r role .

Before th e developmen t o f trigonometry , computatio n b y geometrica l
methods ha d bee n laborious . For example , Aristarchus, in hi s treatise O n the
Sizes and Distances  o f the Sun an d Moon,  conclude d tha t th e distanc e o f th e
Sun from th e Earth i s greater than eightee n times , but les s than twent y times,
the distanc e of the Moo n fro m th e Earth . T o a  modern reader , Aristarchus
probably appears to b e qualifying hi s resul t in accordance with th e estimate d
sizes o f the error s in hi s observationa l data . Actually , th e rang e expresse d i n
his final answer has nothing to do with his data, but rather reflects his methods
of calculation. Aristarchus was able to prove geometrically (i.e., by the method s
of Euclid ) tha t th e rati o o f th e Sun' s distanc e t o th e Moon' s distanc e was
greater tha n 18 , and , b y anothe r construction , tha t i t wa s les s tha n 20 . H e
was unable to obtain the actual value of the ratio, so in proper Greek geometri-
cal fashion, he rigorousl y deduced a n uppe r an d a  lower limit fo r thi s ratio .
A precise solution o f such a  problem require d th e method s o f trigonometry ,
tables o f sines , an d s o on . Th e rapi d developmen t o f Gree k mathematic s
greatly expanded the ability of astronomy to deal with the problems presented
by the celestial motions. Indeed, astronomy was so firmly based on the methods
of geometr y an d trigonometr y tha t i t wa s usuall y regarded  a s a  branch  o f
mathematics.

The second major stimulus in the second century B.C. came from Babylonia.
By the early Seleucid period, the Babylonians had developed theoretica l meth-
ods for predicting the positions of the planets . But the Babylonian theory was
based o n arithmeti c rule s rather tha n o n geometrica l models , a s was the cas e
with Greek planetary theory. Moreover, as far as we can tell from th e surviving
sources, the Babylonian planetary theory had no elaborate philosophical under-
pinning—there seem s to hav e bee n n o se t o f physica l principles comparabl e
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to thos e tha t Aristotl e provide d fo r th e Gree k astronomers . Th e Greeks ,
therefore, coul d no t tak e thei r physica l principle s or geometrica l cosmolog y
from th e Babylonians , bu t the y could , an d did , borro w thei r observationa l
results, a s well as some technique s o f calculation . Th e Babylonian s had, fo r
example, obtained accurat e values for the tropica l and synodi c periods of the
planets, whic h th e Gree k astronomer s adopte d an d applie d t o thei r ow n
geometrical planetary theory. There were also records of lunar eclipses observed
in Babylo n tha t wen t bac k t o abou t 73 0 B.C.—much earlie r than th e oldes t
useful Gree k observations . A  numbe r o f thes e luna r eclipse s wer e use d b y
Hipparchus an d Ptolem y i n refinin g thei r luna r theory .

While there is evidence of earlier Greek contact with Babylonian astronomy
(e.g., i n th e name s and figures of the zodia c constellations), th e grea t period
of Babylonia n influenc e wa s centered i n th e secon d centur y B.C . This i s no t
surprising in view of the large r political, military, and cultura l picture. Gree k
astronomy had alread y matured t o the poin t a t which i t could greatl y benefi t
from the Babylonian example. Moreover, contac t was now easy, for Mesopota-
mia, like Egypt, was ruled by a Greek-speaking Macedonian dynasty. All over
the Middle East, Greeks were thrown int o contact wit h othe r peoples. I t used
to b e common t o spea k of the "Gree k miracle, " a s if the Greek s had i n on e
swoop invente d science , righ t alon g wit h history , poetry , an d democracy .
While the Greek achievement in astronomy and mathematics was truly remark-
able, we can no longe r regar d i t as without root s i n othe r and olde r cultures .
The deb t o f th e Greek s t o Babylonia n astronomy wa s not recognize d unti l
our ow n centur y an d wa s onl y mad e clea r throug h th e deciphermen t an d
study o f Babylonia n astronomica l text s on cla y tablet s unearthed a t th e en d
of th e nineteent h an d th e beginnin g of th e twentiet h century. 34 I t ha s also
become clea r tha t th e late r Gree k astronomers—Ptolemy , fo r example—di d
not themselve s appreciat e ho w muc h thei r ow n predecessor s had borrowe d
from th e Babylonians.

Ptolemy and th e Culmination o f Greek  Astronomy Th e culminatin g figur e o f
Greek mathematica l astronom y was Klaudios Ptolemaios—o r Ptolemy , a s he
is usuall y called today . Ptolem y live d an d worke d a t Alexandri a durin g th e
first hal f o f th e secon d centur y A.D . (Ptolemy was no t relate d t o th e Gree k
[Ptolemaic] kings of Egypt. But medieval writers sometimes made this confu -
sion, s o one ca n see medieval images of Ptolemy with a  crown o n hi s head. )

It wa s Ptolemy wh o brough t Gree k planetar y theory int o it s final , very
successful, form . Ptolemy' s syste m was set out i n a  work that i s known toda y
as th e Almagest.  The origina l titl e wa s somethin g lik e Th e 1 3 Books  o f th e
Mathematical Composition  o f Claudius  Ptolemy. Later th e wor k ma y simpl y
have been known a s Megale Syntaxis,  th e Grea t Composition . Th e superlativ e
form o f th e Gree k megale  (great ) i s megiste.  Arabic astronomer s of th e earl y
Middle Ages joined to thi s the Arabic article al-, giving al-megiste, which was
later corrupte d b y medieva l Lati n writer s t o Almagest.  A thousan d year s of
history, embracing Greek, Arabic, and Lati n traditions, ar e thus contained i n
this on e word . N o bette r exampl e coul d b e wished o f the continuit y o f th e
Western astronomica l tradition .

Ptolemy's work was the definitive treatis e on mathematical astronomy. Th e
Almagest is one of the greatest books in the whole history of the sciences—com-
parable in it s significance an d influenc e t o Euclid' s Elements,  Newton's Prin-
cipia, o r Darwin' s Origin  of Species.  Ptolemy' s Almagest dominated th e stud y
and practice of astronomy from the time of its composition unti l the sixteenth
century. Just a s Ptolemy influence d all who followe d him, s o to o h e tende d
to displace his predecessors. The technica l works on mathematica l astronomy
by hi s predecessor s cease d t o b e rea d an d copied , sinc e thei r result s wer e
included in , o r supersede d by , Ptolemy' s work . So , fo r example , non e o f
Hipparchus's technica l writings have come dow n t o us . We know thei r titles
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Sources for th e History o f Greek  Astronomy Ou r singl e most importan t sourc e
is Ptolemy' s Almagest.  But i t wa s writte n a t th e ver y en d o f th e historica l
development o f Gree k astronomy . Th e earlie r work s tha t hav e com e dow n
to us are mainly short treatises on specialized topics, with easy or no mathemat -
ics, that were copied because they were suitable for use in the schools. Examples
are the writings of Theodosius o f Bithynia On Geographic  Places  and O n Days
and Nights,  Euclid' s Phenomena,  and Autolycus' s writing s O n th e Revolving
Sphere an d O n Risings  an d Settings,  which wer e mentioned earlier .

We have also three introductory Gree k textbooks on astronom y tha t were
written around the beginning of the Christian era . These are the astronomical
primers b y Geminus , Theo n o f Smyrna , an d Cleomedes . Althoug h these
works ar e nontechnical , havin g bee n intende d fo r beginnin g students , the y
do include a number of details that can teach us something about the develop-
ment o f Greek astronomy befor e Ptolemy . Fo r example , Geminus provides a
valuable discussion o f calendrical cycles , a subject no t discusse d b y Ptolemy .
Cleomedes i s our mai n sourc e for the famou s measuremen t of the siz e of th e
Earth mad e b y Eratosthenes .

We als o have some encyclopedic compositions b y Latin writers. For exam-
ple, th e secon d boo k o f Pliny' s Natural  History  i s devoted t o astronomica l
matters. Pliny's treatment is nontechnical, and his understanding of astronomi-
cal matter s is often defective . Nevertheless, he ha d acces s to works tha t no w
are lost and so sheds some light on the development o f planetary theory during
the nearly three centuries that elapsed between the activities of Hipparchus and
those o f Ptolemy. Severa l other Lati n work s on specialize d topic s ar e also of
use. Vitruvius's work O n Architecture,  for example , i s an important , i f ofte n
disappointing, source of information on the theory and art of sundial construc-
tion.

Finally, w e hav e a  numbe r o f astronomica l papyr i fro m Greco-Roma n
Egypt. Mos t hav e bee n recovere d b y archaeologica l excavatio n o f ancien t
garbage dump s o r cemeteries—scra p papyru s wa s sometime s use d t o wra p
mummies. Mos t astronomica l papyr i ar e o f rathe r lo w intellectua l quality .
Many were rough notes , some probably taken by students. But they do throw
light o n th e subject , becaus e the y ar e almos t th e onl y Gree k astronomica l
documents w e have tha t surviv e directly from ancien t time s (a s opposed t o
medieval copie s o f ancient Gree k texts).

Many o f the late r source s for the histor y o f Gree k astronomy ar e outside
the mai n strea m of Greek science . Th e primer s by Geminus an d others , fo r
example, stan d somewher e betwee n th e scientifi c an d th e literar y traditions.
These work s wer e not , eve n a t th e tim e the y wer e written, a t th e forefron t
of the science . Geminus is fond o f quoting poets, such as Homer an d Aratus,
to illustrat e astronomical points . I n fact , h e quote s literar y men muc h mor e
often tha n astronomers . Th e primer s b y Cleomede s an d Theo n o f Smyrn a
also show marked affiliations wit h particular philosophical schools. Cleomedes
departs from astronomica l matters to expound Stoic physics. Theon of Smyr-
na's book ha s a strong Platonist flavor. In work s of this kind , intende d fo r a
popular audience, or for students, we see a mixing of several traditions—literary,
scientific, an d philosophical .

The astronomer s also devoted a  good dea l of time to "applie d science, " in
works tha t di d no t brea k much ne w ground. Fo r example , both Hipparchu s
and Ptolemy composed star calendars. Ptolemy's star calendar was not include d
in th e Almagest,  for b y hi s tim e th e sta r calenda r had n o plac e i n a  treatise
on mathematical astronomy. Rather, he presented his star calendar in a short,
separate work wholly devoted t o thi s specia l topic . Ptolem y composed othe r
works o n specia l application s o f astronomy . H e wrot e a  shor t treatise , fo r

and thei r partial contents onl y because of quotations mad e b y Ptolemy in th e
Almagest.
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example, o n th e constructio n o f sundials, an d a  longer on e o n astrology . All
of these  specia l application s o f astronom y wer e regarded  a s distinc t fro m
the pur e astronom y o f th e Almagest,  whic h wa s concerne d wit h rigorou s
trigonometric demonstration s fro m accuratel y made observations .

After th e secon d centur y A.D. , Gree k astronomy , an d Gree k scienc e i n
general, went int o decline . Why thi s happened i s a great problem, boun d u p
with th e genera l collaps e o f classica l culture . Som e o f th e reason s were th e
rise of Christianity, whic h focuse d o n th e nex t world an d ha d les s interes t in
the science s of this world; th e militar y pressur e of the tribe s moving i n fro m
the Eurasia n steppe; an d th e rigidit y an d weaknesse s of an economi c syste m
based largel y on slav e labor.

Ptolemy had no successor . No Gree k astronome r wh o followed him man-
aged t o advanc e th e enterprise . Pappu s an d Theo n o f Alexandri a (fourt h
century A.D.) wrote commentarie s on the Almagest, but these  had little to add
to Ptolemy . Afte r Ptolemy , astronom y marke d tim e fo r si x hundred years ,
until th e Islami c reviva l o f astronomy that bega n aroun d A.D . 800 .

Astronomy in  Medieval  Islam

During the period A.D. 800—1300, Arabic was the dominant language of science
and philosophy , a s Gree k ha d bee n i n th e precedin g centuries . Th e firs t
flowering o f Arabi c astronom y occurre d i n Ira q an d Syria . A  stimulu s o f
enormous importanc e wa s the patronage of al-Ma°mun, th e seventh Abbasid
caliph (ruled 813—833). Al-Ma3mun established at Baghdad a House ofWisdom,
in whic h scholars , supporte d b y th e state , devote d themselve s t o literary ,
philosophical, an d scientifi c studies , including th e translatio n of Greek scien -
tific an d philosophica l work s int o Arabic . Al-Ma°mun's Hous e o f Wisdom
was a s significan t a n institutio n a s th e Museu m founde d a t Alexandri a a
thousand year s earlier b y the Ptolemies .

Although th e astronomica l renaissanc e began i n th e Middl e East , b y th e
eleventh century another cente r of activity had emerged in Islamic Spain. Th e
history of this development i s very complex. Chronologically, we are concerned
with a  perio d o f fou r o r fiv e centuries . Geographically , th e aren a stretche s
from th e borders of India to Spain. The tw o unifying principles of this history
are religio n an d language . Th e dominan t religio n wa s Islam, whic h pu t it s
imprint on every aspect of the culture, including art, literature, philosophy, and
science. For this reason, some historians prefer to characterize the astronomy of
this perio d a s Islamic  astronomy.  B y this , on e doe s no t mea n tha t ever y
astronomer was a Muslim o r that th e fundamental character of the astronom y
came directl y out o f the Islami c faith . Bu t Islamic  doe s serv e to characteriz e
the cultural setting. One mus t keep in mind, however , that there were Christi-
ans, Jews, an d follower s o f other faith s wh o practice d astronom y an d wrot e
books abou t astronom y i n Islami c lands . On e mus t als o kee p i n min d tha t
Islamic astronom y was , in it s fundamenta l character , a  continuatio n o f th e
astronomy o f the Greeks .

For this reason, some historians prefer to speak of Arabic astronomy, referring
only t o th e dominan t languag e o f it s communication , an d no t meanin g t o
imply tha t ever y astronomer wa s ethnically an Arab or tha t ever y astronomer
wrote i n Arabic. For we must keep in mind tha t astronomica l work s in othe r
languages, suc h a s Syriac, Hebrew , an d Persian , are a  part o f thi s story .

At first, the Arabic scientists learned their astronomy by studying the classics
of Gree k science . Th e Almagest  o f Ptolem y wa s th e standar d textboo k fo r
advanced stud y o f astronomy an d wa s translated int o Arabic several times. I t
was no t long , however , befor e Arabi c astronomers bega n t o writ e thei r ow n
astronomical treatises . Takin g advantag e o f th e lon g tim e interva l tha t ha d
elapsed between  Ptolemy' s da y an d thei r own , Arabic astronomer s mad e
discoveries tha t ha d escape d th e Greeks—fo r example , th e discover y o f th e
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decrease i n the obliquit y o f the ecliptic . The y also refined th e ar t o f makin g
and using astronomical instruments. The sola r observations used to determin e
the obliquity of the ecliptic and the eccentricity of the Sun's orbit are of much
better qualit y in man y medieva l Arabic treatise s than i n Ptolemy' s Almagest.
The astrolabe , originall y a  Gree k invention , wa s develope d int o a  portabl e
instrument of elegance and beauty . I t becam e th e characteristic astronomica l
instrument o f the Middl e Ages.

For the motions of the planets, Ptolemy's theorie s in the Almagest remained
standard. No t ever y Islamic astronomer agree d with Ptolem y o n ever y detail.
The numerica l parameters of Ptolemy's planetary theories could be , and ofte n
were, improved . Difference s i n philosoph y sometime s le d astronomer s t o
question th e geometrica l model s tha t Ptolem y ha d invente d t o explai n th e
motions o f the planets . The mos t frequen t complain t wa s that Ptolem y ha d
not stuck closely enough to the philosophy of Aristotle, especially the principle
of unifor m circula r motion. Bu t Arabic astronomy remaine d fundamentall y
Ptolemaic i n bot h it s basic assumptions an d it s methods .

Astronomy in  Christian  Europe

By comparison with th e Islami c culture of the Mediterranean , th e Christia n
lands o f wester n an d norther n Europ e wer e ver y backward . Here , i n th e
wreckage of the Western Roman Empire , learning was protected in the monas-
tic schools, but scienc e and mathematic s ha d falle n t o an abysmally low level.
Greek astronomica l work s wer e unknow n an d astronom y wa s studied onl y
from a  fe w elementar y Lati n works , suc h a s Pliny' s Natural  History.  Th e
rebirth of the sciences began in the twelfth century, with th e reacquisition of
the classics of Greek mathematics and astronomy. At first, these were translated
into Lati n fro m Arabi c translation s o f th e Gree k originals . Only somewha t
later wer e Lati n translation s mad e directl y fro m th e Greek . A n influentia l
Latin translatio n o f Ptolemy's Almagest  was made fro m th e Arabic by Gerar d
of Cremona , a t Toledo aroun d A.D . 1175 . I t wa s largely from thi s translation
that European s learned thei r technica l astronomy fo r the nex t three hundre d
years. B y the middl e o f the thirteent h century , European s were writing thei r
own introductor y textbook s o f astronomy . Lati n version s o f a  numbe r o f
Arabic manuals were also in circulation. Bu t for technical astronomy, on e still
had t o g o back t o Ptolemy .

The wor k tha t di d th e mos t t o dismantl e th e univers e of the Greek s was
that of Copernicus, O n the Revolutions of the Heavenly Spheres  (1543) . Coperni -
cus too k a  radicall y ne w view o f th e worl d an d asserte d tha t th e Eart h i s a
planet movin g aroun d th e Sun . Thi s turne d th e ol d cosmolog y insid e out .
But o n close r examination, Copernicus' s work , grea t as it is , turns ou t t o b e
less radical than one might suppose. The revolutionar y part—the Sun-centered
cosmology—is introduced i n th e first book an d constitute s onl y abou t 5 % of
the text . Th e res t o f O n th e Revolutions  i s a  sor t o f rewrit e o f Ptolemy' s
Almagest. Theorem b y theorem, chapte r by chapter, tabl e by table, these  two
works ru n parallel . Although Copernicu s disagree s with Ptolem y abou t th e
arrangement o f th e universe , h e make s us e o f Ptolemy' s observation s an d
methods. I n th e technica l details , Copernicu s follow s Ptolem y mor e ofte n
than not . Copernicu s may be regarded as one of the last , and one of the mos t
accomplished, astronomer s i n th e Ptolemai c tradition .

This book i s organized b y topics: chapte r 2  is devoted t o th e theor y of th e
celestial sphere, chapter 7 to the planets, and so on. While this arrangement

is b y fa r th e bes t fo r discussio n o f th e actua l practic e o f astronomy , i t ca n
obscure th e broa d historica l picture . Th e reade r i s invited t o retur n t o thi s
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survey t o se e how a  particula r write r o r topi c fit s int o th e broade r picture .
Indeed, th e reade r ma y wis h t o mak e enlarge d copie s o f figure s 1. 4 an d 1. 5
and ad d t o the m whil e working throug h th e book .

1.3 OBSERVATION : TH E US E O F TH E G N O M O N

The mos t ancien t astronomica l instrumen t i s the gnomon— -a vertical stick set
up in  a  sunny place where it  may cast a shadow. A great deal may be learned
about the motion of the Sun by following the motion o f the tip of the shadow.
Herodotus say s i n hi s Histories,  writte n aroun d 45 0 B.C. , that th e Greek s
learned the us e of the gnomon fro m th e Babylonians . I t ma y have been so,
but Herodotus' s remar k ma y simply reflec t th e Gree k fondnes s fo r assigning
each advance in science and learning to a definite source. The gnomon probably
was discovered independentl y man y times in man y differen t cultures . In an y
case, gnomons were used in Greece in the fifth century B.C. to observe summer
and winter solstices and perhap s als o t o tel l time.

Your gnomon ca n be a short nai l driven perpendicularly into a  flat board.
Place a  sheet o f paper ove r th e gnomo n s o that th e gnomo n punche s a  hole
in the paper . Tape the paper t o the board t o ensure tha t th e paper doe s no t
shift position . Labe l th e pape r i n on e corne r wit h th e date . Measur e an d
record th e heigh t o f th e gnomon . Mak e sur e tha t th e boar d i s not move d
during th e cours e of the day.

Now mar k a  do t a t th e ti p o f the gnomon' s shadow . Nex t t o th e mar k
write the time of day. Mark the location of the shadow as early in the mornin g
as possible. After that , mar k the shadow' s location onc e every half hour o r so
until a s late i n th e afternoo n a s possible . A well-mad e shado w plo t shoul d
stretch ove r si x to eigh t hour s an d shoul d contai n twelv e t o sixtee n plotte d
points.

Make a  ne w shado w plo t onc e ever y two o r thre e week s t o observ e th e
changes i n th e Sun' s behavio r as the yea r progresses.

The interpretatio n of th e shado w plo t i s the subjec t o f section 1.4 .

1-4 O N TH E DAIL Y MOTIO N O F TH E SU N

Interpreting a  Shadow Plot

A great dea l of information ca n be obtaine d fro m a  well-made shado w plot .
We shal l study th e shado w plo t i n figure 1.6 , which wa s made a t Seattl e o n
February 19 .

Local Noon  Local  noon  i s th e tim e o f da y whe n th e shado w o f a  vertical
gnomon i s shortest. O n th e exampl e plot, loca l noon fel l betwee n 12:0 2 an d

FIGURE 1.6 . Shado w plo t mad e
at Seattl e o n Februar y 19.
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FIGURE 1.7 . Nort h i s the directio n o f th e
shortest shado w cas t b y a  vertical gnomon.

FIGURE 1.8 . Alternativ e method fo r findin g
north.

12:53 P -M- Loca l noo n nee d no t occu r a t twelv e o'clock . Ther e ar e several
reasons fo r this . Mos t obviously , we se t ou r clock s forwar d o r backwar d b y
a whol e hou r whe n changin g t o o r fro m dayligh t saving s time. Bu t eve n i f
we neve r use d dayligh t saving s time, loca l noo n stil l would rarel y occur at
twelve o'clock , becaus e the tim e o f loca l noon wander s i n th e cours e of th e
year—by abou t hal f a n hou r fro m on e extrem e t o th e other . (Th e cause s of
this variation ar e discusse d in sec . 5.9.)

The noo n determine d b y a  gnomo n i s calle d local  becaus e th e tim e a t
which i t occurs depends o n th e locatio n o f the observer . Local noon in Ne w
York occurs some thre e hour s earlie r than loca l noon i n Sa n Francisco. This
is th e astronomica l fac t tha t lie s behind th e moder n us e o f tim e zones . Bu t
even withi n a  single time zone , there i s a noticeable variation i n th e tim e o f
local noon . A  cit y in  the  extrem e eas t of  a  tim e zon e has  loca l noo n abou t
an hou r earlie r than a  city in th e extrem e west o f the sam e zone.

Finding True  North  Th e directio n i n whic h th e shortes t shado w point s i s
called north  (see Fig. 1.7) . (O n som e part s o f the Eart h th e shortes t shado w
points south , bu t everywher e i n th e continenta l Unite d State s th e shortes t
shadow point s north. ) Althoug h th e cloc k tim e a t which loca l noo n occur s
varies during the year , the direction o f the shadow at local noon i s always the
same.

This i s th e fundamenta l definitio n o f north . Nort h definitel y is not , fo r
example, th e directio n i n whic h a  compas s needl e points . I n Washingto n
state, compass needles point abou t 22° to the right of north; in Maine, abou t
15° t o th e lef t o f north. Th e angl e by which th e compas s needle differ s fro m
true nort h i s called th e compass  declination  and varie s with positio n o n th e
Earth. Moreover , th e compas s declinatio n a t a  particula r localit y ma y var y
slightly fro m yea r t o year . Ever y accurately determined north-sout h lin e (as
in lan d surveying) depend s o n astronomica l observation , usuall y of the Sun .

FIGURE 1.9 . A  vertical gnomon an d it s
shadow. 6  i s the altitud e of the Su n O.
z i s the Sun' s zenit h distance.

Alternative Method  for Finding  True  North  A s i t i s difficul t t o tel l exactl y
where the shado w is shortest, let us consider an alternative procedure. Sketc h
a smoot h curv e through th e point s o f the shado w plo t (fig . 1.8). Then plac e
the poin t o f a  drawing compass a t th e gnomon' s bas e C  and dra w a  circle ,
which intersect s the  shado w curv e in two  places , A  and  B.  Now  dra w lines
CB an d CA . Finally , draw a  lin e tha t bisect s angle ACB. Thi s lin e cut s th e
circle a t poin t D . Lin e C D then point s north .

The directio n o f north establishe d i n thi s fashio n shoul d agre e with th e
direction o f th e shortes t shadow . Th e reaso n thi s metho d work s i s that th e
afternoon hal f of the shado w plo t i s a mirror imag e of the mornin g half . Th e
line tha t divide s the shado w plo t int o tw o simila r halves i s the north-sout h
line, an d th e shado w fall s alon g this lin e a t loca l noon .

Direction o f Sunrise or Sunset I n the example shadow plot, the early morning
shadows fel l t o th e northwes t (fig . 1.7). The earl y morning Sun ha d t o b e in
the opposite  directio n (southeast ) fo r th e gnomon' s shado w t o fal l so . Evi -
dently, th e Su n ros e in th e southeast . Peopl e ofte n sa y that th e Su n rise s in
the eas t an d set s in th e west . Bu t thi s i s speaking loosely . Onl y twic e a  year
(at th e equinoxes , March 2 0 an d Septembe r 23) does the Su n ris e exactl y in
the eas t and se t exactly in th e west .

Altitude o f the Sun at Local Noon Th e altitude  of an object , suc h as the Sun ,
is it s angula r distance above th e horizon . A t loca l noon th e Sun' s altitude is
the largest for that day. In figure 1.9, 0 represent s the Sun. GH'is  the gnomon,
0 T  is a ray of sunlight, and T H is the length of the shadow. 9 is the altitude
of the Sun . I n figur e 1.9, we have
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The gnomo n use d t o mak e the origina l shadow plo t o f figure 1.6 was i.o cm
tall, and the length of the noon shadow on the original plot was 1.7 cm. Using
these values , we have

i.o cmtan =  =  0.59.
1.7 c m

The altitud e o f the Su n ma y als o b e found b y laying out G H an d T H o n a
scale drawin g and measurin g 0 with a  protractor .

Some Useful  Terms

Several useful terms can be defined by reference to the shadow plot. A meridian
is a  line on th e surfac e o f the Eart h tha t run s exactly north-south . Th e local
meridian i s the north-sout h lin e tha t happen s t o pas s through th e localit y i n
question. Each meridian , extende d fa r enough, i s a great circle on th e surfac e
of th e Earth . Th e meridian s al l mee t a t th e nort h an d sout h pole s o f th e
Earth.

The zenith  i s th e poin t o f th e sk y directl y overhea d (se e fig . 1.9) . Th e
zenith ma y be defined by means of a plumb line , tha t is , a string from whic h
a smal l weigh t i s suspended. Al l plumb line s poin t dow n towar d th e cente r
of the Earth .

The zenith  distance  o f a  celestia l objec t i s it s angula r distanc e measure d
down fro m th e zenith . In figure 1.9 , th e zenit h distanc e o f the Su n i s angle z .
The zenith distanc e is the complement o f the altitude; tha t is , z = 90° - 0 .

The celestial  meridian  i s a  grea t circl e o n th e dom e o f th e sky . Imagin e
standing with you r arm parallel to the ground, pointin g directl y north. The n
swing your ar m u p unti l i t points a t the zenith. The n swin g i t on over , unti l
it come s dow n behin d yo u an d point s south . I f yo u ha d a  penci l i n you r
hand, you  coul d imagin e drawin g a  semicircle on  the  dom e of  the sky . This
circle, which passe s through th e north point , th e zenith, an d the south point ,
is called th e celestia l meridian.

The sk y may be regarded a s a great sphere tha t surround s th e littl e sphere
of th e Earth . Whe n w e thin k o f th e sk y i n thi s wa y w e usuall y cal l i t th e
celestial sphere (se e Fig. i.io) . Directly underneat h th e celestia l meridian i s the
meridian line that run s along the ground, fro m nort h t o south. The meridia n
on th e groun d i s sometime s calle d th e terrestrial  meridian.  Th e terrestria l
meridian may  be  regarded  as  a projection of  the  celestia l one .

FIGURE I.io . Terrestria l an d celestia l
meridians.

Historical Example of  the  Use  of a  Gnomon

Marcus Vitruviu s Polli o was a Roma n architectura l write r wh o live d i n th e
reign of Augustus (late first century B.C.) . His only surviving work, commonl y
known a s the Te n Books on Architecture, is an important sourc e of information
on Roman technique s of design, construction , an d decoration . Th e wor k was
much studie d an d was extremely influential durin g the reviva l of the classical
style i n th e Renaissance . Vitruviu s i s a  valuabl e sourc e fo r th e histor y o f
astronomy a s well, mainly because of his ninth book , whic h include s a  treat -
ment o f the design of sundials. We return to Vitruvius's discussion of sundials
in sectio n 3.2 .

Here we examine onl y his prescription fo r laying ou t th e street s o f a city,
which involves an interesting use of the gnomon. Vitruvius begins by remarking
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that i f a  cit y i s t o b e properl y designed , som e though t mus t b e give n t o
excluding th e wind s fro m th e alleys . Lac k o f suc h foresigh t has , in man y a
case, rendere d a  cit y ver y unpleasant , an d Vitruviu s cite s a s a n exampl e
Mytilene on th e islan d o f Lesbos. Thi s cit y was buil t wit h magnificenc e an d
good taste , bu t i t wa s no t prudentl y situated . Whe n th e win d i s fro m th e
south, me n fal l ill ; when i t i s fro m th e northwest , the y cough . Whe n th e
wind i s fro m th e north , the y recover , bu t the y canno t stan d abou t i n th e
streets an d alley s becaus e o f the sever e cold .

Vitruvius the n take s u p th e subjec t o f the wind s themselves . Som e hav e
held tha t ther e ar e only four : Solanu s fro m du e east , Auste r fro m th e south ,
Favonius fro m du e west , Septentri o fro m th e north . However , mor e carefu l
investigators sa y there are eight. To th e fou r winds already named , Vitruviu s
adds Euru s fro m th e winte r sunris e poin t (i.e. , th e southeast) , Africu s fro m
the winter sunse t (th e southwest), Cauru s or Corus fro m th e northwest , an d
Aquilo fro m th e northeast . Eac h o f these  wind s ha d it s own characteristics :
hot o r cold , dam p o r dry, healthfu l o r unhealthful . Eac h was most likel y t o
blow at its own proper season. Furthermore, the wind names were often use d
to indicate directions. We shal l encounte r them, and thei r Greek equivalents,
again i n sectio n 3.1 .

Having establishe d these  preliminaries , Vitruviu s tell s ho w t o determin e
the direction s of the variou s winds . I n th e middl e of the city , lay and leve l a
marble plate , o r els e le t th e spo t b e made s o smooth an d tru e b y mean s o f
rule an d leve l tha t n o plat e i s necessary . I n th e cente r o f tha t spo t se t u p a
bronze gnomo n to track the shadow, at a point called A. The following extrac t
reproduces Vitruvius' s instruction s fo r establishin g th e quarter s o f th e eigh t
winds (se e fig. 1.11).

EXTRACT FRO M VITRUVIU S

Ten Books  o n Architecture I , 6

Let A be the center of a plane surface, and B  the point to which th e shadow
of the gnomo n reache s in th e morning . Taking A a s the center , ope n th e
compasses t o th e poin t B , which mark s th e shadow , an d describ e a circle.
Put th e gnomon bac k where it was before and wai t for the shadow t o lessen
and grow again until in the afternoon it is equal to its length in the morning ,
touching th e circumferenc e a t th e poin t C . Then fro m th e point s B  an d C
describe with the compasses two arcs intersecting a t D. Nex t dra w a line fro m
the point of intersection D through th e center of the circle to the circumference
and cal l i t EF. This lin e will show where th e sout h an d nort h lie.

Then find with the compasses a sixteenth part of the entire circumference;
then cente r th e compasse s o n th e poin t E  wher e th e lin e t o th e sout h
touches th e circumference, and set off the points G  and H  t o the right and
left o f E. Likewise on the north side , center the compasses on the circumfer-
ence a t the poin t F  on th e lin e t o the north , an d se t off the point s /  an d
K t o th e righ t an d left ; the n dra w line s through th e cente r fro m G  to K
and fro m H  t o /. Thu s th e space fro m G  to H  wil l belon g t o Auster an d
the south , an d the space fro m /  t o .A'wil l b e that o f Septentrio. The res t
of the circumferenc e is to b e divided equall y into thre e part s on th e righ t
and thre e o n the left , thos e t o th e eas t a t the points L  and M, thos e to th e
west at the points Wan d O . Finally, intersecting lines are to be drawn fro m
M t o O  and fro m L  t o N . Thu s we shall hav e th e circumferenc e divided
into eigh t equa l space s fo r th e winds . Th e figur e bein g finished , w e shal l
have a t th e eigh t differen t divisions , beginnin g a t th e south , th e lette r G
between Euru s an d Auster , H  berwee n Auste r an d Africus , N  betwee n
Africus an d Favonius , O  between Favoniu s and Caurus , TTbetwee n Caurus
and Septentrio , /  betwee n Septentri o an d Aquilo, L  betwee n Aquil o and
Solanus, an d M  betwee n Solanu s an d Eurus . This done , appl y a  gnomo n
to thes e eigh t division s an d thu s fix the direction s o f the differen t alleys. 3

FIGURE I.II . Vitruvius' s constructio n o f the
meridian an d th e direction s o f the eigh t winds .
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Vitruvius recommend s tha t th e street s b e lai d ou t o n line s o f divisio n
between winds , fo r i f the street s run i n th e directio n o f a wind, stron g gust s
will swee p throug h them. Bu t i f the line s o f houses ar e se t at angle s t o th e
winds, the winds will be broken up. Vitruvius's use of the gnomon t o establish
the meridia n an d othe r direction s wa s no t origina l bu t wa s a  traditiona l
technique alread y several centuries old. His treatment does , however, illustrate
one applicatio n o f elementary astronomy in antiquity .

1.5 EXERCISE : I N T E R P R E T I N G A  SHADO W PLO T
So, I  said , i t i s by mean s o f problems , a s i n th e stud y of geometry , that
we wil l pursu e astronom y too . .  . .

Plato, Republic  VII , 5306-0 .

Use th e shado w plo t tha t yo u mad e fo r sectio n 1. 3 t o solv e th e followin g
problems.

1. A t wha t cloc k tim e di d loca l noo n occur ? Connect th e point s o f your
shadow plo t b y a smooth curve . Try t o judge exactly where the shado w
would b e shortest , an d estimat e th e tim e accordingly .

2. Which way is north? Use the bisection-of-the-angle method t o find out .
Check to see that your north direction agrees fairly well with the direction
of th e shortes t shadow . Als o dra w i n th e direction s south , east , an d
west.

3. Whic h way is magnetic north ? Reposition you r shado w plo t i n exactl y
the plac e where i t was made. Plac e a magnetic compas s on th e shado w
plot an d determin e th e directio n i n whic h th e needl e points . I f you r
gnomon i s made o f iro n (a s are most  nails,  for example) , b e carefu l t o
keep th e compas s wel l awa y fro m th e gnomon . Dra w a  lin e o n you r
plot representin g th e directio n i n whic h th e compas s needl e points .
Extend thi s line until it crosses the true north-south lin e on your shado w
plot, whic h yo u dre w i n respons e t o questio n 2 . Us e a  protracto r t o
measure th e compas s declination . Tha t is , what i s th e angl e betwee n
true nort h (determine d b y th e Sun ) an d magneti c nort h (determine d
by the compass) ? Doe s th e compas s needl e poin t to o fa r east or too fa r
west?

4. I n wha t directio n di d th e Su n rise ? I n wha t directio n di d i t set ?
5. A t loca l noon , wha t wa s the altitud e o f th e Sun ?
6. Indicat e on your shadow plot the directions of the eight winds mentione d

by Vitruvius .

FIGURE 1.12 . Th e Eart h surrounded b y the
celestial sphere.

1.6 TH E D I U R N A L ROTATIO N

Some Essential  Facts

In a  da y th e Eart h make s on e rotatio n o n it s axis . Thus , i n figur e 1.12 , w e
explain th e risings and settings of the stars by supposing that the Earth rotates
from wes t t o eas t abou t axi s PQ Point s P  an d Q  are the nort h an d sout h
poles o f the Earth .

Alternatively, w e ma y regar d th e Eart h a s stationary an d le t th e celestia l
sphere (to which the star s are fixed) revolve fro m eas t t o west abou t axis CD.
Point C  is called th e north  celestial  pole. Similarly, D i s the south  celestial pole.
The celestial  equator is a great circl e on th e celestia l sphere , midwa y betwee n
the poles . The Earth' s equator ma y be considered a  projection o f the celestial
equator.

As far as appearances ar e concerned, i t makes no differenc e whic h vie w on e
adopts. The ancien t point of view—that the heavens revolve about a  stationary
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FIGURE 1.13 . Path s o f the citcumpola t star s in
the norther n par t o f the sky .

FIGURE 1.14 . Usin g th e Pointer s (tw o star s in
the Bi g Dipper) t o locat e Polaris .

Earth—is mor e convenient , fo r i t picture s th e worl d exactl y a s it appear s t o
our eyes . All thos e whos e wor k involve s practica l astronom y (surveyor s and
navigators a s well a s astronomers ) habituall y us e th e ancien t poin t o f view .
We, too , shal l adop t it .

In a  da y an d a  night , th e star s describ e circle s abou t th e celestia l pole .
Figure 1.1 3 represents a  view toward th e norther n horizon , fo r a n observe r i n
the northern hemisphere . The star s nearest the pole go around in small circles,
with th e resul t that the y d o no t ris e or se t but remai n abov e the horizo n fo r
twenty-four hour s ever y day . Suc h star s ar e calle d circumpolar.  Star s tha t li e
farther fro m th e pol e g o aroun d i n large r circles , whic h pas s beneat h th e
horizon. Thes e star s therefore have rising s and settings .

The locatio n o f the north celestia l pole i s marked nearly , bu t no t exactly ,
by a star of medium brightnes s variously called Polaris,  the North  Star,  or th e
Pole Star.  Polari s ca n b e locate d i n th e nigh t sk y wit h th e ai d o f th e Bi g
Dipper (figs . 1.1 4 and 1.15) . Although Polari s i s not especiall y bright , ther e i s
little ris k o f mistake , fo r i t ha s n o nea r neighbor s of comparable brightness .
Hold up a  plumb lin e so that the strin g passes over Polaris . The nort h poin t
N i s then th e plac e where th e plum b lin e crosses the horizon .

If Polari s were locate d exactl y at  the  celestia l pole, it  woul d appea r neve r
to move . Actually , Polari s i s not precisel y at th e celestia l pole;  i t i s less tha n
i° from the pole . As a result, i t describes a tiny circl e of its own i n th e cours e
of a  day .

Aspects of  the  Celestial  Sphere

Parallel Sphere Th e sk y takes on differen t aspect s when observed from differ -
ent place s o n th e Earth . A t th e Earth' s nort h pol e th e celestia l pol e woul d
be see n a t th e zenith , a s i s clea r fro m figur e 1.12 . Thus , a t th e nort h pole ,
the rotation of the celestial sphere carries all the stars around on circles parallel
to th e horizon , a s in figur e 1.16 . Non e o f th e star s ris e o r set . Rather , hal f
of th e celestia l sphere i s permanently abov e th e horizon , an d hal f i s perma -
nently below. Medieva l astronomer s ofte n referred t o thi s arrangement a s the
parallel sphere, because the circle s traced ou t b y the star s are all parallel to th e
horizon.

Right Sphere  Figur e 1.17 represent s the situatio n fo r point A  locate d o n th e
Earth's equator . Ligh t fro m th e Nort h Sta r shine s verticall y dow n o n th e
north pol e P . Becaus e the sta r i s very far away , compare d t o th e siz e o f th e
Earth, al l rays o f ligh t tha t leav e the sta r an d strik e th e Eart h ar e essentially
parallel t o on e another . Th e ra y tha t arrive s at A ha s therefor e bee n draw n
parallel t o th e ra y arrivin g a t P . This ra y coincides wit h th e horizo n a t A .
Thus, a t the Earth' s equator , th e pol e sta r would b e seen on th e horizon .

That is , at th e equator , th e celestia l poles li e on th e horizon . Th e diurna l
rotation therefor e carrie s th e star s o n circle s tha t ar e perpendicula r t o th e
horizon, as in Figur e 1.18. (Not e tha t thi s figure is rotated b y 90° with respec t
to fig . 1.17 . I t i s ofte n convenien t t o mak e th e horizo n horizontal! ) A t th e
equator, al l the star s rise and se t vertically, an d ever y sta r remain s fo r twelv e
hours belo w th e horizon , an d fo r twelv e hour s above . Th e celestia l sphere ,
observed fro m a  place o n th e Earth' s equator , i s said t o be right, in th e sens e
of uprigh t o r perpendicular , becaus e the path s o f the star s are perpendicular
to the horizon .

Oblique Sphere  Figur e 1.1 9 represent s th e situatio n fo r a  point A  locate d i n
the norther n hemisphere . Th e latitud e o f poin t A  i s angle L . Ligh t arrivin g
at A  fro m th e Nort h Sta r make s a n angl e C C wit h th e horizon . Tha t is , th e
altitude o f th e sta r abov e th e horizo n i s OC . I t i s easy to prov e tha t O C =  L .

Draw AB paralle l to the equator. Then Q  = L, since these angles are formed
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by th e intersectio n o f tw o paralle l line s (th e equato r an d AB ) wit h a  give n
line (CA).  The ray s from th e Nort h Sta r are perpendicular to th e equator , so
y = 90° - 0 . Similarly , the horizon i s perpendicular t o the zenith direction ,
so we must als o have y = 90° - a . Settin g thes e two expressions for 7 equal
to eac h another , w e obtain th e resul t we sought , ( X =  L .

That is , th e altitude o f the celestial  pole a t a  place on th e Earth i s equal to
the latitude  o f that  place. This provide s a  way of determining th e latitud e o f
any positio n o n th e Earth' s surface : measur e th e altitud e o f th e pol e star .
(But, since the pole star is not precisely  at the celestial pole, a  small correctio n
would hav e t o b e added t o th e measure d altitud e to ge t a  perfectl y accurate
value fo r th e latitude. )

At intermediate latitudes (neithe r a t the equato r nor a t the poles) , the axi s
of the celestia l sphere i s neither uprigh t no r horizontal , and th e sphere is said
to b e oblique.  Figure 1.2 0 represent s such a  situation . Th e observe r an d th e
points N , E , S , an d War e al l on th e horizon , whic h ha s bee n extende d al l
the way to the celestia l sphere. The observer' s latitude is equal to angl e L, th e
altitude o f the celestia l pole . Th e figur e ha s been draw n with L  =  48°, th e
latitude o f Seattl e o r Paris .

As th e celestia l spher e revolves , the star s trac e ou t circle s paralle l t o th e
equator. Th e diurna l path s o f five stars hav e bee n show n o n th e diagram :
Kochab, Arcturus , Mintaka , Sirius , and Miaplacidus . Thes e star s belon g t o
the constellation s Urs a Minor , Bootes , Orion , Cani s Major , an d Carina .

Stars tha t li e near enoug h t o th e celestia l pole ma y b e circumpolar . A t a
latitude o f 48° N , suc h i s the cas e for Kochab , whic h doe s no t ris e or set .

Stars tha t li e north o f the celestia l equator , bu t no t fa r enough nort h t o
be circumpolar, wil l rise and set . These stars all spend more than twelv e hours
of each day above the horizon . This is the case for Arcturus. The diurna l pat h
of Arcturus i s cu t b y th e horizo n int o unequa l parts , wit h th e longe r par t
lying abov e th e horizon . I t i s als o eviden t tha t Arcturu s rise s north o f eas t
and set s north o f west.

Mintaka ( 8 Orionis ) lie s almos t exactl y o n th e celestia l equator . Conse -
quently, it s diurnal pat h i s cut b y the horizon int o tw o equal parts: Mintak a
spends twelv e hours abov e and twelv e hours belo w the horizo n every day. As
figure i.20 shows, th e celestia l equator (whic h i s the diurnal path of Mintaka)
passes throug h th e eas t and wes t point s o f the horizon . Thus , Mintak a rise s
exactly i n th e eas t and set s exactly in th e west .

Stars tha t li e south o f th e celestia l equator remai n abov e th e horizo n fo r
less than twelv e hours. At 48° N, suc h i s the cas e for Sirius . Sirius rises south
of eas t and set s south o f west .

Stars fa r enoug h sout h o f th e celestia l equato r ma y als o b e circumpolar .
At 48 ° N latitude , suc h i s the cas e for Miaplacidus ( P Carinae) . The diurna l
path o f Miaplacidus , a  smal l circl e centere d o n th e sout h celestia l pole , lie s
beneath th e horizon . Thus , Miaplacidu s i s never see n fro m Seattl e o r Paris .

Note tha t a  sta r ma y b e circumpola r a t on e latitude , bu t ris e an d se t a t
another latitude .

Methods of  Demonstrating the  Diurnal Rotation

The diurna l revolutio n o f the star s is easily observed by mean s o f a  sighting
tube. Thi s i s simply a  hollow tub e attache d t o a  stan d (fig . 1.21). Th e tub e
may be aimed at a star and clamped. After te n or twenty minutes , th e rotatio n
of the celestia l sphere will carry the star out o f view of the tube . Fo r example ,
suppose th e sightin g tub e i s aimed towar d a  sta r tha t i s low i n th e easter n
part o f the sky . Th e tub e i s adjusted o n it s stand unti l th e sta r ca n b e seen
in th e middl e o f the tube , a s in figure I.22A . After twent y minutes , th e sta r
will n o longe r appea r t o b e i n th e tub e (fig . 1.226) bu t wil l hav e move d
diagonally u p an d t o the right .

FIGURE 1.15 . A  sixteenth-century guid e t o find -
ing th e Pol e Star . Th e Bi g Dipper i s shown i n
its alternativ e representation a s a Wagon. Th e
Pointers (star s D an d E ) indicat e th e Pol e Star ,
at th e ti p o f the tai l o f the Littl e Bea r (some -
times calle d th e Littl e Dipper). A second mean s
of findin g th e Pol e Sta r i s shown, usin g th e lef t
foot B  of Cepheus ( y Cepheii) an d sta r C  of th e
Wagon.

The middl e sta r i n th e tea m tha t pull s the
Wagon i s correctly show n a s double. Th e princi -
pal sta r H  i s called Mizar . It s fain t companio n i s
Alcor. I t i s for thi s reaso n tha t th e middl e hors e
is depicted wit h a  rider : this pai r o f star s is
sometimes calle d th e Hors e an d Rider . Anyon e
with goo d eyesigh t (whethe r correcte d o r natu -
rally so ) should hav e n o troubl e pickin g ou t
Alcor o n a  clear night .

In th e lowe r lef t i s a folding, portabl e sundia l
of a type tha t was  popular in  the  Renaissance .
When th e dia l i s opened, a  string is pulled tigh t
and serve s as the gnomon . Fo r th e dia l t o func -
tion properly , th e gnomo n strin g mus t poin t a t
the celestia l pole. Th e dia l was also fitte d wit h a
magnetic compas s a s an ai d i n orientin g th e
dial.

From th e Cosmographia  o f Petru s Apianus, as
reworked b y Gemma Frisius : Cosmographia  .  . .
Petri Apiani &  Gemmae  Frisii (Antwerp , 1584) .
Photo courtes y o f the Rar e Boo k Collection ,
University of Washington Libraries .

FIGURE 1.16 . Paralle l sphere: th e sk y as viewed
at th e Earth' s nort h pole .
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FIGURE 1.17 . A n observer ^ a t the Earth' s
equator see s the North Sta r on th e norther n
horizon. An  observe r P  at the  nort h pole sees
the North Sta r straight overhead .

FIGURE 1.18 . Righ t sphere : th e sk y as viewed
from a  point o n th e Earth' s equator .

FIGURE 1.19 . Th e altitud e ( X o f th e celestia l
pole i s equal t o th e latitud e L  o f th e observer .

If, however , th e sightin g tub e i s aimed a t th e Nort h Star , tha t sta r will
remain i n th e tub e al l night long . Indeed , th e Nort h Sta r wil l remain i n it s
sighting tub e al l day long a s well, althoug h i t wil l no t b e visible.

These simple observations with a sighting tube reveal in a clear and immedi-
ate wa y th e existenc e o f th e celestia l pol e an d th e rotatio n o f th e celestia l
sphere. A fine sighting tube may be made fro m a  one- t o two-foo t lengt h o f
aluminum o r plasti c tubing . Fo r a  mount , th e tripo d stan d an d clamp s o f
the colleg e science laboratory serve well.

An eve n mor e dramati c demonstratio n o f th e diurna l rotatio n ma y b e
made b y mean s o f what w e shal l cal l th e compoun d sightin g tub e (refe r t o
fig. 1.23). One sightin g tube, AB, i s directed toward the Pole Star and clamped .
A secon d tube , CD , i s directed towar d som e othe r sta r S  an d the n clampe d
to th e firs t tube . Th e apparatu s i s so arrange d tha t th e two-tub e assembl y
may b e rotate d aroun d axi s AB , whil e th e angl e O t between  th e tw o tube s
remains unchanged . A s the nigh t goe s by , sta r 5  revolves in a  circl e around
the Pol e Star—which i s demonstrated b y th e fac t tha t sightin g tube C D ma y
be made to follo w sta r S  by rotating tube C D about the AB axis . That is , if
S ha s escape d fro m tub e CD , th e sta r ma y b e recovere d i n tha t tub e b y a
simple rotatio n o f the apparatu s abou t axi s AB .

Historical Note on  the  Dioptra

The sightin g tube was known t o the ancient Greek astronomers by the nam e
dioptra. I n it s origina l for m i t wa s no t ver y differen t fro m th e simpl e tub e
and stan d describe d abov e (fig . 1.21). Ther e is , o f course , n o nee d t o us e a
closed tube ; one ca n substitute a rod with a  sight a t each en d (fig . 1.24), an d
this for m i s more probable . No Gree k dioptra ha s come dow n t o us , but th e
instrument i s mentioned b y a number o f Greek writers.

Euclid, th e geomete r o f th e lat e fourth centur y B.C. , mentions a  dioptr a
in hi s elementar y astronomica l treatise , th e Phenomena.  Aim, say s Euclid , a
dioptra a t th e constellatio n Cancer whil e i t i s rising. Then tur n aroun d an d
look throug h th e othe r en d o f the instrumen t an d yo u wil l see Capricornus
setting. Euclid's suggested observation, if carried out, would show that Cance r
and Capricornu s li e in diametrically opposite directions . (Fo r Euclid's us e of
this fact , se e sec. 2.4.)

Some version of the compound sighting tube was also developed in antiquity.
It i s impossible to b e certai n o f th e detail s o f constructio n becaus e no suc h
ancient instrumen t survive s and n o extan t Gree k tex t provide s a n adequat e
description. However , th e followin g extract fro m Geminu s leave s no doub t
that h e was familiar wit h a  version o f the dioptr a equivalen t i n principl e t o
the compoun d sightin g tub e o f figur e 1.23 . Geminu s wa s th e autho r o f a n
elementary astronomy text, the Introduction to the Phenomena, written aroun d
A.D. 50 .

EXTRACT FRO M G E M I N U S

Introduction t o the Phenomena, XI I

The cosmo s moves in a  circular motion from eas t to west. For al l the star s
that are observed in the eas t after sunse t are observed, as the night advances,
rising always higher and higher ; then they are seen at the meridian . As the
night advances, the same stars are observed declining towards the west; and
at las t the y are see n setting . And thi s happens every da y t o al l th e stars .
Thus, i t i s clear tha t the whole cosmos, in al l its parts, moves from eas t t o
west.

That i t make s a  circular motion is immediately clear fro m th e fac t tha t
all th e star s ris e fro m th e sam e plac e and se t i n th e sam e plac e [o n th e
horizon]. Moreover, all the star s observed through the dioptras are seen to
be making a circular motion during the whole rotation of the dioptras. 37
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The las t quoted sentence clearly refers to an instrument more or less equivalent
to th e compoun d sightin g tub e o f figure 1.23 .

If the compound sightin g tube is fitted with protractors , i t can be used to
measure angles . Indeed , Geminu s remark s tha t a  dioptr a ma y b e use d t o
divide th e zodia c int o twelv e equa l parts , whic h implie s a n instrumen t
equipped wit h som e sor t o f angula r scale . The compoun d sightin g tub e o f
figure 1.2 3 i s no t suite d t o dividin g th e zodia c int o equa l part s (becaus e of
the obliquity , o r slantedness , o f the zodia c with respec t t o th e equator) , bu t
a furthe r modifie d dioptr a migh t hav e don e th e job. However, b y th e tim e
of Ptolem y (secon d centur y A.D.) , an d perhap s b y th e tim e o f Hipparchu s
(second century B.C.) , the dioptr a wa s replaced by the armillar y sphere as the
instrument o f choice fo r measuring the positions o f the stars . From the n on ,
the dioptra' s chie f rol e i n astronom y was tha t o f a  demonstration devic e o r
teaching tool .

In surveying (as opposed to astronomy), the dioptra saw continued service.
It was elaborated int o a  fairl y sophisticate d surveyor' s instrument, analogous
to th e moder n theodolite . A  wate r leve l wa s added t o th e stan d an d th e
sighting tub e (o r ro d equippe d wit h sights ) wa s fitte d wit h a  protracto r s o
that i t could b e used to measur e angles, a s for example th e angula r height o f
a mountai n summit . Suc h a n elaborat e dioptr a wa s describe d b y Her o o f
Alexandria (firs t centur y A.D.) , th e Gree k mechanicia n bes t know n t o mos t
modern reader s for hi s inventio n o f a  primitive steam engine . I t i s doubtful
that Hero' s elaborat e dioptra eve r saw widespread use . However, i t wa s th e
logical culmination o f the instrumen t tha t bega n fou r o r five centuries earlier
as a  simple sighting tube .

The nam e dioptra  was also applied to another instrument , a  kind o f cross-
staff, tha t coul d b e used t o measur e angular distance s in th e sky , such as the
angular diameter s o f th e Su n an d Moon . Thi s kin d o f dioptr a i s described
by Ptolem y i n Almagest V, 14 .

Is the  Heaven or  the Earth in  Motion? An  Ancient  Debate

As fa r a s practica l astronom y i s concerned , i t make s n o differenc e whethe r
the motio n o f the star s i s explained by the westward  rotatio n o f the celestial
sphere or by the eastward rotation of the Earth on the same axis. Observations
of the heavenly bodies provide no basi s for choosing. On e may , however, stil l
ask whic h hypothesi s i s physically true . Althoug h opinio n i n antiquit y wa s
overwhelmingly in favo r o f a stationary Earth, ther e were thinker s who sub-
scribed t o th e opposite  view .

Heraclides o f Pantos Th e earlies t philosopher who unambiguousl y and unde -
niably taugh t th e rotatio n o f the Eart h o n it s axi s was Heraclides o f Ponto s
(ca. 35 0 B.C.). Heraclide s came  fro m th e cit y o f Heraclea  Ponticus , o n th e
north shor e o f Asi a Minor , th e sit e o f th e moder n Turkis h cit y o f Eregli .
While still a young man h e went t o Athens, where he became a pupil of Plato
and o f Speusippus, Plato's successo r at the Academy. Speusippu s died i n 347
B.C. and hi s place as head of the Academy was taken b y Xenocrates, a t whic h
time Heraclide s returne d t o hi s nativ e city . Non e o f Heraclides ' scientifi c
writings have come dow n t o us . However, hi s opinion on the rotatio n o f the
Earth i s mentioned b y two late r writers, Aetius an d Simplicius .

Aetius (ca . A.D. 100) wa s th e autho r o f a  book calle d The  Opinions  o f the
Philosophers, a  guide t o and histor y of Greek philosophy . Aetius's handbook ,
extant in part, is a valuable although often disappointing sourc e of information
on th e view s o f man y writer s whos e work s hav e bee n lost . Aetius , o n th e
question o f the Earth' s rotation , ha s thi s to say:

Heraclides of Pontos and Ecphantus the Pythagorean move the Earth, not
however, i n th e sens e o f translation , but i n th e sens e o f rotation , lik e a
wheel fixed on a n axis , fro m wes t t o east , abou t it s own center. 41

FIGURE 1.2O . Obliqu e sphere : th e sk y as
viewed fro m latitud e 48° N .

FIGURE 1.21 . A  dioptra , o r sightin g tube .

FIGURE 1.22 . A  sta r low in th e eas t i s sighte d
through a  dioptra (A) . A short tim e late r (B ) the
star i s seen t o hav e moved ou t o f the sightin g
tube o f the dioptra .
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FIGURE 1.23 . A  compound dioptra . Tube AB
is aime d a t th e celestia l pole . Tube C D make s a
fixed angle a  wit h AS. A s the apparatus is
turned abou t axi s AB i n the cours e o f the night ,
the observe r can  keep sta r 5  in sight .

FIGURE 1.24 . A  simple dioptr a consistin g of a
stick with tw o sights .

This i s a s clea r a s on e coul d wish . Ecphantu s wa s a  Gree k wh o flourishe d
about 400 B.C . at Syracus e in Sicily . He wa s perhaps a  disciple of Hicetas o f
Syracuse, whose name has also been associated with the doctrine of the Earth' s
rotation. Hiceta s an d Ecphantu s predat e Heraclides ; however , little i s known
of them.

The secon d attestatio n t o Heraclides ' opinio n o n th e subjec t is provided
by Simplicius, who in the sixth century A.D. wrote commentaries on the works
of Aristotle. I n hi s commentaries , Simpliciu s explicate d difficul t passage s in
Aristotle an d sometime s supplie d quotation s fro m othe r writers , t o compar e
their opinions with thos e o f Aristotle. Simplicius was an excellent scholar and
had read widely. His commentaries remain an important sourc e of information
on th e interpretatio n o f Aristotle's work s i n antiquity , an d o n th e view s of
other writers , which ar e in man y case s known t o u s only becaus e Simplicius
happened t o mentio n them . I n th e cours e o f his commentary o n Aristotle' s
On th e Heavens, Simplicius mentions Heraclide s o n th e Earth' s rotation :

there hav e bee n some , lik e Heraclide s o f Ponto s an d Aristarchus , wh o
supposed tha t the phenomena can be saved i f the heave n an d th e star s are
at rest , while the Earth moves about the poles of the equinoctia l circle [i.e. ,
the equator ] from th e wes t [t o th e east] , completin g one revolutio n each
day. .  . .

Further along , Simpliciu s provides a  second allusio n to th e sam e fact :

But Heraclide s o f Pontos , b y supposin g tha t th e Eart h i s i n th e center ,
and rotates , while the heave n i s a t rest , though t i n thi s wa y t o sav e th e
phenomena.

Aristarchus of Samos, mentioned by Simplicius in the first of these passages,
flourished i n th e thir d centur y B.C. , about tw o generation s afte r Heraclides .
He is known" to have espoused a dual motion of the Earth: an annual revolution
of th e Eart h abou t th e Su n an d a  simultaneous rotatio n o f the Eart h o n it s
axis. None of his writings on this subject have survived. (We do have, however,
his treatise On the Sizes and Distances  of the Sun an d Moon, which i s discussed
in sec . 1.17. )

As we have seen, there were a handful of thinkers in antiquity who asserted
that the heave n wa s stationary and tha t th e Eart h rotated . However , non e of
the origina l writings have come down t o us . Aetius lived some 450 years afte r
Heraclides, an d Simpliciu s nearly 900 years  afte r Heraclides . I t i s clear tha t
by their tim e th e origina l writing s o f Heraclides ha d bee n los t an d tha t the y
were force d t o rel y on summarie s and quotation s mad e b y othe r writers . I n
the stud y of the early Greek philosophers an d scientists , this is far from bein g
an unusua l situation. I n th e case of major figures, such a s Plato in philosoph y
and Eucli d i n mathematics , w e have length y works , preserve d i n th e whole .
But i n the cas e of many mino r writers we often hav e only quotation s o r brief
mentions provide d b y late r writers . I t ma y see m curiou s tha t th e origina l
writings espousin g such a  remarkabl e view should no t hav e bee n preserved .
But, i n fact , onc e th e rotatio n o f th e Eart h ha s bee n asserted , an d a  fe w
justificatory physica l argument s made , ther e i s littl e mor e t o b e said . I t i s
unlikely that Heraclides' remarks on this subject were of any substantial length.

Aristotle on the Five Elements and Their  Natural Motions Man y ancient writers
who asserted that the Earth i s stationary made an effort t o support their claim.
Because astronomical  evidence doe s no t bea r on th e case , th e argumen t ha d
to b e physical in nature , tha t is , based on th e physic s or natur e o f the world .
Aristotle (382—322 B.C.) was the most influential physical thinker of the classical
age. His doctrines on the nature of the world were part of the mental furnitur e
of every later Greek astronomer . No t everyon e agreed with Aristotle on every
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detail, bu t everyon e knew mor e o r les s what h e had sai d about th e natur e o f
the cosmos .

According t o Aristotle, the portion o f the cosmo s lowe r than th e Moon i s
made u p o f four elements : earth , water, air , and fire. All the change s that we
observe aroun d us , th e comin g int o bein g an d th e passin g away o f materia l
objects, resul t from the combination s an d transformation s of these elements .
But th e celestia l bodie s ar e mad e o f a  fift h element , th e ether , whic h i s
completely differen t i n nature . I t i s simple and pure , an d therefor e incapable
of an y change . Thi s i s why th e heavens  have remaine d changeles s fo r man y
generations.

In hi s theory of motion, Aristotl e distinguishes between natural  and-forced
(also calle d violent)  motions . Fo r eac h o f th e subluna r elements , th e natura l
motion i s radial motio n towar d o r awa y fro m th e cente r o f th e cosmos , i n
accordance wit h thei r relativ e heavines s o r lightness . Fo r earth , th e natura l
motion i s radiall y downwar d towar d th e cente r o f th e universe , a s ma y b e
seen b y droppin g an y particl e o f earth . A  piec e o f eart h may , o f course , b e
given a  motio n tha t i s contrar y t o it s natura l motion . I t ma y b e hurle d
horizontally, or even straight upward. But such forced motions do not endure:
the particl e eventually revert s t o it s natural , downwar d motion . I n th e cas e
of fire, an element lighter than earth , the natural motion i s straight up, radially
away fro m th e center . Thes e doctrine s ar e i n keepin g wit h a  commonsens e
view o f the world .

In the case of the fifth element, the ether , the natural motion i s everlasting
motion i n circle s about th e cente r o f the universe . This, too , anyon e can see,
simply b y watching th e nightl y motio n o f the stars . Th e ethe r mus t als o be
extremely rar e (i.e. , no t dense) , sinc e i t lie s abov e th e fou r heavie r element s
of the subluna r world .

Aristotle's theor y o f the element s and o f natural motions explain s why the
Earth i s at the cente r o f the cosmos : al l the individua l particle s of earth strive
to reac h th e center . I t als o explain s why th e Eart h i s a  sphere : th e center -
seeking jostlin g o f th e individua l particle s necessaril y results i n thi s shape .
Thus, th e theor y ha s a good dea l o f explanatory power .

The theor y i s also very unfavorable to th e motio n o f the Earth . Bu t let us
suppose, nevertheless , that th e Eart h doe s move—eithe r travelin g fro m plac e
to place or remaining i n place and rotatin g o n it s axis. Such motio n mus t be
forced. Fo r the natural motion o f earth is in a straight line toward th e center .
The motion , therefore , being forced and not natural , would no t endure . But
the observe d motio n o f th e heaven s i s everlasting . S o i t i s clea r tha t th e
apparent rotatio n o f the heaven s cannot b e due t o a  rotation o f the Earth .

Ptolemy o n the Diurnal Rotation Ptolem y wa s a Greek scientifi c write r wh o
lived from abou t A.D. 100 to about 175 . He worked a t Alexandria, the intellec -
tual cente r o f the easter n Mediterranea n an d th e sit e o f the fines t librar y in
the ancient world. As is so often the case with the scientific figures of antiquity,
as opposed t o politician s and militar y men, virtuall y nothing i s known o f his
life. Othe r scientists, both befor e and afte r hi s time, worked a t the Alexandria
Museum, either as scholars or as teachers, and received stipends from thi s state-
supported institution . I t i s possible that Ptolem y ha d a  similar appointment ,
although suc h a  connectio n i s nowhere attested . Som e o f hi s work s ar e ad -
dressed to  a  certain Syrus . Whether thi s was a friend, colleague , or  patron is
not known . Ptolem y was a brilliant applied mathematicia n an d a  prodigious
worker. H e produce d importan t treatise s on geograph y an d optics , a s well as
a highly influentia l handboo k o f astrology. But hi s reputation rest s chiefly o n
his astronomica l treatise , th e Almagest.

The beginnin g chapter s o f the Almagest are devoted t o th e basi c premises
of astronomy. Among these are the immobilit y o f the Earth. I n th e following
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extract, Ptolem y note s tha t "certai n people " hav e argue d fo r the rotatio n o f
the Earth . Her e he may be thinking o f Heraclides of Pontos and Aristarchus
of Samos. Ptolemy concedes that i t is impossible t o refut e such a theory with
astronomical evidence . H e therefor e bring s t o bea r physical arguments , base d
on Aristotle' s doctrin e o f natura l motions . H e argues , too , tha t i f the Eart h
did turn , loos e object s o n it s surfac e would b e lef t behind , thu s elaboratin g
on a n argumen t that had bee n suggeste d b y Aristotle.

EXTRACT FRO M PTOLEM Y

Almagest I , 7

Certain peopl e .  . .  think tha t ther e would b e no evidenc e t o oppos e thei r
view if , for instance , they supposed th e heaven s to remai n motionless , an d
the Eart h to revolve from wes t to east about th e sam e axis, [a s the heavens]
making approximately one revolution each day; or if they made both heaven
and Eart h move b y any amount whatever , provided , a s we said, i t is about
the sam e axis , and i n suc h a  way a s to preserv e the overtakin g o f one b y
the other . However , the y d o no t realiz e that , althoug h ther e i s perhap s
nothing in the celestial phenomena which would count against that hypothe-
sis, a t least from simple r considerations, nevertheless from what would occur
here o n Eart h an d i n th e air , on e ca n se e tha t suc h a  notio n i s quit e
ridiculous.

Let us concede to  them [fo r the sake of argument] that such an unnatural
thing could happen a s that th e mos t rar e and ligh t of matter shoul d either
not mov e a t al l or should mov e i n a  way no differen t fro m tha t o f matte r
with th e opposit e natur e (althoug h thing s i n th e air , whic h ar e les s rar e
[than th e heavens ] so obviously move with a  more rapi d motio n tha n an y
Earthy object); [le t us concede that ] th e denses t and heavies t objects have a
proper motion of the quick and uniform kind which they suppose (although,
again, a s al l agree , Earth y object s ar e sometime s no t readil y move d eve n
by a n externa l force) . Nevertheless , the y woul d hav e t o admi t tha t th e
revolving motio n o f th e Eart h mus t b e th e mos t violen t o f al l motion s
associated with it , seeing that i t makes one revolution in such a short time ;
the result would be that all objects not actually standing on the Earth would
appear t o hav e th e sam e motion , opposit e t o tha t o f th e Earth : neithe r
clouds no r othe r flyin g o r throw n object s woul d eve r b e see n movin g
towards th e east , sinc e th e Earth' s motio n toward s th e eas t would alway s
outrun an d overtak e them , s o tha t al l other object s would see m t o mov e
in th e directio n o f the wes t an d th e rear .

But i f they said tha t th e ai r is carried around in th e sam e direction an d
with th e sam e speed a s the Earth , th e compoun d object s in th e ai r would
none th e les s always seem t o b e lef t behin d b y the motio n o f both [Eart h
and air] ; o r i f those object s too wer e carrie d around , fused , a s it were , t o
the air , then they would neve r appear to have any motion eithe r in advance
or rearwards ; they would alway s appear still, neither wandering abou t no r
changing position, whether they were flying or thrown objects . Yet we quite
plainly se e that the y d o underg o al l these kinds o f motion , i n suc h a  way
that the y ar e no t eve n slowe d dow n o r speede d u p a t al l by any motio n
of th e Earth .

Ptolemy's physica l argument s wer e no t satisfactoril y answere d unti l th e
principle o f inertia was understood, in the seventeenth century . The important
point t o b e noted i s that th e Gree k astronomer s wer e sophisticate d enoug h
to realiz e tha t th e dail y motio n o f th e heaven s coul d b e explaine d b y a
rotation of the Earth and that thi s vie w could no t b e refuted b y astronomical
observation. Nevertheless , th e prevailin g vie w wa s that th e Eart h wa s at res t
and tha t th e heaven s reall y di d revolv e fro m wes t t o east , exactl y a s the y
appeared t o do .
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1.7 OBSERVATION : TH E D I U R N A L MOTIO N
OF TH E STAR S

Contrive a  few sighting tubes—fou r i s an optima l number . Direc t on e tub e
toward a  star tha t i s rising in th e east , one towar d a  star tha t i s crossing th e
meridian i n the south , an d on e toward a  star that i s setting i n the west. Th e
fourth sightin g tub e should b e aimed a t Polaris . After th e tube s ar e set , pass
half a n hou r reviewin g th e constellations . The n retur n t o th e sightin g tube s
to note the directions in which th e first three stars have moved. A s for Polaris,
you wil l fin d tha t i t ha s no t move d perceptibl y an d tha t i t remain s i n it s
sighting tube . These simpl e observations will reveal in a  clear and immediat e
way the rotatio n o f the celestia l sphere.

1.8 STAR S AN D CONSTELLATION S

The histor y of the nomenclatur e for the star s an d constellation s is complex,
involving Babylonian, Greek , Arabic, and medieva l Lati n traditions. I n man y
details, this history i s imperfectly known. Devisin g constellations and namin g
stars ar e not , o f course , scientifi c activities . Bu t ever y cultur e i n whic h a
scientific astronomy developed did devote some effort t o organizing the heaven
into constellations . Perhap s this was a  psychological prerequist e fo r scientifi c
astronomy. And , o f course , th e zodiaca l constellations provide d a  system o f
reference mark s vita l for the earl y investigations of the motion s o f the Moon
and planets .

Constellations

Most o f the familia r constellation s hav e traditions goin g bac k t o th e Greeks .
In some cases, the names ar e very ancient, being found in Homer an d Hesio d
(ca. 70 0 B.C. ) and goin g back , n o doubt , beyon d th e beginnin g o f Gree k
literature. As we saw in sectio n i.i , Home r an d Hesio d mentio n Orion , th e
Pleiades, th e Hyades , th e Bear , and Bootes .

While many o f the constellations ar e undoubtedly o f Greek origin , other s
are Hellenize d version s o f even olde r Babylonia n constellations . This i s par-
ticularly tru e o f th e zodiaca l constellations . Fo r example , th e Babylonia n
GU.AN.NA, or "Bull of Heaven," correspond s to our Taurus. MAS.TAB.BA .
GAL.GAL, "the Grea t Twins, " is our Gemini , an d s o on. Figur e 1.25 presents
striking evidenc e o f the dependenc e o f the Gree k zodiac o n th e Babylonia n
tradition. O n th e lef t ar e the figures of three zodiaca l constellation s a s repre-
sented on Babylonian boundary stones of the Kassite period. (Boundar y stones
were use d fo r marking ou t parcel s o f land.) O n th e righ t ar e the sam e thre e
constellations a s figured on th e famou s "roun d zodiac " fro m th e ceilin g of a
temple i n Dendera , Egypt . (Th e roun d zodia c is now in the Louvre in Paris.)
The Egyptia n figures are from th e Roma n perio d an d show an incorporatio n
of Egyptian design elements with the classical Greek imagery for these constel-
lations. The resemblance between the Greco-Egyptian figures and the Babylo-
nian prototypes i s remarkable, extending even to such detail s as the position s
of the forelegs of the goat-fish creature, Capricornus. The Greeks did, however ,
redesign som e of  the  zodiaca l constellations . For  example , wher e the  Greek s
recognized Aries , a  ram, th e Babylonian s saw a hired laborer . 5

Among the Babylonians, the twelve-constellation zodia c emerged sometim e
after 90 0 B.C. , though som e o f the individua l constellation s ar e considerably
older. The artificia l zodiaca l signs,  all of 30° length, wer e in us e in Babyloni a
by en d o f th e sixt h centur y B.C . There i s no soli d evidenc e fo r a  complet e
zodiac amon g th e Greek s unti l th e fift h century , whe n i t wa s take n ove r
virtually whole fro m th e Babylonians . Th e earlies t Greek parapegmat a (sta r
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FIGURE 1.25 . Zodia c figure s i n
Babylonian (left ) an d Greco-Egyptia n
(right) styles . The Babylonia n figures

are fro m boundar y stone s of th e Kassit e
period, circ a 120 0 B.C . The Greco -

Egyptian figures are from th e roun d
zodiac of  Dendera , circ a A.D. 25.

From to p t o bottom , th e constellations
represented ar e Sagittarius , Capricornus ,

and Aquarius . From Hink e (1907) .

calendars, base d o n a  divisio n o f th e yea r int o zodiaca l signs ) were those o f
Meton, Euctemon , an d Democritus , al l of the lat e fift h centur y B.C.

By th e middl e o f th e fourt h centur y B.C. , the Gree k constellation s wer e
substantially complete . Eudoxus' s descriptio n o f th e constellation s probabl y
played a great role in standardizing the Greek nomenclature. This description
has no t com e dow n t o us , bu t it s essentia l conten t i s preserved i n Aratus' s
verse Phenomena (ca. 270 B.C.) , the oldes t surviving systematic account o f the
constellations i n Greek . Aratus describes the whol e celestia l spher e an d tell s
how the constellations are placed with respect to one another. But he does not
give any details about the positions of individual stars within the constellations.
Eudoxus had undoubtedly given more detail, but numerical data about individ-
ual star positions were rightly deemed unsuitable by Aratus for his poem. Some
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additional insight s int o Eudoxus' s intention s ar e furnished by Hipparchus' s
Commentary o n Aratus and Eudoxus  (ca . 15 0 B.C.) .

Another sourc e o f som e valu e i s th e Catasterisms  ("Constellations" ) o f
Eratosthenes. Thi s brief tract was written a s a commentary on , an d supple-
ment to, the Phenomena of Aratus, as is evident from the fact that the constella-
tions ar e treated i n th e sam e order in th e tw o works. Th e wor k i s basically a
list o f constellations , wit h a  stor y o r legen d fo r each . Her e i s the entr y for
Cassiopeia:

Sophocles, the tragi c poet, says in his Andromeda tha t this one [Cassiopeia]
came t o misfortun e b y contending with the Nereids over beauty , an d that
Poseidon destroye d the regio n b y sendin g a sea-monste r [Cetus]. This i s
why he r daughte r [Andromeda] appropriately lie s befor e th e sea-monster.
She has a brigh t sta r o n th e head , a dim on e o n th e righ t elbow , one o n
the hand , one o n th e knee , one a t th e en d o f the foot , a  dim on e o n th e
breast, a  brigh t one o n th e lef t thigh , a  brigh t one o n th e knee , on e o n
the board , one a t eac h angl e o f the sea t o n whic h she sits ; i n all , thirteen.

The legend s of the origins of the constellations are what mad e the Cataster-
isms popula r an d guarantee d it s survival . However , th e Catasterisms  doe s
provide some genuine astronomical information, notably the mentions of how
many stars are contained i n each par t o f each constellation. This information
would hel p a reader work out th e figure of the constellation i n the night sky.
Aratus had provided no such detail (thoug h Eudoxus probably had). We may
regard Aratus's Phenomena  and the  Catasterisms  of  Eratosthenes as  continua-
tions an d elaboration s o f th e descriptio n o f th e celestia l sphere se t down b y
Eudoxus.

After Eudoxus' s time, there were onl y a  few new constellations added by
later Gree k astronomers, notable examples being Coma Berenices and Equu -
leus. The stor y of Coma Berenices is especially interesting. This constellation
was invented b y the Alexandrian astronomer Conon , an d th e stor y goes like
this: Berenic e was the cousi n an d wif e o f Ptolemaios II I Euergetes , the thir d
of the Macedonian king s of Egypt. (Ptolem y Euergetes ruled from 24 7 to 222
B.C.). When her husband departe d fo r war in Syria , Berenice vowed t o mak e
an offerin g t o th e god s of a lock of her hai r i f he should retur n safely . Whe n
her husban d did , indeed , retur n safel y t o Alexandria , she cut of f a lock an d
placed i t i n a  temple , fro m whic h i t mysteriousl y disappeared . Conon , th e
court astronomer , console d he r b y designatin g a  ne w constellatio n Com a
Berenices, th e Hai r o f Berenice . The stor y ha s com e dow n t o u s because it
inspired Callimachu s of Cyrene, wh o als o worked a t Alexandria at thi s time ,
to compos e a  poe m o n th e subject , whic h survive s in a  fragmentary state.
A Lati n version mad e tw o centurie s later b y Catullu s ha s com e dow n t o u s
intact. Th e ne w constellation ha d a n unsettle d history : although i t appears
in th e Catasterisms  o f Eratosthene s (i n th e paragrap h o n th e Lion) , i t wa s
not include d b y Ptolemy among hi s forty-eight constellations. Ptolemy does ,
however, allud e to th e "lock " o f hair in hi s star catalog, i n hi s description o f
the unconstellate d star s aroun d Le o (Almagest  VII , 5) .

Coma Berenices , although no t recognize d a s an independen t constellatio n
by Ptolemy, eventually won a permanent place on the sphere. Other proposed
constellations, including some invented by Hipparchus, never won acceptance
and have vanished from the sky. Ptolemy followed Hipparchus i n recognizing
Equuleus a s a ne w constellation , bu t di d no t accep t Hipparchus' s Thyrsus -
lance (hel d b y th e Centaur ) a s an independen t constellation. 49 Eve n i n th e
case of the old, standard constellations, there were differences among individual
writers ove r th e numbe r o f star s include d i n eac h an d th e manne r i n whic h
one shoul d "connec t th e dots " t o for m th e figure . Ptolem y (Almagest  VII ,
4) mention s tha t h e ha s departe d fro m Hipparchus' s form s t o giv e better -
proportioned figures . Fo r example , th e sta r Hama l (o c Arietis ) wa s sai d b y
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Hipparchus t o b e on th e muzzl e o f the Ram , Aries , but Ptolem y place d thi s
star outsid e o f th e constellation , abov e th e head . Som e star s tha t ha d bee n
placed b y Hipparchu s o n th e shoulder s o f Virgo, Ptolem y describe d a s "on
her sides." It was Ptolemy's sta r catalog in books VII and VIII o f the Almagest
that di d th e most  (afte r th e Phenomena  o f Eudoxu s an d Aratus ) t o fi x th e
names an d figure s o f the classica l forty-eigh t constellations . Fro m Ptolemy' s
time, then , th e basi c forms o f the constellation s wer e settled.

Our moder n astronomica l traditio n i s not directl y continuou s wit h tha t
of the ancien t Greek s bu t i s separated fro m i t b y th e medieva l perio d when ,
in Europe , Lati n was the languag e o f learning . Thus , th e moder n name s o f
many constellation s ar e Lati n rendering s o f th e Gree k names . Fo r example ,
Gemini is a literal translation o f the Greek Didymoi,  "Twins. " There are many
other examples : Latin Cancer  for the Gree k Karkinos,  "Crab"; Aries for Krios,
"Ram." I n som e case s th e Lati n word s ar e etymologicall y th e sam e a s th e
Greek: Latin Taurus  = Greek Tauros,  "Bull"; Latin Leo = Greek Leon,  "Lion."

During the Age of Exploration (fifteent h an d sixteenth centuries), European
navigators saw for the first time the stars around the south celestial pole. This
was a new period of constellation making. Some of the new constellations (e.g.,
Tucana, a toucan) reflec t th e exotic animals encountered b y the Europeans in
tropical lands . I n th e eighteent h century , a  deliberat e effor t wa s mad e t o
fill i n th e gap s betwee n th e classica l constellations . Som e o f th e smaller ,
inconspicuous constellations date from this period, for example, Microscopium
and Telescopium , bot h devise d b y th e Frenc h astronome r Nicola s Loui s d e
La Caille.50

Stars

The Gree k astronomical writer s did not assign proper name s to many individ-
ual stars.  Mos t star s wer e identifie d simpl y b y description s o f thei r place s
within th e constellations.  Ou r Betelgeus e ( a Ori) , fo r example , wa s simply
the "sta r o n th e righ t shoulde r o f Orion." Most o f the star s with rea l names
were deeme d t o b e significan t eithe r a s weather sign s o r a s indicators o f th e
season. Fo r th e Greeks , th e most  importan t name d star s were

Arcturus
Sirius (Als o called Kyon,  "dog." )
Procyon
Antares
Canopus
Aix (No w calle d Capella,  a  Latin translatio n o f the Greek , "goat." )
Lyra (Th e "lyre. " No w calle d Vega,  a  medieva l Lati n corruptio n o f an

Arabic form. Th e Greek s als o applie d Lyr a to th e whole constellatio n
of which thi s sta r i s the brightes t member . Thi s designatio n stil l
stands.)

Aetos (Th e "eagle. " Now Altair,  from th e Arabic.)
Stachys (No w Spica,  a  Latin translatio n o f the Gree k name , "ea r o f

wheat.")
Basiliskos (No w Regulus,  a  Latin renderin g o f the Greek , th e "littl e

king." Fo r th e Babylonians , this sta r was also called "king, " LUGAL. )
The Pleiade s
Protrygeter (No w Vindemiatrix,  th e Gree k an d Lati n bot h signifyin g

"harbinger o f the grap e harvest." )
Eriphoi (Th e "kids. " Thes e ar e the tw o di m star s T | an d £  Aurigae.)
Onoi (Th e "asses, " y  and 5  Cancri. )

This lis t nearl y exhausts th e individua l sta r name s used b y the earl y Greeks.
Some o f th e name s ar e trul y ancient : Arcturus , Sirius , an d th e Pleiade s ar e
all mentione d b y Hesiod. The other s ar e first attested somewha t later .
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The first ten stars of the list are quite bright; thei r prominence in the nigh t
sky n o doub t justifie d individua l names . Th e las t fou r item s liste d contai n
rather di m objects . They earne d thei r name s no t b y thei r brightnes s but b y
their significance. As we saw in section i.i, the morning setting of the Pleiades
signaled the beginning of winter weather and the time to sow grain (Novem -
ber). The mornin g risin g of the Pleiade s was the signal  of the wheat harvest ,
in May. Similarly, the morning rising of Vindemiatrix, i n September, signaled
the comin g o f th e grap e harvest . An d th e mornin g settin g o f th e Kids , i n
December, signale d th e onse t o f the seaso n of winter storms , as in thes e lines
by Callimachus :

Flee the  company  of  the  sea,
O mariner,  when the  Kids are  setting.

Arcturus an d Siriu s played role s only a  littl e les s importan t tha n tha t o f
the Pleiades . The mornin g rising of Arcturus was a sign of autumn, whil e th e
morning rising of Sirius, the Dog Star , signaled the hot day s of high summer
(the "do g days") . Th e calendrica l significanc e of the Pleiades , Arcturus, an d
Sirius probably accounts for the fact that these are the first stars to be mentioned
by name i n Gree k literature .

Concerning th e Asses: between these two stars is a small, fuzz y or nebulou s
patch. Throug h binocular s i t i s resolve d int o a  tigh t cluste r o f stars , no w
popularly know n a s th e Beehive . The Greek s calle d i t a  Mange r (Phatne).
According t o Aratus , th e visua l appearanc e o f th e Asse s an d th e Mange r
through thi n cloud s a t nigh t ca n be used t o predic t th e weather:

If th e Mange r darkens an d bot h star s remai n unaltered, they heral d rain.
But i f th e As s to th e nort h o f th e Mange r shines feebl y throug h a fain t
mist, whil e th e souther n Ass i s gleamin g bright, expec t win d fro m th e
south. Bu t i f in turn the souther n Ass is cloudy and th e norther n bright,
watch fo r the nort h wind.

In the star catalog in Ptolemy's Almagest,  more than a 1,000 stars are listed
together wit h thei r coordinate s an d magnitudes , bu t n o mor e tha n a  doze n
are given proper names . The remainde r ar e identified in term s of their place s
within th e constellations . Som e stars , whic h di d no t fi t ver y wel l int o th e
figure of a traditional constellation , were said to b e outside the constellation ,
but thei r position s wer e nevertheles s described i n term s o f relationship s t o
the constellated stars . It is still possible today to identify with absolute certainty
the grea t bul k o f Ptolemy' s 1,00 0 stars . The identitie s o f abou t te n percen t
of the stars are, however, not quite certain (and a few are completely uncertain)
because of errors in Ptolemy' s measure d coordinate s an d lac k o f precision in
the written descriptions .

The reviva l of astronomy i n western Europ e bega n i n the twelft h century.
The firs t stag e i n thi s reviva l require d th e stud y o f th e classic s o f ancien t
Greek astronomy . A t first , translation s wer e mad e int o Lati n fro m Arabi c
translations of the Greek originals. A number of Arabic treatises in astronom y
and mathematic s wer e als o translated int o Latin . Onl y somewha t late r were
the important Gree k works translated into Latin directly from the Greek. No t
surprisingly, a  goo d dea l o f Arabi c sta r nomenclatur e foun d it s wa y int o
medieval an d Renaissanc e Lati n astronomy . I n fact , th e grea t majorit y o f
modern star names in the European languages are corrupt forms o f the Arabic
names. In some cases, the Arabic name descends fro m a  tradition independen t
of th e Greek . Bu t i n man y cases , th e Arabi c nam e tha t lie s behin d th e
modern European name is merely a translation of the original Greek descriptive
nomenclature. Fo r example , ou r Veg a i s a  corrup t for m o f th e Arabi c [al-
nasr] al-waqi c, "th e swoopin g [vulture], " whic h ha s n o counterpar t i n th e
ancient Gree k nomenclature . Bu t ou r Denebol a i s a  corrup t for m o f th e
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FIGURE 1.26 . Th e constellatio n Tauru s accord -
ing to  al-Suft . On  the  top  is  Taurus as  seen in
the sky . Below  thi s i s Taurus a s represented o n
a soli d celestia l globe . Th e fiv e star s forming a
V on th e Bull' s fac e ar e the Hyades . Th e cluste r
of fou r star s on th e hum p o f the Bull' s bac k ar e
the Pleiades . Eac h sta r ha s been numbere d t o
key the figur e t o th e sta r lis t tha t accompanie s
it. The figures are photographs of a fourteenth -
century Arabi c manuscrip t cop y o f al-Sufl's
Book on  the  Constellations  of the  Fixed Stars.
By permission o f the Trustee s o f the Britis h
Library (Or . 5323 , fols . 38v , 39).

Arabic dhanab  al-asad,  "th e tai l o f th e Lion, " whic h wa s jus t th e wa y th e
Greeks referre d to thi s star .

One o f the mos t importan t Arabi c work s o n th e star s was that o f Abu°l-
Husayn cAbd al-Rahman Ibn cUmar al-RazI al-Sufl. Around A.D . 964, al-Suf i
composed hi s Book  o n th e Constellations  of th e Fixed  Stars  (Kitdb  suwar  al-
kawakib al-thabita).^ Th e cor e of al-Sufl's book i s Ptolemy's sta r catalog fro m
the Almagest. Al-Sufl translated the Greek descriptive nomenclature int o Arabic
and update d th e positions of the stars by adding 12°42 ' to all of the longitude s
to accoun t fo r th e precessio n betwee n Ptolemy' s da y an d hi s own . Bu t al -
Sufi als o adde d a  paragrap h o f note s fo r eac h constellation , i n whic h h e
discussed problem s o f identification , error s i n Ptolemy' s coordinates , an d
variants fo r th e name s fo r individua l stars , includin g ol d Arabi c sta r name s
that predate d Ara b contac t wit h Gree k astronomy . Al-Sufi' s work , i n th e
earliest extan t manuscripts , i s also notabl e fo r it s drawing s o f th e figure s o f
the constellations. I n fact, al-Sufl included tw o drawings for each constellation :
one a s seen i n th e sky , and on e reverse d (a s seen o n a  solid globe) . The star s
of each constellatio n wer e numbere d o n th e chart s an d thereb y keye d t o th e
list o f star s in th e catalog . I n figur e 1.2 6 we see the constellatio n o f Taurus ,
the Bull , i n a  medieva l Arabi c manuscrip t o f al-Sufl' s work. Th e Bull , her e
drawn i n a  flui d Arabi c style , wa s a  Gree k constellation , o f course . Bu t lon g
before that , it was a Babylonian constellation—a fact that was certainly unknow n
to al-Sufi . Her e w e see one mor e dramati c illustratio n o f th e continuit y (an d
complexity) of the nomenclature for the stars and constellations from the Babylo-
nians, through th e Greeks an d Romans , throug h th e Arabic and Lati n astrono -
mers o f the Middle Ages, an d dow n t o our ow n day .

Modern astronomer s frequentl y identif y star s b y mean s o f Bayer  letters,
introduced b y the German astronome r Johann Baye r in his influential celestial
atlas, Uranometria,  publishe d i n 1603 . I n thi s system , eac h sta r i s labeled b y
a Gree k lette r an d th e Lati n nam e (i n th e genitiv e case ) o f the constellatio n
in whic h i t i s found . Thus , th e star s Betelgeus e and Rige l (bot h i n Orion )
are called, respectively, a Orioni s an d (3 Orionis. But , as few twentieth-century
astronomers hav e an y Latin , a  simplified system ha s recentl y arise n o f usin g
a three-letter abbreviation of the constellation name: a Or i and (3 Ori.

1-9 EARTH , SUN , AN D MOO N

A good dea l of astronomy rest s on an understanding o f the Earth-Sun-Moo n
system. Th e fundamenta l question s ar e three: What cause s the phase s o f the
Moon? Wha t cause s eclipses ? What i s the shap e o f the Earth?

Phases of  the  Moon

The Moo n shine s by reflected sunlight. Hal f the Moon i s always illuminated—
the half that face s toward th e Sun . As the Moon orbits the Earth i n the course
of th e month , w e se e it fro m differen t angles . Refe r t o figur e 1.27 .

When the  Moo n is  at positio n i , the  unilluminate d hal f face s us  and  we
cannot se e the Moo n a t all . This i s what w e cal l new Moon. The Moo n
is also said to b e in conjunction  with th e Sun , becaus e they bot h lie in th e
same directio n a s seen fro m Earth .
When th e Moo n i s a t positio n 2 , w e ca n jus t se e a  slive r o f a  crescent .
This is what th e Greek s calle d ne w Moon. The Gree k ne w Moon cam e a
day or tw o afte r th e tru e conjunction .
At positio n 3 , th e Moo n reache s firs t quarter . W e ca n se e hal f o f th e
illuminated portion . I n th e sky , th e Moo n look s lik e th e lette r D .
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At positio n 4 , th e Moo n i s gibbous, o r "hump-backed " i n shape .
At positio n 5 , the illuminate d hemispher e o f th e Moo n directl y face s us ,
and th e Moo n i s full . Th e Moo n i s als o sai d t o b e i n opposition  t o th e
Sun.
At positio n 6 , th e Moo n i s gibbous again .
At positio n 7 , th e Moo n reache s third quarter . I n th e sky , i t look s like a
backward lette r D .
At positio n 8 , the Moo n i s again a  crescent .

From position s i  t o 5  the Moo n i s sai d t o b e waxing,  tha t is , growin g
larger. Fro m position s 5  to I  th e Moo n i s sai d t o waning,  tha t is , growin g
smaller.

A surprisingly large number o f people toda y believ e that th e phase s of the
Moon ar e due t o th e "shado w o f the Earth. " Thi s i s clearly not th e case . For
example, a t th e tim e o f the firs t quarter , w e can see the Su n an d th e Moo n
in the sk y at the sam e time. Thus , th e Earth canno t b e between th e Su n and
the Moon , castin g a  shado w o n th e Moon . Phase s an d eclipse s ar e du e t o
different causes .

FIGURE 1.27 . Th e phase s o f the Moon ar e due
to th e fac t tha t an observe r o n th e Earth sees dif-
ferent portion s of the illuminate d hal f of th e
Moon a t differen t time s o f the month.

Eclipses

There are two kind s o f eclipses, lunar  and solar.  Solar eclipses can occur onl y
at th e tim e o f ne w Moon (positio n i  i n fig . 1.27) . Th e Moo n passe s acros s
the fac e o f the Su n an d block s i t out .

Lunar eclipses can occu r only at ful l Moo n (positio n 5  in fig . 1.27; see also
Fig. 1.28) . The Eart h cast s a long, cone-shape d shado w tha t stretche s ou t i n
space diametrically opposit e the Sun . At th e tim e o f lunar eclipse , th e Moon
passes throug h th e Earth' s shadow .

Although eclipse s o f th e Moo n ar e possibl e onl y a t ful l Moon , a  luna r
eclipse doe s no t occu r every  ful l Moon . Th e Moon' s orbi t i s tilte d a  littl e
(about 5° ) with respec t t o th e plan e o f th e eclipti c (plan e o f the Sun' s orbi t
about th e Earth) . Thus , mos t months , a t th e tim e o f ful l Moon , th e Moon
misses th e Earth' s shado w b y crossing either a little north o r a  little south o f
it. Thus , i n figur e 1.27 , th e Moo n shoul d b e regarde d a s spending most  o f
its tim e eithe r a  little above o r a  little below th e plan e o f the paper .

FIGURE 1.28 . Th e Moo n M enterin g the
shadow of the Earth E, thu s producing a lunar
eclipse.

The Explanation  of  Phases  and  Eclipses

Parmenides o f Elea (lat e sixth centur y B.C. ) describe d th e Moon i n hi s poe m
as " a night-shinin g foreig n ligh t wanderin g aroun d th e Earth. " I n anothe r
line, Parmenide s characterize d th e Moo n a s "alway s fixin g it s gaz e o n th e
beams of the Sun." Som e have seen in these lines a realization that the Moon
shines b y reflecte d sunlight . Th e secon d lin e doe s revea l a n awarenes s tha t
the brigh t portio n o f th e Moo n alway s face s towar d th e Sun . Bu t thi s doe s
not necessaril y imply a n understandin g o f the physica l caus e o f the Moon' s
brightness.

One ca n kno w tha t th e brigh t sid e o f th e Moo n alway s face s th e Su n
without realizing that the Moon shines by reflected sunlight. This is abundantly
clear i n th e "explanation " o f th e Moon' s phase s attribute d b y Vitruvius t o
Berosus. According t o thi s view, th e Moo n i s a ball , one hal f luminou s an d
the othe r hal f o f a  blue color . Th e luminou s hal f o f the Moo n alway s turns
to fac e th e Sun , attracte d b y it s ray s an d grea t heat , i n keepin g wit h th e
sympathy betwee n ligh t an d light . A s the Moo n travel s through th e zodiac ,
it gradually turns so that th e luminous portion ma y always face the Sun . And
thus w e se e differen t portion s o f i t a s th e mont h goe s by . Berosu s was a
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Chaldaean, tha t is , a Babylonia n astronome r an d astrologer , wh o flourishe d
around 30 0 B.C . His work s wer e know n t o late r Gree k an d Roma n writers ,
who preserve d som e fragment s o f them . Accordin g t o Vitruvius, 56 Berosu s
settled o n th e islan d o f Cos , wher e h e opene d a  school an d introduce d th e
Greeks to astrology . It is clear that Berosu s did play some role in the diffusio n
of Babylonian astronomica l knowledg e amon g th e Greeks. I t i s not, however ,
safe t o ascrib e Berosus' s theor y o f th e Moon' s phase s t o earl y Babylonia n
astronomy: we simply do not know what explanation, if any, the early Babylo-
nians offered fo r the phases. From the point of view of Babylonian astronomy,
Berosus i s rathe r late . Livin g amon g th e Greeks , h e ma y wel l hav e bee n
influenced b y the Gree k desire for a physical explanation. I f so, his view must
have had little appeal, for among the Greeks the correct explanations of phases
and eclipse s were already severa l generations old .

Anaxagoms i n Athens Mos t o f the Gree k testimon y attribute s th e discovery
of the causes of the Moon' s phase s and eclipse s to Anaxagoras of Clazomenae
on th e wes t coas t o f Asia Mino r (jus t wes t o f th e moder n Turkis h cit y of
Izmir). Around 48 0 B.C., Anaxagoras went to Athens, where he was befriended,
and perhap s financiall y supported , b y Pericles , th e politica l leade r o f th e
democratic elemen t i n th e city .

Anaxagoras correctl y explaine d th e phase s o f th e Moon , sayin g tha t th e
Moon get s it s ligh t fro m th e Sun . W e hav e earl y testimon y o n thi s point .
Plato mentions i t as a "recent discovery" of Anaxagoras "that the Moon receives
its ligh t fro m th e Sun." 57

Later writers , includin g Hippolytu s an d Aetius , sa y that Anaxagora s ex-
plained eclipse s o f th e Su n b y th e interpositio n o f th e Moo n between  th e
Sun an d th e Earth , and eclipse s of the Moo n b y the Moon's fallin g int o th e
Earth's shadow . H e held , too , tha t th e Su n was larger than i t appeared , tha t
it was , indeed , "large r tha n th e Peloponnesos. "

Anaxagoras i s also noteworth y fo r hi s attemp t t o unif y terrestria l physics
with th e physics of the heavens. In oppositio n t o prevailin g thought, h e held
that th e celestia l bodies wer e mad e o f ordinary , earth y matter . H e sai d tha t
the Moo n ha s plains and ravines . Perhaps inspire d b y the fal l o f a meteorite ,
he called the Su n a  red-hot stone . These an d othe r remark s were offensiv e t o
the religiou s conservative s o f Athens, wh o believe d tha t th e Su n an d Moo n
were god s o r els e were directly  controlle d b y gods . Anaxagora s wa s accuse d
of impiety an d trie d o n tha t charge , amon g others . Whil e ther e i s no doub t
that hi s view s were genuinel y shockin g t o some , th e cas e wa s also use d b y
the politica l conservative s as a  way o f discreditin g Pericles . The ancien t ac -
counts vary: either Anaxagoras was tried and condemned t o death i n absentia,
or h e was , afte r effort s o n hi s behal f b y Pericles , merel y fine d an d exiled . I n
any case , h e withdre w t o Lampsacus , i n northwes t Asi a Minor , wher e h e
remained unti l hi s deat h aroun d 42 7 B.C . The Lampsacan s ar e said t o hav e
treated him with honor. When the rulers of the city asked him what priviledge
he wishe d t o b e granted , h e replie d tha t afte r hi s death th e schoo l childre n
should eac h yea r b e give n a  holida y i n hi s memory . Th e custo m wa s lon g
observed.59

Curiously, Anaxagoras does no t appea r t o hav e pursue d hi s astronomica l
ideas t o thei r ultimat e conclusion . Althoug h h e correctl y explaine d luna r
eclipses, h e i s said nevertheles s t o hav e maintained tha t th e Eart h i s flat . H e
held, too , tha t th e Moo n i s eclipse d no t onl y b y th e Eart h bu t sometime s
also by other, unspecifie d bodie s lying below the Moon. Thus, it appears tha t
by about 480 B.C. the correct explanation of lunar eclipses was already current,
but tha t thi s knowledge ha d no t ye t been brough t t o bea r on the question o f
the Earth' s shape . Thes e relate d fact s ha d no t ye t bee n integrate d int o a
coherent worl d view .
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The Shape  of  the  Earth

Early Doctrines Amon g the earlier philosophers, there were some who asserted
that th e Eart h i s flat or disk shaped . Moreover , i n th e earl y period ther e was
a tendenc y t o confoun d th e questio n o f the Earth' s shap e with th e questio n
of it s support , tha t is , wh y i t remaine d i n place . Thus , Thale s o f Miletu s
(ca. 58 5 B.C.) declared tha t th e Eart h rest s o n water . Hi s suppose d student ,
Anaximander (ca . 570 B.C.), held th e Eart h t o b e a cylinder whose depth was
one-third o f it s breadth . O f th e tw o fla t surfaces , on e i s that o n whic h w e
stand an d th e othe r i s opposite . Accordin g t o Anaximander , th e Eart h i s
poised i n emptiness , supporte d b y nothing , an d remain s where i t i s because
it i s equidistant fro m al l other things . I t ha s therefor e no predispositio n t o
fly away in any one direction rather than in any other. Anaximenes of Miletus
(ca. 54 0 B.C.) held th e Eart h t o b e broa d an d fla t an d supporte d b y th e ai r
beneath it . Xenophane s o f Colopho n (ca . 53 0 B.C.) neatly dispose d o f th e
question o f what support s the Eart h b y declaring tha t the Eart h has its roots
in infinity ; tha t is , tha t th e Eart h reache s dow n forever . Th e cosmologica l
doctrines of the earliest philosophers are difficult t o reconstruct with certainty .
For th e mos t part , the y ar e known onl y through citation s and quotation s b y
later Gree k writers. 60

Some o f the Greek s attributed th e discover y of the sphericity of the Eart h
to Parmenide s (fift h centur y B.C.) , while others gave the honor to Pythagoras
(sixth centur y B.C.) . Stil l others claimed , quit e impossibly , tha t thi s fac t ha d
been know n eve n t o Hesio d (sevent h centur y B.C.) . Th e statement s b y
later Gree k writer s merel y reflec t th e Gree k propensit y fo r attributin g every
discovery t o on e o r anothe r o f thei r ancien t wis e men. Tha t th e ide a o f th e
sphericity o f th e Eart h originate d wit h th e Pythagorea n schoo l o f th e fift h
century i s not, however , wholly improbable .

Aristotle o n th e Sphericity  o f Earth  Th e earlies t writer whos e wor k survives,
who state s clearl y that th e Eart h i s a sphere , an d wh o give s adequate proo f
of this fact , i s Aristotle, who addresse s the issu e in his treatise On th e Heavens
(fourth centur y B.C.) . After refutin g thos e who believ e the Eart h t o b e flat or
drum shaped , Aristotl e assert s tha t i t i s a  sphere . Moreover , thi s spherica l
shape results from th e natural tendency of the heavy elements to move toward
the cente r of the universe . Thus, i t i s the center-seeking pressure and jostling
of the separat e particles of earth tha t bring s about th e spherica l shape of th e
whole. I n thi s wa y Aristotle deduce s th e spherica l shap e o f th e Eart h fro m
his physica l doctrines . Not e tha t i n Aristotle' s physics , th e Eart h i s not th e
center o f the universe , properly speaking. Rather , th e Eart h lie s a t the cente r
of the univers e because of the center-seekin g nature o f the heav y element o f
which i t is composed. On e physical principle thus explains not only the Earth's
shape bu t als o it s position an d it s immobility .

Aristotle usuall y preferre d a n argumen t fro m physica l o r philosophica l
principles ove r a n argumen t fro m observation . Havin g give n firs t wha t h e
regarded a s his bes t argument , h e di d not , however , refrai n fro m marshalin g
the evidenc e o f the senses . In th e followin g extract , Aristotl e present s thre e
arguments i n favo r o f the sphericit y o f the Earth .

EXTRACT FRO M ARISTOTL E

On th e Heavens  II , 1 4

Further proof is obtained from th e evidence of the senses . If the Earth were
not spherical , eclipses of the Moon would not exhibit segments of the shape
which they do. As it is, in its monthly phases the Moon takes on al l varieties
of shapes—straight-edged, gibbous and concave—bu t in eclipses the bound-
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FIGURE 1.29 . Th e luna r eclips e o f July 16 ,
1981, photographe d i n Seattl e b y Bria n Popp.

ary i s always convex . Thus, i f th e eclipse s ar e du e t o th e interpositio n of
the Earth , the shap e must be caused by it s circumference , an d th e Earth
must b e spherical .

Observation o f the star s als o shows not onl y tha t the Eart h is spherical
but tha t i t i s of no grea t size, sinc e a  small chang e of position on ou r part
southward o r northward visibly alter s th e circl e of the horizon , so that th e
stars overhea d change their position considerably, and w e d o no t se e the
same star s a s we mov e t o th e Nort h o r South . Certai n star s ar e see n i n
Egypt an d th e neighbourhoo d o f Cyprus , whic h ar e invisibl e in mor e
northerly lands , an d star s whic h ar e continousl y visible i n th e northern
countries are observed to se t in th e others. This proves both that the Earth
is spherica l and tha t it s periphery is not large , for otherwis e such a  smal l
change o f position could no t hav e had suc h a n immediat e effort .

For thi s reason those who imagin e that the regio n around the Pillar s of
Heracles join s o n t o th e region s of India , an d tha t i n thi s way the ocean
is one, are not, it would seem, suggesting anything utterly incredible. They
produce als o i n suppor t o f thei r contention th e fac t tha t elephant s are a
species found at the extremities of both lands, arguing that this phenomenon
at the extremes is due to communication between the two. Mathematicians
who tr y to calculat e th e circumferenc e pu t i t a t 400,000 stades .

From these arguments we must conclude not only that the Earth's mass
is spherica l bu t als o tha t i t i s not larg e in compariso n with th e siz e o f th e
other stars .

The argumen t base d on luna r eclipses is clear and convincing . Th e curve d
edge o f the shado w ma y b e seen o n th e fac e o f the Moon , a s in figur e 1.29 .

Aristotle's secon d grou p o f argument s fro m sens e evidenc e i s base d o n
observations o f th e stars . Aristotl e doe s no t mentio n particula r stars , o r
any particula r observations . I n a  philosphica l work , particula r astronomica l
observations woul d hav e bee n deeme d ou t o f place . Th e almos t complet e
absence o f specifi c observation s i s characteristi c o f mos t Gree k astronom -
ical writin g a t th e elementary  level—jus t a s i t i s characteristi c o f elementar y
textbooks i n ou r ow n day . Advance d astronomica l treatise s o n specialize d
topics (e.g. , th e theor y o f the motio n o f the planets) , whic h wer e produce d
later, naturall y require d th e us e of specifi c observations . Late r Gree k writer s
of elementar y astronom y text s were  fon d o f citin g th e cas e o f Canopus ,
a bright star in the modern constellatio n Carina. Canopu s i s one of the bright-
est star s i n th e sky , secon d onl y t o Sirius . Canopu s wa s visibl e i n Egyp t
but no t i n Greece . I t bega n t o pee k abov e th e horizo n a t abou t th e latitud e
of Rhodes o r Cyprus . Th e report s o f travelers concerning thi s "brigh t sta r of
the Egyptians" perhap s played a  role in the earl y debate ove r the shape o f the
Earth.

We leav e i t t o th e reade r t o explicat e th e argumen t base d o n elephants .
Aristotle doe s no t clai m i t a s his own , bu t attribute s i t t o certai n other s lef t
unnamed. I t i s clea r tha t h e regarded  i t a s les s convincin g tha n th e tw o
astronomical arguments , bu t h e di d no t refrai n fro m usin g it .

Aristotle remarks that th e mathematicians who calculate the circumference
of the Eart h pu t i t a t 400,000 stades . This i s the oldes t recorde d calculatio n
of th e siz e of the Earth . Th e stade , o r stadion,  was a uni t o f lengt h use d i n
the Gree k world . Originall y th e word indicate d th e length o f a race track as,
for example , tha t a t Olympia . However , stade s o f severa l differen t length s
were i n use . Variou s ancien t source s giv e values betwee n 7  1/ 2 an d 9  stade s
to a  Roman mile , the Roman mil e being abou t 0.92 5 of our own. Aristotle' s
figure thus put s the Earth's circumference between 40,000 and 50,00 0 statut e
miles. Th e actua l circumferenc e is about 25,00 0 miles , s o Aristotle's value is
certainly of the right order of magnitude. I t is not known who the "mathemati -
cians" wer e that Aristotle cites . A name tha t ha s often bee n propose d i s that
of Eudoxu s o f Cnidus .
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Three Later  Writers

Later writers added t o the stock o f arguments that th e Earth i s a sphere. Th e
new arguments had n o bearin g on th e outcom e o f the case , which ha d bee n
settled by the middl e o f the fourt h century B.C . Bu t thes e new arguments for
the sphericit y o f th e Eart h acquire d a  plac e i n th e textbook s an d s o playe d
a role in education fro m ancien t times down t o the Renaissance. Three impor -
tant and characteristic writers are Ptolemy, Theon of Smyrna, and Cleomedes.
Ptolemy the reader already knows as the autho r of the Almagest (ca. A.D. 140).

Theon of Smyrna (an important city on th e west coast of Asia Minor) was
the autho r o f a  book title d Mathematical  Knowledge  Useful  fo r Reading  Plato.
The boo k contain s a  numbe r o f reference s t o Plat o an d i s Platonic i n it s
underlying philosophy o f nature , bu t i t i s far fro m bein g a  commentar y o n
Plato's writings. In fact , Theon's boo k is an introductory survey of mathemat -
ics. Traditionally, th e Greeks divided mathematics into four branches: arithme-
tic, geometry , astronomy , an d musi c theory . A  sectio n o f Theon' s boo k
probably wa s devote d t o eac h o f these . Th e sectio n dealin g wit h geometr y
and a  part o f that dealin g with musi c theory have not com e down t o us , bu t
we hav e intac t the  section s on  astronom y and  arithmetic . Theon' s boo k is
not a t th e sam e leve l a s Ptolemy's . Ptolem y wrot e a  technica l treatis e fo r
astronomers, containing the most advanced material of the time, while Theon's
book is an introduction fo r beginners . I n figure 1.3 0 we see a bust o f Theon
of Smyrna, found at Smyrna and now in the Musei Capitolini in Rome. Th e
Greek inscription say s that th e bus t o f Theon, th e Platoni c Philosopher , was
dedicated b y his son, Theon th e Priest . Likenesses of Greek scientifi c writers
are extremel y rare . Ther e are,  t o b e sure , "portraits " o f Eucli d an d othe r
mathematicians, bu t these  wer e almos t alway s produced centurie s afte r th e
fact—they are merely symbolic figures. The bus t of Theon is interesting because
we know i t was commissioned b y his son an d ma y actually resemble Theon.
Moreover, th e bust provides a means of dating Theon. Art historians date it ,
by its style, to the reign of Hadrian (earl y second century A.D.). In theAlmagest,
Ptolemy refer s to observations mad e at Alexandria b y a certain Theon. Thus,
it i s possible tha t Theo n o f Smyrn a was an elde r frien d (perhap s a  teacher)
of Ptolemy . Bu t Theo n wa s a  common name , s o we canno t b e certai n tha t
Ptolemy's Theo n wa s the sam e man .

The dat e o f Cleomedes i s uncertain. Considering the othe r writers whom
Cleomedes cite s o r fail s t o cite , w e shal l probabl y no t b e fa r wron g i f w e
adopt a  date o f the firs t or second century A.D . Cleomede s wa s the autho r o f
an introduction to astronom y title d something lik e O n the Elementary Theory
of th e Heavenly  Bodies.  Lik e the book s b y Geminu s an d Theo n o f Smyrna ,
Cleomedes' work i s elementary and no t mathematical . It , too , wa s intende d
for beginnin g students . I n hi s physica l doctrine s Cleomede s was a  followe r
of Posidonius (firs t century B.C.), the mos t famous an d influentia l o f the Stoic
philosophers. Cleomedes ' Stoi c inclination s len d hi s boo k a  flavo r rathe r
different fro m tha t o f Theon's.

All three writers (Cleomedes, Theo n o f Smyrna, Ptolemy) repea t an argu-
ment o f Aristotle's—that, as we move north o r south o n the Earth , we observe
changes in the visibility of the stars . Both Ptolemy and Theon point ou t tha t
this proves only that the Earth is curved from north to south and not necessarily
from eas t to west. Theon cite s the cas e of the sta r Canopus, which "althoug h
invisible i n th e part s nort h o f Cnidus , become s visibl e i n mor e southerl y
regions."64 Curiously , non e o f these  writer s mention s Aristotle' s argumen t
from th e shap e of the Earth' s shadow. However , al l add ne w arguments no t
found i n Aristotle.

FIGURE 1.30 . Theo n o f Smyrna . Thi s bust ,
found a t Smyrna , was dedicated b y Theon's son .
Photo courtes y of Musei Capitolini, Rome.

The Earth  I s Neither Flat  no r Hollow  Bot h Ptolem y an d Cleomede s argu e
that th e Eart h coul d no t hav e an y o f severa l alternativ e shapes: flat , hollow ,
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FIGURE 1.31 . I f the Eart h wer e concave ,
observers i n th e wes t would se e the mornin g
Sun befor e observer s in th e east .

cubical, pyramidal, an d so on. I f the Earth were flat, the Sun and star s would
rise and se t simultaneously fo r everyon e on Earth . I f the Eart h were concave
(fig. 1.31) , th e Sun , risin g i n th e east , would b e see n firs t b y thos e livin g i n
the west. One should not infe r that these demonstrations were directed against
a geographical theor y in need of refutation. By the secon d centur y A.D., these
demonstrations ha d become traditional: the y were standard, if rather pedantic ,
fare fo r an introductio n t o astronomy .

Argument fro m th e Delay o f Dawn  Al l thre e writer s (Cleomedes , Theo n o f
Smyrna, Ptolemy) remark that the Sun, Moon, and stars do not rise simultane-
ously everywhere on Earth , but  ris e earlier for those more toward the  east . As
Cleomedes notes , sunris e comes fou r hour s earlie r for th e Persian s than fo r
the Iberians . Sinc e Spai n i s abou t 60 ° wes t o f Persia , Cleomedes ' figur e i s
about right . However , thi s i s a "demonstration " tha t neve r wa s carried ou t
in practice. It represents an example of backward  science, in which the suppose d
observation ( a four-hour time differenc e betwee n Spai n an d Persia ) is in fac t
a deduction fro m an already held theory (the sphericity of the Earth). Backward
science has been a  common metho d o f argument i n scienc e textbooks fro m
antiquity t o ou r ow n day .

Argument from th e Local Times  of Lunar Eclipses  Simila r in natur e is the use ,
made by all three writers, of the observed times at which a  lunar eclipse occurs.
A luna r eclipse occur s a t th e sam e instan t fo r al l who ca n se e it. Bu t i f th e
Moon is eclipsed at the first hour of the day for the Iberians (to take Cleomedes'
example), th e sam e eclips e is observed a t th e fift h hou r i n Persia , and a t a n
intermediate hou r fo r peopl e locate d betwee n thes e places . Moreover , a s
Ptolemy says , th e difference s i n time s ar e proportional t o th e distances .

In figur e 1.28 , th e Moo n i s entering th e Earth' s shadow , s o observer s a t
A, B , and C  all see the eclips e beginning . Fo r B, the loca l tim e i s midnight ,
for th e Sun is on the meridian below the Earth . But for A, i t is early mornin g
and th e Su n i s about t o rise . For C , the tim e i s early evening, tha t is , shortly
after sunset . Thus, th e thre e observers , who se e the eclips e beginnin g a t th e
same instant , repor t thre e differen t time s o f day . A  differenc e o f on e hou r
corresponds t o a  difference i n longitud e o f 15° . Suc h observation s playe d n o
role in the original discovery of the Earth's sphericity. Timed eclipse observa-
tions were made i n Mesopotamia a s early as the eight h century B.C. , but suc h
observations by Greeks did not appea r until Hellenistic times, when the shape
of the Earth had alread y been decided. And comparisons  of the observed time s
taken, fo r th e sam e eclipse , fro m tw o differen t localitie s were rar e indeed .

Several Gree k geographica l writers advocated th e us e of lunar eclipse s for
establishing geographica l longitudes . Strabo , a n Alexandria n geographe r o f
the early first century A.D., tells us that Hipparchus advocate d suc h a practice.
In a work called Against Eratosthenes—a work that i s now lost but was available
to Strabo—Hipparchu s insiste d tha t th e differenc e i n longitude betwee n tw o
places could no t accuratel y be found by any other metho d tha n that of lunar
eclipses.65 As we have seen, th e latitude  of a place on th e Eart h ma y easil y be
obtained b y measurin g th e altitud e o f th e celestia l pole . Th e longitude  i s
another matter : n o simpl e observatio n mad e a t a  single locality suffices . Th e
ancient geographer s were forced to rel y on distance estimates made by travel-
ers—a notoriousl y unsoun d source .

Ptolemy, i n a  chapter o f his Geography  title d "Tha t observations from th e
celestial phenomen a ough t t o b e preferre d ove r thos e take n fro m th e storie s
of travelers," too k the same position a s Hipparchus. But , despite the urgings
of Hipparchus an d Ptolemy, geographical longitude remained a  very uncertain
quantity almos t t o moder n times .

There appears , indeed , t o b e bu t a  singl e ancien t luna r eclips e tha t was
ever applied in the manner suggested by Hipparchus an d Ptolemy. The eclipse
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of Septembe r 20 , 33 1 B.C . occurred eleve n day s befor e th e battl e o f Arbela ,
where Alexander th e Grea t decisivel y defeated Dariu s III , th e Kin g of Persia.
Ptolemy (quotin g the historians of Alexander's campaign) notes tha t a t Arbela
the eclipse of the Moon occurred at the fifth hour of the night. But at Carthag e
in North Africa the same eclipse was recorded a s occurring at the second hour .
This three-hour tim e differenc e betwee n Arbela and Carthag e correspond s t o
a 45° difference i n longitude, whic h somewha t overstate s the cas e (2 1/4 hours
and 34 ° are nearer the mark) . Thus, Ptolem y considerabl y overestimate d th e
distance fro m Arbel a t o Carthage. 67 Indeed , h e tende d t o overestimat e th e
breadth o f the whol e know n world— a fac t that , man y centurie s later , falsel y
encouraged Columbus , fo r i t mad e th e wester n ocea n narrower .

Argument from Sailing Ships Ou r thre e writers all cite an excellent argumen t
drawn from experienc e with sailing. Ptolemy writes, "i f we sail towards moun -
tains or elevated places .  . . , they ar e observed to increas e gradually in size as
if rising up fro m th e se a itself in which the y had previousl y been submerged :
this i s due t o th e curvatur e o f the surfac e o f the water." 68 Cleomede s add s
that i t i s th e sam e wit h th e ship s themselves : a s the y sai l awa y fro m land ,
their hull s ar e see n t o disappea r first , whil e th e mast s an d riggin g ma y stil l
be seen. Bot h Cleomede s an d Theon mention th e fac t tha t sailor s are some-
times sen t u p th e mas t t o ge t a  longer view: "An d often , during a  voyage, if
the land o r an advancing vesse l is not ye t seen from th e ship, those who hav e
climbed u p th e mas t se e it, a s they ar e in a  high plac e and s o peek ove r th e
curvature of the sea which blocked vision." Thes e arguments , although never
mentioned by  Aristotle, mus t hav e bee n old  amon g the  Greeks , who  wer e a
seafaring people .

The Mountains Are Less Than Millet Seeds  Ho w importan t ar e the irregularit-
ies produced by mountains and valleys? In the extract below, Theon of Smyrna
proves tha t th e mountain s an d valley s ar e negligible . H e show s tha t i f we
represent th e Eart h b y a one-foot sphere , the highes t mountai n woul d corre -
spond t o one-fortiet h th e diamete r o f a millet seed—trul y an inconsequentia l
irregularity. Theo n use s four dat a i n hi s calculation: (i ) th e circumferenc e of
the Eart h i s 252,00 0 stades , a s shown b y Eratosthenes ; (2 ) th e rati o o f th e
circumference o f a  circle to it s diamete r i s approximately 3  1/7, a s shown b y
Archimedes; (3 ) approximately 1 2 1/2 millet seeds make a finger' s breadth; an d
(4) th e highes t mountain s o n Eart h ar e about 1 0 stades high , a s measured by
Eratosthenes and Dicaearchus .

EXTRACT FRO M THEO N O F SMYRN A

Mathematical Knowledge  Useful  fo r Reading  Plato  III , 2 4

Let no t anyon e believe th e projectio n of the mountain s or th e depression
of th e plains , considere d i n relatio n t o th e siz e o f th e whol e Earth , t o
be, a s irregularities , sufficien t caus e [fo r doubting the Earth' s sphericity].
Eratosthenes show s tha t th e whol e siz e o f th e Earth , measure d by th e
circumference o f a great circle, is approximately 252,000 stades; and Archi-
medes, tha t th e circumferenc e o f a  circle, stretched ou t i n a  straigh t line ,
is three times th e diamete r plus abou t one sevent h of it . Thu s th e whole
diameter of the Earth would be approximately 80,182 stades. For three times
this numbe r plus a  seventh of i t was the perimete r of 252,000 stades.

Just a s Eratosthenes and Dicaearchu s say they have found, th e vertica l
projection o f th e highes t mountains with respec t to th e lowes t places o f
the Earth is ten stades . The projectio n i s observed by means of instruments
to b e o f such a size, with dioptras for measuring the heigh t from interval s
[marked o n th e instrument] . Th e heigh t of the highes t mountain is then
approximately one eight-thousandt h of the whole diameter of the Earth.
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If we were t o mak e a  sphere a  foot i n diameter , sinc e th e distanc e o f a
fingerwidth i s filled in length b y approximately twelve and a  half diameters
of a millet seed , the one-foo t diamete r o f the constructe d spher e would b e
filled in lengt h b y tw o hundre d millet-see d diameters , o r a  littl e less . Fo r
the foo t ha s 1 6 fingers ; th e finge r i s filled b y 1 2 diameters o f a  mille t seed;
and 1 6 time s twelv e i s 192 . Th e fortiet h par t o f th e diamete r o f a  mille t
seed is therefore greater than one eight-thousandth o f the one-foot diameter ,
for fort y time s tw o hundre d i s eight thousand .

It ha s been show n tha t th e heigh t o f the highes t mountai n i s approxi -
mately on e eight-thousandt h par t o f the diamete r o f the Earth , an d thu s
that th e fortiet h par t o f the diamete r o f a millet seed has a greater rati o t o
the one-foo t diamete r o f the sphere .

The Dicaearchu s mentioned by Theon is Dicaearchus of Messina in Sicil y
(ca. 32 0 B.C. , who wa s a  pupi l o f Aristotle . I t wa s a s a  geographer  tha t h e
made his mark, fo r he was among the first to grappl e systematicall y wit h th e
arrangement o f th e whol e know n world . I n thi s h e wa s a  predecesso r o f
Eratosthenes, Hipparchus , Strabo , an d Ptolemy . H e i s said t o hav e bee n th e
first to measure th e heights of mountains by triangulation, a subject o n which
he wrote a  book. All his works ar e lost .

The Possibility  of  Circumnavigating  the  Globe

A common geographica l view was that th e oute r ocean was one. Tha t is , the
known world, consisting o f Europe, Africa, an d Asia (althoug h th e wholes o f
these continent s were no t know n t o th e Greeks) , forme d a  single lan d mass ,
bathed on al l sides b y a single ocean . Thus , in principle , i t should be possibl e
to sai l aroun d the globe . On e shoul d be able t o reac h easter n Asi a by sailin g
to th e west .

We find such a  possibility mentione d by Strabo. Strabo travele d widel y in
the Mediterranean, passin g considerabl e tim e both in Rome and in Alexandria .
He was the autho r o f a long historical work tha t has not survive d an d als o a
Geography i n seventee n book s tha t ha s com e dow n t o u s intact . Strabo' s
Geography i s an important source of information o n the Mediterranean nation s
and people s i n th e firs t centur y B.C . Strabo als o ha s a  goo d dea l t o tel l u s
about th e geographical opinions of his predecessors, Eratosthenes , Hipparchus ,
and Posidonius , whose works ar e now lost .

EXTRACT FRO M STRAB O

Geography I , i

We ma y lear n bot h fro m th e evidenc e o f ou r sense s an d fro m experienc e
that th e inhabite d world i s an island ; fo r wherever it ha s been possibl e for
man t o reac h th e limit s o f the Earth , se a has been found , an d thi s se a we
call "Oceanus. " And whereve r we have bee n abl e t o lear n b y the evidenc e
of our senses , ther e reaso n point s th e way . For example , a s to th e easter n
(Indian) sid e of the inhabite d Earth , and th e western (Iberia n and Mauru -
sian) side , on e ma y sai l wholly aroun d the m an d continu e th e voyag e fo r
a considerabl e distanc e alon g th e norther n an d souther n regions ; an d a s
for th e res t of the distance around th e inhabite d Eart h which ha s not bee n
visited by us up t o the presen t time (becaus e of the fac t tha t th e navigator s
who saile d i n opposit e direction s towar d eac h othe r neve r met) , i t i s no t
of very great extent, i f we reckon fro m th e paralle l distances that have been
traversed b y us .

It is unlikely that the Atlantic Ocean i s divided int o two seas, thus being
separated b y isthmuse s s o narrow an d tha t preven t th e circumnavigation ;
it i s more likely that i t i s one confluen t an d continuou s sea. For those wh o
undertook circumnavigation , an d turne d bac k withou t havin g achieve d



THE B I R T H O F A S T R O N O M Y 5 3

their purpose , sa y that the y were made t o tur n back , not becaus e o f any
continent tha t stoo d i n thei r wa y an d hindere d thei r furthe r advance ,
inasmuch a s th e se a stil l continue d open a s before , bu t becaus e of their
destitution an d loneliness.

This theor y accords better, too , with the behaviou r o f the ocean , that
is, i n respec t of th e eb b an d flo w o f tides ; everywhere , a t al l events , th e
same principle , o r els e on e tha t doe s no t var y much , account s fo r th e
changes bot h o f hig h tid e an d lo w tide , a s woul d b e th e cas e i f thei r
movements were produced by one se a and wer e th e resul t o f one cause.

Thus, fiftee n centurie s before Columbus, th e possibilit y o f reachin g Asia b y
sailing westward fro m Europ e wa s already discussed.

FIGURE 1.32 . Sprin g equinox (Marc h 21 ) o r
autumnal equino x (Septembe r 23).

I . IO TH E A N N U A L M O T I O N O F TH E SU N

The North-South  Motion  of  the  Sun

Equinoxes, Solstices,  an d Tropics  Le t u s conside r th e north-sout h motio n o f
the Sun , startin g with th e vernal  or spring  equinox  on Marc h 21 , th e officia l
beginning o f spring. O n thi s day , th e Su n lie s on th e celestia l equator. Th e
word equinox  refer s t o th e fac t that , o n thi s day , th e nigh t i s equa l t o th e
day: each i s twelve hours long . Figur e 1.32 shows a  side view of the Eart h o n
March 21 . Th e Su n i s directl y abov e th e equator , s o it s ray s fal l verticall y
down o n poin t E . This fac t determine s th e orientatio n o f the centra l ra y of
light EC . The othe r ray s were drawn paralle l to thi s one . Th e parallelnes s of
the ray s reflects th e fac t tha t th e Su n ma y b e take n a s infinitely far away.

Through March , April , an d May , th e Su n move s north . O n Jun e 2 2 it
reaches its most northerly point, 23 1/2° above the equator . This day is called
the summer  solstice. I t i s the longes t day of the yea r and th e officia l beginnin g
of summer . I n Figur e 1.33 , th e centra l ra y has bee n draw n t o coincid e wit h
the zenit h directio n a t A, whic h i s 23 1/2° nort h o f the equator . Th e othe r
rays were drawn paralle l to thi s one. A lie s on a  circle on the  Earth called the
tropic of  Cancer.

On Septembe r 23, the Sun, moving south , reache s the equator again . Th e
day i s twelve hour s lon g again . Thi s da y i s called th e autumnal  equinox  an d
is th e officia l beginnin g o f autumn .

On Decembe r 22 , the Su n reache s it s mos t southerl y point . Thi s da y is
called the winter  solstice and is the officia l beginnin g o f winter. The Su n shine s
up fro m beneath th e equator . At noon th e Su n i s straight overhea d a t point s
on th e Earth' s tropic  o f Capricorn,  2 3 1/2° sout h o f th e equator .

Seasons No w i t i s easy to se e why ther e ar e seasons . In figur e 1.33 , fo r June
22, fiv e Su n ray s fal l o n th e norther n hemispher e an d onl y tw o o n th e
southern hemisphere: the sunlight is distributed in such a way that the northern
hemisphere receives more than the southern. (Bu t no ancient writer ever made
this argument.) Moreover , i n June th e Su n stays above the ground fo r a lon g
time eac h day .

It is also easy to see that the seasons are reversed in the southern hemisphere.
Note tha t thi s rathe r remarkabl e fac t follow s simpl y fro m th e shap e o f th e
Earth and the annual motion of the Sun. There is no need to travel to Australia
to find thi s out .

Change o f the Shadow Plot through the Year  Th e shado w plot s of figur e 1.3 4
were al l made a t Seattl e using the sam e gnomon .

March 21 (plo t 4). The shado w plot on the day of the equinox is a straight
line. This give s an eas y way of determining th e dat e o f the equinox .

FIGURE 1.33 . Summe r solstic e Qun e 22 )-
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FIGURE 1.34 . A  sequence of shadow plot s
made a t Seattle . O n eac h plot , th e point s ar e
half a n hou r apart , i , June 22 ; 2, May 2 1 o r
July 23 ; 3, April 2 0 o r Augus t 24 ; 4 , Marc h 2 1
or Septembe r 23 ; 5 , February 1 9 o r Octobe r 24 ;
6, January 2 0 o r Novembe r 23 ; 7, Decembe r 22 .
G label s th e poin t a t which th e gnomo n was set
up perpendicula r t o th e plan e o f the diagram .
The lin e H  show s th e heigh t o f the gnomo n
that was used.

April 2 0 o r May 21 (plo t 3) . In th e sprin g months , tw o change s becom e
evident i n th e shado w plot . First , th e noo n shado w become s shorter . Thi s
reflects th e fac t tha t th e Su n i s now farthe r nort h o n th e celestia l sphere an d
higher i n th e sk y at noon . Th e secon d chang e involve s the overal l shape of
the shadow plot. It now is curved, so as to enclos e the gnomon. This change ,
too, reflect s th e fac t tha t th e Su n i s north o f the celestia l equator: whe n th e
Sun i s north of the equator , i t rise s north o f east, crosses the meridia n in th e
south, an d set s north o f east . Thus, th e Su n behave s rather lik e Arcturus i n
figure i.20.

June 22 (plo t i) . O n Jun e 22 , the da y of the solstice , the noo n shado w is
its shortest , whic h give s a good wa y o f determinin g th e dat e o f th e solstic e
by observation .

September 23 (plo t 4). On th e autumnal equinox, the shadow plo t i s again
a straigh t line.

October 24 o r November 23 (plo t 5) . The shado w plo t begins to curve away
from th e gnomon. Tha t is , the ti p o f the shado w stays north o f the gnomo n
all day long. This reflect s th e fac t tha t th e Su n i s now south of the celestia l
equator an d behave s rather lik e Sirius in figure 1.20 .

December 22 (plo t 7) . O n th e winte r solstice , th e noo n shado w i s a t it s
longest, whic h give s an eas y way of determining the solstice .

Historical Examples o f Shadow Plots  Example s o f shadow tracks like those i n
figure 1.34 may be seen on horizonta l plane sundials from Gree k an d Roma n
times. Two suc h dial s are illustrated in figures . 3.4 and 3.5 . On eac h o f these
dials, thre e shado w track s ar e engraved : fo r summe r solstice , equinox , an d
winter solstice . Th e uppe r curve d trac k (concav e upward ) i s fo r summe r
solstice. The equinoctia l track is the horizontal straight line. The lowe r curved
track (concave downward) i s for winter solstice. The locatio n of the gnomon ,
now missing , i s indicated o n th e drawin g o f th e Roma n dia l (fig . 3.4) b y a
small do t jus t abov e th e middl e o f the summe r shadow track . Similarly , on
the drawin g o f th e dia l fro m Delo s (fig . 3.5), th e gnomo n hol e i s indicate d
by a small circl e above the summe r shado w track. The syste m of eleven lines
that intersec t th e shado w track s was used t o tel l th e hou r o f the day . These
sundials were laid out b y theoretical methods (a s were, of course, the shado w
plots o f fig . 1.34) . I n section s 3. 2 and 3. 3 we sho w ho w th e ancien t dialer s
drew them .

The Eastward  Motion of  the  Sun

The north-sout h motion o f the Sun is responsible for the seasons. The change s
produced b y the Sun's eastward motion ar e more subtle: we see different star s
at differen t time s of the year .

The Ecliptic  Th e Sun' s north-sout h an d west-eas t motion s are , o f course ,
not separate. Rather, they are both the consequence of the Sun's yearly motion
along a  single circle that i s oblique, o r slanted , with respec t t o th e equator .
This path o f the Sun' s annual motio n i s called the ecliptic  (se e fig. 1.35). Th e
angle between the plan e of the eclipti c and th e plan e of the equato r i s called
the obliquity  o f the ecliptic,  whic h w e denot e e  ( e —  23 1/2°).

Let us follow the Su n i n it s annual course about th e Earth. Refe r t o figure
1.35. O n th e da y o f the verna l equinox, the Sun' s motio n alon g th e eclipti c
causes i t t o cros s over th e equato r a t the verna l equinoctia l poin t VE.  I n th e
present age , th e constellatio n Pisce s is located a t th e verna l equinox. Thus ,
in March , Pisce s cannot b e seen , fo r i t i s above the horizo n onl y when th e
Sun i s up. Th e star s in th e opposit e par t o f the sk y (e.g. , the star s of Virgo)
are visibl e fo r thei r longes t perio d o f time , fo r i n Marc h the y ar e directl y
opposite the Sun and so cross th e meridia n a t midnight.
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FIGURE 1.35 . Th e Sun' s pat h throug h th e
zodiac constellation s i s inclined t o th e plan e
of the equator .

In lat e June th e Su n reache s th e summe r solstitia l poin t S S an d i s as far
north of the equato r a s it eve r gets. Gemin i i s near the summe r solstice . Th e
stars of Gemini therefor e cannot b e seen in June, but condition s ar e favorable
for viewin g Sagittarius , Aquila, an d Lyra , which ar e located i n th e opposit e
part o f the sky. Sagittarius lies nearly on th e ecliptic;  Aquila, o n th e celestia l
equator; an d Lyra , well nort h o f the equator .

In September, the Sun again crosses the equator, thi s time at the autumna l
equinox AE, whil e passin g through th e star s o f Virgo .

In December , th e Su n passe s through Sagittarius , near th e winte r solstice
WS.

The Empirical Basis of the Ecliptic Th e eclipti c can b e known approximatel y
through roug h observation s o f th e stars . Conside r a  time o f year tw o weeks
before the Su n reaches Gemini. Le t us look t o the west just after sunset . Low
on th e horizon , nea r th e plac e where th e Su n wen t down , w e would se e the
brighter star s of Gemini ; shortl y afterward, these star s would set , too.

If we repeate d thi s operatio n a  fe w weeks later , w e would n o longe r see
the star s of Gemini , fo r th e Su n woul d hav e advance d o n th e eclipti c an d
would no w b e amon g them . Bu t shortl y afte r sunset , nea r th e plac e o n th e
horizon wher e th e Su n wen t down , w e would se e the star s o f Cancer . I f we
repeated ou r observation s a t interval s of a few weeks throug h a n entir e year,
we could identif y the whole path o f the Sun throug h th e constellations . Th e
path mappe d ou t i n thi s fashion would no t b e a precisely defined grea t circle.
Rather, i t woul d b e a  broa d ban d o f constellations : th e zodiac.  We reserv e
the ter m ecliptic  fo r a  single circle, which i s the precis e path o f the Sun.

The zodia c can also be picked ou t b y observing the motion s o f the Moon
and planets . All of these  object s move mor e o r les s i n th e sam e plane . None
of the m travel s exactly o n th e ecliptic , bu t non e wander s ver y fa r nort h o r
south o f it . O n a  nigh t whe n th e Moo n an d severa l o f th e planet s ar e up ,
one see s them ranged acros s the sky more o r les s in a  line—a sight that make s
the orientatio n o f the zodia c immediatel y sensible.

The precis e location o f th e eclipti c circl e among th e star s can b e define d
by means o f lunar eclipses. During a  lunar eclipse, when th e Moo n fall s int o
the Earth' s shadow , th e Sun , Earth , an d Moo n li e on a  straigh t line . Th e
position o f th e eclipse d Moo n therefor e identifie s a  par t o f th e sk y tha t i s
diametrically opposit e the Sun . Indeed, thi s is the origi n o f the ter m ecliptic
circle: i t i s on thi s circl e alone tha t eclipse s can occur .
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Historical Origins  of the  Ecliptic

Knowledge o f the Solstices and Equinoxes  Alread y in Hesiod' s Works  an d Days
we find references t o th e solstice s and th e equinoxe s (se e sec. i.i). This shows
that, a t leas t b y th e sevent h centur y B.C. , the solstice s an d equinoxe s were a

FIGURE 1.36 . Position s of the setting Sun on matte r of common knowledge among the Greeks. The equiriox, as a time of
t h e wester n horizon . u u i i i  1 1 i  i j j - iyear, was probably known onl y roughly , a s the seaso n when day s and night s

were approximatel y equal . Th e solstice s wer e calle d b y Hesiod , a s b y late r
writers, tropai  helioio,  "turning s o f th e Sun " (fro m whic h w e ge t ou r wor d
"tropic"). Thi s terminolog y reflect s th e manne r i n whic h th e solstice s were
first observed. I f one watches th e Sun set each evening during th e spring , one
sees the settin g point graduall y work it s way north alon g the horizon (se e fig.
1.36). For several weeks around th e summer solstice, the setting Sun's positio n
scarcely change s bu t remain s a t it s extrem e northerl y limit . Then , a s th e
summer wear s on, th e Su n turn s an d it s setting positio n begin s t o wor k it s
way south again .

Anaximander o f Miletus Suc h practica l awareness does not , however , impl y
knowledge o f the eclipti c as a circle on th e celestia l sphere. Th e discover y of
the eclipti c and o f its obliquity i s obscure. Anaximander (sixt h century B.C.) ,
the philosophe r fro m Miletus , i s said t o hav e se t up a  gnomon a t Spart a and
to hav e use d i t t o demonstrat e th e solstice s an d equinoxe s a s wel l a s th e
hours o f th e day . Ou r source s ar e disappointingl y vague , bu t thi s clai m fo r
Anaximander i s no t a n impossibl e one . Th e summe r solstic e was observed ,
of course , b y notin g th e da y on whic h th e noo n shado w wa s shortest , an d
the winte r solstice , th e da y o n whic h th e noo n shado w wa s longest . Th e
equinoxes coul d hav e bee n demonstrate d eithe r as  the  day  on  whic h the
shadow plot was a straight line or as the day on which th e Sun's noon altitud e
was midway betwee n the  two  solstitia l altitudes. Whether Anaximander con -
ceived o f th e eclipti c a s an obliqu e grea t circl e we canno t say .

According t o Aetius, Anaximander taugh t tha t th e Su n i s a circle, twenty -
seven o r twenty-eigh t time s th e siz e o f th e Earth , lik e a  chario t wheel , th e
rim o f whic h i s hollow an d fille d wit h fire . A t on e poin t o n th e ri m i s an
opening through which th e fire shines out: i t is this opening that we perceive
as the Sun . Eclipses of the Sun occur throug h th e opening bein g stopped up .
The Moo n i s of a  similar nature ; luna r eclipses and phase s of the Moo n are
due t o partia l o r complet e closure s o f it s vent. Accordin g t o Aetius , Anaxi -
mander als o said tha t th e circl e of the Sun , lik e tha t o f the Moon , i s placed
"obliquely." Does this rather broad cosmological speculation indicate a knowl-
edge o f the ecliptic ? Perhaps. Bu t i t i s also possible that th e passin g mentio n
of th e obliquenes s o f th e Sun-whee l wa s inserte d a s an explanator y remar k
by Aetius himself , wh o wa s describin g Anaximander' s philosoph y t o Gree k
readers of the first century A.D. When we consider the character of Anaximand-
er's cosmologica l views , i t appear s a  littl e ras h t o attribut e t o hi m a  clea r
understanding of the natur e o f the Sun' s circl e and o f its obliquity .

Meton an d Euctemon  Anaximander' s primitiv e cosmolog y wa s outmode d
early i n th e followin g century , whe n Anaxagora s state d th e tru e caus e o f
eclipses (see sec. 1.9). We kno w also that tw o astronomers name d Meto n an d
Euctemon observe d a t Athens th e summe r solstic e o f 43 2 B.C. as par t o f a n
attempt t o evaluat e more accuratel y th e lengt h o f th e year . Thus , b y th e
latter hal f of the fift h centur y B.C . the observatio n o f solstices was beginning
to b e a  rathe r ordinar y activity . I t i s likel y tha t a  clea r conceptio n o f th e
ecliptic a s an incline d grea t circl e dates fro m aroun d th e sam e time .

The Babylonian  Zodiac Th e conceptio n o f th e eclipti c a s an incline d pat h
is found very clearly expressed at a much earlier date in Babylonian astronomy.



T H E B I R T H O F A S T R O N O M Y 5 7

Already i n MUL.API N (sevent h centur y B.C.) . w e hav e explici t statement s
that th e Su n an d planet s follo w the sam e path a s the Moon:

The Su n travel s the [same ] path th e Moo n travels.
Jupiter travel s the [same ] path th e Moo n travels .
Venus travel s the [same ] path th e Moo n travels .
Mars travel s the [same ] path th e Moon travels .
Mercury, whos e nam e i s Ninurta, travel s the [same ] path th e Moo n

travels.
Saturn travel s the [same ] path th e Moo n travels .
Together si x gods who hav e the sam e positions , [and ] wh o touc h th e

stars o f the sk y an d
keep changin g thei r positions .

Moreover, th e tex t give s a  lis t o f seventee n constellation s alon g th e pat h o f
the Moon , wit h th e remar k tha t th e Moo n "touches " them. 77 This seem s t o
mean tha t th e Moo n ca n pass over , o r occult , these  constellations . Since th e
Moon i s never mor e than 5 ° north o r south o f th e ecliptic , w e should fin d
that these  seventee n sta r group s ar e al l withi n 5 ° o f th e ecliptic—whic h i s
indeed th e case . The reaso n ther e ar e more tha n twelv e constellations i n th e
Moon's pat h i s that som e o f the standar d zodia c constellation s wer e treate d
in severa l parts . Fo r example , th e "Stars " (th e Pleiades ) ar e liste d separatel y
from th e Bul l of Heaven. Thus , it appears that when MUL.APIN wa s written,
the twelve-constellatio n zodia c was not ye t standard .

In anothe r par t o f MUL.APIN w e fin d explici t mention s tha t th e Su n is
farther nort h o r sout h o n th e sk y at differen t time s o f the year :

From th e is t of Addaru unti l th e 3010 of Ajjaru th e Sun stands in the pat h
of the Anu stars ; wind an d weather .
From th e is t o f Simanu unti l th e 3Ot h o f Abu th e Su n stand s i n th e pat h
of the Enli l stars ; harvest an d heat .
From th e is t o f Ululu unti l the 3Ot h o f Arahsamnu the Su n stand s in th e
path o f the Anu stars ; wind an d weather .
From th e is t o f Kislim u unti l th e 3Ot h o f Sabat u th e Su n stand s i n th e
path o f the E a stars; cold .

(For th e orde r o f th e mont h names , se e fig. 1.3. Fo r th e way s o f Enlil , Anu ,
and Ea , se e sec. i.i.)

During month s XII , I , an d II , th e Su n i s among th e star s of Anu—or, as
we would say , near th e celestia l equator. Durin g month s III , IV , and V , th e
Sun i s among th e star s of Enlil—th e northern stars . During month s VI , VII ,
and VIII , th e Sun is again among the equatorial stars of Anu. Durin g month s
IX, X , an d XI , th e Su n i s amon g th e souther n stars—th e star s o f Ea . I f we
put al l this together, we have a picture very close to figure 1.35. The Babylonians
did no t geometriz e th e worl d i n th e manne r o f th e Greeks . Ther e ar e n o
Babylonian equivalent s o f Eucli d o r Eudoxus , fo r example . But , clearly , th e
notion of  the  eclipti c as  an incline d pat h throug h the  star s was already well
established b y abou t 65 0 B.C.

Oenopides o f Chios  Amon g th e Greeks , th e discover y o f th e eclipti c wa s
attributed t o Oenopide s o f Chios , wh o flourishe d abou t 45 0 B.C. (Chios i s a
city o n a  larg e islan d o f th e sam e nam e tha t lie s of f th e wes t coas t o f Asia
Minor.) Oenopide s wa s a  mathematicia n a s wel l a s a n astronomer . H e i s
said t o b e responsibl e fo r introducin g th e requiremen t tha t i n geometri c
demonstrations n o other instruments be allowed tha n straigh t edge and com -
pass, and to have proved some of the compass-and-straight-edge construction s
that late r mad e thei r way into Euclid' s Elements.

In astronomy , Oenopide s mad e a n attemp t t o evaluat e the length s o f the
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year an d th e mont h i n term s o f on e another . Accordin g t o Oenopides , 5 9
years contai n a  whole numbe r (730 ) o f luna r months . Thi s period , th e so -
called "grea t year " of Oenopides, i s an exampl e of a luni-solar cycle, a subject
discussed i n chapte r 4 . I n investigatin g th e length s o f th e yea r an d month ,
Oenopides wa s a  predecesso r o f Meton , whos e work , a  generatio n later ,
superseded hi s own .

Our authorit y fo r Oenopides ' discover y o f th e eclipti c i s Eudemu s o f
Rhodes. Eudemus , who flourished about 325 B.C., passed some time in Athens,
where he was a pupil of Aristotle. Eudemus wrote histories of the developmen t
of mathematics and astronomy, whic h survive only in fragmentary quotations
by late r writers . Eudemu s ma y wit h som e justic e b e considere d th e firs t
historian o f science. Eudemus i s quoted b y our ol d frien d Theo n o f Smyrna
in a  short passag e on earl y astronomical discoveries :

Eudemus recounts in his Astronomy that Oenopides was the first to discover
the encircling belt of zodiac and the existence of the great year . . .. Others
added other discoveries to these : that the fixed stars mov e around the axi s
which passes through the poles, but tha t the planet s move around the axis
which i s perpendicular to th e zodiac , and tha t th e axi s o f th e fixe d star s
and th e axi s o f th e planet s are separate d fro m on e anothe r by th e sid e o f
a pentadecagon , that is , by 2 4 degrees.80

This shor t passag e present s man y difficulties . Eudemu s doe s no t mak e th e
nature o f Oenopides ' discover y very clear . "Others" discovere d th e fac t tha t
all the planets move in the zodiac. Oenopides ' discovery perhaps then applie d
only to th e Sun . I f he measured the obliquit y o f the ecliptic , h e was not th e
source o f th e 24 ° value, fo r Eudemu s attribute s thi s value , again , t o others .
Nor coul d Oenopide s simpl y hav e pointe d ou t th e constellation s tha t la y
along th e zodiac . A s discussed i n sectio n 1.8 , th e zodiaca l constellations are
of Mesopotamia n origin . I t i s possible that Oenopide s playe d a  rol e i n th e
introduction o f the Babylonia n zodiac t o th e Greeks . Bu t thi s would hardl y
amount t o a "discovery." Th e mos t likel y possibility, then, i s that Oenopide s
gave som e sor t o f geometrica l demonstratio n o f th e circular , beltlik e nature
of the Sun' s path , tha t is , that h e prove d th e eclipti c to b e an obliqu e great
circle. However , w e simply do no t know .

In an y case , by th e clos e o f the fift h centur y B.C. , th e Babylonia n zodiac
was wel l establishe d amon g th e Greeks . Th e firs t Gree k parapegmat a (sta r
calendars) ha d bee n composed , base d o n a  division of the yea r into zodiaca l
signs. And the astronomers knew how to use the gnomon t o observe solstices
and equinoxes. A science of astronomy had begun among the Greeks, incorpo -
rating original Greek methods an d discoveries , as well as borrowing from thei r
Babylonian contemporaries .

i.ii OBSERVATION : THE M O T I O N O F THE MOO N

In th e cours e of a month, th e Moo n move s eastward all the way around th e
zodiac. Thus , th e Moo n doe s i n a  mont h wha t th e Su n doe s i n a  year .
Observing the zodiacal motion of the Moon i s therefore a good way of learning
the zodiaca l constellation s an d o f visualizing the motio n o f the Sun .

Begin a t th e tim e o f th e firs t visibilit y of th e ne w crescent . This wil l b e
one t o thre e day s afte r th e tim e o f new Moon. You can find the dat e o f th e
new Moo n i n a n almana c o r o n a  calendar . Star t lookin g fo r th e crescen t
Moon in the west just after sunset . Once every night tha t the weather permits,
spot th e Moo n i n th e nigh t sk y and mar k it s location o n a  sta r chart . Th e
Moon take s only two or three days to move through eac h zodiac constellation,
so you can see a noticeable shift i n only one day. Continue t o plot the Moon' s
position a s often a s possible fo r th e res t o f the luna r month .
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1.12 TH E USE S O F SHADOW S

A sequenc e o f shado w plots , a s in figur e 1.34 , ca n b e mad e t o yiel d a  goo d
deal o f information .

Measuring the  Obliquity  of  the  Ecliptic

The Su n moves about 2 3 1/2° north or south o f the equator. Th e ar c between
the tw o tropic s i s therefor e abou t 47° . How ca n thi s angl e b e determine d
from observation s o f the Sun ? This parameter , on e o f the most  fundamenta l
for th e developmen t o f astronomy, i s also one o f the easies t to measure .

Simply measure the noo n altitud e of the Su n a t summer solstice , perhaps
with the ai d of a gnomon (sec . 1. 4 and fig. 1.9). Wait six months an d measure
the noo n altitud e o f th e Su n a t winte r solstice . Th e angle  between  th e tropics
is equal to the difference  between  the  Sun's noon  altitudes at summer and winter
solstice. Th e angl e betwee n th e equato r an d eithe r one o f the tropic s i s equal
to hal f th e angl e betwee n th e tropics . I n moder n terminology , thi s angl e is
called th e obliquity  o f th e ecliptic,  e  ( £ is labeled i n fig . 1.35) .

Ancient an d Modern Values  for th e Obliquity o f the Ecliptic Th e mos t ancien t
value fo r th e obliquit y o f the eclipti c is the roun d figur e o f 24°. The degre e
was a  Babylonian uni t o f measure , and i t was not use d i n Gree k astronom y
until th e secon d centur y B.C . Earlier Gree k writer s ofte n expresse d thi s 24 °
angle a s one-fifteenth  o f a  great circle  (360/1 5 = 24) . Or, again , th e angl e was
described a s the angl e subtended b y th e sid e o f a  regula r pentadecagon (the
regular polygo n wit h 1 5 sides) , a s i n Theo n o f Smyrna' s quotatio n fro m
Eudemus a t the en d o f section i.io .

It i s not know n who first ascribed th e value o f 24° to the obliquity of the
ecliptic. But the 24° figure was already current by the time of Euclid—about 300
B.C. In hi s Elements, Euclid shows how t o construc t a  regular pentadecagon .
Proclus, the fifth-centur y A.D . commentato r o n Euclid , refer s t o thi s proposi -
tion t o illustrat e his statement tha t Eucli d deliberatel y included a  number of
propositions tha t migh t b e o f use in astronomy .

The valu e one-fifteenth  o f a  circle  for th e obliquit y o f th e eclipti c was no t
a measurement in the modern sense. Certainly, i t was based on measurement s
and was , in fact , fairl y clos e to th e truth . Bu t th e adoptio n o f this value was
partly determined by the Greek propensity for neat geometrical demonstration.
The ide a that precis e observations might be important t o astronomy wa s slow
to dawn .

The most  ancien t measurement of the arc between th e tropics to have come
down t o u s i s tha t o f Eratosthenes . Accordin g t o Ptolem y (Almagest  I , 12) ,
Eratosthenes reckoned tha t the arc between th e tropics was 11/83 or"tne whole
meridian circle . Ptolem y give s n o detail s o f Eratosthenes ' method . But , as
Eratosthenes passed the latte r half of his lif e a t Alexandria, i t is likely that th e
measurement was made there , towar d th e clos e of the thir d centur y B.C . Th e
peculiar value (11/83 °fa circle) probably resulted from a geometrical calculation
based o n gnomo n measurements . Eratosthene s ha d t o d o hi s calculatio n
without eithe r trigonometry or the us e of the degree , which were both late r
developments. Accordin g to Ptolemy, Eratosthenes ' valu e for the arc between
the tropic s wa s als o accepte d b y Hipparchu s (ca . 140 B.C.) . I f w e expres s
Eratosthenes' figur e fo r th e ar c betwee n th e tropic s i n term s o f degrees , w e
have

Ptolemy say s that h e himself measured th e ar c between th e tropic s several
times over a period o f years (ca. A.D. 140), using a meridian quadran t (se e fig .
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FIGURE 1.37 . Sunligh t inciden t o n th e Eart h
at equinox .

5.2). Ptolem y foun d th e ar c alway s t o b e mor e tha n 4j°^o  bu t les s tha n
47°45'. He therefor e adopte d th e value 47°42 2/3 ' (i.e., 47°42'4o"), which was
consistent with his own measurements, as well as the work of his predecessors .
Thus, according t o Ptolemy , th e obliquity of the eclipti c i s (47°42'4o")/2, or

(Ptolemy).

For th e las t half of th e twentiet h century , on e shoul d us e

(modern),

which i s nearl y hal f a  degre e smalle r tha n Ptolemy' s value . Ther e ar e tw o
reasons fo r th e difference . First , th e ancien t measurement s o f th e obliquit y
of the eclipti c were al l a little too high . Second , th e obliquit y o f the eclipti c
really has decrease d slightl y (about 1/4° ) sinc e antiquity .

FIGURE 1.38 . 8  i s the declinatio n o f the Sun .
z i s the Sun' s zenith distanc e a t noon , a s mea-
sured b y an observe r on th e Eart h a t latitude L .
For any observer, L = 8 + z .

Measuring the  Latitude  of  a  Place

The latitud e o f a  plac e o n Eart h ca n b e determine d a t nigh t b y measurin g
the altitude o f the celestial pole. But observations of the Sun can also be used .
Most convenien t i s a  noo n altitud e measure d a t a n equinox . However , th e
discussion will be simplified i f it i s put i n term s of  zenith  distance  rather tha n
altitude. The zenit h distanc e z  o f the Su n i s the Sun' s angular distanc e fro m
the zenith ; z  i s the complemen t o f the altitud e (se e fig. 1.9).

Now, le t u s tak e u p th e proble m o f determinin g th e latitud e o f a  place
on th e Eart h fro m sola r observations . Figur e 1.3 7 show s th e situatio n a t a n
equinox. The cente r of the Earth is C, the place of observation is A, an d th e
latitude o f this place is angle L. Since it i s the time of equinox, th e Sun' s rays
are paralle l t o th e equator . Th e Sun' s zenit h distanc e i s z. Evidently , L  =  z.
That is, on the day of the equinox, the Sun's noon zenith distance, as measured
at som e plac e on th e Earth , i s equal t o th e latitud e o f that place .

Measuring the  Declination of  the  Sun

The declination  of the Su n i s its angular distance above or below th e celestia l
equator. Declination s nort h o f th e equato r ar e conventionall y counte d a s
positive; those belo w th e equato r ar e counted a s negative. Thus , we say that
on Jun e 2 2 th e Sun' s declinatio n i s abou t +2 3 1/2° , o n Decembe r 22 , th e
declination o f the Sun is -23 1/2° , and on the equinoxes th e Sun' s declinatio n
is o°. We wil l denote declinations by the lette r 8. The declinatio n o f the Sun
on any day can be determined fro m it s zenith distance , provide d on e already
knows th e latitud e o f the plac e o f observation .

In figure 1.38, we imagine ourselves at point A o n the surfac e o f the Earth.
Our loca l zenit h directio n i s line CA.  Th e angl e L  tha t thi s lin e make s wit h
the equator i s our latitude. At local noon, the Sun's zenith distance i s z, which
is th e angl e betwee n a  ra y o f ligh t arrivin g a t A  an d th e zenit h direction .
Draw a second ray of light CB , parallel to the first one, bu t passin g through
the cente r o f the Eart h C . The angl e tha t thi s ra y makes with th e equato r is
the Sun's declination 8 . Now, angl e ACB i s equal to z, so we have the following
simple result :

The relation obtained above for determining the latitude on the day of equinox
(i.e., L  =  z) i s a special case (fo r 8 = o ) o f thi s mor e genera l formula.

If L  i s known, an d i f z  i s measured wit h a  gnomo n o r a  quadrant , th e
Sun's declination ca n be calculated fro m 8  = L - z . Here we have one of the
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simplest procedures fo r measuring a  celestial coordinate—that is , specifying the
position o f an objec t (i n thi s case , th e Sun ) o n th e celestia l sphere.

Equinoctial and Solstitial  Shadows

In figur e 1.9 , G H represent s a  vertica l gnomon , an d TH , th e lengt h o f it s
noon shadow . Fro m th e geometr y o f the figure,

tan z  =  THIGH.

Then, sinc e z = L - 8 , we obtain

length o f shadow =  lengt h o f gnomo n X  tan (L —  5).

This rule makes i t eas y to fin d th e lengt h o f the shado w fo r a given place o n
Earth a t equino x o r a t summe r o r winter solstice .

For example, take the cas e o f Athens, latitude 38° N. A t summer solstice ,
the Sun' s declinatio n i s approximately +2 3 1/2°, an d w e have

shadow =  gnomon X  tanl =  0.2 6 X  gnomon .

Thus, at Athens on the summer solstice, the noon shadow is about one-fourth
the lengt h o f the gnomon .

At equino x th e Sun' s declinatio n i s o, an d w e fin d fo r Athens tha t

shadow =  gnomo n X  tanl X  gnomon .

Similarly, on e find s tha t a t Athen s o n winte r solstic e th e noo n shado w i s
about 1. 8 time s th e lengt h o f the gnomon .

Equinoctial Shadows in Ancient Sources  I n antiquity the length of the equinoc -
tial shado w wa s ofte n use d t o specif y th e latitude . Shado w length s coul d
easily b e measured b y people untraine d i n astronom y an d withou t elaborat e
instruments. Her e is Vitruvius introducing hi s readers to the variation o f the
equinoctial noo n shado w wit h geographica l latitude :

When th e Su n i s at th e equinoxes , that is , passing through Aries or Libra ,
he makes the gnomon cast a shadow equal to eight ninths of its own length,
in th e latitud e of Rome . I n Athens , the shado w is equa l t o thre e fourth s
of the lengt h of the gnomon ; at Rhodes to five sevenths; at Tarentum, to
nine elevenths ; at Alexandria to thre e fifths; and s o on a t other places it is
found tha t the shadows of the equinoctia l gnomons are naturally differen t
from on e another. 83

Pliny, th e Roma n encyclopedis t o f th e firs t centur y A.D. , write s i n a  similar
vein. He first points ou t (a s does Vitruvius) tha t sundial s constructed fo r one
place ar e not fo r us e everywhere. Th e shadow s chang e perceptibl y "i n thre e
hundred stades , o r five hundred a t the most. " Plin y continues :

Consequently, i n Egyp t at midday on th e da y of the equino x the shadow
of th e pi n o r gnomo n measure s a  littl e mor e than hal f the lengt h of th e
gnomon itself , whereas in th e cit y of Rome the shado w is 1/9 shorte r than
the gnomon, at the town of Ancona 1/3 5 longer, and i n the distric t of Italy
called Venezia the shado w is equal t o th e gnomon , a t th e sam e hours.84

Shadow length s reporte d b y voyager s t o distan t region s wer e a n importan t
source o f information fo r th e ancien t geographers . Suc h observation s could ,
in principle , establis h th e relativ e north-sout h position s o f eve n ver y distan t
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localities. I n practice , however , th e geographica l writer s never had acces s t o
a sufficiently larg e collection o f data. Moreover , suc h shado w length s as were
reported were often defective—the ordinary traveler was not ofte n a very good
astronomer.

In th e followin g quotation w e see Strabo attemptin g t o mak e us e of just
such data . Strab o grapple s wit h th e proble m o f the locatio n o f Britain : just
how far north is it? Is Britain as far north a s the mouth o f the river Borysthenes
(the moder n Dnieper , whic h emptie s into th e Blac k Sea)?

The parallel through the mouth of the Borysthenes is conjectured by Hippar-
chus an d other s to b e the same as that through Britain, fro m th e fac t tha t
the parallel through Byzantium is the same as that through Massilia [modern
Marseille]. Fo r Pythea s foun d th e rati o of th e gnomo n t o it s shado w in
Massilia; and Hipparchu s says he finds the same ratio, at the sam e time of
year, i n Byzantium. 85

Pytheas of Massilia was a famous navigator who, abou t 28 5 B.C., explored th e
northwest coas t of Europe. Hi s writings are lost and ar e known onl y throug h
quotations b y late r writers , suc h a s Strabo . Th e dubiou s qualit y o f man y
ancient shadow lengths , and th e conclusions based on them , i s demonstrate d
by referenc e t o a  modern map . Th e latitud e o f Marseille is about 43°i8 ' N ,
while tha t o f Istanbul (ancien t Byzantium) i s about 4i°O2 ' N . Hipparchus' s
use o f Pytheas' s doubtfu l measurements therefor e caused a  mistake o f abou t
2 1/4 ° i n th e relativ e latitudes o f Massili a and Byzantium . Thi s represent s a
north-south displacemen t o f some 15 0 miles . I t shoul d b e added tha t Strabo
considered Pythea s t o b e unreliabl e and eve n a  great liar .

On Zones

In Almagest  II, 6 , Ptolemy discusse s the characteristic s of various parallels on
the Earth' s surface , i n term s o f the Sun' s behavior . The regio n betwee n th e
tropics i s said by Ptolemy t o b e amphiskian,  meanin g tha t th e noo n shado w
can point either north or south in the course of the year. The Gree k adjective
is a  compound o f amphi  (o n bot h sides ) and skia  (shadow) .

The par t o f th e Eart h betwee n latitude s e  an d 90 ° —  £ (th e temperat e
zone) Ptolemy describes as heteroskian, meaning that the noon shadow always
falls i n th e sam e direction . Th e adjectiv e i s a  compoun d o f heteros  (t o on e
side) an d skia.  Thus, i n Greece , th e noon shado w alway s points north .

Finally, th e zon e north o f latitude 90 ° —  e (wha t we cal l the arcti c zone)
is sai d t o b e periskian, because , o n som e day s o f th e year , th e Su n i s u p al l
day long. Then the shado w goe s all the way around (pert)  th e gnomon . Th e
shadow trac k i s a  closed curve—i n fact , a n ellipse.

The same three terms are used by Strabo,86 who attributes them to Posidon -
ius, the Stoi c philosopher o f the first century B.C . Bu t the term s may well be
older tha n Posidonius .

The terrestria l zones, defined by the Sun' s behavior , are thus a  product o f
Greek astronomy. However , th e Greek s often disagree d abou t the number of
zones. Five were implied by the celestial phenomena: two frigid, two temperate,
and on e tropical . Bu t Posidoniu s adde d tw o others , fo r a  total o f seven. The
two extra zones were narrow belts straddling th e tropics . In each o f these, th e
Sun stoo d overhea d fo r abou t hal f a  mont h eac h year . Thes e tw o narro w
zones, accordin g t o Posidonius , were parche d b y the Su n and therefor e even
hotter tha n th e regio n around th e equator .

Polybius (thir d century B.C.) , on th e othe r hand , advocate d si x zones: two
frigid, tw o temperate , an d tw o tropical . (Polybiu s divided th e zon e betwee n
the tropic s int o two , usin g the equato r a s boundary.) I t should als o be note d
that many Gree k writers define d the arcti c circle (an d hence th e limi t o f the
frigid zone ) differentl y tha n w e d o (se e sec. 2.5).
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But Strab o sensibly opts fo r five zones, defining them i n term s of celestial
phenomena, b y means of their amphiskian, heteroskian, and periskian proper-
ties, exactl y as we d o today .

1.13 EXERCISE : U S I N G SHADO W PLOT S
1. Us e th e shado w plot s i n figur e 1.3 4 t o measur e th e ar c betwee n th e

tropics and th e obliquit y of the ecliptic .
2. Us e th e shado w plot s i n figur e 1.3 4 t o measur e th e latitud e o f Seattle .

Do thi s thre e times—usin g th e plo t fo r summe r solstice , th e plo t fo r
the equinox , an d th e plo t fo r winte r solstice . Us e th e valu e o f th e
obliquity of the ecliptic that you obtained in problem i and the general
rule L  = z +  8. Of course , the latitude o f Seattle should com e ou t th e
same al l thre e times . Bu t yo u ma y ge t smal l difference s du e t o error s
of measurement .

3. Wha t i s the declinatio n o f th e Su n o n Apri l 20 ? Use th e appropriat e
shadow plo t i n figur e 1.34 , togethe r wit h th e valu e yo u obtaine d i n
problem 2  for th e latitud e o f Seattle .

Find a place on the Earth at which the Sun would be directly overhead
at noon o n Apri l 20 .

4. Fin d th e latitud e o f you r ow n cit y fro m a n atla s o r a  map . Us e th e
shadow plo t tha t you mad e in the exercis e of section 1. 3 to measur e the
declination o f the Sun .

For the day of your own shadow plot , find a  place on Earth at which
the Su n would b e directly overhead a t noon .

5. I n sectio n 1.12 , ther e ar e a  numbe r o f equinoctia l shado w length s du e
to Vitruvius an d Pliny . Ho w accurat e are these ancient measurements?
To fin d out , procee d a s follows . Fo r eac h o f th e ancien t equinoctia l
shadow lengths , comput e th e equivalen t latitude . I n a n atla s fin d th e
actual latitude s o f th e place s mentione d b y Vitruvius an d Pliny . Yo u
may nee d t o us e a  historical  atla s t o fin d som e o f th e ancien t plac e
names. Compare th e actual latitudes with values you have deduced fro m
the shadow lengths .

6. Pytheas' s measuremen t o f a  shadow a t Massili a [Marseille ] resulte d i n
a 2  1/4 ° erro r fo r th e latitud e o f tha t city . Suppos e tha t a t Marseill e
(latitude 43° N) on e attempt s t o measure the latitud e b y observing the
shadow cas t b y a  zo-c m gnomo n a t noo n o n th e equinox . Ho w grea t
a mistake in measuring the shado w i s required to produce a  2 1/4° error
in th e latitude?

I.I4 TH E SIZ E O F TH E EART H

Aristotle say s tha t certai n mathematician s obtaine d 400,00 0 stade s fo r th e
circumference o f the Earth . W e hav e n o detail s o f the metho d use d fo r thi s
first estimate o f the siz e of the Earth , made perhap s around 35 0 B.C. Anothe r
early figure for th e circumferenc e of the Eart h i s 300,000 stades , mentione d
by Archimedes i n his Sand Reckoner*9 Archimedes does no t tel l us who mad e
this measurement , bu t som e scholar s attribut e i t t o Dicaearchus , wh o die d
around 28 5 B.C. Th e firs t measuremen t o f th e siz e o f Eart h fo r whic h w e
have any detailed informatio n i s that mad e b y Eratosthenes later in th e thir d
century B.C .

Eratosthenes on  the  Size  of  Earth

Eratosthenes was born aroun d 27 6 B.C. in Gyrene , a  Greek city on th e North
African coast , in wha t i s now Libya . As a young man h e studied in Athens.
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FIGURE 1.39 . Sunligh t inciden t o n th e Eart h
at summe r solstice .

After makin g a  bit o f a reputation i n literar y studies and philosophy , h e was
offered a  position b y Ptolemaio s II I Euergetes , who wa s King of Egypt fro m
246 t o 22 2 B.C. Eratosthenes spen t mos t o f hi s adul t lif e a t Alexandria , firs t
as a tutor t o th e king' s son , Philopate r (wh o wa s king fro m 22 2 to 20 5 B.C.) ,
then a s a fellow o f the Alexandria Museum, an d late r a s head o f th e Library .

Eratosthenes wa s a  ma n o f wid e interests . H e wa s a  literar y criti c wh o
made studie s o f Homer . H e wrot e a  philosophica l study , O n th e Good,  an d
a rhetorical treatise, On Declamation. But these works were criticized by Strabo
for superficiality . Accordin g t o Strabo , Eratosthene s wante d t o pas s fo r a
philosopher bu t di d no t devot e himsel f seriousl y enough t o thi s callin g and
vacillated amon g multipl e interests . Eratosthenes ' mos t significan t wor k was
his geographica l treatise . He attempte d t o work ou t th e arrangemen t o f the
whole know n worl d an d introduce d geometrica l method s int o geography .
None o f Eratosthenes ' work s hav e survive d excep t fo r his descriptio n o f th e
constellations, th e Catasterisms,  i f thi s indee d i s reall y his . However , man y
extracts from his Geography  ar e preserved by Strabo. It is likely that the attempt
to measure the Earth was a part of Eratosthenes' researches i n geography, part
of an effor t t o work ou t th e scal e o f the worl d map .

While several ancient writers mention Eratosthenes ' measurement, the only
one wh o give s muc h detai l i s Cleomedes , i n hi s introductor y textboo k o f
astronomy an d Stoi c physics. 92 Eratosthene s assume d tha t Alexandri a an d
Syene ar e o n th e sam e meridian . (Syen e was a  tow n o n th e Nil e i n uppe r
Egypt. Th e moder n cit y on th e sam e site i s Aswan.) Moreover , Eratosthene s
assumed tha t Syen e is on th e tropi c of Cancer . Thus , a t Syene , at noon o n
the summer solstice, the gnomons have no shadows, because the Sun is straight
overhead.

But, a t Alexandri a a t th e sam e moment , th e gnomon s d o cas t shadows ,
because tha t cit y is situated t o th e nort h o f Syene. According t o Cleomedes ,
Eratosthenes measure d th e zenit h distanc e o f the Su n a t noo n i n Alexandria
and foun d it to be 1/50 of a circle. Moreover, th e distance between Alexandri a
and Syen e i s 5,00 0 stades . Fro m these  premises , Eratosthenes worke d ou t a
figure of 250,000 stade s fo r th e circumferenc e of Earth .

Cleomedes give s ful l detail s o f th e geometrica l demonstration . It s essence
(we simplify i t a  bit ) i s illustrated b y figur e 1.39 . S  i s Syene, A i s Alexandria,
and Ci s the center of the Earth. O n th e summer solstice, the Sun was straight
overhead at Syene. Thus, the ray arriving at S, if extended, would pas s through
C. Eratosthene s measure d th e Sun' s zenit h distanc e z  a t Alexandria o n th e
same da y and foun d i t t o b e 1/5 0 o f a  circle, z  i s equal t o angl e ACS, whic h
is th e latitud e differenc e betwee n Alexandri a an d Syene . Thus, ar c AS mus t
be 1/5 0 o f th e circumferenc e o f th e Earth . Eratosthene s too k th e distanc e
between th e two cities to be 5,000 stades . Therefore, th e whole circumference
of th e Eart h i s 5 0 X 5,000 =  250,00 0 stades .

It i s impossibl e t o conver t Eratosthenes ' figur e o f 250,00 0 stade s int o
modern unit s wit h an y precision , becaus e severa l differen t stade s wer e i n
common use . However, whichever stade wa s meant, Eratosthenes ' resul t was
certainly in th e righ t range .

How di d Eratosthene s kno w tha t ther e wer e n o noo n shadow s a t Syen e
on the summer solstice? Probably this was common knowledge, brought bac k
to Alexandri a b y traveler s fro m upriver . Cleomede s say s tha t ther e ar e n o
shadows over a region of about 300 stades in width. Strabo,94 in his description
of Egypt, give s an account o f a well at Syene: at the summe r solstice, the ray s
of th e Su n reac h dow n t o th e ver y botto m o f th e well . I t i s possibl e tha t
Eratosthenes hear d a  simila r repor t an d realize d what i t meant .

What abou t Eratosthenes ' figur e o f 5,00 0 stade s fo r the distanc e betwee n
Syene and Alexandria? It is clear that this was only a rough estimate , expressed
as a  roun d number . I t wa s probably base d o n report s o f th e tim e require d
for traveler s t o pas s fro m on e cit y t o th e other , rathe r tha n o n an y rea l
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measurement o f th e distance . I n th e sam e way , Eratosthenes ' figur e o f 1/5 0
of a circle (we would say 7.2°) for the zenith distance of the Sun a t Alexandria
is clearly a  round number . Thus , i t migh t b e faire r t o decrib e Eratosthenes '
assessment o f the siz e of the Eart h a s an estimat e rather tha n a  real measure -
ment.

According to some ancient authorities, Eratosthene s put the circumference
of th e Earth , no t a t 250,00 0 bu t a t 252,00 0 stades . Thi s modificatio n was
probably introduced , no t a s the resul t of a  refine d measurement , bu t rathe r
for th e sak e o f arithmetica l convenience . I t wa s commo n practic e t o divid e
the circl e into sixt y equal parts . Eratosthenes ' sixty-par t divisio n of the circle
is attested b y Strabo. An d we shall see other Gree k astronomer s and geogra -
phers usin g th e sam e convention . (Th e degree , o r 36o-par t divisio n o f th e
circle, was not adopted b y the Greeks until about a  century after Eratosthenes '
time.) B y putting th e circumferenc e o f th e Eart h a t 252,00 0 stades , Eratos -
thenes obtained a n even number of stades per part: 252,000/6 0 =  4,200 stades
per sixtieth part . I t happens , happily , tha t thi s also results in an even numbe r
of stades per degree : 252,000/360 = 700 stades per degree.

Later Estimates

Posidonius (earl y first century B.C. ) mad e a n estimate of the siz e of the Earth ,
based o n th e fac t tha t th e sta r Canopu s coul d b e see n i n Egyp t bu t no t a t
places farther north. Again, our most detailed source is Cleomedes (see sec. 1.15).
At Rhodes , Canopu s barel y grazed th e souther n horizon . Bu t a t Alexandria,
Canopus wa s 1/4 8 o f a  circl e above th e horizon . Then , takin g 5,00 0 stade s
for th e distanc e between Alexandria and Rhodes , Posidoniu s arrive d at 5,00 0
X 48 = 240,00 0 stade s a s the circumferenc e of th e Earth . Again , th e roun d
numbers show that no serious effort was made to secure accurate measurements.

But, accordin g t o Strabo , Posidoniu s pu t th e circumferenc e of the Eart h
at 180,000 stades. 97 Thus, i t appear s tha t Posidoniu s change d hi s mind. Th e
smaller figure was undoubtedly base d on a  lower value (3,75 0 stades ) fo r th e
distance between Rhode s an d Alexandria . (Thi s figure of 3,750 stades for th e
distance betwee n Rhode s an d Alexandri a i s attributed b y Strab o t o Eratos-
thenes, wh o mus t hav e been Posidonius' s source. ) Posidonius' s secon d value
of 180,000 stade s fo r th e circumferenc e o f th e Eart h als o result s i n a n eve n
number o f stades per degree : 180,000/36 0 = 50 0 stades per degree .

These tw o figure s lef t a  considerable rang e o f uncertaint y i n th e scal e o f
the world map :

700 stades/degre e (Eratosthenes )
500 stades/degree (Posidonius )

The lowe r value of 500 stades/degree (along with the associated and circum-
ference o f 180,000 stades) was accepted by Ptolemy in his Geography  an d thu s
became th e preferre d figure . However , Eratosthenes ' valu e neve r droppe d
completely out o f sight. I t reappears, for example, in the Sphere  o f Sacrobosco,
a thirteenth-centur y introductio n t o astronom y tha t was widely use d i n th e
medieval Europea n universities .

In th e earl y Middle Ages , a  number o f Arabic astronomers made measure -
ments o f the circumference of the Earth. For example, the astronomers under
the patronag e o f al-Ma^mu n mad e suc h a  measuremen t o n th e plai n o f
Palmyra (Syria ) around A.D . 830." On e motiv e for making new measurements
was that th e Arabic astronomers of the nint h centur y had n o ide a (an y more
than we have) o f the lengt h o f the stad e use d b y Eratosthenes o r Ptolemy .

In th e late r Middl e Ages , bot h Gree k an d Arabi c estimate s o f th e siz e of
the Eart h wer e i n circulatio n i n Europe . A s th e variet y o f estimates  wer e
compounded b y uncertainties ove r th e values of th e Gree k an d Arabi c units
of measure, th e Europea n geographe r was left wit h considerable freedo m o f
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FIGURE 1.40 . Posidonius , th e Stoi c philoso-
pher. This bust i s a marble copy made durin g
the earl y Empire o f an origina l sculpte d aroun d
70 B.C . Muse o Nazionale , Naples .

choice. When Columbus tried to convince himself and others of the practicality
of hi s propose d voyag e t o Asia , h e deliberatel y selecte d th e smalles t o f th e
available estimate s fo r th e siz e of the Eart h an d th e larges t possible estimat e
for th e widt h o f th e Eurasia n continent . Tha t mad e th e wester n ocea n a s
narrow a s possible and th e voyag e a s attractive a s possible. B y sheer luck , i t
turned ou t tha t Columbus' s voyag e wa s of abou t th e distanc e h e expected .
He counte d o n a  tri p o f unde r 3,00 0 mile s between  Europ e an d Asia. 1 I n
3,000 mile s he did, indeed, reac h land . Th e tru e distanc e t o Asi a was more
than 10,00 0 miles .

I . I5 EXERCISE : TH E SIZ E O F TH E EART H

Around 10 0 B.C., Posidonius (se e fig. 1.40), the Stoi c philosopher an d teache r
of Cicero, calculated the circumference of the Earth from information obtained
by observation o f the sta r Canopus. Canopu s i s located i n the steerin g oar of
Argo (i n the moder n constellatio n Carina) . Cleomedes , writin g perhap s 20 0
years later, described th e method whic h Posidoniu s used. Cleomedes ' accoun t
of Posidonius' s measuremen t immediatel y precede s hi s repor t o f th e mor e
famous measuremen t o f Eratosthenes .

EXTRACT FRO M C L E O M E D E S

On th e Elementary  Theory  o f th e Heavenly  Bodies  I , 10 , 2 .

[Posidonius] says that Rhodes and Alexandria lie under the same meridian.
Meridian circle s ar e [circles ] draw n through the pole s o f the cosmos , an d
through th e poin t which i s above the hea d of each [person ] standin g on
the Earth. The poles of all these [meridian circles] are the same, but the point
in the direction of the head is different. .  . . Now Rhodes and Alexandria lie
under the sam e meridian , and th e distance between the cities is reputed to
be 5,000 stades. Suppose it to be so. ... Posidoniu s says next that the very
bright star called Canopus lie s to th e south , practically on th e steerin g oar
of Argo. This [star ] i s not see n a t al l in Greece ; hence Aratus does not even
mention i t i n hi s Phenomena.  But, a s on e goe s fro m nort h t o south , i t
begins t o b e visibl e a t Rhode s and, whe n see n o n th e horizo n [there] , i t
sets immediately with the rotation of the cosmos . But when we have sailed
the 5,00 0 stades from Rhode s and ar e a t Alexandria , this star, when i t i s
exactly o n th e meridian , i s found t o b e a t a  height above the horizo n o f
one-fourth o f a sign, that is, a forty-eighth o f the meridian [drawn] through
Rhodes and Alexandria . I t follows , therefore , tha t the segment of the same
meridian tha t lie s abov e the distanc e between Rhode s and Alexandri a is
one forty-eighth part of [the said circle], because the horizon of the Rhodians
is distant from th e horizo n of the Alexandrian s b y one forty-eight h o f th e
zodiac circle . .  . . An d thu s th e grea t circl e o f th e Eart h i s foun d t o b e
240,000 stades , assuming that from Rhode s to Alexandria it is 5,000 stades;
but, if not, [it is] in [the same] ratio to the distance. Such then is Posidonius's
way o f dealin g with the siz e o f th e Earth. 101

The Exercise

1. Wha t does the write r mea n when h e says , "But, a s one goe s from nort h
to south, i t begins to be visible at Rhodes and, when seen on the horizon
there, i t set s immediately wit h th e rotatio n o f the cosmos" ?

2. Wha t doe s th e write r mea n whe n h e says , "A t Alexandria , thi s star ,
when i t i s exactly on th e meridian , i s found to b e at a  height abov e th e
horizon o f one-fourth o f a sign, tha t is , a forty-eighth o f the meridian"?

3. Dra w a  diagra m o f th e Eart h showin g th e horizo n a t Rhode s an d a t
Alexandria an d the various angles mentioned b y Cleomedes. Prov e that
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the observations do indeed lead to the stated value for the circumference.
Make your geometrica l argument s clea r and convincing .

1.16 OBSERVATION : TH E ANGULA R SIZ E
OF TH E MOO N

The angula r diamete r o f th e Moo n ma y b e determine d wit h th e ai d o f a
millimeter scale . Hold th e rule r out a t arm' s length , a s in figure 1.41 , s o that
the top of the ruler appears to coincide with the top limb of the Moon. Place
your thum b on th e par t o f the rule r tha t coincide s with th e bottom lim b of
the Moon. Let us call x the lengt h thu s marked of f on th e ruler . Ask a friend
to measur e the distanc e d  fro m you r ey e to th e ruler .

The angula r diamete r 9  o f the Moon i s then give n by

FIGURE 1.41 . Measurin g the angula r diameter
of the Moon.

I.I7 ARISTARCHU S O N TH E SIZE S AN D DISTANCE S

Aristarchus of  Santos

Aristarchus i s remembered fo r tw o remarkabl e achievements . H e advocate d
the motio n o f the Eart h aroun d th e Sun . And h e was the autho r o f a  book
On th e Sizes  an d Distances  o f th e Su n an d th e Moon,  th e oldes t survivin g
geometrical treatment of this problem. Aristarchus was born around the begin-
ning o f th e thir d centur y B.C . He wa s a  nativ e o f Samos , on e o f th e larger
Greek island s in the Aegean Sea. He i s said to hav e been a  pupil o f Strato o f
Lampsacus. This Strato was at one time tutor, then advisor, to King Ptolemaios
II Philadelphos , th e patron o f the Museu m i n Alexandria. After th e deat h o f
Theophrastus, Strat o succeede d hi m a s head th e th e Lyceum , th e schoo l of
Aristotlelian philosophy at Athens. Thus, Aristarchus could have been Strato's
pupil eithe r at Alexandria or at Athens. W e d o not kno w which . Ptolemy , in
Almagest III , i , cite s an observatio n of the summe r solstic e of 280 B.C. made
by Aristarchus. This singl e observation i s the onl y even t o f Aristarchus's lif e
that ma y be dated . H e i s credited b y Vitruvius with th e inventio n o f a  type
of sundia l (th e scaphe).  Accordin g t o Aetius , Aristarchu s also wrote a  boo k
on vision , light, an d colors. 1 2

The boo k in which Aristarchus argued for the motion o f the Earth around
the Su n ha s no t survived . The bes t testimony i s a remark b y Archimedes i n
the Sand  Reckoner,  which i s very close to Aristarchus in time .

EXTRACT FRO M A R C H I M E D E S

Sand Reckoner

Aristarchus o f Samo s brough t out a  book consisting of some hypotheses,
in whic h th e premise s lea d t o th e resul t tha t th e cosmo s i s many times
greater than that now so called. His hypotheses are that the fixed stars and
the Su n remai n unmoved , that th e Eart h revolve s abou t the Su n i n th e
circumference o f a  circle , th e Su n lyin g i n th e middl e of th e orbit , an d
that th e spher e o f th e fixe d stars , situate d about th e sam e cente r a s th e
Sun, i s so great that th e circl e i n whic h h e suppose s th e Eart h to revolv e
bears suc h a  proportion to th e distanc e of th e fixe d star s a s the cente r of
the spher e bears t o it s surface. 103

As Archimedes says, Aristarchus realized that his premises implied a cosmos
that wa s vastly larger tha n previousl y believed . I f th e Eart h move d aroun d
the Sun , ther e shoul d b e a  larg e annual  parallax. That is , th e star s shoul d
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FIGURE 1.42 .
quadrature.

Aristarchus's us e of the luna r

appear t o shif t wit h respec t t o on e anothe r a s the Eart h moves . Becaus e the
constellations d o not sho w any changes in the course of the year, Aristarchus
realized that radius of the sphere of stars must be vastly greater than th e radius
of th e Earth' s orbit . (Th e annua l paralla x does , indeed , exist . Bu t i t i s so
small—less than a  second o f arc , even fo r th e neares t visible stars—that i t was
not detecte d unti l th e nineteent h century. )

Aristarchus's Sun-centere d cosmolog y dre w som e unfavorabl e attentio n
from hi s contemporaries . Fo r example , th e Stoi c philosophe r Cleanthe s o f
Assos sai d tha t Aristarchu s ought t o b e "indicte d o n a  charge o f impiety for
putting int o motio n the  heart h of  the  universe." 1 As  far  as  we know , no
formal indictmen t wa s made . (Bu t le t u s recal l tha t Anaxagora s ha d gotte n
into jus t such a  legal scrape for calling the Su n a  red-hot stone. ) For th e most
part, the Sun-centere d cosmolog y was simply ignored. The lac k of interest in
this far-fetched idea no doubt contribute d t o the failure o f Aristarchus's boo k
to b e preserved . I n an y case , i t i s unlikely tha t Aristarchu s worked ou t th e
consequences i n detail . There is no indication , fo r example, that h e discussed
the consequence s o f the motion o f the Earth fo r the apparen t motions o f the
other planets .

Aristarchus on the  Sizes and Distances

While earlie r writers had speculated on the sizes and distance s of the Sun and
Moon, Aristarchu s was the firs t to addres s thi s proble m geometrically .

EXTRACT FRO M ARISTARCHU S O F SAMO S

On the  Sizes  and  Distances  of  the  Sun and  Moon

[Hypotheses:]

1. Tha t th e Moo n receive s it s light from th e Sun.
2. Tha t th e Eart h is in th e relatio n of a point an d cente r to th e sphere

in whic h the Moon moves.
3. That , whe n th e Moo n appear s t o u s halved, the grea t circle which

divides th e dar k an d th e brigh t portion s o f th e Moo n i s i n th e
direction o f ou r eye.

4. That , whe n th e Moo n appear s to u s halved , it s distanc e from th e
Sun i s less tha n a  quadrant b y one-thirtieth of a  quadrant.

5. Tha t th e breadt h of the [Earth's ] shadow is [that ] o f two Moons.
6. That th e Moo n subtend s one fifteent h par t of a  sign o f the zodiac .

We ar e now i n a  position t o prov e the followin g propositions :

1. Th e distanc e of the Su n from th e Earth is greater than eighteen times,
but less than twenty times, the distance of the Moon [from the Earth];
this follow s fro m th e hypothesi s about the halve d Moon.

2. Th e diamete r of th e Su n ha s th e sam e rati o [a s aforesaid ] t o th e
diameter o f the Moon .

3. Th e diamete r o f th e Su n ha s t o th e diamete r of th e Eart h a  ratio
greater than tha t whic h 1 9 has to 3 , but les s than tha t which 4 3 has
to 6; this follows from th e ratio thus discovered between the distances,
the hypothesis about the shadow, and the hypothesis that th e Moon
subtends on e fifteent h par t of a  sign o f the zodiac. 10

Ratio of the Distances Th e firs t o f the astronomica l conclusion s t o be proved
is tha t th e Su n i s between eightee n an d twent y time s farthe r awa y fro m u s
than the Moon is. Refer to figure 1.42. O is the Earth, which may (by hypothesis
2) b e considered a  mere point . M  i s the Moon a t the tim e o f quarter Moon,
when w e se e i t divide d exactl y i n half . S  i s th e Sun . Fro m hypothesi s 3 , i t
follows tha t th e Sun' s ra y SM mus t the n b e perpendicular t o OM.
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Now, b y hypothesis 4, the angular distance between the Sun and the Moo n
as we observe them i n th e sk y at th e tim e o f quarte r Moo n (angl e SOM) i s
87°. Aristarchus, writing before th e degre e was in use among the Greeks , says
"less tha n a  quadran t b y one-thirtiet h o f a  quadrant, " tha t is , les s tha n 90 °
by 3° , which i s 87°. Thus , angl e OS M mus t b e on e thirtiet h o f a  quadrant ,
or 3° . Aristarchus, working befor e th e inventio n o f trigonometry , prove s b y
one geometrica l construction , followin g the method s o f Euclid, tha t side OS
is more than 1 8 times greater than side OM . B y another construction he proves
that O S i s less tha n 2 0 time s OM . W e ca n appl y trigonometr y t o solv e th e
problem muc h mor e easily :

OM =  O S sin(O5Af) =  O S sin(3°)

Thus, OS=  19.1 OM. The Su n is nineteen times farther away than th e Moon.

Relative Sizes of the Sun and Moon Aristarchu s next uses the fac t that the Su n
and Moon have the same angular diameter, as is clear from the phenomenon o f
the tota l sola r eclips e (se e fig . 1.43) . Accordin g t o Aristarchus , th e Moo n
exactly covers the dis k of the Sun . There is no rin g of uncovered Sun , whic h
proves that th e angula r diameter o f the Moon is not smalle r than tha t o f the
Sun. Moreover , th e tota l eclipse does not las t for any appreciable time, which
proves that th e angula r diameter o f the Moo n i s not greate r than tha t o f the
Sun. Therefore , i n figure 1.43 , hal f th e Moo n an d hal f the Su n subten d th e
same angle a. So , if OWis betwee n 1 8 and 2 0 times OU, then WX is betwee n
18 an d 2 0 time s UV.  I n othe r words , th e Su n i s between  1 8 an d 2 0 time s
larger tha n th e Moon .

Absolute Sizes o f the Sun an d Moon Aristarchu s next works ou t th e absolut e
sizes of the Su n an d Moon , in term s of the siz e of Earth. Hi s demonstratio n
is based on a  diagram fo r a  lunar eclipse (fig . 1.44). We shal l follow a simpler
geometrical argument than the one Aristarchus gives and shall also take advan-
tage of modern trigonometry . Bu t th e basi c method an d th e final results are
Aristarchus's.

As a  preliminary , w e introduc e th e concep t o f horizontal  parallax. Refe r
to figur e 1.45 . A n observe r a t A  o n th e surfac e o f th e Eart h see s a  celestia l
body B (the Moon , say) on his horizon. A fictitious observer a t the center C
of th e Eart h woul d se e B a  littl e highe r i n th e sky . Th e angula r differenc e
between th e tw o line s of sigh t i s called th e horizonta l parallax , marked P  in
the figure. The distanc e d  of the objec t from th e cente r of the Eart h is related
in a  simple way to th e horizonta l parallax :

sin P  =  rid,

where r  i s th e radiu s o f th e Earth . Thus , i f th e horizonta l paralla x o f th e
object i s small , th e distanc e o f th e objec t i s great . (Th e horizonta l paralla x
should no t b e confuse d wit h th e annua l paralla x mentione d earlier . Th e
horizontal paralla x involves shifts i n ou r poin t o f view as we mov e abou t o n
the Earth . Th e annua l paralla x involve s shift s i n ou r poin t o f vie w a s th e
Earth move s aroun d th e Sun. )

Now le t u s tak e u p th e eclips e diagram (fig . 1.44). G H i s the pat h o f th e
Moon throug h th e shado w durin g a  luna r eclipse . ( T an d T  ar e th e angula r
radius o f the Sun and of the shadow, respectively. For an observer a t A, bot h
the edg e o f th e Su n an d th e edg e o f th e shado w ar e on th e horizon . Thus ,
PS i s the horizonta l paralla x o f th e Su n an d P M i s the horizonta l parallax o f
the Moon.

In figure 1.44, a +  T = 180° - angl e XCH. Bu t the three angles in triangle
XCH mus t ad d to 180°; thus , P M +  Ps = 180° - angl e XCH. Combinin g th e
two results,

FIGURE 1.43 . Aristarchus' s use of the sola r
eclipse.

FIGURE 1.44 .
eclipse.

Aristarchus's us e of the luna r

FIGURE 1.45 . Horizonta l parallax . Angle P  is
the horizonta l parallax o f a  celestial objec t (suc h
as the Moon ) locate d a t B .
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This i s the relatio n on whic h w e will base the remainin g work.
We kno w th e Su n i s about 1 9 time s farthe r awa y than th e Moo n is . (W e

will dispens e fro m no w on wit h Aristarchus' s "greate r tha n eightee n .  . . but
less tha n twent y times." ) I t follow s tha t th e Moon' s horizonta l paralla x is
about 1 9 time s greate r than th e Sun's . That is , So ,

By hypothesis 5 , the breadth of the Earth' s shadow i s two Moons. Fro m figure
1.29, thi s seem s plausible . Thus , =  on e angula r diamete r o f th e Moon .
According t o hypothesi s 6 , th e Moon' s angula r diamete r i s one-fifteent h o f
a sig n ( a sign bein g 30°) . Thus,

Since Aristarchus argues that the Sun and the Moon have the same angular
diameter, ( 7 (which i s half the Sun ) = i° .

When these values for O and T are substituted into the preceding equation ,
we obtain a  numerica l value for th e Sun' s parallax:

The Moon' s paralla x is 1 9 times larger:

The distance s o f th e Su n an d Moo n ma y no w b e calculate d fro m th e
parallaxes:

As before , r  denotes th e radiu s of the Earth . Thus ,

= 382  Earth radii ; =  20. 1 Earth radii .

These ar e the absolute distances o f the Su n an d Moon . Aristarchu s does no t
actually giv e value s fo r thes e distances . Bu t thes e ar e th e value s tha t resul t
from hi s premises.

To fin d th e actua l diamete r o f the Sun , note tha t i n figure 1.43,

diameter o f Sun =  2  (WX)  =  2 OW sin = 2

According t o Aristarchus , ' , so

diameter o f Sun =  2  (382 Earth radii ) sin =  13. 3 Earth radii , o r
= 6.6 7 Eart h diameters .

Aristarchus's actua l result , quoted above , i s tha t th e diamete r o f th e Su n i s
between 19/ 3 and 43/ 6 Eart h diameters , tha t is , between 6.3 3 and 7.1 7 Eart h
diameters. I n a  similar way, we may calculat e fro m Aristarchus' s dat a tha t

diameter o f Moon =  0.35 1 Earth diameters .

Aristarchus's actual resul t is that th e diamete r o f the Moo n i s between 43/10 8
and 19/6 0 Earth diameters , tha t is , between 0.39 8 and 0.31 7 Earth diameters.
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To su m up , Aristarchu s foun d tha t th e Su n i s abou t 1 9 time s farthe r awa y
than th e Moon, tha t th e diamete r o f the Su n i s about 6.6 7 Earth diameters,
and tha t th e diamete r o f the Moo n i s about 0.35 1 Earth diameters .

Critique of  Aristarchus

Aristarchus's demonstrations were a brilliant application o f mathematics t o a
cosmological problem . Th e results , in thei r genera l drift , ar e also admirable:
the Su n an d Moo n ar e ver y fa r away ; th e Moo n i s a  bi t smalle r tha n th e
Earth; the Sun is considerably larger than the Earth. While earlier philosophers
had speculated  abou t the size s of the Sun and Moon, Aristarchus showed tha t
they could b e measured.

However, ther e ar e som e puzzle s surroundin g Aristarchus' s data . Mos t
glaring is his us e (hypothesi s 6 ) of 2 ° for th e angula r diameter of the Moon .
In fact , th e Moo n i s fou r time s smalle r than this—abou t 1/2° . I t take s littl e
effort t o ge t a good value for the angula r diameter of the Moon. It seems that
Aristarchus mad e n o measuremen t a t all , bu t simpl y made thi s figure up fo r
the purposes of demonstration. I n Gree k astronomy o f the third century B.C. ,
the method  was stil l considere d mor e importan t tha n th e actua l numbers .
Interestingly, Archimedes tells us in the Sand Reckoner that Aristarchus "discov-
ered that the Sun appeared to be about i/yzoth part of the circle of the zodiac,"
that is , 1/2°. Io6 Thus , Aristarchu s ma y actuall y have mad e a  measurement ,
presumably afte r havin g written hi s treatise.

The statemen t (hypothesi s 5 ) that th e Earth' s shado w i s exactly twice a s
wide a s the Moon is , by contrast, a  good roun d value . However, th e shado w
is actuall y a bi t wider . I n Almagest  V, 14 , Ptolem y says tha t th e shado w i s 2
3/5 time s th e widt h o f th e Moon . Th e reade r ca n mak e a n independen t
estimate b y usin g figure 1.29 .

Let u s se e what result s from thes e tw o improve d values . We leav e al l o f
Aristarchus's other hypotheses unchanged. O (half the angula r diameter of the
Sun) i s then 1/4° . The whol e diameter o f th e shado w i s 2 3/5 X 1/2° = 13/10° .
Thus, T  (hal f th e shadow ) i s 13/20°. I f we put thes e values for 0  an d T  into
the fundamenta l equation (an d continue t o assum e that PM  =  19 PS)>  w e fin d

Distance o f Sun =  1,27 3 Earth radii .
Distance o f Moon =  6 7 Earth radii .
Diameter o f Moon =  0.292 Earth diameters.
Diameter o f Su n =  5.5 5 Earth diameters .

The distanc e an d diamete r o f th e Moo n ar e now clos e to th e truth . (The
actual mean distance of the Moon i s about 60 Earth radii. The actua l diameter
of th e Moo n i s about 0.27 3 Earth diameters. ) Bu t th e siz e an d th e distanc e
of the  Sun  are  stil l too  smal l by  a  facto r of  20.  Thus , whil e Aristarchus's
method could , wit h a  little effor t a t mor e realisti c measurements, yield goo d
values fo r th e siz e an d distanc e o f th e Moon , i t wa s incapabl e o f yieldin g
good value s for th e siz e and distanc e o f the Sun.

The proble m wa s hypothesis 4 , tha t th e angl e betwee n th e Su n an d th e
quarter Moo n i s Thi s lead s to th e conclusio n tha t th e Su n i s 1 9 time s
farther fro m u s than th e Moo n is . In fact , th e Su n i s about 38 9 times farthe r
from u s than th e Moon is . From thi s i t follow s that , a t quarte r Moon, angl e
SOM i n figure . 1.4 2 is —les s than a  right angl e by only 9'. Even several
centuries later, when Greek observational astronomy reached its peak, nobod y
could measure angles to a precision of Moreover , the required measurement
was a very difficult one . Many historians have pointed out tha t i t is impossible
to judge the exac t momen t whe n th e Moo n reache s quadrature , an d tha t i t
is also difficult t o measure the angular distance between the centers of extended
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FIGURE 1.46 . Th e Moon' s pat h abou t the
Earth O  in th e cours e of a synodic month. Th e
Sun i s at S .

bodies lik e the Su n an d Moon . The brightnes s o f the Su n posed additiona l
problems—as well a s risks for th e visio n o f the observer .

However, hypothesi s 4  was probably no t th e resul t o f an y measuremen t
at all . Rather , Aristarchu s simpl y mad e u p th e valu e less  than  a  quadrant  b y
one-thirtieth of  a  quadrant.  Thi s was  probabl y a  conjectura l valu e base d on
the followin g considerations . Th e tim e fro m ne w Moo n t o ne w Moo n i s
about 3 0 days. I n figure 1.46, O  is the Earth , an d S  is the Sun . A, B , C , and
D represent the Moon's positions a t new Moon, first quarter, ful l Moon , an d
third quarter , respectively . I t i s clear that ar c BCD i s greater tha n ar c DAB,
and thu s that th e month is divided int o unequa l part s by the quarte r Moons.
These two part s of the mont h canno t b e a s different a s 16 days and 1 4 days ,
for the n th e exces s would b e apparen t t o u s all . Le t u s suppose , therefore ,
that th e tim e fro m firs t quarte r t o thir d quarte r (ar c BCD) i s 1 5 1/2 days an d
that th e tim e fro m thir d quarte r t o firs t quarte r (DAB)  i s 1 4 1/ 2 days . Th e
Moon the n run s arc DA i n on e hal f of 14 1/2 days, tha t is , in 7  1/4 days . Bu t
the Moo n take s 7  1/ 2 day s t o ru n a  quadran t o f th e circl e (sinc e i t take s 30
days fo r the whole circle). Thus, arc DA i s less than a  quadrant by 1/4 day' s
worth of motion. On e day' s worth of motion i s 4/30 of a quadrant ( 4 quadrants
in 3 0 days). Thus , 1/ 4 day's wort h o f motion i s 1/30 o f a quadrant. I n short ,
arc DA i s less than a  quadrant b y 1/30 o f a  quadrant.  I t look s a s if Aristarchus
arrived a t hypothesis 4  by simply assuming the largest  imperceptible  inequality
between th e tw o portions o f the month .

Aristarchus's successor s soo n arrive d a t accurat e value s fo r th e siz e an d
distance o f the Moon. Bu t none o f them mad e an y substantial improvemen t
on th e values for the siz e and distanc e o f the Sun . Why not ? The answe r lies
in a  property o f the relatio n

derived fro m th e eclips e diagram. The lef t sid e of this equation contain s tw o
quantities (angula r radi i o f th e Su n an d shadow ) tha t ar e relativel y easy t o
measure. Th e righ t sid e contain s on e quantit y (horizonta l paralla x o f th e
Moon) tha t i s hard t o measur e and on e (horizonta l parallax of the Sun ) tha t
actually wa s impossibl e t o measur e b y th e method s availabl e t o th e Gree k
astronomers. Onl y th e sum of the tw o parallaxes is easily determined: i t mus t
be equa l t o Th e fundamenta l problem i s deciding ho w t o divid e th e
total of the parallaxes between th e Sun and Moon. Some other fac t of observa-
tion mus t b e introduced . Aristarchu s use d a  value fo r th e separatio n o f th e
Sun and Moon at quarter Moon (fig . 1.42) to argue that, i n modern langauge,

But, suppos e w e giv e al l o f th e tota l paralla x to th e Moo n an d
nothing t o th e Sun . Tha t is , suppose we assume tha t =  o  an d tha t =

This onl y make s abou t a  5 % differenc e i n th e Moon' s paralla x an d
thus bring s th e Moo n abou t 5 % closer t o th e Earth . Bu t givin g th e Su n a
parallax of zero pushes the Su n out t o infinity . So we can make huge change s
in ou r estimat e o f the Sun' s distanc e withou t affectin g th e Moon' s distanc e
very greatly.

Later Measurements

Aristarchus's eclips e diagra m remaine d a  centra l featur e o f late r effort s t o
improve the values for the sizes and distances o f the Sun and Moon. However ,
the late r astronomers , notably Hipparchu s an d Ptolemy , sensibl y abandone d
the method of the lunar quadrature. This meant they were obliged to introduc e
an additiona l fac t o f observation .

Hipparchus (secon d centur y B.C. ) wrot e a  work o n th e size s and distances ,
but i t has not com e dow n t o us . However, som e informatio n abou t Hippar -
chus's metho d i s preserve d i n Ptolemy' s Almagest  an d i n th e commentar y
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on th e Almagest  written b y Pappu s (thir d centur y A.D.) . I n on e calculation ,
Hipparchus attempted a direct assessment o f the Moon's parallax . H e mad e
use of information about a  solar eclipse (probably that o f March 14,18 9 B.C.) :
the Su n wa s seen totally eclipsed nea r the Hellespont , bu t onl y four-fifth s o f
its diamete r wa s eclipsed a t Alexandria . Assuming then that  th e Sun's parallax
was zero, Hipparchus was able to tak e one-fift h o f the Sun' s angular diameter
as the lunar parallax between the Hellespont an d Alexandria. We do not kno w
the detail s o f hi s procedure , bu t h e arrive d a t 7 1 an d 8 3 Earth radi i a s th e
Moon's leas t and greatest distances.107 (The distance of the Moon varie s slightly
in th e cours e o f the month. )

In anothe r calculation , Hipparchu s mad e us e of the eclips e diagram an d
simply assumed  tha t th e horizonta l paralla x o f th e Su n wa s 7' , whic h h e
perhaps too k t o b e th e larges t imperceptibl e parallax . H e too k th e angula r
diameter o f the Moo n a t mea n distanc e t o b e 1/65 0 o f a  circle (^'14"),  an d
the diamete r o f the shado w t o b e 2  1/2 time s tha t o f th e Moon . This lead s
to a  figur e o f 67. 2 Eart h radi i fo r th e Moon' s mea n distance . Hipparchus' s
methods allowe d hi m t o hom e i n o n soun d value s fo r th e distanc e o f th e
Moon, an d i n thi s h e mad e a  considerabl e improvemen t ove r Aristarchus .
But i t i s clear that he had doubt s abou t th e possibilit y of obtaining a  reliable
value for th e Sun' s distance .

Ptolemy, i n Almagest  V, devote s a  goo d dea l o f effor t t o th e size s an d
distances. Ptolem y attempt s a  direct measuremen t o f the Moon' s paralla x by
comparing th e Moon' s positio n a s observed a t Alexandria with a  theoretical
value fo r th e Moon' s positio n compute d fro m hi s luna r theory . Wit h th e
Moon's paralla x thus i n hand , togethe r wit h hi s own value s for th e angula r
diameters o f the Moon, Sun , an d shadow , h e uses the metho d o f the eclips e
diagram t o ge t the distanc e o f the Sun . Ptolemy' s result s are

Mean distanc e o f Moon a t ne w o r ful l Moo n =  5 9 Earth radii .
Mean distanc e o f Sun =  1,21 0 Earth radii .
Diameter o f Moon =  0.292 Earth diameters .
Diameter o f Sun =  5. 5 Earth diameters .

Ptolemy show s muc h originality . Fo r example , h e attempt s t o improv e o n
the measuremen t o f th e angula r siz e o f th e shado w b y mean s o f a  cleve r
technique o f comparin g tw o luna r eclipse s o f differen t degree s o f totality .
Nevertheless, when h e i s all done , hi s rati o o f solar to luna r distanc e i s I2io/
59 =  20.5 , ver y clos e t o th e traditiona l rati o hande d dow n b y Aristarchus.
Ptolemy's figure s wer e destine d t o hav e a  grea t influence . Ther e were a  few
minor adjustment s b y medieva l writers , bu t Ptolemy' s value s wer e neve r
substantially changed . Th e 20-10- 1 ratio betwee n th e Sun' s an d th e Moon' s
distance was not calle d seriously int o question unti l the seventeenth century.

1.18 EXERCISE : TH E SIZE S AN D DISTANCE S
OF TH E SU N AN D M O O N

1. Measur e the angula r diameter of the Moon, usin g the method describe d
in section 1.16. Assume that th e angula r diameter of the Su n i s the sam e
as tha t o f th e Moon . Thi s i s justifiabl e since , a t th e tim e o f a  sola r
eclipse, the Moon often appear s to just cover the Sun's disk. Aristarchus
assumed th e same .

2. Us e th e photograp h o f th e luna r eclips e o f July 16 , 198 1 (fig . 1.29), t o
determine ho w many time s larger than th e Moon th e shadow is . To d o
this, us e a drawing compass . Find , b y trial and error , the cente r o f th e
shadow. Measur e with a  ruler on the photo th e diameter o f the shado w
and o f the Moon .
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3. Tak e Aristarchus's result, that th e Sun' s distance is 19 times the Moon's
distance, a s given. Us e the metho d o f th e eclips e diagra m

to determin e th e sola r parallax :

A. First , tak e O  fro m you r ow n measuremen t o f th e Moon' s angula r
diameter i n step i, by assuming that th e angular diameter o f the Sun
is the sam e a s that o f th e Moon .

B. Combin e you r result s from step s i and 2  to determin e
C. Not e tha t =  1 9 P s according t o Aristarchus .
D. Finally , fin d

4. Us e th e resul t o f ste p 3  to determin e th e Sun' s distance , i n term s o f
Earth radii .

5. Fin d th e Moon' s distanc e i n term s o f Earth radii .
6. Fin d th e actua l diamete r o f th e Su n i n term s o f Earth diameters . T o

do this , combin e th e result s of steps i  and 4 .
7. Fin d th e actua l diamete r o f the Moo n i n term s o f Earth diameters.



2.1 TH E SPHER E I N G R E E K ASTRONOM Y

Basis in  Observation

To a  naive observe r i t i s by no mean s obviou s tha t th e sk y has the shap e o f
a dom e o r hemisphere . Indeed , th e Egyptian s i n thei r ar t ofte n represente d
the sk y by th e sk y goddess , Nut , arche d ove r th e land , often , thoug h no t
always, with he r bac k flattene d (se e fig. 2.1). And th e Egyptia n hieroglyp h fo r
sky i s reminiscent o f th e fla t roo f o f a  long , lo w building .

Although th e star s themselves sugges t no particula r shape fo r th e heaven ,
their motion s d o sugges t a  sphere : th e Moon , stars , an d planet s ar e see n
moving o n paralle l circles , climbin g u p togethe r fro m th e easter n horizon ,
crossing the sky , and goin g down togethe r i n the west . Eve n more suggestive
are th e circumpola r stars , which ca n b e seen all night long , movin g i n circle s
about th e celestia l pole. Ptolem y pointe d t o exactl y these fact s o f observation
in tryin g to explai n ho w hi s remot e predecessor s ha d com e t o th e ide a o f a
spherical heaven .

" The heaven is spherical and moves spherically." Thi s is the most fundamental
assumption o f Greek astronomy . Man y Gree k astronomica l text s begin wit h
it or something like it. Althoug h thi s view often was supported with argument s
of a philosophical or even mystical nature, it is actually suggested by observation
of the sky . Aristotle regarde d th e spher e o f th e fixe d star s as a real , materia l
sphere, an d al l late r astronomica l writers , includin g Ptolemy , followe d hi m
in this .

Eudoxus and  Aratus on  the  Sphere

The ide a o f a  spherical cosmo s ca n b e attributed t o sixth - an d fifth-centur y
B.C. philosopher s suc h a s Pythagoras and Parmenides . Bu t th e firs t figur e i n
whom w e se e a  clea r an d complet e understandin g o f th e celestia l sphere i s
Eudoxus o f Cnidu s (ca . 37 0 B.C.) . Eudoxu s wa s th e autho r o f a  numbe r o f
astronomical works, includin g a  star calendar and a  treatise on th e eight-yea r
luni-solar cycle . H e i s the likely , i f unproved , sourc e o f th e earlies t know n
measurement o f th e circumferenc e o f th e Earth , mentione d i n passin g b y
Aristotle i n O n the Heavens. Among hi s other writings , Eudoxus i s known t o
have composed  tw o book s o n th e celestia l sphere, calle d th e Phenomena  and
the Mirror.  Thes e books , whic h apparentl y differe d littl e fro m on e another ,
contained systemati c descriptions of the constellations an d thei r relative posi-
tions o n th e sphere .

Not on e of Eudoxus's works has survived. But in the case of the Phenomena
we have a  paraphrase o f one o f them, fo r Eudoxus' s descriptio n o f the nigh t
sky inspire d th e poe t Aratu s o f Sol i t o produc e a  versifie d versio n abou t a
century later . Th e vers e Phenomena  o f Aratu s prove d t o b e ver y popular :
commentaries wer e writte n o n it , i t was on severa l occasions translate d int o
Latin, an d i t eve n inspire d sculptor s an d othe r artist s t o trea t astronomica l
themes. Among the many commentators on Aratus was Hipparchus of Bithynia
(ca. 150 B.C.) , the most  creative astronomer of the Hellenisti c age . Hipparchus
still ha d acces s t o Eudoxus' s origina l pros e Phenomena.  I n hi s Commentary
Hipparchus makes a painstaking examination of the works of his two predeces-
sors. Often , h e find s the m inexac t o r mistake n abou t position s o f th e star s
and constellations . Hipparchu s tell s us , however , tha t w e ough t no t blam e
Aratus, who was a poet and not a n astronomer, and who was in any case only
following Eudoxus, bu t Eudoxus , as an astronomer, mus t be held accountable
for th e errors. 5 Hipparchus make s Aratus's dependenc e o n Eudoxu s clea r by
quoting paralle l passage s fro m th e tw o version s o f th e Phenomena.  Thus ,
although Eudoxus' s Phenomena  ha s no t com e dow n t o us , w e ma y safel y
assume tha t it s astronomica l conten t i s reflected i n th e poe m o f Aratus.

T W O

FIGURE 2.1 . Th e Egyptia n sk y goddess, Nut .
Top: Nu t supporte d b y the ai r god , Shu . Be -
neath the m lie s the eart h god , Seb . Bottom:  Shu
supporting the boa t o f the su n go d beneath th e
sky goddess, Nut . Fro m Budg e (1904) .
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FIGURE 2.2 . Th e celestia l spher e and th e signs
of the zodiac .
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Greek

Krios
Tauros
Didymoi
Karkinos
Leon
Parthenos
Zygos
Skorpios
Toxotes
Aigokeros

Hydrochoos
Ichthyes

Latin
Aries
Taurus
Gemini
Cancer
Leo
Virgo
Libra
Scorpius
Sagittarius
Capricornus

Aquarius
Pisces

English

Ram
Bull
Twins
Crab
Lion
Virgin
Balance
Scorpion
Archer
Goat-Horn [ed

creature]
Water-Pourer
Fishes

Aratus begin s wit h description s o f th e constellation s an d thei r position s
on th e sphere , alon g wit h storie s and legend s abou t them . The n h e briefl y
describes the fou r principa l circles of the celestia l sphere: equator , zodiac , an d
the two tropic circles.6 The imag e that emerges can be represented a s in figure
2.2. Girdin g th e celestia l spher e ar e th e thre e paralle l circle s o f th e equato r
and th e tw o tropi c circles . The fourt h importan t circl e i s the slante d zodiac ,
which lie s athwar t th e tropics . Althoug h th e Gree k heave n o f figur e 2. 2
still bear s mythologica l images , i t represent s a radica l brea k wit h traditiona l
cosmologies, typifie d by the Egyptia n image s in figure 2.1. In introducin g th e
theory of the celestial sphere, the Greeks took a decisive step toward geometriz -
ing thei r worldview .

Aratus goes on t o lis t the constellations that li e on eac h of the fou r circles .
The norther n tropi c circl e passes through th e head s o f th e Twin s (Gemini )
and the knees of the Charioteer (Auriga) , passes just below Perseus, but straight
across Andromeda' s righ t ar m abov e th e elbow . Als o lyin g on th e norther n
tropic ar e th e hoof s o f the Hors e (Pegasus) , th e hea d an d nec k o f the Bir d
(Cygnus), and the shoulders of Ophiuchus. The Virgin (Virgo ) is a little south
of the tropic an d does not touc h it , but bot h th e Lion and the Crab (Cancer )
are squarely on it. This detailed description would enable the reader to visualize
the tropic of Cancer i n the night sky . Aratus gives similar lists of the constella -
tions lying on the equator and tropic of Capricorn. Fo r the zodiac—the fourth
major circle—th e lis t consists o f th e familia r twelve zodiaca l constellations .

A note o n terminology : i t i s important t o distinguis h betwee n zodiac  and
ecliptic. Th e Gree k astronomer s though t o f th e zodia c a s a  ban d o f finit e
width, a s in figure 2.2, rather than a s a vanishingly thin circle . The circl e tha t
runs dow n th e middl e o f thi s zodiaca l ban d i s the eclipti c (th e Sun' s path) ,
which th e Greek s called th e circle  through the middles of the signs. The Moo n
and th e planet s mov e nearl y along th e ecliptic , bu t th e Moo n ma y wande r
north o r sout h o f i t b y as much a s 5°. The maximu m latitudina l wandering s
of th e planet s rang e fro m abou t 2 ° in th e cas e of Jupiter t o abou t 9 ° i n th e
case o f Venus . Th e zodia c wa s conceived o f a s a  ban d wid e enoug h t o en -
compass thes e wanderings .

Fundamental Propositions  of  Greek  Astronomy

From the time of Eudoxus on, Greek astronomy was based on five fundamental
propositions:

1. Th e Eart h i s a sphere ,
2. whic h lie s at th e cente r o f the heaven ,
3. an d whic h i s of negligibl e siz e i n relatio n t o th e heaven .
4. Th e heaven , too , i s spherical
5. an d rotate s dail y abou t a n axi s that passe s through th e Earth .

We hav e discusse d proposition s 4  (sphericit y o f th e heaven , i n th e presen t
section) and i (sphericity of the Earth, in sec. 1.9). In section 1.6 , we examined
the ancien t debat e over proposition 5  (rotation of the heaven) . I n considerin g
the tw o remainin g propositions , w e wil l examin e som e o f th e argument s
offered b y Ptolem y i n Almagest I.

That Earth  I s in th e Middle o f the Heaven Suppose , say s Ptolemy , tha t th e
Earth i s not a t th e cente r o f the celestia l sphere . Then i t i s either

(a) of f the axi s of th e spher e bu t equidistan t fro m th e poles ,
(b) o n th e axi s but farthe r advance d towar d on e o f the poles , o r
(c) neithe r o n th e axi s nor equidistan t fro m th e poles .

Let us examine case (a) . In figur e 2.3 , the Eart h lie s off the axi s of the celestia l
sphere, bu t a t equa l distance s fro m th e tw o celestia l poles . I n thi s cas e ther e
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will b e troubl e wit h th e equinoxes . Le t a n observe r b e a t A  o n th e Earth' s
equator, with horizo n YAW.  A t th e tim e o f the equinox , th e Su n lies on th e
celestial equator an d therefor e run s around circl e WXYZ  i n the cours e of one
day. The observe r at A wil l see the Su n abov e the horizo n onl y fo r the shor t
time th e Su n require s t o ru n ar c YZW,  an d th e Su n wil l b e belo w fo r th e
long tim e i t take s t o trave l ar c WXY.  Bu t thi s contradict s th e observe d fac t
that, a t equinox , th e perio d o f daylight i s equal t o th e perio d o f darkness a t
all place s on Earth .

Now conside r cas e (b) , i n whic h th e Eart h i s on th e axi s o f th e univers e
but neare r one  of  the poles . Then everywher e (excep t at  the Earth' s equator )
the plane of the horizon wil l cut the celestial sphere into unequal parts, which
is contrary to observation , sinc e one hal f o f the spher e i s always found abov e
the horizo n (fig . 2.4). And i t i s not possibl e to advanc e t o cas e (c ) since th e
objections t o (a ) and (b ) would appl y here also .

That th e Earth I s a Mere Point  i n Comparison  with  th e Heaven I n th e firs t
place, say s Ptolemy , i f the Eart h ha d a n appreciabl e siz e compare d wit h th e
celestial sphere , th e sam e tw o star s woul d appear , t o observer s a t differen t
latitudes, t o hav e differen t angula r separations . Fo r example , i n figur e 2.5 ,
observers a t D  an d E  wil l measur e different angula r separations between th e
stars F  and G . That is , angles FDG an d PEG  are not th e same . Further , sta r
G will appear brighte r t o the observe r at E than t o the observe r at D. Bu t all
of thi s i s in contradictio n t o th e facts , fo r th e star s actually appear th e sam e
in th e differen t latitudes .

Second, th e tip s of shadow-casting gnomon s ca n everywhere play the rol e
of Earth's center , which coul d no t b e the case if the Earth had any appreciable
size. Fo r example , a s in figur e 2.6 , le t gnomo n A B b e perpendicula r t o th e
terrestrial meridian CG . At noo n o n th e winter solstice , the Su n i s at H  an d
produces the shadow BD;  at noon on the equinox, th e Sun is at /and produces
shadow BE; and finally, at summer solstice , th e Sun , at/ , produce s shado w
BF. Now , a t an y plac e whateve r o n th e Eart h i t i s found tha t angl e JAI =
angle IAH, roughl y 24° . Thus, the ti p A o f the gnomon ma y always be take n
as the cente r of  the sphere of the Sun' s motion . But  if  this is  true everywhere,
the Eart h mus t b e very small compared t o the celestia l sphere. Th e fac t that ,
for an y plac e o n Earth , th e ti p o f th e gnomo n ca n b e treate d a s the cente r
of the cosmo s woul d hav e been familia r t o any of Ptolemy's reader s who ha d
studied th e technique s o f constructin g sundials . W e mak e us e o f thi s fac t
ourselves, in section 3.2, where we study the construction of Greek and Roma n
sundials.

We have expanded som e of Ptolemy's argument s and illustrated them wit h
figures fo r th e sak e o f greate r clarity . Thes e argument s wer e not , however ,
original wit h Ptolemy , sinc e som e o f the m wer e use d b y earlie r writers ,
for example , Eucli d an d Theo n o f Smyrna . Indeed , th e essentia l argument s
concerning th e heaven an d th e Earth' s plac e within i t were already hundreds
of years old by the second century A.D., when Ptolem y wrote. Ptolem y merely
presented th e cas e with greater  thoroughnes s an d organization . Thes e argu -
ments remained the common stock of all astronomers down to the Renaissance.

Critique o f the Ancient Premises  I n general , the Gree k astronomer s believed
in th e litera l trut h o f al l fiv e propositions . I n a n introductor y astronom y
course, th e teache r woul d probabl y hav e marche d hi s student s throug h th e
five propositions, giving ample proofs of each, the proofs being based not onl y
on appeal s t o observatio n bu t als o on physica l an d philosophica l argument .

But from our perspective, while some of these propositions may be regarded
as rigorously proved, others only reflect a  point of view. In particular , proposi-
tions i  an d 3  (sphericit y and smallnes s of th e Earth ) ar e no t onl y provabl e
but actuall y were proved i n antiquity . Propositio n 2 , which place s the Eart h

FIGURE 2.4 .
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FIGURE 2.5 .

at th e cente r o f th e heaven , rest s partl y on empirica l evidenc e an d i s partly
conventional. Certainly , the axi s of the dail y rotatio n mus t pas s through th e
Earth. But , granted this , a s long a s the star s are ver y fa r away , i t ca n mak e
no differenc e whethe r th e Eart h i s exactl y i n th e middl e o f thing s o r not.
Every observer, whether o n th e Earth , th e Moon, or Jupiter, ca n legitimately
treat his or her own home as the center of the universe (as far as appearances are
concerned). Proposition 4, that the heaven is spherical, is wholly conventional .
Because th e star s ar e very far awa y from us , i t make s n o differenc e whethe r
they all lie on a  single spherical surface or not. But we will not ge t into trouble
by assuming that they do . Propositio n 5  also reflect s a  point o f view. We ma y
say with equa l validit y tha t th e heave n rotate s onc e a  day from eas t t o wes t
or that the Earth rotates from wes t t o east .

FIGURE 2.6.

2.2 S P H A I R O P O I I A : A  HISTOR Y O F S P H E R E - M A K I N G

Some Representative  Globes  and Armillary  Spheres

The mos t ancien t know n celestia l glob e i s a large stone spher e supported b y
a statue of Atlas, i n th e Muse o Nazional e a t Naples . Thi s statue , transferred
to it s present locatio n fro m th e Farnes e Palace in Rome , i s called the Farnes e
Atlas. The globe is a Roman copy (first or second century A.D.) o f a Hellenistic
original mad e perhap s severa l centuries earlier.

The Farnes e glob e i s show n i n figur e 2.7 . The Earth , no t represented ,
would b e a  tin y spher e locate d insid e th e celestia l sphere . Par t o f th e glob e
is obscured b y the han d o f the statu e o f Atlas that support s it . I n figure 2.7,

FIGURE 2.7 . Th e Farnes e globe . This ancien t
marble celestia l spher e was supported by a  statue

of Atlas, whose hand i s visible on th e globe.
From G . B . Passed, Atlas Farnesianus .  . . , in

Antonio Francesc o Gori , Thesaurus  gemmarum
antiquarum astriferarum,  Vol . Ill (Florence ,

1750). B y permission of th e Houghto n Library ,
Harvard University.
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the zodia c bel t i s th e triple t o f ring s archin g acros s th e uppe r par t o f th e
globe. (Th e eclipti c is the middle o f the three rings. ) On th e zodiac are several
familiar constellations : (i ) Taurus , (2 ) Gemini , (3 ) Cancer, an d (4 ) Leo . A
number o f nonzodiacal constellation s ma y als o be seen : (6 ) Canis Major , (7 )
Argo, (8 ) Hydra , (9 ) Crater , (10 ) Corvus , an d (15 ) Auriga . Celestia l circle s
represented o n th e Farnes e globe includ e the celestia l equator CD , the tropi c
of Capricorn EF , the tropic o f Cancer OK , and the solstitia l colure AB. (Th e
solstitial colure is a great circle that passes through th e celestia l poles an d th e
summer an d winte r solstitia l points. )

In th e placemen t an d representatio n o f th e constellations , th e glob e i s
consistent wit h th e description s o f the sk y in th e Phenomena  of Aratus. Fo r
example, th e constellatio n Hercule s is , in Aratus , simpl y called th e Kneelin g
Man. (Th e identificatio n wit h th e her o cam e afte r Aratus' s time. ) Hercule s
is usuall y depicte d carryin g a  clu b an d a  lion' s skin , whic h i s no t th e cas e
with th e Kneelin g Man o n th e Farnes e globe .

The Farnes e glob e was, o f course , a  display piece and no t a  usable globe.
Figure 2. 8 show s on e o f th e oldes t know n portabl e globes , fro m medieva l
Islam. Althoug h n o portabl e glob e (o f th e typ e suitabl e fo r teaching ) ha s
come dow n to u s from Greek times , we know tha t they were fairly common .
Geminus, th e autho r o f an introductor y astronom y textboo k (Introduction  to
the Phenomena, first century A.D.) , refer s t o celestia l globes in severa l passages
and clearl y expected hi s reader s t o b e familia r wit h them . Moreover , globe s
appear i n Gree k an d Roma n art , fo r example , o n coin s an d o n murals . (Se e
fig. 5.13 for a  coin fro m Roma n Bithyni a that shows Hipparchus seate d befor e
a smal l celestia l globe.)

Ptolemy (Almagest  VIII , 3) gives detailed direction s for buildin g a  celestial
globe. H e say s i t i s best t o mak e th e glob e o f a  dar k color , resemblin g th e
night sky , and give s directions fo r locating th e star s on it . The star s are to be
yellow, with sizes that correspond to their brightnesses. A few stars, for example,
Arcturus, tha t appea r reddis h i n th e sky , shoul d b e painte d so . Th e glob e
described b y Ptolem y wa s of unusua l sophistication, fo r i t wa s fitte d wit h a
stand tha t allowed th e user to duplicate no t onl y th e daily rotation abou t th e
poles o f th e equator , bu t als o th e slo w precessio n abou t th e pole s o f th e
ecliptic.

Similar to the celestial globe, but easie r to construct, i s the armillary sphere,
in whic h th e heaven s ar e represente d no t b y a  solid bal l bu t b y a  fe w rings
or band s whic h for m a  kind o f skeleton sphere . ("Armillary " fro m th e Lati n
armilla, arm-band, bracelet. ) This model emphasize s the various circles in th e
sky that are associated with th e Sun' s motion. Figur e 2.9 shows a Renaissanc e
illustration o f an armillar y sphere .

FIGURE 2.8 . A n Arabic celestial globe (Oxford ,
Museum o f the Histor y of Science). The star s
are represented by inlai d silve r disks , with size s
corresponding to th e magnitude s of the stars .
The glob e is pierced by holes at th e pole s o f th e
equator an d a t th e pole s o f the ecliptic . (There
is a  third pai r o f holes whose function i s not ob -
vious. Perhap s they were drilled by mistake. ) A
series o f holes in th e stan d permits adjustmen t
of the axi s o f rotation for geographical latitude
at increment s of 10° . Th e inscriptio n informs u s
that th e glob e was mad e in A.H . 76 4 (A.D . 1362 7
1363) an d tha t th e make r of the glob e took th e
star position s fro m th e Book  o f the Constellations
of al-Sufi . Urs a Major ma y b e seen , upside
down, nea r th e middl e of the globe . Th e
Pointets point a t th e middl e hole, which i s the
pole o f th e equator . (Compare with fig . 1.15. )

Uses of  the  Globe

With either a  globe or an armillary sphere i t is possible to reproduce a variety
of astronomical events—the risings and setting s of stars, the annua l solar cycle,
and so on. On e ca n make apparent in a  moment wha t woul d requir e months
to observ e i n th e sky , s o th e model s ca n b e use d t o supplement , o r eve n
replace, rea l observation i n th e teachin g o f astronomy .

Even afte r th e developmen t o f spherica l trigonometry (b y the en d o f th e
first century A.0.), concrete model s continue d t o serve as aids to visualization
and understanding . Indeed , i f one desires only numerical answers (rather than
mathematical formulas) , and i f one does not insis t that these numbers be very
precise, on e ca n perfor m al l th e trigonometri c "calculations " necessar y t o
astronomy b y manipulating a  concrete model . A well-made celestia l globe or
armillary spher e i s a kind o f analo g computer .

These model s wer e als o aid s i n th e discover y o f th e world . Man y fact s
about th e Eart h ar e rea d directl y o n th e celestia l globe : th e existenc e o f a
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FIGURE 2.9 . A n armillar y sphere. Fro m
Cosmographia .  . . Petri Apiani &  Gemmae  Frisii

(Antwerp, 1584) . Courtes y o f the Rar e Boo k
Collection, Universit y o f Washington Libraries .

midnight Su n i n th e extrem e norther n an d souther n latitudes , "days " o f six
months at the poles, the existence of a tropical zone in which the Sun sometimes
stands at the zenith, and the reversal of the seasons in the southern hemisphere.
All these  fact s o f geograph y ca n b e demonstrate d wit h th e celestia l globe .
These fact s abou t th e Eart h wer e discovere d throug h though t an d no t b y
exploration.

Armillary sphere s wer e commo n teachin g tool s i n Gree k antiquity , an d
they ar e mentione d a s such b y Geminus . Bu t i f an armillar y sphere i s made
well enough, and large enough, and equipped wit h sights , i t can also function
as an instrumen t o f observation. I t ca n b e used , fo r example , t o measur e th e
celestial coordinate s o f star s o r planet s i n th e nigh t sky . B y Ptolemy's time ,
the armillary sphere had become the preferred instrument of the Greek astrono-
mers. (Se e fig. 6.8 for the instrumen t describe d by Ptolemy in Almagest V, i. )

History of  Model-Making

According to Sulpicius Gallus, Thale s o f Miletus (sixt h century B.C. ) was the
first to represen t the heaven s wit h a  sphere . Thi s woul d hav e bee n a  soli d
sphere o n whic h star s were marked . Whethe r thi s spher e wa s made t o tur n
about a n axi s w e d o no t know . Indeed , becaus e mos t o f wha t w e kno w o f
Thales i s mere rumor and legend , i t is far from certain tha t th e celestia l globe
really originated with him. Among the ancients, Thales' name was a catchword
for wisdo m an d learnin g and man y discoverie s wer e attribute d t o hi m tha t
really were made muc h later .
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In an y case , by th e tim e o f Plato (fourt h century B.C. ) suc h model s mus t
have been fairly common . When Plat o describe d th e creation o f the universe
by th e craftsman-go d i n hi s Timaeus,  h e had i n min d th e physica l imag e of
the univers e provided b y the armillar y sphere. According t o Plato , th e crafts-
man-god firs t o f al l prepared a  fabri c fro m whic h h e intende d t o construc t
the world , an d thi s fabri c wa s made o f world-soul. Th e craftsman-go d

then too k th e whol e fabri c an d cu t i t dow n th e middl e into tw o strips ,
which he place d crosswise a t thei r middle points to for m a  shape like th e
letter X; he then bent the ends round in a  circle and fastene d the m to each
other opposit e th e poin t a t which the strip s crossed , to mak e two circles ,
one inne r an d on e outer . And h e endowed them with unifor m motio n in
the sam e place , an d name d th e movemen t of th e oute r circl e afte r th e
nature o f th e Same , o f th e inne r afte r th e natur e of th e Different . Th e
circle of  the Same he caused to  revolv e fro m lef t to  right , and the  circl e of
the Differen t fro m righ t t o lef t o n a n axi s incline d to it ; and h e made the
master revolutio n that o f the Same.

"Motion i n th e sam e place " mean s circula r motion . Th e tw o intersectin g
circles are,  o f course , th e equato r an d th e ecliptic . Th e dail y motio n fro m
east t o west , share d b y al l the heavenl y boaies, i s the "maste r revolution, " o r
the revolution "o f the Same," an d i s associated with the equator . Th e eclipti c
partakes o f the natur e o f the Differen t becaus e the Sun , Moon , an d planet s
all ten d t o mov e i n th e contrar y direction—fro m wes t t o east—alon g thi s
circle. There is no doubt , then , tha t Plato' s conceptio n o f the univers e owed
something t o th e concret e exampl e o f th e armillar y sphere. Thi s i s perhaps
the earliest example we have of something that has since become commonplace :
a successfu l scientifi c mode l o r theor y ma y affec t ou r pictur e o f th e worl d
and caus e shift s i n religio n an d philosophy .

Farther o n i n th e sam e discussion , Plat o mention s th e creatio n o f th e
planets and the motions with which go d has endowed them . Bu t he forswears
any detailed explanation of these motions, saying , "It would be useless without
a visible model to tal k about th e figure s o f the dance [o f the planets]," which
again make s on e thin k tha t model s were i n us e by Plato' s time .

Eudoxus of Cnidus sough t t o explain this dance o f the planets by a system
of nested spheres , turning about severa l different axe s inclined to one another .
He wa s able in thi s way to reproduc e fairl y well  the variation s i n speed , th e
stationary points, and the retrogradations tha t are characteristic of the planets '
motions. Whethe r h e mad e a  concret e mode l t o illustrat e hi s theor y i s no t
known. Eudoxus , who was a mathematician o f the first order, would no t have
needed mechanica l aids , bu t suc h a  model migh t hav e mad e discussio n wit h
others easier . If i t existed , the mode l o f Eudoxu s woul d hav e bee n th e firs t
orrery. Suc h a  device , whic h duplicate s th e motion s o f th e planets , i s much
more complicated tha n a  globe or armillar y sphere, which merel y reproduces
the dail y revolution o f th e celestia l sphere.

In any  case , sphairopoita ("spher e making")—th e art  of  making model s to
represent th e celestia l bodies and thei r motions—soo n becam e a n established
branch of mechanics and was carried to a high level by the time of Archimedes
(ca. 250 B.C.). According to Plutarch," this brilliant mathematician repudiate d
as sordi d an d ignobl e th e whol e trad e o f mechanic s an d ever y art tha t len t
itself t o mer e us e an d profit . Archimedes i s famous fo r inventin g machine s
of al l kinds—water screws , hoisting machines , an d engine s of war—but thes e
he is supposed to have designed no t a s matters of any importance bu t a s mere
amusements in  geometry . And  so  Archimedes did  not  "deig n to  leav e be-
hind hi m an y commentar y o r writin g o n suc h subjects " bu t "place d hi s
whole affectio n an d ambitio n i n thos e pure r speculations wher e ther e can be
no referenc e t o th e vulga r need s o f life. " Yet , h e seem s t o hav e mad e a n
exception i n th e cas e of spher e making , perhap s becaus e i t help s on e attai n
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FIGURE 2.IO . A . A portable sundial an d gear -
work calendrica l calculator fro m th e Byzantine
period (circ a A.D. 500) . Top:  Conjectural recon -
struction o f th e back . A  dia l a t th e lef t indicate s
the positio n o f the Su n i n th e zodiac . A dia l a t
the righ t indicate s the positio n o f the Moon .
The windo w a t the botto m indicate s the phas e
of the Moon . Bottom:  Reconstruction o f th e
front. Th e suspensio n rin g must b e positione d
for th e latitud e o f the observer . The sundia l
vane mus t b e adjuste d fo r th e tim e o f year. Th e
user hold s th e dia l vertically and turn s i t unti l
the shado w o f th e gnomo n fall s o n th e scal e of
hours engrave d o n th e curve d par t o f the vane ,
indicating the tim e of day . Th e dia l a t th e lef t
is t o b e turned on e notc h a  day. Th e gea r train
inside th e devic e the n advance s th e Su n an d
Moon indicator s b y the appropriat e amounts .
From Fiel d and Wrigh t (1984) .

an understandin g o f divine objects . For , accordin g t o Pappus , Archimede s
composed a  special treatise on thi s subject , which i s now lost . This book o n
sphere makin g wa s th e onl y wor k o n mechanic s tha t Archimede s judge d
worthwhile t o write.

That Archimedes actuall y made model s o f the heaven s i s beyond doubt ,
for Cicer o tell s u s tha t afte r th e captur e o f Syracus e (21 2 B.C. ) the Roma n
general Marcellus brought two of them back to Rome. One was a solid celestial
globe, which Marcellu s placed i n the templ e of Vesta, where all might go and
see it. This seems to b e the same globe tha t Ovi d mention s i n thes e lines on
Vesta an d he r hall :

There stand s a  globe hung by Syracusan ar t
In close d air , a  smal l image o f the vas t vault o f heaven,
And th e Eart h i s equally distant fro m th e to p an d bottom .
That i s brought abou t b y its round shape. 13

Ovid's descriptio n o f th e spher e as an imag e o f the heaven s wit h th e Eart h
inside, equall y distan t fro m to p an d bottom , make s i t soun d mor e lik e a
hollow armillary sphere than th e solid globe described by Cicero. Ovi d wrote
these line s around A.D . 8 , more tha n 20 0 year s afte r th e glob e wa s brough t
to Rome. And, althoug h Ovi d writes as if the globe still existed in his time, i t
is possible that i t did not and that he never saw it. Besides, Ovid's astronomica l
knowledge i s often defective , so Cicero's descriptio n i s more t o b e trusted .

According t o Cicero , th e secon d o f Archimedes' model s was taken hom e
by Marcellus, "though h e too k hom e wit h hi m nothin g els e out o f the grea t
store o f booty captured. " Year s later, i t wa s shown b y Marcellus' s grandso n
to Gaius Sulpicius Gallus, who was evidently one of the fe w who understoo d
the workings o f the machine . This second model ,

on whic h were delineate d the motion s of th e Su n an d th e Moo n an d o f
those fiv e star s whic h ar e calle d wanderers , o r a s w e migh t say , rovers ,
contained more than could be shown on the solid globe, and the invention
of Archimedes deserve d specia l admiratio n because h e ha d though t out a
way to represen t by a single device for turning the globe those various an d
divergent movements with their different rate s of speed. And when Gallus
moved th e globe , i t was actually true that th e Moo n wa s always a s many
revolutions behind the Su n on th e bronz e contrivance as would agree with
the number of days it was behind in the sky . Thus, the same eclipse of the
Sun happene d on th e glob e as would actually happen.

This orrery of Archimedes must have been quite a marvel, for Cicero expresses
disapproval of some who "think more highly of the achievement of Archimedes
in makin g a  model o f th e revolution s o f the firmamen t tha n tha t o f nature
in creating them, although th e perfection of the original shows a craftsmanship
many time s a s great a s does th e counterfeit. "

Archimedes was not th e only master of the art of sphere making, for Cicero
also mentions "the orrery recently constructed by our friend Posidonius, which
at eac h revolutio n reproduce s th e sam e motio n o f th e Sun , th e Moo n an d
the fiv e planet s tha t tak e plac e i n th e heavens  ever y twenty-fou r hours. "
Cicero probabl y saw this device himself, for as a young man h e had attende d
Posidonius's lectures in Rhodes, an d again befriended him when th e philoso -
pher came  t o Rom e a s ambassado r fro m Rhode s i n 87-8 6 B.C . But, alas ,
Cicero give s us no detail s of th e constructio n o f this machine .

The orrerie s of Archimedes an d Posidoniu s wer e intende d primaril y t o
give a  visua l representatio n o f th e universe . Bu t i t i s clea r fro m Cicero' s
remarks tha t these  tw o orrerie s also incorporate d som e quantitative feature s
of the  planets ' motions—a t leas t thei r relativ e speeds alon g the  zodiac . Two
related kind s o f construction s ca n b e mentione d here . On e wa s the simpl e
cosmological model, which did not incorporate any quantitative features, bu t
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which gav e the viewer an overal l visual impression o f the arrangemen t o f th e
universe. Fo r example , Theo n o f Smyrn a tell s u s tha t h e himsel f mad e a
model o f th e neste d spindle-whorl s cosmo s describe d b y Plat o i n th e tent h
book o f th e Republic.  Thi s mode l woul d no t hav e done  much , bu t i t di d
illustrate Plato' s cosmolog y i n a  visually striking way .

Less visual, but mor e quantitative, was the gearwork calendrical computer .
Parts o f tw o suc h device s hav e bee n discovered , on e datin g fro m th e firs t
century B.C. 18 an d on e fro m th e fift h o r sixt h centur y A.D . Th e use r wa s
expected to turn awheel through on e "click" each day. A gearwork mechanism
then advance d indicator s showin g th e phas e o f th e Moo n an d th e positio n
of the Su n i n th e zodia c (se e fig. 2.10).

The Place  of  Sphairopoi'ia  among  the Mathematical Arts

One shoul d no t tak e Archimedes ' disdai n fo r mechanic s a s representative o f
his time . B y Archimedes' time , mechanic s no t onl y wa s a  usefu l trade , bu t
also ha d becom e a  recognize d genr e o f technica l writing . Sphairopotia,  th e
subdivision o f mechanics devote d t o models o f the heavens , was also a recog-
nized specialty . Sphairopoi'i a include d the  constructio n of  celestia l globes, to
be sure . But , a s we have seen , i t als o include d th e makin g o f other kind s o f
images of the heavens, such as models of the planetary system and mechanica l
calculating device s intende d t o replicat e feature s o f the motion s o f the Sun ,
Moon, and planets . Two recognize d branche s o f astronomy prope r wer e also
devoted t o concret e constructions : gnomonics  (the makin g o f sundials ) an d
dioptrics (th e desig n an d us e of sighting instruments) .

The relatio n o f these  thre e art s t o th e res t o f mathematica l knowledg e i s
discussed b y Geminus , a  Gree k scientifi c write r o f th e firs t centur y A.D.
Geminus wrote an elementary astronomy textbook (Introduction  t o the Phenom-
ena) tha t ha s come down t o us more or less intact. H e als o wrote a large book
on mathematics , whic h containe d a  good dea l o f philosophy an d histor y o f
mathematics. Thi s boo k ha s not com e dow n t o us . But muc h o f its content
is summarize d b y Proclu s i n hi s Commentary  o n th e First  Book  o f Euclid's
Elements. In his mathematical treatise , Geminus discusse d th e organization of
mathematical knowledg e an d th e relatio n o f it s various branches t o on e an -
other. Geminus' s outlin e o f th e mathematica l science s ca n b e summarize d
thus:

Organization o f the mathematica l science s according t o Geminu s

• Pur e mathematic s (concerne d wit h menta l object s only)
• Arithmeti c (stud y o f odds , evens , primes, squares)
• Geometr y

• Plan e geometr y
• Soli d geometr y

• Applie d mathematic s (concerne d wit h perceptibl e things)
• Practica l calculatio n (analogou s t o arithmetic )
• Geodes y (analogou s t o geometry )
• Theor y o f musica l harmon y (a n offsprin g o f arithmetic)
• Optic s (a n offsprin g o f geometry )

• Optic s prope r (straigh t rays , shadows , etc. )
• Catoptric s (theor y of mirrors , etc. )
• Scenograph y (perspective)

• Mechanic s
• Militar y engineerin g
• Wonderworkin g (pneumatic s applie d t o automata )
• Equilibriu m an d center s o f gravity
• Spher e makin g (mechanica l image s o f th e heavens )

FIGURE 2.10 . B . Portable sundia l an d gear -
work calendrica l calculato r fro m th e Byzantin e
period. Top:  A moder n reconstructio n i n metal .
Bottom: The extan t portio n o f the gea r train . At
the righ t ca n b e seen th e ratche t (th e oldes t
known ratchet) , whic h prevente d th e use r fro m
turning th e da y dial in th e wrong direction .
Science Museum , London .
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FIGURE 2.II . A  sixteenth-century brass armil -
lary sphere . Science Museum, London.

• Astronom y
• Gnomonic s (sundials )
• Meteoroscop y (genera l astronomical theory )
• Dioptric s (instrument s of observation) 20

Mathematical knowledg e i s divided int o the pure (which deal s with menta l
objects only) and the applied (which deals with perceptible things). Astronomy
is on e amon g si x branches o f applie d mathematics . Geminu s wa s not alon e
in makin g astronom y a  par t o f mathematics , fo r thi s wa s th e genera l vie w
among the Greeks. Ptolemy, for example, always refers to himself as a mathema-
tician. Two of Geminus's three subbranches of astronomy are concerned wit h
the construction an d us e of instruments: gnomonics and dioptrics.  As Geminus
says, gnomonic s i s concerne d wit h th e measuremen t o f tim e b y means  o f
sundials, while "dioptric s examine s the position s o f the Sun , Moon , an d th e
other star s by mean s o f just such instrument s [i.e. , dioptras]. " As for spher e
making, Geminu s make s i t a part o f mechanics, n o doub t becaus e it involves
the us e of geared mechanism s an d wate r powe r t o activat e it s image s o f th e
heavens.

Some Reservations  about Sphairopoii'a

The purpose of sphairopoi'ia was to make immediately evident fact s that could
otherwise demonstrated onl y by difficul t geometrica l argument o r prolonge d
observation o f th e skies . Th e dange r o f thi s metho d wa s that th e desir e to
perfect th e concret e mechanis m woul d replac e th e tast e fo r reflectio n an d
observation an d s o woul d lea d on e awa y fro m rea l astronom y int o simpl e
tinkering. Plato had already criticized the geometers who made use of mechani-
cal devices to solve problems,21 saying that this was the corruption and annihila-
tion o f th e on e goo d o f geometry , whic h ough t t o concer n itsel f with th e
contemplation o f th e unembodie d object s o f pur e intelligence , rathe r tha n
with base material things. And Ptolemy , the greatest astronomer o f antiquity,
objected t o traditiona l spher e makin g o n th e ground s that , i n th e majority
of cases, i t only reproduced th e appearances of things without troublin g itself
over cause s and gav e proofs of its own technica l accomplishmen t rathe r than
of the justice of astronomical hypotheses . Ptolemy' s complain t probabl y was
justified, especiall y when applie d t o th e orreries , which certainl y ha d a n ai r
of th e marvelou s an d extravagant . Bu t ther e i s n o doub t tha t th e simple r
models—the armillary sphere and the celestial globe—played an important par t
in th e teachin g o f astronom y and even , i n th e earl y days o f thi s science , in
fundamental researc h an d discovery . Perhap s i t wa s because he realize d thi s
that Ptolemy, i n hi s Planetary  Hypotheses,  decide d afte r al l to giv e a  summary
of ideas tha t migh t b e usefu l t o thos e who wis h t o mak e concret e model s of
the cosmos .

A Renaissance  Armillary Sphere

In the Renaissance , armillary spheres became enormously popular, and man y
examples survive in museums. 23 In figur e 2.1 1 we see a well-made, functiona l
model, suitabl e fo r instructiona l use . Thi s armillar y spher e i s o f sixteenth -
century German workmanship . The circle s are of brass. The outsid e diameter
of th e meridia n i s about 9  1/ 2 inches . Thi s spher e ha s a n interestin g special
feature: i t i s equipped wit h rotatabl e auxiliary rings that allow markers repre-
senting th e Su n an d Moo n t o b e move d an d positione d a t wil l alon g th e
zodiac. The Su n and Moon marker s may be seen on th e insid e of the zodiac
ring.
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2.3 EXERCISE : USIN G A  CELESTIA L GLOB E

Directions for Use  of the  Sphere

A usabl e celestial globe must hav e the followin g features: (i ) a  fixed horizon
stand, (2 ) a moveable meridian rin g that allow s the mode l t o b e adjusted for
the observer' s latitude , an d (3 ) a n axi s o f rotation . (Thes e feature s ar e al l
displayed b y th e Renaissanc e model i n fig . 2.9. ) I f yo u us e a  soli d celestia l
globe, you should visualize the Earth as a geometric point, a t rest at the cente r
of the sphere .

The four most important circles of the model are the horizon, the meridian,
the equator , an d th e ecliptic .

The horizo n an d th e meridia n ar e fixed circles that d o no t participat e i n
the revolution bu t for m a base or stand fo r the revolvin g sphere. The horizon
ring represent s the observer' s own horizon . Therefore , point s o f th e spher e
that are above the horizon are visible, and those below, invisible. The horizo n
should b e marke d al l around a t 5 ° or 10 ° intervals . On mos t horizo n stands ,
the cardina l point s (north , east , south , an d west ) als o ar e marked . Thes e
markings enabl e one t o tel l i n jus t what directio n a  given sta r rise s o r sets .

The meridian  ring may be turned i n the stand so that th e elevation o f the
celestial pole above the horizon ma y be varied. B y this means the mode l ma y
be adjuste d t o giv e th e appearanc e o f th e sk y a t an y desire d latitude . Th e
latitude of a place on Eart h i s equal to the altitud e of the north celestia l pole
(or arcti c pole) a t tha t place .

The equato r an d th e eclipti c bot h participat e i n th e dail y revolutio n o f
the heavens . The  equator  is divided into hours . These marks may be counte d
as they tur n pas t th e meridia n rin g to measur e elapsed time . I n othe r words ,
the celestial equator, turning past the fixed meridian, constitutes a giant clock.
Thus, one may determine, for example, the time between the rising and setting
of a  particular star . (Technically , th e star s take abou t fou r minute s les s tha n
twenty-four hour s t o complet e a  revolution . Fo r mos t purpose s thi s smal l
difference ma y b e ignored. )

The ecliptic  i s the path tha t the Sun follow s in its annual motion. O n you r
model, i t ma y be marke d i n degree s of celestia l longitude, o r with th e date s
on whic h th e Su n reache s each point , o r with bot h kind s of information.

If yo u ar e usin g a  celestia l globe , yo u wil l se e tha t i t i s marke d wit h
many stars . If you ar e using an armillar y sphere , i t ma y be marked with th e
approximate positions o f a few prominent star s that happe n t o lie on o r near
one o f the circles .

Example
Problem: What wil l a n observe r at 50 ° north latitud e se e the Su n d o o n

April 20?
Solution: Firs t se t th e meridia n s o tha t th e arcti c pol e i s 50 ° abov e th e

north poin t o f the horizo n (a s in fig. 2.9).
Then place the April 20 mark of the ecliptic on th e horizon and find that

the Su n rise s abou t 17 ° nort h o f east . Not e tha t th e 19-hou r mar k o f th e
equator is now at the meridian. (This is , in modern parlance , called the sidereal
time of sunrise. The siderea l time is indicated by the hour mark of the equator
that i s on th e meridia n abov e th e horizon . Siderea l time i s no t th e sam e as
ordinary cloc k time. )

Then turn the spher e until the April 20 mark reaches the western horizon
and not e that th e 8  3/4 hour mar k o f the equato r i s on th e meridian . (Thus ,
the siderea l tim e o f sunse t i s 8  3/ 4 hours. ) T o fin d th e lengt h o f th e day ,
subtract the siderea l time of sunrise from th e siderea l time of sunset: the Su n
was abov e th e horizo n fo r 8  3/4 — 19 =  2 4 +  8  3/ 4 — 19 =  1 3 3/ 4 hours .
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A note on reckoning tim e intervals : In computing a  time interval , the rule
is always (time o f fina l event ) — (time of initia l event) . So , t o fin d th e lengt h
of th e day , we comput e sunse t minu s sunrise . I f you subtrac t i n th e wron g
order, yo u wil l fin d th e lengt h o f th e night . I f yo u canno t carr y ou t th e
subtraction becaus e th e firs t numbe r i s smaller tha n th e numbe r bein g sub-
tracted, yo u can always add 2 4 hours t o the first number, a s in ordinary cloc k
arithmetic.

Finally, place the Sun (the April 20 mark) at the meridian, simulating local
noon. Fin d tha t th e Su n i s 51 ° abov e th e horizon .

In summary , o n Apri l 20 , a n observe r a t 50 ° north latitud e wil l se e the
Sun ris e 17° nort h o f east , cros s th e meridia n 51 ° abov e th e horizon , an d se t
17° nort h o f west , 1 3 3/ 4 hours afte r i t rose .

The Motion  of  the  Sun

Use a celestial globe or an armillar y sphere t o investigat e th e behavio r o f the
Sun a t differen t time s o f the yea r and a t differen t latitudes . I n particular :

1. Mak e a  graph o f th e altitud e o f th e Su n a t noo n versu s th e date . Plo t
at leas t on e poin t fo r eac h thirt y day s ove r a n entir e year . You shoul d
make thre e such graphs , fo r latitudes o°, 35° , an d 70° . Your graphs will
be mor e meaningfu l i f yo u displa y the m o n a  singl e shee t o f grap h
paper.

2. Mak e a  graph o f the risin g direction (numbe r of degrees north o r sout h
of east ) o f th e Su n versu s the dat e fo r a  whole year . D o thi s fo r eac h
of the sam e thre e latitudes .

3. Mak e a  grap h o f th e lengt h o f th e longes t da y o f th e yea r (i n hours )
versus latitude . Var y th e latitud e b y 10 ° step s fro m o ° t o 90° . (Thi s
graph ha s a  historica l a s well a s an astronomica l interest . Th e Greek s
often designate d th e latitud e o f a  plac e b y givin g th e lengt h o f th e
longest da y there. )

Questions and Problems

1. I s ther e an y plac e o n Eart h a t whic h th e Su n rise s directly i n th e eas t
every day o f the year ?

2. I s ther e an y tim e o f yea r a t whic h th e Su n rise s directl y i n th e eas t
everywhere on Earth ?

3. Us e the celestia l globe to determin e th e trut h o r falsity o f the following
two familia r statements : "A t th e equator , th e Su n alway s rise s directl y
in th e east . Moreover, th e Su n i s above th e horizo n twelv e hours every
day there. "

4. Suppos e the Sun crosses the loca l meridian sout h o f the zenith a t some
particular place on Earth and on some particular day. Can ther e be any
place on Earth at which the Sun crosses the meridian north o f the zenith
on tha t sam e day ?

5. Suppos e th e Su n rise s south o f eas t a t som e particula r plac e o n Eart h
and o n som e particula r day . Can ther e b e any place on Eart h a t whic h
the Su n rise s north o f eas t o n tha t sam e day ?

6. The tropi c o f Cancer tha t i s often marke d o n globe s o f th e Eart h i s a
projection o f the celestia l tropi c o f Cancer . Therefore , i t i s a circle o n
the Earth' s surfac e a t a  latitude o f about 23°. What i s special about thi s
latitude? In what way are latitudes above this different fro m those below?
Think i n term s o f the apparen t motio n o f the Sun.

7. Th e arcti c circl e is a  circle on th e Eart h a t a  latitude o f about 67° . In
what way are latitudes above the arctic circle different fro m thos e below?

8. Suppos e we divid e th e Eart h int o fiv e zones , wit h boundarie s forme d
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by the arcti c circle , th e tropi c o f Cancer, th e tropi c o f Capricorn, an d
the antarcti c circle . Describ e characteristic s o f eac h zon e a s full y a s
possible, i n term s o f the Sun' s behavior .

The Greek s divide d th e Eart h int o thes e sam e zones , bu t som e writer s
limited the frigid zones by the arctic and antarctic circles of the Greek horizon.
See section 2. 5 for a n explanatio n o f th e "loca l arcti c circle. " O n th e zones ,
see sectio n 1.12 .

2-4 EARL Y WRITER S O N TH E S P H E R E

Autolycus ofPitane

The oldes t survivin g works o f Gree k mathematica l astronom y ar e thos e o f
Autolycus, O n th e Moving Sphere  an d th e tw o book s calle d O n Risings  an d
Settings?4 Autolycus (roughl y 360-290 B.C. ) came fro m th e cit y of Pitane o n
the western coas t of Asia Minor, opposit e Mytilene . Hi s works dat e fro m th e
time whe n Gree k mathematica l astronom y was just emerging. Together , th e
three works contai n severa l dozen propositions , al l simply and geometricall y
proved.

On th e Moving Sphere  treat s twelve elementar y proposition s concernin g a
sphere tha t rotate s abou t a  diameter a s axis. For example ,

i. I f a sphere rotates uniformly about it s axis, all the points on th e surfac e
of th e spher e whic h ar e no t o n th e axi s wil l trac e paralle l circles tha t
have th e sam e pole s a s th e sphere , an d tha t ar e perpendicula r t o th e
axis.

One notices here something that is common i n all the elementary astronomical
works: a reversal of the line of historical development. Thus , although astron -
omy bega n wit h observatio n o f the circula r motion o f the stars , from whic h
the spherica l form o f the heaven s was inferred, Autolycus assumes  a spherical
universe and deduce s th e circula r orbit s o f the stars .

4. I f on a sphere an immobile great circle perpendicular to the axis separates
the invisibl e from th e visibl e hemisphere , the n durin g th e rotatio n o f
the sphere about its axis, none of the points on the surface o f the sphere
will set or rise . Rather, the points located o n th e visible hemisphere are
always visible; and those on the invisible hemisphere are always invisible.

The "immobil e grea t circle tha t separate s the invisibl e from th e visible hemi-
sphere" i s the horizon . Circumlocutions suc h a s this were common i n an age
in which a  technical vocabular y was still emerging . Our ter m horizon  derives
from th e Gree k verb horizo, to divid e or separate . I n thi s fourth proposition ,
then, Autolycu s consider s a  situatio n i n whic h th e axi s o f th e univers e i s
perpendicular t o th e horizon . Suc h i s the cas e at th e nort h o r sout h pol e o f
the Earth , wher e th e celestia l pol e stand s directl y overhead . Here , non e o f
the star s rise o r set .

A curious aspect of Autolycus's style in O n the Moving Sphere  i s the absence
of any overt referenc e to th e astronomica l applications o f the theorems . Th e
objects that rise and set are not star s but merel y points (semeia),  an d the object
on which these  points are fixed is not th e cosmos but a  hypothetical revolvin g
sphere. Thi s was probably deeme d t o mak e th e boo k bette r (becaus e purer)
geometry.

5. I f a  fixe d circl e passin g throug h th e pole s o f th e spher e separate s th e
visible fro m th e invisibl e part, al l points o n th e surfac e o f th e spher e
will, in the cours e of its revolution, both se t and rise . Further , they will
pass th e sam e tim e belo w th e horizo n an d abov e th e horizon .
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FIGURE 2.12 .

Proposition 5  applies a t th e Earth' s equator , wher e th e celestia l pole s li e o n
the horizon .

9. I f on a  sphere a great circle oblique to the axi s separates the visible part
of the sphere from th e invisibl e part, then , o f all the point s tha t ris e at
the sam e time, th e one s close r to th e visibl e pole wil l se t later; and, of
all th e point s tha t se t a t th e sam e time , th e one s close r t o th e visibl e
pole wil l ris e sooner .

If the horizo n i s neither perpendicular nor paralle l to th e axis , it i s said to b e
oblique o r inclined . S o proposition 9  applies wherever 4  an d 5  do not—tha t
is, everywher e on Eart h excep t a t th e pole s and th e equator .

The proposition s quote d her e giv e a  fai r ide a o f th e subjec t matte r an d
the leve l o f difficult y o f O n th e Moving Sphere.  Th e proposition s ar e al l o f
the kind that could be discovered by experiment on a concrete model and the n
proved by elementary geometrical reasoning. In Autolycus we find nothing tha t
could serv e as a  basis fo r a  general  method o f calculation—ther e i s as yet n o
trigonometry—but only knowledge of the sort that implies a thorough familiar -
ity with th e celestia l globe.

Euclid's Phenomena

Almost contemporary with Autolycus was Euclid, whose masterwork on geom-
etry date s fro m th e thir d centur y B.C . The thirtee n book s o f th e Elements
represent th e culminatio n o f classical geometry and remai n amon g th e mos t
studied work s i n th e histor y o f thought . Mor e tha n a  1,00 0 edition s hav e
appeared sinc e the  inventio n of  printing. 25 However , the  Elements  contains
little tha t i s o f specia l interes t fo r astronomy . Th e geometr y o f th e sphere ,
for example , i s scarcely treated .

But Eucli d di d leave us a more astronomical work, th e Phenomena,  which
covers in eighteen theorems some important, if elementary, features of spherical
astronomy. Le t u s examine a  few:

i. Th e Eart h i s in th e middl e o f the cosmo s an d occupie s th e positio n o f
center with respec t t o th e cosmos .

How doe s Euclid prove the centrality of the Earth? Suppose, as in figure 2.12,
that ABC i s the circl e of the horizon, wit h C  in the eastern part an d A i n the
west. Th e observe r i s a t D . Loo k throug h a  sightin g tub e (dioptra ) a t th e
Crab whe n i t i s rising at C . If you the n tur n aroun d an d loo k throug h th e
other en d o f the tub e you wil l se e the Goat-Hor n settin g a t A. Thus , AD C
is a  diameter o f the spher e o f stars , fo r th e ar c between th e Goat-Hor n an d
the Cra b i s six zodiac signs . In th e sam e way, aim th e dioptr a a t B  when th e
Lion i s rising there . I f you then look through th e othe r end o f the dioptra ,
you wil l se e the Water-Poure r settin g a t E . B  an d E  ar e si x signs apart , s o
BDE i s als o a  diamete r o f th e spher e o f stars . Therefore , th e poin t D  o f
intersection i s the cente r o f the sphere . This is the Earth , where the observer
stands.

Like Ptolemy's demonstrations o f the place of the Earth, Euclid' s argument
is a  thought-proo f rathe r tha n a  tru e appea l t o observation . N o on e eve r
became convinced o f the centrality of the Earth by making such observations .
The conventiona l natur e o f the proo f is clear from Euclid' s us e of Crab an d
Goat-Horn a s i f the y wer e point s o n th e spher e rathe r tha n zodiaca l sign s
each 30° long. Conventional demonstrations can have a long life. Copernicus,
for example , some 1,80 0 year s later , gav e exactl y th e sam e "proof tha t th e
Earth i s as a poin t i n compariso n with th e heavens. 27 Eve n th e figur e i s th e
same. Copernicus , o f course , deduce s fro m thes e consideration s onl y th e
smallness o f th e Earth : h e point s out , rightly, tha t thi s evidenc e doe s no t
prove tha t th e Eart h i s at th e cente r o f th e universe.

88
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3. O f th e fixe d star s tha t ris e and set , eac h [always ] rise s an d set s a t th e
same point s o f the horizon .

Euclid proves this from the spherical nature of the heavens, but this elementary
fact was certainly known long before anyone had any conception o f the celestial
sphere.

ii. O f [two ] equa l and opposit e arc s o f the ecliptic , while th e on e rise s
the othe r sets , and whil e the on e set s the othe r rises.

17. O f [two ] equal arcs [of the ecliptic] on either side of the equator and equi -
distant fro m th e equator , in the time in which on e passes across the vis-
ible hemisphere th e othe r [passe s across ] the invisibl e hemisphere. . . .

These theorems , lik e those i n Autolycus, contai n littl e tha t woul d b e usefu l
to a  practicing observer, no r ar e they the result s of observation. Rather , the y
are simple consequence s o f the spherica l nature of the heavens , sprung fro m
the real m o f thought .

The Littl e Astronom y

Euclid's Phenomena  and Autolycus' s O n th e Moving Sphere  ar e preserved i n
Greek manuscript s o f the medieva l period—manuscript s tha t wer e copied b y
hand mor e tha n a  thousan d year s after th e original s were se t dow n b y thei r
authors. I n man y cases , these  tw o work s ar e foun d boun d togethe r wit h a
number o f other mino r works o f Greek astronomy . A s an example , take th e
manuscript Vaticanus  graecus  20 4 (i.e. , Gree k manuscrip t no . 20 4 i n th e
Vatican Library). This manuscript is valuable for our knowledge of Autolycus,
both becaus e of the car e with whic h i t was copied, an d becaus e of its age: it
dates from th e ninth or tenth century A.D., which makes it the oldest surviving
copy o f Autolycus's Gree k text . Th e partia l content s o f thi s manuscrip t ar e
as follows: 28

• Theodosiu s o f Bithynia , Spherics.  Firs t centur y B.C . The Spherics  i s a
treatise on th e geometry of the sphere , in th e styl e of Euclid's Elements.
The Spherics  o f Theodosius ma y be considered a  continuation of , and a
supplement t o th e Elements.  Thus, i t i s mor e sophisticate d tha n th e
Phenomena o f Euclid .

• Autolycus , O n th e Moving Sphere.
• Euclid , Of  tics.  This is an elementary geometrical treatise on various effects

involving the  straight-lin e propagatio n of  light : shadows , perspective ,
parallax, an d s o on . Example : Whe n on e observe s a  spher e wit h bot h
eyes, i f the diamete r o f the spher e i s equal t o th e distanc e between th e
pupils, on e wil l see exactly half the sphere ; i f the distanc e betwee n th e
pupils i s greater , on e wil l se e more tha n half ; i f th e distanc e betwee n
the pupil s is less, one wil l see less than half . Second example : I f several
objects mov e a t th e sam e speed , th e mos t distan t wil l appea r t o mov e
most slowly .

• Euclid , Phenomena.
• Theodosiu s o f Bithynia , O n Geographic  Places.  This little book, similar

in flavor to Euclid' s Phenomena  and Autolycus' s O n th e Moving Sphere,
describes, in twelv e propositions, th e appearanc e of the sky as seen fro m
various place s o n th e Earth . Example : a n inhabitan t o f th e nort h pol e
would se e always th e norther n hemispher e o f th e celestia l sphere ; th e
southern hemisphere would b e forever unseen ; no sta r would ris e or set .

• Theodosiu s o f Bithynia, O n Days and Nights.  This work presents thirty-
one propositions concerning the lengths of the days and nights at differen t
times o f the year , a t differen t latitude s on th e Earth .

• Aristarchu s of Samos, Th e Sizes and Distances  of the Sun an d Moon, third
century B.C . (discussed in sec . 1.17) .
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• Autolycus , O n Risings  an d Settings  (discusse d i n sec . 4.9) .
• Hypsicles , O n Ascensions, second century B.C. In thi s short treatise, Hyp -

sicles proves a  number of propositions o n arithmetica l progressions and
uses th e result s t o calculat e approximat e value s fo r th e time s require d
for the sign s of the zodia c t o ris e above the horizon . Suc h information
had practical applications, for example, in telling time at night. Hypsicles'
treatise i s discussed in sectio n 2.16 .

• Euclid , Catoptrics.  Thi s work , whos e attributio n t o Eucli d i s disputed ,
is concerned wit h what w e would toda y cal l optics proper. I t treat s the
reflection o f light an d th e formatio n of images by mirrors.

• Euclid , Data ( = "given"). Thi s treatise on elementar y geometry consist s
of proposition s provin g that , if  certai n thing s in  a  figure are  given ,
something els e ma y b e figure d out .

This hodgepodge o f short, elementary astronomical and geometrica l works
is found in many medieval manuscripts. Sometimes one or more are wanting.
Often, other minor works are present, such as commentaries on the mathemati-
cal works of Apollonius and Euclid . Th e particula r collection o f short works
listed above is sometimes called the Little  Astronomy. Also usually included is
the Spherics  o f Menelau s (firs t centur y A.D.) , whic h n o longe r survive s i n
Greek bu t i s known throug h Arabi c translations. Menelaus's work treat s th e
geometry of spherical triangles. It has been said that, fro m th e second century
A.D. onward, th e Little  Astronomy served as an introductory-leve l textboo k for
students who wer e no t ye t prepare d t o tackl e th e "Bi g Astronomy," tha t is ,
the Almagest  of Ptolemy . I t ma y hav e bee n so , bu t th e evidenc e i s slight.
Indeed, th e chief evidence i s simply the fac t that many Byzantine manuscripts
contain mor e o r les s th e sam e assortmen t o f elementar y astronomica l an d
geometrical works .

The supposed title of the collection is provided by a remark at the beginning
of the sixt h book of the Mathematical Collection  o f Pappus of Alexandria. O f
Pappus himself we know very little. He lived and taught at Alexandria, during
the las t half o f the thir d an d th e first half of the fourt h century A.D. H e ha d
a son, Hermodoros, to  whom he addressed two of his books. He had as friends
two geometers, Pandrosios and Megethios, who are otherwise unknown. Pap-
pus wrote a  commentary on th e Almagest of Ptolemy, which survive s in part .
But hi s most importan t work i s the one tha t ha s come down to u s under th e
title Th e Mathematical  Collection  o f Pappus  o f Alexandria. This consist s o f a
vast collectio n o f proposition s extracte d fro m a  grea t numbe r o f work s o n
mathematics, astronomy , an d mechanic s (man y o f whic h ar e los t today) ,
accompanied b y Pappus's explanator y notes, alternativ e demonstrations, an d
new applications . Th e wor k doe s no t see m t o hav e bee n writte n accordin g
to an y plan , bu t wa s probabl y th e resul t o f man y years ' readin g an d not e
taking, n o doub t i n connectio n wit h Pappus' s teachin g dutie s a t Alexandria.
The sixth book of the collection is devoted to the astronomical writers. Pappus
discusses works by Theodosius, Menelaus , Aristarchus, Euclid, an d Autolycus.
At the beginnin g of the sixt h book, we find the remark , written a s a subtitle,
"It contain s the resolution s of difficultie s foun d i n th e littl e astronomy. "

Whether or not ther e really existed a definite collectio n o f treatises known
as the Little  Astronomy, there i s no doub t tha t the individua l works were used
by teacher s fro m th e lat e Hellenisti c perio d dow n t o Byzantin e times. Th e
tradition was continued by Arabic teachers, who made use of the same treatises
in translatio n an d adde d other s a s well. I t wa s the schoolroo m usefulnes s o f
these works that guaranteed their survival,  for many works of greater scientific
and historica l importanc e hav e bee n lost , fo r example , most  o f th e writing s
of Hipparchus an d al l those o f Eudoxus .

Aristarchus's work , O n th e Sizes  an d Distances  o f th e Su n an d Moon,  i s
quite differen t fro m th e other s o f th e collection : Aristarchu s attempte d t o
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arrive a t ne w astronomical knowledg e b y calculations base d o n astronomica l
data. Th e res t o f th e purel y astronomica l work s o f th e Little  Astronomy  are
theoretical development s o f various properties o f the celestia l sphere , devoi d
of any reference to particular observations . The oldes t works of the collection ,
those o f Autolycus an d Eucli d (ca . 300 B.C.) , represen t the firs t attempt s t o
grapple with th e problems o f spherical geometry , an d therefor e are endowe d
with a great historical interest. Some of the later works, fo r example, Theodosi-
us's treatise s O n Geographical  Places  an d O n Days  an d Nights  (ca . 100 A.D.) ,
lag considerabl y behin d the  astronomica l and  mathematica l knowledg e of
their ow n da y an d mus t actuall y hav e bee n writte n a s primers fo r students .
Their elementar y natur e an d pedanti c styl e would revea l the m a s textbooks
in any  age. Taken together , the  treatise s of  the Little  Astronomy illustrate the
level o f Greek mathematica l astronom y aroun d th e beginnin g o f the secon d
century B.C. , before the revolution i n calculating abilit y brought abou t b y the
development o f trigonometry . Menelaus' s boo k wa s on e tha t helpe d poin t
the way to th e ne w mathematics .

2.5 G E M I N U S : INTRODUCTION  T O TH E PHENOMENA

In addition t o the works of the Little Astronomy, we have several other elemen -
tary text s fro m a  slightly late r period . A  notabl e exampl e i s the Introduction
to th e Phenomena by Geminus , a  writer o f th e firs t centur y A.D . Thi s wor k
is sometime s calle d th e Isagoge,  fro m th e firs t wor d o f it s Gree k title . Thi s
work differ s markedl y fro m mos t o f those i n th e Little  Astronomy. In th e first
place, i t i s longer . An d second , i t i s written wit h grac e an d style . I t is , i n
fact, a  well-organized an d mor e o r les s complet e introductio n t o astronomy ,
intended fo r beginnin g student s o f this subject .

Geminus takes up the zodiac and the motion o f the Sun, the constellations,
the celestia l sphere , day s an d nights , th e rising s an d setting s o f the zodiaca l
signs, luni-sola r period s an d thei r applicatio n t o calendars , phase s o f th e
Moon, eclipses , star phases,  terrestrial zones and geographica l places , an d th e
foolishness o f making weathe r prediction s b y the stars . From thi s livel y and
readable book we have extracted som e sections devoted t o the principal circles
of the celestia l sphere .

Italicized subheading s i n th e extrac t d o no t appea r i n th e original , bu t
have bee n adde d fo r th e reader' s convenience . Likewise , th e numberin g o f
statements i s not a  par t o f th e origina l text , bu t i s a  practice introduce d b y
modern scholars for their own convenience. An asterisk (*) in the text indicates
that an explanatory note, keye d to the statement number , follow s the extract.

EXTRACT FRO M G E M I N U S

Introduction to  the  Phenomena V

The Circles  on  the  Sphere

1 O f th e circle s on th e sphere , some are parallel, some are oblique, an d
some [pass ] throug h the poles.

The Parallel  Circles

The paralle l [circles ] ar e thos e tha t hav e th e sam e pole s a s th e cosmos .
There ar e 5  paralle l circles : arcti c [circle] , summe r tropic , equinoctial, *
winter tropic , and antarcti c [circle].

2 Th e arcti c circle* is the largest of the always-visible circles, [th e circle]
touching th e horizo n at on e poin t an d situate d wholly above the Earth.
The star s lying within it neither rise nor set, but ar e seen through the whole
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night turnin g aroun d th e pole . 3  I n ou r oikumene*  thi s circl e i s trace d
out b y th e forefoo t o f the Grea t Bear. *

4 Th e summe r tropi c circle is the most northern o f the circles described
by th e Su n durin g th e rotatio n o f th e cosmos . Whe n th e Su n i s on thi s
circle, i t produce s th e summe r solstice , o n whic h occur s the longes t o f all
the day s o f the year , an d th e shortes t night . 5  Afte r th e summe r solstice ,
however, th e Su n i s no longe r see n goin g toward s th e north , bu t i t turn s
towards th e othe r part s o f the cosmos , whic h i s why [thi s circle ] i s called
"tropic."*

6 Th e equinoctia l circl e i s th e larges t o f th e 5  paralle l circles . I t i s
bisected b y th e horizo n s o tha t a  semicircl e i s situate d abov e th e Earth ,
and a  semicircl e belo w th e horizon . Whe n th e Su n i s o n thi s circle , i t
produces th e equinoxes , tha t is , the sprin g equino x an d th e fal l equinox .

7 Th e winte r tropi c circl e i s the southernmos t o f the circle s describe d
by th e Su n durin g th e rotatio n o f th e cosmos . Whe n th e Su n i s on thi s
circle i t produces th e winter solstice , on which occur s the longes t of all the
nights of the year, and the shortest day. 8 Afte r the winter solstice, however ,
the Sun i s no longer see n goin g towards th e south , bu t i t turns towar d th e
other parts of the cosmos, for which reason thi s [circle] too is called "tropic."

9 Th e antarcti c circl e i s equal [i n size] and paralle l to th e arcti c circle,
being tangent t o the horizon a t one point an d situate d wholly beneat h th e
Earth. Th e star s lyin g within i t ar e forever invisibl e to us .

10 O f th e 5  forementioned circle s th e equinoctia l i s th e largest , th e
tropics are next in size and—for our region—the arctic circles are the smallest.
11 One  mus t think of these circle s as without thickness , perceivable [only ]
with th e ai d o f reason , an d delineate d b y th e position s o f th e stars , b y
observations mad e wit h th e dioptra , an d b y ou r ow n powe r o f thought .
For th e onl y circl e visibl e i n th e cosmo s i s th e Milk y Way ; th e res t ar e
perceivable through reason . . . .

Properties of  the  Parallel  Circles

18 Of  the  5  forementioned paralle l circles , the  arcti c circl e is  situate d
entirely abov e the Earth .

19 Th e summe r tropi c circl e i s cut b y th e horizo n int o tw o unequa l
parts: the larger part is situated abov e the Earth , the smalle r part below th e
Earth. 2 0 Bu t th e summe r tropi c circl e i s not cu t b y th e horizo n i n th e
same way for every land and city: rather, because of the variations in latitude ,
the differenc e betwee n th e part s i s different. 2 1 Fo r those wh o liv e farthe r
north tha n w e do , i t happen s tha t th e summe r <tropic > i s cu t b y th e
horizon int o part s tha t ar e more unequal ; an d th e limi t i s a certai n plac e
where the whole summe r tropic circle is above the Earth . 2 2 Bu t for those
who liv e farthe r sout h tha n w e do , th e summe r tropi c circl e i s cut b y th e
horizon int o part s more an d mor e equal ; an d th e limi t i s a certai n place ,
lying to th e sout h o f us, where th e summe r tropi c circl e i s bisected b y the
horizon.

23 <Fo r th e horizo n i n Greece , th e summe r tropic > i s cu t <b y th e
horizon> i n suc h a  way that , i f the whol e circl e i s [considere d as ] divide d
into 8  parts, 5  parts ar e situate d abov e th e Earth , an d 3  below th e Earth .
24 An d i t was for thi s clime * tha t Aratus seems in fac t t o hav e composed
his treatise, the Phenomena;  for, while discussin g the summe r tropic circle ,
he says :

If it  is  measured out,  as  well  as possible, into  eight  parts,
five turn  in  the  open  air  above  the  Earth,
and three  beneath;  on  it  is  the summer solstice.

From thi s divisio n i t follow s that th e longes t da y i s 1 5 equinoctia l hours *
and th e nigh t i s 9 equinoctia l hours .
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25 Fo r th e horizo n a t Rhodes , th e summe r tropi c circl e i s cut b y th e
horizon i n suc h a  way that, i f the whol e circl e is divided int o 4 8 parts, 29
parts ar e situate d abov e th e horizon , an d 1 9 belo w th e Earth . Fro m thi s
division i t follows that the longes t da y in Rhodes i s 14 1/2 equinoctial hour s
and th e nigh t i s 9 1/ 2 equinoctia l hours .

26 Th e equinoctia l circle , fo r th e whol e oikumene , i s bisected b y th e
horizon, s o tha t a  semicircl e i s situated abov e th e Earth , an d a  semicircle
below th e Earth . Fo r thi s reason , th e equinoxe s ar e on thi s circle .

27 Th e winte r tropi c circl e i s cut b y th e horizo n i n suc h a  wa y that
the smaller part is above the Earth, the larger below the Earth. The inequality
of th e part s ha s th e sam e variatio n i n al l the clime s a s was the cas e wit h
the summe r tropi c circle , becaus e th e opposit e part s o f th e tropi c circle s
are alway s equa l t o on e another . Fo r thi s reason , th e longes t da y i s equal
to th e longes t night , an d th e shortes t da y i s equal t o th e shortes t night .

28 Th e antarcti c circl e i s hidden wholl y beneat h th e horizon . .  . .

45 Th e distance s o f th e circle s fro m on e anothe r d o no t remai n th e
same fo r th e whol e oikumene . Bu t i n th e engravin g o f the spheres , on e
makes th e divisio n i n declinatio n i n th e followin g way . 4 6 Th e entir e
meridian circl e being divide d int o 6 0 parts , th e arcti c [circle ] i s inscribed
6 sixtieth s from th e pole ; th e summe r tropi c i s drawn 5  sixtieths fro m th e
arctic [circle]; the equinoctial 4 sixtieths from eac h of the tropics; th e winter
tropic circle 5 sixtieths from the antarctic; and the antarctic [circle ] 6 sixtieths
from th e pole .

47 Th e circle s do no t hav e the sam e separations fro m on e anothe r fo r
every lan d an d city . Th e tropi c circle s d o maintai n th e sam e separatio n
from th e equinoctia l a t ever y latitude , bu t th e tropi c circle s do no t kee p
the sam e separatio n fro m th e arcti c [circles ] fo r al l horizons ; rather , th e
separation i s less for som e [horizons ] an d greate r for others . 4 8 Similarly ,
the arcti c [circles ] d o no t maintai n a  distance fro m th e pole s tha t i s equal
for ever y latitude; rather, i t is less for some and greate r for others. However ,
all the sphere s ar e inscribed fo r th e horizo n i n Greece . .  . .

The Zodiac

51 Th e circl e o f th e 1 2 sign s i s an obliqu e circle . I t i s itself compose d
of 3 parallel circles,* two of which are said to define th e width o f the zodia c
circle, whil e the othe r i s called th e circl e through th e middle s o f the signs .
52 Th e latte r circl e i s tangen t t o tw o equa l paralle l circles : th e summe r
tropic, a t the ist degree of the Crab, an d the winter tropic , a t the ist degree
of th e Goat-Horn . I t als o cut s th e equinoctia l i n tw o a t th e is t degre e o f
the Ra m an d th e is t degre e o f th e Balance . 53 Th e widt h o f th e zodia c
circle i s 1 2 degrees . Th e zodia c circl e i s called obliqu e becaus e i t cut s th e
parallel circles . . . .

The Milky  Way

68 Th e Milk y Way* als o i s an obliqu e circle . This circle , rathe r grea t
in width , i s incline d t o th e tropi c circle . I t i s compose d o f a  cloud-lik e
mass o f small parts an d i s the onl y [circle ] i n th e cosmo s tha t i s visible. 6 9
The widt h o f thi s circl e i s not wel l defined ; rather , i t i s wider i n certai n
parts and narrower in others. For this reason, the Milky Way is not inscribed
on mos t spheres. *

This als o i s one o f the grea t circles . 70 Circle s havin g th e sam e cente r
as the sphere are called grea t circles on th e sphere . There are 7 great circles:
the equinoctial, the zodiac with the [circle ] through the middles of the signs,
the [circles ] through the poles, the horizon for each place, the meridian, the
Milky Way. 32
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FIGURE 2.13 . A  (top).  Th e loca l arcti c an d
local antarcti c circle s in th e sens e of the Gree k
astronomers, show n fo r a  latitude o f 40° N .
B (bottom).  Loca l arcti c and antarcti c circle s for
a latitud e o f 20° N .

Notes to  the  Extract from Geminus

1. Equinoctial.  Th e equinoctia l circl e is the celestia l equator . I t i s called
equinoctial becaus e the Su n makes the day and nigh t equa l when i t is on thi s
circle. The Gree k ter m i s isemerinos  kuklos  (equal-da y circle) .

2. Arctic  circle. Fo r the Greeks , the arctic circle is a circle on th e celestial
sphere, wit h it s cente r a t th e celestia l pole , an d it s siz e chose n s o tha t th e
circle grazes the horizo n a t the nort h poin t (se e fig. i.ijA). Th e star s withi n
the arcti c circle are circumpolar; tha t is, they never ris e or set. The siz e of the
local arctic circl e depends o n th e latitud e o f the observer . Figure 2.I3A shows
the arcti c circl e fo r latitud e 40 ° N , an d figur e 2.138 , th e arcti c circl e fo r
latitude 20 ° N. Th e radiu s o f the arcti c circle i s the angula r distance of the
celestial pol e above the nort h poin t o f the horizon . Bu t thi s angula r distanc e
(the altitude o f the pole ) i s equal t o th e latitud e o f the plac e o f observation .
Thus, the radius of the arctic circle for a particular place is equal to the latitud e
of tha t place . Th e moder n celestia l arctic circl e i s fixed in size : i t i s a circle ,
centered o n th e pole , with a  radius of about 24° . The modern , celestia l arctic
circle i s th e pat h trace d ou t b y th e pol e o f th e eclipti c durin g th e dail y
revolution o f the heaven . (Th e arcti c circle one sees marked o n globe s of the
Earth ca n be regarded a s a projection o f the on e i n th e sky. ) Becaus e the siz e
of the arcti c circle in the Gree k styl e varies with th e locatio n o f the observer,
we shall cal l this the local  arctic circle. The fixed circle of the presen t age will
be calle d th e modern  arctic  circle.

Oikumene. Th e oikumene  i s th e inhabited  world.  I t i s use d b y Gree k
writers i n tw o differen t senses . I t ma y designat e th e Greeks ' portio n o f th e
Earth, as opposed t o barbarian lands. But the word i s also used by geographical
writers to mean th e whole inhabited world , namely , Asia, Europe, an d Africa .
Geminus her e appear s t o spea k i n th e mor e restricte d sense .

Great Bear. I n ancient Greece the foreleg of the constellation of the Grea t
Bear (Urs a Major ) di d no t quit e set , bu t graze d th e horizo n i n th e north .
The forele g o f the Bea r was therefore situated o n th e loca l arcti c circle , an d
in the course o f the night, i t traced out thi s circle in the sky. Our word arctic
derives fro m arktos,  the Gree k wor d fo r bear.

5. Tropic.  Ou r wor d tropic  derive s fro m th e Gree k wor d trope,  a  turn,
turning.

24. Clime.  "Clime, " from klima  (regio n o r zone) , bu t originall y a  slope
or inclination:  th e clim e i s determined b y th e inclination  o f th e axi s o f th e
cosmos t o th e horizon . A clime is a zone o f the Eart h lyin g near on e parallel
of latitude. Often, climes were designated i n terms of the length o f the longes t
day. Thus , on e migh t sa y that Seattl e an d Base l ar e i n th e clim e o f sixtee n
hours: a t bot h thes e citie s the lengt h o f the da y at summer solstic e i s sixteen
hours. Th e verse s tha t Geminu s quote s ar e fro m Aratus' s Phenomena,  line s
497-499-

24. Th e longest  day is 15 equinoctial  hours. I n Greec e five-eighth s o f th e
summer tropi c circl e i s above th e horizon . Th e lengt h o f the solstitia l da y is
therefore 2 4 hour s X 5/8 =  1 5 hours .

51. Composed  o f 3 parallel circles.  Se e figures 2.2 and 2.7 .
68. Th e Milky Way.  Th e "Milk y Way" i s galaktos (milky) kuklos (circle),

from whic h come s ou r wor d galaxy.  Aristotle , i n Meteorology  I , 8  (345an -
346bi5), discusses several theories of the Milky Way: (i ) Some of the Pythagore -
ans hel d tha t th e Milk y Wa y wa s a former cours e o f the Su n an d tha t thi s
track had bee n burned . (2 ) Anaxagoras an d Democritu s sai d tha t the Milk y
Way was the ligh t o f stars lying in the Earth' s shadow . Man y o f the star s on
which th e Sun' s ray s fal l becom e invisibl e because of the brightnes s o f these
rays. Bu t fain t star s i n th e Earth' s shado w d o no t hav e t o overcom e th e
brightness o f the Sun' s ray s and thu s the y becom e visible. (3 ) According t o a
third opinion , th e Milk y Wa y wa s a  reflectio n o f th e Sun . Aristotl e refute s
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each o f these theorie s i n turn : (i ) I f the Milk y Way wer e a former , scorche d
track o f the Sun , on e woul d expec t th e zodia c also t o b e scorched , bu t i t is
not. (2 ) If the Milky Way were the ligh t o f stars lying in th e Earth' s shadow ,
the positio n o f the Milk y Way shoul d chang e durin g th e yea r a s the Sun' s
motion o n th e eclipti c causes the shado w t o move . Besides , the Su n i s larger
than th e Eart h an d therefor e th e con e o f the shado w doe s no t exten d a s far
as the spher e o f th e stars . (3 ) The Milk y Way canno t b e a  reflection of th e
Sun, fo r i t alway s cut s throug h th e sam e constellations , although th e Sun' s
position amon g th e star s is constantly changing . Bu t i f one move s a n objec t
around i n fron t o f a mirror th e locatio n o f the imag e i s also seen to change .
Aristotle's ow n opinio n i s tha t th e Milk y Wa y consist s o f th e halo s see n
around many individua l stars . These halos arise in th e followin g way. Above
and surroundin g th e Earth , a t th e uppe r limi t o f th e air , i s a  warm , dr y
exhalation. Thi s exhalation , as well as a par t o f the ai r immediately beneat h
it, is carried around th e Earth by the circular revolution of the heavens. Moved
in thi s manner , i t burst s int o flam e whereve r th e situatio n happen s t o b e
favorable, namely , in the vicinity of bright stars . Aristotle points out tha t th e
stars are brighter and mor e numerous in the vicinity of the Milk y Way tha n
in othe r part s of the sky . The onl y objection one migh t mak e is that th e dr y
exhalation ough t als o to b e inflamed in th e vicinit y o f the Sun , Moon, an d
planets, which are brighter than an y of the stars . But, accordin g to Aristotle,
the Sun , Moon, and planets dissipate the exhalation too rapidly , before i t has
a chance to accumulate sufficiently t o burst into flame. Note that fo r Aristotle
the Milk y Wa y i s a n atmospheric , an d no t a  celestial , phenomenon : i t i s
produced a t th e oute r boundar y o f the air .

68. Th e Milky Wa y i s not inscribed  o n most  spheres.  However , Ptolemy ,
in his directions for constructing and markin g a celestial globe (Almagest  VIII,
3), include s the Milk y Way amon g th e object s to b e represented .

2.6 R I S I N G S O F TH E ZODIA C C O N S T E L L A T I O N S :
TELLING TIM E A T NIGH T

In everyda y life , th e Greek s kep t tim e differentl y tha n w e do . Rathe r tha n
dividing the time between one midnight an d the next int o twenty-fou r equal
parts, the y divide d th e tim e betwee n sunris e and sunse t int o twelv e seasonal
hours, whic h change d i n lengt h throug h th e yea r a s the da y itsel f changed .
Similarly, th e nigh t was divided int o twelv e seasona l hours, al l equal to on e
another, bu t no t equa l to the day hours (excep t at the equinox) . "Two hour s
after sunset " mean t one-sixt h o f th e wa y from sunse t t o sunrise . I t di d no t
matter tha t th e tim e fro m sunse t unti l th e secon d seasona l hour wa s nearly
twice a s long in winte r a s in summer .

The seasona l hou r ma y see m strang e t o a  moder n reader . Bu t natur e
provides a  means  o f observin g the tim e a t night , a t leas t approximately , i n
terms o f seasona l hours. I n th e cours e of an y night , si x signs o f th e zodia c
rise. Th e proo f o f thi s assertio n i s elementary . A t th e beginnin g o f nigh t
(sunset), th e poin t o f th e eclipti c tha t i s diametrically opposite th e Su n wil l
be on the eastern horizon. At the end of the night (sunrise), the point opposit e
the Su n wil l have advance d t o th e wester n horizon . Th e hal f of the eclipti c
following thi s poin t i s then see n abov e th e horizo n an d i s the ver y par t o f
the eclipti c tha t ros e in th e cours e of the night .

The rising s of six zodiacal signs every night divide the night into six roughly
equal parts , of two seasonal hours each. A glance toward th e eastern horizon,
to see which zodiaca l constellation i s rising, will suffice t o determine the tim e
of night , provide d tha t on e know s which constellatio n th e Su n i s in.

This information is provided b y table 2.1. From Marc h 2 1 to April 20, th e
Sun travel s from longitud e o ° t o longitud e 30° ; tha t is , i t traverse s the sig n
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TABLE 2.1 . Progres s o f the Sun throug h th e Zodia c

On thes e Days

Corresponding
The Sun  Is  in  Roughly  to  the
the Sig n of th e Constellatio n

Mar 21-Ap r 20
Apr 20-May 21
May 21-Jun 2 2

Jun 22-Ju l 23
Jul 23-Aug 24
Aug 24-Sep 2 3

Sep 23-Oct 24
Oct 24-Nov 23
Nov 23-Dec 22

Dec 22-Jan 2 0
Jan 20-Fe b 1 9
Feb 19-Ma r 2 1

Ram
Bull

Twins

Crab
Lion

Virgin

Balance
Scorpion
Archer

Goat-Horn
Water-Pourer

Fishes

Pisces
Aries

Taurus

Gemini
Cancer

Leo

Virgo
Libra

Scorpius

Sagittatius
Capricornus

Aquarius

of the Ram . I n antiquity , the star s of the constellatio n Arie s (the Ram ) were
in thi s sign . But , thi s i s no longe r th e cas e today. Becaus e of precession, th e
sign o f th e Ra m (th e firs t 30 ° o f th e zodiac ) i s now mostl y occupie d b y th e
constellation Pisces . Thus, i n th e presen t era,  th e Su n i s among th e star s of
the constellation Pisces between March 21 and April 20. (Precession is discussed
in detai l i n sec . 6.1. ) Fo r a  rough-and-read y metho d o f tellin g time , w e will
rely o n observation s o f th e star s an d no t th e signs . W e wil l us e th e thir d
column o f table 2.1 , no t th e second . (I n Gree k antiquity , th e thir d colum n
would hav e been the  sam e as the second. )

Example

Problem: I t i s the nigh t o f July 23. We loo k towar d th e easter n horizon
and se e that Aries has rise n completel y an d i s well abov e th e ground ; non e
of the star s of Taurus ar e visible. Evidently, Tauru s i s only just beginning t o
rise. What tim e i s it?

Solution: O n Jul y 23 , the Su n i s entering the constellatio n Cance r (se e
table 2.1) . The firs t par t of Taurus i s beginning to rise . Next will rise the firs t
part o f Gemini , the n th e firs t par t o f Cancer, wher e the Su n i s now located .
From Tauru s t o Cance r i s two signs , each o f which take s roughly 2  seasonal
hours t o rise . The tim e i s therefore 4 seasonal  hours  before  sunrise.  Or, sinc e
6 seasona l hour s elaps e betwee n midnigh t an d sunset , w e ma y als o sa y 2
seasonal hours after  midnight.

Conversion t o Modern Time  Reckoning  A n ancien t Gree k woul d hav e bee n
satisfied with either of these manners of expressing the time. A modern reader ,
however, i s likely to b e dissatisfie d with a  tim e o f nigh t expresse d i n term s
of seasonal hours.

Conversion t o equinoctia l hour s ca n b e mad e wit h th e ai d o f tabl e 2.2 ,
which give s th e lengt h o f th e night , fo r eac h o f si x latitudes , o n th e day s
when th e Su n enter s each o f the zodiaca l signs . For example , o n July 23, the
night a t latitude 4i°27' lasts 9*29™ . Th e peculia r values of the latitude s resul t
from a  choic e mad e i n th e constructio n o f th e table , tha t th e longes t an d
shortest nights should b e whole number s of hours: these are the geographica l
climes of the old astronomers. The metho d o f calculating the table is explained
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TABLE 2.2 . Th e Lengt h o f the Nigh t

Sun's
Place

0° Cra b

0° Lion

0° Twin s

0° Virgin

0° Bul l

0° Balance

0° Ram

0° Scorpio n

0° Fishes

0° Archer

0° Water-Pourer

0° Goat-Horn

Approx.
Date

Jun 2 2

Jul23
or
May 21

Aug24
or
Apr 2 0

Sep 2 3
or
Mar 2 1

Oct24
or
Feb 1 9

Nov23
or
Jan 2 0

Dec 22

0°00'

12hOOm

12 0 0

12 0 0

12 0 0

12 0 0

12 0 0

12hOOm

North Latitud e

16°46' 30°51 ' 4l°27 ' 49°05 ' 54°33 '

ll'W" 10 hOOm 9 hOOm 8 hOOm 7 hOOm

11 0 9 1 0 1 9 9  2 9 84 0

11 3 2 1 1 0 4 1 0 3 7 1 0 1 2

12 0 0 1 2 0 0 1 2 0 0 1 2 0 0

12 2 8 1 2 5 6 1 3 2 3 1 3 4 8

12 5 1 1 3 4 1 1 4 3 1 1 5 2 0

13hOOm 14 hOOm 15 hOOnl 16 hOO° 17 hOO°

in sectio n 2.13 . The completio n o f the entrie s under latitud e 54°33 ' is left fo r
the exercis e of section 2.14 .

Let us take up th e conversio n problem . O n Jul y 23 , the tim e i s 2 seasonal
hours past midnight . Suppose we are at Seattle (latitud e 48° N). W e wish t o
express th e tim e i n term s o f equinoctia l hours . I n tabl e 2. 2 we fin d that , a t
this latitude an d a t this time of year, the nigh t last s about 8  hours 40 minute s
(equinoctial hours , o f course) . B y definition , ther e ar e 1 2 seasona l hour s i n
the night . Thus,

12 seasonal night hour s =

So,

2 seasonal nigh t hour s =

(The tw o seasona l nigh t hour s ar e shor t i n July , becaus e th e nigh t itsel f i s
short.) Th e tim e i s thus i 27™ , after midnight , o r 1:27 A.M. I n July, Seattle uses
daylight saving s time. I f we wish to compare our resul t with a  clock, we must
add on e hou r t o th e tim e obtaine d fro m th e stars : clocks wil l rea d 2:2 7 A.M .

This metho d o f tellin g tim e i s only approximate , fo r tw o reasons . First ,
the si x signs o f th e zodia c tha t ris e in th e cours e o f a  nigh t d o no t al l tak e
exactly tw o seasona l hour s t o rise : som e tak e a  littl e more , som e a  littl e
less. And, second , w e are not usin g zodiaca l signs , bu t constellations . Thes e
constellations are not al l of the sam e size. Virgo, fo r example , i s much large r
than Aries . No r d o the y al l li e exactl y on th e ecliptic . Some , lik e Le o an d
Gemini, ar e north o f the ecliptic ; some , lik e Taurus an d Scorpius , are south
of th e ecliptic . Thes e variation s i n th e size s an d position s o f th e zodiaca l
constellations have an effec t o n th e time s they tak e to rise . Nevertheless , thi s
rough-and-ready metho d shoul d alway s giv e the tim e correc t t o th e neares t
hour.
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Ancient References  to  Telling  Time  by
the Zodiacal Constellations

Aratus refer s t o thi s metho d o f telling tim e a t nigh t i n hi s Phenomena:

Not useless  were  it  for one  who  seeks  for signs  of  the
coming day to  mark  when  each  sign  of  the  zodiac  rises.
For ever  with  one  of  them the  sun  himself  rises? 3

But Aratus takes the traditiona l method one step further . He point s ou t tha t
the zodia c constellatio n tha t i s rising may sometime s b e obscure d b y cloud s
or hills . Therefore , fo r eac h zodia c constellation , h e give s a  lis t o f othe r
constellations tha t ris e or se t while th e zodia c constellatio n i s rising:

Not very  faint are  the wheeling  constellations that  are  set
about Ocean  at  East  or West,  when  the  Crab  rises,
some setting in the  "West  and  others  rising in  the  East.
The Crown  sets and the  Southern  Fish as  far as  its back.  .  . .34

This list , whic h constitute s a  majo r sectio n (som e 16 4 lines ) o f th e poem ,
would hav e permitted a  person t o tel l the time o f night, i f any portion o f the
horizon were visible. The othe r necessary ingredient was, of course, knowledge
of the Sun' s positio n i n th e zodiac . But , fro m th e fift h centur y B.C . on, thi s
was informatio n th e averag e perso n wa s likel y t o have—jus t a s th e averag e
person toda y ca n be counted o n t o know th e current mont h of the calendar .
In som e towns , parapegmata  (publi c calendars ) wer e se t up , displayin g th e
current plac e o f the Su n i n th e zodiac , alon g with othe r information .

Hipparchus, alway s a  stickle r fo r precision , criticize d thi s portio n o f th e
poem i n hi s Commentary  o n Aratus an d Eudoxus,  pointin g ou t tha t eac h
zodiac sign does no t reall y take th e sam e amount o f time t o ris e (as we, too ,
have mentione d above) .

Note on  Computations  with Base-60  Numbers

In th e exampl e above , we found tha t 1 2 seasonal hours las t T o obtai n
the lengt h o f 2  seasonal hours , i t was necessary to multipl y by 2/12 :

There ar e severa l ways t o perfor m thi s computation . W e coul d expres s th e
time interva l solely in terms of minutes ( 8 40™ = 520") , do the arithmetic , an d
then regrou p th e minute s int o whol e hours . Alternatively , w e could expres s
the 40 ™ a s a  decima l fractio n o f a n hou r ( 8 40™ = 8.67) an d the n d o th e
arithmetic. Bot h o f thes e method s ar e awkward . Thei r awkwardnes s come s
from pushin g th e calculation s throug h base-i o forms , whe n th e origina l tim e
interval wa s expresse d i n base-6o . Calculation s involvin g tim e (i n hours ,
minutes, seconds) or angle (in degrees, minutes, seconds) are simplified if one
exploits th e base-6 o natur e o f the numbers .

First, writ e 2/1 2 a s a fraction wit h denominato r 60 :

Next, perfor m the divisio n b y 60 , which  merely  changes  hours  t o minutes an d
minutes t o seconds (1/6 0 o f a n hou r i s a minute) :

Complete th e arithmetic :
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A grea t dea l o f tim e an d troubl e wil l b e save d i f computations involvin g
base-6o number s are performed in thi s way.

2.7 EXERCISE : TELLIN G TIM E A T NIGH T

Use the method explaine d in sectio n 2. 6 to deduc e th e tim e o f night i n each
of the followin g situations.

1. Date : December 22 . Place: Columbus, Ohi o (latitude 40° N) . Observa -
tion o f th e sky : Libr a ha s completel y risen , bu t non e o f th e star s o f
Scorpius i s visible yet.
A. Wha t i s the tim e o f night , expresse d in seasona l hours? (Answer : 4

seasonal hour s afte r midnight. )
B. Wha t i s the tim e expresse d in term s o f equinoctial hours ? (Answer:

roughly 5:0 0 A.M. )
2. Date : February 5. Place: Columbus, Ohio (latitude 40° N) . Observatio n

of th e sky : Scorpiu s ha s rise n fully . Non e o f th e star s of Sagittariu s is
up yet .
A. Wha t i s the tim e o f night , i n term s o f seasona l hours? (Note tha t

on Februar y 5, the Su n i s in the middl e o f a zodiac sign, rather than
at th e beginnin g o f one. )

B. Wha t i s the tim e expresse d in term s o f equinoctia l hours?

2.8 OBSERVATION : T E L L I N G TIM E A T NIGH T

On a  clear night , g o outdoor s an d loo k t o se e which zodia c constellatio n i s
rising. I f necessary, consult a star chart a s an ai d in identifyin g the constella -
tions. Us e your observation , together with tabl e 2.1, to figur e ou t th e tim e of
night i n term s o f seasona l hours . The n us e tabl e 2. 2 t o conver t t o a  tim e
expressed i n term s o f equinoctial hours. Compar e you r resul t with th e tim e
given by a clock. (I n summer , don't forge t t o allow for daylight savings time,
if necessary.)

2.9 CELESTIA L C O O R D I N A T E S

Coordinates of  a  Point  on  the  Surface  of  the  Earth

The reade r is no doubt familiar with the common way of specifying a  location
on th e surfac e o f th e Earth . A  meridia n i s chose n t o represen t th e zer o o f
longitude. B y an international agreement mor e than a  hundred years old, thi s
is th e meridia n throug h th e ol d observator y a t Greenwich , England . Th e
longitudes o f other meridian s are are measured in degree s east or west o f th e
Greenwich meridian . Thus , on e say s that th e longitud e o f Ne w Orlean s i s
90° wes t o f Greenwich, o r simply 90° W .

The latitud e o f a  cit y i s its angula r distanc e nort h o r sout h o f the plan e
of the equator . Fo r example , the latitud e o f New Orlean s i s 30° N .

Longitude an d latitud e are said to for m a n orthogonal  pair of coordinates .
The circle s of constant latitude are at right angles to the meridians . Thus, the
two coordinate s ar e cleanly separated.

Because all appearances place u s at the cente r of a celestial sphere, we may
use a  similar method t o specif y th e location s o f stars . There are severa l ways
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of doing this , dependin g o n th e choic e on e makes fo r the plan e o f reference.
Four planes are in common use : the planes of the horizon, the celestial equator,
the ecliptic , and  the  Milk y Way . We  nee d to  becom e familia r wit h all  but
the las t o f these .

Horizon Coordinates

The simples t way to giv e the positio n o f a star i s to tel l how hig h i t i s above
the horizo n an d i n which directio n i t lies . One migh t say , for example, tha t
a sta r i s 23 ° east o f nort h an d 43 ° abov e th e horizon . I f on e pointe d one' s
arm directl y north , paralle l t o th e horizon , the n swun g i t horizontall y 23°
toward th e east , then u p verticall y 43°, on e coul d expec t t o en d b y pointin g
at th e star .

The angula r distanc e o f th e sta r abov e th e horizo n i s called it s altitude.
The directio n o f th e sta r i n th e horizonta l plan e i s called it s azimuth.  W e
have alread y made us e o f altitude s (sees . 1. 4 an d 1.12) . Azimuth i s measured
clockwise around th e horizon , usually from th e north point. So one says that
a sta r directl y i n th e eas t ha s an azimut h o f 90° , whil e a  star directly i n th e
west ha s a n azimut h o f 270° . However , azimut h i s often measure d instea d
from th e south point, so one must make sure of the convention bein g followed
in an y particular situation .

Like mos t angles , altitude an d azimut h ar e commonly measure d i n term s
of th e degree , whic h i s 1/36 0 o f a  complet e circumference . I f fraction s o f a
degree mus t b e specified, on e make s us e of th e minut e o f arc , which i s 1/60
of a  degree . Similarly , th e secon d o f ar c i s 1/6 0 o f a  minute . Th e degree ,
minute, an d secon d o f arc are represented b y the mark s ° , ' , " , respectively :

i circumferenc e =

These unit s wer e convenien t fo r th e Babylonian s who invente d the m mor e
than tw o thousan d year s ago , becaus e the y di d thei r arithmeti c i n a  system
based o n th e numbe r 60 , rathe r tha n o n 1 0 a s ours is . Today, thi s divisio n
of th e circl e i s a  littl e cumbersome . I n th e las t fe w decades , i t ha s becom e
more popular to use decimal fractions of the degree, but the ancient sexagesimal
division i s stil l in use .

Celestial Equatorial Coordinates

The horizo n coordinate s ar e eas y to measur e and the y ar e a  natura l choice .
However, the y hav e th e disadvantag e tha t observer s a t differen t place s o n
Earth will obtain differen t coordinate s fo r the same star, because each observer
uses hi s ow n persona l horizo n a s his plan e o f reference . Moreover, eve n fo r
a single observe r in a  fixed place, th e coordinate s o f al l the star s wil l chang e
as the diurna l revolution carrie s them through th e sky . We ca n overcome th e
first difficulty i f all observers will agree to us e the sam e referenc e plane. An d
the secon d difficult y i s remove d i f w e fi x th e coordinate s t o th e revolvin g
celestial spher e rathe r tha n t o th e stationar y Earth .

Imagine drawing on the sphere of the heavens a set of parallels and meridians
like thos e yo u se e o n globe s o f th e Earth . Thes e ar e th e basi s fo r celestia l
equatorial coordinates. The referenc e plane is the plane of the celestial equator.
In figure 2.14, draw a circular arc from th e north celestial pole G  through sta r
S and extend i t unti l i t meets th e celestia l equator perpendicularl y a t A. Th e
angular distance of star S above the plane of the equator is called its declination.
This i s angl e AOS,  whic h i s measure d a t th e Eart h O . Th e declinatio n i n
astronomy is then analogous to the latitude i n geography. Declinatio n i s often
denoted b y the Gree k lette r 5 . (Declinatio n wa s introduced i n sec . 1.12. )
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The angl e analogous to geographica l longitud e i s called right ascension. We
must choose a place on the celestial equator as the zero of right ascension—and
the choice , b y agreement , i s the verna l equino x I n figure 2.14 , th e righ t
ascension o f star 5  is angle Righ t ascensio n ofte n i s designated b y th e
Greek lette r OC . Unlik e geographica l longitude , righ t ascensio n i s measure d
only eastwar d fro m th e zer o point , s o that righ t ascension s ru n fro m zer o to
360°.

Conventionally, righ t ascension s are usually not measure d i n degrees , bu t
rather i n hours . So , rather tha n dividin g th e celestia l equato r int o 360° , w e
divide i t int o 2 4 equal parts , and eac h o f these  part s i s called a n hour.  Thus,
one hou r o f righ t ascensio n i s the sam e a s 15°, tha t is , one twenty-fourt h o f
the celestia l equator. The  circle s through the  celestia l poles tha t play the roles
of meridians , suc h a s G^H an d GSH,  ar e calle d hour  circles.  Th e hou r i s
further divide d int o sixt y minutes , usuall y denote d m  t o distinguis h the m
from sixtieth s of a degree. Similarly , the minut e o f righ t ascensio n i s divided
into sixt y seconds, denote d s:

i circumferenc e =

It must be emphasized that i' and i", which shoul d b e read as "one minut e
of arc " an d "on e minut e o f righ t ascension, " respectively , ar e no t angle s o f
the sam e size , since i' i s a  sixtieth o f 1/36 0 o f a  circle , whil e i ™ i s a  sixtiet h
of 1/24 of a  circle. The followin g relations ma y b e useful :

FIGURE 2.14 . Celestia l equatorial coordinates.
(X i s the righ t ascension o f sta r S  (angl e ^fOA.
§ i s the declinatio n of star S  (angl e AOS).

The advantag e o f this system of celestial coordinates is that the coordinate s
revolve with th e stars—th e meridians an d parallel s are, a s it were , painted o n
the celestia l sphere. A given sta r therefore keeps the sam e celestial coordinates
for year s at a  time. As an example , i n 1977 , th e coordinate s o f Arcturus were
right ascensio n 1 4 14™ , declinatio n +I9°i9' . A  plu s o r minu s sig n wit h th e
declination indicate s whethe r th e sta r i s north o r south , respectively , o f th e
celestial equator .

Ecliptic Coordinates

A differen t se t o f celestia l coordinate s i s obtained i f on e select s th e eclipti c
rather tha n th e celestia l equato r a s th e plan e o f reference . Th e eclipti c i s
inclined abou t 23 ° to th e celestia l equator, a s shown i n figure 2.15 . The Eart h
O i s the cente r o f th e celestia l sphere . I f a t O  we rais e a  lin e perpendicula r
to the plane of the ecliptic, thi s line will pass through th e sphere at two point s
/and K  called th e poles of the ecliptic. The pole s of the eclipti c have the same
relation t o th e eclipti c a s the celestia l pole s hav e t o th e celestia l equator , o r
as the zenith (whic h i s the pole of the horizon) has to the horizon. The nort h
ecliptic pole/is therefor e 23° distant fro m th e nort h celestia l pole G .

In figure 2.15 dra w a  circular arc through th e north pol e / o f the eclipti c
and sta r S  s o tha t th e ar c intersect s th e eclipti c perpendicularl y a t B . Th e
angular distanc e o f th e sta r awa y fro m th e eclipti c (angl e BOS)  i s the star' s
celestial latitude  and  is  positive or  negativ e dependin g on  whethe r the  sta r is
north o r sout h o f th e ecliptic . Celestia l latitud e i s often designate d b y th e
Greek lette r

The othe r eclipti c coordinat e i s called celestial  longitude  (denoted X ) an d
is measured eastward along the ecliptic from th e vernal equinox ty. In figure
2.15 this i s angle Not e that , while in geography "latitude " and "longi -
tude" ar e referred to th e equator , i n astronom y thes e term s ar e reserved fo r
ecliptic coordinates .

FIGURE 2.15 . Eclipti c coordinates . A , i s th e
celestial longitude of sta r S . p  i s the celestia l
latitude.
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FIGURE 2.l6 . Equatoria l coordinates (a an d 8)
and eclipti c corrdinates (A , and P ) fo r a  single
star S .

Today, celestia l longitudes ar e usually measured i n degrees , minutes , an d
seconds s o that they run fro m zer o right u p t o 360° . Bu t among the ancients
it was common practic e to divide the ecliptic into twelve signs, each 30° long,
and t o us e the sig n a s a larger uni t o f angular measure . The verna l equinox
marks the first point o f the Ram, th e sig n of the zodiac that runs from o ° t o
30° longitude. The nex t sig n is that o f the Bull , which run s fro m 30 ° to 60 °
longitude; the n come s th e Twins , fro m 60 ° t o 90° , an d s o on. (Th e name s
and symbol s of the sign s are given in fig. 2.2.) So, for example, one ma y write
the longitude of Aldebaran either as 68° or as Twins 8°. Similarly, the longitude
of Spica ma y b e written eithe r a s 202° o r a s Balance 22°. Also, i n givin g th e
measure o f an y angle , th e custo m wa s once t o expres s it i n term s o f signs ,
degrees, an d minutes . Th e differenc e i n longitud e betwee n Spic a and Alde -
baran, which i s 134°, ma y als o be written 4  signs , 14°, o r 4 Si4°.

Any sta r ma y b e locate d o n th e celestia l sphere b y means  o f eithe r th e
equatorial coordinate s O C an d 8  o r th e eclipti c coordinate s A , an d (3 . As a n
example, sta r S  i n figur e 2.1 6 i s located o n th e celestia l spher e t o represen t
Capella, whose position i s completely specified by either one o f the following
pairs o f coordinates:

Coordinates o f Capella

Equatorial coordinates

Ecliptic coordinates

Right ascension
Declination
Longitude
Latitude

If either pair of coordinates i s known, i t i s possible to obtain th e other , either
by calculation o r b y examination o f a  celestia l globe or armillar y sphere .

Why i s ther e a  nee d fo r tw o set s o f celestia l coordinate s i f on e se t wil l
suffice? Th e answe r i s tha t i t i s a matte r o f convenience . I f one i s interested
in effect s tha t depen d o n th e diurna l rotation , the n wor k wil l be simplifie d
by the use of equatorial coordinates. O n the other hand, the study of planetary
motion i s simplified by th e choic e o f eclipti c coordinates , sinc e th e planet s
all mov e nearl y i n th e plan e o f th e ecliptic . Th e natur e o f th e particula r
problem unde r consideratio n determine s which se t o f coordinate s ough t t o
be used.

Coordinates in  Greek  Geography  and  Astronomy

If w e examin e th e geographica l an d astronomica l wor k o f Ptolemy , w e see
the modern orthogona l coordinates fully developed. In his Geography,  Ptolem y
gave a  lis t o f 8,000 citie s and othe r localitie s and specifie d thei r location s i n
terms o f longitudes an d latitudes , measured i n degree s and minutes , exactl y
in ou r fashion . Ptolemy' s referenc e meridia n wa s the meridia n throug h th e
"Fortunate Islands," that is, the Canary Islands.36 Ptolemy selected the meridian
through th e Fortunat e Islands  a s his zer o of longitude becaus e thes e islands
were the westernmost par t of the know n world . Ptolemy' s lis t o f cities is laid
out muc h lik e a  modern gazetteer .

Ptolemy's Geography  wa s one o f the firs t works t o mak e a  thoroughgoing
use of longitudes and latitudes. Ptolemy makes many references to his predeces-
sor i n geography , Marinus (ca . A.D. 100) . From Ptolemy' s remarks , it i s clear
that Marinu s als o use d longitude s an d latitudes , bu t no t a s systematically as
Ptolemy. Fo r example, Ptolemy complain s that in Marinus's work, on e mus t
look i n on e plac e t o fin d th e latitud e o f a  cit y an d i n anothe r t o fin d th e
longitude.

The Greek s befor e Marinus' s tim e commonl y specifie d th e latitud e o f a
place no t i n ou r fashio n bu t i n term s o f the lengt h o f the summe r solstitia l
day. Fo r example , a  Greek o f the firs t centur y would hav e said tha t FJiode s
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is i n th e clim e o f 1 4 1/ 2 hour s (se e Geminus, Introduction  t o th e Phenomena
V, 23-25 , i n sec . 2.5) . Another metho d o f specifying latitud e was in term s o f
the length s o f equinoctia l shadow s (a s in sec . 1.12) . Longitude s wer e ofte n
specified i n terms of the tim e differenc e separatin g a locality from Alexandria .
Even les s systemati c were the handbook s the n i n circulation , which gav e th e
locations o f variou s place s i n term s o f thei r distance s o r thei r trave l time s
from on e another . Thus , while ther e ar e examples of earlier uses o f latitudes
and longitudes in our style, it seems that this usage did not become systematized
until abou t th e beginnin g o f th e secon d centur y A.D . Ptolemy's Geography
played a  major rol e i n popularizin g thi s approach .

In astronomy , too , Ptolemy' s systemati c us e o f orthogona l coordinate s
was decisive . Most o f the Almagest  uses eclipti c coordinates , tha t is , celestial
longitudes an d latitudes . Fo r example, Ptolemy's catalo g of stars in books VII
and VII I give s the longitudes , latitudes , and magnitude s o f some 1,000 stars.
This catalog , whic h wa s no t replace d unti l th e Renaissance , i s th e direc t
ancestor o f al l modern sta r catalogs . I n hi s planetary work, a s well, Ptolem y
regularly used ecliptic coordinates. Ptolemy , like most o f his successors, speci-
fies the longitud e o f a  bod y b y giving it s zodiac sign , th e degre e withi n th e
sign, and minute s o f angle (i f required). Fo r Ptolemy , a s for us , the firs t sign
of the zodia c i s the Ram , whic h begin s a t th e verna l equinox.

When w e loo k a t wha t remain s o f th e astronomica l wor k o f Ptolemy' s
predecessors, i t seems that a  systematic use of orthogonal eclipti c coordinates
was late t o emerge . O f al l the extan t works o f Ptolemy's Gree k predecessors,
the onl y on e tha t contain s a  substantia l amoun t o f numerica l dat a o n sta r
positions is Hipparchus's Commentary  on the Phenomena ofAratusandEudoxus.
In tha t work , Hipparchu s make s us e o f rathe r peculia r (fro m ou r poin t o f
view) set s of mixed coordinates. T o b e sure, Hipparchus doe s sometimes give
declinations an d righ t ascensions . Bu t muc h mor e frequentl y h e give s th e
longitude of the ecliptic point that rises at the same time as the star in question ,
or th e longitud e o f th e eclipti c poin t tha t culminate s wit h th e star , an d so
on. These are not orthogona l pair s and are not very convenient in calculation.

In the Almagest, Ptolemy cite s many observations of his predecessors. Nota-
ble among these  is a list of declinations of eighteen stars , attributed t o Timo-
charis an d Aristyllos  (thir d centur y B.C.) . Thus , Greek s o f th e thir d centur y
were beginnin g t o us e and t o measur e actual celestia l coordinates .

Ptolemy als o cites a fair numbe r of planetary observations by his predeces-
sors. Bu t her e th e situatio n i s rather different . I n th e observation s attributed
to Timocharis, the planet being observed is said to be next to a certain star, with
no actual numerical value assigned to the position. For , example, according t o
Ptolemy (Almagest^, 4) , Timocharis observe d Venus during the night between
Mesore 1 7 and 18 , in year 476 of Nabonassar; the planet appeared to be exactly
opposite the sta r T ) Virginis . Becaus e Ptolemy ha d measure d the longitud e o f
the sta r (se t dow n i n hi s sta r catalog) , h e wa s abl e t o tur n Timocharis' s
observation into a longitude of the planet: Venus was at Virgin 41/6° (longitude
I54°io'). Eve n the  plane t observation s of  Ptolemy' s own  contemporar y at
Alexandria ( a certai n Theon ) wer e give n a s angula r distance s fro m certai n
stars.

As discussed in section 6.4, the measurement of absolute celestial longitudes
is a  delicat e business . I t appear s tha t ther e wa s littl e effor t i n thi s directio n
among the Greeks before Ptolemy' s time . In this , as in so much else , his work
proved t o b e very influential. Th e decisiv e event was perhaps th e clarificatio n
of the natur e o f precession, whic h mean t tha t eclipti c coordinate s shoul d be
favored ove r equatoria l coordinates .

The divisio n o f th e zodia c int o sign s an d th e measuremen t o f sta r an d
planet place s i n term s o f zodiaca l longitude s were , o f course , a  Babylonia n
inventions. Ptolemy' s thoroughgoing use of ecliptic coordinates ca n be viewed
as a  Greek systemizatio n o f a  practice adapte d fro m Babylonia n astronomy .
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But i t i s importan t t o not e tha t ther e wer e severa l differen t convention s
regarding the beginning point s of the signs. For Ptolemy, as for later European
astronomers, th e beginning of the Ram is at the vernal equinoctial point . Bu t
the Babylonian s place d th e sign s i n suc h a  way tha t th e equino x fel l a t th e
8th degree of the Ram . That is , the Babylonia n sign of the Ra m i s shifted by
8° wit h respec t t o th e Gree k sig n o f th e Ram . Al l o f th e othe r sign s ar e
similarly displaced b y 8°. (The Babylonian s also had a  convention tha t place d
the equino x a t th e rot h degre e o f the Ram . Se e sec. 5. 2 for mor e detail. )

Among th e early Greek astronomers , ye t another conventio n wa s popular.
Eudoxus, fo r example , define d th e sign s so that th e equinoctia l an d solstitia l
points fel l a t the midpoints o f the signs—the vernal equinox at the I5th degre e
of the Ram , th e summe r solstic e a t th e I5t h degre e o f the Crab , an d s o on .
The verna l equinox wa s the sam e poin t fo r all : th e differenc e la y in th e way
the artificia l sign s were defined .

Moreover, becaus e the Athenian calenda r year began with th e new Moon
immediately afte r th e summer solstice, some of the earlier Greek writers made
the Crab , rathe r tha n th e Ram , th e firs t sig n o f th e zodiac . Th e Almagest
standardized practic e once an d fo r all .

Conventional Symbols  for the  Signs  of  the  Zodiac

The moder n symbol s for the sign s of the zodia c are given in figure 2.2. Some
of these symbols , suc h a s the arro w for Sagittarius , see m to b e truly ancient ,
but most  o f them dat e only fro m th e Middle Ages. In ancient text s the names

FIGURE 2.17 . Zodia c symbols i n som e lat e
medieval astronomica l manuscripts .
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of the sign s were generall y written ou t i n ordinar y fashion , o r sometime s i n
abbreviated form . Anothe r commo n notatio n represente d th e sign s b y th e
numbers on e throug h twelve , bu t Arie s was no t alway s counted a s the firs t

37sign.
Figure 2.17 presents symbols collected from severa l late medieval astronomi-

cal an d astrologica l manuscript s a t th e Bibliothequ e Nationale , Paris . N o
attempt ha s been mad e t o b e exhaustive . The purpos e o f the tabl e i s merely
to offe r a  few examples of the notatio n employe d befor e th e moder n period .

Mathematical Postscript

As mentioned above, one may always perform a conversion between equatorial
and eclipti c coordinate s b y manipulatio n o f a  globe . But , for th e sak e o f
convenience, here are trigonometric formulas for effecting the same conversion:

£ is the obliquity of the ecliptic, which for the modern era has the value 2^26'.
To obtai n formula s fo r convertin g fro m eclipti c t o equatoria l coordinates ,
interchange th e symbol s i n th e abov e formula s accordin g t o th e schem e
P <- > 8 , A , <- > a , e  — » -e . Derivation s o f these formulas may be found i n an y
textbook on spherica l astronomy .

2.IO EXERCISE : U S I N G CELESTIA L COORDINATE S

1. Th e eclipti c coordinate s o f Regulu s ar e approximatel y A , =  Virgi n o° ,
P = o° . Express the longitud e of Regulus in degrees measured fro m th e
vernal equinox.

2. Us e a n armillar y spher e o r celestia l glob e t o determin e th e equatoria l
coordinates O C an d 8  o f Regulus .

3. Us e a celestial globe to determine the ecliptic coordinates of the following
stars:

Equatorial
coordinates

Star

ySag
Betelgeuse ( a Ori ) 6  +  7
Menkalinan (( 3 Aur) 6  +4 5
Caph (( 3 Cas) 0  +6 0
Phecda ( y UMa) 1 2 +5 4
Hamal (( X Ari) 2  +2 4

The firs t three stars, which al l lie on the solstitia l colure, should b e easy, since
this colure , whic h i s thei r hou r circle , als o happen s t o b e perpendicula r t o
the ecliptic. The las t three may be a little tricky. On th e celestial globe, stretch
a string from th e sta r dow n t o th e eclipti c so that strin g and eclipti c mee t a t
right angles . Th e plac e where th e strin g cut s th e eclipti c give s the longitud e
of the star, and the length of the string, expressed in degrees, gives the latitude .

2.II A  TABL E O F OBLIQUIT Y

Table 2. 3 is a table of obliquity,  which gives the declinatio n 8  of every degree
of th e ecliptic . Fo r example , th e verna l equinox , whic h i s the zerot h degre e
of the Ram, has declination o°oo' .
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TABLE 2.3 . Tabl e of Obliquity

Ram
(Scales)

0°
1°

2°
3°
4°
5°
6°
7°
8°
9°

10°
11°
12°
13°
14°
15°
16°
17°
18°
19°
20°
21°
22°
23°
24°
25°
26°
27°
28°
29°
30°

Decl.
+
(-)

0°00'
0°24'
0°48'
1°12'
1°35'
1°59'
2°23'
2°47'
3° 10'
3°34'
3°58'
4°21'
4°45'
5°08'
5°31'
5°54'
6° 18'
6°41'
7°04'
7°26'
7°49'
8°12'
8°34'
8°56'
9° 19'
9°41'

10°02'
10°24'
10°46'
11°07'
11°28'

(-)
+

Decl.

30°
29°
28°
27°
26°
25°
24°
23°
22°
21°
20°
19°
18°
17°
16°
15°
14°
13°
12°
11°
10°
9°
8°
7°
6°
5°
4°
3°
2°
1°
0°

(Fishes)
Virgin

Bull
(Scorpion)

0°
1°
2°
3°
4°
5°
6°
7°
8°
9°

10°
11°
12°
13°
14°
15°
16°
17°
18°
19°
20°
21°
22°
23°
24°
25°
26°
27°
28°
29°
30°

Decl.
+
H

11°28'
11°49'
12°10'
12°31'
12°51'
13°11'
13°31'
13°51'
14° 10'
14°30'
14=49'
15°07'
15°26'
15°44'
16°02'
16°20'
16°37'
16°55'
11°11'
17°28'
17°44'
18°00'
18°16'
18°31'
18°46'
19°01'
19°15'
19°29'
19°43'
19°56'
20°09'

(-)
+

Decl.

30°
29°
28°
27°
26°
25°
24°
23°
22°
21°
20°
19°
18°
17°
16°
15°
14°
13°
12°
11°
10°
9°
8°
7°
6°
5°
4°
3°
2°
1°
0°

(Water-
Pourer)

Lion

Twins
(Archer)

0°
r
2°
3°
4°
5°
6°
7°
8°
9°

10°
11°
12°
13°
14°
15°
16°
17°
18°
19°
20°
21°
22°
23°
24°
25°
26°
27°
28°
29°
30°

Decl.
+
H

20°09'
20°21'
20°33'
20°45'
20°57'
21°08'
21°18'
21°28'
21°38'
21°48'
21°57'
22°05'
22° 13'
22°21'
22°28'
22°35'
22°42'
22°48'
22°53'
22°59'
23°03'
23°08'
23° 12'
23° 15'
23°18'
23°20'
23°22'
23°24'
23°25'
23°26'
23°26'

(-)
+

Decl.

30°
29°
28°
27°
26°
25°
24°
23°
22°
21°
20°
19°
18°
17°
16°
15°
14°
13°
12°
11°
10°
9°
8°
7°
6°
5°
4°
3°
2°
1°
0°

(Goat-
Horn)
Crab

The name s of the souther n sign s ar e in parentheses . I n thes e sign s the declination s ar e negative .

As a less trivial example, consider the poin t o n th e eclipti c with longitud e
Ram 25° . The declinatio n o f thi s poin t i s 8 = 9°4i' . That is , when th e Su n
comes t o Ra m 25°, it wil l be 9°4i' north o f the equator . Thi s informatio n is
useful fo r a  numbe r o f applications , fo r instance , i n computin g th e Sun' s
noon altitude .

Suppose that w e are located a t north latitud e L  = 48° on the da y that th e
Sun reache s longitude Ra m 25 ° (April 15) . Fro m th e tabl e of obliquity (table
2.3), we find that th e Sun' s declination is 5 = 9°4i'. Then, at noon th e Sun's
zenith distanc e wil l be

(Refer t o sec . 1.1 2 an d fig . 1.3 8 i f necessary.)  Th e Sun' s altitud e 0  i s th e
complement o f it s zenith distance: 9  =  90 ° —  z =  5i°4i'.

Note tha t in table 2.3, there is one other point o n the ecliptic with declina-
tion 9°4i' , namely Virgin 5° . The sign s of the Ram and the Virgin are situated
similarly with respect to the equator, as figure 2.2 illustrates, so the first column
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of declinations in the table serves for both signs . Similarly, the second colum n
of declinations serve s both fo r the Bul l and th e Lion : the tw o points Bul l 10°
and Lio n 20 ° hav e declinatio n Fo r th e si x signs belo w th e equator ,
the declinations should be regarded as negative. These signs are written within
parentheses i n th e table . Fo r example , the declinatio n o f the tent h degre e of
the Archer (an d o f the twentiet h degre e of the Goat-Horn ) i s -

Our tabl e was computed for use in the las t hal f o f the twentieth century ,
when th e obliquit y of the eclipti c has the value 23°26'. I t corresponds t o th e
table give n b y Ptolem y i n Almagest  I, 15 , whic h i s based o n a n obliquit y o f

Historical Specimen

Figure 2.1 8 i s a  photograp h o f a  tabl e o f obliquit y i n a  fourteenth-centur y
manuscript o f the Alfonsine Tables,  now in th e Bibliothequ e Nationale, Paris.
The Alfonsine  Tables  were compiled aroun d A.D . 127 0 under the patronag e o f
Alfonso X , Kin g o f Castil e an d Leo n (Spain) . The origina l Spanis h version

FIGURE 2.18 . A  tabl e o f obliquity from a  four -
teenth-century manuscrip t o f th e Alfonsine  Tables.
Bibliotheque Nationale , Pari s (MS. Latin 73i6A ,
fol. H4v) .
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FIGURE 2.19 .

of th e table s i s lost , bu t b y abou t A.D . 1320, copie s o f th e Spanis h table s
reached Paris , where they were reedited by one or several Parisian astronomers.
From Paris , the revise d form o f the Alfonsine Tables  was quickly disseminated
throughout Latin-readin g an d -writin g Europe . Fo r tw o hundre d year s o r
more, these  were the standard astronomica l table s in use hroughout th e Lati n
West. Th e Alfonsine  Tables  exhibi t a  numbe r o f interestin g innovation s i n
arrangement an d layout  bu t the y were , i n basi c principle , modele d o n th e
ancient Gree k table s of Ptolemy's Almagest.  No mor e strikin g demonstratio n
could be desired of the thousand-year continuit y between  Greek astronomica l
practice an d th e astronom y o f the Middl e Age s and th e Renaissance .

The manuscript is neatly lettered in black and red ink. The table of obliquity
is headed (i f we write out full y a  number of abbreviations) Tabula  declinationis
Soils i n circulo  Signorum:  "Tabl e o f th e declinatio n o f th e Su n i n th e circl e
of signs." The name s of the norther n signs , numbered o  through 5 , run fro m
left t o righ t acros s th e to p o f th e table , beneat h th e mai n heading : Aries ,
Taurus, .  . . Virgo. Similarly , the names  o f th e souther n signs , numbere d 6
through n, run from righ t to lef t across the bottom: Libra , Scorpio, .  . . Pisces.
The numeral s are written i n a  common versio n o f their medieva l forms :

At th e uppe r lef t corne r i s th e headin g fo r th e leftmos t colum n o f th e
table: "Equal degrees of the upper signs." Below, the numbers run dow n fro m
i t o 30 . These numbers ar e for use with th e sign s whose name s appea r a t th e
top o f the table . Similarly , in th e lowe r lef t corne r i s the labe l for the secon d
column o f th e table : "Equa l degree s o f th e lowe r signs. " Th e number s ru n
up fro m o  t o 2 9 and ar e fo r us e with th e sign s whose name s appea r a t th e
bottom o f the table .

Within the colum n fo r each sign, the Sun' s declination i s given in degrees ,
minutes, an d seconds . Fo r example , whe n th e Su n i s at th e lot h degre e o f
Aries, it s declinatio n i s 3°58'2<$" north o f the equator . Fro m th e declinatio n
of the Su n fo r th e 3Ot h degre e of Gemin i w e see that th e tabl e i s based o n a
value o f th e obliquit y o f th e eclipti c o f i.fy!\<j'.  Thi s i s an accurate  valu e
for it s time. In A.D. 1400, the obliquity of the ecliptic was indeed approximately
23V-

Mathematical Postscript

It i s not necessar y to know how the tabl e of obliquity was computed in order
to us e it . However , fo r th e sak e of completeness , we presen t a  postscript o n
the metho d o f computation .

In figur e 2.19 , P  i s the nort h pol e o f th e equator . A  i s the eclipti c poin t
whose declinatio n i s desired. Draw th e grea t circl e arc PA and exten d i t unti l
it reache s the equato r a t B. Arc AB i s the declinatio n tha t i s sought. Th e law
of sines applied t o th e righ t spherica l triangle A B yield s

where A  (th e Sun's longitude ) a n d = AB (th e Sun's declination) .
Thus,

sin =  sin si n

From thi s formula , th e declinatio n o f point A  i s easily calculated i n term s of
its longitud e an d th e obliquit y o f the eclipti c e .

0 1 2 3 4 5 6 7 8 9
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2.12 EXERCISE : USIN G TH E TABL E O F OBLIQUIT Y
1. Fin d th e declinatio n o f eac h o f these  point s o f th e ecliptic : Bul l ,

Virgin 20° , Scorpio n 10° , Water-Pourer 15° .
2. When the Su n i s at Ram 25° , how long a shadow wil l a vertical gnomo n

cast at noon i n Columbus, Ohi o (latitude 39°58' N)? Express the lengt h
of the shado w i n term s o f the gnomon' s height .

3. Suppos e you ar e shipwrecked o n a  desert islan d o n August 2 4 and hav e
no ide a o f your location . Yo u do happe n t o remember , however , tha t
August 2 4 i s the dat e o n whic h th e Su n reache s th e beginnin g o f th e
sign of the Virgin . Yo u set up a  vertical gnomon 10 0 cm high an d fin d
that at noon i t casts a horizontal shado w 2 6 cm long that points towar d
the north . Wha t i s the latitud e o f your island?

4. An astronome r a t Seattl e (latitud e 47°4o' N) wante d t o determin e th e
exact tim e of the Sun' s entr y into the sig n of the Bul l in the yea r 1980.
Since Bull o° is 30° beyond th e vernal equinox, and since the Sun moves
roughly i ° i n longitud e pe r day , th e astronome r kne w tha t th e Sun' s
entry int o th e Bul l woul d tak e plac e withi n a  fe w day s o f Apri l 20 .
Therefore, the astronomer measured the Sun's altitude at noon on several
days befor e an d afte r Apri l 20 , with th e followin g results:

Date
(local noon,

Seattle)

April 1 7
18
19
20
21
22
23

Noon
altitude
of Sun

53° 05 '
53° 26 '
53° 47 '
54° 06 '
54° 27 '
54° 48 '
55° 07 '

Use these dat a t o determine , t o th e neares t hour, th e dat e o f the Sun' s entr y
into th e sig n o f the Bul l in th e yea r 1980.

2.13 TH E RISING S O F TH E S I G N S :
A TABL E O F A S C E N S I O N S

The metho d o f tellin g tim e b y the rising s of the zodiaca l constellation s de -
scribed i n section 2. 6 is inexact. This inexactness has two sources : (i ) th e us e
of irregula r constellation s instea d o f th e unifor m zodia c sign s an d (2 ) th e
assumption tha t al l the signs that ris e during a  given night ris e in equal times.
More precis e time reckonin g is  possible if  one know s the  actua l amoun t of
time required for each sign to rise . A list of the rising times of the signs , called
a table  of ascensions,  turns ou t t o hav e man y uses .

A Ptolemaic  Table  of  Ascensions

Table 2. 4 is modeled o n Ptolemy' s i n Almagest II, 8 . The parallel s for whic h
the risin g times are given ar e specified i n tw o ways: by means of the latitude ,
and b y the lengt h o f th e solstitia l day . Fo r example , th e paralle l of Mobile ,
Alabama, is that whose latitude i s 3O°5i' and whose solstitial day is 14 equinoc-
tial hours .

In tabl e 2. 4 th e risin g time s ar e expressed , no t i n hours , bu t i n "time -
degrees," where 360 ° represent s one whol e diurna l revolution . Fo r example ,
at th e latitud e o f Mobile , th e firs t ten-degre e segmen t o f th e Ra m rise s i n
6°49' (degree s of time) , th e secon d ten-degre e segmen t o f th e Ra m rise s i n
6°57', an d s o on .



IIO T H E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

TABLE 2.4 . Tabl e o f Ascension s

Right Sphere
12 hours, Lat. 0°

Signs

Ram

Bull

Twins

Crab

Lion

Virgin

Scales

Scorpion

Archer

Goat

Water-
Pourer

Fishes

Tens

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

Time

9°11'
9° 17'
9°27'

9°41'
9°57'
10°16'

10°33'
10°45'
10°53'
10°53'
10°45'
10°33'
10°16'
9°57'
9°4l

9°27'
9° 17'
9°11'

9°11'
9° 17'
9°27'
9°4l'
9°57'
10°16'

10°33'
10°45'
10°53'

10°53'
10°45'
10°33'
10°16'
9°57'
9°4l'

9°27'
9° 17'
9°11'

Total Time

9°11'
18°28'
27°55'
37°36'
47°33'
57049'

68°22'
79°07'
90°00'

100°53'
111°38'
122°11'

132°27'
142°24'
152°05'
161°32'
170°49'
180°00'

189°11'
198°28'
207°55'
217°36'
227°33'
237°49'
248°22'
259°07'
270°00'

280°53'
29T38'
302°11'

312°27'
322°24'
332°05'
341°32'
350°49'
360°00'

Parallel through
Guatemala

13 hours, lat. 16°46'

Time

8°00'
8°06'
8° 19'

8°37'
9°00'
9°27'

9°55'
10°21'
10°45'
11°01'
11°09'
11°10'

11°05'
10°55'
10°45'

10°35'
10°27'
10°23'
10°23'
10°27'
10°35'

10°45'
10°55'
11°05'
11°10'
11°09'
11°01'

10°45'
10°21'
9°55'

9°27'
9°00'
8°37'

8°19'
8°06'
8°00'

Total Time

8°00'
16°06'
24°25'
33°02'
42°02'
51°29'
61°24'
71°45'
82°30'

93°31'
104°40'
115°50'

126°55'
137°50'
148°35'
159°10'
169°37'
180°00'

190°23'
200°50'
211°25'

222° 10'
233°05'
244° 10'

255°20'
266°29'
277°30'

288°15'
298°36'
308°31'
317°58'
326°58'
335°35'
343°54'
352°00'
360°00'

Parallel through
Mobile, Ala.

14 hours, lat. 30°51'

Time

6°49'
6°57'
7°11'

7°33'
8°03'
8°37'
9° 16'
9°58'
10°36'

11°09'
11°34'
11°49'
11°54'
11°53'
11°49'
11°42'
11°36'
11°34'
11°34'
11°36'
11°42'

11°49'
11°53'
11°54'

11°49'
11°34'
11°09'
10°36'
9°58'
9° 16'

8°37'
8°03'
7°33'

7°11'
6°57'
6°49'

Total Time

6°49'
13°46'
20°57'
28°30'
36°33'
45°10'

54°26'
64°24'
75°00'

86°09'
97°43'
109°32'

121°26'
133°19'
145°08'

156°50'
168°26'
180°00'

191°34'
203°10'
214°52'

226°4l'
238°34'
250°28'

262° 17'
273°51'
285°00'
295°36'
305°34'
314°50'

323°27'
331°30'
339°03'
346° 14'
353°11'
360°00'

If w e wan t t o expres s thi s i n term s o f ordinar y hour s an d minutes , w e
need onl y multipl y b y th e conversio n facto r (2 4 hours/36o°), tha t is ,
So, th e risin g time o f th e firs t ten-degre e segmen t o f th e Ra m i s (6°49' ) X

Another way of looking at this i s in terms o f a sign's co-risin g segment of
the celestia l equator . A t Mobile , th e firs t 10 ° o f th e Ra m ris e i n th e sam e
amount o f tim e a s i t take s 6°^'  o f th e equato r t o rise . Indeed , Ptolem y
expresses his "rising times" i n just this way, tha t is , in terms of the ar c length
of the equato r tha t rise s i n th e sam e tim e a s the sign .

The colum n heade d "tota l time " ma y be interpreted as the tim e a t which
each eclipti c poin t rises , measure d fro m th e risin g o f th e verna l equinox .
For example , a t th e latitud e o f Mobile , th e 3Ot h degre e o f th e Ra m rise s
20 57/6 0 time-degree s afte r th e equinoctia l poin t rises .

The column s for the "Right Sphere " apply to places on the Earth's equator .
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Ram

Bull

Twins

Crab

Lion

Virgin

Scales

Scorpion

Archer

Goat

Water-
Pourer

Fishes

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

5°41'
5°49'
6°06'

6°30'
7°03'
7°46'

8°36'
9°32'
10°27'
11°18'
12°00'
12°29'

12°45'
12°52'
12°52'

12°48'
12°44'
12°42'

12°42'
12°44'
12°48'
12°52'
12°52'
12°45'
12°29'
12°00'
11°18'

10°27'
9°32'
8°36'

7°46'
7°03'
6°30'
6°06'
5°49'
5°41'

5°41'
11°30'
17°36'
24°06'
31°09'
38°55'

47°31'
57°03'
67°30'

78°48'
90°48'
103°17'
116°02'
128°54'
141°46'

154°34'
167°18'
180°00'

192°42'
205°26'
218°14'

23T06'
243°58'

256°43'

269°12'
281°12'

292°30'

302°57'
312°29'
321°05'
328°51'
335°54'
342°24'

348°30'
354°19'
360°00'

4°37'
4°44'
5°02'

5°27'
6°04'
6°53'
7°53'
9°03'
10°17'
11°28'
12°29'
13°12'

13°39'
13°51'
13°54'

13°52'
13°49'
13°46'

13°46'
13°49'
13°52'

13°54'
13°51'
13°39'
13°12'
12°29'
11°28'

10°17'
9°03'
7°53'
6°53'
6°04'
5°27'
5°02'
4°44'
4°37'

4°37'
9°21'
14°23'
19°50'
25°54'
32=47'

40°40'
49°43'
60°00'

71°28'
83°57'
97°09'
110°48'
124°39'
138°33'

152°25'
166° 14'
180°00'

193°46'
207°35'
221°27'
235°21'
249° 12'
262°51'
276°03'
288°32'
300°00'

310°17'
319°20'

327°13'

334°06'
340°10'
345°37'

350°39'
355°23'
360°00'

3°37'
3°44'
4°00'

4°27'
5°04'
5°56'

7°06'
8°30'
10°06'

11°40'
13°01'
13°59'

14°35'
14°51'
14°56'

14°53'
14°49'
14°46'

14°46'
14°49'
14°53'
14°56'
14°51'
14°35'
13°59'
13°01'
11°40'

10°06'
8°30'
7°06'

5°56'
5°04'
4°27'
4°00'
3°44'
3°37'

3°37'
7°21'
11°21'

15°48'

20°52'
26°48'
33°54'
42°24'
52°30'

64° 10'
77°ir
91°10'

105°45'
120°36'
135°32'

150°25'
165°14'
180°00'

194°46'
209°35'
224°28'

239°24'

254°15'
268°50'

282°49'
295°50'
307°30'

317°36'
326°06'
333°12'

339°08'
344° 12'
348°39'

352°39'
356°23'
360°00'

Here, th e celestia l sphere is said to be "right" becaus e the tropic s and equato r
are perpendicular t o th e horizon .

Table 2. 4 differ s fro m Ptolemy' s tabl e i n a  number o f minor ways . First,
we have reduce d th e lengt h o f the tabl e by eliminating the half-hou r climes.
Ptolemy include d th e clime s of 1 2 1/2 , 1 3 1/2, 1 4 1/2, 1 5 1/2, and 1 6 1/2 hours.
Second, ou r tabl e i s founded o n th e moder n valu e 23°26 ' fo r th e obliquit y
of the ecliptic , rathe r tha n Ptolemy' s valu e 23°5i'2o", which produce s mino r
numerical difference s i n th e table . Th e fina l an d most  obviou s differenc e i s
in the place names associated with th e parallels. Where Ptolem y has the lower
part o f Egyp t (1 4 hours) , we have Mobile .

The tabl e o f ascensions is a  versatile tool allowin g eas y solution o f man y
different kind s of problems. Th e advantag e offere d t o th e use r of such a table
is tha t th e compiler  o f th e table  ha s already  done  th e trigonometry.  Al l tha t i s
required o f th e use r i s some simple arithmetic .

TABLE 2.4 . (continued )

Parallel Throug h Paralle l Throug h Paralle l Through
New London , Conn . Vancouver , B.C . Ketchikan , Ala .
15 hours, lat . 41°27 ' 1 6 hours, lat . 49°05 ' 1 7 hours, lat . 54°33 '

Signs Ten s Tim e Tota l Time Tim e Tota l Time Tim e Tota l Time



112 TH E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

Directions for Using  the  Table  of  Ascensions

The us e of the tabl e of ascensions is easy but require s close attention. Rathe r
than doggedl y reading straight through th e directions fo r all the applications,
the reade r i s advise d t o rea d onl y th e firs t on e o r two , an d the n tr y th e
analogous problem s i n th e exercis e o f sectio n 2.14 . Th e reade r ma y the n
proceed wit h mor e confidenc e to th e othe r applications . Th e direction s are
modeled o n Ptolemy' s i n Almagest  II , 9 , bu t ar e supplemente d b y worke d
examples (no t t o b e found i n th e Almagest).

Length of  the  Day or  Night

Example: Ho w lon g i s the da y at latitude 49° when th e Su n i s in the 2Ot h
degree o f the Lio n (i.e. , on Augus t 13) ?

The si x signs following the Sun al l rise in the course of the day . Therefore,
we compute the rising time for the half of the zodiac starting at the Sun (Lion
20°) and extending eastward t o the diametrically opposite point of the ecliptic
(Water-Pourer 20°) .

This ma y b e don e b y addin g u p th e risin g time s fo r th e successiv e 10°
segments of the ecliptic, starting with the last third of the Lion and extending
to th e first two-thirds o f the Water-Pourer :

13° 54 ' (latitud e 49° )
13° 52 '
13° 49 '
13° 46 '

6° 53 '
+ 6 ° 04 '

Total 215 ° 31 '

The sam e result is found more easil y by subtracting the tota l time fo r the ar c
Ram o ° — > Lion 20° from the tota l time for the ar c Ram o ° — » Water-Poure r

340°io' - I24°39 ' = 2i5°3i'.

This arc may b e converted t o equinoctia l hours i f desired. As 15 ° correspond
to on e hour , w e divide b y 1 5 t o effec t th e conversio n t o hours :

The divisio n by 1 5 is most easil y accomplished b y the techniqu e explained i n
section 2.6 ; tha t is , we write 1/1 5 as 4/60 an d exploi t the base-6 o character o f
the ordinar y unit s o f time:

This i s the lengt h o f the da y that was sought .
The lengt h o f the nigh t ma y be found in a  similar way, by computing th e

rising tim e o f th e eclipti c ar c stretchin g fro m th e poin t opposit e th e Su n
eastward t o th e Su n itself , o r b y simply subtracting the dayligh t period fro m
a whole cycle :
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length o f the nigh t =

The resul t i s i n an y cas e onl y a n approximation—althoug h a  very goo d
one. I n th e first place, th e method assume s that the Su n remain s at the sam e
point o f th e eclipti c al l da y long , rathe r tha n movin g th e bette r par t o f a
degree. Second , atmospheri c refractio n wil l caus e the Su n t o becom e visible
a littl e befor e it s geometrica l risin g an d t o remai n visibl e a  littl e afte r it s
geometrical setting . And, finally, daybreak really occurs when th e upper lim b
of the Sun crosses the horizon , while the method o f calculation applies to th e
center o f th e Sun' s disk . However , al l these  effect s combine d wil l affec t th e
length o f th e da y b y onl y 15 ™ o r so .

Conversion o f Times  A s we have found , o n Augus t 1 3 a t 49 ° N  latitude , th e
day last s 1 4 22 ™ (equinoctia l hours) . I f w e divid e b y 12 , w e fin d ho w man y
equinoctial hour s correspon d t o on e seasonal hour :

i seasona l (day ) hour =

The lengt h o f a night hou r ma y be computed i n the sam e way. Dividing th e
length o f th e night , whic h i s 9  38™ , b y 1 2 we obtai n

i seasona l (night ) hou r =

Note tha t on e seasona l day hour an d on e seasona l night hou r alway s sum to
two equinoctia l hours .

Finding th e Rising Point o f the Ecliptic, Given  the Seasonal Hour Suppos e we
are given th e dat e and th e seasona l hour an d ar e required to fin d th e degre e
of the eclipti c tha t i s rising. First , convert th e seasona l hour t o time-degrees .
The resultin g number expresses the time elapsed since sunrise (for a day hour)
or sinc e sunse t (fo r a nigh t hour) .

Then, i n th e cas e of th e day , ente r th e tabl e for th e appropriat e latitud e
at th e Sun' s poin t an d tak e ou t th e tota l time . Ad d t o thi s th e time-degree s
elapsed since sunrise, rejecting one cycle of 360° i f the tota l exceeds this. Fin d
in th e table the degre e of the ecliptic corresponding t o the total . Thi s will be
the degre e o f the eclipti c tha t i s rising at th e give n time .

In th e cas e o f th e night , on e proceed s similarly , bu t th e tabl e i s entere d
with th e point opposit e th e Sun rathe r tha n wit h th e poin t o f the Sun itself .

Example: Latitud e 49°; th e Su n i s in Lion 20° ; the tim e i s three (seasonal)
hours afte r sunset . Which poin t o f the eclipti c i s rising?

We foun d abov e that , fo r the give n latitude o f the observe r and th e given
place of the Sun , th e nigh t last s I44°29' (time-degrees) . Three seasona l hours
are one-fourt h o f thi s total , o r )6°oj'.  A t sunse t th e eclipti c poin t opposit e
the Su n (Water-Poure r 20° ) i s rising . We take , fro m th e tabl e fo r latitud e
49°, th e tota l tim e fo r thi s poin t an d ad d th e elapse d time :

Oblique ascensio n o f point opposit e Su n 340 ° 10 '
Time elapse d sinc e thi s point' s risin g 36 ° 07 '

Total

Reject 360 °

376° 17 '

16° 17 '
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FIGURE 2.2O .

FIGURE 2.21 .

Going bac k to th e tabl e we find that thi s oblique ascensio n correspond s t o a
point between  Ra m 30° and Bul l 10°. Linear interpolation give s Bull 4°. This
is th e poin t o f th e eclipti c tha t i s rising at th e give n time .

Finding th e Culminating  Point  o f th e Ecliptic,  Given  th e Hour  Suppos e w e
are give n th e dat e an d th e seasona l hour an d wis h t o fin d th e degre e o f th e
ecliptic tha t i s culminating (crossin g the meridia n in the south) . I t ma y seem
that th e tabl e o f ascension s canno t b e use d t o solv e thi s problem , sinc e th e
table give s the  tim e eac h sig n require s to  cros s the  horizon—no t the  time s
required to cross the meridian. However , th e table can indeed b e used, because
the meridian through any point on the  Earth is  equivalent to the horizon of some
place o n the Earth's equator. In figur e 2.20, th e meridia n plan e throug h A  i s
represented b y lin e PA E an d i s paralle l t o th e horizo n plan e a t F , a  poin t
located 90 ° farthe r wes t tha n E . Thi s mean s tha t th e sign s wil l cros s th e
meridian anywher e o n Eart h i n jus t th e sam e way as they cros s th e horizo n
at the equator. Thus , Ptolemy direct s his  reader to use  the table of ascensions
for th e righ t spher e in solvin g meridia n problems .

The method:  Expres s th e seasona l hou r i n time-degrees , reckone d fro m
noon fo r a  da y hour , o r fro m midnigh t fo r a  nigh t hour , rathe r tha n fro m
sunrise or sunset. Enter th e tabl e of ascensions fo r the righ t spher e (regardless
of th e actua l latitude ) wit h th e poin t o f th e Su n (day ) or wit h th e poin t
opposite th e Su n (night) . Ad d algebraicall y th e tim e elapse d sinc e noo n o r
midnight, and find the degree of the ecliptic corresponding t o the total time,
again usin g the table for the righ t sphere . Th e resul t will be the degree of the
ecliptic tha t i s culminating a t th e give n time .

Example: Latitud e 49° ; the Su n i s in Lio n 20° ; the tim e i s three seasona l
hours afte r sunset . Which poin t o f th e eclipti c i s culminating?

The tim e is three seasonal hours before  midnight.  As we already have shown,
three night hour s for the given place and date amoun t t o 360oy' of time. W e
enter th e tabl e for th e right  sphere wit h th e plac e opposit e th e Su n (Water -
Pourer 20°) and tak e ou t th e value 322°24'. This represents the tota l tim e at
the momen t o f midnight, tha t is , the momen t whe n th e poin t opposit e th e
Sun crosse s the meridian . A s we wish a  time somewha t earlie r than this , we
subtract th e thre e seasona l hours :

Total tim e a t midnigh t
Less thre e seasonal hours

Difference

322° 24 '
-36° 07 '

286° 17 '

286°i7' i s th e tota l tim e a t th e desire d moment . I n th e tabl e fo r th e righ t
sphere, this time corresponds t o Goat-Horn 15°, which i s therefore the ecliptic
point culminatin g a t th e give n moment . Again , th e essentia l feature i s tha t
the horizo n a t th e equato r play s the rol e o f the meridian .

Finding the Degree Culminating,  Given  the Degree Rising Sinc e this problem
does no t involv e th e tim e o f day, we wil l fin d i t easie r i f w e interpre t th e
table o f ascensions slightly differently tha n w e have so far . The entr y we have
so fa r called "tota l time " shoul d no w b e regarded as the righ t ascensio n o f th e
equatorial poin t tha t rise s a t th e sam e tim e a s th e give n eclipti c point . Fo r
example, a t latitude 49°, let Lion 20 ° b e rising. The tabl e gives I24°39': this is
the righ t ascensio n (measure d i n degrees , rathe r tha n th e usua l hours) o f th e
point o f the equato r tha t rise s simultaneousl y with Lio n 20 ° (see fig. 2.21).

Now w e wish t o fin d th e degre e o f th e eclipti c culminating , give n th e
degree rising . Ente r th e tabl e o f ascension s fo r th e appropriat e latitud e an d
take out th e righ t ascension of the co-risin g equatorial point . Subtrac t 90° to
find the right ascension of the equatorial point that is simultaneously culminat -
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ing (sinc e there alway s is a 90 ° ar c o f th e equato r betwee n th e horizo n an d
the meridian) . The n g o to th e tabl e o f ascensions for the righ t sphere (used
to represen t th e meridian ) and fin d th e poin t o f the eclipti c tha t culminate s
with thi s poin t o f the equator .

Example: A t latitud e 49° , whe n Lio n 20 ° i s rising , whic h poin t o f th e
ecliptic i s culminating?

R.A. o f equatorial point tha t rise s with Lion 20° 124 ° 39 '
(table for 49° latitude )

Less 90° of R.A. -90 ° 00 '

R.A. o f the equatoria l point o n th e meridian 34 ° 39 '

(R.A. =  righ t ascension. ) W e g o to th e tabl e for the meridia n (i.e. , th e table
of ascensions for the right sphere) and find that this right ascension correspond s
to Bul l 7° . So , a t latitud e 49° , whe n Lio n 20 ° i s rising , Bul l 7 ° i s o n th e
meridian.

Our explanatio n o f thi s us e o f th e table s i s mor e detaile d tha n tha t o f
Ptolemy, wh o give s n o numerica l exampl e bu t onl y general , rathe r terse ,
directions. No r doe s he explai n why on e subtract s th e 90 ° fo r th e quadran t
of the equator , bu t simpl y states the rule . Perhaps he fel t tha t thi s procedure
would b e transparent t o th e averag e reader o f his work!

Equatorial Coordinates of an Ecliptic Point Finally , let us point out an applica-
tion use d b y Ptolemy, bu t no t explaine d i n so many words by him. The tabl e
of ascension s fo r th e righ t sphere , togethe r wit h th e tabl e o f obliquity , ca n
be used t o determine th e equatoria l coordinate s (righ t ascension and declina -
tion) o f a  point o n th e ecliptic.  To revie w these coordinates , se e section 2.9
and figur e 2.14 .

Example: Wha t ar e th e equatoria l coordinate s o f Fishe s o° ? (Th e zerot h
degree o f th e Fishe s i s a t longitud e 330° , latitud e o° . W e wis h t o conver t
these eclipti c coordinates int o equatoria l coordinates.)

Entering the table of ascensions (tabl e 2.4) for the right sphere with Water-
Pourer 30° (the same point a s Fishes o°), we take out a  =  332°O5' . This i s the
right ascensio n o f the poin t i n question , expresse d in degree s rathe r th e usua l
hours. I f we wish to expres s this quantity i n the usua l fashion, w e divide by 15 ,
with th e resul t O C =  2 2 08™. T o obtai n th e declination , w e ente r th e tabl e o f
obliquity (tabl e 2.3) with th e zeroth degre e of the Fishe s and fin d 8  = —n°28' .

Historical Notes

The rising s of the signs were first studied because of their usefulness i n telling
time a t night . Alread y i n th e Phenomena  of Aratus (thir d centur y B.C. ) it i s
noted tha t i n an y nigh t si x signs ris e an d si x set, an d tha t on e ca n tel l th e
time b y lookin g t o se e which sig n i s rising. Commentator s o n Aratu s ofte n
took pain s t o explai n how i t ca n b e tha t i n ever y night si x signs rise , eve n
though th e night s ar e of unequa l durations .

The mathematical  attack on th e problem began shortly afte r Aratus's time.
In sectio n 2.1 5 w e shal l se e how , i n th e secon d centur y B.C. , Hypsicles o f
Alexandria applie d th e Babylonia n method o f the arithmeti c progressio n t o
obtain a n approximat e numerica l solution . I n a  very short tim e (late r in th e
second century B.C.) , Hypsicles ' work was made obsolet e by the developmen t
of trigonometri c methods , whic h fo r th e firs t tim e mad e possibl e an exac t
solution o f th e ol d problem . B y Ptolemy' s tim e (secon d centur y A.D.) , th e
problem was so completely solved that convenient table s were available to th e
astronomer an d astrologe r for practica l use.

Most o f the work in book I I of the Almagest is not origina l with Ptolemy .
The subject s treated there (gnomon problems , climes, day lengths, ascensions
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of the zodia c signs, etc.) were treated earlie r by Hipparchus (secon d century
B.C.) an d others . I n a  numbe r o f exampl e calculation s tha t illustrat e th e
construction o f th e tables , Ptolem y use s the latitud e o f Rhodes— a fac t tha t
Tannery39 too k a s evidenc e tha t Ptolem y simpl y reproduce d a  treatis e b y
Hipparchus, wh o worke d a t Rhodes . I t ma y b e so , bu t Ptolemy' s us e o f
Rhodes i s n o proo f o f it . Still , i t i s likely tha t Ptolem y wa s abl e t o borro w
something fro m th e wor k o f his predecessor.

Strabo say s that Hipparchus ha d given in tables, for all the places situated
between th e equato r an d th e nort h pole , th e variou s changes tha t th e stat e
of the sky presented. I f Hipparchus reall y did construc t such tables , Ptolemy
may hav e ha d acces s to them . Ver y likely , Ptolemy' s mai n contributio n t o
this branc h o f astronom y wa s t o refin e th e method s o f calculatio n an d t o
extend th e scop e o f th e tables . Thi s shoul d no t b e rea d a s disparagin g o f
Ptolemy: on e does no t blam e the invento r o f the automobil e because he di d
not als o invent th e horse .

The content s of  Almagest  II, includin g th e tabl e o f ascensions , becam e a
standard part of astronomical knowledge. Every subsequent astronomical work
that purported t o be complete had to include the same material. For example,
book I I o f Copernicus' s O n th e Revolutions  of th e Heavenly  Spheres  (1543 )
covers this same ground. Copernicus' s table of ascensions is based on a  slightly
smaller value of the obliquity of the ecliptic (z3°29') and give s the cumulativ e
rising times fo r every sixth degree along the eclipti c (rathe r than ever y tenth
as i n Ptolemy ) fo r latitude s runnin g fro m 39 ° t o 57 ° b y 3 ° steps . I n mor e
recent times , th e interes t i n horizo n problem s graduall y die d out , and th e
table o f ascensions dropped ou t o f the textbooks .

Finally, we should sa y something of the application s of the tabl e of ascen-
sions t o Gree k astrology . I n makin g a  prognosis fo r an y perso n o r event , i t
was essentia l to kno w th e stat e o f th e heavens  a t th e momen t i n question .
For a person, this would be the moment of birth (or of conception, if known);
for a n event , fo r example , th e accessio n o f a  king, the momen t o f the even t
itself. One o f the most important point s in the heavens was the horoscope-—the
degree o f the eclipti c that wa s rising at th e give n moment . The importanc e
of th e horoscop e i s reflecte d i n th e fac t tha t it s nam e late r cam e t o signif y
the entir e char t o r metho d b y which prediction s ar e made . Now , why was
the degre e o f th e eclipti c tha t wa s rising calle d th e horoscopi c point ? Th e
Greek hora  is the wor d fo r th e hou r o f the day . Skopos i s an objec t o n whic h
the ey e is fixed , a  mark . S o the horoskopos  i s the "hou r mark"—th e sig n on e
uses to tell the time during the night. This term originally had no astrological
connotation, bu t was bound t o acquire one due to its astrological applications.

The horoscop e coul d no t b e determine d accuratel y unles s the tim e was
known t o within a  fraction o f an hour . I n hi s work o n astrology , Ptolem y
criticizes the majority of astrologers because of their use of sundials and water
clocks. The  first of  these are liable to erro r due  to  shift s of  thei r positions or
of thei r gnomons , an d th e secon d du e t o irregularitie s in th e flo w o f thei r
water. Onl y observation b y means o f horoscopic  astrolabes  a t th e tim e o f birth
can give the minute o f the hour . Ptolemy' s astrolab e probably corresponds to
what we would call a quadrant or  a sextant, that is, a graduated circl e equipped
with sight s b y which th e altitude s o f star s above the horizo n ca n b e taken .
Once th e tim e is accurately known, i t i s possible to determin e the degre e of
the zodiac that is rising; this is done, as Ptolemy says, by the method of ascensions,
that is , by th e us e of tables like those we have discussed.

Historical Specimen

Figure 2.2 2 is a  photograp h of  par t of  the  tabl e of  ascension s in  a  Gree k
manuscript copy of Ptolemy's Almagest. This manuscript, copied in the ninth
century and now more than a thousand years old, is one of the oldest surviving
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FIGURE 2.22 . Par t o f the
table o f ascension s fro m a
ninth-century parchmen t
manuscript o f the Almagest.
Bibliotheque Nationale , Pari s
(MS. Gre c 2389 , fol . 44v).

copies o f th e Almagest.  I t i s writte n o n larg e sheet s (4 4 X 33 cm) o f heav y
parchment an d i s stil l i n excellen t condition.  Th e parchmen t wa s carefull y
scored with a  sharp point tha t mad e visibl e scratche s i n th e surfac e t o guid e
the writing—one continuous horizontal scratch for every line of writing. (Thes e
are invisibl e in th e photograph. ) Th e tex t was carefully writte n i n blac k ink,
but th e figures and th e ruling s for th e table s were mostly draw n i n red.

The leftmos t column i s headed ,  "signs." Beneat h th e headin g ar e
the names of the twelve signs of the zodiac: Kpioq (Aries) , (Taurus) ,
and so on. The secon d column i s headed "ten-degree segments. " Beneat h the
heading run repeatin g cycles of the numbers 10, 20, 30 (l, K, A.). These columns
correspond exactl y to th e firs t tw o column s o f table 2.4.

The nex t pair of columns gives the risin g times of the ten-degre e segments
of th e eclipti c for th e clim e o f 1 5 hours , tha t is , for th e paralle l through th e
Hellespont (latitud e 4O°56') . Th e firs t part s o f thes e columns ar e translate d
in figure 2.23. Th e value s of the risin g times may b e compared wit h thos e in
table 2.4. Our value s differ slightl y from Ptolemy' s becaus e they are based o n
a slightl y differen t valu e for th e obliquit y o f th e ecliptic .

The las t tw o pair s of column s o f th e manuscrip t pag e ar e fo r th e clime s
FIGURE 2.23 . Translatio n o f the uppe r lef t
corner o f figure 2.12.
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FIGURE 2.24 .

FIGURE 2.25 .

of 1 5 1/ 2 hours (middl e o f the Pontos , o r Blac k Sea) and 1 6 hours (mout h o f
the rive r Borysthenes , th e moder n Dnieper) .

Mathematical Postscript

It i s not necessar y t o kno w ho w table s of ascension s are calculate d i n orde r
to us e them. However , fo r the sak e of completeness, a method o f calculation
is outline d here . Reader s wh o ar e no t o n friendl y term s wit h trigonometr y
may skip thi s postscript .

Oblique Ascensions W e shal l need one theorem fro m spherica l trigonometry.
Refer t o figur e 2.24 . Le t a , b , c  denote th e side s of a  right spherica l triangle,
and A, B , C , the opposin g angles . Le t C be the righ t angle . Then

sin a  —  tan b  co t B .

For th e proble m o f ascension s in th e obliqu e sphere , refe r t o figure 2.25.
ABCD i s the celestial meridian, BED the horizon, AEC the equator, and FGH
the ecliptic . G  represents the vernal equinoctial point . K  i s the north pol e of
the equator . Fro m K , we drop a  great circl e arc through /, whic h meet s the
equator perpendicularl y a t M .

The angl e e  a t G  is the obliquit y o f the ecliptic . Th e angl e betwee n th e
equator an d th e horizo n i s th e co-latitude,  tha t is , 90 ° —  L wher e L  i s th e
latitude o f the plac e of observation .

At the moment represente d in the figure, point / o f the ecliptic is on the
horizon. I t i s clear that arc G J of the eclipti c rises with ar c G E of th e equator .
(The firs t poin t o f each ar c i s the same , point G , and th e las t point s o f th e
arcs, / an d E, are on the horizon a t the same time. ) I n a table of ascensions,
arc GE goes in as the tota l time opposite ecliptic longitude GJ . The problem ,
then, i s to calculat e G E in term s o f GJ .

In righ t spherica l triangle GJM,  we apply our theore m t o obtai n

sin G M = tan JM co t e .

Note tha t JM i s the declination o f point / o f the ecliptic. JM ca n therefore
be take n fro m th e tabl e o f obliquit y (tabl e 2.3) for an y desire d GJ . Hence ,
GM i s determined .

In righ t spherica l triangle EJM we apply the sam e theorem t o obtai n

sin EM=  tan JM cot (90 - L )
= tan JM ta n L ,

so EM i s also determined .
The desire d arc G E is the differenc e betwee n ou r tw o results :

GE=GM- EM.

As an example , le t u s compute G E for th e clim e o f 14 hours ( L =  3O°5i')
and th e cas e where/is the 3Ot h degree of the Ra m (G J = 30°). We ente r th e
table o f obliquity with Ra m 30 ° and tak e ou t

Now w e have

JM=u°2S'.

sin GM=ta n (n°28' ) co t (23°26')
= 0.46800.

GM=27°54'.
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Similarly,

sin EM=  tan (n°28') tan GoV)
= 0.12116.

EM= 6° 58'.

Finally,

GE=27°54 -6°58 '
= 20°56',

which i s the number tabulated in the table of ascensions (to within a  i minute
discrepancy attributable t o rounding) .

The metho d of calculating ascension s given here i s more streamlined tha n
Ptolemy's. Th e equivalen t of the sine function wa s known an d use d in antiq -
uity, bu t th e tangen t wa s not. As a result, the ancien t method s o f calculatio n
are slightl y more cumbersome . 2

Latitudes and Solstitial Days Th e Greek s identified parallels either by latitude
or b y the lengt h o f the solstitia l day. W e shal l see here how t o calculat e th e
one i f given th e other .

Figure 2.26 presents a side view of the celestial sphere at the time of summer
solstice. The Eart h i s at E. The axi s of the cosmo s makes an angle L with th e
horizon, thi s angl e bein g equa l t o th e latitud e o f th e plac e o f observation .
The Su n i s on th e tropi c o f Cancer, nort h o f the equato r b y an angle £ equal
to th e obliquit y o f th e ecliptic . Lin e ABCD i s a sid e view o f th e Sun' s da y
circle. The radiu s o f thi s da y circl e is

BD =  r  cos £,

where r  = ED i s the radiu s o f the celestia l sphere . Also,

EB =  r  sin e ,

and thus ,

BC=EBtznL
= r sin 8 tan L .

Now, figure 2.2 7 presents a view of the spher e as seen looking down th e axis.
Arc XDY i s th e par t o f th e da y circl e lyin g belo w th e horizon , an d YZ X i s
the par t above . Le t us denote th e lengt h o f the nigh t a t summe r solstic e by
Ns. N s i s related t o 0  by

We nee d onl y calculat e 0 , th e "nigh t angle" :

cos (0/2 ) =  BCIBY.

But B Y ( = BD) an d B C ar e both known . Thus ,

sin e  ta n L

FIGURE 2.26 .

FIGURE 2.27 .

cos (0/2 ) =  r :

r cos e

and w e obtain
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= ta n £  tan L .

This formul a ma y b e use d t o calculat e th e latitud e L  a t whic h th e shortes t
night ha s som e particula r value N$.

Example: Le t u s calculat e th e latitud e wher e th e summe r solstitia l da y is
14 hours , an d th e nigh t i s 10:

tan L  = cos

= 0.597H

This i s th e latitud e a t whic h th e shortes t nigh t last s 1 0 hours , tha t is , th e
latitude o f the clim e o f th e 1 4 hour solstitia l day.

Finally, we should poin t ou t tha t ou r formul a can be applie d t o fin d th e
length o f any night, no t jus t th e solstitia l night . On e simpl y use s the Sun' s
declination 8  for the da y in questio n rathe r tha n th e obliquity . Tha t is , the
general formul a i s

= tan 8 tan L.

As an example , le t u s calculate th e lengt h T V of the nigh t a t latitude 3O°5i '
when the Sun is at the zeroth degree of the Twins. Using the table of obliquity
(table 2.3 ) we fin d 8  =  ^o 0^<)' whe n th e Su n i s at Twins o° . So , we have

which agree s with th e lengt h o f the nigh t give n i n tabl e 2.2.

2.14 EXERCISE: ON TABLES OF ASCENSIONS

Problems fo r th e tabl e o f ascensions (tabl e 2.4) :

1. Ho w lon g doe s th e da y las t when th e Su n i s at th e 2ot h degre e o f th e
sign o f th e Scorpio n (Nov . 13 ) i n th e clim e o f 1 6 hour s (Vancouver) ?
Express your answe r i n term s o f equinoctia l hours . (Answer : 9  7".)

2. Suppos e that, i n th e sam e situation a s described in proble m I , a  traffi c
accident occur s 4  seasonal hours afte r sunset . Express the tim e i n terms
of equinoctia l hours . (Answer : 9:3 1 P.M.) .

3. Wha t ar e th e equatoria l coordinate s o f th e eclipti c poin t a t th e 2Ot h
degree o f th e Bull ? Expres s th e righ t ascensio n i n term s o f th e usua l
hours an d minutes . (Answer : C t =  3  iom, 8 = +I7°44'.)

In problem s 4—7, assume a clime of 14 hours (Mobile , Alabama) an d
suppose the Sun i s in the 3Ot h degree of the Balance (October 24) . Note
that yo u ma y chec k you r answer s with a n armillar y spher e o r celestia l
globe. Th e concret e mode l wil l no t revea l very small errors , of course ,
but i f you g o very fa r wrong i n th e tabl e o f ascensions , th e armillar y
sphere will warn yo u tha t somethin g i s amiss.

4. Fin d th e lengt h o f th e da y i n equinoctia l hours , usin g th e tabl e o f
ascensions.

5. Suppos e an observatio n o f th e Moo n i s made a t night , thre e seasona l
hours afte r sunset . Expres s the tim e i n term s o f equinoctia l hours .



THE C E L E S T I A L S P H E R E 12 1

6. At th e tim e give n in proble m 5 , which degre e of th e eclipti c is rising?
7. Which degre e of the eclipti c is culminating?
8. Ca n on e use the tabl e of ascensions to solv e problems for places on th e

Earth sout h o f the equator ? If so, how?
9. Us e the tabl e of ascensions to comput e th e missin g entries of table 2.2

(the length o f the night) .

2.15 BABYLONIA N ARITHMETICA L METHOD S I N
GREEK ASTRONOMY : HYPSICLE S O N TH E
R I S I N G S O F TH E S I G N S

Tables of  Ascensions before  Ptolemy

Exact calculatio n o f the risin g times o f the sign s requires trigonometry. Th e
oldest known tabl e of ascensions constructed b y exact trigonometric method s
is that o f Ptolemy, discussed in sectio n 2.13 . However, approximat e solution s
of th e proble m wer e obtaine d earlie r b y purel y arithmetica l methods . I n
particular, Hypsicles of Alexandria, in a little book on the rising times (Anapho-
rikos), which date s from th e first half of the second century B.C. , demonstrate d
a plausible solution that can teach us a good deal about the state of mathematics
at tha t time .

Hypsicles o f Alexandria I n Hypsicles' time, Greek geometry was in full bloom :
Euclid's Elements  already was a century old; Apollonius's treatise on the coni c
sections and Archimedes' mathematica l works had been around for about half
that time . Hypsicle s himsel f was a n abl e mathematician . Hi s boo k o n th e
dodecahedron an d the icosahedron extende d Euclid' s book XIII. But it is one
thing t o prove a  general proposition abou t triangles , or abou t th e dodecahe -
dron, an d quit e anothe r t o resolv e an y give n triangle , tha t is , t o calculat e
numerical values for it s unknown angle s and sides . The firs t sor t of problem
belongs t o geometry , fo r whic h th e method s o f Eucli d suffice . Th e secon d
belongs to trigonometry , an d it s solution implies the knowledge o f theorems
for th e additio n an d multiplicatio n o f sines and cosines , and s o on, an d th e
existence of trigonometric tables . These tools were not availabl e to Hypsicle s
but bega n t o be developed shortly afte r hi s lifetime. His approximate calcula-
tion of the rising times of the signs represents the attempt of a highly developed
mathematics to come to grips with a  problem tha t was essentially beyond th e
scope o f it s powers .

Hypsicles' simplifyin g assumptio n i s tha t th e risin g time s o f th e sign s
increase i n arithmeti c progressio n fro m th e Ra m t o th e Virgin , an d decrease
in th e sam e way fro m th e Balanc e t o th e Water-Pourer . Le t T  denot e th e
time require d fo r eithe r th e Ra m o r th e Fishe s to rise . (Thes e ar e th e sign s
that ris e most quickly. ) Then , accordin g t o Hypsicles , th e time s required for
the sign s to ris e ar e a s follows :

Ram
Bull
Twins
Crab
Lion
Virgin
Balance
Scorpion
Archer
Goat-Horn
Water-Pourer
Fishes

T
T+x
T+ ix
T+ 3 *
T +  4x
T+ <jx
T +  *)X
T+ 4x
T+ix
T+ 2X

T+x
T
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Here x  stand s alway s for th e sam e incremen t o f time . O f course , th e risin g
times d o no t reall y follow this simpl e pattern . Nevertheless , th e assumptio n
of an arithmetic progression was a definite step forward. The simples t possible
hypothesis fo r th e risin g times woul d hav e mad e the m al l equal—two hour s
each—but even cursory observation would hav e revealed its inadequacy, since,
at Alexandria for instance, the Ra m rise s in less than a n hour an d a  half while
the Virgin requires nearly two and a half hours. Once one recognizes differences
among th e risin g times , th e arithmeti c progressio n become s th e simples t
possible way of accounting fo r them .

The Table  Assumin g the arithmeti c progression an d usin g th e know n rati o
of the lengt h o f day t o tha t o f night a t th e summe r solstic e (whic h i s 7/5 for
the latitud e o f Alexandria), Hypsicle s calculate s th e risin g times give n in th e
second column o f table 2.5. Hypsicles' rising times are expressed, not i n hours,
but i n "degree s of time," wher e 360 ° represent s one whole diurna l revolutio n
(15 time-degree s =  i  hour) . Anothe r wa y o f lookin g a t thi s i s in term s o f a
sign's co-rising segmen t o f the equator . So , for example, th e Ra m rises in th e
same amoun t o f tim e a s it take s 2 1 2/3° of th e equato r t o rise .

The arithmeti c progression i s apparent i n Hypsicles ' results , for the risin g
times change regularl y from on e sign to the nex t by 3°2o', which correspond s
to abou t 1 3 minutes . Th e actua l risin g time s ar e give n i n th e thir d colum n
table 2.5, as calculated trigonometrically by Ptolemy. The rea l times evidently
do no t for m a n arithmetic progression ; nevertheless, Hypsicles' result s follo w
them fairl y closely .

How th e Table  Is Constructed A t summer solstice, the Sun i s at the beginnin g
of th e Crab . Si x signs ris e during th e perio d fro m sunris e to sunset . Thes e
signs, an d thei r assume d risin g times, are :

Crab T  + y
Lion T  + 4x
Virgin T+  $x
Balance T  + 5*
Scorpion T  + 4x
Archer T+  3*

Total risin g time 6 T +  2.4 * =  length o f the day .

During the night, the other six signs rise (from Goat-Horn through Twins).
Adding u p thei r risin g times , we obtain

6 T + 6 x = length o f the night .

Now, Alexandria i s in th e clim e o f 1 4 hours . That is , a t summe r solstice ,
the da y last s 14 equinoctia l hours an d th e nigh t last s 10 equinoctia l hours . I f
we expres s these i n term s o f degree s of time , th e da y i s 210°, th e nigh t 150° .
We thu s obtai n tw o equation s i n tw o unknowns :

67+24^=210°
67+6* =150°.

These equation s suffic e t o determin e T  and x, with th e resul t

From thes e two value s the whol e tabl e can b e filled out .
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TABLE 2. 5 Hypsicles ' Table o f Ascensions fo r th e Paralle l o f Alexandria
(clime o f 1 4 hours)

Sign

Ram

Bull

Twins

Crab

Lion

Virgin

Balance

Scorpion

Archer

Goat-Horn

Water-Pourer

Fishes

Hypsicles'
Rising Times

21°40'

25°00'

28°20'

31°40'

35°00'

38°20'

38°20'

35°00'

31°40'

28°20'

25°00'

21°40'

Differences

+3°20'

+3°20'

+3°20'

+3°20'

+3°20'

0

-3°20'

-3°20'

-3°20'

-3°20'

-3°20'

Ptolemy's
Rising Times

20°53'

24° 12'

29°55'

34°57'

35°36'

34°47'

34°47'

35°36'

34037'

29°55'

24° 12'

20°53'

Differences

+3°19'

+5°43'

+4°42'

+0°59'

-0°49'

0

+0°49'

-0°59'

-4°42'

-5°43'

-3° 19'

Arrangement of Hypsicles' Book  Hypsicles ' Anaphorikos i s interesting from th e
point of  view of history of  mathematics for  its  statement and  proo f of  several
propositions abou t arithmeti c series . Le t a,,  a»  a^  .  . . an b e a n arithmeti c
progression o f n  terms . That is , each ter m differ s fro m th e precedin g on e b y
a constan t differenc e 8 . Thus , (tz  =  at  +  8, a^  =  ai +  8, an d s o on .

Hypsicles prove s that i f the numbe r o f terms in the serie s is even, th e su m
of th e serie s is

a, + a^  +  a, + • +  an =  n(a,  +  a n)/2.

That is , the su m o f the serie s i s equal t o th e numbe r o f terms time s half th e
sum o f the first and las t terms .

If the numbe r of terms is odd, and a m is the middle term , Hypsicle s proves
that

a, + a 2 +  • • •  + am +  •  • •  + a n =  na m.

That is, the sum of the series is equal to the number of terms times the middl e
term.

Hypsicles als o proves that , i f there ar e an eve n numbe r o f terms ,

(sum o f second half ) -  (su m o f first half) =

Hypsicles does not, of course, use algebraic formulas. Moreover , h e proves
his theorms for a  specific numbe r o f terms (six) . Hypsicles the n applie s these
theorems t o th e proble m o f determinin g th e risin g time s o f th e sign s a t
Alexandria, assuming 14 hours for the length of the solstitial day. The algebraic
solution o f th e proble m outline d abov e i s a  considerabl e simplificatio n of
Hypsicles' actua l procedure . 3
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Another interestin g feature o f Hypsicles ' boo k i s its divisio n o f the circl e
into 360 parts. Hypsicles' is the earlies t known Gree k work t o use the degree ,
a Babylonia n uni t o f measure . We hav e see n (sec . 1.2 ) tha t th e Babylonian s
divided th e da y into watches , whic h varie d i n lengt h th e cours e of the year ,
like th e Greeks ' seasona l hours . However , th e Babylonia n astronomer s als o
divided th e whol e 24-hou r perio d int o 36 0 parts, eac h o f which i s called on e
US (degree) . Thus , Hypsicles ' time-degre e i s of Babylonian origin .

Origin of  Hyspicles'  Method  and  Its  Later  History

The us e of the degree is only most obvious Babylonian influence in Hypsicles'
work. Indeed, the whole scheme of using an arithmetic progression to represent
the risin g time s o f th e sign s i s o f Babylonia n origin . Th e evidenc e fo r th e
Babylonian origi n o f thi s metho d come s fro m cuneifor m cla y tablet s of th e
Seleucid perio d (thir d centur y B.C . and later) . I n fact , th e Babylonian s used
two slightl y differen t version s of th e system . I n on e syste m (calle d system A
by moder n historians) , th e risin g times for m a  stric t arithmeti c progression .
In the other (syste m B, of course), the rising times form an arithmetic progres-
sion with tw o exceptions : th e chang e in risin g times is twice as big as normal
(a difference o f ix rathe r than x) between Twin s and Crab , an d als o between
Archer and Goat-Horn. (The values of Tand x for a given clime must therefore
be differen t i n syste m B  than i n syste m A.)

The arithmeti c progressio n i n risin g time s wa s firs t deduce d b y Ott o
Neugebauer fro m Babylonia n values for the length s o f days at differen t time s
of year. There is , afte r all , an intimat e connectio n between  th e lengt h o f th e
day an d th e risin g time s o f th e signs : th e lengt h o f an y da y i s equal t o th e
time i t take s fo r si x zodiac sign s to rise , beginnin g wit h th e Sun' s position .
However, th e rising times o f the signs also turn u p explicitly on some tablets ,
so there is no question tha t the Babylonians fully understood th e whole system
we see discussed b y Hypsicles .

There are echoes o f the Babylonian arithmetical scheme (bot h versions) in
many late r Gree k an d Roma n writers . Fo r example , Geminu s (Introduction
to th e Phenomena VI, 38 ) says tha t th e difference s i n th e length s o f th e day s
themselves for m a n arithmeti c progression . That is , the length s o f th e day s
form a  progression o f constant  second differences.  W e shal l see in th e exercis e
of section 2.16 that this results directly from the use of an arithmetic progression
for th e risin g times o f the signs . Geminus thu s seems to follow system A. Bu t
Cleomedes45 give s values fo r th e da y lengths tha t sho w a n anomalou s jum p
characteristic of syste m B .

In many cases, it appears that later Greek and Roman writers were unaware
of th e Babylonia n origi n o f thei r scheme s fo r risin g time s an d da y lengths .
Even afte r th e developmen t o f trigonometr y mad e th e arithmeti c method s
obsolete, many Greek and Roman astrologers continued to use the old arithme-
tic methods becaus e they were easier than trigonometry . Moreover , th e arith -
metic formula s for risin g time s an d da y length s wer e take n u p an d use d b y
writers wh o di d no t eve n understan d th e connectio n betwee n them . Thus ,
Manilius, th e autho r o f a  lon g Lati n astrologica l poe m (firs t centur y A.D.) ,
gives a  lis t o f risin g times tha t follow s syste m A an d a  lis t o f da y length s
that follow s syste m B , withou t realizin g that these  are inconsistent with on e
another.

Many historie s o f Gree k astronom y hav e tende d t o overemphasiz e it s
cultural independence, its logical coherence, and its allegiance to philosophica l
principles. Certainly, th e Gree k achievemen t i n astronomy was remarkable-
one of the most remarkable in the history of science. But our brief examination
of arithmetic techniques in Gree k astronom y provide s a  necessary corrective.
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The dependence on Babylonian methods i s quite clear. Moreover, th e slapdash
use o f these methods b y some late r writers shows tha t no t ever y practitione r
of Greek astronom y wa s a  Ptolemy. Fa r fro m it !

2.16 EXERCISE : A R I T H M E T I C P R O G R E S S I O N S AN D
THE R I S I N G S O F TH E S I G N S

1. Risin g times o f the signs : Use Hypsicles ' metho d (sec . 2.15) t o calculat e
the risin g times o f the sign s at th e Earth' s equato r (clim e of 1 2 hours) .
Calculate als o the risin g times for the clim e o f 16 hours. Compare your
results wit h th e exac t risin g time s obtaine d fro m tabl e 2.4 . A t whic h
clime—12, 14 , o r 1 6 hours—doe s Hypsicles ' approximatio n wor k best ?
How larg e are the errors ?

2. Da y lengths resulting from Hypsicles ' scheme: The assumptio n tha t th e
rising times o f th e sign s form a n arithmeti c progressio n lead s to othe r
consequences. Fo r example , i t turn s ou t tha t th e length s o f th e day s
form a  progressio n wit h constant  second  differences.  Th e lengt h o f th e
day when the Sun is at the beginning of the Goat-Horn (winter solstice)
can b e found b y adding th e risin g times fo r th e si x signs startin g wit h
the Goat-Horn . Thi s we di d i n sectio n 2.15 , wit h th e resul t 6 T +  6x.
Similarly, th e lengt h o f th e da y when th e Su n i s a t th e beginnin g o f
the Water-Poure r i s found b y addin g th e risin g times fo r th e si x signs
starting with th e Water-Pourer; th e resul t i s 6T+ jx. Continuing , w e
get

Day length s resultin g from Hypsicles ' schem e

Sun at  Second
beginining of  Length  of  day  Differences  differences
Goat-Horn 6 T +  6x

x
Water-Pourer 6T+  jx ^x

V
Fishes 6T  +  IQX

Finish out th e table and show tha t th e day lengths for m a n ascending and
then a  descending progressio n wit h constan t secon d differenc e ^x.

For the clime of 14 hours, put i n numerical values for T  and x to determin e
the da y lengths . Plo t a  graph o f day length versu s the Sun' s positio n i n th e
zodiac. Plo t th e actua l da y lengths (fro m tabl e 2.2) as well as the da y length s
resulting fro m Hypsicles ' assumptio n o n th e sam e graph . Th e us e o f da y
lengths with constant second difference s i s mathematically equivalent to fittin g
a parabola t o th e day-lengt h curve . Ho w wel l does thi s schem e approximat e
the actua l variatio n i n th e lengt h o f the day ?

2.17 OBSERVATION : TH E ARMILLAR Y S P H E R E A S
AN I N S T R U M E N T O F OBSERVATIO N

The armillar y spher e i s a  scal e mode l o f th e celestia l sphere . Thus , i f th e
model i s properly aligned, i t ca n sho w th e actua l orientation o f the heavens .
This i s th e basi s fo r th e us e o f th e armillar y spher e a s a n instrumen t o f
observation.

The direction s belo w are given for the use of an armillary sphere. However ,
they ma y als o b e applie d t o man y celestia l globes . Th e glob e shoul d b e o f
transparent plastic and should have an axis passing through it , with a miniature
globe o f the Eart h a t th e center . Th e glob e mus t als o hav e a  horizo n stan d
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and a  meridian rin g that i s adjustable for latitude. I t wil l b e helpful t o mak e
the shadow s o f the eclipti c an d th e equato r mor e visible . Thi s ca n b e don e
by sticking narrow tap e (e.g. , typewrite r correctio n tape ) o n th e eclipti c and
on th e equator , al l the way around th e globe . The tw o taped ring s thus tur n
the solid globe into a n armillary sphere, i f we imagine away the plastic surface
of the globe !

The Armillary  Sphere  A s a  Sundial  Se t u p a n armillar y sphere (o r celestia l
globe) i n a  level , sunn y plac e s o tha t th e meridia n lin e o n th e bas e point s
along the local terrestial meridian—that is, exactly in the north-south direction .
Also adjus t th e mode l fo r your own latitude . (The axis should mak e an angle
with the horizon tha t is equal to your latitude.) With these adjustments made,
the equato r of the mode l lie s parallel to the plane o f the celestia l equator, an d
the axi s of the model point s at the celestia l pole. That is, the axis of the model
is th e axi s o f the universe .

Note tha t th e shadow  o f the axis  o f th e mode l fall s o n th e equato r ring ,
which i s marke d i n hours . A s th e da y goe s by , th e Su n move s i n a  circl e
around th e axis , and th e shado w wil l move alon g the equato r ring . I f it were
local noon th e shadow woul d fal l o n th e meridian , s o you nee d simpl y count
the numbe r o f hour mark s that separat e the shadow fro m th e meridian. Thi s
will b e th e tim e o f day, expressed i n hour s befor e o r afte r loca l noon . Th e
sundial read s loca l Su n time , o f course , an d ma y depar t fro m cloc k time .

The armillar y sphere can also be made t o rea d the time o f day directly, i n
24-hour military or international style. Turn the sphere until the vernal equinox
(and o-hou r mark ) coincide s wit h th e shado w o f th e axis . The tim e o f day
will the n b e indicate d b y th e hou r mar k o f the equato r tha t i s crossing th e
upper par t o f the meridia n ring .

The armillar y sphere i s an exampl e o f an equatorial  sundial. The simples t
possible versio n of  suc h a  dia l would consis t of  onl y thes e essentia l parts : a
fixed rin g i n th e plan e o f th e equator , marke d i n hours , an d a  gnomo n
perpendicular t o it .

Using the Armillary to Measure the Longitude of the Sun I n usin g the armillary
sphere as a sundial, one mus t poin t th e axi s of the model a t the celestia l pole.
This involves adjustments only to the fixed circles of the model : the base and
the meridia n ring . Th e movable  par t o f th e spher e (mad e u p o f ecliptic ,
equator, etc. ) can b e turne d a t wil l withou t affectin g th e usefulnes s o f th e
dial. Bu t i f we wish t o us e th e armillar y t o determin e th e longitud e o f th e
Sun, we must positio n the movabl e sphere so that th e ecliptic ring lies in th e
plane o f the tru e ecliptic .

To d o this, adjust the model , a s before, fo r the local meridian and latitude .
Then slowl y turn th e spher e abou t it s axi s unti l th e shado w o f the eclipti c
ring fall s acros s th e middl e o f th e Eart h glob e i n th e cente r o f th e model .
Take a pencil point an d run i t along the ecliptic ring, keeping it perpendicular
to tha t ring , unti l the shado w o f the penci l poin t als o fall s acros s the cente r
of the  Eart h globe . You  shoul d the n see  the shado w of  the  eclipti c and  the
shadow o f th e penci l poin t intersectin g i n a n X  o n th e Eart h globe . Th e
pencil poin t mark s the Sun' s positio n o n th e ecliptic , s o the Sun' s longitud e
and th e dat e ma y b e rea d off.

One complicatio n must b e mentioned. O n a  given date, ther e may be two
different way s t o orien t th e eclipti c rin g tha t wil l produce a  shadow o f that
ring o n th e Eart h globe . O n Apri l 20 , fo r example , th e Su n i s 11 ° nort h o f
the equator . O n Augus t 2 4 the Su n i s again 11 ° nort h o f th e equator . Th e
length of the day, the rising direction of the Sun, and the lengths and directions
of shadows are all the sam e on August 2 4 as on April 20. Therefore, n o single
observation mad e wit h sundia l o r armillar y sphere will enable on e t o choos e
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between these  two dates. But i f one waits a few days after th e origina l observa-
tion, th e Su n will advance i n longitude and it s declination wil l change. I f the
date was April 20 the Su n will move farthe r north . Bu t i f the dat e was August
24 the Sun will move south. So, a second observation will remove the ambiguity
in th e firs t one .

The armillar y sphere, equipped with sights, was Ptolemy's chief instrument
for measurin g the position s o f star s and planet s (see fig. 6.8 an d sec . 6.4 ) .49
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3-1 GREE K AN D ROMA N SUNDIAL S

Our knowledg e o f th e scientifi c an d technologica l activit y o f th e ancient s is
based mostly on the written testimony of the ancients themselves. The physical
(as oppose d to  textual ) evidenc e for  the  scientifi c activit y of  the  Greek s is
meager, fo r delicat e scientifi c instrument s ten d no t t o survive . Objects pre -
served from antiquity tend to be made of relatively indestructible stuff : building
stone, ceramics , marbl e statuary . Thus , i t shoul d com e a s n o surpris e tha t
the corpu s o f som e 25 0 Greek an d Roma n sundials , foun d a t site s al l over
the Mediterranean, constitute s th e grea t bulk of the physica l evidenc e for the
place o f astronomy i n classica l civilization.

Varieties of  Ancient Sundials

The ancien t dia l maker s wer e ver y inventiv e an d designe d man y differen t
kinds of  dials. To judge by  the number tha t survive, one of  the most popula r
kinds was the spherical dial. In its simplest form, this consisted of a hemispheri-
cal cavit y cu t int o a  block o f stone. A gnomon was set into th e ston e with
its ti p a t th e cente r o f curvature of the cavity . Thi s sphericall y shaped cavit y
was a model of the celestia l sphere. The concav e surfac e o f the cavity typically
was engraved with circle s representing the tropic s an d th e equator , a s well as
with othe r curve s tha t serve d t o indicat e th e hours . Th e principa l o f th e
spherical dia l wit h centra l gnomo n i s illustrate d i n figur e 3.1 . Thi s design ,
however, woul d hav e bee n impractical . I t woul d hav e bee n laboriou s t o cu t
a complete hemisphere out of stone. Besides , the cavity would have filled with
rain water . Fortunately , a  complet e hemispher e i s not needed . Th e shado w
of th e gnomon' s ti p canno t fal l jus t anywher e o n th e spherica l surface . I n
particular, th e shado w ti p ca n neve r fal l outsid e th e bel t betwee n th e tw o
tropic circles. Therefore, the entire hemisphere is not needed, and the unneces-
sary portions o f the bloc k can be cut awa y as in figure 3.2 . The popularit y of
the spherica l dia l derive d fro m it s simplicity . Becaus e th e spherica l dia l i s
merely a  reduce d versio n o f th e celestia l sphere , th e theor y governin g th e
placement o f th e curve s is very simple.

Many conical  dials  hav e als o bee n found . Indeed , th e know n numbe r o f
this type exceeds even that of the spherical dials. In a  conical dial , the shadow -
receiving surfac e i s a  portio n o f th e inne r surfac e o f a  cone . Typically , th e
conical depressio n wa s cu t int o th e edg e o f a  rectangula r sla b o f ston e (fig.
3.3). Th e stoneworkin g involve d i n makin g a  conical depressio n was simpler
than tha t require d fo r a  spherica l cavity . But , b y compensation , th e theor y
was slightly more complicated : i t was necessary to projec t th e celestia l sphere
onto a  conica l surface .

About forty  plane dials are also preserved. The theor y underlying such dials
is mor e complicate d tha n th e theor y o f spherica l o r conica l dials , fo r th e
celestial spher e mus t b e projecte d ont o a  plan e surface . Som e dial s wer e
designed fo r horizonta l receivin g surfaces , other s fo r vertica l surfaces .

T H R E E

ome

Applications

of Spheric s

FIGURE 3.1 . Th e principl e o f th e spherica l
dial.

Two Horizontal  Plane  Sundials of  the  Hellenistic Period

Among th e surviving Greek an d Roma n sundial s engraved o n plane surfaces ,
there ar e fifteen tha t wer e designed t o b e horizontal . Figur e 3.4 represents a
horizontal plan e sundia l pieced togethe r fro m thre e fragment s found i n 181 4
on the Vigna Cassin i nea r the Via Appia, Rome. Th e extan t fragment s for m
approximately th e lef t hal f o f th e dial , th e portio n boun d b y th e wav y lin e
in the figure. The par t of the dia l to the righ t of the wavy line is a conjectural
restoration. This dial is made of white marble, and the extant portion measures
approximately 3 5 cm wid e an d 5 4 cm high . Th e marbl e i s 36 cm thick .

The engrave d lin e tha t run s verticall y in th e figur e i s the meridian . Th e

129
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FIGURE 3.2 . Spherica l dia l with cutawa y sout h
face. Da y circle s are visible for winte r solstice ,
equinox, an d summe r solstice . The dia l ha s been
cut awa y along th e circl e representin g th e tropi c
of Cancer (th e da y circl e for summer solstice) .
Also visible is a  family of curve s fo r th e seasona l
hours.

upper part i s the southern end o f the dial , an d th e lowe r part , the northern
end. I n use , the dia l would li e on th e ground , wit h it s face horizonta l an d it s
meridian aligne d north-south . A  trac e o f a  gnomon hol e i s preserved o n th e
meridian line , a t th e broke n righ t edg e o f the dial , jus t abov e th e bat-win g
shape.

This ba t win g i s characteristi c o f al l Greek an d Roma n horizonta l plan e
dials. The uppe r curv e is the trac k o f the ti p of the gnomon' s shado w fo r th e
day of summer solstice . The horizonta l straigh t line below thi s i s the shado w
track for the equinox. The lowermost curve is the shadow track for the winter
solstice. Thes e thre e shado w track s ma y be compared wit h figur e 1.36 .

The eleve n mor e o r les s vertica l line s i n figur e 3. 4 are hou r lines . These
indicate th e tim e o f day as the ti p o f the shado w crosse s them on e b y one .
The hour s ar e seasonal.  Tha t is , th e perio d fro m sunris e t o sunse t consist s
always of twelve hours, by definition. At sunrise, the gnomon's shado w would
be infinitel y long an d woul d poin t t o th e west , tha t is , toward th e righ t o n
the figure . As the Su n ros e higher , th e shado w woul d shorte n unti l th e ti p
of the shadow reached th e first hour line on the right. The time would then
be on e seasona l hou r afte r sunrise . Th e shado w woul d continu e t o shorte n
until noon , th e sixt h hour , whe n i t woul d fal l o n th e meridian . I n th e
afternoon, th e shado w woul d lengthen , crossin g the elevent h hou r lin e (th e
last o n th e left ) on e seasona l hou r befor e sunset .

This dial was engraved aroun d it s perimeter wit h th e name s of the winds ,
in Greek . O n th e preserve d par t o f the dial , th e win d name s are

FIGURE 3.3 . Principl e o f the conica l dial .

FIGURE 3.4 . A  horizontal , plane sundial foun d
near Rome . Fro m Diel s (1924) .

Notos
Euronotos
Euros
Apeliotes
Kaikias

South
South-southeast
East-southeast
East
East-northeast

Figure 3.5 shows anothe r horizontal , plan e sundial , found on th e islan d of
Delos i n 1894 . Th e dia l i s engraved o n a  slab o f white marbl e streake d wit h
gray. The sla b measures 37 cm X 50 cm and i s about 6 cm thick. As is almost
invariably th e case , the gnomo n ha s no t bee n preserved . However , trace s o f
iron remai n i n th e gnomo n hole , whic h i s abou t 1. 3 c m i n diameter . Th e
three da y curves are engraved with Gree k inscription s (fro m to p t o bottom) :

TPOnAI 0EPINA I
ICHMEPIA
TPOITAI XEIMEPINAI

Summer solstic e
Equinox
Winter solstic e

An unusual feature, found on only a few other dials, is the triangular wedge
formed b y tw o straigh t line s tha t radiat e fro m th e noo n mar k o n th e da y
curve fo r th e winte r solstice . These tw o line s may b e translate d

where th e tim e o f every day remains (right )
where th e tim e o f every day ha s passed (left )

These line s cal l attentio n t o th e variatio n i n th e lengt h o f the day . Th e
amount o f time th e shado w spend s outsid e th e triangula r wedge i s the sam e
for ever y day. I n th e cas e of th e equinox , approximatel y 3 seasonal hours ar e
cut ou t b y the triangula r wedge ( i 1/ 2 hour s o n eac h sid e of the noo n line) .
Thus, the  twelv e seasona l hour s of  the  winte r solstitia l day  are  equa l to  9
equinoctial hours . I n th e cas e o f th e summe r solstice , abou t 4  2/ 3 seasonal
hours are cut out b y the wedge. Thus , the twelve seasonal hours at the winter
solstice are equal to onl y 7 1/3 seasonal hours of the summe r solstitia l day. As
already mentioned, all surviving Greek and Roman dials are marked in seasona l
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hours. There is not a  single example of a dial that indicate d equinoctia l hours
throughout th e year. Interestingly, on the very few dials tha t cal l attention to
the varyin g length o f the day , such a s this dial fro m Delos , th e winte r hou r
is chosen a s the standar d o f comparison .

The triangula r wedge on the Delos dia l affords a n easy way of determining
the clime , o r latitude , fo r which th e dia l was designed. Th e wedg e indicates
that 1 2 winte r hour s =  9  equinoctia l hours . Tha t is , a t winte r solstice , th e
period fro m sunris e t o sunse t (1 2 seasona l hours ) last s 9  equinoctia l hours.
This implies that a t summer solstice the da y would las t 1 5 equinoctial hours .
The dia l seems , then, t o hav e bee n designe d fo r th e clim e o f 1 5 hours . This
corresponds t o a  latitude o f about 41° (a s can b e seen in tabl e 2.2 or 2.4) . I n
section 3.4 we examine another metho d o f determining the latitude for which
the dia l was designed, usin g the length s o f the noo n shadows .

The Tower  of  the  Winds

The mos t remarkabl e fea t o f dia l making preserve d fro m th e ancien t perio d
is the Tower of the Winds in the Agora (marketplace) o f Athens. Thi s eight -
sided marble building was constructed by a Macedonian astronomer , Androni-
kos of Kyrrhos, around 5 0 B.C. Figure 3.6 shows a view of the octagonal tower ,
sketched b y Jame s Stuar t an d Nichola s Revett , tw o Britis h historian s o f

FIGURE 3.5 . A  horizontal , plane sundial foun d
on Delos . Fro m Diel s (1924) .

FIGURE 3.6 . Th e Towe r o f the Winds in
Athens. Fro m Stuar t and Revet t (1762) . Phot o
courtesy o f Yale Universit y Library.
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architecture who published a  series of engravings of Greek and Roman antiqui -
ties i n 1762 . Eac h fac e o f th e towe r bear s a  relie f sculpture o f a  wind god .
In figur e 3.6 , w e see , fro m lef t t o right , Apeliote s (th e eas t wind) , Kaikia s
(northeast), and  Borea s (north) . Belo w eac h relie f is  a  sundial . The  eigh t
sundials, which face in eight different directions , had, of course, to be individu-
ally designed .

Vitruvius mentions the Tower of the Winds in his Ten Books on Architecture
(I, 6) . Accordin g t o Vitruvius , o n th e to p o f th e towe r ther e wa s a  bronz e
weather vane in the shape of a Triton ( a son of Poseidon). The Triton turne d
to fac e th e wind . A wand i n th e Triton' s han d pointe d t o th e nam e o f the
wind tha t wa s blowing. Thi s weather vane had disappeare d b y the eighteent h
century, but Stuar t and Revet t added it to thei r engraving (fig. 3.6), following
Vitruvius's description .

The ston e floo r o f the interio r was carved wit h channel s tha t receive d n o
explanation unti l a n archaeologica l investigatio n o f the 1960 5 suggested the y
were channel s fo r conductin g wate r t o ru n a  water clock . Th e wate r cloc k
displayed insid e th e Towe r o f th e Wind s wa s almost certainl y o f th e typ e
known a s an anaphoric clock.  A wheel, representin g the sk y and adorne d wit h
the figures of the constellations , turne d aroun d onc e eac h day . As the whee l
turned, th e constellation s passe d b y a  meta l wir e representin g th e horizon .
Thus, the anaphori c clock woul d sho w a t a  glance which constellation s were
rising an d setting—eve n durin g th e daytime . Th e anaphori c cloc k i s closely
connected wit h th e astrolab e i n bot h it s underlying theor y an d it s historical
origins an d i s discussed i n sectio n 3.7 .

3.2 VITRUVIU S O N SUNDIAL S

Our principa l sourc e o n Gree k an d Roma n sundial s i s Vitruvius , a  Lati n
writer on architecture who lived in the age of Augustus. We have already seen
(sec. 1.4 ) hi s use of the gnomo n fo r laying out cit y streets. Vitruvius believed
that th e architec t shoul d b e equippe d wit h knowledg e fro m man y branche s
of study , includin g geometry , history , philosophy , music , medicine , an d as -
tronomy, a s well as the mor e specialize d art s of building construction. Fo r all
these sciences bear on architectur e in  some way. Accordingly, Vitruvius' s Ten
Books on Architecture ranges over many fields of ancient science and technology .
The greates t digression from purely architectural matters is found in Vitruvius's
ninth book , whic h consist s of an elementar y surve y of astronomy .

Beginning of  Book Nine

Book IX begins with a n introduction i n which Vitruviu s laments th e fac t tha t
authors ar e not accorde d th e sam e honor s an d riche s as athletes. Afte r som e
grumbling, which differs very little from th e grumbling still heard today when
the salarie s of professional athletes ar e discussed, Vitruviu s give s examples of
several author s wh o hav e benefitte d mankin d wit h thei r discoveries : Plat o
(the doublin g o f th e square) , Pythagora s (th e theore m o n righ t triangles) ,
Archimedes (th e famous "Eureka! " story) , and Archytas and Eratosthenes (th e
doubling o f the cube) . Th e discoverie s o f these me n ar e everlasting. Bu t th e
fame o f athletes decline s rapidl y wit h thei r bodil y powers .

Now Vitruviu s take s u p th e subjec t o f boo k IX : astronom y an d tim e
reckoning. Th e firs t si x chapters ar e devote d t o th e zodiac , th e motion s o f
the planets , th e phases of the moon, the constellations , and th e prediction o f
the weather from th e stars. Throughout, the scientific level is very low. Vitruv -
ius ha d bu t a  weak gras p o f astronomy an d wa s writing fo r a n audienc e h e
deemed t o b e interested i n onl y a  superficia l introduction .
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The Analemma

In chapte r 7  Vitruviu s take s u p th e subjec t o f sundials . Mos t o f thi s shor t
chapter is devoted to a description of the analemma, which is a two-dimensional
protective drawing of the celestia l spher e (se e fig. 3.7). An analemma plays th e
same role in the construction of sundials as  a lemma plays in the construction of
a mathematica l proof . I t i s a  preliminar y constructio n tha t permit s on e t o
reach th e desired goal. The analemm a described b y Vitruvius wa s not origina l
with him, but it s inventor is unknown. A number of mathematicians devoted
themselves t o th e theor y o f sundials , an d man y mus t hav e use d analemma s
of one sor t o r another . However , th e only other ancien t write r o n thi s topic
whose work has come down t o u s is Ptolemy, who wa s later tha n Vitruvius .
The analemm a treated b y Ptolemy in hi s book O n the Analemma i s not th e
same a s Vitruvius's. Unfortunately , neithe r Ptolem y no r Vitruviu s ca n teac h
us exactl y ho w th e ancient s use d thei r analemma s i n th e constructio n o f
sundials. Vitruvius , as  we  shal l see , contents himsel f wit h explainin g the
construction o f the analemm a itsel f and forswear s givin g any example of its
uses les t h e shoul d prove  tiresom e b y writin g to o much . Ptolem y probabl y
did provid e examples , bu t thi s par t o f hi s treatis e ha s bee n lost . Vitruvius' s
chapter 7  i s here presented i n it s entirety:

EXTRACT F R O M V I T R U V I US

Ten Books  o n Architecture IX, 7

1. I n distinctio n fro m th e subject s firs t mentioned , w e mus t ourselves
explain th e principles which gover n th e shortening an d lengthenin g of the
day. When th e Su n i s at th e equinoxes , tha t is , passing through Arie s or
Libra, he makes the gnomon cas t a  shadow equal to eight ninths of its own
length, i n th e latitud e o f Rome . I n Athens , th e shado w i s equal t o thre e
fourths of the length of the gnomon; a t Rhodes to five sevenths; at Tarentum,
to nin e elevenths ; a t Alexandria, to thre e fifths; and s o at other place s i t is
found tha t the shadows of equinoctial gnomons ar e naturally different fro m
one another .

2. Hence , whereve r a  sundia l i s t o b e constructed , w e mus t tak e th e
equinoctial shado w o f the place . I f i t i s found t o be , a s in Rome , equa l t o
eight ninth s o f th e gnomon , le t a  lin e b e draw n o n a  plan e surface , an d
in th e middl e thereo f erec t a  perpendicular , plum b t o th e line , whic h
perpendicular i s called th e gnomon . Then , fro m th e lin e i n th e plane , let
the lin e o f th e gnomo n b e divide d of f by th e compasse s int o nin e parts ,
and tak e the poin t designatin g the nint h par t a s a center, to b e marked b y
the lette r A. Then , openin g the compasse s fro m tha t cente r to th e lin e in
the place  at the poin t B , describe a circle. This circle is called the meridian .
[See fig . 3.7. ]

3. Then , o f th e nin e part s betwee n th e plan e an d th e cente r o n th e
gnomon, tak e eight , an d mar k the m of f on th e lin e i n th e plan e t o th e
point C . This wil l b e th e equinoctia l shado w o f th e gnomon . Fro m tha t
point, marke d b y C , let a  lin e b e draw n throug h th e cente r a t th e poin t
A, and thi s will represent a ray of the Sun at the equinox. Then, extending
the compasse s fro m th e cente r t o th e lin e o f th e plane , mar k of f th e
equidistant points E  on the lef t an d / o n the right, on the two sides of the
circumference, an d le t a  lin e b e draw n throug h th e center , dividin g th e
circle into two  equa l semicircles . This line is called by  mathematicians the
horizon.

4. Then , tak e a fifteenth par t o f the entir e circumference , and, placing
the cente r o f the compasse s o n th e circumferenc e a t th e poin t wher e th e
equinoctial ray cuts i t a t th e lette r F , mark of f the point s G  and H  o n th e
right an d left . The n line s mus t b e draw n fro m thes e [an d the center ] t o
the lin e o f the plan e a t th e point s T  an d R , an d thus , on e wil l represen t
the ra y of the Su n i n winter , an d th e othe r th e ra y in summer . Opposit e

FIGURE 3.7 . Th e analemm a o f Vitruvius.
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E will be the point / , where the line drawn throug h the center a t the poin t
A cut s the circumference ; opposite G  and H  wil l b e the point s L  an d M;
and opposit e C , F, and A  wil l be the poin t N .

5. The , diameter s are to be drawn fro m G  to L  and fro m H  t o M. Th e
upper wil l denot e th e summe r an d th e lowe r th e winte r portion . Thes e
diameters ar e to b e divided equall y in th e middl e a t th e point s P  and O ,
and thos e center s marked ; then , throug h thes e mark s an d th e cente r A ,
draw a  line extending t o th e tw o side s o f the circumferenc e a t th e point s
Z an d Q . Thi s wil l b e a  line perpendicula r t o th e equinoctia l ray , an d i t
is calle d i n mathematica l figure s th e axis . Fro m thes e sam e center s ope n
the compasse s t o th e end s o f th e diameters , an d describ e semicircles, one
of which wil l b e fo r summe r an d th e othe r fo r winter.

6. Then , a t th e point s wher e th e paralle l lines cu t th e lin e calle d th e
horizon, the lette r S  is to be seen on th e right , th e letter Y on th e left ; an d
from th e lette r S  dra w a  lin e paralle l to th e axi s a s fa r a s th e semi-circl e
on th e right , which i t cut s a t V ; and fro m Yto  th e semi-circl e on th e lef t
draw i n th e sam e wa y a  paralle l which cut s i t a t X . Thes e parallel s ar e
called .  . . <Further, draw a parallel line from the point H, where the summer
ray cuts th e circumference , to th e poin t G , where th e winte r ra y cuts th e
circumference. Thi s parallel is called> . . . loxotomus. Then, place the point
of the compasses at the intersection of this line and the equinoctia l ray—cal l
this poin t D —and ope n the m t o the poin t wher e th e summer ra y cuts th e
circumference a t the letter H. Around th e equinoctial center , with a  radius
extending t o th e summe r ray , describ e the circumferenc e of th e circl e o f
the months , which i s called menaeus.  Thus we shal l have the figure o f th e
analemma.

7. Thi s having been drawn and completed , th e schem e of hours is next
to be drawn on the baseplates from th e analemma, accordin g to the winter
lines, or those of summer, or the equinoxes, or the months, an d thu s many
different kind s o f dial s ma y b e lai d dow n an d draw n b y thi s ingeniou s
method. Bu t th e resul t of all these shapes and design s is in one respec t th e
same: namely , th e day s o f th e equinoxe s an d o f th e winte r an d summe r
solstices are always divided int o twelve equal parts. Omitting details , there-
fore—not fo r fear o f the trouble , but les t I should prove tiresome by writing
too much— I wil l stat e b y whom th e differen t classe s and design s o f dials
have bee n invented . Fo r I  canno t inven t ne w kind s o f mysel f a t thi s late
day, no r d o I  think tha t I  ough t t o displa y the invention s o f others a s my
own. Hence , I  wil l mentio n thos e tha t hav e com e dow n t o us , an d b y
whom the y were invented .

The analemm a i s most  easil y understoo d a s a  sid e vie w o f a n armillar y
sphere (compar e fig . 3. 7 with fig . 2.9) . I n figur e 3.7 , circl e NIFE  represent s
the celestia l meridian . Th e axi s of the univers e i s line ZQ_. The horizo n plane
is represente d b y lin e El,  an d th e Eart h i s a t A . Th e tw o tropic s an d th e
equator ar e seen i n a n edge-o n vie w a s lines HM  (tropi c o f Capricorn) , F N
(equator), an d G L (tropi c o f Cancer) . Thes e thre e circle s naturall y stan d
perpendicular t o th e plan e o f th e figure , wit h a  semicircl e abov e th e plan e
and a  semicircl e below . I n figur e 3.7 , a  semicircl e o f eac h tropi c ha s bee n
folded int o the plan e o f the diagram. These folded tropic s are represented by
the dashe d semicircle s MZ H an d LVG.

On th e da y of th e summe r solstice , th e Sun' s diurna l pat h throug h th e
sky coincides with the tropi c of Cancer. Poin t L  will b e its position a t noon,
and Git s position at midnight. Now, i f the dashed semicircle LVG  is imagined
folded u p (th e fol d bein g along the diamete r LG)  s o that th e tropi c i s in it s
correct position , the n i t i s easy t o se e that th e dashe d lin e SKwil l li e in th e
plane o f the horizon . Thus , V  represents th e positio n o f the Su n a t sunris e
or sunset , o n th e da y o f th e summe r solstice . I f we le t th e semicircl e GVL
represent th e period fro m midnigh t t o noon , the n ar c G V is  th e portion o f



S O M E A P P L I C A T I O N S O F S P H E R I C S 13 5

the nigh t fro m midnigh t til l sunrise , an d ar c V L i s the portio n o f th e da y
from sunrise till noon. The sam e semicircle L VG can also represent the secon d
half o f th e day , that is , the perio d fro m noo n t o midnight : i n thi s cas e we
interpret V  a s sunset . Similarly , o n th e folded-dow n tropi c o f Capricor n
(semicircle MXH),  poin t X  represent s either sunris e or sunse t on th e da y of
the winter solstice.

Conclusion of  Book  Nine

As is apparent from th e extract , Vitruvius is content to describe the construc -
tion of the analemma and doe s no t bothe r t o explai n it s use in the desig n of
sundials. (We shall see in sec. 3.3 the likely technique in the case of a horizontal
plane sundial. ) I n th e eight h an d fina l chapte r o f book IX , Vitruvius list s a
number of different kind s of dials, together with th e names of their supposed
inventors. Th e cu t hemispherica l dial , illustrate d i n figur e 3.2 , is attributed
to Berosu s the Chaldaean ; th e conica l dial , t o Dionysodorus ; th e plane disk ,
to Aristarchu s o f Samos . A numbe r o f othe r type s o f dial s ar e named , bu t
because Vitruviu s give s n o details , i t i s difficul t t o identif y the m al l toda y
with any certainty. Vitruvius end s his discussion o f sundials with the remark
that anyon e who wishes to learn how to  mar k a  dial can  find out  how  to  do
so fro m th e work s o f those wh o hav e written o n thi s subject , provided tha t
he understands the figure of the analemma. Evidently, there were other treatises
on dialin g tha t hav e not com e dow n t o us . Chapter 8  ends with a  discussion
of water clocks . Despit e som e gaps in th e discussion , Vitruvius is fairly clea r
and provide s valuable detail o n thi s branch o f ancient technology .

FIGURE 3.8.

3.3 EXERCISE : M A K I N G A  S U N D I A L

Vitruvius describes the construction of the analemma but does not demonstrate
its application to the design of sundials. It is therefore impossible to say exactly
how th e ancien t dia l maker s use d th e analemm a t o produc e th e fac e o f a
sundial, but i t i s possible to make a good guess .

Gustav Bilfinge r ha s shown ho w th e analemm a ca n b e used t o construc t
horizontal and spherica l sundials. Other solutions are possible, but Bilfinger' s
has the meri t tha t i t uses all the part s of the analemm a and require s no ne w
ones. Whether thi s i s the actua l metho d followe d b y the ancient s cannot b e
proved, but , even i f it i s not, it mus t b e clos e in spirit .

Step 1:  Construction  of  the  Analemma

The firs t ste p i n makin g a  sundia l i s th e constructio n o f th e analemm a
according t o th e direction s give n i n th e extrac t fro m Vitruvius' s Te n Books
on Architecture. However, it will be convenient to modify Vitruvius's directions
slightly.

Obtain a  large sheet o f paper, 20 " X 30" or larger . Lay the pape r o n you r
working tabl e wit h th e shorte r side s runnin g lef t t o right , a s i n figure 3.8.
Draw th e meridia n circle , with a t leas t a  4" radius , in th e uppe r lef t corne r
of the paper , bu t b e careful t o leave several inches of space between th e circle
and th e edge s o f th e paper . Throug h th e cente r A  o f th e circle , dra w th e
horizontal lin e El that represent s the horizon.

Draw th e axi s ZQ o f th e univers e throug h A  s o tha t i t make s a n angl e
with th e horizo n equa l t o th e latitud e o f th e plac e fo r whic h yo u wis h t o
construct th e sundial . The axi s intersect s the meridian a t point Q , abov e th e
horizon, an d a t point Z , below . Angle QAI  i s equal t o th e latitude .

Choose an appropriate length for the gnomon, i" or i 1/4", and draw the
gnomon A B perpendicular t o th e horizon . Dra w throug h th e bas e B o f th e
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FIGURE 3.9 . Divisio n o f the diurna l circl e into
hours (ste p 2) .

gnomon a  line parallel to the horizo n an d le t it extend al l the way across the
paper. Thi s baselin e represent s th e ground , o n whic h th e shadow s o f th e
gnomon ar e to b e projected. (Her e we depart slightly  from Vitruvius' s direc -
tions. It is important to make the meridian circle large so that the pencil work
can be accurate. Bu t i f we made th e gnomo n 4 " high—equal to th e radiu s of
the meridian—th e sundial face would tur n ou t si x or seven feet wide . I t i s the
height o f the gnomo n tha t determine s th e siz e o f the finishe d sundial . Th e
tip A  o f th e gnomo n mus t li e at th e cente r o f th e celestia l sphere, bu t th e
base B  ma y be put a t an y convenient place . I n al l that follows , our diagra m
will b e exactl y th e sam e a s Vitruvius's , excep t tha t th e baselin e i s shifte d
upward.)

Draw the equator FN through poin t A, perpendicular to the axis ZQ. The
equator cut s th e meridia n a t N , abov e th e horizon , an d a t F , below. I t als o
cuts the baseline at C . When the Su n i s at N, a t noon on th e equinox , it will
produce th e shado w EC . (Not e tha t Vitruviu s begin s hi s constructio n b y
specifying th e rati o o f th e equinoctia l noo n shado w B C t o th e gnomon' s
height AB. Bu t since th e modern reade r i s more likely to know the latitude
of the plac e where he or sh e lives tha n th e lengt h o f the equinoctia l shado w
there, w e begi n b y constructin g th e latitud e angl e QAI.  Th e correc t lengt h
of the equinoctia l noon shado w the n follow s automatically. )

We have so far finished the parts of the construction tha t Vitruvius describes
in paragraph s 2  an d 3 . We hav e als o draw n th e axis , whic h i s described i n
paragraph 5 . Complete th e figur e o f th e analemm a accordin g t o Vitruvius' s
prescription i n paragraph s 4, 5 , and 6 . Note tha t angl e LAN =  NAM =  24°,
that is , the obliquit y o f the ecliptic . Also, we will have no nee d fo r line H G
(loxotomus) o r th e smal l circl e (menaeus ) havin g H G a s diameter , s o yo u
may leave these out .

Step 2:  Division  of  the  Diurnal Circles  into  Hours

Now tha t th e analemm a ha s bee n drawn , w e shal l prepar e i t fo r us e in th e
construction of a horizontal sundial. The figures accompanying our directions
are draw n fo r th e latitud e o f Rome . T o mak e th e shadow s longer , fo r th e
sake o f clarit y i n th e littl e diagrams,  w e have draw n th e baselin e tangen t t o
the meridia n circl e as , indeed , Vitruviu s prescribes . However , a s explained
above, yo u shoul d dra w your ow n baselin e higher.

Summer Solstice O n th e day of the summer solstice, the Sun's diurnal motio n
will carr y i t aroun d a  circl e coincidin g wit h th e tropi c o f Cancer . I n figur e
3.9 thi s circula r pat h i s seen edg e o n a s line LG . Th e actua l diurna l circl e
would stan d u p perpendicula r t o th e plan e o f th e diagra m wit h L G u s its
diameter. Semicircl e LVG represent s this diurnal circle folded down int o the
plane of the diagram—or really one-half of the diurnal circle. Arc ZKrepresents
the par t o f thi s semidiurna l ar c tha t i s above th e horizon , and VG , the par t
below.

According t o moder n practice , we should place the cente r o f a protracto r
at P  and divid e arc LVG int o 1 2 equal segment s o f 15 ° each , representin g th e
twelve equa l hour s tha t w e coun t fro m midnigh t (poin t G)  t o noo n (L).
However, th e ancien t Greek s divided th e perio d betwee n sunris e and sunse t
into twelve seasonal hours, which were therefore longer in summer and shorte r
in winter. Equivalently, the tim e between sunris e (V) an d noo n (L) is divided
into six parts. Accordingly, place the center of a protractor a t P, find by direct
measurement tha t angle LPVis 115° , and divid e arc LV int o interval s of one-
sixth thi s size , o r abou t 19 ° each . (Thes e particula r number s appl y onl y t o
the latitud e o f Rome, o f course.) The resultin g hour mark s are labeled / , // ,



S O M E A P P L I C A T I O N S O F S P H E R I C S 13 7

///, .  . . VI. (Be careful no t to make the mistake of dividing arc LVby placin g
the center of the protractor a t S . The cente r o f the protractor mus t be placed
at th e cente r P  of the Sun' s diurna l circle.)

Project each of the points /, / / , . .. Vonto  lin e LS by means of lines drawn
parallel t o th e axi s AP . The resultin g point s /, //', . .. V represen t the
position o f the Su n a t each of the hours , as seen in a  side view of the celestial
sphere. Not e tha t poin t VI'  (noon ) woul d b e th e sam e as VI .

Winter Solstice  Th e diurna l path o f the Su n at winter solstice coincides with
the tropic  of Capricorn. See n fro m th e side , thi s circl e appear s i n figure 3.9
as line MH. Whe n half the circle is folded dow n into the plane of the diagram,
it appears as semicircle MXH. Ar c MX represent s the portion of the semidiurnal
path tha t i s above the horizon . Therefore , place the cente r o f a  protractor a t
O an d divid e angl e MOX int o si x equal parts , markin g th e division s alon g
arc MX . (B e carefu l no t t o plac e th e cente r o f th e protracto r a t Y. ) Th e
resulting point s ar e the n projecte d ont o lin e M Y b y mean s o f lines paralle l
to th e axis .

Step 3:  Construction  of  the  Shadow Tracks

Refer t o figure 3.10. Mar k poin t W  below the analemm a exactl y on th e lin e
determined b y points A  an d B . I t doe s not matte r ho w far W  lies belo w th e
analemma, bu t plac e W  roughly i n th e middl e o f the availabl e empty space .
Wwill b e the gnomon' s positio n o n th e functionin g sundial .

In constructin g th e shado w tracks , we mus t locat e th e ti p o f the shado w
at eac h hou r o f the day . We locat e th e ti p o f the shado w b y findin g (i ) th e

FIGURE 3.1 0 Constructio n o f the shado w track ,
summer solstic e (ste p 3).

FIGURE 3.1 1 Constructio n o f th e shado w track , winte r
solstice (ste p 3).
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distance b y which i t lie s nort h o r sout h o f th e gnomon' s base , an d (2 ) th e
actual lengt h o f the shadow .

Summer Solstice  T o fin d th e noo n shadow , projec t a  lin e fro m poin t V I
(which represent s the Sun' s plac e on th e meridia n a t noon ) throug h th e ti p
A of the gnomon (fig . 3.10). The poin t 6 ' where this line crosses the baseline
determines th e length o f the noon shadow . Therefore , dra w a line down fro m
6' parallel to line ABW. Open the compasses to make a  radius equa l to B6',
then plac e the point a t Wan d draw an arc , which wil l touch th e ne w line at
the point we have marked 6 . The lin e segment W6  (whos e length i s equal t o
B6') i s the actua l noo n shado w o n th e da y of the summe r solstice .

To find the tip of the shadow at any other hour of the day (take the second
hour a s a case), proceed a s follows. From poin t //' , projec t a  line through A
to th e baseline , which i t cut s a t 2'. Distanc e B^'  represent s th e distanc e by
which th e shado w ti p lie s sout h o f the gnomon' s bas e ( B o r W).  Therefore ,
draw a  line from 2 ' straight dow n th e page paralle l to the line ABW. Th e ti p
of the shadow must lie somewhere along this line at the second hour of the day.
To find just where, we must make another projection, which will determine the
actual lengt h o f the shadow .

The projectio n fro m //' gave us information onl y abou t th e north-sout h
length o f the shadow, becaus e point // ' represent s the position o f the Sun as
viewed fro m th e eas t sid e of the celestia l sphere. All east-west informatio n i s
therefore lost in this projection. Tha t is, we cannot tel l (fro m poin t // ' alone )
whether th e Su n lie s i n th e plan e o f the paper , o r a n inc h belo w it , o r tw o
inches above . Therefore , w e must someho w mov e th e Su n int o th e plan e of
the diagra m withou t changin g the  lengt h of  its  shadow. To  do  this , projec t
from // ' a  line paralle l to th e horizo n tha t wil l intersec t th e meridia n circl e
at a point w e shall call II". Fro m II",  projec t a line through A  t o the baseline
that wil l b e cu t a t 2" . Distanc e fe " the n i s the actua l lengt h o f the shado w
at th e secon d hour . (I t i s the fac t tha t w e move d th e Su n fro m // ' t o I f
keeping i t alway s th e sam e distanc e abov e th e horizo n tha t guarantee s w e
have no t change d th e actua l lengt h o f the shadow. ) The n se t the compasse s
to giv e a  radiu s equa l t o Bi",  plac e th e poin t a t W , an d dra w a  circle . Th e
place, marked 2, where this circle intersects the line drawn previously through
2' the n give s the locatio n o f the shado w ti p a t th e secon d hour . Ther e i s of
course another place , eas t of the gnomon , wher e the line and circl e intersect .
This point , marke d 10 , i s the locatio n o f the shado w ti p a t th e tent h hour .
(As 2 give s the position o f the shado w ti p fou r hour s before noon, so 10 gives
the positio n fou r hour s afte r noon. )

In th e sam e way, fin d th e locatio n o f the shado w ti p a t each o f the othe r
hours o f th e day . Th e projection s fo r th e fourt h an d eight h hour s ar e als o
illustrated in the diagram. The odd hours have been left out , to avoid cluttering
the figure, but yo u shoul d includ e the m whe n yo u mak e your ow n sundial .

Winter Solstice  Th e constructio n o f the shado w trac k fo r th e da y o f winter
solstice goes the sam e way. Figur e 3.11 shows the projection s fo r th e shadow s
at the sixth hour (noon ) and at the second hour. For clarity, we have illustrated
the construction fo r the winter shado w track in a separate diagram, bu t whe n
you se t abou t makin g a  rea l sundia l yo u will , o f course , dra w th e summe r
and winte r track s on th e sam e shee t o f paper, usin g the sam e gnomon .

To find the noon shadow , projec t a line from V I through A t o the baseline,
which i t cuts at 6'. Then 56' represents the length o f the noon shadow . This
distance i s reproduced o n th e fac e o f th e sundia l a s W6,  exactl y as before .

To fin d th e ti p o f th e shado w a t th e secon d seasona l hour , procee d a s
follows. Projec t a  line fro m // ' throug h A  t o th e baseline , whic h i t cut s a t
2'. Fro m 2 ' dra w a  line paralle l t o lin e ABW. Th e ti p o f the shado w mus t
lie somewhere along this line. Next projec t a line from // ' t o the left , parallel
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to th e horizon , an d cu t th e meridia n circl e a t a  point calle d If.  Fro m I f
project a  line throug h A  t o th e baseline , which i t cut s a t 2" . Then Bi"  i s the
actual lengt h o f the shado w a t th e secon d hour . Se t the compasse s t o mak e
a radiu s equa l t o 82",  plac e th e poin t a t W  an d dra w a  circle . Th e point ,
marked 2 , wher e thi s circl e intersect s th e lin e throug h 2 ' i s the locatio n o f
the ti p o f the shado w a t the secon d hour . A  second intersection , labele d 10 ,
marks th e locatio n o f th e shadow' s ti p a t th e tent h hour . Al l this i s exactly
like th e procedur e fo r th e summe r shadow . I t ma y loo k a  littl e different ,
however, becaus e o f th e us e o f the differen t diurna l circl e (MXH  instea d o f
LVG).

Equinox Th e equinoctia l shado w trac k i s a straight line (se e fig. 3.12). Fro m
N (th e Sun' s positio n a t noo n o n th e da y of the equinox) , w e have alread y
projected th e ra y NA, whic h cut s th e baselin e at C . And B C i s the lengt h o f
the noo n equinoctia l shadow . Dra w a  line dow n fro m C , parallel t o th e lin e
ABW. Thi s lin e is the desire d trac k o f the equinoctia l shadow .

Step 4:  Drawing the  Hour Lines

Refer t o figure 3.12. Simply connect th e line 2— 2 between th e points that mark
the shado w ti p a t th e secon d hou r o f th e summe r solstic e an d th e secon d
hour o f the winte r solstice . Procee d similarl y for each o f the othe r te n hour s
(only th e eve n hour s ar e show n i n th e simplifie d diagram) , producin g th e
characteristic bat-wing shap e of the ancien t horizonta l sundial . You r sundial
is finishe d an d read y fo r use .

FIGURE 3.12 . Constructio n o f the shado w
track, equino x (ste p 3 ) and drawin g th e hou r
lines (ste p 4).

Step 5:  Use  of the  Sundial

Place your sundia l o n a  level, sunny surfac e wit h th e noon shadows pointin g
north. Se t a gnomo n a t W  perpendicular t o th e surface . Th e lengt h o f th e
gnomon mus t b e equa l t o AB , an d you r dia l wil l b e accurat e onl y a t th e
latitude fo r which yo u designe d it . I f the shado w ti p happen s t o fal l o n th e
line fo r the fourt h hour , th e tim e i s four seasona l hours afte r sunrise , that is ,
two-thirds o f the wa y from sunris e t o noon . I f the shado w ti p fall s between
two shadow lines , th e tim e ca n b e interpolated .

Postscript on  the  Use  of the  Menaeus

The directions given above explain how to determine the lengths and directions
of th e shadow s onl y fo r th e summe r solstice , the equinoxes , an d th e winte r
solstice. Sinc e a  typica l Gree k sundia l require s shado w dat a onl y fo r these
three days , w e had n o nee d o f th e menaeu s circle . Th e menaeu s i s used t o
find the length s an d directions o f the shadows a t other time s of the year. You
will not nee d t o us e the menaeu s for the dia l described i n section 3.3 . But fo r
the sak e of completeness, w e will conclude wit h thi s postscrip t o n th e us e of
the menaeu s circle .

Refer t o figur e 3.13 , whic h show s th e analemm a constructe d i n th e usua l
fashion, excep t tha t th e da y circles for th e summe r an d winte r solstice s have
been omitted. Divide the menaeus circle into twelve equal segments, beginning
at G . These twelve segments represent the twelv e signs of the zodiac, as shown
in figur e 3.13 . Th e beginnin g o f th e sig n o f th e Cra b coincide s wit h G ; the
beginning o f the sig n o f the Goat-Hor n coincide s wit h H. (Th e directio n i n
which th e sign s ar e labele d aroun d th e menaeu s i s immaterial . I n fig . 3.13 ,
they ru n counterclockwise. )

Suppose we wish t o use the analemma fo r the da y of the Sun' s entr y int o
the sign of the Bull (April 20). Through point t/o n the menaeus (representin g
the beginnin g o f the Bull) , draw a  line parallel to th e equator . Thi s line cut s

FIGURE 3.13 . Th e us e of the menaeus  circle .
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the meridia n a t / an d K  and cut s th e axi s a t W . Line segmen t ]K is a side
view of the Sun's diurnal path on the day in question. To construct a  semicircle
of this path , folde d dow n int o th e plan e o f the meridian , plac e th e poin t o f
a compas s a t W  an d dra w semicircl e KLJ,  a s show n i n figur e 3.13 . Thi s
semicircle ma y b e divide d i n th e usua l way , an d th e usua l projections ma y
be made t o determin e th e shado w lengths .

3.4 EXERCISE : SOM E SLEUTHIN G WIT H SUNDIAL S

In thi s exercise , we take u p a  problem firs t raise d in section 3.1—determinin g
the latitud e fo r whic h a n ancien t horizonta l plan e dia l wa s designed . Th e
problem i s complicated b y the absenc e o f th e origina l gnomons. Thus , tw o
related question s mus t b e answered simultaneously : what was the heigh t of
the missin g gnomon , an d fo r what latitud e was the dia l designed ? We shal l
solve thi s problem fo r the tw o dial s foun d a t Rom e an d Delos , illustrate d in
figures 3. 4 an d 3.5 .

The Rome  Dial

We begi n wit h th e dia l fro m Rome , becaus e th e proble m i s simpler fo r thi s
dial. Construc t a  diagram lik e figure 3.14, which represent s the meridia n an d
the gnomon seen in a side view. We assume that the gnomon wa s set vertically
into th e gnomon hole G . The heigh t o f the gnomo n i s not ye t determined ,
so th e gnomo n i s represente d a s a  lin e o f indeterminat e length . Alon g th e
meridian, point s S , E, and W'mar k the ti p o f the gnomon's noo n shado w a t
summer solstice, at equinox, and at winter solstice , respectively. The distance s
should b e carefull y draw n t o actua l size . Fo r thi s purpose , us e the following
measurements take n fro m th e origina l dial: 10

GS= 1.5 c m

SE= 2.3 cm

EW= 5.6 cm

On a  separat e shee t o f transparen t plasti c o r tracin g paper , dra w figur e 3.15 ,
which ha s three ray s intersectin g a t a  common poin t A . Th e angl e between
the centra l ray and eac h o f the other s shoul d b e equal to th e obliquity o f the
ecliptic, tha t is , 24° . Thes e thre e ray s will represen t ray s o f the noo n Su n a t
summer solstice , equinox , an d winte r solstice . Poin t A  wil l represen t th e ti p
of the gnomon .

Place the transparency over the diagram of the gnomon an d th e meridian .
Then slid e th e transparenc y u p an d dow n o n th e diagram , alway s keepin g
point A  o n the gnomon line , unti l you can make the three ray s pass throug h
points S, E, and W , as shown in figure 3.16. When this is achieved, th e problem
will b e solved. (Not e that fig . 3.16 has not bee n draw n t o scale , as your ow n
must be. )

Once the transparency is properly oriented o n the diagram, simply measure
distance AG. Thi s distanc e i s the heigh t o f th e gnomo n fo r whic h th e dia l
must hav e bee n designed . Plac e th e cente r o f a  protracto r a t poin t E  an d
measure angl e GEA.  Thi s angl e represent s th e angl e between  th e celestia l
equator (lin e AE)  an d th e horizo n (lin e GE).  Thus , angl e GE A i s th e co -
latitude fo r which th e dial was designed. Th e latitude i s then 90° - GEA.

Use the method jus t outlined t o determine th e latitude for which th e Rome
dial was designed an d th e heigh t o f it s missing gnomon .

FIGURE 3.14 .

FIGURE 3.15 .

FIGURE 3.16 .
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The Delos  Dial

The proble m fo r th e Delo s dia l i s a little more complicated . A s we shall see,
the gnomo n o f this dia l was not perpendicula r t o the surfac e o f the dial , bu t
was bent towar d th e north . Thi s was by no mean s a n unusua l situation . I n
all ancien t sundials , onl y th e shado w o f the ver y tip o f the gnomo n playe d
any role . As long a s this ti p was placed correctly  ove r th e prope r spo t o f th e
dial, i t mad e no differenc e wher e th e bas e o f the gnomo n happene d t o b e
inserted. Man y ancien t dial s make us e of this freedo m o f placement .

The analysi s should b e based o n th e followin g measurements :

GS= 3.0 cm

SE= 2.3 cm

EW= 4.9 cm

In applying  th e method outline d above , do not assum e that th e tip of the
gnomon mus t b e directl y abov e th e gnomo n hol e G . Rather , simpl y adjus t
the positio n o f th e transparenc y unti l th e thre e ray s pas s throug h point s S ,
E, W , as shown i n figure 3.17 . The positio n A  o f the poin t o f intersection o f
the rays will then indicat e the proper position o f the gnomon's tip . The actua l
gnomon the n probabl y is represented b y line G A (fig . 3.18). Fro m A, drop a
perpendicular to th e meridian line . This perpendicular wil l cut th e meridia n
at a  point we shal l cal l F. The prope r functionin g of the dia l would remai n
undisturbed i f th e actua l gnomo n G A were replace d b y a  vertica l gnomo n
FA. Us e a  ruler t o measur e the lengt h o f the actua l gnomo n an d th e lengt h
of the equivalent vertical gnomon. T o determin e th e co-latitude a t which th e
Delos dia l would functio n correctly , place the cente r of a protractor a t E and
measure angl e FEA.

FIGURE 3.17 .

FIGURE 3.18 .

3.5 TH E ASTROLAB E

The astrolab e is a working mode l o f the heavens , a  kind o f analog computer .
In th e astrolabe , th e celestia l sphere ha s been projected ont o a  plane surface .
Thus, the astrolabe can be considered a  two-dimensional versio n of a celestial
globe or armillary sphere. The basi c principle of the astrolabe was a discdvery
of th e ancien t Greeks , bu t th e oldes t survivin g astrolabe s ar e medieval .
Throughout th e Middl e Ages , firs t i n Isla m an d late r i n Christia n Europe ,
the astrolab e was the most  commo n astronomica l instrument . When precise
results were called for, the astronomer ha d recourse to specialized instruments
and t o tediou s trigonometri c computation . Th e beaut y o f the astrolab e was
that approximate solutions (good t o the neares t degree or so) to astronomica l
problems coul d b e found b y a  mere glanc e at th e instrument .

Parts of  the  Astrolabe

In th e appendi x ar e patterns fo r making an astrolabe . Photocopy fig. A.i-A-3
onto car d stock , o r photocopy the m ont o pape r an d glu e them t o cardstoc k
using a glue stick or other glue that will not cause the paper to curl. Photocopy
figure A.4 ont o transparen t plastic . Mos t cop y center s ca n d o thi s fo r you .
You may, if you wish, enlarg e the patterns whe n yo u photocopy. Al l the part s
must b e enlarge d b y th e sam e amount . Cu t ou t th e part s o f th e astrolabe .
Punch o r cu t ou t th e eigh t i/4"-diamete r hole s (soli d black on th e patterns) .
Glue the larg e disks of figures A.I and A.2 back t o back so that th e holes an d
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tabs lin e u p an d plac e unde r a  stac k o f book s unti l dry . Yo u wil l nee d a
i/4"-diameter bolt and nut t o hold your astrolabe together. Lightweigh t nylo n
machine screw s (obtainable at mos t hardwar e stores ) are a  good choice .

Rete Examin e the rete  (fig . 3.19), which i s made o f transparent plastic . (Rete
is a two-syllable word; it rhymes with "treaty.") The rete represents the celestial
sphere an d i s marked wit h a  numbe r o f stars . A fe w constellations ar e als o
traced i n outline on the rete : the Bi g Dipper, containing the stars Merak and
Dubhe; th e W-shaped constellatio n o f Cassiopeia, containin g th e sta r Caph ;
the Grea t Squar e of Pegasus, containing Alpheratz ; Orion, containin g Rigel ,
Betelgeuse, and Bellatrix ; and th e Hyade s (par t of Taurus), containin g Alde -
baran.

The nort h celestia l pole i s the hol e i n th e cente r o f th e rete . The ret e is
designed to turn around a  screw stuck through thi s hole. This turning of the
rete represent s the dail y rotation o f the celestia l sphere.

On th e rete , the eclipti c is the off-centere d circl e divided int o sign s of the
zodiac. Note that the ecliptic ring has a certain thickness. The actua l ecliptic
is th e fiducial edge  o f the rin g (th e edg e divide d int o degrees) .

There are two scales around th e perimeter of the rete. The outermos t scale ,

FIGURE 3.19 . Th e ret e of the astrolabe.
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divided int o hours , i s a scale of right ascension . The othe r scale, marked with
days of the year, is for making conversion s between  Su n time and cloc k time .

Latitude Plate  Mos t part s o f a n astrolab e (includin g the rete ) ca n b e use d
at any latitud e on Earth . Bu t a  latitude  plate (fig . 3.20) must b e designed fo r
a specific latitude . You r astrolabe comes with tw o plates—one for the latitud e
of Seattl e (latitud e 4 7 2/3 ° N) an d on e fo r th e latitud e o f Lo s Angeles (34°
N). Th e plat e fo r Seattl e i s built int o th e mater  of th e astrolabe . The plat e
for Lo s Angeles i s separate .

On eac h plate, the heavy circle centered o n the pole is the celestial equator.
The tropi c of Capricorn i s the southern, or outer, boundary of the plate. Th e
tropic o f Cance r i s the smalles t o f the thre e concentri c circles .

The horizon  is the heav y curve that run s of f th e edg e o f the latitud e plate .
Three cardina l point s ar e marke d aroun d th e horizon : eas t (E) , north (N),
and wes t (W) . Th e sout h poin t doe s no t fi t o n th e plate , bu t i t lie s i n th e
direction indicate d b y the arro w nea r th e lette r S . The fac t tha t th e plat e o f
figure 3.20 i s designed fo r th e latitud e o f Mexico Cit y shows u p i n a  simple
way: th e cente r o f th e hol e (th e north celestia l pole) i s about 20 ° abov e th e
north poin t N  o f the horizon . Thus, th e altitud e o f the pol e o n thi s plat e is
about 20°.

The zenith  (straigh t overhead ) i s marked b y a  heavy dot. The meridian  is
the straigh t line runnin g dow n th e cente r o f the plate . I t passe s through th e
north poin t N  o f the horizo n an d throug h th e zenith .

Glue two smal l scraps of  card to  the  mater , on  eithe r side of the meridia n

FIGURE 3.20 . A  plat e fo r th e
latitude o f Mexico City .
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FIGURE 3.22 . Almucantars .

line near th e lette r S  (for "south"), thus formin g a notch, into which th e lug
of you r extr a plat e ma y fi t (a s in fig . 3.25) . Thi s wil l kee p th e Lo s Angeles
plate fro m slippin g aroun d whe n yo u wan t t o us e it. When yo u ar e solving
problems fo r Seattle , just lay the Lo s Angeles plate aside .

Place th e ret e fac e u p o n to p o f th e plat e an d pu t th e rul e o n to p o f
everything (se e fig. 3.21) . Faste n th e assembl y togethe r wit h th e screw . Part s
of th e ret e withi n th e horizo n circl e are above th e observer' s horizon . Part s
of th e ret e outsid e th e horizo n circl e ar e belo w th e observer' s horizon . I n
figure 3.21 , Orio n (wit h it s star s Betelgeus e an d Rigel ) i s abov e th e horizo n
and therefor e visible . Bu t Spic a an d Alphar d ar e below th e horizon .

The directio n o f a star in th e sk y may be specified by two angula r coordi-
nates, the altitude and th e azimut h (se e sec. 2.9) . Imagin e goin g outsid e an d
drawing circle s on th e sky , al l equally space d an d paralle l t o th e horizon , a s
in figur e 3.22 . These circle s o f constan t altitud e ar e calle d almucantars.  O n
the latitud e plate , th e almucantar s sho w u p a s a  famil y o f nonintersectin g
circles (a s in fig . 3.24 . The mos t importan t almucanta r i s the horizo n itself .
As we go up from th e horizon, the almucantars become smaller until we reach
the zenith point. Eac h almucanta r i s labeled with it s altitude. Note that thre e
of the almucantars are below the horizon. These three are indicated b y dashe d
lines an d ar e labeled with negativ e altitudes .

Imagine going outside again and drawin g a  second famil y o f circles on th e
sky, a s in figure 3.23. Begin by facing du e eas t and drawin g a  circle that starts

FIGURE 3.21 . Th e assemble d astrolabe .
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at the eas t point, goe s straight u p through th e zenith, then continue s straigh t
down t o th e wes t point . Suc h a  circl e i s a n exampl e o f a n azimuth  circle .
Every azimuth circl e i s perpendicular to th e horizon , and the y al l intersect a t
the zenith . O n th e latitude plate , th e azimuth s sho w u p a s a family o f circles
that mee t th e almucantar s a t righ t angle s (fig . 3.24) . Th e mos t importan t
azimuth i s the meridian . Eac h azimut h i s labeled with a  number indicatin g
its angular distance away from due east or due west. In figure 3.24, the position
of point X i s azimuth 40 ° sout h o f west an d altitud e 20° .

The almucantar s below the horizon ar e useful i n twilight problems. Today,
three kind s o f twiligh t ar e distinguished. Civil  twilight  begin s o r end s whe n
the Su n i s 6 ° belo w th e horizon . A t thi s tim e onl y th e brightes t star s ar e
visible. Nautical twilight  begins or ends when the Sun is 12° below the horizon .
Most stars of middling brightnes s are then visible. Astronomical twilight begins
or ends when th e Su n i s 18° below the horizon an d th e sk y becomes perfectly
dark.

On th e latitud e plat e (fig . 3.24) , a  syste m o f eleve n curve s i s use d fo r
problems involving seasonal hours.

Rule Th e rule  (fig . 3.21) i s marked wit h declinations , fro m -30 ° t o +70° .
Note that the zero of declination o n the rule lines up with the celestial equator
on th e plate . Tur n th e rul e unti l i t lie s besid e Spica . Yo u ca n rea d of f th e
declination o f Spica as —11°. That is , Spica is located 11 ° south o f the celestia l
equator.

FIGURE 3.23 . Azimuths .

FIGURE 3.24 . Azimuth s an d
almucantars o n a  latitude plate .
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FIGURE 3.25 . Uppe r hal f o f the mater .

The edg e o f th e rule , extendin g fro m Spic a t o th e Roma n numeral s o n
the oute r edg e o f th e plasti c rete , als o indicate s tha t th e righ t ascensio n o f
Spica i s 13 1/2 hours. Thus , the rule , i n conjunctio n wit h th e righ t ascensio n
scale, ca n b e use d t o rea d of f the celestia l equatorial coordinate s o f stars.

Mater Th e mater  (fig. 3.25) serves as a base on whic h th e plat e and ret e are
stacked. Th e notc h i n th e lim b o f the mate r receive s the lug s o n th e plate s
and keep s th e plate s properl y oriented. The lim b o f the mate r i s furnishe d
with tw o scales . The inne r scale  o f hours  i s used fo r tellin g time . Th e XI I a t
the top represent s noon an d the XII at the bottom represent s midnight. Th e
hours on th e lef t hal f of the limb ar e morning (A.M. ) hours , and thos e on th e
right are afternoon hours. The oute r scal e of the mater i s divided int o degrees
from o ° to 360° . I t may be used for converting time s o r right ascensions int o
degrees. Fo r example , 5  hours o f time correspon d t o 75° .

Features o f the Back of the Astrolabe Th e bac k of th e astrolab e (fig. 3.26) has
three circular scales. The tw o innermost are a calendar scale  and a  zodiac scale.
These ar e used together t o determine the Sun's celestia l longitude for any day
of the year . The fiducia l edg e o f the alidade  i s placed a t th e desire d dat e o n
the calenda r scale . Th e Sun' s positio n i s read of f on th e zodiac scale.

FIGURE 3.26 . Th e bac k o f the astrolabe .
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The outermos t scal e (th e altitude  scale]  consist s o f fou r quadrants , eac h
graduated fro m o ° t o 90° . Thi s scal e i s used with th e alidad e fo r observing
the altitud e o f a  star o r o f the Sun . The alidad e ca n b e furnishe d with tw o
vanes, each o f which i s pierced b y a  sighting hole .

The shadow  bo x (fig . 3.26) is use d t o solv e problem s involvin g shadows .
The las t featur e o f the bac k o f the astrolab e i s a family of circula r arcs used
for tellin g the seasonal  hour by means of th e altitud e o f the Sun .

Many feature s of you r astrolab e wer e mor e o r les s standar d durin g th e
whole histor y o f the astrolabe . But som e feature s (e.g. , th e scale s on th e ret e
for mea n tim e an d fo r righ t ascension ) ar e modern conveniences .

Using the  Astrolabe

Some o f the mos t importan t application s o f the astrolab e are described here
in th e for m o f worke d examples . Unles s otherwis e noted , eac h exampl e i s
worked for the latitude of Seattle (47 2/3° N). The secre t of using the astrolabe
is t o visualize  the meaning s o f th e variou s circles . Onc e yo u hav e worke d
through a  few problems, you shoul d b e able to solv e new type s of problems
without instructions .

First Group:  Problems  Involving Stars

1. Risin g position o f a  star:
Example Problem:  Wher e on th e horizo n doe s Bellatri x rise ?
Solution: Tur n th e plasti c rete unti l Bellatri x appears on th e easter n sid e

of the horizon. (Th e horizo n i s the heavy circle on the plat e marked with th e
letters E , N , an d W ; se e fig . 3.27) . Bellatri x crosse s th e horizo n abou t 13 °
north o f east .

2. Meridia n altitud e o f a  star:
Problem: Ho w high above the horizon is Rigel when it crosses the meridian?
Solution: Turn the rete until Rigel comes to the meridian above the horizon.

(The meridia n i s the straigh t lin e runnin g throug h th e middl e o f the plate ;
see fig . 3.28) . Rige l i s 33° above th e horizon .

3. Th e tim e a  star spends abov e th e horizon :
Problem: Ho w lon g doe s Bellatri x spend abov e the horizo n eac h day ?
Solution: Ther e are several ways to d o this . The solutio n give n here is the

simplest. First , orien t th e ret e s o tha t Bellatri x i s o n th e easter n horizon .
Second, positio n th e rul e so that i t passes through th e XXIV-hour  mar k o n
the righ t ascensio n scal e of th e plasti c ret e (se e fig . 3.27) . (Th e XXIV-hour
mark i s the sam e thing a s a zero-hour mark. ) B e sure to us e the hou r mark s
on the rete and ignore the hour marks on th e mater. Third , while holding th e
rule in place with your thumb, tur n the rete until Bellatrix reaches the western
horizon. Yo u shoul d fin d tha t th e XHI-hou r mar k o f th e ret e i s abou t 1/ 4
hour past the rule. That is, the rete turned through 1 3 1/4 hours while Bellatrix
went fro m th e easter n t o th e wester n horizon . Thus , a t Seattle , Bellatri x i s
above th e horizo n fo r 1 3 1/4 hours .

FIGURE 3.27 .

FIGURE 3.28 .

Second Group:  Problems  Involving the  Sun

4. Positio n o f the su n o n th e ecliptic :
Problem: Wha t i s the Sun' s positio n o n th e eclipti c on Februar y 4?
Solution: Tur n t o th e bac k o f the astrolabe . Orient th e alidad e so that i t

passes throug h th e Februar y 4 mar k o n th e calenda r scale, a s in figure 3.26.
Then read off the Sun' s position o n th e zodiac scale. On Februar y 4, the Sun
is a t th e I5t h degree o f Aquarius.
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FIGURE 3.29 .

5. Risin g positio n o f the sun:
Problem: Fo r a n observe r i n Seattle , wher e o n th e horizo n doe s th e Su n

rise o n Februar y 4?
Solution: Fro m proble m 4 , we know that o n Februar y 4 the Su n i s at th e

I5th degre e o f Aquarius . Orien t th e ret e s o tha t AQ R 15 ° i s o n th e easter n
horizon, thu s simulatin g sunrise (see fig. 3.29). AQR 15 ° crosse s th e easter n
horizon about 25 ° south of east. Note that this problem i s essentially the same
as proble m i .

6. Noo n altitud e o f the sun:
Problem: Wha t i s the noo n altitud e o f the Su n i n Seattl e on Februar y 4?
Solution: A s we know fro m proble m 4 , o n Februar y 4, th e Su n i s at th e

I5th degree of Aquarius. Turn the rete so that AQR 15 ° comes to the meridian ,
thus simulatin g loca l noon . Yo u shoul d fin d tha t i s abou t 26 ° abov e th e
horizon. Thi s i s much lik e problem 2 .

7. Lengt h o f the day:
Problem: Ho w lon g i s the Su n u p a t Seattl e on Februar y 4?
Solution: O n Februar y 4 , th e Su n i s a t Aquariu s 15 ° (fro m proble m 4) .

Orient th e ret e s o tha t AQ R 15 ° i s o n th e easter n horizon ; thi s represent s
sunrise. Then orien t th e rul e so that i t passes through th e XXIV-hou r mar k
on th e righ t ascensio n scal e o f th e ret e (fig . 3.29). While holdin g th e rul e
down wit h you r thumb , tur n th e ret e unti l AQR 15 ° come s t o th e wester n
horizon (sunset) . You should no w fin d tha t th e IX-hou r mar k o n th e ret e is
about 1/ 2 hou r pas t th e edg e o f the rule . Thus, a t Seattl e on Februar y 4, th e
Sun i s above the horizo n for 9  1/2 hours. Note that thi s problem i s essentially
the sam e a s problem 3 .

8. Tim e o f sunrise or sunset :
Problem: A t wha t tim e doe s th e Su n ris e a t Seattl e on Februar y 4?
Solution: Ther e i s more tha n on e wa y to solv e this problem . On e wa y is

to us e th e resul t o f proble m 7 , tha t th e Su n i s abov e th e horizo n fo r 9  1/ 2
hours a t Seattl e o n Februar y 4. Hal f o f thi s 9  1/ 2 hour s i s the lengt h o f th e
morning an d hal f i s the lengt h o f th e afternoon . Thus , th e Su n set s a t 4:45
P.M. I t rise s 4  hour s an d 4 5 minutes befor e noon , a t 7:1 5 A.M .

Alternative (and  more  elegant)  solution:  O n Februar y 4, th e Su n i s at th e
I5th degre e o f Aquarius . Orien t th e ret e s o tha t AQ R 15 ° i s o n th e easter n
horizon, simulatin g sunrise . Now orien t the rule so that i t passes through th e
Sun (AQ R 15°). Th e tim e o f da y i s indicated b y th e rule' s positio n o n th e
scale o f hours marke d o n th e lim b o f th e mater : sunris e occurs a t 7:1 5 A.M .

The tim e o f day obtaine d i n thi s way i s Sun time  (wha t astronomer s call
local apparent time).  There are several reasons why Sun time might diffe r fro m
standard (o r clock) time. Methods fo r obtaining clock time from th e astrolabe
are described in the fifth group o f problems. But even with th e simpl e proce-
dures o f Proble m 8 , th e tim e obtaine d fro m th e astrolab e will usuall y diffe r
from cloc k time by less than half an hour. Only be sure not t o neglect daylight
saving time , whe n applicable .

9. Tim e o f dawn :
Problem: I n Seattl e o n Februar y 4, a t what tim e doe s daw n break ?
Solution: Daw n break s when th e Su n i s about 6 ° below th e horizon . O n

February 4, the Su n i s at the ift h degre e of Aquarius. Plac e AQR 15 ° on th e
-6° almucanta r o n th e eastern side o f the astrolabe . Turn th e rul e so that i t
passes throug h th e Su n (AQ R 15°). Th e edg e o f the rul e the n indicate s th e
time o n th e scal e o f hours o f th e mater . Th e tim e i s about 6:4 0 A.M. Not e
that thi s solutio n i s exactly lik e the alternativ e solution o f problem 8 , except
that w e use the —6°  almucanta r instea d o f the horizon .



S O M E A P P L I C A T I O N S O F S P H E R I C S 149

Third Group:  The  Astrolabe as an Instrument  of  Observation

To determin e th e tim e o f da y b y means  o f a n astrolabe , on e mus t firs t b e
able t o mak e a  relevan t astronomica l observatio n wit h satisfactor y accuracy.
The astrolab e i s bes t suite d t o measurin g altitude.  Mak e som e balsa-woo d
vanes and glue them t o the alidade, as shown i n figure 3.26. The vane s should
have holes or notches in  them. The hole s shoul d lie  directly ove r the fiducial
edge o f the alidade .

10. Measurin g th e altitud e o f th e sun :
Never sigh t th e Su n directl y b y looking a t i t throug h th e hole s i n th e

vanes—you coul d permanentl y damag e you r eyes . Su n observation s shoul d
always b e made indirectly , b y observation o f shadows .

Put a  paper clip or metal key ring through th e hole at the top o f the mater
to serve as a suspension ring. Hold the astrolab e by the suspension ring so that
it dangles freely . Tur n th e astrolab e so that i t i s edge on towar d th e Su n (fig.
3.30, left) . Adjus t the angl e of the alidad e unti l the shado w o f the uppe r vane
falls o n th e lowe r vane , an d th e spo t o f ligh t (comin g throug h th e hol e i n
the uppe r vane ) fall s o n th e hol e i n th e lowe r vane . The n rea d th e altitud e
of the Su n o n th e altitud e scale . In fig. 3.30, the altitud e o f the Su n i s 60° .

11. Altitud e o f th e sun : shado w bo x method :
Most peopl e ar e about si x feet tal l when measure d with thei r ow n feet . I t

follows tha t eac h perso n carrie s a standard six-foo t shadow-castin g gnomo n
wherever he or she goes. To measur e the length o f your shadow , not e o n th e
ground th e locatio n o f a  twig o r ston e tha t mark s th e en d o f your shadow .
Then pac e of f th e lengt h o f th e shado w b y placing  on e foo t i n fron t o f th e
other, hee l t o toe .

Problem: You r shadow i s 4 fee t lon g (you r own feet) . What i s the altitud e
of the Sun ?

Solution: Th e shado w bo x on th e bac k o f the astrolab e is divided i n half .
One hal f is calibrated i n sixes, the other in tens . When working with shadow s
cast b y the huma n body , i t i s convenient t o us e the sid e calibrate d i n sixes .

Set the edg e of the alidade o n th e 4  along the botto m edge of the shado w
box, a s in figure 3.31 . Then read th e altitud e o f the Su n o n th e altitud e scale.
The altitud e o f the Su n i s about 56.3° . In doin g shadow-box problems , i t is
helpful t o visualize  the triangle  formed b y your body , you r shadow , an d th e
Sun's ra y that jus t grazes the to p o f your head .

12. Usin g th e shado w bo x with lon g shadows :
Problem: You r shadow i s 18 feet long (your own feet) . What is the altitud e

of the Sun ?
Solution: A s in problem n, we use the sixes side of the shadow box, because

we are working wit h a  shadow cas t by a human body . However , th e longes t
shadows marke d o n th e shado w bo x ar e 6  fee t lon g an d ther e i s no wa y t o
use an i8-foo t shado w directly . This situatio n arise s whenever th e shado w is
longer tha n th e gnomo n tha t cast s it .

As the longes t possibl e shadow i s 6, we perform th e followin g calculation
involving simila r triangle s (se e fig . 3.32) . Th e 6-foo t bod y cast s a n i8-foo t
shadow. W e as k how tal l a  gnomon woul d b e i f i t cas t a  6-foo t shado w i n
the sam e situation . Tha t is , we solv e fo r x  i n th e secon d triangle , usin g th e
fact tha t th e tw o triangle s are similar . Thus, 6/1 8 =  x/ 6 an d w e fin d x  =  2.
That is , a 2-foo t gnomo n woul d cas t a  6-foo t shado w i n thi s situation.

If th e shado w i s longer tha n th e gnomon , i t help s t o tur n th e astrolab e
upside dow n (fig . 3.33) . Th e horizonta l lin e ( 6 unit s long ) represent s th e
shadow. Th e edg e o f the alidad e represent s the Sun' s ray . Set the edg e of the
alidade a t 2  on th e vertica l sid e o f th e shado w box . Th e vertica l side o f th e

FIGURE 3.30 . Observin g altitudes wit h th e
astrolabe.

FIGURE 3.31 .

FIGURE 3.32 .
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FIGURE 3.33 .

FIGURE 3.34 .

FIGURE 3.35 .

triangle ( 2 units high ) represent s th e huma n body . Rea d of f the altitud e o f
the Su n o n th e altitud e scale : the Su n i s 19° abov e th e horizon .

13. Measurin g th e altitud e o f a  star :
To measur e th e altitud e o f a  star , hol d th e astrolab e b y th e suspensio n

ring, s o that yo u ca n look directl y through th e hole i n the lowe r vane o f the
alidade (fig . 3.30, right). Adjust the alidad e unti l you ca n see the sta r throug h
the hole s in  bot h vanes . The  fiducial  edg e of  the  alidad e indicate s the  star' s
altitude o n th e altitud e scale .

Fourth Group:  Telling  Time

14. Tellin g tim e durin g th e day:
Problem: Yo u are in Seattl e on Octobe r 18 . I t i s morning. Afte r pacin g of f

the lengt h o f your ow n shadow (a s in problems n and 12) , you find tha t th e
Sun i s 20° abov e th e horizon . What tim e i s it?

Solution: First , us e th e zodia c an d calenda r scale s o n th e bac k o f th e
astrolabe t o fin d th e Sun' s positio n o n th e eclipti c (a s in proble m 4) . O n
October 18 , th e Su n i s at th e 25t h degree o f Libr a (LI B 25°).

Now, tur n th e astrolab e ove r t o us e th e fron t sid e (refe r t o fig . 3.34) .
Position th e ret e so tha t th e mar k fo r LI B 25 ° is on th e 20 ° almucanta r o n
the easter n sid e o f the plate . (Sinc e it i s morning, th e Su n i s still t o th e eas t
of the meridian. ) No w pu t th e rul e throug h th e Su n (LI B 25°). The en d o f
the rul e indicates the time of day by its position o n the scale of hours marke d
on the limb of the mater. (Ignor e the hours marked o n the rete. ) The answer :
a fe w minutes befor e 9:00 A.M .

The tim e obtaine d fro m th e astrolab e b y mean s o f Su n observation s i s
most accurat e i n th e earl y morning o r th e lat e afternoon . Durin g th e hour s
just befor e an d jus t afte r loca l noon, th e Sun' s altitud e change s ver y slowly .
Solar altitude s take n nea r noo n cannot , therefore , determin e th e tim e wit h
precision.

15. Tellin g time a t night :
Problem: O n Octobe r 18, in Seattle , you observe that Procyon i s 20° above

the easter n horizon . Wha t tim e i s it?
Solution: Orien t the ret e so that Procyo n i s on th e 20 ° almucantar i n th e

eastern par t of the sk y (fig. 3.35). O n Octobe r 18 , the Su n i s 25° within Libra .
Let th e rul e pass through the Su n (LI B 25°), for th e Sun i s the keeper  o f time.
Look and see where the rul e hits th e scal e of hours on th e limb of the mater .
The tim e i s about 1:4 5 A.M .

The altitud e o f a  sta r change s slowl y when th e sta r i s near th e meridian .
For thi s reason , th e tim e wil l be determine d mos t precisel y if you us e a star
well awa y from th e meridian .

16. Tellin g th e tim e o f night i n seasona l hours :
Problem: Conside r th e situatio n pose d i n proble m 15 . W e ar e i n Seattl e

on Octobe r 1 8 an d Procyo n i s 20 ° abov e th e easter n horizon . Wha t i s th e
time, expresse d in seasona l hours?

Solution: Instea d o f using the scal e of hours on th e lim b of the mater (for
telling time i n equinoctia l hours) , use the seasonal  hour curves on th e latitud e
plate. Orien t the ret e so that Procyo n i s on the 20° almucantar i n the eastern
part o f th e sk y (fig . 3.35) . The n fin d th e Su n (LI B 25°) among th e se t o f
seasonal hou r curves . Th e Su n i s two-thirds o f th e wa y between th e curve s
for th e /t h an d th e 8t h hour . Thus , th e tim e i s 7  2/ 3 seasonal hour s afte r
sunset. Or , i f you wish , 4  1/ 3 seasona l hours remai n unti l sunrise . Ther e i s
no need to use the rule. You simply find the Sun's position among the seasonal
hour curves .
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17. Tellin g the tim e o f day in seasona l hours
Problem: I n Seattle , on th e mornin g o f September 3, the Su n i s 30° above

the horizon . Wha t i s the tim e i n seasona l hours?
Solution: O n Septembe r 3 , the Su n i s at VIR 10°. Plac e this poin t o f th e

ecliptic 30° above the eastern horizon (i t is morning). No seasona l hour marks
are drawn on the plate above the horizon. Therefore, we must locate the point
of th e eclipti c tha t i s diametrically  opposite  th e Sun an d examin e it s position
among the seasona l hour mark s below the horizon . The poin t o f the eclipti c
diametrically opposite  VI R 10 ° i s PSC 10° . Now simpl y look an d se e where
PSC 10 ° i s among th e seasona l hour curves . The answer : th e tim e i s almost
three seasona l hours afte r sunrise . Note again tha t yo u nee d mak e n o us e of
the rule .

18. Alternativ e method fo r findin g th e seasona l hour o f day :
The seasona l hour curve s on th e back  o f the astrolab e give a n alternativ e

method fo r findin g th e tim e o f day in term s o f seasonal hours.
Problem: Conside r agai n th e situatio n o f proble m 17 . I n Seattl e o n th e

morning o f September 3 , the altitud e o f the Su n i s 30°. What i s the tim e o f
day, i n seasona l hours?

Solution: First , we find the Sun' s meridian altitud e for this day and place .
By the metho d o f problem 6 , fin d tha t i n Seattl e on Septembe r 3 , the noo n
Sun i s 50° above the horizon .

Now, on the back of the astrolabe, set the alidade to the Sun's noon altitude,
50° o n th e altitud e scal e (fig . 3.36). See which mar k o n th e alidad e hits th e
noon circl e (the circle labeled 6). The 6-circl e hits th e edg e of the alidad e at
about 10.5 . (When used for this purpose, the mark s on th e alidad e are simply
reference mark s wit h n o dee p significance. ) Now rotat e th e alidad e unti l i t
comes t o th e Sun' s present altitude o f 30 ° (fig . 3.37). Loo k t o se e where th e
10.5 mark of the alidad e lies among the hou r curves . The answer : the tim e is
shortly befor e th e thir d seasona l hour, which agree s with th e answer in prob -
lem 17 .

Fifth Group:  Finding  Clock  Time

The tim e determine d fro m th e altitud e o f th e Su n i s called loca l apparen t
time. In this group of problems, we explore ways to convert from local apparent
time t o zon e tim e (cloc k time) . An explanatio n o f th e variou s measures of
time and o f their relations to one another i s given in section 5.9 , so the reader
may wish to ski p the fift h group of problems until afte r studyin g section 5.9.

19. Findin g th e tim e of day directly in loca l mea n time :
Your astrolabe is equipped wit h severa l modern advantage s not foun d o n

medieval astrolabes . On e o f thes e i s the scal e fo r th e mean  Sun o n th e ret e
(Fig. 3.19) . I f we use this, we can directly obtain local mean time , rathe r tha n
local apparen t time .

Problem: I n Seattle , in the afternoon of November 23, the Su n is 10° above
the horizon . What i s the loca l mea n time ? What i s the zon e tim e (whic h a
clock would read) ?

Solution: O n Novembe r 2 3 the Sun i s at the beginning of Sagittarius (SAG
o°). Plac e the Sun (SA G o°) 10° above the western horizon. To fin d th e local
mean tim e directly , le t th e fiducia l edg e o f th e rul e pas s throug h th e mean
Sun (th e Nov 2 3 mark of the mea n Su n scale) . Read th e tim e o n th e scal e of
hours on the limb of the mater. The loca l mean time is about 2:50 P.M. (Not e
that i f you pu t th e rul e through th e tru e Sun [SA G o° ] instead , the rul e will
indicate th e loca l apparen t time , abou t 3:0 5 P.M.).

The fina l ste p i s the conversio n fro m loca l mea n tim e t o zon e tim e (se e
sec. 5.9) . The longitud e o f Seattl e is 12 2 1/2 ° W. Th e standar d meridia n fo r

FIGURE 3.36 .

FIGURE 3.37 .
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Pacific Time is 120° W. Seattl e is therefore 2 1/2° west of its standard meridian.
The tim e differenc e betwee n Seattl e and th e standar d meridia n i s 2 1/2° X 4
min/° =  1 0 min . Sinc e Seattl e i s west  o f th e standar d meridian , we ad d thi s
amount t o th e loca l mean time . Thus, a  clock shoul d rea d 3:1 5 P.M.

20. Findin g the tim e o f night directl y in mea n time :
Problem: I n Seattle on the evening of July 23, you ignore Schiller's warning

(in Th e Death ofWallenstein):  "No t everyon e doth i t become t o questio n th e
far-off, hig h Arcturus. " You sigh t Arcturus an d fin d tha t i t i s 30° above th e
western horizon . Wha t i s the tim e b y the cloc k (Pacifi c Dayligh t Time) ?

Solution: Pu t Arcturu s o n th e 30 ° almucanta r i n th e west . Pu t th e rul e
through th e mea n Su n (th e Jul y 2 3 mark o n th e scal e fo r th e mea n Sun) .
Read th e loca l mean tim e o n th e scal e of hours of the mater : th e loca l mea n
time i s about 10:3 0 P.M . A s explained in proble m 19 , i n Seattl e we mus t ad d
10 minute s to th e loca l mea n tim e t o obtai n th e standar d zon e time . Thus ,
standard zon e tim e i s 10:40 P.M . In July , dayligh t savin g time i s in effec t s o
we mus t ad d a n hour . Th e pacifi c dayligh t tim e i s therefore 11:40 P.M.

The problem s solved above cove r some application s o f the astrolabe , but b y
no means  all . A s Chauce r wrot e i n th e introductio n t o hi s Treatise  o n th e
Astrolabe, "Understan d tha t al l th e conclusion s tha t hav e bee n found , o r
possibly might b e found in s o noble a n instrumen t a s the astrolabe,  ar e no t
known perfectl y t o an y morta l ma n i n thi s region, a s I suppose. "

3.6 EXERCISE : USIN G TH E ASTROLABE

First Group:  Problems  Involving Stars

1. I n Seattle , where o n th e horizo n doe s Siriu s rise ? (Answer:  27 ° sout h
of east. )

2. I n Seattle , ho w hig h abov e th e horizo n i s Rige l whe n i t crosse s th e
meridian?

3. I n Seattle , how lon g doe s Arcturu s sta y above th e horizon ? (Answer:
14 3/4 hours. )

Second Group:  Problems  Involving the  Sun

4. Wha t is the longitud e of the Sun (i.e. , it s position o n th e ecliptic ) on
June 13 ? (Answer:  21 ° within Gemini. )

5. I n Seattle , where on th e horizon does the Su n ris e on summe r solstice
(June 22) ? Note tha t o n summe r solstic e the Su n i s just entering th e
sign o f Cancer . (Answer:  36°  nort h o f east.)

6. I n Seattle , ho w hig h i s the noo n Su n o n summe r solstic e (Jun e 22) ?
(Answer: 66 ° abov e th e horizon. )

7. How  lon g does the  day  last at  Seattl e on  summe r solstice (Jun e 22) ?
8. A t Seattl e on summe r solstice (June 22), how lon g must we wait afte r

sunset fo r the Su n t o b e 18 ° belo w the horizon?

Third Group:  Shadow  Box Problems

9. You r shadow i s 5 feet long , measured with your own feet . What is the
altitude o f th e Sun ? (Answer:  50°. )

10. Whe n the Su n i s 15° above the horizon , how lon g a shadow will a 10-
foot pol e cast ? (Us e the ten s sid e of the shado w box. )
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Fourth Group:  Telling  Time

11. A t Seattl e o n summe r solstice , i n th e afternoon , yo u ge t hom e fro m
work whe n th e Su n i s stil l 20 ° abov e th e horizon . Wha t tim e i s it?
(Answer: 5:5 5 P.M., local apparen t time. )

12. I n th e sam e situatio n a s in Proble m n, what i s the tim e expresse d i n
seasonal hours ? (Answer:  1 0 1/ 2 seasona l hour s afte r sunrise , o r i  1/ 2
seasonal hour s befor e sunset. )

13. I n Seattl e on Apri l i , in th e earl y evening you se e Spica 20° above th e
eastern horizon . Wha t i s the time , bot h i n equinoctia l hour s an d i n
seasonal hours?

3-7 TH E ASTROLAB E I N HISTOR Y

Some Representative  Astrolabes

Figure 3.38 is a front view of a brass astrolabe12 similar in design to the astrolabe
of your kit . Thi s specime n date s fro m th e lat e fourteent h o r earl y fifteent h
century and i s of French o r Italia n workmanship . I t i s small, abou t 3  3/4" i n
diameter, bu t i s fairly wel l made. Th e feature s o f this astrolabe are typical o f
European astrolabe s o f it s period .

Figure 3.3 9 is a  photograph o f th e rete  of th e sam e astrolabe . The ret e i s
an open , meta l lacewor k tha t represent s the celestia l sphere . Th e hol e i n th e
center of the rete is the north celestia l pole. The off-cente r circl e is the ecliptic ,
divided int o sign s o f the zodiac , which ar e labeled wit h abbreviations : ARI
for Aries , TAU fo r Taurus, an d s o on. Th e eightee n smal l pointers represen t
stars, and eac h i s labeled with a  name. The reade r may recognize some o f the
star names (e.g. , Rigilis our "Rigel, " a star in Orion) . Mos t o f the sta r names
are i n a  lat e Gothi c script . A  fe w were adde d o r reengrave d a t a  late r dat e
(probably th e lat e sixteenth o r earl y seventeenth century ) i n a n Itali c script .
For example , Cauda  Leonis  ("tai l o f the Lion" ) identifie s ou r Denebola .

The sam e rete ma y be used fo r any geographica l locatio n i n th e norther n
hemisphere, bu t a  plate must be engraved with th e horizon, almucantors , an d
azimuths fo r a  particular latitude . Thi s i s why a  complete astrolab e normally
came with a  set o f plates , numberin g anywher e fro m a  few to a  dozen . Th e
plate shown i n figur e 3.4 0 was engraved o n bot h side s to sav e bulk—one side
for latitud e 40 ° and th e othe r fo r 45°. This astrolabe has one other plate (no t
shown), similarl y engraved o n bot h sides , for latitudes 49 ° an d 50° . Usually ,
the reces s in th e mate r o f a n astrolab e was deep enoug h t o allo w storag e o f
the plates .

Figure 3.4 1 shows th e bac k o f a  late fifteenth-centur y astrolabe, 13 about a
century younge r tha n th e astrolab e o f figur e 3.38 . The mai n evidenc e fo r
dating is the date associated with the vernal equinox on the zodiac and calendar
scales. Th e moder n form s employe d fo r th e numeral s 4 , 5 , and 7  als o poin t
to a  later date . Th e feature s show n i n figure 3.41 are typical of the back s o f
medieval Europea n astrolabes . Beside s the zodia c an d calenda r scales , we see
a shado w bo x an d a  se t o f seasona l hou r curves . Ther e i s als o a  rotatabl e
alidade ( a crooked ruler ) equippe d wit h sights .

The front s of astrolabes are stereographic projections o f the celestial sphere
and var y littl e fro m astrolab e t o astrolabe , regardles s o f th e centur y o r th e
culture in which a n instrument wa s constructed.14 In contrast , the back  of the
astrolabe offered blank space, which the maker could fill with whatever seemed
useful. No t surprisingly , th e back s ar e much mor e variabl e than th e fronts .
In particular , ther e were different tradition s fo r astrolabe furnishings in Islam
and i n Christia n Europe .

FIGURE 3.38 . A n earl y fifteenth-centur y astro -
labe o f Frenc h o r Italia n workmanship . Photo -
graph courtes y o f the Time Museum , Rockford ,
Illinois.

FIGURE 3.39 . Th e ret e o f the astrolab e in fig-
ure 3.38 . Photo courtes y o f the Tim e Museum .
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FIGURE 3.40 . A  plate for latitude 40° fro m
the astrolab e in figure 3.38 . Photo courtesy o f
the Time Museum .

FIGURE 3.41 . Th e bac k of a  fifteenth-centur y
European astrolabe . Nationa l Museum o f
American History , Smithsonian Institution
(Photo No . 77-13841) .

Figure 3.42 shows th e bac k of a seventeenth-century Arabic astrolabe an d
its alidade . Th e ri m o f the uppe r hal f bear s circula r altitud e scale s divide d
into 6 ° arcs , with 2 ° subdivisions. Th e uppe r lef t quadran t contain s a  family
of parallel , horizontal lines , which function , togethe r wit h th e altitud e scale ,
as a  table of sines of angles. 16

The uppe r righ t quadran t contain s si x equally spaced circula r arcs cut b y
two prayer lines.  Observation s o f th e Sun' s altitud e ca n b e use d wit h thes e
curves t o determin e th e prope r time s of day fo r prayer , a s prescribed b y th e
Muslim religion .

In th e th e lowe r center , a  shado w bo x i s recognizable. Th e righ t sid e o f
the bo x is for use with a  gnomon seven unit s high; the lef t side , fo r use with
a i2-uni t gnomon . A s most  peopl e ar e betwee n si x and seve n fee t tal l whe n
measured wit h thei r ow n feet , th e righ t sid e o f th e shado w bo x i s clearl y
intended t o b e use d t o solv e problem s involvin g th e shadow s cas t b y th e
human body . Th e lef t sid e was probabl y intende d fo r us e with a  one-foo t
(i2-inch) gnomon .

Around th e ri m o f th e lowe r hal f ar e cotangen t scales , wit h unequall y
spaced marks . Th e use r simpl y set s th e alidad e a t th e desire d angl e o n th e
altitude scal e (on th e uppe r hal f o f the back ) an d read s of f the cotangen t o f
the angl e on the cotangent scale (o n the lower half) . Th e cotangen t scales are
useful fo r solvin g shadow problems .

Two semicircula r table s o f zodiaca l sign s an d luna r mansion s fil l up th e
space between the shadow box and the cotangent scales. This astrolabe provides
a nic e exampl e of efficien t us e of the spac e o n th e bac k o f th e astrolabe . It s
features ar e typical o f late Islami c astrolabes.

Stenographic Projection:  Theory  of  the  Astrolabe

Stereographic projection i s one way (amon g many ) o f mapping a sphere onto
a fla t surface . I t i s the projectio n o n whic h th e astrolab e i s based . Th e nic e
features o f this projection ar e two: preservatio n o f circles and conformality. 17

By preservation o f circles,  we mean tha t every circle on th e celestia l sphere gets
mapped ont o the astrolab e surface a s a circle (o r as a straight line , which ca n
be regarde d a s a circle of infinit e radius) . B y conformality,  w e mea n tha t th e
projection preserve s angles : tw o circle s tha t intersec t o n th e celestia l sphere
at a  certain angl e will intersec t at the same angle o n th e fac e o f the astrolabe.
These properties of Stereographic projection make the construction o f the rete
and latitude plates easy .

Figure 3.43 illustrates the principle s of Stereographic projection an d show s
the first few steps in the construction of a latitude plate for 40° north latitude.
In th e uppe r portio n o f the figure , we see a side view of the celestia l sphere.
The sout h celestia l pole SCP serves as the cente r of projection. Point s o n th e
celestial spher e ar e projected fro m SC P ont o th e plan e o f th e equator . Fo r
example, to projec t point H  o f the tropi c of Capricorn ont o th e plane of the
equator, w e dra w a  lin e fro m SC P throug h H  an d exten d thi s lin e unti l i t
crosses the plane of the equator at If. Thus , If  i s the Stereographic projection
of H. Th e projecte d tropi c of Capricorn i s a circle o f radius H'C,  centere d
at C . The latitud e plat e take s shape i n th e lowe r portion o f figure 3.43. The
center C  o f th e latitud e plat e i s th e Stereographi c projectio n o f th e nort h
celestial pole .

The projection s of the celestia l equator an d th e tropic o f Cancer ar e made
in the sam e way. The projection s of these two circles are also circles centered
on C . Fo r circle s paralle l t o th e equato r (suc h a s th e tropics) , th e mor e
southerly wil l appea r large r in th e projection . Thus, th e tropi c of Capricor n
is considerably larger than th e tropi c o f Cancer o n th e plat e o f the astrolabe
(lower portio n of figure).
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In th e uppe r portio n o f figur e 3.43 , the horizo n ha s bee n draw n fo r a
latitude o f 40°. Recal l tha t th e geographica l latitud e i s equal t o th e altitud e
of the pole , tha t is , the angl e between th e nort h poin t T V of the horizo n an d
the nort h celestia l pole NCP.  Th e nort h poin t N  o f the horizon i s projected
onto th e plan e o f th e equato r a s N'. Similarly , th e sout h poin t S  o f th e
horizon is projected as S'. Thus, on the latitude plate (lower portion o f figure),
the horizo n will be a circle, bu t i t will be off-center  fro m C . The radiu s of th e
horizon circle will be one-half the distance N'S', and the center of the horizon
circle will be located halfwa y betwee n N' an d S'.

Often (a s in th e astrolab e of your kit) , th e plat e is cut of f at the radiu s of
the projecte d tropi c o f Capricorn . I n th e lowe r par t o f figure 3.43, the par t
of the horizo n curv e tha t lie s south (o r outside) o f the tropi c Capricor n ha s
been sketched i n broken line. This part of the horizon curve would not appear
on th e finished latitude plate .

Figure 3.4 3 illustrates th e essentia l ide a o f stereographi c projection . O f
course, a  complete latitud e plat e would requir e a good dea l mor e work : th e
system of almucantars and azimuth s stil l must be drawn in . In section 3.8 we
shall see how thi s i s done .

History of  the  Astrolabe

The oldes t survivin g astrolabes are fro m th e nint h an d tent h centurie s A.D .
Some eleven astrolabes have been dated before the year 1000,' an d al l of these
originated i n differen t part s o f easter n Islam : Syria , Egypt, Iraq , an d Persia .
The oldes t Islamic astrolabes are rather severe in style , with simple , triangular
star pointer s o n th e rete . I n mos t cases , the back s ar e no t a s fully furnishe d
with supplementar y scale s as are the back s of later instruments. Nevertheless,
the essentia l feature s o f th e astrolab e wer e alread y standar d b y th e nint h
century. After thi s period, the furthe r developmen t of the astrolabe consisted
largely in changes of style and ornamentation an d the addition o f supplemen-
tary scales that simplifie d the solutio n o f specialized problems. Despit e these
minor differences , a  nineteenth-century astrolab e would hav e been , i n most
of it s features , perfectl y comprehensibl e t o a  ninth-centur y astronome r o f
Syria or Iraq. The stabilit y of the astrolabe tradition throug h a  thousand year s
is a  strikin g demonstration o f th e continuit y between  ancien t an d moder n
astronomy. I t als o attest s t o th e perfectio n already achieved b y the astrolabe
in it s earl y form .

Although th e astrolab e reached it s definitive form i n medieva l Islam , th e
instrument i s muc h olde r tha n on e woul d gues s fro m th e oldes t survivin g
examples. Th e astrolab e wa s i n fac t a n inventio n o f th e ancien t Greeks .
Although fa r fro m conclusive , there i s evidence that stereographi c projection
was invented by Hipparchus (secon d century B.C.).19 In any case, stereographic
projection wa s certainly in us e b y the firs t centur y B.C.

The Anaphoric  Clock  Vitruvius , th e Roma n write r o n architectur e o f th e
first century B.C. , describe s a water clock , th e anaphoric  clock , that evidentl y
made us e o f stereographi c projection . Th e movin g par t o f th e cloc k wa s a
drum, aroun d whic h wa s wrapped a  chain. A float was attached t o on e en d
of th e chai n an d a  counterweigh t wa s attached t o th e othe r end . A s water
filled a  container , th e floa t ros e an d th e counterweigh t descended , causin g
the dru m slowl y t o tur n a t th e rat e o f on e rotatio n pe r day . Vitruviu s tell s
us that th e flat fac e o f the dru m was inscribed with a n image of the heavens ,
including th e zodia c circle . Moreover , th e zodia c was drawn i n suc h a  way
that som e signs were larger than others , dependin g upo n thei r distanc e fro m
the center . This is a feature characteristi c of stereographic projection. In fron t
of the drum was a grid of wires that represented the horizon an d th e seasonal

FIGURE 3.42 . Th e bac k of a seventeenth-
century Arabic astrolabe from Pakistan .
National Museum of American History,
Smithsonian Institutio n (Photo No. 78-5996) .

FIGURE 3.43 . Th e principl e of stereographic
projection.
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FIGURE 3.44 . Fragmen t o f a  bronze sk y plate
from a n anaphori c clock , firs t o r secon d centur y
A.D. Th e constellation s represente d are , fro m lef t
to righ t acros s the  middl e of  the  piece , Triangu -
lum, Andromeda, Perseu s and Auriga . Th e
names Andromeda an d Aurig a are engraved nea r
the constellations . The eclipti c was represented
by a  series o f holes , int o whic h a  marker repre -
senting the Su n coul d b e placed . Th e plat e has
broken awa y along thi s line o f holes , resultin g
in th e serrate d edg e no w seen . Part s o f three zo -
diac constellation s may be seen alon g th e edge :
Pisces, Aries and Taurus , fro m lef t t o right . Th e
whole dis k mus t hav e been abou t n o c m in di-
ameter an d mus t hav e weighed abou t 4 0 kg.
Museum Carolino-Augusteum , Salzburg .

hours. The anaphori c clock was thus inside out with respect to later astrolabes.
The fac e o f the dru m (correspondin g t o th e ret e o f an astrolabe ) was a solid
sheet o f metal an d wa s placed behin d a n ope n gri d o f wires representin g th e
seasonal hours. Fragments of the zodiac disks of two such clocks have actually
been found—on e a t Salzburg in Austria and th e othe r i n the village of Gran d
near Neufchateau i n northeaster n France . Figur e 3.44 shows th e fragmen t o f
the zodiac disk discovered a t Salzburg. Bot h fragment s belon g to the perio d
from th e firs t t o th e thir d centur y A.D . Analysis o f th e fragment s confirm s
that th e zodia c circl e was positioned b y means o f stereographic projection .

Ptolemy o n th e Planisphere  Th e oldes t survivin g mathematica l treatis e o n
stereographic projectio n i s a  shor t wor k b y Ptolem y (secon d centur y A.D.) ,
called Th e Planisphere.  Ptolem y set s ou t th e mathematica l procedure s fo r
mapping th e zodiac and othe r celestia l circles onto a plane. His remarks make
it clea r tha t h e intende d these  procedure s actuall y t o b e use d i n makin g a
concrete instrument. The origina l Greek tex t has not come down to us. What
we have is an Arabic translation, made around A.D. 1000, and a Latin translation
from th e Arabic , mad e aroun d A.D . 1143 b y Herman n th e Dalmatian . I t
appears that the end of the treatise is missing and tha t Ptolem y included mor e
information o n practica l constructio n tha n i s now presen t i n th e text . Fro m
the text we have, it is not clea r whether Ptolemy's instrument was an astrolabe
in th e moder n sens e or a  type o f anaphoric clock . Although th e mathematic s
of stereographic projection wer e known befor e Ptolemy' s time , hi s work was
important, fo r i t provide d a  good summar y o f th e mathematica l techniqu e
and serve d a s a point o f departure fo r late r writers.

Theon o f Alexandria Th e firs t treatis e o n a n astrolab e in th e moder n sens e
was probably written b y Theon o f Alexandria (fourt h centur y A.D.) . Theo n
was a teacher of mathematics an d a  prolific writer. He worked har d a t editin g
the classic s of Greek mathematics , fo r example, the Elements  of Euclid. With
his daughter , Hypatia , Theo n als o wrot e commentarie s o n th e work s o f
Ptolemy, includin g th e Almagest.  I t i s clea r fro m remark s b y later , Arabic
writers that Theon wrote a  treatise on the astrolabe and that Theon's astrolabe
had al l the essentia l features tha t w e now associat e with th e instrument .

Theon's treatise has not com e down to us. But we know what it contained ,
for ther e ar e two survivin g treatises on th e astrolab e tha t wer e based i n grea t
part o n Theon's . On e o f these  i s a  wor k i n Gree k b y Joh n Philoponus, 23

written aroun d A.D . 530. The othe r i s a work i n Syria c by Severu s Sebokht ,
the Bisho p of Nisibis, written befor e A.D . 660.24 These are the oldes t surviving
works o n th e astrolabe . Th e work s b y Philoponus an d Sebokh t describ e th e
parts of the astrolabe and give directions for using it to solve various problems.
A simpl e wa y t o giv e a  roug h ide a o f th e content s o f thes e work s i s to sa y
that sectio n 3. 5 has a  fai r amoun t o f overlap with Philoponu s an d Sebokht .

Medieval Treatises  o n th e Astrolabe i n Arabic  an d Latin  Th e traditio n o f
treatises on the astrolabe,  begu n by Theon of Alexandria, flourished in Islam.
In man y cases , th e firs t contac t o f Islami c astronomer s wit h Gree k scienc e
was throug h th e intermediar y o f th e Syria c language . Islami c astronomer s
began b y making Arabi c translation s o f Syria c astronomical work s base d o n
Greek sources . The treatis e of Sebokh t i s an exampl e o f such a  Syriac work .
Shortly afterward, Arabic scholar s began t o make translations o f Greek scien -
tific works directly from the Greek, and then t o compose origina l astronomica l
treatises directly in Arabic. The first Arabic language treatises on the astrolabe
were written as early as the eighth century A.D. In the ninth and tenth centuries ,
the Middl e Eas t was the cente r o f manufacture of astrolabes. By the elevent h
century, astrolabe s were als o bein g made , an d tract s o n th e astrolab e wer e
being written, i n Muslim Spain . The oldes t treatise on th e astrolab e that has
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survived fro m Musli m Spai n was by Ibn al-Saffar . Hi s brother , Muhamma d
Ibn al-Saffar , mad e a t Cordob a i n A.D . 102 6 th e earlies t dated astrolab e that
has survived from thi s par t o f the world .

Christian Europe received its first knowledge of the astrolabe—and it s first
astrolabes as  well—fro m Musli m Spain . By  the  beginnin g of  the  elevent h
century, astrolabe s wer e know n i n souther n Franc e an d Germany . B y th e
early twelft h century , th e astrolab e ha d becom e s o esteeme d i n Pari s tha t
Abelard an d Helo'is e name d thei r so n Astrolabe . I t i s significan t tha t ther e
survive fro m thi s tim e severa l Arabic astrolabe s t o whic h Lati n inscription s
were added . I t wa s no t long , however , befor e Europea n astronomer s an d
craftsmen wer e making thei r own astrolabes . A body of Latin treatises on th e
astrolabe bega n t o accumulate , a t firs t base d o n o r directl y translate d fro m
Arabic sources . On e particularl y famou s an d importan t treatis e was a thir -
teenth-century Latin compilatio n base d partly on the treatise by Ibn al-Saffar ,
mentioned above . Thi s compilatio n wa s falsel y ascribe d t o Messahall a an d
circulated fo r centuries under tha t name . A  reader with th e necessar y astro-
nomical knowledg e coul d mak e a n astrolab e fro m th e direction s give n b y
pseudo-Messahalla. In the late twelfth and early thirteenth centuries, European
astronomers bega n t o write works on th e us e and th e theor y o f the astrolabe
that wer e not translation s bu t origina l compositions.27 At first these treatises
were in Latin. But works on the astrolabe were soon composed in the vernacular
languages o f Europe.

Chaucer on theAstrola.be Th e oldest surviving, moderately sophisticated scien-
tific wor k i n th e Englis h languag e i s a  Treatise  o n th e Astrolabe, written b y
Geoffrey Chaucer . Chauce r was well-educated i n astronomical matters, by the
standards o f fourteenth-centur y Englishmen , an d th e Canterbury  Tales  ar e
studded with astronomical references.28 He composed hi s treatise on the astro-
labe, a s he tell s us , fo r hi s ten-year-ol d son , Lewis . In on e manuscript , th e
treatise i s subtitled "Brea d an d Mil k fo r Children. " Chaucer' s treatis e is no t
very origina l bu t i s base d i n larg e par t o n pseudo-Messahalla . Moreover ,
Chaucer treat s onl y th e use , and no t th e constructio n o f a n astrolabe , a s is
appropriate for a work addressed to a ten-year-old boy . Nevertheless, the work
is admirabl e fo r it s clarit y an d patience . Figur e 3.45 is a  photograp h o f th e
drawing o f the ret e a s it appear s in on e o f the bette r manuscripts . The sta r
at th e ti p o f th e tongu e o f th e dog' s hea d i s Sirius , th e Do g Star , whic h
Chaucer call s Alhabor. The mate r an d ret e of the instrumen t are labeled, in
fourteenth-century Englis h spellings , the moder  an d th y ret.

By Chaucer' s time , th e astrolab e had becom e a  fixtur e i n learne d circles
of Europe . Th e instrumen t wa s best know n aroun d th e universitie s and i n
the courts, for many a king kept an astrologer on retainer. The most importan t
use of th e astrolab e was in tim e telling , especially fo r th e purpos e of casting
horoscopes. But , quite apart from it s practical merits, the astrolabe was prized
as a  mathematica l tou r d e forc e tha t place d a n imag e o f th e heaven s i n th e
human hand . Astrolabes began to appear as decorative features in illuminate d
manuscripts an d o n churc h facades , often merel y as symbols of astronomical
learning.

A Renaissance Master: GeorgHartmann  Fo r European astrolabes, the sixteenth
century was a golden age . Craftsmen produce d astrolabe s in greate r quantity
and better quality than ever before. Considerable originality was also displayed
in the design of auxiliary scales and of new types of astrolabe. Georg Hartmann
(1489-1564) wa s on e o f th e most  accomplishe d maker s o f astrolabes . Fro m
his workshop i n Nuremberg he produced a  steady stream of astrolabes, proba-
bly wit h th e ai d o f assistants . Hartmann' s meta l astrolabe s were expensive.
Many were made fo r members o f various European roya l families . Bu t Hart -
mann wa s also amon g th e firs t maker s o f chea p astrolabe s i n ki t form : h e
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printed part s on paper , which th e purchase r coul d cu t out , glu e t o woo d o r
to heavier paper, and assemble. A number of other sixteenth-century engravers
produced pape r astrolabes. The astrolabe kit the reader has in hand is perfectly
in keepin g wit h a  tradition tha t bega n i n th e Renaissance .

3.8 EXERCISE : M A K I N G A  LATITUD E PLAT E
FOR TH E A S T R O L A B E

In thi s exercise , you ca n mak e a  latitude plate , fo r some cit y o f your choice ,
to us e with you r astrolab e kit .

Preliminary Drawing  of  the  Celestial  Sphere

1. O n a  large piec e o f pape r (20 " X 40"), dra w a  circle t o represen t th e
celestial sphere , a s in figur e 3.4 6 (top) . Th e radius  o f the circle  must  be
exactly the  same  as  the  radius  of  the  celestial  equator  on your astrolabe
kit. Pu t i n th e nort h celestia l pole P  an d th e sout h celestia l pol e Q .
At righ t angle s t o PQ draw a  long lin e t o represen t th e plan e o f the
celestial equator . Figur e 3.4 6 (top ) represent s th e celestia l spher e a s
seen fro m th e side .

2. Dra w the horizon through th e center C  of the circle. The angl e between
CP an d th e horizo n (i.e. , th e altitud e o f the pole ) shoul d b e equa l t o
the latitude o f the place for which you wish to design the plate . Figure
3.46 has bee n draw n fo r latitud e 40° .

3. Dra w th e almucantars . Th e almucantar s ar e paralle l t o th e horizon .
The metho d o f locatin g th e 20 ° almucanta r i s shown i n figur e 3.4 6
(top); i t i s 20° u p fro m th e horizon . A  few other almucantar s ar e also
shown. Yo u should dra w al l the almucantar s fro m 10 ° t o 80° , a t 10 °
intervals. If you wish, you can put in one or more negative almucantars.
The almucanta r fo r —12 ° i s shown (12 ° belo w th e horizon) .

4. Pu t i n th e zenit h poin t Z  an d th e nadi r poin t W.  Th e nadi r i s the

FIGURE 3.45 . Drawin g o f a n astrolab e fro m
a manuscrip t cop y o f Chaucer's Treatise  o n the

Astrolabe. Photo courtes y of the Cambridg e
University Librar y (MS. Dd.3.53) .
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FIGURE 3.46 . Constructio n o f a  latitude plate .
Step i , constructio n o f the almucantars .

point directl y "underfoot, " jus t a s th e zenit h i s th e poin t directl y
overhead. Thus , Z W passe s throug h C  and i s at righ t angle s t o th e
horizon. Thi s complete s th e preliminary construction .

Layout of  the  Plate:  Almucantars

5. Begi n the drawing of the actual latitude plate, as in figure 3.46 (bottom).
First, locat e th e cente r C  of the plat e directl y unde r lin e PQ. Abou t
C as center, dra w circle s for th e celestia l equator an d th e tw o tropics .
These should hav e the same radii as on the plate s that came with you r
kit. Thus, determine the radii by measuring on the kit astrolabe. Dra w
also th e meridia n line , throug h C , at righ t angle s t o th e lin e PQ on
which C  is located .

6. Projec t the horizon (th e most importan t o f the almucantars) . In figure
3.46 (top) , T V and 5  ar e th e nort h an d sout h point s o f th e horizon .
Their projection s ont o th e plane o f the equato r ar e N' an d S'.  Fin d
the midpoin t D  o f line segmen t N'S'.  Thus , i n figure 3.46 (top) , D
is exactly halfwa y betwee n N'  an d S'.

7. Dra w th e horizon circle on the actual plate, as in figure 3.46 (bottom) .
To d o this , measur e C D i n figur e 3.4 6 (top ) an d la y ou t thi s sam e
distance i n figure 3.46 (bottom) . D  wil l b e th e cente r o f the horizo n
circle. The radiu s of the circle will be DN1 (o r DS'', which i s the same.
The dashe d vertica l lines show ho w N', C , D, an d S'  ar e transferred
from figur e 3.4 6 (top ) t o figur e 3.4 6 (bottom) . Bu t i t i s no t recom -
mended tha t yo u actuall y draw such lines . The bes t way to proceed is
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to measure CD and DN ' wit h a  ruler, and t o use these measurements
to dra w th e circle .

8. Dra w al l the othe r almucanta r circle s in exactl y th e sam e way . Not e
that fo r eac h almucantar , yo u mus t fin d tw o distance s i n figur e 3.4 6
(top): th e radiu s o f th e circle , an d th e distanc e o f it s center fro m C .
Every almucanta r wil l hav e a  differen t radius , a s wel l a s a  differen t
location fo r it s center . (Hin t fo r drawin g circle s o f very large radius:
make a  beam compass . Tap e the poin t o f a compass t o a  meter stick .
Tape your penci l t o th e mete r stic k a t th e desire d distance. )

9. Projec t the zenith Z an d nadir Wont o the plane of the equator (point s
Z' an d W).  Transfe r thes e points t o the plate by measuring CZ ' an d
cw.

Completion of  the  Plate:  Azimuths

10. Refe r t o figur e 3.47 . O n th e latitud e plate , th e azimut h circle s mus t
all pas s throug h th e zenit h Z'  an d th e nadi r W " in exactl y th e sam e
way. I t follow s tha t th e center s o f th e azimut h circle s mus t al l b e
located o n the same line, the line of centers, which is the perpendicular
bisector o f lin e segmen t WZ''.  So , o n you r latitud e plate , fin d th e
midpoint o f WZ'  an d dra w a  line through thi s poin t a t righ t angles
to th e meridian .

11. Yo u ca n choos e whethe r t o pu t i n azimuth s a t ever y 10° o r a t ever y
30°. Figure 3.47 shows the constructio n fo r placing them a t every 30°.
On th e plate , a t th e zenit h poin t Z',  dra w line s tha t mak e 30 ° and
60° angle s with th e meridian , a s shown. Exten d these  lines until the y
intersect th e line of centers. Th e intersectio n points , Av A 2, .  . . A  ̂are
the-centers o f th e azimut h circles . Simpl y plac e th e poin t o f you r
compass a t A l an d ope n i t u p s o tha t th e penci l reache s th e zenit h
point Z'.  Then dra w th e azimut h circle , for m th e horizo n curve , on

FIGURE 3.47 . Constructio n o f a latitude plate .
Step 2 , construction o f the azimuths .
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through Z',  al l th e wa y t o th e opposite  sid e o f th e horizo n curve .
Draw th e othe r azimuth s in th e sam e way.

The justificatio n for this metho d lie s in th e conformalit y propert y
of stereographic projection. Azimuth circle s all pass through the zenith.
Azimuth circle s that mak e 30 ° angles with thei r neighbor s on th e rea l
celestial spher e mus t mak e these  sam e angle s o n th e astrolab e plate .

Finishing Up

12. Eras e any construction line s showing o n your plate. Cu t ou t th e plat e
around th e perimete r o f the tropi c o f Capricorn, bu t b e sure to leave
a shor t ta b a t th e sout h en d t o fi t int o th e notc h o f the mater . Labe l
your circles . Punc h a  smal l hol e a t C  t o receiv e th e scre w o f you r
astrolabe.

Optional Construction:  Seasonal Hours  FIGUR E 3.48 . Divisio n o f the tropi c o f Cancer
into seasona l hours.

13. Divid e the  hal f of  the  equato r tha t is  belo w (outsid e of)  the  horizo n
curve into twelve equal parts. To do this, place the center of a protractor
at C , and pu t mark s on th e equato r a t 15 ° intervals between th e sunse t
and sunris e point s (th e tw o point s wher e th e equato r crosse s th e ho -
rizon).

Similarly, divid e th e portio n o f th e tropi c o f Cance r tha t i s below
(outside of ) th e horizo n curv e int o twelv e equa l part s (se e fig. 3.48).
On summe r solstice , the Sun runs around th e tropi c o f Cancer i n th e
course of  the  day . On  thi s day , E  is  the  sunris e poin t and  F  is  the
sunset point . Plac e the cente r o f a protractor a t C  and measur e angl e
ECF (whic h i s proportional t o th e lengt h o f th e night) . Divid e EC F
into twelv e equal parts (the twelve seasonal hours of the night) , placing
marks o n th e tropi c an d labelin g them a s shown.

Do th e sam e thing fo r the tropi c of Capricorn .
For eac h seasona l hour (e.g. , the secon d hour) , you wil l have thre e

points: th e point s labeled 2  on th e tropi c o f Cancer, th e equator , an d
the tropi c o f Capricorn . Connec t thes e thre e points , fro m tropi c t o
tropic, b y a smooth curve . On e wa y to d o thi s i s to find , b y trial an d
error, usin g a  compass , th e locatio n o f th e cente r an d th e necessar y
radius. The seasona l hour curve s are not reall y supposed t o b e circles.
But the y ar e always drawn s o on medieva l astrolabes .



This page intentionally left blank 



4-1 TH E JULIA N AN D G R E G O R I A N CALENDAR S

One ma y regulat e a  calenda r b y means  o f th e Su n alone , b y means  o f th e
Moon alone , o r b y mean s o f th e Su n an d Moo n together . Thus , ther e are
three principal types of calendar: solar, lunar, and luni-solar . At various times
and i n variou s cultures, al l three type s o f calendars have been used . Indeed ,
all thre e type s ar e stil l i n us e today . A  goo d exampl e of a  luna r calenda r i s
the Muslim calendar , which is still used in some countries of the Middle East ,
and which i s used worldwide in Muslim religious practice. The most important
luni-solar calenda r stil l i n us e i s the Jewis h calendar . Bu t th e ancien t Gree k
and Babylonia n calendars were also o f this type . Th e mos t familia r exampl e
of a  solar calendar i s the Gregoria n calendar , which i s used nearl y worldwide
today. However , t o reckon tim e reliably in astronomical an d historica l work,
one mus t also understand it s relation t o th e Julian calenda r tha t precede d it .

The Julian Calendar

Structure of the Julian Calendar  Th e Julia n calenda r was instituted in Rom e
by Julius Caesar i n th e yea r we now cal l 45 B.C.. It reache d it s fina l for m b y
A.D. 8  and continue d i n us e without furthe r chang e unti l A.D . 1582, whe n i t
was modifie d b y th e Gregoria n reform . The Julia n calenda r adopt s a  mean
length o f 365 1/4 days for the year . This is in good agreemen t with th e lengt h
of th e tropica l year , tha t is , the tim e fro m on e sprin g equino x t o th e next .
The Julia n calenda r i s therefore a  sola r calenda r an d keep s goo d pac e wit h
the seasons. Two kind s of calendar year are distinguished: common year s and
leap years. Three years of every four ar e common year s of 365 days each. On e
year o f ever y four i s a  leap year o f 36 6 days.

The month s o f th e calenda r year , an d th e numbe r o f day s containe d i n
them ar e

January 3 1 July  3 1
February 2 8 (29 in leap year) Augus t 3 1
March 3 1 Septembe r 3 0
April 3 0 Octobe r 3 1
May 3 1 Novembe r 3 0
June 3 0 Decembe r 3 1

The averag e length o f the synodi c month (th e time fro m on e ne w Moon t o
the next ) i s about 2 9 1/2 days . But , except fo r February , every month i n th e
Julian calenda r i s longer tha n this . Th e calenda r month s therefor e hav e n o
fixed relation t o th e Moon : th e ne w Moo n doe s not , fo r example , fal l o n a
fixed day of the month .

Years ar e customaril y counte d fro m th e beginnin g o f th e Christia n era .
The firs t yea r of th e Christia n er a i s A.D. i . The immediatel y precedin g yea r
is i  B.C . There i s n o yea r o . Thi s arrangemen t i s inconvenien t fo r doin g
arithmetic. Mor e convenien t i s th e astronomical  wa y o f representin g year s
before the beginning of the Christian era by negative numbers. In this system,
the yea r immediately befor e A.D . i  i s called th e yea r o ; th e yea r befor e that ,
—i, an d s o on :

Historical wa y

A.D. 2
A.D. 1
1 B.C .
2 B.C .
3 B.C .

Astronomical way

+2
+1

0
-i

F O U R

alendars^
and Time
Reckoning

i63
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The utilit y of the astronomica l syste m can be made clea r by an example . Let
us comput e th e tim e elapse d betwee n January i , 2 3 B.C. and Januar y i , A.D .
47. The simples t approach i s to express the B.C . dat e astronomically and then
subtract:

23 B.C . =  -22 .
47 -(-22) = 69.

Thus, 6 9 years elapsed betwee n th e tw o dates .
The lea p years are thos e evenl y divisible by four : A.D . 4 , 8 , 12 , an d s o on .

This rule may be extended t o th e years before th e beginning of the Christia n
era, i f the year s are expresse d astronomically: o , —4 , —8 , —1 2 are al l leap years.
Note tha t i f the year s are expressed i n th e historica l way the lea p years are i,
5, 9 , 1 3 B.C.

The Roma n manne r o f designatin g th e day s o f th e mont h wa s not th e
same as our own . Th e firs t day of the month was called Kalendae,  o r Kalend s
in English . Th e 5t h of mos t month s wa s called Nonae  (None s i n English) .
The I3t h day o f mos t month s wa s called Idus  (Ides) . However , fou r month s
had th e None s o n th e 7t h an d th e Ide s o n th e ijt h (March , May , July ,
October). Othe r day s o f th e mont h wer e specifie d i n term s o f th e day s
remaining unti l th e nex t o f these  thre e guideposts . Fo r example ,

Our way  Roman  way
April i  Kalend s of April

2 4t h da y before th e None s o f April
3 3r d day befor e the None s o f April
4 th e da y before th e None s o f April
5 None s o f Apri l
6 8t h da y befor e th e Ide s o f April
7 7t h da y befor e th e Ide s o f April

11 3r d da y befor e th e Ide s o f April
12 th e da y befor e th e Ide s o f April
13 Ide s o f Apri l
14 i8t h day before the Kalends of May
15 I7t h day before the Kalends of May

29 3r d day before the Kalend s of May
30 th e day before the Kalend s of May

May i Kalend s of May

The Roma n wa y of counting th e days continue d i n us e to th e en d o f the
Middle Ages . I n manuscript s o f the fifteent h century , fo r example , on e see s
the Roma n wa y an d th e moder n wa y o f countin g use d sid e b y side . Th e
fifteenth century was a period o f transition. Note also the Roma n manne r o f
inclusive counting. We would sa y that April n is two days before the Ides . But
the Roman s calle d i t th e thir d da y before th e Ides—countin g th e nth, mh,
and I3th . The None s wa s so called because it cam e nine day s before th e Ide s
(counting inclusively) . Time expression s based o n inclusiv e counting surviv e
in th e Romanc e languages . Fo r example , i n French , a n expressio n for a week
is huit  jours, literall y eight days . Similarly , for tw o weeks , th e Frenc h ofte n
say quinze jours, fiftee n days .

The Julia n calendar did no t exis t before 4 5 B.C., bu t tha t doe s no t preven t
us fro m usin g i t a s if i t did . W e sa y that Xerxe s invaded Greec e an d fough t
the battl e o f Salami s i n 48 0 B.C. , or tha t Alexande r died i n 32 3 B.C. A  Julian
calendar dat e use d i n thi s wa y i s always a translatio n int o moder n term s o f
a mor e ancient , an d no w defunct , system o f chronology . A n ancien t Greek ,
for example , might have said that the battle of Salamis was fought i n the year
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that Kalliades was archon of Athens2 and that Alexander died during the archon-
ship o f Kephisodoros.3

History o f the Julian Calendar  Th e Roma n calenda r tha t Caesa r eliminate d
was a  luni-sola r calendar , consistin g o f twelv e months . '  Ther e wer e fou r
months o f 3 1 days, Martius, Maius , Quintilis ( = July), and October ; seven of
29 days, lanuarius, Aprilis, lunius, Sextilis ( = August), September , November,
and December ; an d on e o f 28 days (Februarius) . The lengt h o f the yea r was
therefore 35 5 days, in fai r agreemen t wit h th e lengt h o f twelve luna r months .
But a s this yea r was some te n day s shorte r tha n th e tropica l or sola r year, it s
months woul d no t maintai n a  fixed relation t o th e seasons . Consequently ,
roughly ever y other year an intercalary month, called Intercalaris  or Mercedo-
nius, consisting of 2 7 or 2 8 days, was inserted afte r Februar y 23 , and th e five
remaining days of February were dropped. Thus , the year with a n intercalated
month consiste d of 377 or 378 days. Some scholars suggest that th e intercalar y
month alternate d regularl y between  it s tw o possibl e lengths , s o tha t th e
calendar year s wen t throug h th e regula r four-yea r cycle : 355 , 377, 355 , 378.
Four successiv e calenda r year s therefor e totale d 1,46 5 days , an d th e averag e
year amounted t o 366 days, about on e day longer than th e tropica l year. Th e
intercalation was in th e charg e o f the pontifice s (priest s of the stat e religion).
But, through neglect , incompetence, o r corruption, the necessary intercalations
had no t bee n attende d to , an d b y 50 B.C. the calenda r wa s some two month s
out o f step wit h th e seasons .

Julius Caesar , wh o ha d bee n electe d Pontife x Maximu s i n 6 3 B.C., aban-
doned th e old luni-solar calendar entirely and adopted a  purely solar calendar .
In the technical details he followed the advice of Sosigenes, a Greek astronomer
from Alexandria . T o brin g the calenda r bac k int o ste p with th e seasons , i t
was decided t o appl y two intercalation s t o th e yea r 46 B.C. . The firs t was the
customary insertio n o f a month followin g February 23, which wa s scheduled
to be done in that year anyway. The second was the insertion of two additiona l
months totalin g 67 days between th e en d of November an d th e beginning of
December, t o mak e u p fo r previou s intercalation s tha t ha d bee n neglected .
The effec t o f this was to brin g the verna l equinox bac k t o March . Afte r thi s
annus confusionis  ("yea r o f confusion") , a s i t wa s calle d b y Macrobius , th e
new calenda r bega n t o operat e i n 4 5 B.C. .

The yea r was to consis t o f 36 5 days, te n mor e tha n i n th e ol d calendar .
To mak e u p th e ne w total, th e te n day s were distributed amon g th e ol d 29-
day months : January , Sextilis , and Decembe r receive d tw o day s each , whil e
April, June, September , and  Novembe r eac h gaine d one  day . The old  3i-day
months (March , May , Quintilis , and  October ) remaine d unchanged , as  did
February. An intercalar y day was to b e added t o the mont h o f February one
year ou t o f ever y four . Afte r Caesar' s assassinatio n i n 4 4 B.C. , the Senat e
decided t o honor his memory by renaming his birth-month (Quintilis ) lulius .

Unfortunately, owin g t o a  mistake b y the pontifices , th e intercalatio n was
actually performe d onc e ever y thre e year s s o that , b y 9  B.C. , 12 intercalar y
days ha d bee n inserted , whil e Caesar' s formul a ha d calle d fo r onl y 9 . Th e
pontifices, wh o wer e inclusiv e counter s lik e al l Romans, had misunderstoo d
Sosigenes' prescription. T o brin g the calendar back into ste p with th e original
plan, Augustus decree d i n 8  B.C. that al l intercalations b e omitte d unti l A.D.
8. I n tha t year , th e Roma n Senat e honore d Augustu s b y renaming fo r hi m
the mont h o f Sextilis , sinc e i t wa s i n thi s mont h tha t Augustu s wa s firs t
admitted t o th e consulat e and thric e entere d th e cit y i n triumph . Fro m A.D .
8 th e Julia n calenda r operate d withou t furthe r chang e unti l th e Gregoria n
reform o f 1582 .

The wee k was not originall y a feature o f the Julian calendar. There i s some
evidence for an eight-da y cycl e of market day s in Rome . Th e seven-da y wee k
seems t o hav e originate d fro m th e Jewish practice : si x days of work an d on e
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day o f rest . Th e Jew s ha d n o name s fo r th e day s o f th e week , excep t th e
Sabbath, and simpl y numbered them . As the week penetrated t o the western
Mediterranean, th e practic e gre w u p o f namin g th e day s o f th e wee k afte r
the planets . Mos t o f these planetar y name s ar e stil l apparen t i n th e French :

Planet
Saturn
Sun
Moon
Mars
Mercury
Jupiter
Venus

Latin
Dies Saturn i
Dies Soli s
Dies Luna e
Dies Marti s
Dies Mercurii
Dies Jovi s
Dies Veneri s

French

Samedi
Dimanche
Lundi
Mardi
Mercredi
Jeudi
Vendredi

English
Saturday
Sunday
Monday
Tuesday
Wednesday
Thursday
Friday

In th e Teutonic languages , th e name s o f the Roma n deitie s Mars , Mercury ,
Jupiter, an d Venu s wer e replace d b y thei r counterpart s Tiu , Woden , Thor ,
and Frigga . The seven-da y planetary wee k was made officia l b y the empero r
Constantine in 321 .

The practic e of reckoning year s from th e beginnin g o f th e Christia n er a
was introduce d i n th e sixt h centur y A.D . by th e Roma n abbo t Dionysiu s
Exiguus. Befor e thi s time , a  year was commonly specifie d by the name s o f the
consuls for that year or, later , in terms of the number o f years elapsed since the
beginning of the reign of some emperor , for example , Diocletian. I n hi s tables
for computin g di e dat e o f Easter , Dionysiu s Exiguu s identified A.D . 532 with
year 24 8 of the Diocletia n era . This fixed once an d fo r al l the relatio n o f th e
Christian era to the Julian calendar—but not quite correctly. Modern scholarship
has placed th e actua l year o f Jesus's birth between 8  and 4  B.C .

The Gregorian  Reform
The Error in the Julian Year  Th e Julian year (the average length o f the Julian
calendar year) is 365.25 days. Bu t th e tim e required for the Su n t o trave l fro m
one tropic , al l the wa y around th e ecliptic , an d retur n t o th e sam e tropi c is
about 365.242 2 days . Thi s i s called th e tropical  year. Obviously, th e tropica l
year can only be measured with such precision over an interval of many years.
The Julia n year exceeds the tropica l yea r by 0.0078 day :

i Julian yea r = i  tropica l year + 0.0078 day .

In an y on e year , o r eve n ove r a  perio d o f severa l years, thi s discrepanc y
would no t b e noticed. Bu t ove r the centuries , i t mount s up . I n A.D . 300, t o
take a  definit e example , th e verna l equino x fel l o n Marc h 20 . Fo r th e nex t
several decade s th e equino x continue d t o fal l o n Marc h 2 0 o r 21 . (Th e dat e
of the equino x oscillated betwee n th e 2Ot h an d 2ist , becaus e of the lea p da y
system.) Bu t gradually, over a  longer period o f time, a  systematic shif t i n th e
date of the equinox occurred. Conside r an interval of 400 years. If we multiply
the relatio n above b y 400 w e obtai n

400 Julian years = 400 tropica l year s + 400 x 0.0078 day
= 400 tropica l years + 3.1 2 days .

Therefore, th e sprin g equinox of the yea r 700 di d no t tak e plac e o n Marc h
20, bu t o n Marc h 17 . Because  o f the difference  i n length  between  the Julian an d
the tropical  year, the date of  the  equinox retrogresses  through the Julian calendar
by about  3  days  every  40 0 years.  B y th e sixteent h century , th e equino x ha d
worked it s way back to th e nt h o f March.

The Easter Problem Th e principa l motive for reform was the desire to correct
the ecclesiastica l calendar o f the Catholi c church , particularl y th e placemen t
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of Easter. As Easter is the festiva l o f the resurrection , its celebration depende d
on th e prope r datin g o f the crucifixio n an d th e event s aroun d it . Accordin g
to th e Gospels , th e las t suppe r occurre d o n a  Thursda y evening ; th e trial ,
crucifixion, and burial of Christ on Friday. On th e evening of the same Friday,
the Passove r was celebrate d b y th e Jews . Finally , th e resurrectio n occurre d
on the following Sunday. Th e Passover , around which all these events center,
is celebrated for the week beginnin g in th e evening of the I4t h day of Nisan
in th e Jewis h calendar . Now , th e Jewis h calenda r i s o f th e luni-sola r type ,
and th e beginnin g o f eac h mont h correspond s closel y t o a  ne w Moon . I t
follows, then, that the I4th day of Nisan was the date of a full Moon. Moreover ,
the mont h o f Nisa n wa s traditionall y connecte d wit h th e sprin g equinox : a
month was intercalated befor e Nisan whenever necessary to ensure that Passover
week did no t begi n befor e th e Jewish calendrical equinox . Th e prope r time t o
celebrate Easte r was therefore shortly afte r th e firs t ful l Moo n o f spring .

In th e earl y church, thi s general  principle wa s interpreted i n a  number o f
different ways . Som e Christian s celebrate d Easte r o n th e thir d da y afte r th e
full Moon , regardles s of whether thi s wa s a Sunda y o r not . Most , however ,
celebrated Easte r o n a  Sunday, althoug h ther e wa s disagreement ove r whic h
Sunday was proper. An attempt to  regularize practice was made by the Counci l
of Nicae a i n 325 . The rul e adopte d b y th e Council , expresse d somewha t
inexactly, was this: Easte r is the Sunda y following th e ful l Moo n tha t occur s
on o r just after th e vernal equinox. Th e Counci l als o decreed tha t i f the dat e
of Easter, so calculated, coincided with the Jewish Passover, then Easte r should
be celebrated on e week later. This description of the Council' s rul e is the on e
commonly encountere d toda y i n nontechnica l book s on th e subject , bu t i t is
inexact for the followin g reason: neither th e tru e Sun nor th e true Moon was
used i n the determination of Easter. For example, th e Council fixed the date
of the equino x a t March 21 . (Thi s wa s correc t fo r A.D . 325 , as we have seen. )
Moreover, the determination o f the Easter Moon wa s not carried out throug h
observation o f the rea l Moon, bu t throug h calculatio n based on luna r cycles .

The Counci l o f Nicaea does not seem to have regularized practice regarding
the Moon, for different luna r cycle s continued t o b e used in the Eas t and th e
West. Thus, Easter was sometimes celebrated on different Sunday s by differen t
sects. Fo r example , i n A.D . 501 , Pop e Symmachus , followin g th e cycl e the n
used a t Rome , celebrate d Easte r on Marc h 25 . But hi s politica l an d religiou s
opponents a t Rome, th e Laurentians, followed the Greek cycle and celebrate d
Easter tha t year on April 22. Moreover, the y sent a delegation t o the empero r
at Constantinopl e to  accus e Symmachu s of  anticipating the  Easte r festival. 11

Uniform practic e between  Eas t an d Wes t wa s no t achieve d unti l 525 , when
the nineteen-yea r Metoni c cycl e wa s introduced a t Rome . I t ha d lon g bee n
used in the East, where Greek influenc e predominated . Table s were prepared,
based o n thi s cycle , b y means of which th e dat e o f Easter i n an y year coul d
readily be determined. Again , the date of the ful l Moon on or next afte r Marc h
21 was determined fro m thes e tables , no t fro m astronomica l observation ; di e
Sunday following was Easter. Even afte r 525 , other cycle s continued t o b e used
in Gau l an d Britain . Feeling often ra n high . Th e celebratio n o f Easter o n th e
wrong day was often deemed sufficient ground s for excommunication.12 Com -
pletely uniform practice across Europe was not achieve d unti l about A.D. 8oo.13

The Reform  I n practice , then , Easte r was celebrated o n a  Sunday in March
or Apri l followin g Marc h 21 . Bu t b y th e sixteent h centur y th e dat e o f th e
equinox ha d retrogresse d t o Marc h n , s o tha t Easte r wa s steadil y movin g
toward th e summer . Th e nee d fo r reform ha d lon g been felt , bu t th e stat e of
astronomy in Europe ha d bee n inadequate fo r the task. 14 In 1545 , the Counci l
of Trent authorized Pop e Pau l II I t o act , bu t neithe r Pau l nor hi s successors
were able to arrive at a solution. Work by the astronomers continued, however ,
and whe n Gregor y XII I wa s electe d t o th e papac y i n 157 2 h e foun d severa l
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proposals awaitin g him an d agree d t o ac t on them . Th e pla n finally adopted
had bee n propose d b y Aloysius Liliu s (th e Latinize d nam e o f Luig i Giglio ,
an Italia n physicia n an d astronomer , d . 1576) . Th e fina l arrangemen t wa s
worked ou t b y Christopher Clavius , Jesui t astronome r an d tireles s explainer
and defende r o f the ne w system . Th e reforme d calenda r wa s promulgate d
by Gregor y i n a  papal bul l issued i n February , 1582.

The most  difficul t par t o f th e refor m involve d adjustment s t o th e luni -
solar ecclesiastical calendar used for calculating Easter . The detail s of this part
of the reform need not concern us. New lunar tables were constructed t o restore
the ecclesiastical Moon to agreement with the true Moon. This reformed luni-
solar calendar has never been accepted b y the Orthodox churches , whic h stil l
reckon Easte r accordin g t o th e table s that th e Roma n Churc h abandone d i n
1582. As a  result, th e Orthodo x Easte r may coincide wit h th e Roma n Easter ,
or i t ma y lag behind i t b y one, four , o r five weeks.1

By contrast , th e refor m o f the solar , or Julian, calenda r was simple. First ,
to brin g th e verna l equino x bac k t o th e 2is t o f March , th e da y followin g
October 4 , 1582 , wa s calle d Octobe r 15 . Tha t is , te n day s wer e omitted .
However, ther e wa s no brea k i n th e sequenc e o f the day s o f the week : thi s
sequence ha s therefor e continue d uninterrupte d sinc e it s inception . Second ,
to correc t th e discrepanc y betwee n th e length s o f the calenda r yea r an d th e
tropical year , i t was decided tha t thre e lea p day s ever y 400 year s were t o b e
omitted. Thes e were to be centennial years not evenl y divisible by 400. Thus ,
in th e ol d Julian calenda r th e year s 1600, 1700, 1800 , 1900 , 2000 , 2100 , an d
so on, were all leap years. But unde r the ne w Gregorian calendar , 1700 , 1800,
1900, an d 210 0 ar e not lea p years.

The ne w calenda r wa s immediately adopte d i n th e Catholi c countrie s o f
southern Europe , bu t i n th e Protestan t north , mos t refuse d t o g o along .
Denmark di d no t chang e ove r until 1700 ; Grea t Britain , no t unti l 1752 . I n a
few countrie s tha t ha d bee n dominate d b y th e Easter n church , th e chang e
was no t mad e unti l th e twentiet h century . Thus , Russi a di d no t adop t th e
Gregorian calenda r unti l 1918 , afte r th e revolution .

Using the  Julian and  Gregorian  Calendars

In historica l writing , th e commo n practic e i s to us e the Julia n calenda r fo r
dates befor e 158 2 an d th e Gregoria n fo r date s afte r 1582 . Consisten t practic e
therefore require s translatin g man y Julian calenda r dates—fo r example , fro m
seventeenth-century England—int o thei r Gregoria n equivalents . However , i n
astronomical discussion it is sometimes preferable to use the Gregorian calendar
even fo r th e remot e past , sinc e th e date s o f th e equinoxe s an d solstice s ar e
nearly fixe d i n tha t calendar . Th e only  safe  practice  is t o clearly  specify  which
calendar i s being used  whenever  there is any possibility o f confusion.  Sometimes ,
in olde r writing , on e come s acros s reference s t o th e "ol d style " an d "ne w
style," whic h refe r t o th e Julian an d th e Gregoria n calendar , respectively .

Table 4.1 may be used to mak e conversions . Fo r example , Russia change d
from th e ol d t o th e ne w calenda r o n Februar y i, 191 8 (Julia n calendar) . Le t
us expres s this dat e i n term s o f th e Gregoria n calendar . Fro m tabl e 4.1 , w e
find that in 1918 there was a 13-day difference between  the tw o calendars . Th e
corresponding Gregoria n dat e i s therefor e Februar y 14, 1918 . T o pu t thing s
as clearl y as possible , "Februar y i , 191 8 (Julia n calendar) " an d "Februar y 14 ,
1918 (Gregoria n calendar) " ar e tw o differen t name s fo r th e sam e day : i t wa s
a Thursday. Not e that when th e Gregoria n calenda r wa s promulgated i n 1582
the differenc e betwee n th e tw o calendar s was 1 0 days . Bu t 1700 , 1800 , an d
1900 were lea p years i n the Julian calendar , an d no t i n the Gregorian ; thus ,
by 191 8 th e differenc e ha d grow n t o 1 3 days . Th e Russia n Orthodox Church
uses the Julian calenda r t o thi s day . They celebrate Christma s o n Decembe r
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TABLE 4.1. Equivalen t Dates in the Julian and Gregorian Calendars

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

From
Through

Time Interva l

—500 Ma r 6  Julian ( = Mar 1  Gregorian )
-300 Ma r 4  Julian ( = Feb 28 Gregorian )

-300 Ma r 5  Julian ( = Mar 1  Gregorian )
—200 Ma r 3  Julian ( = Feb 28 Gregorian )

-200 Ma r 4  Julian ( = Mar 1  Gregorian )
-100 Ma r 2  Julian ( = Feb 28 Gregorian )

—100 Ma r 3  Julian ( — Mar 1  Gregorian )
100 Mar 1  Julian ( = Feb 28 Gregorian )

100 Mar 2  Julian ( = Mar 1  Gregorian )
200 Fe b 29 Julian ( = Feb 2 8 Gregorian )

200 Ma r 1  Julian ( = Mar 1  Gregorian)
300 Fe b 28 Julian ( = Feb 2 8 Gregorian )

300 Fe b 2 9 Julian ( = Mar 1  Gregorian)
500 Fe b 28 Julian ( = Mar 1  Gregorian )

500 Fe b 29 Julian ( = Mar 2  Gregorian )
600 Fe b 2 8 Julian ( = Mar 2  Gregorian )

600 Fe b 29 Julian ( = Mar 3  Gregorian )
700 Fe b 28 Julian (=Ma r 3  Gregorian )

700 Fe b 2 9 Julian ( = Mar 4  Gregorian )
900 Fe b 28 Julian ( = Mar 4  Gregorian )

900 Fe b 2 9 Julian ( = Mar 5  Gregorian )
1000 Fe b 28 Julian ( = Mar 5  Gregorian )

1000 Fe b 29 Julian (=Ma r 6  Gregorian )
1100 Fe b 28 Julian ( = Mar 6  Gregorian )

1100 Fe b 29 Julian (=Ma r 7  Gregorian )
1300 Fe b 28 Julian (= Mar 7  Gregorian )

1300 Fe b 29 Julian (=Ma r 8  Gregorian )
1400 Fe b 28 Julian ( = Mar 8  Gregorian) '

1400 Fe b 29 Julia n ( = Mar 9  Gregorian )
1500 Fe b 28 Julian (=Ma r 9  Gregorian )

1500 Fe b 29 Julia n (=Ma r 1 0 Gregorian)
1700 Fe b 2 8 Julian ( = Mar 1 0 Gregorian )

1700 Feb 29 Julian ( = Mar 1  1 Gregorian)
1800 Fe b 28 Julian ( = Mar 1 1 Gregorian )

1800 Fe b 29 Julian ( = Mar 1 2 Gregorian)
1900 Fe b 28 Julian ( = Mar 1 2 Gregorian)

1900 Fe b 29 Julian ( = Mar 1 3 Gregorian)
2100 Feb 28 Julian ( = Mar 1 3 Gregorian )

Difference

-5 day s

-4 day s

-3 day s

—2 day s

—1 da y

+0 day s

+1 da y

+2 day s

+3 day s

+4 day s

+5 day s

+6 day s

+7 day s

+8 day s

+9 day s

+10 day s

+11 day s

+12 day s

+13 day s

25 o f th e Julia n calendar , which i s January 7  i n th e Gregorian—1 3 days afte r
the Christma s o f the Roma n Church .

As a  second exampl e o f th e relatio n between  th e tw o calendars , conside r
the birt h dat e of George Washington. I n encyclopedias , thi s dat e i s given as
February 22,1732. However, an entry in the Washington family Bible preserved
at Mt . Verno n read s

George Washington So n to Augustine &  Mary his Wife wa s Born y e nt h
Day o f Februar y 1731/ 2 abou t 1 0 i n th e Mornin g &  wa s Baptiz'd o n th e
3Oth o f Apri l following. 17

Two feature s o f this entry require comment. First , the date of birth recorded
by the famil y wa s the nt h o f February (Julian calendar) . Virginia in 173 2 was
an Englis h colon y an d therefor e use d th e sam e calenda r a s did th e English .
The colonie s change d with Englan d t o th e Gregoria n calenda r i n 1752 . Th e
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date tha t eventuall y became a  national holiday, Februar y 22, is the Gregoria n
equivalent o f the dat e recorde d i n th e famil y Bible . In 173 2 ther e wa s an n-
day differenc e between  th e tw o calendars .

The secon d featur e tha t require s comment i s the designatio n o f th e yea r
as 1731/2 . Ther e wer e severa l differen t practice s regardin g th e beginnin g o f
the year. The mos t common initia l dates were December 25 , January i, March
i, an d Marc h 25 . Thes e differen t reckoning s o f th e yea r wer e know n a s
styles—not t o b e confuse d wit h th e usag e ol d style,  ne w style  fo r designatin g
the Julian and Gregorian calendars . In England, th e Nativity style (Decembe r
25) wa s use d unti l th e fourteent h century , whe n i t wa s supersede d b y th e
Annunciation styl e (March 25) . This was the styl e still in us e in th e firs t hal f
of the eighteent h century , when Washingto n wa s born. Tha t is , in Englan d
and th e Englis h colonie s th e yea r officially bega n on Marc h 25 . However, b y
this tim e most  o f Europe wa s using the January i style . Therefore , t o avoi d
ambiguity, i t was common t o specif y bot h year s in case s where th e dat e fel l
between Januar y i  and  Marc h 24.  The  designatio n 1731/ 2 therefor e mean s
"1731 in the Marc h 2 5 style, bu t 173 2 in the January i style. " Th e Januar y i
style was adopted i n Englan d i n 175 2 i n connectio n wit h th e chang e t o th e
Gregorian calendar . Th e Januar y i  styl e i s always used i n moder n historica l
writing.

4.2 EXERCISE : U S I N G TH E J U L I A N
AND G R E G O R I A N CALENDAR S

1. Octavia n assume d imperia l power s an d too k th e nam e Augustu s i n
January, 2 7 B.C. He die d i n August , A.D . 14 . Ho w lon g di d h e reign ?

2. The  followin g list gives the Julian calenda r date s of  the verna l equinox
over a n interva l of 3,000 years .

Date of  vernal  equinox
Year

A.D. 150 0
1000
500

0
-500

-1000
-1500

(Julian calenit

11 Marc h
14 March
18 March
22 Marc h
26 March
30 Marc h

3 Apri l

Express thes e date s i n term s o f th e Gregoria n calendar . Fo r yea r
-500 an d later, use table 4.1. For the earlie r dates you will have to appl y
the rule for the leap years governing the centurial years in the Gregoria n
calendar.

3. Conside r th e followin g commo n remark : Isaa c Newto n wa s bor n i n
1642, th e yea r o f Galileo' s death . Th e popularit y o f thi s remar k stems
from it s symboli c value . I t seem s t o signif y a  passin g o f th e torc h o f
intellect. And i t even seems to be true. Galileo died on January 9,1642.18

Newton wa s born o n Decembe r 25 , 1642.'
However, a s Galileo live d i n Italy , where th e Gregoria n refor m wa s

immediately accepted , th e dat e o f hi s deat h i s naturall y expresse d i n
terms o f the Gregoria n calendar . Newto n wa s born i n Englan d whe n
that nation still used the Julian calendar. (Both dates have been expressed
in th e January i style.)

Express both date s in terms of the same calendar—first tr y the Julian,
then the Gregorian. D o both fal l in the same calendar year in one system
or th e other?
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4. Comput e th e lengt h o f th e Gregorian  year, tha t is , the averag e length
of the calenda r yea r according t o the Gregoria n calendar . (Hint : begin
by counting the number of common year s and the number of leap years
in th e 4OO-yea r cycle. ) I s the Gregoria n year to o lon g o r to o shor t i n
comparison wit h th e tropica l year? Ho w muc h tim e wil l elaps e befor e
the Gregorian calendar loses step with the Sun by one day? The tropica l
year i s 365.2422 days long.

4.3 J U L I A N DA Y N U M B ER

The Julian day number is a count of days, widely used by modern astronomers .
The da y January i , 471 3 B.C . is calle d da y zero , an d fo r eac h successiv e day
the coun t increase s by i.

For example, the Julian day number of December 31 , A.D. 1899, is 2,415,020.
The Julia n da y numbe r o f Septembe r 15 , A.D . 1948 , i s 2,432,810. Knowledg e
of the Julian da y numbers makes the calculatio n o f time interval s simple:

September 15,1948 = J.D . 2,432,810
December 31 , 189 9 =  J.D . 2,415,020

Difference I7>79 °

Thus, 17,79 0 day s elapsed between th e tw o dates . Th e calculatio n o f this
time interva l by some othe r metho d woul d b e much mor e complicated , fo r
it would involv e the reckonin g o f months of different length s an d th e carefu l
counting o f leap days .

When the Julian day number is a whole number, as in the examples quoted
so far , it signifie s Greenwic h mea n noo n o f the calenda r day :

September 15 , 1948 , noo n (a t Greenwich ) =  J.D . 2,432,810

If th e tim e of day fall s afte r noon , th e appropriat e numbe r o f hours ma y b e
added t o th e Julian day number:

September 15 , 1948 , 6  p.m. (Greenwich ) =  J.D . 2,432,810^6*,

where an d stan d fo r day s an d hours . I f th e tim e fall s befor e noon , th e
appropriate number of hours must be subtracted from th e Julian day number:

September 15 , 1948 , 9  A.M . (Greenwich ) =  J.D . 2,432,809 21 .

The Julia n da y number, althoug h use d now a s a continuous count , origi -
nally specifie d th e locatio n o f th e da y within a  repeatin g period, calle d th e
Julian period.  Th e lengt h o f th e Julia n perio d i s 7,98 0 years . I n principle ,
after 7,98 0 year s have elapse d th e Julia n da y numbers ar e suppose d t o star t
over again. (Whether th e astronomers will actually consent t o begin the coun t
of days afres h a t th e star t o f th e secon d Julian period i n A.D . 3268 , w e shall
have t o wai t an d see! ) I n publication s fro m th e earl y part o f th e twentiet h
century, on e ofte n see s th e expressio n "day o f the Julia n period, " where we
would no w say , "Julia n da y number. " Th e tw o expression s mean th e sam e
thing.

The Julia n perio d an d th e practic e o f numberin g th e day s withi n thi s
period wer e introduce d i n 158 3 b y Josep h Justu s Scaliger , th e founde r o f
modern chronology. Th e period was formed by combination o f three shorter
periods. Th e firs t o f these  i s the 19-yea r luni-sola r (o r Metonic ) period , dis -
cussed in sectio n 4.7. Th e secon d i s a 28-year calendrical period: for any tw o
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TABLE 4. 2 Julia n Day Number : Centur y Years. Day s Elapsed at Greenwich Mean Noo n o f January 0

Julian Calendar

A.D. 0
100
200
300
400
500

172 1057
1177582
1794107
183 0632
1867157
1903682

A.D. 60 0

700
800
900
1000
1100

194 0207
1976732
201 3257
204 9782
208 6307
2122832

A.D. 1200

1300

1400
1500
1600
1700

2159357
2195882
223 2407
226 8932
230 5457
234 1982

Gregorian Calendar

A.D. 1500t
1600
1700f
isoot
1900t
2000

226 8923

230 5447
234 1972
237 8496
241 5020
245 1544

tCommon years .

years i n th e Julia n calenda r tha t ar e 2 8 years apart , al l th e day s o f th e yea r
will fal l on th e sam e days of the week . Thus, the calendar s for the year s 1901,
1929, 1957 , 1985 , and s o on, ar e exactly the same . (Note tha t in the Gregoria n
calendar, thi s patter n i s broken b y th e thre e centur y year s i n fou r tha t ar e
not leap years.) The thir d period, calle d indiction, was a 15-year taxation perio d
introduced i n the Roma n empir e in the third centur y A.D. The Julian perio d
is simpl y th e produc t o f these  three : 1 9 X  2 8 X  1 5 =  798 0 years . Scaliger' s
starting year for the Julian period , 4713 B.C., is the most  recen t yea r in whic h
all thre e period s were simultaneously a t thei r beginnings .

Tables 4.2 , 4.3 , and 4. 4 provide a  convenient wa y of obtaining th e Julian
day numbe r fo r an y date .

Precepts for Use  of the  Tables  for Julian  Day  Number

Dates after  th e Beginning of the Christian  Era Fo r year s before 1500 , the dat e
must b e expresse d i n term s o f th e Julia n calendar . Fo r th e yea r 180 0 an d
thereafter, th e dat e mus t b e expresse d i n term s o f th e Gregoria n calendar .
Between th e date s 150 0 an d 1800 , eithe r calenda r ma y b e used . I n an y case ,
the dat e mus t b e expressed i n term s o f Greenwic h mea n time .

1. Ente r the table of century years (table 4.2) with the century year immedi-
ately precedin g th e desire d dat e an d tak e ou t th e tabula r value . I f th e
Gregorian calendar i s being used an d i f the centur y year is marked wit h
a dagge r ,  note thi s fac t fo r us e in ste p 2 .

2. Ente r th e tabl e of the year s of the centur y (tabl e 4.3), with th e las t two
digits o f th e yea r i n questio n an d tak e ou t th e tabula r value . I f th e
century yea r use d i n step I  was marked wit h a  dagger \ diminis h the
tabular value by on e da y unles s the tabula r value i s zero.

3. Ente r th e tabl e o f th e day s o f th e yea r (tabl e 4.4 ) wit h th e da y i n
question, an d tak e ou t th e tabula r value . I f th e yea r i n questio n i s a
leap year , an d th e tabl e entr y fall s afte r Februar y 28 , add on e da y t o
the tabula r value . The su m o f th e value s obtained i n step s i , 2 , and 3
then give s the Julian da y number o f the dat e desired . This Julian da y
number applie s to noo n o f the calenda r date .

First Example: Septembe r 15 , A.D . 1948, Greenwic h mea n noon :

1. Centur y yea r
2. Year of the centur y
3. Da y o f th e yea r

Julian da y numbe r

1900 24 1 5020
48 1 7 53 2 - i  = i  753 1

September 1 5 25 8 + i  = 25 9

243 281 0

Note tha t i n step 2  the tabula r value has been diminishe d b y i because 1900
is a  commo n yea r (marke d wit h i n tabl e 4.2) . I n ste p 3 , the tabula r valu e



TABLE 4.3 . Julia n Da y Number : Year s of the Century . Day s Elapse d a t Greenwic h Mea n Noo n o f January 0

0§
1
2
3
4*
5
6
7

8*
9
10
11

12*
13
14
15

16*
17
18
19

0
366
731

1 096

1461
1 827
2 192
2557

2922
3288
3653
4018

4383
4749
5 114
5479

5844
6210
6575
6940

20*
21
22
23

24*
25
26
27

28*
29
30
31

32*
33
34
35

36*
37
38
39

7305
7671
8036
8401

8766
9 132
9497
9862

10227
10593
10958
11 323

11 688
12054
12419
12784

13 149
13515
13880
14245

40*
41
42
43

44*
45
46
47

48*
49
50
51
52*
53
54
55

56*
57
58
59

14610
14976
15341
15706

16071
16437
16802
17167

17532
17898
18263
18628

18993
19359
19724
20089

20454
20820
21 185
21 550

60*
61
62
63

64*
65
66
67

68*
69
70
71

72*
73
74
75

76*
77
78
79

21 915
22281
22646
23011

23376
23742
24107
24472

24837
25203
25568
25933

26298
26664
27029
27394

27759
28 125
28490
28855

80*
81
82
83

84*
85
86
87

88*
89
90
91

92*
93
94
95

96*
97
98
99

29220
29586
29951
30316

30681
31 047
31412
31 777

32 142
32508
32873
33238

33603
33969
34334
34699

35064
35430
35795
36160

*Leap year.
§Leap year unles s th e centur y i s marked t -
In Gregoria n centurie s marke d f , subtrac t on e da y from th e tabulate d value s fo r the years 1  through 99 .

TABLE 4.4 . Julia n Da y Number : Day s o f the Year

Day of Mo.

1
2
3
4
5

6
7
8
9
10

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

26
27
28
29
30
31

Jan

1
2
3
4
5

6
7
8
9
10

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

26
27
28
29
30
31

Feb

32
33
34
35
36

37
38
39
40
41

42
43
44
45
46

47
48
49
50
51

52
53
54
55
56

57
58
59
*

Mar

60
61
62
63
64

65
66
67
68
69

70
71
72
73
74

75
76
77
78
79

80
81
82
83
84

85
86
87
88
89
90

Apr

91
92
93
94
95

96
97
98
99
100

101
102
103
104
105

106
107
108
109
110

111
112
113
114
115

116
117
118
119
120

May

121
122
123
124
125

126
127
128
129
130

131
132
133
134
135

136
137
138
139
140

141
142
143
144
145

146
147
148
149
150
151

Jim

152
153
154
155
156

157
158
159
160
161

162
163
164
165
166

167
168
169
170
171

172
173
174
175
176

177
178
179
180
181

Jul

182
183
184
185
186

187
188
189
190
191

192
193
194
195
196

197
198
199
200
201

202
203
204
205
206

207
208
209
210
211
212

Aug

213
214
215
216
217

218
219
220
221
222

223
224
225
226
227

228
229
230
231
232

233
234
235
236
237

238
239
240
241
242
243

Sep

244
245
246
247
248

249
250
251
252
253

254
255
256
257
258

259
260
261
262
263

264
265
266
267
268

269
270
271
272
273

Oct

274
275
276
277
278

279
280
281
282
283

284
285
286
285
288

289
290
291
292
293

294
295
296
297
298

299
300
301
302
303
304

Nov

305
306
307
308
309

310
311
312
313
314

315
316
317
318
319

320
321
322
323
324

325
326
327
328
329

330
331
332
333
334

Dec

335
336
337
338
339

340
341
342
343
344

345
346
347
348
349

350
351
352
353
354

355
356
357
358
359

360
361
362
363
364
365

*In lea p years , afte r Februar y 28 , ad d 1  to th e tabulate d value .
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has bee n increase d b y i becaus e 194 8 wa s a  lea p yea r and th e dat e fel l afte r
February 28 .

Second Example: Februar y 9, A.D. 158 4 (Gregorian calendar), 10:30 A.M. Green -
wich mea n time :

1. i5OO f (Gregorian ) 22 6 892 3
2. 8 4 3  0681 - i  = 3  0680
3. Februar y 9 4 0

Julian da y number 22 9 9643
i 1/ 2 hour s befor e noon o f the 9th : 2,299,642^22*30'"

Note tha t althoug h 158 4 wa s a  lea p year , th e tabula r value i n ste p 3  is no t
changed becaus e th e dat e fel l befor e th e en d o f February .

Dates before  th e Beginning of the Christian  Era Expres s the dat e astronomi -
cally; ad d th e smalles t multipl e (n)  o f 1,000 year s tha t wil l conver t th e dat e
into a n A.D . date; determin e th e Julia n da y numbe r o f th e A.D . date; the n
subtract the sam e multiple (n ) of 365250. The resul t is the Julian da y number
desired.

Example: Marc h 12 , 328 4 B.C. Greenwich mea n noon :

March 12 , B.C . 3284 = - 328 3 Marc h 1 2
4 X 1000 = 400 0

sum =  71 7 Marc h 1 2

1. 70 0 19 7 6732
2. 1 7 621 0
3. Marc h 1 2 7 1

Julian da y number , Marc h 12 , A.D . 71 7 noon 19 8 301 3
Less 4  x  36525 0 —14 6 1000

Julian da y number , Marc h 12 , B.C . 3284, noon 5 2 2013

4.4 EXERCISE : USIN G J U L I A N DA Y N U M B E R S

1. Wor k out th e Julian da y number s fo r the followin g dates. Th e tim e is
Greenwich noo n unles s otherwise noted .

A. Jun e 13 , 195 2 (answer : 24 3 4177).
B. Jun e 10 , 32 3 B.C. (death o f Alexander) .
C. Novembe r 12 , 1594 , 6  A.M . Greenwic h (Gregoria n calendar) .

2. Day s o f the week: The Julian da y number provide s a  handy metho d o f
determining th e da y o f th e wee k o n whic h an y calenda r dat e falls .
Divide th e Julian day number b y 7, discard th e quotient , bu t retai n the
remainder. Th e remainde r determine s th e da y of the week :

Remainder

0
1
2
3
4
5
6

Day of  week

Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday
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A. Columbus , o n hi s firs t voyag e o f discovery , firs t sighte d lan d o n
October 12 , 1492. What day of the wee k was this? (Answer : Friday.)

B. Jul y 4, 177 6 (Gregorian ) fel l o n wha t da y of the week?

Length o f the tropica l year: The verna l equinox o f 197 3 fel l o n Marc h
20 a t 6  P.M. Greenwich time . Copernicu s observe d th e verna l equinox
of the yea r 1516 , " 4 1/ 3 hours afte r midnigh t o n th e 5t h day befor e th e
Ides of March" Tha t is , the verna l equinox fel l a t 4:20 A.M . March n ,
A.D. 1516 . (I s thi s th e Julia n o r th e Gregoria n calendar? ) Copernicus' s
time o f da y i s referre d t o hi s ow n locality , tha t is , t o th e meridia n
through Frauenberg , on the Baltic coast of Poland. Frauenberg lies about
19° eas t o f Greenwich , whic h amount s t o abou t I  1/ 4 hou r o f time .
Expressed in terms of Greenwich time, then, Copernicus's verna l equinox
fell a t abou t 3  A.M. (W e ignor e th e smal l fraction o f an hour. )

Use these  two equinoxe s (151 6 an d 1973 ) t o determin e th e lengt h o f
the tropica l year . To do  this , comput e the  Julia n day  number of  each
observation, subtract to find the time elapsed, then divide by the number
of years tha t passed . Compar e you r resul t with th e moder n figur e fo r
the tropica l year , 365.242 2 days.

4.5 TH E EGYPTIA N CALENDA R

An understanding of the ancient Egyptian calendar is essential for every student
of th e histor y o f astronomy . Becaus e o f it s grea t regularity , th e Egyptia n
calendar wa s adopte d b y Ptolem y a s th e mos t convenien t fo r astronomica l
work, and i t continued t o be used by astronomers of all nations dow n t o th e
beginning of the modern age . In the sixteenth century, Copernicus , fo r exam-
ple, constructe d hi s tables for the motio n o f the planets , no t o n th e basi s of
the Julia n year , bu t o n th e basi s o f th e Egyptia n year . Whe n Copernicu s
wanted t o calculat e the tim e elapse d between on e o f Ptolemy' s observation s
and on e o f hi s own , h e converted  hi s own Julian calendar  date  into  a date  i n
the Egyptian  calendar.

Structure

The Egyptia n calenda r fro m a  very early date consiste d o f a  year of twelve
months, o f thirty day s each , followe d by five additional days . Th e lengt h o f
the yea r was therefore 365 days. Every year was the same : there were no lea p
years o r intercalations . The name s o f the month s ar e

1. Thoth
2. Phaoph i
3. Athyr
4. Choiak
5. Tybi
6. Mecheir

7. Phamenot h
8. Pharmuth i
9. Pacho n

10. Payn i
11. Epiph i
12. Mesor e
Plus 5 additional days .

The name s transcribed here, as commonly written by scholars today, repre-
sent thei r Gree k forms . (Greek s o f th e Hellenisti c period , livin g in Egypt ,
spelled th e ol d Egyptia n mont h names  a s wel l a s the y coul d i n th e Gree k
alphabet.) Th e additiona l day s a t th e en d o f th e yea r ar e sometimes calle d
"epagomenal": th e Greek s called them epagomenai,  "adde d on. "

The Egyptia n year , being only 365 days, will after a n interva l of four years
begin abou t on e da y too earl y with respec t t o th e sola r year. As a result, th e
Egyptian month s retrogres s through th e seasons , making a complete cycle in
about 1460 years (1461 Egyptian years = 1460 Julian years). I t therefore came
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about that religious festivals once celebrated in winter (on fixed calendar dates)
fell i n th e summer . I n 23 8 B.C. , Ptolemaios II I attempte d t o correc t thi s
supposed defec t o f the calenda r b y a plan tha t would inser t one extr a epago -
menal day every four years. The refor m was unsuccessful, a s both th e religious
leaders an d th e populac e insiste d o n retainin g th e ol d system .

The Astronomical Canon

The ordinar y wa y o f expressin g the yea r i n Egypt , a s almos t everywher e in
the ancien t world , wa s in term s o f the regna l years of kings. Thus, a  reliable
king list i s the firs t requirement o f an accurat e chronology . Th e astronomical
canon is a king list tha t wa s used b y the Alexandrian astronomer s a s the basi s
of thei r chronology . Th e cano n i s preserved i n manuscrip t copie s o f Theon
of Alexandria's redactio n of  Ptolemy's Handy  Tables^  In  som e manuscripts ,
the lis t i s titled kanon  basileion,  "Table o f Reigns, " an d begin s as follows:

Years of  the  reigns  before
Alexander, and  of  his  reign

Nabonassar
Nadios
Chinzer an d Poro s
Ilouaios
Mardokempad

Years

14
2
5
5

12

Sums
of these
years

14
16
21
26
38

Nabonadios 1 7 20 9

These were kings of Babylonia in the eighth centur y B.C . The mos t ancien t
records o f Babylonia n astronomica l observation s tha t wer e availabl e t o th e
Alexandrian astronomer s wen t bac k n o farthe r tha t this . Fo r example , th e
oldest observation s cite d b y Ptolem y i n th e Almagest  are thre e luna r eclipse s
that occurre d durin g th e reig n o f Mardokempad, i n th e years correspondin g
to 721—72 0 B.C . Thus, th e Gree k astronomers ' kin g lis t wen t bac k jus t a s far
as was likely to b e useful , an d n o farther .

The firs t colum n o f number s represent s th e length s o f th e reign s o f th e
individual kings . Nabonassa r reigne d 14 years; Nadios, onl y two. Th e secon d
column give s the running tota l of all of the foregoing reigns. The 2 6 opposit e
Ilouaios signifie s tha t hi s reig n plu s al l those tha t wen t before , bac k t o th e
time o f Nabonassar , totale d 2 6 years . These cumulativ e total s ar e usefu l i f
one wishe s t o refe r event s i n severa l differen t reign s t o th e sam e standar d
epoch, say , th e beginnin g o f th e reig n o f Nabonassar . Th e firs t yea r o f th e
reign o f Mardokempad , fo r example , i s als o designate d th e 27t h yea r o f
Nabonassar.

The year s o f th e reign s ar e Egyptia n year s o f 36 5 days, th e yea r adopted
by th e Alexandria n astronomer s fo r purpose s o f calculation . Th e length s o f
the reign s therefor e d o no t directl y represen t informatio n recorde d b y th e
ancient Babylonian s themselves, fo r the Babylonian s used a  luni-solar year of
variable length . Rather , th e length s o f th e reign s give n i n th e astronomica l
canon ar e the resul t of a translation an d recalculatio n o f the Babylonia n dat a
performed b y the Gree k astronomer s fo r thei r ow n purposes . The lis t i s also
somewhat conventionalized . Al l regnal years are considered t o begin with th e
ist of Thoth, that is,  the beginning of  the Egyptia n calenda r year. Of course ,
kings do no t generall y begin thei r reigns on the is t of Thoth. But, as a matter
of convention , th e whole Egyptia n yea r tha t include s a  king's assumptio n o f
power i s counted a s the firs t yea r of his reign . King s who reigne d les s tha n a
year ar e not include d i n th e list .

Finally, the names of the Babylonian kings as given in the canon are Greek
versions tha t ar e not ver y faithfu l t o th e Babylonia n originals. More accurate
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transcriptions, base d on Babylonia n archives, are: Nabonassar, Nabunadinzri ,
Ukinzir an d Pulu , Ulula , Mardukbaliddin , .  . . Nabonidus.

The lis t o f Babylonia n king s end s wit h Nabonadios , whos e reig n ende d
in th e 2O9t h yea r o f Nabonassa r (53 8 B.C.). Th e cano n the n continue s wit h
the Persia n kings , th e las t o f who m i s Alexander. Th e astronomica l cano n
thus reflect s th e political and militar y history of the Middle East : the Persians
conquered Babylonia and were themselves eventually conquered b y the Mace-
donians.

Persian kings

Kyros (Cyru s th e Great )
Kambysos
Dareios th e Firs t (Darius )

Dareios the Third
Alexander th e Macedonia n

9
8

26

4
8

218
226
262

416
424

Here th e lis t i s interrupted b y a  new majo r heading :

Years of  the  Macedonian  Kings
after the  Death  of  Alexander

Philippos 7  43 1 7
The othe r Alexander 1 2 44 3 1 9

Dionysios th e Younger 2 8 69 6 27 2
Cleopatra 2 2 71 8 29 4

Again, th e firs t colum n give s th e length s o f th e individua l reigns . Th e
second continue s th e cumulativ e tota l sinc e th e er a Nabonassar , withou t a
break. The third column, which is new, begins a new cumulative total reckoned
from th e beginnin g o f the reig n o f Philippos . Thus , th e 22n d (an d last ) year
of the reig n of Cleopatra ma y also be called th e 7i8t h year of Nabonassar o r
the 294t h yea r o f Philippos . Thes e years  o f Philippo s ar e mor e ofte n calle d
years sinc e th e deat h o f Alexander. Fo r example , th e las t year o f Cleopatra's
reign was the 294t h yea r afte r th e deat h o f Alexander. I n man y manuscript s
the middl e colum n o f figures i s not given . This reflect s th e widesprea d us e
of the er a Alexander i n Gree k chronology .

After Cleopatra , counte d a s th e las t o f th e Macedonia n monarchs , th e
canon take s u p th e Roman s withou t a  break :

Roman ki,

Augustus
Tiberius

43
22

761
783

337
359

Trajan 1 9 86 3 43 9
Hadrian 2 1 88 4 46 0
Aelius-Antoninus 2 3 90 7 48 3

Each scrib e generall y continued th e lis t dow n t o hi s ow n time . I n som e
manuscripts, th e lis t i s continue d t o th e fal l o f Constantinopl e (A.D . 1453).
We shal l no t nee d an y o f the Roman s afte r Hadria n an d Antoninus , whos e
reigns spa n th e perio d o f Ptolemy' s astronomica l work .

Calculation of  Time  Intervals

As an example of the use of the Egyptian calendar and the astronomical canon ,
we shal l wor k ou t th e numbe r o f day s tha t passe d betwee n tw o eclipse s of
the moo n tha t wer e use d b y Ptolem y i n Almagest  IV , 7 , t o determin e th e
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TABLE 4.5 . Som e Important Egyptian/Julia n Equivalents

1 Thoth, Yea r 1  of Nabonassar
1 Thoth, Yea r 1  of Philippos '
1 Thoth, Yea r 1  of Hadrian
1 Thoth , Yea r 1  of Antoninus

26 February , 747 B.C.
12 November, 32 4 B.C.
25 July , A.D. 116
20 July , A.D. 137

3Also known a s the firs t yea r sinc e th e deat h o f Alexander.

Moon's mea n motio n i n longitude . Th e dat e o f the firs t eclips e i s given by
Ptolemy as year 2 of Mardokempad, Thot h 18. The dat e of the second i s year
19 o f Hadrian , Choia k 2 . (Fo r simplicity , we ignore i n eac h cas e the hou r o f
the day. ) Th e proble m i s t o fin d th e numbe r o f day s separatin g thes e tw o
events.

Going t o the astronomica l canon , w e find that yea r 2 of Mardokempad =
year 2 8 of Nabonassar. (Ilouaios' s reig n ended wit h th e en d o f the 26t h yea r
of Nabonassar.) Similarly , year 19 of Hadrian =  year 882 of Nabonassar. No w
both year s have been expresse d in term s o f a single standar d era .

Since Thoth is the first month, Thoth 18 is the i8th day of the year. Choiak
is th e fourt h month : thre e complet e months , totalin g 9 0 days , elaps e befor e
the beginnin g o f Choiak. Therefore, Choia k 2  is the 92n d da y of th e year .

The tim e elapse d between  th e tw o lunar eclipse s may now b e computed :

882 year s of Nabonassar ,
—28 year s o f Nabonassar ,

92 day s (1 9 Hadrian , Choia k 2 )
18 day s ( 2 Mardokempad, Thot h 18)

854 years , 74 days

The year s are, o f course , Egyptia n year s of 365 days, so th e numbe r o f day s
elapsed i s

854 X 365 + 7 4 =  311,78 4 days ,

which agree s with th e answe r obtaine d b y Ptolemy .
Expressed in terms of the Julian calendar , the date s o f the two eclipse s are

March 8 , 720 B.C. , and Octobe r 20 , A.D. 134 . Th e calculatio n o f the numbe r
of days elapsed directly from these  Julian calendar dates would b e a great deal
more troublesome . Ther e ar e three source s o f trouble i n suc h a  calculation :
the absenc e o f a  zer o yea r a t th e transitio n betwee n B.C . and A.D. , th e fac t
that th e Julia n month s ar e no t al l th e sam e length , an d th e necessit y o f
counting th e exac t number o f leap days involved .

Conversion of  Dates  between  the  Egyptian
and Julian Calendars

Tables 4. 5 and 4. 6 provide all the informatio n neede d fo r converting most o f
the Egyptian calendar dates mentioned b y Ptolemy in the Almagest. Table 4.5

TABLE 4.6 . Month s an d Day s o f the Egyptia n Year

Months

Thoth
Phaophi
Athyr
Choiak
Tybi
Mecheir

Days

30
30
30
30
30
30

Total Day s

30
60
90

120
150
180

Months

Phamenoth
Pharmuthi
Pachon
Payni
Epiphi
Mesore
Epagomenai

Days

30
30
30
30
30
30

5

Total Day s

210
240
270
300
330
360
365
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provides the Julian equivalents of a number of important date s in the astronom-
ical canon . Tabl e 4. 6 give s th e numbe r o f day s elapse d a t th e en d o f eac h
month o f the Egyptia n year .

Example I n Almagest  X , I , Ptolem y discusse s a  positio n measuremen t o f
Venus with respect to the Pleiades made by a certain Theon who was Ptolemy's
elder contemporary . Ptolem y record s th e tim e o f thi s observatio n a s

In the  16th  year of  Hadrian,
in the  evening between the 21st and  22nd of  Pharmouthi.

We wan t t o expres s this dat e i n term s o f th e Julian calendar . Accordin g
to Table 4.5,

i Thoth , Hadria n i  = 2 5 July, A.D. 116 .

Starting from thi s date , we reckon forwar d to the date of Theon's observation
of Venus :

From i  Thoth, Hadria n i  t o i Thoth, Hadria n 1 6 i s 1 5 Egyptian years .
From i  Thoth t o i Pharmouth i i s 210 days .
From i  Pharmouth i t o 2 1 Pharmouthi i s 20 days .

The elapse d tim e i s therefore 1 5 Egyptia n years , 230 days .
Now we break the 15 Egyptian years up into multiples of 4, plus a remainder.

That is , we writ e 1 5 = 1 2 + 3  (since 1 2 = 3  X 4). Th e 1 2 Egyptian year s are al l
365 days long. However, i n the Julian calendar, one year of every four contain s
a leap day . Therefore , 1 2 Egyptian year s are shorte r tha n 1 2 Julian year s by 3
days:

12 E.Y . =  1 2 J.Y. - 3  days

The elapse d tim e ma y therefor e be written as

15 E.Y . + 230^ = 12 E.Y . + 3  E.Y. + 230 ^

= (l 2 J.Y. - 3 ^ +3 E.Y . + 230 ^

= 1 2 J.Y . + 22 7 +  3  E.Y.

This tim e interva l i s t o b e adde d t o th e Julia n calenda r dat e fo r th e
beginning o f the firs t yea r o f Hadrian :

116 A.D. , Jul y 25
+ 1 2 J.Y . +  227 ^ +  3  E.Y.

129 A.D. , Marc h 9  + 3 E.Y .

Note tha t th e additio n o f 227 days t o July 2 5 carried u s forward into th e
next calenda r yea r (12 9 A.D.) . Th e onl y remainin g proble m i s t o dispos e o f
the 3 Egyptian years . These may or may not b e equivalent to 3 Julian calendar
years. We wil l have t o examin e whether th e additio n o f these 3  years causes
us t o rol l ove r a  leap day . Th e thre e additiona l Egyptia n year s will brin g us
to March , 13 2 A.D. That is , we wil l pas s throug h th e en d o f February , 132 ,
when a  leap da y should b e inserted . As the 3  Egyptian years  do no t contai n
this lea p day , we will com e u p on e da y short . Th e fina l dat e i s therefore

A.D. 132,  i n th e evening  of March 8 .

The Alexandrian Calendar

As mentioned earlier , Ptolemaios II I Euergetes attempted i n 238 B.C. to refor m
the Egyptia n calenda r by inserting a  leap da y once ever y fou r years , but th e
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new arrangement was not accepte d by his subjects. However, th e same reform
was reintroduce d mor e successfull y b y Augustu s som e tw o centurie s later ,
after Egyp t ha d passe d unde r Roma n control . A  sixt h epagomena l da y was
inserted a t th e en d o f th e Egyptia n yea r 23/2 2 B.C. , an d ever y fourt h yea r
thereafter. The modified calendar, now usually called the Alexandrian calendar,
is nearl y equivalen t t o th e Julia n calendar : ever y four-yea r interva l contain s
three commo n year s of 36 5 days an d on e lea p yea r o f 36 6 days . As a  result,
the tw o calendar s ar e locke d i n ste p wit h on e another . Fo r example , th e
Alexandrian mont h o f Thoth alway s begins in th e Julian mont h o f August.

More precisely , th e firs t da y o f Thoth i n th e Alexandria n calenda r fall s
either o n Augus t 2 9 or Augus t 3 0 of th e Julia n calendar , dependin g o n th e
position o f the yea r in th e four-yea r leap da y cycle . Figur e 4.1 illustrates the
relation o f th e tw o calendars . Th e lea p year s in eac h sequenc e ar e marke d
with asterisks . (Th e number s o , i , 2  . . . written abov e th e Julia n calenda r
years indicat e th e position s o f thos e year s within th e leap-yea r cycle . These
numbers ar e the remainder s that would b e lef t i f the yea r were divide d b y 4.
The Julia n leap years ar e those with remainder zero , i.e. , evenl y divisibl e by
4.) The date s written a t the lef t an d righ t edges of the boxes indicate the first
and las t days of  each year. Finally, the figure indicates the Julian calendar day
on whic h eac h Alexandrian yea r begins . Thus, Thoth i  fall s o n Augus t 3 0 if
the Augus t i n questio n belong s t o th e Julia n yea r precedin g a  lea p year .
Otherwise, Thot h i fall s o n August 29 . Once the Julian equivalen t of Thoth
i i s known, al l the othe r day s o f the Alexandria n yea r fal l int o place .

The Alexandrian calendar was not uniforml y and immediately accepte d i n
Egypt. Rather , th e ol d an d th e ne w calenda r (referre d t o a s the "Egyptian "
and "Alexandrian " calendars , respectively ) continued t o b e used side by side.
The mont h name s are the same in both calendars , so it is not alway s possible
to • decide whic h calenda r i s bein g use d i n a  particula r ancien t document ,
unless there i s either an explici t mentio n o r a  connection t o som e even t tha t
can b e date d independently . Sinc e th e tw o calendar s diverg e rapidly , a t th e
rate o f on e da y ever y fou r years , i t i s usuall y easy t o tel l whic h calenda r i s
being used in an astronomical text . The astronomer s tended t o prefer th e old
one because of its greater simplicity. Ptolemy , for example, used the Egyptia n
calendar exclusivel y in th e Almagest,  eve n thoug h h e composed  i t more tha n
a centur y afte r th e introductio n o f the ne w calendar .

In one of his works, however, Ptolemy did adopt the Alexandrian calendar .
This was hi s Phaseis,  which containe d a  parapegma, o r sta r calendar , listing
the day-by-day appearances and disappearance s of the fixed stars in the course
of the annua l cycle (see sec. 4.11). For example , in th e Phaseis,  Ptolemy writes
that th e winter solstice occurs on the ifith o f Choiak and that , fo r the latitude
of Egypt , a  Centaur i "emerges " o n th e 6t h o f Choiak . (I.e. , th e sta r first
becomes visibl e on thi s dat e a s the Su n move s away from it. ) I t woul d mak e
less sens e t o compos e a n astronomica l calenda r i n term s o f th e Egyptia n
calendar. Neithe r th e winte r solstic e no r th e emergence s an d disappearance s
of the fixed stars would take place on fixed dates, since all these events advance
through th e month s o f th e Egyptia n calenda r a t th e rat e o f on e da y every
four years. But, in terms of the Alexandrian calendar, these annual astronomical
events really do occur o n abou t th e same date every year. The winte r solstice,
for example , fel l ever y year o n th e i6t h o f Choiak in th e Alexandrian calen -

FIGURE 4.1 . Relatio n betwee n th e Julian an d
the Alexandrian calendar .
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dar—at leas t fo r a  century or so . (Ove r period s o f many centuries , of course,
the Alexandria n calenda r suffer s fro m th e sam e defec t a s the Julian , namel y
that th e sola r year is not quit e exactly 365 1/4 days, the adopte d length of th e
mean calenda r year.)

One mus t exercise care when expressin g dates in terms of Egyptian mont h
names: it is important to state clearly whether the Egyptian or the Alexandrian
calendar is meant, since the month names are the same in both. The situation
is analagou s t o th e us e o f identica l mont h name s fo r th e Julia n an d th e
Gregorian calendars . I n th e presen t text , al l date s usin g Egyptia n mont h
names are expressed in terms of the Egyptia n calendar , unless explicitly stated
otherwise.

Historical Specimen

Figure 4.2 i s a photograph o f th e beginnin g of th e tabl e of reigns found in a
Greek manuscript of the Handy Tables.  There are two more pages to the king
list, not reproduced here. The manuscript , now in the Bibliotheque Nationale
in Paris , i s carefully, though no t elegantly , written i n blac k ink . Th e rule d
lines wer e draw n i n red . Foun d i n th e sam e boun d volume , o r codex , ar e
other astronomica l works , includin g th e Treatise  o n th e Astrolabe  of Joh n
Philoponos. Th e manuscrip t was written i n the thirtee n o r fourteen century.

The firs t king listed in the photograph i s Nabonassar, the last is Alexander
the Macedonian. Th e nam e Xerxes can be seen eighth fro m th e bottom.26 To
translate th e numbers , th e reade r nee d onl y kno w tha t th e Greek s used th e
letters o f thei r alphabe t a s numerals,7 with th e followin g correspondences:

a
P
Y
8
e
r
;
TI
e

i
2
3
4
5
6
7
8
9

i
K

X

H
V

*,
o
71

<*

10
20
30
40
50
60
70
80
90

P
a
t
u
+
X
V
0)

*i

100
200
300
400
500
600
700
800
900

FIGURE 4.2 . Th e beginnin g of the
astronomical canon , from a  manuscript of th e
Handy Tables  tha t date s fro m abou t A.D. 1300 .
Bibliotheque Nationale , Paris (MS . Grec 2497,
fol. 74) .

4.6 EXERCISE : U S I N G TH E EGYPTIA N CALENDA R

1. Computin g a  time interval in th e Egyptia n calendar: In Almagest XI, 3,
devoted t o th e determinatio n o f Jupiter's mea n speed s (o f the plane t
on the epicycle and of the epicycle around the deferent) , Ptolemy makes
use of an ancient observation and an  observation of his own. According
to the ancient observation, Jupiter occulted the Southern Ass (8 Cancri)
on Epiph i 1 8 i n th e 83r d year afte r th e deat h o f Alexander. The secon d
observation, made by Ptolemy himself, involved an opposition of Jupiter
to th e mea n Sun . The dat e was Athyr 21 , in the is t year of Antoninus.

Compute th e exac t number of days between thes e two observations.
(Hint: Firs t express the second dat e in terms of the er a Alexander. Find
in th e extrac t fro m th e astronomica l cano n tha t Hadrian' s reig n ended
with th e 46oth year of Alexander, and tha t Antoninus's therefore began
with th e 46151. ) (Fina l answer: 377 Egyptia n years , 12 8 day s =  137,73 3
days.)

2. Anothe r tim e interva l problem : Similarly , in Almagest  XI, 7 , Ptolem y
makes use  of an old  and  a  recent observatio n to  determin e the rate s of
motion associate d with Saturn . I n yea r 51 9 o f Nabonassar , on Tyb i 14 ,
Saturn wa s see n tw o digit s belo w th e Virgin' s souther n shoulde r ( y
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Virginis). Th e recen t observation , mad e b y Ptolem y himself , involve d
an opposition of Saturn to the mean Sun. The date (a s given in Almagest
XI, 5) was Mesore 24, in the 2Ot h year of Hadrian. Comput e th e numbe r
of day s between these  two observations.

3. Conversio n o f dates , Egyptia n t o Julian : Ptolem y record s th e tim e o f
the middl e o f a  partial lunar eclipse, which h e observe d a t Alexandria,
as follows: i n year 20 of Hadrian, fou r equinoctia l hours after midnigh t
on th e nigh t betwee n th e I9t h an d 2ot h o f Pharmouth i (Egyptia n
calendar). Conver t thi s dat e int o it s equivalent i n th e Julian calendar .
(Answer: Marc h 6 , A.D. 136, 4  A.M. , Alexandria local time.)

4. Another conversio n problem : I n Almagest  IV, 9 , Ptolem y report s th e
beginning of a partial eclipse observed by him: in the 9th year of Hadrian,
in th e evenin g between th e lyt h an d i8t h o f Pachon, 3  3/5 equinoctial
hours before midnight. Express this date in terms of its Julian equivalent.

4.7 L U N I - S O L A R CALENDAR S AN D CYCLE S

All luni-solar calendar s contain tw o features . First , the month s alternat e be-
tween 2 9 and 3 0 days long. I n thi s way , th e calenda r months closel y match
the synodi c month (th e tim e fro m ne w Moon t o ne w Moon). (Bu t because
the synodi c mont h i s a  littl e longe r tha n 2 9 1/ 2 days , ther e mus t b e a  fe w
more 3O-day months than 29-day months.) Second , th e calendar year contains
sometimes twelv e month s an d sometime s thirteen . Twelv e synodi c month s
amount t o 35 4 days, which i s shorter tha n th e tropica l yea r (36 5 1/4 days) .
Thus, i f ever y calenda r yea r ha d onl y twelv e months , th e calenda r woul d
progressively ge t ou t o f ste p with th e seasons . The occasiona l insertion o f a
thirteenth mont h restore s the calenda r t o it s desire d relation to th e seasons .
In a  well-regulated luni-solar calendar, th e calenda r month s slos h bac k an d
forth a  bi t wit h respec t t o th e seasons , bu t the y d o no t continuall y gai n o r
lose ground. Fo r example, in the Jewish calendar, the month o f Nisan come s
always i n th e spring , bu t i t doe s no t alway s begin o n th e sam e dat e o f th e
Gregorian calendar.

The Greek  Civil  Calendars

The Month s o f fou r Gree k calendars

Athens

I. Hekatombaio n
Metageitnion
Boedromion
Pyanepsion
Maimakterion
Poseideon*
Gamelion
Anthesterion
Elaphebolion
Mounychion
Thargelion
Skirophorion

Delos

Hekatombaion
Metageitnion
Bouphonion
Apatourion
Aresion
Poseideon
i. Lenaion
Hieros
Galaxion
Artemision
Thargelion
Panamos*

Thessaly

Phyllikos
i. Itonio s
Panemos
Themistios
Agagylios
Hermaios
Apollonios*
Leschanopios
Aphrios
Thuios
Homoloios
Hippodromios

Boeotia

Hippodromios
Panamos
Pamboiotios
Damatrios
Alalkomenios*
i. Boukatio s
Hermaios
Prostaterios
Agrionios
Thiouios
Homoloios
Theilouthios

In th e calendars of ancient Greece, the month bega n with the new Moon.
Generally, month s o f 3 0 days , calle d "full " (pleres),  alternate d wit h month s
of 2 9 days , calle d "hollow " (koilof).  Ordinarily , th e civi l yea r consiste d o f
twelve months , bu t occasionall y a thirteenth mont h was intercalated.

Despite th e simplicit y o f the basi c calendrical scheme , Gree k chronolog y
is a  difficult , eve n obscure , field . Most citie s had thei r ow n calendars , which
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differed i n th e name s o f the months , th e startin g poin t o f the year , an d th e
place in th e calenda r where intercalar y months wer e inserted . The lis t above
gives the names of the months in four Gree k calendars , starting from summe r
solstice. The firs t mont h o f the yea r i s marked i . I n th e Athenia n calendar ,
the year began with Hekatombaion, aroun d th e time o f summer solstice . Bu t
in Delo s th e yea r bega n with Lenaion , aroun d winte r solstice . Th e month s
that wer e customaril y doubled i n lea p year s ar e marke d wit h asterisks . Fo r
many cities , fo r example , fo r Argos an d Sparta , th e complet e lis t o f mont h
names is  not eve n known .

The mos t vexin g complication i s not, however , tha t eac h city followed its
own practice, but tha t even i n a single city the practice was not uniform . N o
regular pattern determine d th e intercalation o f months. Moreover, individua l
days wer e sometime s intercalate d o r suppresse d a t will . Fo r example , th e
Athenians held a  theatrical presentatio n i n connectio n wit h th e cul t o f Dio -
nysos on Elaphebolio n 10 . In 27 0 B.C., for some reason , the performanc e was
postponed. Accordingly , the  day  followin g Elaphebolio n 9  was  counte d as
Elaphebolion 9  embolimos  ("inserted"), and th e nex t three day s were counte d
as the second, third , an d fourth "inserted" Elaphebolia n 9 . Religiou s practice
did no t permi t tamperin g wit h th e names  of days qn whic h feast s wer e held ,
but th e archon s were fre e t o intercalat e day s as needed, t o plac e the feast s a t
a mor e convenien t time . I n a  famou s passag e of Th e Clouds  (line s 615-626),
Aristophanes ridicule s Athenia n calendrica l practice . Th e Moo n complain s
that although she renders the Athenians many benefits—saving them a drachma
each mont h i n lightin g cost s throug h moonlight—nevertheles s the y d o no t
reckon th e day s correctly , bu t jumbl e the m al l around . Consequently , th e
gods threate n he r wheneve r the y ar e cheate d o f thei r dinne r becaus e th e
sacrifices hav e no t bee n hel d o n th e righ t days . As Samuel point s out , thi s
illustrates tha t th e festiva l calenda r was out o f step with th e Moon , an d that
the Athenians were aware of it. Consequently, i t is not surprising to see Athenian
writers distinguish between "th e new Moon according to the goddess" (Selene,
the Moon) an d "the new Moon according t o the archon" (the head magistrat e
of the city). 31 We migh t cal l these th e actua l ne w Moon an d th e calendrica l
new Moon.

Because n o fixe d syste m wa s use d t o regulat e th e intercalatio n o f eithe r
months o r days , i t i s usually impossible t o conver t a  date give n i n term s o f
the Athenia n calenda r int o it s exac t Julia n equivalent . Suc h a  conversio n
would b e possibl e onl y i f w e ha d a  mor e o r les s complet e recor d o f th e
intercalations actuall y ordere d b y th e authoritie s a t Athens . N o suc h recor d
has come down to us. The same uncertainty attaches to most ancient calendars,
with the notable exceptions o f the Egyptian calenda r and the Roman calenda r
after th e Julian and Augustan reforms . The superiorit y of these two calendars
derives from thei r regularity. In the Egyptian calendar there were no intercala-
tions a t all , while i n th e Julian calenda r th e onl y intercalatio n i s the regula r
insertion o f on e da y every four years .

Years wer e designate d b y th e Greek s i n severa l differen t manners . On e
practice involve d th e countin g o f Olympiad s an d th e year s (numbere d on e
through four ) withi n th e Olympiad . Th e particula r Olympia d wa s singled
out bot h b y numbe r an d b y the nam e o f th e athlet e wh o ha d wo n on e o f
the importan t competitions , usuall y the foo t rac e called th e stadion.

More common wa s the us e of the eponymous year, that is , the year named
after a  rule r then i n power . Th e expressio n o f eponymou s year s in term s of
equivalent year s o f th e Christia n er a require s a  lis t o f th e rulers , an d th e
lengths of their reigns , for the city or nation in question . We hav e fairly goo d
king lists for Babylon, Persia, Egypt, Sparta , and so on, and lists of the archon s
of Athens and th e consul s of Rome , s o i t usuall y is possible to determin e a t
least th e yea r t o whic h a n ancien t write r refers . A s a rule , the farthe r bac k
we g o into th e past , th e les s reliabl e th e list s become .
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A good example of these ancient manners of designating the year is provided
by Diodorus o f Sicily (Diodorus Siculus) , a Greek historica l writer who lived
in Rom e durin g th e reign s o f Caesar an d Augustus . Diodoru s complete d a n
enormous work , o f which les s than hal f ha s com e dow n t o us , tha t treate d
the history o f the whole know n worl d fro m th e tim e befor e th e Troja n Wa r
down t o Caesar' s conquest o f Gaul. Diodorus' s arrangemen t is chronological.
Each year' s event s are introduced b y two o r thre e equivalen t designation s o f
the yea r i n question . Fo r example , Diodoru s begin s hi s accoun t o f th e yea r
corresponding to 420/41 9 B.C . in th e followin g way:

When Astyphilo s was archon at Athens, the Romans designated as consuls
Lucius Quinctiu s an d Aulu s Sempronius , an d th e Greek s celebrated th e
9Oth Olympiad , i n which Hyperbios of Syracuse won th e stadion . I n this
year, th e Athenians , to abid e b y a n oracle , restore d t o th e Delian s their
island; and th e Delians, who had bee n livin g at Adramyttium, returned t o
their homeland . . . .33

Luni-Solar Cycles

All ancient luni-solar calendars were originally regulated by observation, with-
out th e ai d o f any astronomica l system . I n most  cultures , th e mont h bega n
with th e firs t visibilit y of th e crescen t Moon—i n th e west , jus t afte r sunset .
For thi s reason , i n Babylonia n a s well a s Jewish practice , th e da y bega n a t
sunset. A few generations of experience would suffic e t o show that the mont h
varied betwee n 2 9 and 3 0 days. Therefore, i f because of unfavorable weather
the new crescent could not b e sighted on the 315 1 evening, a new month could
be declared anyway .

The intercalatio n o f months aros e as a method o f maintainin g a  roughly
fixed relation between the seasons of the year and the months of the calendars.
The ancien t Jews inserte d a  thirteenth mont h t o dela y the beginnin g o f the
spring month i f the lambs were still young and weak , i f the winte r rains ha d
not stopped , i f the road s fo r Passove r pilgrim s ha d no t dried , i f th e barle y
had no t ye t ripened , an d s o on . Simila r consideration s mus t hav e governe d
the intercalatio n o f month s i n al l culture s tha t use d a  luni-sola r calendar .
Only late r di d observation s o f th e heliaca l rising s and setting s o f th e fixed
stars pla y an y part . I t wa s muc h late r stil l befor e an y us e wa s mad e o f
observations of solstices and equinoxes .

The Eight-Year  Cycle  Th e length s o f th e tw o fundamenta l periods are

Synodic month : 29.530 6 days,
Tropical year : 365.242 days.

Their ratio is 365.242/29.5306 = 12.3683. Thus, on the average , a calendar year
ought t o contai n 12.368 3 months .

A real calendar year, however, contains a whole number of months. Suppose
we let every year contain twelv e months. Afte r th e first year, the calenda r will
be deficien t by 0.3683 months. Th e calendrica l deficit afte r n  years will b e n
X 0.3683 months. We simply wait until this deficit amounts to a whole month ;
then i t will be time to intercalat e a month. Fo r example, after thre e years the
deficit will be 3 X 0.3683 months = i.i months. I f we insert a thirteenth mont h
in th e thir d calenda r year , the n a t th e en d o f tha t yea r th e defici t wil l b e
nearly (although no t exactly ) eliminated. Unfortunately, 3 X 0.3683 is not ver y
near a whole number. Th e centra l problem, then , i s to find an integer n  such
that n  X 0.3683 is as close to a whole number as possible. One possibl e solution
is n  =  8, for the n w e have

8 X  0.3683 = 2.946 , whic h i s pretty nearl y 3.
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This near-equality allows us to construct a  luni-solar cycle. In eight calendar
years, we insert three additional months . O f th e eight calenda r years, five will
consist o f twelve months , an d thre e wil l consis t o f thirteen months :

Eight-year cycle

5 years of 12 months = 6 0 month s
3 years of 1 3 months =  3 9 month s

So, 8  calendar years = 9 9 month s

The averag e length of the calendar year in this system is 99 months/8 =  12.3750
months, whic h i s close to the figure we were trying to match (12.368 3 month s
per year) . Th e correspondenc e i s not perfect , however . Indeed , th e calenda r
year i s 0.0067 month s to o lon g (12.375 0 -  12.368 3 = 0.0067) . I n abou t 14 9
years, thi s surplu s will amoun t t o a  whole month . Thus , th e eight-yea r cycl e
will operat e satisfactoril y for abou t 14 9 years , bu t the n on e mont h wil l have
to b e omitted t o restor e th e balance .

The Nineteen-Year  Cycle  The  eight-yea r cycl e is  tolerabl y accurate , but  let
us search for a better one. Again, the tropical yea r is longer than twelve synodic
months by  0.3683 month. We  searc h for  an  intege r n  such tha t n  X 0.3683 is
a whole number . A very satisfactory solution i s n  =  19:

19 X  0.3683 = 6.9977 , whic h i s very nearly 7 .

Thus, we may construct a  nineteen-year luni-solar cycle. In nineteen calendar
years, we insert seven additional months . O f th e ninetee n years , then, twelv e
will consis t o f twelve month s an d seve n will consis t o f thirteen months :

Nineteen-year cycle

12 years of 1 2 months =  14 4 month s
7 year s of 1 3 months =  9 1 month s

So, 1 9 calenda r years —  23 5 month s

The averag e lengt h o f th e calenda r yea r i n thi s syste m i s 23 5 months/19 =
12.3684 months , whic h agree s ver y wel l wit h th e lengt h o f th e sola r yea r
(12.3683 months) .

Nineteen tropica l years therefor e contai n 23 5 synodic months , almos t ex-
actly. The astronomical meaning of this statement is that afte r nineteen tropical
years, both th e Sun and the Moon return to the same positions on the ecliptic .
The Su n return s t o th e sam e longitude afte r an y interval containing a  whole
number o f tropica l years . Th e specia l featur e o f the nineteen-yea r period is
that i t als o contain s a  whole numbe r o f synodi c months . Thus , th e Moo n
will b e i n th e sam e phas e o n tw o date s tha t ar e nineteen year s apart .

The explanatio n of the eight - an d nineteen-yea r cycle s given above i s no t
meant t o reflec t th e actua l proces s o f discovery : th e ancien t Greek s an d
Babylonians did not begin with a  knowledge o f the lengths of the year and the
month. Rather , a knowledge of these cycles emerged after several generations of
keeping trac k o f the Moon.

The nineteen-yea r cycl e wa s introduce d a t Athen s i n 43 2 B.C . by th e
astronomer Melon , fo r whic h reaso n i t i s als o know n a s th e Metonic  cycle.
The Greeks simply called it the nineteen-year period. Unfortunately, the Atheni-
ans neve r adopte d i t a s the regulator y devic e o f thei r calendar , althoug h th e
archons ma y hav e take n i t int o accoun t whil e ponderin g th e nee d fo r a n
intercalation. Whethe r th e Greek s discovere d thi s cycl e independentl y o r
learned i t fro m th e Babylonians , i t i s not possibl e to say . Borrowing may be
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considered likely in view of other demonstrate d debt s o f Greek astronomy to
Babylonian practice. On th e other hand, the fundamental relation (23 5 months
= 1 9 years ) i s very simple, an d independen t discover y cannot b e rule d out .

Geminus on th e Structure of the Nineteen-Year Cycle  I n chapte r VII I o f th e
Introduction t o the Phenomena, Geminus gives a detailed account o f the nine -
teen-year cycl e as used b y the Greeks . According t o Geminus , thi s cycle was
based o n th e identit y

19 year s = 23 5 months =  6,94 0 days .

In one nineteen-year cycle there were, of course, twelve years of twelve months
and seve n years o f thirtee n months . Geminu s add s tha t ther e wer e 12 5 ful l
months (3 0 days each) an d n o hollo w month s (2 9 days). Thus, 12 5 X  30 +
no X  29 = 6,94 0 days .

Geminus assert s that th e arrangemen t of ful l an d hollo w month s shoul d
be a s uniform a s possible. There are 6,940 day s i n th e nineteen-yea r period
and n o hollo w months . I f al l the month s wer e temporaril y considere d full ,
it woul d therefor e be necessar y t o remov e a  da y afte r ever y ru n o f 6 3 days
(6,940/110 = 63) . That is, every 64th day number would be removed. Accord -
ing to Geminus, the thirtieth day of the month is not always the one scheduled
for removal . Rather, the hollow month is produced by removing whichever day
falls afte r th e running 63-day count. Such a procedure would have enormously
complicated th e constructio n o f a  calendar . Neugebauer 34 therefor e doubt s
that thi s rule was ever followed. However , Geminu s i s unambiguous o n thi s
point, an d bot h recen t effort s a t a  reconstruction o f the Metoni c cycl e have
taken hi m a t hi s word .

The Callippic  Cycle  and the Callippic Calendar  Th e lengt h of the year implied
by Meton's nineteen-yea r cycl e is

6,940 days/1 9 = 36 5 — days.

As Geminus point s out , thi s i s too lon g by

3 6 5^-3 6 54 = ^day'

Therefore, afte r 7 6 years (whic h i s four consecutiv e Metonic cycles) , we will
have counte d on e da y too man y i n compariso n with th e sola r year.

In th e lat e fourth century B.C. , Callippus propose d a  new luni-solar cycle,
the seventy-six-yea r or Callippic  cycle,  as it i s often called. The Callippi c cycle
is formed from fou r consecutiv e nineteen-year cycles , but on e da y is dropped.
The averag e lengt h o f th e yea r i n Callippus' s cycl e i s therefor e exactl y 365
1/4 days. The cycl e also preserves the goo d agreemen t with th e lengt h o f th e
month tha t had  alread y been achieve d in  Meton' s nineteen-yea r cycle .

Callippus's seventy-six year cycle served as the basi s of an artificia l calenda r
used b y som e o f th e Gree k astronomers . Th e bes t evidenc e fo r thi s come s
from Ptolemy' s citation s o f older observation s in th e Almagest.  For example,
Ptolemy cite s an occultatio n o f th e Pleiade s observed b y Timocharis i n th e
third centur y B.C.:

Timocharis, who observed at Alexandria, records the following. I n the 4yth
year o f the Firs t Callippi c /6-yea r period , on th e eight h o f Anthesterion,
. .  . towards the en d o f the thir d hour [o f the night] , the souther n hal f of
the Moo n wa s see n t o cove r exactl y th e rearmos t thir d o r hal f o f th e
Pleiades.36
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In thi s artificia l calendar , th e year s wer e counte d b y thei r plac e i n th e
seventy-six-year cycle . The mont h name s wer e borrowed fro m th e Athenia n
calendar. But it is important t o stress that Callippus's calenda r had no relation
to th e calenda r o f Athens . I t wa s a  scientifi c calenda r use d b y astronomer s
for thei r own purposes. This extreme step was taken because the civil calendars
of the Greeks were completely unsuitable for accurate counting of the days—fo r
all th e reason s mentione d above . Yea r on e o f th e firs t Callippi c cycl e bega n
with th e summer solstic e of 330 B.C. Timocharis's occultatio n o f the Pleiades ,
quoted above , wa s observe d i n 28 3 B.C .

Ptolemy provide s Egyptia n calenda r equivalent s fo r the Callippi c date s h e
cites. Thus , Ptolem y say s tha t Anthesterio n 8 , year 4 7 o f th e firs t Callippi c
cycle, wa s equivalen t t o Athy r 29 , yea r 46 5 o f Nabonassar . Al l attempt s t o
reconstruct Callippus's calendar have been based on the handful of equivalences
provided b y Ptolemy an d the short description o f the Metonic-Callippic cycl e
by Geminus. However, Geminus's discussion should be viewed as a pedagogical
effort t o explai n the luni-sola r cycle , rathe r tha n a  serious historical account ,
and Ptolem y provide s u s ver y few hard facts . Thus , w e canno t reconstruc t
the Callippi c calenda r wit h an y certainty .

In th e secon d centur y B.C. , Hipparchus use d th e Callippi c cycl e only fo r
specifying th e yea r an d preferre d t o nam e th e da y in term s o f th e Egyptia n
calendar. Fo r example , i n Almagest  III , i , Ptolem y cite s a  lis t o f equinoxe s
observed by Hipparchus. Accordin g t o Hipparchus, th e autumnal equino x of
162 B.C. occurre d i n th e I7t h yea r of the thir d Callippi c cycle , on Mesor e 30,
about sunset . Thi s mixe d reckoning , involvin g th e us e of a  solar (Egyptian )
calendar fo r the mont h an d day , an d a  luni-solar (Callippic ) calenda r fo r th e
year, did not las t long. I n his own work, Ptolem y use d the Egyptian calendar ,
which wa s the simplest , most  rationa l optio n o f all .

The Babylonian  Calendar

The Babylonia n yea r began wit h th e ne w Moon o f the sprin g month . Year s
contained either twelve or thirteen months. The thirteenth month was interca-
lated eithe r by adding a  second mont h VI o r a  second mont h XII .

Babylonian mont h name s

I BA R
II GU 4

III SI G
IV S U
V IZ I

VI KI N
V12 KIN. A

Nisannu
Ajjaru
Simanu
Du'uzu
Abu
Ululu

VII DU 6

VIII API N
IX CA N
X A B

XI ZI Z
XII S E

XII2 DIRIG , t

Tesritu
Arahsamnu
Kislimu
Tebetu
Sabatu
Addaru

V

In this list, the Babylonian month nam e is preceded by the Sumerian ideogram
often use d i n Babylonia n astronomica l texts . Thus , th e nam e o f th e sprin g
month, Nisannu  (whic h woul d requir e severa l cuneifor m signs) , i s usually
replaced b y a single ideogram, BAR . (Subscript s and accen t mark s o n som e
ideograms ar e the Assyriologists ' way of distinguishing amon g severa l cunei -
form sign s with th e sam e sound. )

Originally, th e intercalations were performed irregularly. Notices were sent
in th e king' s nam e t o th e priestl y official s a t temple s throughou t Babylonia .
This practic e wa s stil l followe d i n th e Chaldaea n period . Later , durin g th e
Persian period , the announcement s o f intercalations came fro m th e scribes at
the temple Esangila, who sent notices to the officials a t other temples through -
out Babylonia . Thus , i t appear s tha t th e regulatio n o f th e calenda r passe d
into th e hand s o f the bureaucracy . This i s what mad e possibl e th e eventua l
adoption o f a  regula r syste m o f intercalation .
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The fe w official announcement s o f intercalary months tha t hav e survived
prove that no regula r system o f intercalation was in place at the beginnin g o f
the Persia n period . A s discussed i n sectio n i.i , alread y i n MUL.API N (65 0
B.C.) ther e wa s a n attemp t a t formulatin g som e guideline s fo r intercalatio n
of months, based on th e heliaca l rising s of the stars . But th e appearanc e o f a
fixed luni-sola r cycl e wa s a  late r development . Ther e i s some evidenc e tha t
an eight-yea r cycl e was use d fo r th e brie f period fro m 52 9 to 50 3 B.C. (three
intercalary month s inserte d ever y eigh t years) . Fro m 499 , th e nineteen-yea r
cycle wa s probably i n us e (seve n intercalar y months inserte d ever y ninetee n
years). However, ther e are some gaps in our knowledge , sinc e we do no t hav e
records of some intercalations. Also, the scribe s had no t ye t finalized the rules
for decidin g whe n th e intercalar y month shoul d follo w month VI and whe n
it shoul d follo w mont h XII . A  definit e glitc h i n th e patter n occurre d i n 385,
when tha t yea r (rathe r tha n th e followin g year ) wa s mad e a  lea p year . Bu t
from 38 3 B.C. dow n t o th e firs t century A.D . (whe n th e cuneifor m texts cease),
a regula r patter n o f intercalations was followed. 39

After Alexander' s conques t an d th e establishmen t o f the Seleuci d dynasty,
the Babylonia n texts use the Seleucid era,  which we shall abbreviate SE. That
is, the ol d luni-sola r calenda r base d o n th e nineteen-yea r cycl e continued t o
function withou t interruption . But the years were counted fro m th e year that
Seleukos I  decided t o coun t a s the officia l beginnin g o f his reign , ( i Nisannu ,
year i  o f Seleuci d er a =  3  April 31 1 B.C.) 40

In terms of the Seleucid era,  the leap years are those marke d with asterisks
in th e followin g sequence:

.* 5  6 7 * 8  9* 1 0 ii 12 * 1 3 1 4 15 * 1 6 1 7 18* * 1 9i* 2  3  4* 5  6 7

Thus, year s i , 4 , an d s o on , o f th e Seleuci d er a wer e lea p years . I n year s
marked with a  single asterisk, month XII was doubled. I n year s marked wit h
a double asterisk (i.e., year 18), month V I was doubled. To determin e whethe r
any yea r of th e Seleuci d er a was a  leap yea r o r not , divid e th e yea r numbe r
by 19, discard the quotient , bu t retai n the remainder and compare i t with th e
sequence above.

Features of the Babylonia n calenda r persist in two luni-solar calendar s still
in us e today—th e Jewis h calenda r an d th e Christia n ecclesiastica l calendar .
After Israel and Judah were conquered by the Babylonians, in the sixth century
B.C., th e Babylonia n calenda r wa s adopted b y th e Jews . Th e nineteen-yea r
cycle remain s th e basi c operating principl e o f th e moder n Jewis h calendar ,
which i s the officia l calenda r of Israel, and whic h i s used worldwide for Jewish
religious practice . Th e mont h name s i n th e moder n Jewis h calenda r clearl y
reflect their Babylonian origins: Nisan corresponds to Nisannu, lyyar to Ajjaru,
and s o on. Th e Christia n church , drawin g on bot h th e Jewish calenda r an d
the Greek astronomica l tradition , adopte d th e nineteen-yea r cycle as the basis
of th e ecclesiastica l calenda r tha t govern s th e dat e o f Easter . Thus , i n th e
twentieth century , th e celebratio n o f religiou s festivals suc h a s Passover an d
Easter is in part regulated by decisions made by anonymous Babylonia n scribes
2,500 year s ago . Thi s i s anothe r strikin g exampl e o f th e continuit y o f th e
Western astronomica l tradition .

4.8 EXERCISE : USIN G TH E N I N E T E E N - Y E A R CYCL E

As discusse d in  sectio n 4.7 , ninetee n tropica l year s contain a  whole numbe r
of synodi c months . Thi s i s th e basi s o f th e Metoni c cycle : 1 9 year s =  235
months. I t follows that the dates of the new Moons in the Gregorian calenda r
should repea t th e sam e pattern , almos t exactly , afte r a n interva l o f ninetee n
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years. Th e lis t belo w give s th e date s o f th e firs t ne w Moon s fo r th e year s
1960—1979. (Th e date s refe r t o Greenwic h time. )

Date of  first
Year new  Moon

1961 Januar y 1 6
62 Januar y 6
63 Januar y 25
64 Januar y 1 4
65 Januar y 2
66 Januar y 21
67 Januar y 1 0
68 Januar y 29
69 Januar y 1 8
70 Januar y 7

Date of  first
Year new  Moon

1971 Januar y 26
72 Januar y 1 6
73 Januar y 4
74 Januar y 2 3
75 Januar y 1 2
76 Januar y 1
77 Januar y 1 9
78 Januar y 9
79 Januar y 2 8

During thi s nineteen-yea r period , th e dat e o f the firs t new Moon move d
back and fort h al l over the month of January. However, afte r ninetee n years,
we find the patter n repeating , very nearly. The date s of the first new Moon s
for th e nex t fe w years ar e

Date of  first
Year new  Moon

1980 Januar y 1 7
1981 Januar y 6
1982 Januar y 25

We ca n predict the date s of all the ne w Moons i n any desired year, by use
of thi s lis t o f new Moons . Suppos e we want th e ne w Moon s fo r a  year tha t
is containe d i n th e list , sa y 1963. Then, beginnin g with th e dat e o f th e firs t
new Moon , w e ad d increment s o f 3 0 days an d 2 9 day s alternatel y (i.e. , we
alternate ful l an d hollo w months) :

1963 Firs t ne w Moon Januar y 2 5

Second ne w Moon Februar y 24

Third ne w Moon Marc h 2 5

Fourth ne w Moon Apri l 2 4

Fifth new  Moon May  23,  etc .

+30 day s

+29

+30

+29

The date s obtaine d b y thi s approximat e schem e wil l rarel y diffe r fro m th e
date o f true ne w Moon b y more tha n a  day.

Suppose w e want th e ne w Moons fo r a  year no t i n th e list , say 1948. W e
then simpl y determin e whic h yea r o f the lis t occupie s th e sam e positio n i n
the nineteen-yea r cycl e a s does 1948 . Th e answe r i s 1967 , sinc e 194 8 +  1 9 =
1967. Th e ne w Moon s fo r 194 8 ma y therefor e b e writte n out , exactl y a s
explained above , b y use of the dat e o f the firs t new Moon o f 1967 as starting
point:

1948 Firs t new Moon Januar y 1 0

Second ne w Moon Februar y 9
+30 day s

+29
Third ne w Moon Marc h 9 , etc .
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Problems

1. Us e the nineteen-yea r cycle and a  pattern o f alternating full an d hollo w
months t o write ou t th e date s o f the ne w Moons fo r the curren t year .
Compare you r results with th e date s given b y a calendar o r almanac .

2. D o you see any evidence for an eight-year cycle in the list of new Moons
given above?

3. Th e technica l name for the position o f a year in the nineteen-yea r cycle
is th e golden  number.  (Thi s ter m originate d i n th e Middl e Ages. ) Th e
golden numbe r ma y be obtained b y dividing the year by 19, discarding
the quotient , an d adding i  to the remainder. Thus, the golden numbe r
of 196 1 is 5 . (1961/19 =  103 , wit h remainde r 4 . Golde n numbe r =  4  +
i.) The golde n numbe r for 1961 is 6; for 196 3 it i s 7, and s o on. Golde n
numbers ar e usually written a s Roman numerals .

Construct a  table of two columns . Th e firs t colum n shoul d contai n
the golden number s I through XIX. The second column shoul d contain
the date of the first new Moon of the year corresponding to each golden
number.

4.9 TH E THEOR Y O F STA R PHASE S

The cycle of appearances and disappearances of the fixed stars was an important
part o f bot h earl y Gree k an d earl y Babylonia n astronomy . A s a n example ,
take th e cas e of the Pleiades . Durin g the spring , the Pleiade s disappeared for
a mont h an d a  half whe n th e Su n move d nea r the m o n th e ecliptic . Then
(in lat e May) , th e Pleiade s emerged fro m thei r perio d o f invisibility . They
could b e seen , for th e firs t time i n th e year , risin g in th e east , a  few minutes
before dawn . Thi s even t wa s th e morning  rising  o f th e Pleiades . I t signale d
the whea t harves t and th e beginnin g o f summer weather . I n th e sam e way,
the morning rising of Arcturus was recognized everywhere in the Greek world
as the beginnin g of autumn. Th e rising s and setting s of stars that occu r just
before sunrise, or just after sunset, are called heliacal risings and settings (because
they occur in connectio n with th e Sun) . They are also called fixed star phases.

By th e fift h centur y B.C. , this lor e was systematize d int o th e parapegma,
or sta r calendar . (Th e sta r calenda r was a  bi t olde r amon g th e Babylonians .
As we have seen, the seventh-century B.C . compilation, MUL.APIN, include d
a sta r calendar. ) A  parapegm a liste d th e heliaca l rising s and setting s o f th e
stars i n chronologica l order . The use r o f the parapegm a coul d tel l th e tim e
of year by noting which stars were rising in the early morning. The parapegm a
served a s a supplement t o th e chaoti c civil calendars of th e Greeks . Usually ,
but not always, the star phases were accompanied i n the parapegma by weather
predictions.

One coul d compile a list of the heliacal risings and settings of the constella -
tions, simpl y b y observation s mad e a t daw n an d dus k ove r th e cours e o f a
year. There i s no nee d fo r an y sor t o f theory . I n thi s sense , th e parapegm a
may b e considere d prescientific . Bu t understandin g th e annua l cycl e o f star
phases wa s a n importan t earl y goal o f Gree k scientifi c astronomy . Indeed ,
one of the oldest surviving works of Greek mathematical astronomy i s devoted
to thi s subject . This i s the boo k (o r reall y two books ) writte n b y Autolycus
of Pitan e aroun d 32 0 B.C. and calle d O n Risings  an d Settings.  Autolycus de -
fines the various kinds o f heliacal risings and settings , then state s and prove s
theorems concerning their sequence in time and the way the sequence depend s
on th e star' s position with respec t to th e ecliptic . No individua l star is men-
tioned b y name. Autolycus's goal is to provide a theory for understanding th e
phenomena. Hi s styl e is that o f Euclid .
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True Star  Phases

Autolycus an d al l the Greek scientific writers who followed him distinguishe d
between true  and visible  sta r phases . An exampl e o f a  tru e sta r phas e i s th e
true morning  rising  (TMR) , whic h occur s whe n th e sta r rise s a t th e sam e
moment a s the Sun . At such a  time th e sta r would b e invisible, owing t o th e
brightness o f th e sky . Th e visible  morning rising  (VMR ) woul d occu r som e
weeks later , afte r th e Su n ha d move d awa y fro m th e star . The visibl e phase s
are the observable events o f interest to farmers , sailors , poets, and astrologers .
However, th e tru e phase s ar e mor e easil y analyzed . Accordingly , Autolycu s
begins his treatise with a  discussion o f the true risings and settings . There are
four tru e phases :

TMR Tru e mornin g risin g
TMS Tru e mornin g settin g
TER Tru e evenin g rising
TES Tru e evenin g settin g

(Star rises at sunrise.)
(Star sets at sunrise.)
(Star rises at sunset.)
(Star set s a t sunset. )

Properties o f True  Star  Phases  Fo r an y star , th e TM R an d th e TE R occu r
half a  year apart .

For an y star , th e TM S an d th e TE S occu r hal f a  year apart .
These propositions ar e easily proved. Le t sta r S be rising in th e east , a s in

figure 4.3. Let the Sun be rising at A. Th e sta r is making it s TMR. Th e TE R
will occur when th e star is rising at S  and th e Su n is setting at B. The eclipti c
is bisecte d b y the horizon ; thu s ther e ar e six zodiac sign s between A  an d B .
If we suppose the Su n move s uniforml y on th e ecliptic , i t wil l take th e Su n
half a  year t o go from A t o B . Thus, th e TMR an d th e TER occu r si x signs
(about si x months) apar t i n th e year . The sam e sor t o f proo f i s easily made
for th e TMS an d th e TES .

The star s have thei r tru e phases i n differen t order s accordin g t o whethe r
they ar e south o f the ecliptic , o n th e ecliptic , o r nort h o f the ecliptic .

Ecliptic Stars:  I f a  sta r i s exactly o n th e ecliptic , it s TM R an d TE S wil l
occur o n th e sam e day . Le t sta r S  b e a t eclipti c poin t A , a s in figur e 4.4 .
When th e Su n i s also a t A, S  and A  ris e together , thu s producin g th e star' s
TMR. I n th e evening , S  and A  wil l set together i n th e west , thu s producin g
the star' s TES. (W e assum e that th e Su n stay s at th e sam e ecliptic poin t fo r
the whol e day. ) I n th e sam e way, on e ma y sho w tha t fo r eclipti c stars , th e
TER an d TMS occu r o n th e sam e day .

Northern Stars:  I f a star is north of the ecliptic , the TM R wil l precede th e
TES. Le t the northern sta r S  be making it s TMR, risin g simultaneously with
ecliptic poin t A , a s i n figur e 4.3 . Now , o f an y tw o point s o n th e celestia l
sphere tha t ris e simultaneously , th e on e tha t i s farthe r nort h wil l sta y u p
longer and se t later. (We assume the observer is in the norther n hemisphere. )
S an d A  ris e together . Bu t A  wil l se t first . Thus, whe n S  sets , th e situatio n
will resemble figure 4.5. S is on th e western horizon . A, locate d farthe r south
on th e sphere , wil l alread y have set and wil l be below the horizon . The TE S
of sta r S  occur s whe n th e Su n i s a t C . Thus, we mus t wai t a  few weeks fo r
the Su n to advance eastwar d on th e ecliptic from A  t o C . The TE S therefore
follows th e TMR .

Southern Stars:  If  a  star is  south of  the  ecliptic , the  TMR  wil l follo w the
TES. Th e proo f ma y be made i n th e sam e way .

The proof s given abov e ar e mor e concis e tha n Autolycus' s proof s o f th e
same propositions , bu t follo w his basi c method.

Example: Betelgeuse,  a  Southern  Star  Le t u s examin e th e annua l cycl e o f a
particular star, Betelgeuse, which lies in Orion's right shoulder. We will assume

FIGURE 4.3 .

FIGURE 4.4 .

FIGURE 4.5 .
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FIGURE 4.6 . Tru e phases o f Betelgeuse a t 40°
N latitude . TMR =  tru e morning rising ; TMS
= tru e morning setting; TE R =  tru e evenin g ris-
ing; TE S =  tru e evenin g setting .

FIGURE 4.7 . Tru e phases o f Denebola a t 40°
N latitude .

FIGURE 4.8 . Tru e phases of Regulus .

that our observations are made at 40° N latitude. The date s of the true phases
are easil y rea d of f a  celestia l globe . Th e date s belo w ar e fo r th e twentiet h
century.

TMR
TMS
TER
TES

July 4
December ;
January 2
June 6

If w e mar k these  date s o n a  circl e whic h represent s th e yea r ' an d if , fo r
simplicity, we treat th e month s a s if they al l were of the sam e length , w e get
figure 4.6. Th e date s o f the rising s an d setting s are particular t o Betelgeuse.
Further, they depend o n the latitud e o f the observer . But several more o r less
general feature s ma y stil l b e noted .

First of all, the TMR an d th e TER ar e separated b y six months. Similarly ,
the two  settings are  separated by  six  months.

Moreover, al l star s sout h o f th e eclipti c hav e thei r tru e phase s i n th e
same order : TMR , TMS , TER , TE S (assumin g an observe r i n th e norther n
midlatitudes).

Example: Denebola,  a Northern Star  Manipulatio n o f a  celestia l glob e gives
the followin g dates fo r th e tru e phases o f Denebola ( 5 Leo):

TMR
TES
TER
TMS

September 1 0
October 1 0
March 8
April 6

Again th e TMR i s separated b y six months fro m th e TER ; similarly , the two
settings are six months apar t (se e fig. 4.7). Bu t ther e the similarity to the case
of Betelgeuse ends, fo r th e phase s o f Denebola occu r i n a  differen t order .

All star s north o f th e eclipti c have thei r tru e phase s in th e sam e orde r as
Denebola: TMR , TES , TER , TM S (assumin g a n observe r i n th e norther n
midlatitudes).

Example: Regulus,  an Ecliptic Star  Becaus e Regulus is located o n th e ecliptic ,
its TMR an d TES occu r o n th e same day , August 24, when th e Sun i s at th e
same poin t o f th e eclipti c a s Regulu s itself . Similarly , th e TM S an d TE R
occur on the same day, February 20, when the Sun is 180° away from Regulus .
The tim e char t for the phases of Regulus therefore looks like figure 4.8. Note
that ther e i s no are a o f overlap ; that is , there i s no perio d o f time i n which
the sta r bot h rise s and set s while th e Su n i s down .

Visible Star  Phases

The tru e star phases are unobservable. If a star crosses the horizon at the same
moment a s the Sun , i t wil l b e los t i n th e genera l brightnes s of th e sky . Th e
ancient writers therefore distinguish between  th e true risings and setting s and
the visibl e ones. There are fou r visibl e phases:

VMR Visibl e mornin g risin g
VMS Visibl e morning setting
VER Visibl e evenin g rising
VES Visibl e evening setting

(Before sunrise , sta r i s seen rising for th e firs t rime. )
(Before sunrise , star is seen setting for the first time.)
(After sunset , sta r i s seen risin g fo r th e las t time. )
(After sunset , sta r i s seen settin g fo r th e las t time. )

Relation between  the Visible  and th e True  Phases Th e visibl e morning phase s
follow th e tru e ones . Bu t th e visibl e evening phase s preced e th e tru e ones .
The trut h o f these  proposition s follow s simpl y fro m th e fac t tha t th e Sun' s
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motion o n th e eclipti c i s fro m wes t t o east , tha t is , opposit e th e diurna l
revolution.

Let sta r S  b e risin g while th e Su n i s rising a t A, a s in figur e 4.9 . Thi s is
the star' s TMR, whic h will be invisible. But som e week s later, when th e Su n
has advanced fro m A  t o D  o n th e ecliptic , th e star' s risin g will b e visible for
the firs t time . The n th e Su n wil l b e fa r enoug h belo w th e horizo n a t th e
rising o f S  fo r th e sta r t o b e seen . Thus , whe n th e Su n i s at D , sta r S  wil l
make it s VMR .

Note that the same argument ma y be applied t o the star setting at T . This
star make s it s TMS whe n th e Su n rise s a t A. Th e settin g wil l b e invisible ,
however. Th e firs t settin g o f 7 * to b e visibl e wil l occu r whe n th e Su n ha s
advanced t o D .

Thus, th e visibl e morning phase s (whethe r rising s o r settings ) follo w th e
true ones. Also, the morning phase s are the first events to be visible: the VM R
is the  first  visibl e rising of  the  sta r in  the  annua l cycle ; the  VMS  is  the first
visible setting .

In a similar way, i t may be shown that the visible evening phases (whether
risings or settings ) precede the tru e ones . Also, th e evenin g phases are the las t
to be  visible . Tha t is,  the  VES  is  the  las t settin g of  the  sta r to  be  visible .
Similarly, th e VE R i s the las t visible rising.

A Simplifying  Assumption  Th e numbe r o f day s tha t separat e a  star' s visible
rising o r settin g fro m it s correspondin g tru e on e depend s o n man y factors :
the brightnes s o f th e sta r itself , th e star' s exac t pofitio n o n th e horizo n (th e
farther fro m th e Sun' s position , th e better) , th e steepnes s wit h whic h th e
ecliptic meet s th e horizo n whe n th e sta r i s is rising or setting , a s well a s th e
observer's latitude . Al l these  factor s ca n a t leas t b e subjecte d t o calculation .
But ther e ar e also a  number o f variable conditions tha t affec t th e visibilit y of
stars—particularly stars near the horizon—such as the clarity of the atmosphere ,
city lights , th e observer' s eyesight , an d s o on .

A theory of visible star phases that took all these factors into account woul d
be very complicated—too complicated, in fact , t o be very useful. And th e level
of Gree k mathematic s i n th e fourt h centur y B.C . would no t hav e permitte d
such a  treatment eve n i f i t had bee n desired . Autolycu s wa s able to dispens e
with al l these complications b y means o f one simplifyin g assumption: a  star's
rising or setting wil l be visible if the Su n i s below th e horizo n b y at leas t hal f
a zodia c sig n measured  along the ecliptic.

In figur e 4.10 , le t sta r S  ris e simultaneously wit h poin t X  o f th e ecliptic .
Then when th e Sun is at X, sta r 5 will have its true morning rising . According
to Autolycus , S  wil l have it s visible morning risin g whe n th e Su n reache s Y ,
which i s half a  zodiacal sig n (15° ) fro m X .

According t o moder n astronomers , th e perio d o f astronomica l twiligh t
extends from the Sun's setting until the time it reaches a position 18° (vertically)
below the horizon. Then the sky becomes dar k enough t o permit observatio n
of even th e faintes t stars . However , th e brighte r star s ca n b e see n whe n th e
Sun i s onl y 10 ° o r 12 ° belo w th e horizon , an d these  ar e precisel y th e star s
that pla y th e mos t prominen t rol e i n th e ancien t literatur e o n sta r phases .
Autolycus's us e o f 15 ° measure d obliquel y t o th e horizo n i s a  prett y goo d
approximation t o 12 ° measure d vertically , especiall y i n th e lowe r latitudes ,
where th e eclipti c rise s and set s fairl y steeply .

Example: Betelgeuse,  a Dock-Pathed Star I t i s easy to apply Autolycus's visibil-
ity rule to th e cas e of Betelgeuse. Le t us suppose, fo r simplicity, tha t th e Su n
moves i ° pe r da y alon g th e ecliptic . Then , b y Autolycus' s rule , th e visibl e
morning phases occur fifteen days after th e true ones, while the visible evening
phases occur fifteen days before the true ones. Making the appropriate fifteen-
day adjustments t o th e date s o f the tru e phases (liste d above) , w e get

FIGURE 4.9 .

FIGURE 4.10 .
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TMR Jul y 4
TMS Decembe r 8
TER Januar y 2
TES June 6

+ 1 5 day s — > VM R Jul y 1 9
+ 1 5 day s S . VE R Decembe r 1 8
- 1 5 day s S*  VM S December 23
- 1 5 day s — > VE S May 22

If we modif y th e calenda r diagra m o f figur e 4. 6 t o sho w th e visibl e phases,
we obtai n figur e 4.11 .

Note tha t th e orde r o f the visible phases is different fro m th e tru e phases.
The chang e o f orde r i s due t o th e fac t tha t fo r Betelgeuse , observed a t 40 °
N latitude , th e TM S an d th e TE R ar e only 25 days apart , while thi s perio d
would hav e to b e at leas t 3 0 days to preven t a  reversal of the orde r when th e
15-day visibility rule i s applied .

Betelgeuse is completely invisible between th e VES and VMR. Thi s is the
time whe n th e Sun , movin g o n th e ecliptic , reache s th e general  vicinit y of
the star . Betelgeus e rises after daw n an d set s before dusk . I t i s thus u p onl y
in dayligh t an d s o remains invisibl e for nearly two months .

The perio d o f maximu m visibilit y of Betelgeus e is in lat e December , fo r
this date i s near both th e evening rising and the morning setting. Tha t is, the
star rises in the  evenin g and set s in the  morning : it  crosses the sky  during the
night. Bu t not e i n figur e 4.1 1 tha t ther e i s no overla p betwee n th e ring s o f
visibility. Durin g th e perio d betwee n th e VE R an d th e VMS , neithe r th e
star's risin g nor it s settin g i s visible. Rather , th e sta r simpl y appear s i n th e
eastern sky , alread y abov e th e horizon , shortl y afte r sunset . I t ca n the n b e
seen durin g most  o f it s transi t o f th e sky . However , th e daw n arrive s an d
makes the sta r disappear shortly before it has a chance t o set . In hi s book o n
star phases,  Phaseis,  Ptolemy call s this kind o f star dock-pathed.  Tha t is , th e

FIGURE 4.11 . Visibl e phase s of Betelgeuse
at 40° N  latitude . Betelgeuse , locate d nea r

the ecliptic , i s a "dock-pathed" star .
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FIGURE 4.12 . Visibl e phase s of Siriu s at 40° N
latitude. Sirius , located wel l south o f the ecliptic ,
is a  "night-pathed " star .

ends of its visible path across the sky are docked, or cut off . This is a convenient
term for characterizing Betelgeuse's behavior between th e VER and the VMS .

All stars  located  on or near the ecliptic are dock-pathed an d hav e their visible
phases i n th e sam e orde r a s Betelgeuse: VMR, VER , VMS , VES .

Example: Sirius,  a Night-Pathed Star  Usin g a  celestial globe , se t for latitud e
40° N , w e find fo r th e tru e phase s o f Sirius:

TMR
TMS
TER
TES

August 2
November 3 0
January 3 1
May 2 9

Note that , a s always, the TMR an d TER ar e separated b y about si x months,
as ar e the TM S an d TES . Note , too , tha t th e tru e phase s ar e in th e correc t
order fo r a  southern star , a s established above . Applyin g Autolycus' s fifteen -
day visibility rule, we obtain th e followin g approximate date s fo r th e visible
phases of Sirius , observed a t 40° N  latitude :

TMR Augus t 2  +1 5 days
TMS Novembe r 3 0 +  1 5 day s
TER Januar y 3 t —  15 day s
TES May 29 -  1 5 day s

—» VMR Augus t 1 7
—> VMS Decembe r 1 5
—> VER Januar y 16
-> VES Ma y 1 4

The phase s o f Siriu s are represented i n figur e 4.12 . Not e tha t th e visible
phases occu r i n th e sam e orde r a s the tru e ones . Thi s i s true fo r stars , such
as Sirius , tha t ar e fa r enoug h sout h o n th e celestia l sphere . Th e TM R an d
TER ar e far enough apar t (mor e tha n 3 0 days) tha t th e 15-da y rule does no t
result i n a  reversal of orde r fo r th e date s o f th e visibl e phases.
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Sirius, lik e Betelgeuse , i s invisible between th e VE S and th e VMR .
The perio d o f th e Sirius' s greatest visibilit y is between th e VM S an d th e

VER, fo r then Siriu s rises in the evening and set s in the morning , s o it crosses
the sk y at night . Further , a s figure 4.12 shows , both th e risin g and settin g of
the sta r ar e visible. Sirius is therefore not dock-pathed . Rather , i t belong s t o
the clas s of stars that Ptolem y call s night-pathed. A t thi s one time of year, th e
whole of Sirius's transit of the visible hemisphere take s place in the night : th e
star's whole path , fro m horizo n t o horizon , i s visible.

All stars  located  far enough  south o f th e ecliptic  ar e night-pathed  and hav e
their visible phases in th e same order a s Sirius: VMR, VMS , VER , VES . (W e
assume th e observe r is in th e norther n midlatitudes. )

Example: Arcturus, a. Doubly Visible  Star Fro m a celestial globe, set for latitude
40° N , w e tak e th e date s fo r th e tru e phase s o f Arcturus. T o obtai n roug h
dates fo r th e visibl e phases, w e appl y Autolycus's fifteen-da y visibilit y rule:

TMR Octobe r 7  +1 5 day s
TES Decembe r 4  —  15 day s
TER April 5  -  1 5 day s
TMS Jun e 2  +1 5 days

-» VMR October 22
—> VES Novembe r 1 9
-H> VER Marc h 2 1
-> VMS Jun e 1 7

If w e plo t these  date s o n ou r visibilit y diagram, th e resul t i s figur e 4.13 .
Note tha t th e visibl e phases occu r i n th e sam e orde r a s the tru e ones . Thi s
is the case for stars, such as Arcturus, that ar e far enough nort h o n the celestial
sphere. Th e TM R an d TE S ar e far enough apar t (mor e tha n 3 0 days), tha t
the 15-da y rule does no t resul t i n a  reversal of order .

The behavio r o f Arcturu s i s differen t fro m tha t o f eithe r Betelgeus e o r
Sirius. The mos t interestin g period fo r Arcturus is between the VMR an d th e
VES. Durin g thi s period o f a bit les s tha n a  month, both th e risin g and th e
setting o f th e sta r ar e visible each night . Bu t not e tha t th e sta r rise s i n th e
morning an d set s i n th e evening : i t crosse s th e sk y in th e daytime . I n th e

FIGURE 4.13 . Visibl e phase s o f Arcturus a t
40° N  latutude . Arcturus , located wel l north

of the ecliptic , i s a "doubly visible" star .
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early evenin g on e therefor e sees Arcturus appear well u p i n th e wester n sky .
Shortly afterward , i t sets . Bu t i t ma y b e see n agai n befor e the nigh t i s over,
rising i n th e east . I n th e Phaseis,  Ptolem y characterize s such a  sta r a s doubly
visible, or seen  on both sides. This remarkable behavior result s from Arcturus's
northern positio n o n th e celestia l sphere: th e sta r stays below the horizon (a t
latitude 40 ° N ) fo r onl y about 9  1/2 hours each day . And s o i t i s possible, at
a particula r tim e o f year , fo r Arcturus t o se t afte r dar k i n th e wes t an d ye t
rise befor e daw n i n th e east .

There is another property o f doubly visible stars: they never are completely
obscured by the Sun . For thi s reason , a s Ptolemy say s in th e Phaseis,  they are
also called visible  all year long. These two properties ar e correlated: both result
from th e fac t tha t th e VM R precede s the VES .

All stars  far enough  north o f th e ecliptic  ar e doubly  visible  an d hav e thei r
visible phase s i n th e sam e order a s Arcturus: VMR , VES , VER , VMS . (W e
assume th e observe r i s in th e norther n midlatitudes. )

The standar d term s fo r th e phase s (tru e mornin g rising , visibl e evening
setting, etc. ) wer e introduce d b y Autolycu s an d wer e universall y followed.
Autolycus discussed the properties of the stars that we have called dock-pathed,
night-pathed, an d doubl y visibl e bu t di d no t assig n thes e name s t o them .
Since ever y star that has risings and setting s may be assigned t o on e o f these
three classes , i t i s convenien t t o hav e name s fo r th e groups . Thi s rigorou s
systemization an d namin g appear s fo r th e firs t tim e i n Ptolemy' s Phaseis.
These terms were used by earlier writers, but les s systematically—which seems
to confirm the lack of standard terms for the three star classes before Ptolemy' s
time.

Some Inconvenient  Modern Terminology  I n moder n writin g o n sta r phases ,
one ma y encounter these  terms :

Heliacal risin g =  VMR
Acronychal risin g = VER
Heliacal settin g =  VES
Cosmical settin g =  VMS

Except fo r "acronycha l rising, " non e o f thes e term s ar e use d b y th e ancien t
Greek astronomers. And eve n acronychal  poses a problem. Akronychos = akron
(tip, extremity) + nyktos  (o f the night) . This adjective is used by Greek writers
on sta r phase s and , indeed , belong s t o th e vocabular y o f everyda y speech .
Usually, i t mean s i n th e evening.  But Theo n o f Smyrn a point s ou t tha t th e
morning i s also an extremity of the night , an d therefore , logically enough, he
applies the same word both to evening risings and to morning settings. 3 Thus,
it i s bette r an d cleare r t o stic k t o Autolycus' s technica l vocabular y (visibl e
evening rising , etc.) , which ca n hardly b e improved on .

Note on  the  Variation  of Star  Phases with  Time

The date s o f the heliaca l rising s an d setting s o f stars vary slowly with time .
For a  centur y o r two , th e date s o f th e rising s and setting s ca n b e take n a s
fixed. But if we want to compare the date of the heliacal rising of the Pleiades,
for example , i n Gree k antiquit y wit h th e dat e fo r the same event i n our ow n
century, w e must fac e u p t o th e change .

The reaso n for the chang e i n th e date s o f the heliaca l rising s and setting s
'^precession, a  slow, progressive shift in the positions of the stars on the celestial
sphere. Precessio n i s discussed i n Sectio n 6.1 . Fo r no w i t suffice s t o sa y that
all the stars move graduall y eastward, o n circle s parallel to th e ecliptic , a t th e
slow rate of i° in 72 years. Suppose that the true morning rising of the Pleiades
occurs on a  certain day . Afte r 7 2 years, the Pleiades will have shifted eastward
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by i°. So , the Su n will have to run a n extra degree to reac h the Pleiades , and
the tru e morning risin g will occu r a  little later i n th e year .

The rat e a t whic h th e sta r phase s shif t throug h th e calenda r i s easil y
calculated. Th e stars ' longitude s increas e b y i ° i n 7 2 years. The rat e o f th e
Sun's morio n o n th e eclipti c is 360° i n 365.2 5 days . Thus , th e tim e require d
for a  one-day shif t i n th e date s o f th e sta r phases is

(72 years/0) X (36o°/365-25 days) =  7 1 years/day.

Let us apply this fact to an example. The visible morning rising of Betelgeuse
(at latitude 40° N) occur s on July 19. When did the VMR of Betelgeuse occur
in th e firs t centur y B.C. ? Th e firs t centur y B.C . was abou t 2,00 0 year s ago .
Every 71 years produced a  one-day shif t i n the sta r phases. The tota l shif t was
therefore 2,000/7 1 = 2 8 days. I n th e past , th e sta r phases occurred earlie r in
the year . Thus, the VMR o f Betelgeuse should hav e occurred around June 2 1
(28 day s earlie r than Jul y 19) . Note tha t i t i s simplest t o expres s all dates i n
terms of the Gregorian calendar .

This rough-and-read y metho d work s wel l fo r star s near th e ecliptic . Fo r
stars far from th e ecliptic (such as Arcturus), the situation is more complicate d
and th e rough-and-read y metho d i s no t usable . Instead , on e shoul d replo t
the star s on a  celestial globe i n thei r ancien t positions an d rea d of f the date s
of the sta r phases directly.

4.10 EXERCISE : O N STA R PHASE S
1. I n sectio n 4.9 , i t wa s proved that , fo r a  sta r nort h o f th e ecliptic , th e

TMR precede s the TES. Prov e that, for a star south o f the ecliptic , th e
TMR follow s the TES. (Assum e an observer in the northern hemisphere.)

2. I n sectio n 4.9 , i t was proved that the visible morning phases follow the
true ones . Prov e tha t th e visibl e evenin g phases preced e th e tru e ones .

3. Th e date s o f a  star's phase s depend o n th e observer' s latitude.

A. Us e a  globe t o determin e th e date s o f the tru e phases of Betelgeuse
at latitude s 30 ° N  an d 30 ° S . Draw a  calendar diagra m lik e figure
4.6 fo r each o f these  latitudes. Not e a  symmetry: th e fou r date s for
30° S are the sam e as the fou r date s for 30 ° N, bu t differen t phase s
go with the  dates . Can  you  prov e the  genera l validity of this rule ?

B. Appl y the fifteen-day visibility rule to determin e approximat e date s
for the visible phases of Betelgeuse at latitude 60° N. Draw a calendar
diagram lik e figur e 4.11 . Th e diagra m i s divided int o fou r section s
by the star's visible phases. Label each section with a brief description
of the star's behavior. Pay particular attention to the section between
the VMS and the VER. At 60° N, i s Betelgeuse dock-pathed, night -
pathed, o r doubl y visible ?

4. The followin g list gives the "actua l dates" o f the visibl e phases of three
stars for year —300 and latitude 38° N (Athens) . The date s were calculated
by Ginzel an d ar e expressed in term s o f the Julian calendar .

Star

Pleiades
Sirius
Vega

VMR
May 2 2
July 2 8
Nov 1 0

VES
April 7
May 4
Jan 2 3

VER
Sept 2 7
Jan 2
April 2 0

VMS
Nov 5
Nov 2 3
Aug 1  6

A. Us e th e orde r o f th e phase s t o plac e eac h o f these  star s i n on e o f
the thre e classes : night-pathed, dock-pathed , o r doubl y visible . Do
your assignment s mak e sens e in vie w of the stars ' position s o n th e
sphere?
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B. Tes t th e rough-and-read y rul e tha t th e date s o f sta r phase s shif t
forward b y one da y every 71 years. To d o this , i t wil l be enough t o
work with th e mornin g phase s for these  star s in th e yea r —300 .

First, expres s Ginzel's date s fo r the VMR  and th e VM S i n term s of
the Gregoria n calenda r (us e table 4.1).

Next, use a celestial globe and the fifteen-day visibility rule to estimate
the date s o f th e VM R an d th e VM S fo r these  star s i n th e twentiet h
century.

Use the twentieth-centur y date s an d th e averag e shift o f one da y in 7 1
years t o estimat e when th e VM R an d th e VM S o f thes e star s occurre d
in th e yea r -300. Compare you r estimate s with Ginzel' s mor e elaborat e
calculations. For which stars does the rough-and-ready method work best?

4.II SOM E GREE K PARAPEGMAT A

The Geminus  Parapegmaf o

The parapegm a appende d t o Geminus' s Introduction  to the Phenomena is one
of ou r most  importan t source s fo r reconstructin g th e earl y histor y o f thi s
genre amon g the  Greeks . The  Geminu s parapegm a is  a  compilatio n base d
principally on thre e earlie r parapegmata (no w lost ) b y Euctemon , Eudoxus ,
and Callippus, but i t also includes a  few notices drawn fro m othe r authorities .
The lates t write r cite d i s Dositheu s (ca . 230 B.C.) . Thus , som e historian s
believe that the parapegma was actually compiled not by Geminus (firs t century
A.D.), bu t b y some unknown perso n earl y in th e secon d centur y B.C. Be tha t
as i t may , thi s parapegm a i s always foun d i n th e manuscript s appende d t o
Geminus's Introduction  t o the Phenomena.

In th e Geminu s parapegma , th e yea r is divided accordin g t o zodia c signs.
Each sig n begin s with a  statemen t o f th e numbe r o f day s require d fo r th e
Sun t o travers e the sign . Then ther e follow,  in orde r o f time, th e rising s and
settings o f th e principa l star s an d constellations , togethe r wit h associate d
weather prediction s an d sign s o f the season . Her e i s the portio n o f the para -
pegma fo r th e sig n o f th e Virgi n (a n asterisk  indicate s tha t a n explanator y
note follow s the extract) :

EXTRACT FRO M G E M I N U S

Introduction t o the Phenomena.  (Parapegma)

The Su n passe s throug h the Virgi n i n 3 0 days.
On th e 5th day, according to Eudoxus, a great wind blows and i t thunders.
According t o Callippus , the shoulder s o f th e Virgin rise; * an d th e etesian
winds cease.*
On th e loth day, according to Euctemon, the Vintager appears,* Arcturus
rises, an d th e Bir d set s a t dawn ; a storm at sea ; south wind. According to
Eudoxus, rain , thunder ; a great wind blows.
On th e I7th , according to Callippus , the Virgin, half risen, brings indica-
tions; an d Arcturu s i s visible rising.
On th e i8th, according to Eudoxus, Arcturus rises in the morning; <winds>
blow fo r th e followin g 7  days ; fai r weathe r for th e mos t part ; a t th e en d
of this time there is wind fro m th e east .
On th e loth , accordin g to Euctemon , Arcturus i s visible: beginning of
autumn.* The Goat , grea t sta r i n th e Charioteer, * rise s <in th e evening>;
and afterwards , indications; * a  storm at sea.
On th e 24t h day , accordin g to Callippus , the Wheat-Ea r o f th e Virgin

45rises; i t rams .
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Notes t o the Extract from Geminus  Th e tim e of year covered b y this passage
is th e las t week o f August an d th e firs t thre e weeks o f September . Al l of th e
star phase s mentione d i n a  parapegma are,  o f course , visibl e phases an d no t
true phases . Le t u s examine severa l o f the entrie s mor e closely .

Day 5 . Th e shoulders  o f th e Virgin  rise . Whe n n o modifie r i s added , th e
morning risin g should b e understood. Th e mornin g rising was the first rising
to b e visible in th e cours e o f the year .

The etesian  winds  cease.  Th e etesia n wind s ar e annuall y recurrin g (henc e
their name ) nort h wind s tha t blo w i n th e Mediterranea n i n summer , givin g
some relief from th e heat. They were held to begin blowing about the morning
rising o f the Do g Sta r and t o continu e fo r abou t tw o months .

Day 10 . Th e Vintager  appears.  Th e Vintage r (ou r Vindemiatrix , e  Vir ) i s
a di m sta r i n Virgo . It s mornin g risin g marke d th e beginnin g o f th e grap e
harvest.

Day 20 . Arcturus  i s visible:  beginning  of autumn.  Th e mornin g risin g o f
Arcturus was widely take n a s the beginnin g o f autumn .

The Goat, great star in the Charioteer. This is our Capella, i n the constellation
Auriga.

Indications. Thi s i s our renderin g o f episemainei,  literally , "i t indicates , i t
signifies." Presumably , thi s means tha t a  particular day' s weather bor e special
watching, eithe r because it was likely to underg o a  sudden change , o r because
it would serv e to indicate the weather for the immediate future . A good many
days throughou t th e yea r ar e called significant , bu t th e basi s o n whic h the y
were single d ou t i s not clear .

In al l the Gree k parapegmata , w e should b e carefu l t o distinguis h seasona l
signs fro m weathe r predictions . Thus , th e cessatio n o f th e etesia n wind s

and the beginning o f autumn are best understood a s seasonal changes, predict -
able with some security. The notice s o f individual rains and wind storm s are,
at leas t t o a  modern reader , muc h mor e dubious .

There was a debate i n antiquity over the nature of the connection betwee n
star phase s an d weathe r changes . Aristotl e wa s disposed t o believ e tha t th e
changes i n th e ai r were caused  by the motion s o f the celestia l bodies . I f even
philosophers believe d tha t th e weathe r wa s influence d b y th e stars , we ca n
only conclude tha t th e common peopl e were even more strongly of this view.
Geminus devote s a n entir e chapte r (17 ) o f his Introduction  t o the Phenomena
to refutin g thi s opinion . Fo r Geminus , th e star s indicate,  bu t d o no t cause
the weather . Ignoran t peopl e believe , fo r example , tha t th e grea t hea t o f
midsummer i s brought o n b y th e Do g Sta r a t it s risin g with th e Sun . Bu t
Geminus argues that th e Dog Star merely happens to make its morning risin g
at th e hottes t tim e o f th e year . And h e bring s th e whol e weigh t o f physic s
and astronom y t o bea r on the question . Geminus's refutatio n of the doctrin e
of stellar influences i s the most  patien t an d detaile d tha t ha s come dow n t o
us fro m Gree k antiquity . Bu t th e fac t tha t h e took such pain s onl y confirms
how man y o f his readers h e suspecte d o f harboring mistaken views .

The grea t historica l valu e o f th e Geminu s parapegm a i s that i t cite s it s
authorities b y name . Thus , th e Geminu s parapegm a allow s u s t o trac e th e
development o f these calendars between th e tim e of Euctemon (ca . 430 B.C. )
and th e tim e of Callippus (ca . 33 0 B.C.). Euctemon ha d included some fifteen
stars an d constellation s i n hi s parapegma . Som e wer e traditiona l a s seasonal
markers, notabl y Sirius , Arcturus , th e Pleiades , an d Vindemiatrix . Other s
served as traditional weather signs , for example, Capella, th e Kids, the Hyades ,
Aquila, Orion , and Scorpius—constellation s that ar e all given special mention
as weather signs in Aratus's Phenomena. Euctemon did not attempt a  systematic
coverage o f th e globe . Fo r th e star s h e di d select , Euctemo n provide d th e
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dates of all four phases: morning rising and setting, evening rising and setting .
Eudoxus's parapegm a was quite similar .

Callippus's parapegm a show s a  number o f striking difference s fro m thos e
of Euctemo n an d Eudoxus . First , Callippu s introduce d a  systemati c us e of
the twelve zodiac constellations in the parapegma. Second, he was much more
selective i n hi s us e o f nonzodiaca l stars . Indeed , beside s th e twelv e zodia c
constellations, h e used only Sirius , Arcturus, th e Pleiades , and Orion . Third,
Callippus introduced a  systematic treatment of extended constellations in their
parts. Thus , h e tell s u s when th e Virgi n start s t o mak e he r mornin g rising ,
when sh e has risen as far as her shoulders , when sh e has risen to he r middle,
when the wheat ear (Spica) has risen, and when the Virgin has finished rising.
To b e sure , Euctemo n an d Eudoxu s ha d alread y don e a  bi t o f this . Bu t
Callippus carried it much further . Finally , Callippus did not bothe r to record
the date s o f al l four phase s bu t confine d himself to th e mornin g rising s an d
settings.

The purpos e o f a  parapegma was twofold: t o tel l th e tim e o f year and t o
foretell th e weather . I n Callippus' s parapegma , w e se e a  shif t awa y fro m
weather predictio n towar d mor e precis e time reckoning . This i s clear in hi s
use of  zodia c constellations , in  his  exclusio n of  nonzodiaca l star s excep t for
those wit h traditiona l importanc e as seasonal signs, in hi s breaking dow n o f
extended constellation s int o thei r parts , an d eve n i n hi s exclusiv e us e o f
morning phases . Th e mornin g risin g of th e Pleaide s i s the firs t risin g to b e
visible in the year; the evening rising is the last to be visible. Thus, the mornin g
phases ar e more certain : you kno w whe n you'v e se e the Pleiade s rise fo r th e
first time, bu t i t may take a few days to b e certain whether you've seen the m
rise fo r th e las t time .

A Stone  Parapegma from Miletus

In 1902 , durin g th e excavatio n o f th e theate r a t Miletu s conducte d b y th e
German archaeologis t Wiegand, fou r marbl e fragments were found that were
recognized as parts of two parapegmata. I t subsequently developed tha t a  fifth
fragment, whic h ha d bee n foun d i n 1899 , belonge d wit h th e others . Thes e
five fragment s ar e crucia l fo r ou r understandin g o f th e publi c us e o f sta r
calendars in ancient times. Before the turn of the century, not a  single physical
parapegma was known; al l investigations could b e based only on th e literary
sources (suc h as Geminus). Naturally, the literar y sources left som e questions
unanswered. Fo r example , eve n th e origi n o f th e nam e parapegma remaine d
obscure. Since the turn o f the century , othe r parapegma fragments hav e been
discovered, but none compares with the Miletus fragments in either importance

r •  4 7or stat e o f preservation.
Figure 4.1 4 i s a  sketc h o f on e fragmen t o f th e so-calle d firs t Miletu s

parapegma. Thi s fragmen t contain s part s o f thre e column s o f writing , bu t
only the lef t an d cente r columns ca n b e read. The lef t colum n i s for the sig n
of the Archer and the middle column i s for the sign of the Water-Pourer. T o
the lef t o f eac h day' s sta r phases , a  hol e i s bore d i n th e stone . Someon e
probably had th e jo b o f moving a  peg fro m on e hol e t o th e nex t eac h day .
Alternatively, i t i s possibl e tha t peg s numbere d fo r th e day s o f th e entir e
month were inserted into th e holes in advance . Eithe r practice would permi t
a passerby to tel l at a glance what was transpiring in the heavens. This is why
the calenda r was called a parapegma: th e associate d verb, parapegnumi., mean s
"to fix beside."

A Papyrus  Parapegma  from Greek  Egypt

In th e sam e year , 1902 , th e Britis h archaeologist s Grenfel l an d Hun t wer e
excavating i n Egyp t an d wer e approache d b y a  deale r wh o offere d the m a
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Left Colum n

O Th e su n i n th e Archer .
O Orio n set s i n th e mornin g an d

Procyon set s i n th e mornin g
O Th e Do g set s i n th e morning .
O Th e Arche r begins  risin g in th e

morning and th e whole o f Perseus
sets i n th e morning .
O O

O Th e stinge r of the Scorpio n rise s
in th e morning .
O O

O Th e Arro w rises in th e morning .
O Th e Souther n Fis h begins  to set

in th e evening .
O Th e Eagl e rises in th e morning .
O Th e middl e part s o f the Twin s ar e

setting.

Middle Colum n

30
O Th e su n in the Water-Poure r
O [Th e Lion ] begin s setting in th e

morning an d th e Lyr e sets.
O O

O The  Bir d begins setting in  the  eve-
ning.
oooooooooo

O Andromed a begins  to ris e i n th e
morning.
O O

O Th e middl e parts o f the Water -
Pourer rising .

O Th e Hors e begin s to ris e in th e
morning.
O

O Th e whol e Centau r set s in th e
morning.

O Th e whol e Hydr a set s in th e
morning.

O Th e Grea t Fis h begin s to se t in
the evening.

O Th e Arro w sets . A season of con -
tinual wes t winds.
O O  O  O

O Th e whol e Bir d sets in th e eve -
ning.

O [Arcturus ] rises i n th e evening .

FIGURE 4.14 . Fragmen t o f a stone parapegma
found a t Miletus . Afte r th e photograp h i n Diel s
and Reh m (1904) .

large quantit y o f broke n papyrus . Th e papyru s include d literar y fragment s
from the third century B.C., which made it a matter of interest. Al l this papyru s
had bee n use d a s mumm y cartonnage , tha t is , a s wrapping fo r mummies .
With some difficulty, Grenfel l and Hunt learned tha t the source o f the papyru s
was th e tow n o f Hibeh , o n th e uppe r Nile . Subsequen t excavatio n o f th e
necropolis a t Hibeh produced more mummie s an d more papyrus. Amon g the
documents recovere d wa s a  parapegm a (se e fig . 4.15) . Thi s portio n o f th e
parapegma begin s a s follows :

EXTRACT FRO M TH E HIBE H PAPYR I

P. Hibeh  27

<Choiak i,>~.~~ . .  The nigh t i s 1 3 4/45 hours, th e da y 1 0 41/45 .
16, Arcturu s rise s i n th e evening . Th e nigh t i s 1 2 34/4 5 hours , th e da y n
11/45.
26, th e Crow n rise s i n th e evening , an d th e nort h wind s blo w whic h
bring th e birds . Th e nigh t i s 1 2 8/1 5 hour s an d th e da y n  7/15 . Osiri s
circumnavigates, and th e golde n boa t i s brought out .
Tybi <5, > the Su n enter s the Ram .
20, sprin g equinox. Th e nigh t i s 1 2 hour s an d th e da y 1 2 hours . Feas t o f
Phitorois.
27, th e Pleiade s set i n th e evening . The nigh t i s 1 1 38/45 hours , th e da y 1 2
7/45.48

This document i s of considerable historica l interes t fo r severa l reasons . Firs t
of all, as a document written in the third century B.C. , it is the oldest survivin g
example o f a  Greek parapegma.

Second, i t reveal s somethin g o f th e exten t t o whic h th e Greek-speakin g
ruling class of third-century Egyp t ha d adopted Egyptian customs . The Greek s
adopted mummificatio n o f th e dead . Th e parapegm a i s arranged accordin g
to months of the Egyptian year and mention s feasts of the Egyptia n religiou s
cycle alon g wit h th e usua l sta r phase s an d seasona l signs . Als o o f interes t ar e
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the notice s of the length s o f days and nights . According t o th e schem e use d
in thi s parapegma, th e shortes t da y i s 10 hours long and th e longes t day i s 14
hours. Betwee n winte r solstic e and summe r solstice , th e lengt h o f th e da y
increases uniforml y by 1/4 5 hou r fro m on e da y t o th e next . Ther e ar e 18 0
such steps between winter and summer solstice. Thus, the tota l change in the
length of the da y is 180/45 — 4 hours. Similarly, the length of the da y decreases
uniformly i n 18 0 steps between summe r an d winter solstice . To mak e up th e
balance o f th e year , th e da y i s assumed t o remai n unchange d (a t 1 0 hours)
for tw o day s at winter solstice, and t o remain unchanged a t 14 hours for three
days at summer solstice. This crude scheme is mentioned i n Egyptian sources
going bac k t o abou t th e twelft h centur y B.C.

Third, th e conventio n adopte d i n thi s parapegm a fo r th e zodia c signs is
an example of the Eudoxian nor m (mentione d i n sec. 2.9). Note that th e Sun
enters th e sig n o f the Ra m o n th e 5t h of Tybi, bu t equino x doe s no t occu r
until the 2Oth of Tybi—15 days later. Thus, the equinoctial and solstitial points
are at the midpoints o f their signs. By the time tha t th e Geminu s parapegma
was composed , thi s conventio n ha d bee n replace d b y th e on e tha t becam e
standard—the equinoctia l an d solstitia l points ar e at th e beginning s o f thei r
signs.

Ptolemy's Parapegma

Ptolemy's parapegma , whic h form s a  par t o f hi s Phaseis,  introduce d som e
innovations int o th e tradition . Firs t o f all , Ptolem y carrie d t o it s logica l
conclusion th e improvemen t i n precision that ha d bee n begun b y Callippus:
Ptolemy did no t giv e the dates of the heliacal risings and setting s of constella-
tions or parts of constellations, bu t onl y of individual  stars.  He include d fiftee n
stars of the first magnitude and fifteen of the second. In this way, he eliminated
the uncertainty in the first or last appearances of extended constellation s such
as Orion o r Cygnus .

Moreover, Ptolem y made n o use of the traditional date s of star phases due
to Euctemon , Eudoxus , Callippus , an d s o on. Rather , Ptolem y observe d for
himself th e heliaca l risings and setting s at Alexandria. H e the n computed  th e
dates o n which th e star s ought t o mak e thei r heliaca l risings and setting s in
other clime s (i.e. , a t othe r latitudes) . The "calculations " ma y well have bee n
performed wit h ai d o f a  celestia l globe . Thus , althoug h Ptolem y give s a
complete se t o f heliaca l rising s an d setting s fo r fiv e differen t clime s (fro m
13 1/2 t o 1 5 1/2 hours, b y half-hour steps) , he doe s no t repor t an y sta r phases
for th e older authorities. He does , however , give an ample selection of weather
predictionsattributed t o specifi c authorities .

Ptolemy attempted t o sharpen even the weather-predicting function of the
parapegma. Thi s he di d b y adding a  list o f the clime s t o which th e weathe r
predictions o f hi s authoritie s ough t t o b e applied . Fo r example , accordin g
Ptolemy, Eudoxu s mad e hi s observation s i n Asi a Minor , an d hi s weathe r
predictions therefor e appl y t o th e clime s o f 1 4 1/2 an d 1 5 hours .

Ptolemy's parapegma is arranged according to the months of the Alexandian
calendar. Th e extrac t belo w i s fro m th e beginin g o f th e mont h o f Choiak ,
corresponding t o th e end o f November .

FIGURE 4.15 . Fragmen t o f a  papyrus para -
pegma fro m Gree k Egypt , writte n abou t 30 0
B.C. B y permission o f The Boar d o f Trinity
College Dublin . (P . Hibeh i  27. TCD Pap . F .

EXTRACT FRO M P T O L E M Y

Phaseis (Parapegma )

Choiak

i. 1 4 1/ 2 hours: The Do g set s i n th e morning.
15 hours : The  brigh t sta r in  Perseu s set s in  the  morning.

100.r.)
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According t o th e Egyptians , sout h win d an d rain . Accordin g t o
Eudoxus, unsettle d weather . Accordin g t o Dositheus , indications .
According to Democritus , th e sk y is turbulent, and th e se a generally
also.

2. 1 3 1/2 hours: The sta r in Orion's easter n shoulder rises in the evening,
and th e sta r commo n t o th e Rive r an d Orion' s foo t rise s i n th e
evening.
14 hours : Th e sta r i n th e hea d o f th e wester n Twi n rise s i n th e
evening, an d th e sta r i n th e easter n shoulde r o f Orio n set s i n th e
morning.
14 1/ 2 hours : Th e brigh t sta r i n th e Norther n Crow n set s i n th e
evening . . .

5. 1 3 1/ 2 hours: The sta r called Goa t set s i n th e morning , an d th e on e
in th e hea d o f the wester n Twin rise s i n th e evening .
14 hours : The Do g set s in th e morning .
15 1/ 2 hours : The sta r i n th e wester n shoulde r o f Orio n rise s i n th e
evening.
According to Caesar, Euctemon, Eudoxus and Callippus, it is stormy.

Note tha t th e Do g Sta r make s it s visible mornin g setting on Choia k i in
the clim e o f 1 4 1/ 2 hours , bu t o n Choia k 5  in th e clim e o f 1 4 hours . Juliu s
Caesar i s mentione d a s a  weathe r authorit y o n Da y 5 . This i s becaus e h e
published a  parapegma at Rome in connection with his reform o f the Roman
calendar.

4.12 EXERCISE : O N PARAPEGMAT A

Make a  parapegma for your ow n latitud e an d fo r the twentiet h century . Use
a celestia l glob e t o estimat e th e date s o f th e tru e phase s o f a  fe w important
stars. Apply the fifteen-day visibility rul e t o obtai n approximat e dates for th e
visible phases . Yo u ma y decid e fo r yoursel f whic h weathe r prediction s an d
seasonal sign s t o include !



5-1 OBSERVATION S O F TH E SU N

A sola r theor y i s a  mathematica l syste m tha t ca n b e use d t o calculat e th e
position o f th e Su n i n th e zodia c a t an y desire d date . Master y o f th e sola r
theory i s a prerequisite for an y seriou s study o f the histor y of astronomy. I n
the first place, the motion o f the Su n i s much simple r than tha t of either th e
Moon o r th e planets , ye t i t involve s many o f th e sam e features . Th e sola r
theory therefore serves as an excellent introduction to problems and techniques
that ar e encountered i n th e planetar y theory .

Second, the solar theory is the foundation on which the whole of positional
astronomy must b e constructed. I t i s not possibl e to measure the position o f
any other celestia l body until one has a working theory of the Sun, as Ptolemy
himself says in th e introductio n t o th e thir d boo k o f the Almagest.

Finally, th e ancien t sola r theor y i s o f grea t historica l importance . I t was
advanced b y Hipparchu s i n th e secon d centur y B.C . and accepte d b y every
astronomer o f the Greek , Arabic, an d Lati n traditio n dow n t o the beginning
of the seventeenth century, when it  was finally displaced by the new astronomy
of Kepler.

F I V E

Equinoxes and Solstices:  Methods  of  Observation

The parameters , or elements , of the ancien t Gree k sola r theor y were derived
from only two kinds of observations: equinoxes and solstices. The fundamental
parameter i s the lengt h o f th e tropica l year , define d a s the perio d fro m on e
summer solstic e t o th e next , o r fro m on e sprin g equino x t o th e next . Th e
success of the solar theory therefore depends on the accuracy with which thes e
guideposts ca n b e observed.

Gnomon I n th e fift h centur y B.C . the gnomo n wa s the chief , an d perhap s
the only, instrument available for making observations of the Sun. The solstices
were determine d b y observin g th e length s o f th e noo n shadows . Summe r
solstice occurred on  the  day  of the shortes t noo n shadow ; the  winter solstice,
on th e da y o f th e longes t noo n shadow . O f course , th e solstice s d o no t
necessarily occu r a t noon . Th e summe r solstic e is the momen t o f the Sun' s
greatest northwar d displacemen t fro m th e equator , an d thi s i s just a s likely
to occu r a t th e middl e o f the nigh t a s at noon . I t i s possible t o interpolat e
between observation s o f noon shadow s t o obtai n a  mor e precis e estimate o f
the momen t o f solstice . A summe r solstic e often cite d b y th e ancients 1 was
observed a t Athens b y Meton and Euctemo n i n th e archonship o f Apseudes,
on th e list da y of the Egyptia n mont h o f Phamenoth , i n th e morning (June
27, 43 2 B.C.) . Thi s tim e o f da y fo r th e solstice—i n th e morning—mus t hav e
been th e resul t of interpolation betwee n noo n observations .

However, ther e are severe limitations on the accuracy with which a  solstice
may b e determined . Th e Sun' s motio n i n declinatio n i s so slow aroun d th e
solstices tha t th e momen t o f greates t declinatio n i s very uncertain . A s th e
table o f obliquity  (tabl e 2.3 ) reveals , afte r th e summe r solstice , th e Su n mus t
run 6 ° o r 7° along th e eclipti c for it s declination t o decreas e by only 10'. So,
for a  week on either side of the solstice, the length of the noon shadow scarcely
changes.

The gnomon itself produces an additional uncertainty: the edges of shadows
are fuzzy an d indistinct , s o a precise location of the shadow's tip i s impossible.
This fuzzines s arise s from th e fac t tha t th e Su n i s not a  geometric point , bu t
has a n appreciabl e (1/2° ) angula r diameter.

Meridian Quadrant  I n th e Almagest,  Ptolemy describe s several instruments
for observin g the Sun tha t represen t marked improvement s over the gnomo n
of the fifth century astronomers. The instrument s described by Ptolemy were
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FIGURE 5.2 . Ptolemy' s equatoria l ring.

FIGURE 5.3 . Th e dail y motion o f the Su n i n
spring o r summe r (top ) an d i n fal l o r winter
(bottom).

not al l original with him . Simila r instruments were used by Hipparchus an d
may hav e been use d b y astronomers o f the thir d centur y B.C.

The mos t usefu l o f the new instruments was the quadran t se t in the plane
of th e meridian . I n Almagest  I , 12 , Ptolem y describe s tw o version s o f thi s
instrument. Th e simples t consiste d o f a  bloc k o f woo d o r stone , wit h a
smoothly dresse d fac e se t in th e plan e o f th e meridia n (fig . 5.1). Nea r on e o f
the uppe r corners , a  cylindrica l pe g A wa s fixed at righ t angle s t o th e face .
This pe g serve d a s the cente r o f a  quarter-circl e CD E tha t wa s divided int o
degrees and, i f possible, into fraction s o f a degree. Belo w A wa s a second pe g
B, whic h serve d a s a n ai d i n levelin g th e instrument . A  plum b lin e wa s
suspended fro m A , an d the n splint s were jammed unde r th e bloc k unti l the
plumb lin e passe d exactl y ove r B . When , a t noon , th e Su n came  int o th e
plane o f the meridian , the shado w cas t by peg A woul d indicat e th e altitud e
of the Sun . At noon th e shadow become s rathe r faint . Therefore , a s Ptolemy
says, one may place something at the edge of the graduated scale , and perpen -
dicular to the face of the quadrant, to show more clearly the shadow's position .
Ptolemy does not say how large his quadrant was. Judging by the descriptions
of simila r instruments i n th e writing s o f Pappu s an d Theo n o f Alexandria,
Ptolemy's quadran t most  likel y had a  radius of from on e to two cubits (18-36
inches).

One advantag e of the quadrant was that it reduced the uncertainty due to
the fuzziness o f shadows. In using the quadrant , the observer locates the center
of the shadow , rathe r tha n th e edge . As the ey e is able to spo t th e cente r o f
a narro w lin e o f shado w ver y accurately , th e ne w procedur e represente d a n
important advanc e ove r th e old . Th e summe r solstic e wa s determine d b y
taking severa l noo n altitude s an d interpolatin g t o fin d th e momen t o f th e
Sun's greates t declination .

Unfortunately, eve n a well-made and accurately aligned meridian quadran t
could no t determin e th e tim e o f solstice very precisely, owing t o th e natur e
of th e solstic e itself . A  precis e measurement o f th e lengt h o f the yea r coul d
not b e base d o n th e solstices . More reliabl e fo r thi s purpos e were th e time s
of the equinoxes . (I t makes no differenc e whethe r we measure the year as the
interval fro m summe r solstic e to summe r solstice , or fro m sprin g equinox to
spring equinox.) The tim e of equinox also could be determined fro m observa -
tions mad e wit h th e meridia n quadrant . T o begin , on e ha d t o measur e the
altitude o f the noo n Su n a t summe r an d a t winte r solstice . The altitud e o f
the noon Sun at equinox should fal l exactly midway between these  two values.
One therefor e measured th e noo n altitud e o f th e Su n fo r severa l successive
days aroun d th e expecte d tim e o f th e equino x an d interpolate d t o fin d th e
moment o f equinox . Becaus e the Sun' s declinatio n change s rapidl y aroun d
the equinox (about 24' in a  single day), this method was  capable of fixing the
moment of equinox to the nearest quarter or half day. Whether this precisio n
was actually achieved depended o n th e skil l with whic h th e instrumen t was
constructed an d aligned .

Equatorial Ring  A  secon d specialize d instrument was also availabl e for th e
determination o f the equinoxes : the equatoria l ring. This consisted o f a large
metal rin g (probabl y on e t o tw o cubit s i n diameter ) place d i n th e plan e o f
the equato r (fig . 5.2). The operatio n of this instrument i s illustrated in figure
5.3. Durin g spring and summer , th e Su n i s north o f the celestia l equator. It s
daily motio n carrie s it i n a  circle parallel to th e equator . Consequently , th e
Sun shine s all day on th e to p fac e o f the rin g and neve r on th e botto m face .
In fal l an d winter , th e Su n i s below th e equato r an d shine s al l day o n th e
bottom fac e o f the ring . Onl y at the momen t o f equinox does the Su n com e
into the plane of the equator . At thi s moment, th e shadow o f the uppe r par t
of the rin g (Fin fig. 5.2) will fall o n th e lowe r part (G)  o f the ring . Sinc e the
Sun ha s som e angula r size , th e shado w of F  will actuall y b e a  little thinner

FIGURE 5.1 . On e o f Ptolemy' s quadrant s fo r
taking th e altitud e o f the Sun .



S O L A R T H E O R Y ZOJ

than th e rin g itself. The equino x i s indicated whe n th e shado w fall s centrall y
on the lower part of the ring, leaving narrow illuminated strips of equal widths
above an d belo w the shadow .

The advantag e o f th e equatoria l rin g i s tha t i t ca n indicat e th e actua l
moment o f equinox : on e nee d no t restric t onesel f t o observation s take n a t
noon. I f the Sun comes into th e plane of the equator a t 9 A.M., the equatorial
ring wil l indicat e it . O f course , i f th e equino x shoul d happe n t o occu r a t
night, i t wil l stil l be necessar y to interpolat e between  observation s take n o n
two successiv e days.

A majo r disadvantag e o f th e equatoria l rin g i s the difficult y o f attainin g
and maintainin g a n accurat e orientation . I f th e rin g i s tilted slightly  out o f
the plan e o f the equator , i t wil l no t indicat e th e equino x correctly . Indeed ,
Ptolemy note s i n Almagest  III , i , tha t on e o f th e larg e ring s fixe d t o th e
pavement i n th e palaestr a of Alexandria had shifte d imperceptibly , wit h th e
result tha t i t suffere d a  change i n lightin g twice  at th e same equinox.  That is,
according to the ring , the equinox occurred twice , a t times a few hours apart.
Ptolemy seem s for thi s reason t o hav e mistruste d th e equatoria l rin g and t o
have determined his own equinoxes with the meridian quadrant, an instrument
that i s easie r t o align . Bu t earlie r astronomers , includin g Hipparchus , see m
to hav e take n a t leas t som e o f thei r equinoxe s b y mean s o f th e equatoria l
ring.2

It i s possible tha t th e doubl e equino x indicate d o n th e rin g at Alexandria
was produced jus t as Ptolemy surmised , b y a  misalignment o f th e ring . Bu t
there ar e tw o othe r cause s that coul d hav e produce d th e sam e effect . First ,
the rin g might hav e been warped.3 Second , fals e equinoxe s can b e produce d
by atmospheric refraction. 4 Th e effec t o f refraction i s to make the Su n appear
slightly higher than i t really is. Refraction is appreciable only for objects quite
near th e horizon . Fo r example , when th e Su n appear s to b e on th e horizon ,
it is actually below the horizon b y more than hal f a degree. Bu t a t an altitud e
of 15° above the horizon, refraction amount s to only 3'. The meridia n quadrant
is superior to the equatorial ring because the former permits observations only
at noon , whe n th e Su n i s highes t an d refractio n i s least . Ptolem y wa s no t
aware o f atmospheri c refraction , bu t h e coul d no t help  noticin g tha t th e
meridian quadran t gav e bette r result s tha n di d th e equatoria l ring. 5

The Length  of the  Year

Early Values  Th e oldes t accurate value for th e lengt h of the yea r is 365 days.
This figure was ancient i n Egypt , where it served as the basi s of the calendar .
In the third century B.C. , the king of Egypt, Ptolemy II I Euergetes, attempted
to refor m the calenda r b y the adoptio n o f a year of 365 1/4 days. I t doe s not ,
however, follow tha t the Egyptians first realized that th e 36j-day year was too
short onl y in th e thir d century . Knowledg e of the 36 5 1/4 day year arose long
before, throug h th e observed "slipping" o f the agricultural year (especially the
annual floodin g o f th e Nile ) an d variou s celestia l phenomen a (suc h a s th e
morning risin g o f Sirius ) wit h respec t t o th e 3  65-day calenda r year . Civi l
calendars, which are conventional schemes for reckoning time, rarely embody
the bes t astronomical knowledge o f the age .

Among th e Greeks , knowledg e o f th e 36 5 1/4 da y yea r goe s bac k t o th e
fifth century, if not a  little earlier. When Meton introduced hi s nineteen-year
luni-solar cycl e a t Athen s i n 43 2 B.C. , h e mean t i t a s an improvemen t ove r
the ol d eight-yea r cycle , an d th e eight-yea r cycl e had bee n constructe d o n a
solar yea r of 36 5 1/4 days.

The tropica l year is actually a little shorter than 365 1/4 days, a fact reflecte d
in the constructio n o f the Gregoria n calendar . In Athens of the fifth century
B.C., an accurate measurement of the tropical year would have been difficult fo r
two reasons: the lack of any earlier reliable observations, and the inadequacies of
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the instruments available. The first difficulty coul d be remedied only by time:
even tw o crudel y determined summe r solstice s will giv e a  good valu e fo r th e
length o f the yea r if the observation s are separated by a long time interval , say,
several centuries. The second difficulty was remedied by advances in the technol-
ogy of instruments . B y the secon d centur y B.C. , the ne w instrument s and th e
relatively grea t ag e o f th e earlies t recorde d solstice s made possibl e a definite
improvement in  the  measure d length of  the  year . But  befor e a  value could be
settled on , i t was necessary to sho w that th e yea r had a  constant length .

Is th e Length of the Tropical  Year  Constant  or Variable?  Ther e seems to hav e
been a  common suspicio n that th e length o f the year might b e variable.6 Th e
apparent variabilit y actually resulted from error s o f observation . Around 12 8
B.C., Hipparchu s mad e a  study o f thi s question , a s a  par t o f hi s treatis e O n
the Change  o f the Tropic  an d Equinoctial  Points. This work ha s been lost , bu t
portions o f it s contents were summarized by Ptolem y in th e Almagest,  so we
know somethin g o f Hipparchus' s procedure . Hipparchu s examine d the dat a
at hand an d determined tha t th e variation in the length of the year could no t
be larger than abou t a  quarter o f a  day. Further , he judged tha t the erro r in
the observed time of an equinox or a solstice could easily amount t o a quarter
day. H e conclude d tha t ther e wa s n o basi s for acceptin g a  variation i n th e
length o f th e year : th e suppose d variatio n wa s no large r tha n th e error s o f
observation. The most decisive evidence came from a dozen equinoxes observed
carefully b y Hipparchus himsel f over a period o f nearly thirty years.

Ptolemy's discussion o f this question in Almagest III, 2 , based on Hippar -
chus's work, is valuable for the light it sheds on the Greek astonomers' method s
of handling discordan t observations . Sometime s i t i s hard t o kno w whether
the Greek s had to o muc h o r too littl e respect for observational data. O n th e
one hand, the y were capable of doctoring or adjusting data that did no t seem
to fit , which seem s to show little faith i n th e possibilit y of accurate measure-
ment. O n th e othe r hand, when th e observatio n of a few solstices seemed t o
show tha t th e lengt h o f th e yea r wa s variable , man y astronomer s accepte d
this conclusion a t fac e value . This seems to sho w too muc h fait h i n the data .
In th e sam e way , w e kno w tha t a s lat e a s th e secon d centur y A.D. , some
astronomers stil l believed tha t th e Su n migh t wande r a  little north o r sout h
of the plane of the ecliptic.7 This erroneous conclusion probably resulted fro m
someone mistakenl y notin g tha t th e Sun' s most  northerl y rising point varie d
a littl e fro m on e yea r to th e next : again , a cas e o f putting too muc h fait h i n
a sloppil y made observation .

There really is no suc h thing as the "straigh t facts" : only carefu l consider -
ation ca n tel l u s how muc h fait h t o pu t i n a n observation . I n th e Almagest
Ptolemy usuall y avoids th e problem s presente d b y discordan t o r redundan t
data. Ptolem y generally reports no more data than h e needs to determine the
parameter whos e valu e i s unde r discussion . Th e planetar y theorie s o f th e
Almagest therefor e appear t o b e base d o n a n extremel y limite d numbe r o f
observations. N o doub t th e observation s actually reported b y Ptolem y wer e
selected fro m a  larger pool of data h e did no t bothe r t o report . Di d h e select
arbitrarily one observation of a particular type from a  collection o f discordant
observations o f th e sam e type ? I f h e di d no t selec t arbitrarily, what criteri a
did h e appl y i n makin g hi s choice ? Again, Ptolemy ha s little t o say . But hi s
discussion o f th e lengt h o f th e year , base d o n Hipparchus's , show s u s that ,
by th e secon d centur y B.C. , the Gree k astonomer s ha d becom e muc h mor e
sophisticated i n handlin g discordan t observation s tha n w e migh t otherwis e
have suspected.

Hipparchus an d Ptolemy  on the Length of the Tropical  Year  Onc e Hipparchu s
had satisfie d himsel f tha t th e lengt h o f th e yea r was constant , hi s nex t ste p
was t o asses s tha t lengt h a s accuratel y a s possible . This h e attempte d i n a
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book O n th e Length  o f th e Year,  whic h als o i s los t bu t whic h i s cite d b y
Ptolemy in Almagest III, i . Hipparchus compared a  summer solstice observed
by Aristarchu s o f Samo s a t th e en d o f yea r 5 0 of th e firs t Callippi c perio d
(the summer solstice of 280 B.C.) wit h on e observe d b y himself at the en d o f
year 43  of  the  thir d Callippi c perio d (13 5 B.C.) . The  interva l betwee n thes e
observations was 14 5 tropica l years . I f the lengt h o f the yea r were exactl y 365
1/4 days , the n th e numbe r o f day s elapse d shoul d hav e bee n 14 5 X 365 1/4.
Hipparchus foun d tha t th e tim e interva l was twelve hours shorte r tha n this .
He conclude d tha t th e year was shorter than 36 5 1/4 days by about hal f a day
in 15 0 years , o r a  whol e da y i n abou t 30 0 years . Tha t is , th e lengt h o f th e
tropical yea r was abou t

365 H  day s =  365.246 7 days.4 30 0

This value , althoug h stil l a  littl e high , represente d a  distinc t improvemen t
over th e ol d 36 5 1/4 day value. (Th e moder n Gregoria n calenda r i s based o n
a year of 365 + 1/4 - 3/40 0 days. ) Indeed, i t is difficult t o see how Hipparchu s
could hav e done an y bette r wit h th e instrument s an d recorde d observation s
available to him .

Some 28 5 years afte r Hipparchus , Ptolem y confirme d th e lengt h o f th e
year measured by his predecessor. Comparing a n autumnal equino x observe d
by himself in A.D . 13 9 with on e observe d b y Hipparchus i n 14 7 B.C. , Ptolem y
found tha t th e lengt h o f the yea r i s less tha n 36 5 1/4 days by one da y in 30 0
years, just as Hipparchus ha d found . Ptolemy compared also a spring equinox
observed b y Hipparchus i n 146 B.C . with on e observe d by himself in A.D . 140
and agai n cam e t o th e sam e conclusion . Finally , becaus e o f it s antiquity ,
Ptolemy compare d th e summe r solstic e observe d b y Meto n an d Euctemo n
in 43 2 B.C. with on e o f hi s own , observe d i n A.D. 140. Again, th e resul t gave
a tropica l yea r o f 365 + 1/ 4 — 1/300 days . Ptolem y adopte d thi s a s the lengt h
of the tropica l yea r and base d hi s solar theory o n it . I n doin g so, he adopted
a yea r tha t wa s stil l a  littl e to o lon g an d faile d t o improv e o n Hipparchus' s
value despit e th e advantag e o f th e additiona l 28 5 years tha t separate d hi m
from Hipparchus .

For thi s reason, Ptolemy's sola r observations have been much criticize d by
historians o f science . Ptolemy' s evaluatio n o f the lengt h o f the yea r is based
on th e autumna l equino x o f A.D. 139 , the sprin g equinox o f A.D. 140, and th e
summer solstic e o f AD 140 , al l observe d b y him . Thes e thre e observation s
contain rathe r substantia l error s an d ye t the y each , whe n compare d wit h
the mor e ancien t observations , giv e a  tropica l yea r tha t agree s exactl y wit h
Hipparchus's value . It has therefore been suggested that Ptolemy did not make
these observation s at all , bu t rathe r mad e the m u p t o hav e "observations " i n
agreement wit h Hipparchus' s sola r model. 8 A les s radica l hypothesi s i s that ,
on examining many discordant sola r observations, Ptolemy sa w that h e coul d
not improv e o n Hipparchus' s resul t and therefore simply selected those o f his
own observation s tha t wer e i n bes t agreemen t wit h Hipparchus's . Probabl y
he also adjusted the time s of his own observation s slightly to produce perfec t
agreement. Th e time s reporte d b y Ptolem y fo r hi s equinoxe s an d solstic e
(one hou r afte r sunrise , on e hou r afte r noon , tw o hour s afte r midnight )
are suspiciousl y precise,  especiall y a s the y resul t i n perfec t agreemen t wit h
Hipparchus's tropica l year . Whil e adjustin g th e observe d time s t o produc e
agreement canno t b e justified fro m ou r poin t o f view, Ptolemy ma y have fel t
that smal l adjustments were permissibl e in vie w o f th e uncertaint y attache d
to th e observation s themselves . Certainly, a  textbook o f astronomy—which is
what th e Almagest  is—woul d b e les s objectionabl e t o student s an d teacher s
alike if the numerica l values reported i n i t were as harmonious an d consisten t
as possible.
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FIGURE 5.4 .

5 - 2 TH E SOLA R THEOR Y O F H I P P A R C H U S

AND PTOLEM Y

In developin g a theory of the Sun' s motion , w e have to accoun t i n th e first
place for the strikin g seasonal changes—the annual changes in th e numbe r of
hours of daylight, th e rising and setting directions of the Sun, an d th e lengt h
of the noon shadow. We have found that all of these changes can be accounted
for b y a  model i n whic h th e Su n move s o n a  circle (the ecliptic) incline d t o
the equator . Withou t makin g too muc h fus s abou t it , we have assumed tha t
the Earth lie s at the center of the circle of the Sun's motion an d that the Sun
travels aroun d th e circl e at a  unifor m rat e o f 360° i n abou t 36 5 1/4 days .

The Solar  Anomaly

This pictur e i s about right , sinc e i t doe s accoun t fo r th e seasona l changes .
However, i t canno t b e exactl y right , becaus e i t fail s t o accoun t fo r anothe r
observable effect—th e inequalit y i n th e length s o f th e seasons . I n a  typica l
year, th e equinoxe s an d solstice s fal l aroun d thes e dates :

Vernal equino x
Summer solstic e
Autumnal equino x
Winter solstic e

Mar 2 1 (moder n era)
Jun 2 2
Sep 2 3
Dec 2 2

By counting day s we fin d tha t th e season s have th e followin g lengths:

Spring 9 3 days (modern era )
Summer 9 3
Autumn 9 0
Winter 8 9

The difference s i n th e length s o f th e season s were notice d a s early as 330
B.C. b y Callippus , wh o ha d thei r length s correc t t o th e neares t day. 10 Th e
definitive value s fo r th e length s o f th e season s i n antiquit y wer e thos e o f
Hipparchus, measure d aroun d 13 0 B.C. :

Spring 9 4 1/ 2 days (Hipparchus , ca . 13 0 B.C.)
Summer 9 2 1/ 2
Autumn 8 8 1/8
Winter 9 0 1/ 8

Note tha t thes e ar e not quit e th e sam e a s the length s o f the season s today .
This i s no t a  mistak e o n th e par t o f Hipparchus : th e season s reall y have
changed i n length , althoug h the y stil l ad d u p t o th e sam e tota l o f 36 5 1/4
days. Thus , i n antiquit y sprin g wa s th e longes t season , bu t summe r i s th e
longest today .

In a  naiv e mode l o f th e Sun' s motion , th e Su n i s assume d t o trave l a t
uniform spee d o n a  circl e whose cente r i s a t th e Earth , a s in Figur e 5.4. In
this model , th e equinoctia l an d solstitia l point s ar e equall y space d a t 90 °
intervals around the zodiac. So, if the Sun did travel at a uniform rate around
this circle , al l the season s would al l be th e sam e length , namel y 365.2 5 days/
4 = 91.3 1 days.

But, i n fact , th e Su n doe s no t appea r t o trave l a t th e sam e angula r speed
everywhere on it s orbital circle. In the modern era, it requires 93 days to travel
the 90 ° fro m summe r solstic e to autumna l equinox , an d onl y 89 days for th e
90° fro m winte r solstic e to sprin g equinox. Evidently , th e Su n travel s a little
faster o n it s circle i n January than i n July . This apparen t variatio n in spee d
is calle d th e solar  anomaly  o r th e solar  inequality.

To accoun t for the solar inequality, the Greek astronomer s had t o give up
one o r mor e o f thei r origina l assumption s abou t th e Sun' s annua l motion .
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These assumption s were three : (i ) th e Sun' s orbi t i s a circle, (2 ) centered o n
the Earth , (3 ) along which th e Su n travel s at constant speed . We kno w toda y
that al l three assumption s ar e false : th e orbi t reall y is an ellipse ; the Eart h is
not a t its center but a t one of the two foci; an d the Sun's speed on th e ellipse
is no t constant . Bu t i n th e secon d centur y B.C . it woul d hav e bee n ras h t o
reject completel y a  model tha t worke d very well and evidentl y required onl y
a minor modification . (Th e modificatio n wil l be minor , becaus e the length s
of the season s differ fro m on e another b y only a little.) Giving u p an y of th e
three assumption s mean t violatin g a  principle o f Aristotelian physics . Bu t i t
would hav e bee n wors e t o giv e u p eithe r th e circula r pat h o r th e unifor m
speed, sinc e this would hav e greatly complicated calculation .

Choice of  a  Model

Hipparchus showed tha t th e sola r anomaly ca n b e accounted fo r by a much
less painfu l chang e i n th e model . Hipparchu s stil l le t th e Su n mov e o n a
circle a t a  uniform speed, bu t th e cente r o f the circl e was no longe r assumed
to coincide with Earth . Rather , the cente r o f the circl e was slightly displace d
from Eart h (th e center o f the world) . Hence , the Sun' s orbita l circle was said
to b e eccentric.

Figure 5. 5 shows th e situatio n fo r th e presen t era . That is , we attempt t o
account fo r th e presen t length s o f th e season s b y mean s o f Hipparchus' s
model. C  i s th e cente r o f th e Sun' s eccentri c circle , an d O  i s Earth . Th e
equinoxes and solstice s are still equally spaced around th e sky, as viewed fro m
Earth, but these points no longer divide the circle of the Sun's annual motio n
into equal intervals. Thus, we obtain seasons of unequal lengths. The placement
of C shown i n figur e 5. 5 produces th e effec t desired , for i t makes summer th e
longest seaso n and winte r th e shortest .

Let u s modif y figur e 5. 5 by drawin g a  lin e throug h C  and O . Thi s lin e
cuts the circle in two places, as shown i n figure 5.6. One o f these intersections
is th e apogee  o f th e eccentri c circle , marke d A . A t apogee , th e Su n i s at it s
greatest distanc e fro m th e Earth . The othe r intersectio n i s the perigee o f th e
eccentric, marke d II . A t thi s point , th e Su n i s closes t t o th e Eart h i n th e
course o f the year . Either A  o r F I i s called a n apse  ("arch " o r "vault" ) o f th e
orbit. Lin e ACOYl i s called th e line  of apsides.

In Hipparchus' s model , th e Su n travel s at a  constan t spee d o n it s circle ,
but appears  t o trave l mor e quickl y a t perige e an d mor e slowl y a t apogee ,
because o f it s varying distance fro m th e Earth .

The Parameters  of  the  Solar  Theory

The sola r theor y ha s fou r parameters,  or elements,  tha t mus t b e determine d
from observation s befor e th e mode l ca n b e use d t o predic t futur e position s
of the Sun :

• th e lengt h o f the tropica l year , whic h determine s th e rat e o f the Sun' s
motion o n th e circle .

• th e longitud e o f th e apoge e (i.e. , the angl e marke d A  i n fig . 5.6) . This
angle specifie s th e directio n i n whic h C  is located, a s seen fro m Earth .

• th e eccentricit y of the eccentri c circle (i.e., the rati o of OCto the radius
of the circle). This quantity specifie s the amount by which C  is displaced
from th e Earth .

• th e longitud e o f the Su n a t on e particula r moment.

If these  fou r quantitie s ar e known , th e mode l ca n b e use d t o predic t th e
longitude o f the Su n a t any desired date .

FIGURE 5.5.

FIGURE 5.6 . Eccentric-circl e theory o f th e
motion o f the Sun .

Points labele d i n th e figure :

O, Eart h
C, cente r o f eccentri c
A, apoge e
IT, perige e

VE, vernal equinox
SS, summer solstice
AE, autumnal equino x
WS, winte r solstice

Parameters o f the model :
angle A, longitud e o f the apoge e

OC/CA =  e, eccentricity .
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FIGURE 5.7 . Concentri c deferent an d epicycle
model fo r the motio n of the Sun . The Su n S
moves on a n epicycl e while the cente r K of th e
epicycle move s aroun d a deferent circl e centered
on th e Eart h O . Both motions are completed in
one year . Thus, angle s ( 5 and 5  ar e always
equal.

FIGURE 5.8 . Th e eccentric-circl e model fo r th e
motion o f th e Sun . Angle f i i s called th e mean
anomaly.

Another Model

It happen s tha t a n entirel y different mode l of the Sun' s motio n wil l produc e
the same result. Refer t o figure 5.7. Let point ^move uniformly and counter -
clockwise aroun d a  circl e centere d o n th e Eart h O . Thus angl e a  increase s
uniformly with time . Th e larg e circle on which K  moves i s called th e deferent
circle. The deferen t circl e is said to b e concentric t o th e Eart h (i.e. , centered
on th e Earth) .

Let the movin g poin t K  be the cente r o f a smal l circle called th e epicycle.
Thus, th e epicycl e ride s around th e ri m o f th e deferent . Meanwhile , le t th e
Sun S  mov e uniforml y an d clockwis e o n th e epicycle . Thus , angl e P  als o
increases uniforml y with time . Further , le t thes e tw o motion s occu r a t th e
same rate , s o we alway s have P  =  a . Th e motion  o f the Sun S  resulting  from
the two combined  motions is nothing other than uniform  motion  on  an eccentric
circle. Tha t is , th e concentric-deferent-plus-epicycl e mode l o f figur e 5. 7 i s
mathematically equivalen t t o th e eccentric-circl e model o f figure 5.8.

The equivalenc e is easily demonstrated (in modern language) by means o f
the commutativ e propert y o f vector addition . I n figur e 5.7 , becaus e p  =  ft ,
the turning radius KS in the epicycle will always remain parallel to the directio n
OZ. Now, i f we regard the Earth O  as the origin of coordinates, th e positio n
vector O S o f the Su n ca n be expresse d as the su m o f two vectors :

OS = OK +  KS.

But w e may add thes e vector s i n eithe r order . Thus , we must als o hav e

OS = KS + OK.

The mode l resultin g fro m th e secon d for m o f th e vecto r additio n i s show n
in figur e 5.8 . We star t fro m th e Eart h O  and la y out a  vector (whic h w e call
OC) whos e lengt h an d directio n i s the sam e a s that o f K S i n figur e 5.7 . As
already shown , K S point s i n a  fixed direction . Thus , i n figur e 5.8 , OC i s a
vector o f fixed direction. To complet e th e vector sum i n figure 5.8, we attach
to O C a  vecto r CS , equa l t o O K i n figur e 5.7 . Th e resul t i n figur e 5. 8 is
precisely th e off-cente r circl e model . Th e Su n S  move s uniforml y around a
circle centere d o n C , a  point eccentri c t o th e Eart h O .

In figure 5.9, the deferent and epicycle are drawn in solid line. The resulting
eccentric circl e orbi t i s show n i n dashe d line . Th e cente r o f th e effectiv e
eccentric circle is C. Thus, the radiu s KS of the epicycl e (i n the deferent-and -
epicycle versio n o f th e sola r model ) i s equal t o th e eccentricit y O C (i n th e
eccentric circl e version).

Early History  of  the  Solar  Theory

The earl y history o f th e sola r theor y i s not ver y well known. Traditionally ,
it is  ascribed to  Hipparchus . But , as  mentioned above , the  existenc e of  the
solar anomal y wa s alread y know n t o Callippu s (lat e fourt h centur y B.C.) .
Moreover, i t i s clear fro m som e remark s b y Ptolem y i n Almagest IX that th e
equivalence o f the deferent-and-epicycl e mode l t o th e eccentri c circl e mode l
was proved by Apollonius of Perga in the third century B.C. Th e rea l originator
of the sola r theory ma y therefor e have been Apollonius : th e existenc e of th e
solar anomal y ha d bee n demonstrate d b y hi s time, an d h e i s known t o hav e
proved theorem s concernin g epicycl e motion .

However, ther e i s no evidenc e tha t Apollonius ha d an y idea o f producing
a quantitative , predictive theory o f the Sun . Fo r Apollonius, a s for th e earlier
Greek astronomica l thinkers , suc h a s Eudoxus an d Callippus , th e goa l was
broad physica l explanation. Th e chie f proble m wa s explaining ho w th e Su n



S O L A R T H E O R Y 21 3

could appea r t o mov e a t a  varying speed , whil e actuall y movin g uniformly .
Apollonius's proble m wa s to reconcil e th e observe d inequalit y i n th e length s
of the seasons with the universally accepted physical principle that the heavenly
bodies mus t mov e i n unifor m circula r motion.

As far as we know, Hipparchus was the first to show how to derive numerical
values for the parameter s of the mode l fro m observations . The ver y idea tha t
a geometrica l theor y o f the motion s o f the Su n an d planet s ought  to work i n
detailwas a  new one in the second century B.C. It was Hipparchus wh o turne d
a broadl y explanator y geometrica l mode l int o a  rea l theory .

What was Hipparchus's motivation ? On th e one hand, we can see Hippar-
chus a s continuin g th e geometrizatio n o f astronom y tha t wa s alread y wel l
under way. The theor y of the celestial sphere had subjected all the phenomen a
associated with daily risings and settings to a geometrical treatment. Autolycu s
of Pitan e ha d show n ho w t o explai n th e annua l cycl e of heliaca l risings an d
settings i n term s o f th e theor y o f th e sphere . Apolloniu s ha d show n tha t
deferent-and-epicycle theor y coul d explain , at leas t qualitatively, the irregular
motions o f th e Sun , Moon , an d planets . Al l o f thi s earlie r work, however ,
showed only a limited interest in numerical detail. Most of the earlier numerical
work concerne d tim e periods , a s in th e constructio n an d refinemen t of luni-
solar cycles . Th e res t o f Gree k theoretica l astronom y reall y amounte d t o a
branch o f geometry—strict geometrical proofs , bu t without realisti c numbers,
and sometimes with no numbers at all. Aristarchus of Samos was an importan t
transitional figure . Aristarchus' s derivatio n o f th e distance s o f th e Su n an d
Moon wa s th e firs t calculatio n o f a  cosmi c length.  I n a  way , Hipparchus' s
derivation o f the eccentricit y o f the Sun' s circle can be seen as a continuatio n
of Aristarchus's program . Bu t eve n Aristarchus's calculation was based, a s we
have seen , o n "plausible " numerica l data , rathe r tha n o n rea l observations .
Before Hipparchus , th e metho d was always more importan t tha n th e actua l
numbers.

If we ca n se e Hipparchus a s part o f a  tradition, i t mus t als o b e sai d tha t
there was something special about Hipparchus himself . Where his predecessors
had bee n conten t wit h broa d physica l explanation , h e insiste d o n precision .
Hipparchus woul d hav e bee n a  difficul t an d demandin g ma n t o hav e fo r a
thesis adviser ! His onl y survivin g work i s his Commentary  on th e Phenomena
ofAmtus an d Eudoxus, in which he criticizes Aratus and Eudoxus for inaccura-
cies i n thei r description s o f the constellations . Moreover, Strab o tell s us tha t
Hipparchus wrot e a  book called Against Eratosthenes, in which h e took Eratos -
thenes t o tas k fo r sloppines s i n hi s mathematica l geography . And , finally ,
Ptolemy tells us that Hipparchu s criticize d the planetary theories of his prede-
cessors and contemporarie s an d showe d the m t o be in disagreement with th e
phenomena. Hipparchus' s attitud e toward observation represented a radically
new way of regarding th e world—a t leas t among th e Greeks .

For i t i s clea r tha t Hipparchu s wa s strongl y influence d b y Babylonia n
astronomy. The Babylonian s had worked ou t quantitative , predictive theorie s
of the motions o f the Sun , Moon , an d planet s shortly before hi s time. I n th e
Babylonian sola r theory, th e Su n moved aroun d th e zodia c at a varying pace,
according to fixed, arithmetic rules . I n fact , ther e were two differen t version s
of the Babylonia n solar theory , no w calle d syste m A and syste m B. 1

In th e Babylonia n syste m A , th e Su n wa s assumed t o hav e tw o differen t
constant speed s o n tw o portion s o f th e zodiac . O n th e fas t portion , fro m
Virgin 13° to Fishes 27°, it moved a t a constant rat e of 30° per synodic month .
On th e slo w portion, fro m Fishe s 27° to Virgin 13° , i t move d onl y i&°j'^o"
per synodic month (se e fig. 5.10). The middl e o f the slo w portion i s at Twins
20°. Thi s poin t shoul d correspon d t o th e apoge e o f th e Sun' s circl e i n th e
geometrical theor y o f Hipparchus .

Now, th e Babylonian s placed th e beginning s o f the sign s differently tha n
did th e Greeks . The Greek s (whos e system has become standard ) define d th e

FIGURE 5.9 . Equivalenc e o f the concentric -
plus-epicycle mode l (fig . 5.7) to th e eccentric -
circle mode l (fig . 5.8). If th e radiu s A T of th e
epicycle i s equal t o th e eccentricit y O C o f th e
eccentric, an d i f the rate s of motion ar e chose n
so tha t on e alway s has P  =  CC , th e tw o model s
are mathematicall y equivalent .

FIGURE 5.10 . Th e fas t an d slo w zones o f th e
Babylonian sola r theory o f system A . I n eac h
zone o f the ecliptic , th e Su n move s a t a  uniform
angular speed .
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signs s o tha t th e sprin g equinoctia l poin t fel l a t th e beginnin g o f th e Ra m
(zeroth degree) , the summer solstitia l point fel l a t the beginnin g o f the Crab ,
and s o on. Bu t the Babylonian s put th e equinoctia l point s a t either the loth
degrees of the sign s (in system A) or a t the 8t h degree s of the sign s (i n system
B). Th e cente r o f th e slo w ar c in th e Babylonia n sola r theor y o f system A
was Twins 20° , tha t is , the twentiet h degre e o f th e Babylonia n sig n o f th e
Twins. Th e Gree k sig n o f th e Twin s begin s 10 ° late r tha n th e Babylonia n
sign. Thus, the "effectiv e apogee " o f the Babylonia n theory was at Twins 10° ,
reckoned accordin g t o th e Gree k syste m of coordinates . Thi s is very close to
the longitud e o f th e apoge e adopte d b y Hipparchu s (Twin s 5  1/2°) i n hi s
geometrical model .

In th e Babylonia n sola r theor y o f syste m B , th e Sun' s spee d followe d a
"linear zigza g function." Tha t is , instead o f merel y tw o value s fo r th e Sun' s
speed, there was a sequence of values, with th e Sun' s speed changing by equal
increments fro m ste p t o step . Syste m A, which i s simpler, seem s to b e older .
However, bot h version s of th e Babylonia n solar theor y wer e simultaneousl y
in us e for th e whol e perio d (roughl y 250 B.C. to A.D . 50 ) for which evidenc e
is preserved.16 It was no doub t th e simplicity of calculation afforde d b y system
A that guaranteed it s survival even after th e introduction o f the more sophisti -
cated syste m B .

The goal s and method s o f Babylonian astronomy were very different fro m
those o f th e Greeks . I n particular , th e Babylonian s seem t o hav e ha d littl e
interest i n th e actua l motion s o f the celestia l bodies . Rather , thei r goa l was
the direc t arithmetica l calculatio n o f th e time s ^and position s o f particula r
celestial phenomena, fo r example, new and ful l Moons , eclipses , first and las t
visibilities of the planets. As far as we know, there was no underlying geometri -
cal picture o f th e working s o f the cosmos . I t i s likely tha t th e Babylonian s
first became awar e o f the sola r anomal y b y noticin g tha t time s o f successive
full Moon s wer e no t equall y spaced . (Fo r th e Greeks , a s we hav e seen , th e
clue seem s t o hav e bee n th e inequalit y i n th e length s o f th e seasons. ) Later
Greek astronomer s wer e wel l awar e o f th e differenc e i n th e Babylonia n ap -
proach. For example, Theon of Smyrna say s that the Babylonian astronomers,
using arithmetica l methods , succeede d i n confirmin g the observe d fact s an d
in predictin g futur e phenomena , bu t that , nevertheless , thei r method s wer e
imperfect, fo r they  were  no t based  o n a  sufficient  understanding  of nature,  an d
one must  also  examine  these  matters  physically.

Hipparchus's us e o f Babylonia n materia l i s amply attested . Fo r example ,
some o f th e numerica l value s tha t Hipparchu s use d fo r th e period s o f th e
Moon an d planet s (quote d b y Ptolem y i n th e Almagest)  wer e actuall y o f
Babylonian origin : the y tur n u p o n th e preserve d cla y tablets . Ho w di d
Hipparchus i n particular, and the Greeks more generally, learn about Babylo -
nian astronomy ? Geral d Toome r ha s suggeste d tha t Hipparchu s wen t t o
Babylon an d learne d calculationa l astronom y fro m th e scribes . B . L . va n
der Waerde n ha s suggeste d tha t th e man y reference s t o th e Chaldaean s
(Babylonian astronomers) b y Greek and Roman writers point t o the existence
of a Greek compendium o f Babylonian astronomy, no w lost, if it ever existed.
Alexander Jones 20 ha s pointe d ou t tha t w e nee d onl y assum e tha t on e o r
several Babylonian scribes emigrated and took their skill s and texts with them .
These possible explanations ar e not mutuall y exclusive, of course. The detail s
of the transmission of Babylonian astronomical knowledge to the Greek world
are simpl y not known .

But i t i s clea r tha t th e secon d centur y B.C . was a  perio d o f importan t
contact an d tha t Hipparchu s playe d a  majo r rol e i n th e incorporatio n o f
Babylonian material into Gree k astronomy. Hipparchus mus t have been forc -
ibly struc k b y th e Babylonia n succes s i n accurat e theoretica l calculatio n o f
celestial events. But he must also have been puzzled by its lack of any philosoph -
ical or physical foundation. It was Hipparchus's grea t accomplishment t o show
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that th e geometrica l astronom y o f the Greeks , which bega n wit h a  concer n
for physica l explanation, could als o be made a  precise tool o f calculation and
prediction—at leas t i n th e case s of th e Su n an d th e Moon , fo r Hipparchu s
was unable t o provid e a  satisfactory theor y of the planets . That remained for
Ptolemy to do .

A Hipparchus  Coin

Figure 5.1 1 presents a small bronze coin fro m Roma n Bithynia . The coi n was
minted durin g th e reig n o f Severu s Alexander, wh o wa s Empero r o f Rom e
A.D. 222—235 . Th e obvers e o f th e coi n bear s th e customar y portrai t o f th e
emperor himself. But the reverse (shown here) bears an image of the astronomer
Hipparchus. The Greek legend around the edge reads, "Hipparchus of Nicaea."
Nicaea was Hipparchus's nativ e town in Bithynia. In Hipparchus's da y (second
century B.C.) , Bithynia was an independent nation . I t became a Roman prov-
ince i n 7 4 B.C.

On th e coi n we see Hipparchus. H e i s bearded an d h e wears a himation ,
the familia r over-the-shoulde r gar b o f ancien t Greece . H e sit s a t a  tabl e
that support s a  celestia l globe . Th e coi n wa s minte d severa l centurie s afte r
Hipparchus's deat h an d cannot , therefore , b e take n a s a  litera l likeness . I t
does demonstrate, however , that Hipparchus's astronomica l accomplishments
were remembered, if not understood , b y his countrymen. I t is the oldest piece
of money tha t carrie s the portrai t o f an astronomer .

The Motion  of  the  Apogee

From Hipparchus' s length s o f the seasons , it i s clear that th e sola r apogee lay
in a different directio n i n antiquity than i t does today. The apoge e must have
been i n th e sprin g quadrant o f the ecliptic , as in figur e 5.12 , since spring was
the longes t seaso n an d fal l th e shortest . Evidently , th e cente r o f th e Sun' s
orbit has moved sinc e the day s of the Greeks . The cente r C  of the orbi t ma y
be regarded a s traveling on a  small circle about th e Eart h O , thus producin g
a slow , eastwar d rotatio n o f the lin e o f apsides.

The motio n o f the lin e of apsides is very slow, amounting t o les s than 2 °
per century. Consequently, fo r intervals shorter than century , the apogee may
be regarde d a s fixed. We nee d tak e int o accoun t th e motio n o f th e apoge e
only when w e wish t o follo w th e motio n o f the Su n ove r a  period o f several
centuries o r more .

The motio n o f the apoge e can also be explained in term s o f the epicycle -
plus-concentric version o f th e sola r theor y (fig . 5.7). We nee d onl y imagin e
that angle s a an d p  do not increas e at quite th e same speed. I f p increase s a
bit mor e slowl y than a , th e effectiv e apoge e wil l b e slowl y displaced i n th e
counterclockwise direction .

The motio n o f th e sola r apoge e wa s unknown t o th e ancients . Ptolem y
measured the lengths of the seasons and obtained the same values as Hipparchus
had 285 years before him. He concluded tha t the apogee was fixed with respect
to the equinoctia l point s as in figure 5.12 . Theon of Alexandria, in his editio n
of Ptolemy' s Handy  Tables  (lat e fourth centur y A.D.) , adhere d t o th e sam e
principle. Th e motio n o f th e sola r apoge e wit h respec t t o th e equinoctia l
points was discovered by Arabic astronomers in the grea t revival of astronomy
that bega n in th e nint h century.

FIGURE 5.11 . A  smal l bronze coi n fro m
Roman Bithynia , bearing the imag e of
Hipparchus o f Nicaea. Courtes y o f the Trustee s
of the Britis h Museu m (BM C 9 7 ng/ijA) .

FIGURE 5.12 . Th e eccentric-circl e solar theor y
for th e tim e o f Hipparchus an d Ptolemy . Th e
longitude o f th e Sun' s apoge e i s 65 1/2°.

A Solar  Equatorium

Striking visual evidence o f the longevit y of Hipparchus' s and Ptolemy' s solar
theory i s provided b y figure 3.41. Th e devic e for findin g th e longitud e o f th e
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Sun, commonl y foun d o n th e back s o f medieva l Europea n astrolabes , i s
nothing othe r tha n a  concrete realizatio n of the theor y o f the Sun . Th e hol e
in th e cente r o f th e bac k o f th e astrolab e represent s th e Earth . Th e oute r
zodiac scale is concentric with the Earth. The eccentric calendar scale represents
the Sun' s eccentri c circle.

This eccentric-circl e devic e fo r findin g th e longitud e o f th e Su n i s a n
example of an equatorium.  The differenc e betwee n th e actua l position o f the
Sun and the position it would occupy if it moved uniformly around the zodiac
is calle d th e equation.  An equatoriu m i s a  device for "equating " th e Su n (o r
planets), tha t is , a device tha t supplie s the equation .

There are two reason s why the equatoriu m o n th e astrolab e in figure 3.41
cannot b e use d fo r th e presen t day . First , thi s fifteenth-centur y equatoriu m
was designed fo r us e under th e Julian calendar , while we use the Gregorian .
This explain s why, accordin g t o th e equatorium , th e Su n reache s the vernal
equinox (beginnin g o f Aries) o n Marc h n . Second , thi s equatoriu m place s
the Sun' s apoge e nea r th e beginnin g o f Cancer , whic h wa s correc t fo r th e
fifteenth century . Today , th e longitud e o f the apoge e i s about 103 ° (13 ° int o
Cancer), a s o n th e astrolab e i n figur e 3.26 . Ther e are,  however , example s
of medieva l an d Renaissanc e equatoria tha t ar e no t part s o f astrolabe s bu t
are draw n separatel y on pape r an d designe d wit h movable  apogees, s o tha t
they coul d b e use d fo r an y era . W e shal l stud y equatori a i n mor e detai l i n
section 7.27 .

Conclusion

The sola r theor y advance d b y Hipparchu s i n th e secon d centur y B.C . was
accepted b y Ptolem y an d virtuall y ever y othe r astronome r o f th e Greek -
Arabic-Latin traditio n dow n t o th e sixteent h centur y A.D. , with occasiona l
modifications i n the numerical values of the four parameters . The sola r theory
of Hipparchus had severa l advantages tha t helpe d t o ensur e its long survival.
First, because it was based on uniform circular motion, i t was mathematically
simple. Second , th e theory conformed to ancient physical doctrines abou t the
motions natural to celestial bodies. But neither mathematical convenience nor
physical plausibility would have saved the model if it had been in bad agreement
with the appearances. In fact, Hipparchus's model is very good. With accurately
determined parameter s the theory is capable of predicting th e positio n o f the
Sun wit h a n erro r o f les s tha n i'—a n erro r wel l belo w th e precisio n o f th e
best naked-eye observations. The ancient solar theory did not, however, achieve
its ful l potentia l accurac y becaus e o f unavoidabl e error s i n th e observation s
of th e equinoxe s an d solstice s fro m whic h th e numerica l parameter s wer e
derived.

5 - 3 REALIS M AN D I N S T R U M E N T A L I S M
IN GREE K A S T R O N O M Y

Alternative Realities:  Epicycles or  Eccentrics?

As we have seen, the Greek astronomers knew two versions of the solar theory:
the epicycle-plus-concentri c model illustrated in figure 5.7 and th e eccentric -
circle model illustrated in figure 5.8. That these two models are mathematically
equivalent was known from the time of Apollonius of Perga. It was remarkable
that tw o theorie s that seeme d physically very different shoul d tur n ou t t o b e
mathematically identical. There arose a debate over which model was correct.

According t o Theon o f Smyrna, 21 Hipparchu s sai d tha t i t was worth th e
attention o f th e mathematician s to investigat e th e explanatio n o f th e sam e
phenomena b y mean s o f hypothese s tha t wer e so different . Theo n als o tell s
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us that Hipparchus expressed a preference for the epicycl e theory, sayin g that
it was probable tha t th e heavenl y bodie s were placed uniforml y with respec t
to th e cente r o f the world. 22

Ptolemy, o n th e othe r hand , preferre d th e eccentric-circl e versio n o f th e
solar theory , sayin g that i t was simpler, sinc e i t involve d on e motio n rathe r
than two. Bu t simpler in what way? The eccentric model is not mathematically
simpler, for the two models are mathematically equivalent , a s Ptolemy himself
proves. A calculation o f the Sun' s position would b e of similar complexity in
the tw o models. Indeed, the calculation s would b e virtually identical, lin e by
line. Ptolem y wa s clearl y thinkin g of  physical  simplicity . H e preferre d th e
eccentric mode l becaus e i t seeme d physicall y simple r and , therefore , mor e
likely to be true. It is clear that Hipparchus's preference for the epicycle model
was als o base d o n broa d physica l o r cosmologica l principles : th e heavenl y
bodies are all situated uniforml y with respec t t o th e Earth . Thus , eve n whe n
it was recognized that the two models were mathematically equivalent, astrono-
mers could disagree about which represented the actual motions in the universe.

"Saving the  Phenomena " in Ancient Greek  Astronomy

The ancien t debate over eccentrics and epicycles has frequently been misinter-
preted b y moder n writer s o n th e histor y o f astronomy . I t i s often sai d tha t
the Greeks  renounce d an y interes t i n findin g th e tru e arrangemen t o f th e
cosmos. According t o thi s view, they sough t onl y to save the phenomena, tha t
is, t o fin d combination s o f unifor m circula r motion s tha t woul d reproduc e
the apparentl y irregula r motions o f the Sun , Moon , an d planets . A s long as
the astronomer s coul d accuratel y predic t th e position s o f th e planets , the y
did not troubl e themselves over the truth of their models . Thi s interpretation
of the history of Greek astronomy is often called "instrumentalist" : accordin g
to thi s view, th e Gree k astronomer s use d thei r theorie s onl y a s instruments
of calculatio n an d predictio n an d di d no t asser t tha t the y corresponde d t o
physical reality .

The instrumentalis t interpretatio n of ancient Gree k astronom y was popu-
larized b y th e Frenc h philosophe r o f scienc e Pierr e Duhe m i n hi s boo k T o
Save th e Phenomena, published i n 1908 . Simila r views hav e bee n expresse d
by othe r influentia l writers , includin g Dreyer , Sambursky , an d Dijkster -
huis. A n especiall y clear statement o f the instrumentalis t position wa s given
by Arthur Koestle r i n hi s boo k Th e Sleepwalkers:

The astronome r "saved" th e phenomen a i f h e succeede d i n inventin g a
hypothesis which resolved the irregular motions of the planets along irregu-
larly shape d orbit s int o regula r motion s along circula r orbits— regardless
whether the hypothesis was true or not, i.e., whether it was physically possible or
not. Astronomy, after Aristotle, becomes an abstract sky-geometry, divorced
from physica l realit y . . .. I t serve s a  practica l purpos e a s a  metho d fo r
computing table s o f the motion s of the sun, moon, and planets ; bu t a s to
the rea l natur e o f th e universe , i t ha s nothin g t o say . Ptolemy himsel f is
quite explici t abou t this. 28

The instrumentalis t interpretatio n gain s som e o f it s appea l b y providing a n
excuse for the Greeks, who were wrongheaded abou t the motion o f the Earth .
If they didn't mean i t seriously , if they only meant i t as a tool for calculation ,
then we can more readily pardon them for their mistakes. They become heroes
of positivism. Needles s t o say , thi s i s an anachronis m o f th e wors t kind .

The historica l evidence fo r the instrumentalis t view comes partly from th e
ancient debat e over eccentric s versus epicycles and partl y from misinterpreta -
tion o f th e Gree k philosopher s an d astronomica l writers , such a s Geminus ,
who discusse d th e relatio n betwee n astronom y an d physica l thought . Th e
Greeks wer e quit e sophisticate d i n distinguishin g between  wha t coul d b e
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known b y observation and mathematica l demonstration and what could not .
But thi s doe s no t mea n tha t the y renounce d an y interes t i n tru e natur e of
the cosmos . The instrumentalis t view simply is not sustainabl e in the fac e o f
the evidence. 29

Early Greek astronomy was far more concerned with broad physical expla-
nation tha n wit h numerica l details . Th e notio n o f savin g th e phenomen a
probably entere d Gree k astronom y a t abou t th e tim e o f Eudoxus , an d thi s
actual expressio n i s used fro m tim e t o tim e b y late r writers, suc h a s Theon
of Smyrna and Simplicius . However, what  counted a s phenomena i n need of
saving evolve d wit h time . A s w e shal l se e i n sectio n 7.6 , th e firs t Gree k
planetary theories had n o numerical predictive power at all. Rather, they were
concerned onl y wit h explainin g th e basi c feature s o f th e planets ' motions ,
such as retrograde motion, i n terms of accepted physical principles. Eudoxus's
own planetar y theor y wa s criticized , no t fo r failin g t o pas s som e exactin g
numerical test , bu t fo r failin g t o accoun t fo r th e variation s in brightnes s of
Mars an d Venu s i n th e cours e o f thei r synodi c cycles—a n obviou s physical
change readil y perceivable withou t instrument s o r measurements . Thus , i n
Greek though t abou t th e motio n o f the Sun , Moon, an d planets , th e desire
for broa d physica l explanation i s manifested long befor e th e Greek s star t t o
make carefu l observation s or t o devis e theories tha t actuall y could b e use d
to mak e accurate  predictions . Plantar y theorie s wit h numerica l predictiv e
power—and thus the idea of saving the phenomena i n a quantitative sense—did
not enter Greek astronomy until relatively late, around the time of Hipparchus.

Several Gree k writers point ou t tha t i t i s impossible to know whethe r th e
eccentric-circle mode l o f th e Su n shoul d b e preferre d ove r th e epicycle , o r
vice versa . But thi s doe s no t mea n tha t the y di d no t car e which mode l was
true. The opposin g positions taken by Hipparchus and Ptolemy in this debate
were clearly determined by their views about the physical nature of the universe.
Moreover, as we shall see in section 7.25 , when Ptolemy tried to calculate the
size of the whole cosmos (i n hi s Planetary Hypotheses),  b y nesting th e mecha -
nisms for the various planets one within another, he certainly took the planetary
models a s physically real.

Another exampl e of Ptolemy's realis t stance is his attempt t o measur e the
variation i n th e Sun' s angula r diameter. I t followe d fro m Hipparchus' s solar
theory tha t th e Su n shoul d b e farther fro m th e Eart h i n th e sprin g tha n i n
the fall . I n Almagest V, 14, Ptolemy says that he tried to measure the variation
in th e angula r size of the Su n usin g a sort of dioptra. Although Ptolem y was
unable to detec t th e tin y chang e i n th e Sun' s apparen t size , his effor t show s
that h e did tak e thi s consequence o f the sola r theory seriously.

Geminus on the  Aims of  Astronomy and  of  Physics

Perhaps the cleares t ancient statement of the relation of mathematical astron -
omy to physics and philosophy i s provided by Geminus. Besides his Introduc-
tion to the Phenomena, Geminus wrote an abridgmen t of, or commentary on ,
the lost Meteorology o f Posidonius. This work of Geminus has not com e down
to us , bu t a  fascinatin g fragment has bee n preserve d becaus e i t wa s quote d
by Simpliciu s in hi s commentar y o n Aristotle' s Physics.

EXTRACT FRO M G E M I N U S

As preserve d i n Simplicius' s Commentary  Aristotle's  Physics

It is the task of physical speculation to inquire into the nature of the heaven
and th e stars , thei r powe r and quality , thei r origi n and destruction ; and,
indeed, i t ca n eve n mak e demonstration s concernin g thei r size , for m an d
arrangement. Astronomy does no t attemp t to speak of any such thing but
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demonstrates th e arrangemen t o f th e heaven , presentin g the heave n a s an
orderly whole , an d speak s of th e shapes , size s and distance s o f th e Earth ,
Sun and Moon, of eclipses and conjunctions o f the stars, and of the quality
and quantity of their motions. Therefore, since it deals with the investigation
into quantity, magnitude an d quality in relation to form, naturally it needed
arithmetic an d geometry . An d concernin g thes e things , th e onl y one s o f
which i t undertook to give an account, astronom y ha s the capacity to make
demonstrations b y mean s o f arithmetic an d geometry .

Now i n man y case s th e astronome r an d th e physicis t will propos e t o
demonstrate th e same point , suc h a s that th e Su n i s large or that the Eart h
is spherical , bu t the y wil l no t procee d b y th e sam e paths . Th e physicis t
will prove eac h poin t fro m consideration s of essence or inheren t power , or
from it s being better to have things thus, or from origi n and change; bu t th e
astronomer will prove them from the properties of figures and magnitudes, or
from th e amoun t o f motio n an d th e tim e appropriat e t o it . Again , th e
physicist wil l ofte n reac h th e caus e b y lookin g t o creativ e force ; bu t th e
astronomer, whe n h e make s demonstration s fro m externa l circumstances ,
is no t competen t t o perceiv e th e cause , a s when, fo r example , h e make s
the Eart h an d th e star s spherical . Sometime s h e doe s no t eve n desir e t o
take u p th e cause , a s when h e discourse s abou t a n eclipse ; bu t a t othe r
times h e invent s b y way o f hypothesi s an d grant s certai n devices , b y th e
assumption o f which th e phenomen a wil l b e saved.

For example , wh y d o th e Sun , Moo n an d planet s appea r t o mov e
irregularly? [Th e astronomer would answer ] that , i f we assume their circles
are eccentri c o r tha t th e star s g o aroun d o n a n epicycle , thei r apparen t
irregularity will be saved. And i t will be necessary to go further an d examine
in how man y ways i t is possible for these phenomena t o be brought about ,
so tha t th e treatmen t o f th e planet s ma y fi t th e causa l explanation whic h
is in accord wit h acceptabl e method. An d thu s a  certain person, Helaclide s
Ponticus, comin g forward , say s tha t eve n i f the Eart h move s i n a  certain
way and th e Su n i s in a  certain wa y at rest , th e apparen t irregularit y with
regard t o th e Su n ca n b e saved.

For i t i s certainly not fo r the astronome r t o kno w wha t i s by nature a t
rest an d wha t sor t o f bodie s ar e given t o movement . Rather , introducin g
hypotheses that certain bodies are at rest and others are moving, he inquires
to whic h hypothese s th e phenomen a i n th e heave n wil l correspond . Bu t
he mus t tak e fro m th e physicis t th e firs t principles , tha t th e motion s o f
the star s are simple, uniform and orderly , fro m whic h h e will demonstrat e
that th e motion s o f them al l are circular , some movin g roun d o n parallel
circles, som e o n obliqu e ones .

In thi s manner, then , doe s Geminus , o r rather Posidoniu s in Geminus ,
give th e distinctio n betwee n physic s an d astronomy , takin g hi s startin g
point fro m Aristotle. 30

The distinctio n is clear. We cannot know, from astronomica l observation,
whether th e Su n goe s aroun d th e Eart h o r th e Eart h goe s aroun d th e Sun .
Similarly, w e canno t kno w whether th e observe d motio n o f th e Su n result s
from a n eccentri c circl e o r fro m a n epicycle . W e mus t bas e ou r astronom y
on physica l hypotheses , whic h ar e th e result s o f physica l o r philosophica l
enquiry. Astronomy canno t decide  ever y question . Bu t tha t doe s no t mea n
that th e question s ar e unimportant . A s w e hav e seen , Theo n o f Smyrn a
criticized th e Babylonian s becaus e the y ha d merely  save d th e phenomena ,
without seeking  deepe r fo r th e underlyin g physical principles . Al l the Gree k
astronomers were realists , wh o though t the y wer e grapplin g with th e natur e
of th e universe—as , indeed , the y were . The y woul d hav e bee n ver y strang e
people t o hav e develope d successfu l model s o f planetar y motio n an d the n
refused t o believ e tha t these  model s had anythin g t o d o with th e natur e o f
things.
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FIGURE 5.13 .

FIGURE 5.14 .

FIGURE 5.15 .

5-4 EXERCISE : F I N D I N G TH E SOLA R ECCENTRICIT Y

Our proble m i s to measur e th e eccentricit y o f th e Sun' s circula r orbi t an d
the longitud e o f it s apogee, startin g from th e length s of the seasons .

General Directions

Rather tha n usin g th e trigonometri c method s o f Hipparchu s an d Ptolemy ,
we shall use a simple graphical construction to solve this problem. The analysis
will be based on th e accurate lengths of the season s that follo w from th e dat a
given below .

On a  larg e shee t o f grap h paper , dra w a  circl e o f circumferenc e 365.2 5
units. Each uni t o f circumference will represent one da y of the Sun' s annual
motion. Plac e the cente r C  of the circl e at th e intersectio n o f a  vertical line
and a  horizontal line on th e grap h paper , a s shown i n figure 5.13 . The siz e of
the uni t yo u choos e i s arbitrary, but a  convenien t scale will be t o le t 2  m m
represent on e day' s motio n o f the Sun . The circumferenc e of the circl e will
then b e 365.2 5 X 2 = 730. 5 mm. A  circl e of thi s siz e is large enoug h t o giv e
accurate results , but stil l small enough t o b e easil y handled .

In figur e 5.13 , le t poin t VE  represen t th e verna l equinox . I f sprin g wer e
exactly one-fourth of the year, it would last 365.25/4 = 91.31 days, and summer
solstice would occur when th e Su n reached X. However , sprin g is a bit longe r
than 91.31 days. Suppose spring were exactly two days longer than this. (This
is no t the correc t figure . You r own work mus t b e base d o n th e actua l season
lengths.) The n summe r solstic e would occu r when th e Su n reache d SS , two
days (or two units of circumference) beyond X. These tw o units (4 mm, usin g
the scal e suggested above) can b e measured of f alon g th e circl e using a ruler.

Similarly, suppose  summer were one da y longer tha n th e averag e seasonal
length o f 91.31 days. An autumna l equino x AE place d a s shown i n figur e 5.1 3
would giv e a  summe r o f th e correc t length . Th e ar c from S S t o AE i s on e
day's worth o f motion (on e unit) longe r tha n a  quarter-circle. This one uni t
must b e added t o th e origina l 2-uni t displacemen t o f SS. Thus AE i s placed
3 unit s beyond Z . A t a  scale of 2  mm pe r day, this amount s t o 6  mm. Th e
winter solstic e WS  ca n b e placed i n a  simila r manner .

Now, dra w a line through th e tw o equinoxes (fig. 5.14). Draw anothe r line
through th e tw o solstices . The tw o equinoxes , observe d fro m th e Earth , are
directly opposite one another i n the sky. The sam e is true of the two solstices.
Therefore, th e Eart h mus t li e on th e intersectio n of the tw o lines , a t O .

Draw th e lin e o f apside s throug h th e Eart h O  an d th e cente r C  o f th e
Sun's circular path (fig . 5.15). The poin t marked A i s the apoge e o f the orbit ;
IT is the perigee. Angle A i s the longitude of the apogee and ma y be measured
with a protractor whose center i s placed a t O . Distance O C may be measured
with a  ruler ; the rati o of this quantity t o th e radiu s is the eccentricit y o f the
Sun's circula r orbit .

Problems

i. Here are the times at which the equinoxes and solstices fell in four successive
years (Greenwic h mean time) :

Year
1972

1973

Month
Mar
Jun
Sept
Dec
Mar
Jun
Sept
Dec

Day
20
21
22
21
20
21
23
22

Hour
12
7

23
18
18
13
4
0

vernal equinox
summer solstice
autumnal equinox
winter solstice
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Year

1974

1975

Month

Mar
Jun
Sept
Dec
Mar
Jun
Sept
Dec

Day

21
21
23
22
21
22
23
22

Hour

0
19
10
6
6
0

16
12

Determine the  lengt h of  each seaso n above . Don' t forge t tha t one  of  the
above year s mus t b e a  lea p year ! You shoul d fin d tha t th e fou r season s are
not al l of th e sam e length , bu t tha t th e length s ar e very stead y an d d o no t
change fro m on e yea r to th e next .

In contrast , th e actua l times  at which th e equinoxe s an d solstice s fal l ar e
quite variable . Note th e stead y shif t o f abou t si x hours pe r yea r in th e tim e
of th e verna l equinox . Wh y i s this ? A t wha t tim e d o yo u thin k th e verna l
equinox fel l i n 1976 ? I n 1971 ? Why ?

2. Us e th e graphica l metho d explaine d abov e t o locat e th e Eart h wit h
respect t o the cente r o f the Sun' s circula r path. (Again , a  convenient scal e to
use i s i day = 2  mm. )

From you r drawing , determin e th e eccentricit y o f the Sun' s circula r orbit
and the longitude o f its apogee. Use a star chart to find out what constellatio n
the Su n i s in whe n i t i s a t th e apogee . What constellatio n i s the Su n i n a t
perigee?

3. At wha t tim e o f the yea r i s the Su n closes t t o us ? At wha t tim e i s th e
Sun farthes t away ? Commen t o n th e often-hear d clai m tha t w e have winter
when th e Su n i s farther awa y fro m us .

4. The equinoxe s and th e solstice s are equally spaced aroun d th e ecliptic .
Check t o se e whether thi s conditio n i s satisfie d b y you r ne w mode l o f th e
Sun's motion. That is, as seen from th e Earth, ar e the equinoctial and solstitial
points regularl y spaced a t 90 ° intervals?

5. Use Hipparchus' s value s for the length s o f the season s (given in sec . 5.2)
to determine the eccentricity of the Sun's orbit and the longitude of its apogee
in th e secon d centur y B.C . By ho w muc h ha s th e apoge e move d betwee n
Hipparchus's er a and ou r own ? What i s its motio n i n a  single century?

FIGURE 5.16 .

5 - 5 R I G O R O U S DERIVATIO N O F
THE SOLA R ECCENTRICIT Y

We show how to calculate the magnitude and direction of the solar eccentricity
from th e length s o f th e seasons . Ou r metho d i s tha t o f Hipparchu s an d
Ptolemy, give n i n Almagest  III, 4 . Bu t w e shal l bas e th e calculatio n o n th e
modern length s o f the season s derive d fro m th e dat a i n sectio n 5.4 :

Spring
Summer
Fall
Winter
Total

d92
93
89
89
36^

19
15

20
o
6*

Summer i s the longes t season , s o th e cente r o f th e Sun' s circl e mus t li e
toward th e summe r quadran t o f the zodiac . In figure 5.16 , EFGH i s the circle
of the zodiac, in the sphere of the fixed stars. E represents the spring equinox;
F, summer solstice ; G , fall equinox ; an d H , winte r solstice . Lines EG and F H
meet a t righ t angle s a t th e Eart h O . C  i s the cente r o f th e Sun' s eccentri c
circle AZ-M/Vwith apoge e A  an d perige e II.
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FIGURE 5.17 .

FIGURE 5.18 .

We wish to determine angle EOA (the longitude of the apogee) and distance
OC (th e eccentricity o f the sola r orbit).

Draw lin e PR through C  and paralle l to FH. Similarly , draw QS  throug h
C and paralle l to GE .

Now, i n Hipparchus' s method , w e nee d no t us e al l four seaso n lengths .
Two will suffice, togethe r with the assumption that the equinoxes and solstices
are spaced a t 90 ° interval s (i.e. , tha t EG an d F H ar e perpendicular). Le t us
use the length s o f the sprin g and summer .

Spring. Th e Su n run s ar c NSK i n 9 2 1 9 =  92.791 7 . The lengt h o f thi s
arc i s therefore 92.7917^ X ^6o°/^.2  ̂=  91.4579° .

Summer. Th e Su n run s the summe r ar c KPL  o f it s eccentri c circl e in 93
15* = 93.6250^. The lengt h of arc KPL i s thus 93.625^ X 360 "7365.25̂  = 92.2793°.
Thus,

arc NKL =  arc NSK+ ar c KPL

= 183.7372°.

Now ar c SKQ  =  180° , an d thu s th e shor t arc s Q L an d S N tota l 3.7372° .
But QZ , and 57 V are equal, so either of them amounts t o half of 3.7372°. Thus,

arc QL  =  arc SN =1.8686° .

We no w procee d t o fin d ar c PK . A s alread y stated , ar c KP L =  92.2793° .
Furthermore, ar c PAQ = 90°. So, we have

arc PK= KPL - PA Q - QL

= 92.2793° - 90 ° - 1.8686 °

= 0.4107°.

We ma y now calculate the shor t line segments C T and CU . To comput e
CT, refe r t o figur e 5.17 , whic h show s i n expande d scal e th e portio n o f th e
solar circl e about ar c PK. Fro m poin t A T we drop a  perpendicular onto PC a t
point V . No w

CT=VK
= CA T sin KCV.

But angl e KCV = a.tcPK= 0.4107° . Thus,

CT= CKsin  0.4107 °

= 0.00717,

if we pu t th e radiu s C K of th e orbi t equa l t o unity . Fo r segmen t CU , refe r
to figur e 5.18 . In th e sam e fashio n w e have

CU=WL
= CL sin QC L

= C L sin 1.8686 °

= 0.03261,

since we have taken C L (the radius of the orbit ) t o b e the uni t o f measure.
The eccentricit y e  = O C i s now foun d b y the rul e of Pythagoras :



S O L A R T H E O R Y 22 3

e=-\lcu1 + cr
= 0.0334,

in unit s where th e radiu s of the orbi t i s unity.
To determin e th e directio n i n which C  lies, not e tha t

tan TOC=  CTICU

= 0.21956,

so

angle TOC=i2.4O°.

Thus, th e longitud e o f the apoge e is

A = angle EOA

= EOK+ TOC

= 90° + 12.40°

= 102.40°.

These value s o f e  and A  appl y t o th e earl y 19705—th e year s fo r whic h th e
lengths o f th e season s wer e given . The y shoul d agre e wel l wit h th e value s
obtained by the graphical metho d o f section 5.4 . The valu e of the eccentricit y
is valid for many centuries, since the eccentricity scarely changes. The longitud e
of the apogee , however , increase s at a  slow, stead y rate , as mentioned i n sec -
tion 5.2 .

The metho d of calculating e and A explaine d her e probably was invented
by Hipparchus i n th e secon d centur y B.C . It remaine d standar d fro m hi s day
until th e sixteent h century . Th e onl y criticism tha t ca n be made o f it is that ,
since the exac t moment o f summer solstic e is difficult t o determin e precisely ,
the measure d length s o f sprin g an d summe r ar e subjec t t o rathe r larg e er -
rors—up to  hal f a day or eve n more .

This difficult y ca n b e avoide d b y using , instea d o f th e equinoxe s an d
solstices, fou r othe r referenc e point s o n th e zodia c space d a t 90 ° intervals .
For example , one could us e the point s placed halfwa y between  th e equinoxes
and solstices . That is , rather tha n tryin g t o observ e th e moment s whe n th e
Sun reache s th e zerot h degre e o f th e Ram , Crab , an d Balance , on e coul d
observe instea d th e moment s whe n th e Su n reache s th e 45t h degre e o f th e
Bull, Lion , an d Scorpion . Th e Sun' s declinatio n change s rapidl y enoug h a t
these point s tha t th e uncertaint y i s greatly reduced i n compariso n wit h th e
uncertainty associate d with solstices . The momen t whe n th e Su n reaches the
midpoints o f each of these signs could b e determined b y noon altitudes take n
with a meridian quadrant . Th e calculatio n of e and A fro m th e observed time s
then proceed s i n exactl y th e sam e manne r a s was use d wit h th e equinoxe s
and solstices . Copernicu s use d thi s modificatio n o f Hipparchus' s metho d i n
his ow n calculatio n o f the sola r eccentricity , base d o n observation s made b y
himself i n th e earl y par t o f th e sixteent h century . Althoug h Copernicus' s
method represent s an improvement ove r that of Hipparchus, i t is in essence the
same. The observationa l and theoretica l methods o f astronomy had remained
unchanged fo r 1,80 0 years .

5.6 EXERCISE : O N TH E SOLA R THEOR Y

i. Trigonometri c determinatio n o f th e eccentricity:  A s remarked i n sectio n
5.2, Hipparchu s foun d th e lengt h o f th e sprin g t o b e 9 4 1/ 2 days ; an d tha t
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of the summer , 9 2 1/2 days. Us e thes e values and th e trigonometri c metho d
explained i n sectio n 5. 5 to determin e th e sola r eccentricity an d th e longitud e
of the sola r apogee in the secon d centur y B.C. Yo u should b e able to confir m
Hipparchus's results :

e = 0.0415,

,4 = 65.5° .

Hipparchus's longitud e o f the apoge e i s very good. (I t i s within i ° of th e
actual longitude of the solar apogee in 140 B.C. ) Hi s value for the eccentricity ,
however, i s a little high. I n fact , th e sola r eccentricity was nearly the sam e in
antiquity a s i t i s today.

2. Relation s among th e length s o f th e seasons : I t follow s fro m th e sola r
theory of Hipparchus tha t the lengths of the fou r season s are not al l indepen -
dent. I f two are known, i t i s possible to calculat e the othe r two . This is why,
in sectio n 5.5 , we neede d onl y th e length s o f tw o season s t o determin e th e
parameters o f the orbit .

Refer t o figure 5.16 . Circle KLMNis  th e sola r orbit, with center a t C . The
Earth i s at 0 . N , K , L , an d M  mar k th e Sun' s positio n a t sprin g equinox,
summer solstice , fal l equinox , and winte r solstice , respectively.

Arcs KP  an d RM  ar e equal. The Su n take s equal times t o ru n thes e smal l
arcs; le t u s call this time a . Similarly, QL and N S ar e equal. Le t us call b  the
time th e Su n take s to ru n eithe r Q L or NS . Thus ,

time on PK= time o n RM =  a,

time o n Q L = time o n NS =  b.

Summer last s for th e tim e require d fo r th e Su n t o ru n ar c KPL:

arc KPL  = PQ +  KP + QL.

Now, ar c PQ i s a quadrant of the circle . If we let T  denote th e tropica l year,
the Su n run s arc PQ i n a  time 774 . The n ou r equatio n ca n b e expressed in
terms o f times instead o f arc s as follows:

length o f summer = 77 4 + a + b.

Similarly, winter lasts for the tim e required for the Su n to ru n ar c MN. Thi s
arc i s shorter tha n a  quadrant o f the circl e by arc RM an d ar c NS. Thus , we
have

length o f winter =  77 4 ~ d  —  b.

Similar argument s lead t o th e followin g result s for spring and fall :

length o f spring = 774 ~ 1+ b.

length o f fal l =  77 4 + a ~ b.

Adding th e length s o f summer an d winte r gives

summer +  winter =  772 .

Similarly,

spring +  fal l =  772 .
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That is , th e longes t seaso n plu s th e shortes t shoul d b e exactl y hal f a  year .
Similarly, th e remainin g tw o season s should mak e exactl y hal f a  year.

If we regard th e length s o f spring, o f summer, an d o f the yea r a s known,
then we may calculat e th e length s o f fal l an d winter :

(1) winter =  77 z —  summer

(2) fal l = 7/ 2 - spring .

It i s not obviou s tha t th e actua l season s obey equations (i ) an d (2) . But thes e
are consequence s o f our sola r theory .

For th e moder n era , th e length s o f the season s are

Spring 92 d 19 h

Summer 9 3 1 5
Fall 8 9 2 0
Winter 8 9 0

Testing equation (2) , we have

fall = x̂ (365V)-92V(?)

= 89^20* ,

so th e relatio n i s indeed satisfied . Testin g equatio n (i) , we have

winter = - X (365V) - 93^15 * (? )

= 89'o*.

Thus, th e length s o f the season s actually are related t o on e anothe r a s the
theory predicts . Th e Su n arrive s a t eac h o f the point s K,  L , M, N  (fig . 5.16)
at exactl y th e moment s predicte d b y th e theory . Tha t is , a t fou r differen t
times during the year , the theoretica l an d th e actua l position s o f the Su n are
in exac t agreement . Thes e are the onl y points w e can check with ou r limite d
data, whic h consis t onl y o f th e length s o f th e seasons . Nevertheless , i f th e
model represents the Sun well at these four points , it cannot b e very far wrong
at othe r place s on th e orbit .

The Exercise:

A. I n antiquity , th e sola r apoge e wa s locate d i n th e sprin g quadran t o f
the ecliptic . Redra w figur e 5.1 6 fo r ancien t times . Us e you r figur e t o
rederive equations (i ) and (2) , relating the length s of the seasons . Your
derivation fo r ancient time s will be similar in method t o the derivatio n
given abov e fo r th e moder n age , but differen t i n som e details . Th e
differences wil l reflect the fac t that in antiquity spring, and not summer ,
was th e longes t season .

B. Hipparchu s measure d th e lengt h o f spring and o f summer, obtainin g
94 i/ day s an d 9 2 1/2 days, respectively . Fro m these  values and th e 365
1/4 da y length o f th e yea r h e deduce d th e length s o f fal l an d winter .
There wa s n o nee d t o measur e th e fal l an d winte r directly . Us e th e
relations derive d b y yo u i n proble m A  an d Hipparchus' s length s fo r
the sprin g an d summe r t o deduc e th e length s o f fal l an d winte r i n
antiquity. T o chec k you r work , se e Hipparchus's ow n result s fo r th e
fall an d winter , give n i n sectio n 5.2.



226 TH E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

FIGURE 5.19 . Relatio n between the mea n Sun
and th e tru e Sun.

FIGURE 5.20 . Th e equatio n of center (q).

C. Seaso n lengths attributed to Euctemon (fift h century B.C.) and to Callip-
pus (fourt h century B.C. ) are given i n not e 1 0 o f thi s chapter. D o yo u
think either Euctemon or Callippus could have anticipated Hipparchu s
in advocating an eccentric-circle theory of the Sun' s motion? Base your
argument on thei r season lengths an d relation s (i ) and (2) , which mus t
apply t o a n eccentric-circl e model .

5-7 TABLE S O F TH E SU N

A solar theory permit s on e t o answer , fo r any date , th e question , what  i s the
longitude of the Saw? This problem can be solved approximately using a concrete
model, such a s an equatorium . I f more precisio n i s needed, th e longitud e o f
the Su n ca n b e calculate d trigonometrically . Suc h calculation s ten d t o b e
laborious. If the longitude of the Sun i s to be calculated often , i t is convenient
to hav e table s tha t minimiz e th e labor . I t i s possible tha t Hipparchu s con -
structed sola r tables in the secon d centur y B.C. , but i f so, they have not com e
down t o us. The sola r tables of Ptolemy (second centur y A.D.), in the Almagest
and th e Handy  Tables,  serve d a s a  mode l fo r al l thos e constructe d later . I f
one learns how to use Ptolemy's tables, one has little difficulty usin g the sola r
tables o f any medieva l o r Renaissanc e astronomer, whethe r Arabi c or Latin .

Some Concepts  Useful  in  the  Solar  Theory

The Mean Su n Th e mean  Sun i s a fictitious body tha t move s uniformly on
a circl e centere d a t th e Earth . I n figur e 5.1 9 th e orbit s of th e mea n an d th e
true Su n are both shown . Th e tru e Su n 0 move s uniforml y o n the solid
circle, whose cente r i s C. The mea n Su n 0 move s uniforml y on the broken
circle, whos e cente r i s th e Eart h O . Figure . 5.I9A— F show s th e position s o f
the mea n and th e tru e Sun at equa l intervals of time. The tim e betwee n tw o
successive figures is one-eighth o f a  year. Not e tha t O 0 remain s paralle l to
C0.

The mea n Su n lie s i n th e sam e directio n a s the tru e wheneve r th e tru e
Sun i s in the apogee A o r the perige e FI of its eccentric circle. (In the moder n
era, these  time s fal l i n Jul y an d January , respectively. ) At al l othe r time s o f
year, the tru e Sun, as seen from th e Earth , is a little ahead of or a  little behind
the mea n Sun . Th e mea n Su n represent s th e positio n tha t th e Su n woul d
have if the eccentricit y o f its orbit were zero, that is , if the cente r o f the orbi t
were th e Earth .

Alternatively, we may think in terms of the concentric-plus-epicycle version
of th e sola r theory . The n th e mea n Su n i s the cente r o f th e epicycle . Th e
true Sun ca n be a  little ahead o f or a  little behind th e mea n Sun , dependin g
on th e tru e Sun's positio n o n th e epicycle .

Equation o f Center  Th e equation  o f center  i s th e angula r distanc e between
the true Sun and the mean Sun . In figure 5.20, the equation o f center i s angle
0O0, marke d q . The mean Sun 0 move s abou t O  at a uniform rate , so
the mean  longitude A , (i.e., the longitude of the mean Sun) increases at a steady
rate. Th e actua l longitude A , of the Su n differ s fro m A . by the smal l correctio n
q. That is , "k  =  A , —  q. Note tha t i n thi s situation (with th e Su n lyin g between
A an d FI) , th e equatio n o f cente r i s a  su b tractive correctio n t o th e mea n
longitude. When the Sun lies between Ft and A, a s in figure 5-I9F, the equatio n
of cente r i s an additiv e correctio n t o th e mea n longitude .

Mean and True Anomaly Th e equation of center varies with the Sun's position
on its  eccentri c circle . The  equatio n of  cente r is  zer o whe n the  Sun  is  at
apogee o r perige e (figs . 5.19 , A  an d E ) an d reache s a  maximu m valu e whe n
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the mea n Su n i s approximatel y halfwa y betwee n apoge e an d perige e (fig.
5.I9Q. Th e magnitud e o f the equatio n o f cente r therefor e depends no t o n
the mean longitude bu t o n the mean Sun' s angula r distance from th e apogee .

The angula r distanc e o f the mea n Su n fro m th e apoge e (angl e AO(-)) i s
called th e mean  anomaly an d is denoted 5  (se e fig. 5.21). The mea n anomal y
is relate d i n a  simple wa y to th e mea n longitude . I n figur e 5.2 1 we see tha t

a =  A, - A,

where A i s the longitud e o f the apogee .
Similarly, th e angula r distanc e o f th e tru e Su n fro m th e apoge e (angl e

AO&) i s called th e true  anomaly an d i s denoted oc . And, clearly ,

a =  A , - A.

The nam e equation  of center  for the smal l correction q  requires an explana-
tion. I n astronom y an equation  is the differenc e betwee n th e actual  value and
the mea n valu e o f som e quantity . Th e equatio n o f cente r i s the differenc e
between th e tru e longitud e an d th e mea n longitud e o f the Sun . I n medieva l
Latin, the regular name for the anomaly was centrum, the angle "at the center. "
Since the equatio n q  depends on th e value of this angle , q is still today called
the "equatio n o f center. "

Maximum Solar  Equation  Th e larges t value q max o f th e equatio n o f cente r
occurs when the Sun is 90° from apogee , tha t is , when a  =  90° or 270°. Th e
situation fo r ( X =  90 ° i s shown i n figur e 5.22 . From th e figure ,

sin q max = OC/C& =  e,

where e  is the sola r eccentricity . Fro m sectio n 5.5 , e — 0.0334, ar >d tnus

qmax =  sin"'(o.0334) =  i°rf.

That is , the tru e Su n i s never more tha n i°55 ' from th e mea n Sun .

The Tables  of  the  Sun

A moder n versio n o f Ptolemy' s sola r theor y i s embodie d i n table s 5.1—5.3 ,
(tables of the sun) . Table 5. 1 gives the amoun t b y which th e mea n longitud e
A, changes in i, 2 , 3, ... days , in 10 , 20 , 30, . . . days. Fo r example , in one day
X increase s by 59.1' , an d i n 2 0 days , b y I9°42.8' . I n 10,00 0 days , A , increases
by I36°28.4', over and abov e complete circles . The blank s in the table are lef t
for th e exercis e of section 5.8 . Table 5. 1 also give s th e amoun t b y which th e
mean longitud e A , change s i n hour s an d minutes . At th e botto m o f tabl e 5. 1
is given the value of the mea n longitud e fo r one particula r date . On Januar y
0.5 (Greenwic h mea n time ) 1900 , th e mea n longitud e o f th e Su n wa s 279 °
42' (Th e notatio n Januar y 0.5 , 1900 , mean s noo n o f January o , 1900 , i.e. ,
noon o f Decembe r 31 , 1899. )

Table 5. 2 permits th e determinatio n o f th e longitud e o f th e sola r apoge e
A fo r any desired date . Fo r example , for 1900 , A =  ioi°o6'. I n 1940 , A was
greater than thi s b y 42', which i s forty years ' motion .

Table 5. 3 permits th e determinatio n o f the equatio n o f the cente r q  if the
mean anomal y 5  i s known.

The advantag e o f table s suc h a s thes e i s tha t the y permi t rapid , precis e
computation of the Sun's longitude on any desired date. For their use, the tables
require only addition an d subtraction. All the more complicated mathematica l
procedures—multiplication, division, extraction of square roots, and trigonom -

FIGURE 5.21 . Angle s usefu l i n th e sola r theory .
Longitude of  apogee, A.  Mea n longitude , 'k.
True longitude , X . Mea n anomaly , K . True
anomaly, a . Equatio n o f center, q .

FIGURE 5.22 .
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TABLE 5.1 . Th e Sun' s Mea n Motion .

Days

100,000
200,000
300,000
400,000
500,000
600,000
700,000
800,000
900,000

100
200
300
400
500
600
700
800
900

Hours

1
2
3
4
5
6
7
8
9

10
11
12

Motion

284°44.0'
209°28.0'
134° 12.0'
58°56.0'

343°40.1'
268°24.1'
193°08.1'
117°52.1'
42°36.1'

231°23.3'
329°57.2'
68°31.1'

167°05.0'

Motion

0°02.5'
0°04.9'
0°07.4'
0°09.8'
0°12.3'
0°14.8'
0°17.2'
0°19.7'
0°22.2'
0°24.6'
0°27.1'
0°29.6'

Days

10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000
90,000

10
20
30
40
50
60
70
80
90

Hours

13
14
15
16
17
18
19
20
21
22
23
24

Motion

136°28.4'
272°56.8'
49°25.2'

185°53.6'
322°22.0'
98°50.4'

235°18.8'
11°47.2'

148°15.6'

9°51.4'
19°42.8'
29°34.2'
39°25.6'
49°16.9'
59°08.3'
68°59.7'
78°51.1'
88°42.5'

Motion

0°32.0'
0°34.5'
0°37.0'
0°39.4'
0°41.9'
0°44.4'
0°46.8'
0°49.3'
0°51.7'
0°54.2'
0°56.7'
0°59.1'

Days

1,000
2,000
3,000
4,000
5,000
6,000
7,000
8,000
9,000

1
2
3
4
5
6
7
8
9

Minutes

10
20
30
40
50
60

Motion

153°53.0'
59°31.9'

325°10.7'
230°49.6'

0°59.1'
1°58.3'
2°57.4'
3°56.6'
4°55.7'
5°54.8'
6°54.0
7°53.1'
8°52.2'

Motion

0°0.4'
0°0.8'
0°1.2'
0°1.6'
0°2.1'
0°2.5'

Epoch 190 0 Jan 0. 5 ET = ;.D. 241 5020. 0 (noon a t Greenwich) .
Mean longitud e a t epoch = 279°42'.

etry—have bee n don e b y th e compile r o f th e tables . I n th e day s befor e th e
hand calculator , suc h table s offere d th e use r grea t saving s i n labor .

Precepts for the  Use  of the  Tables  of  the  Sun

i. Determin e th e Julian da y number o f the momen t fo r which th e Sun' s
longitude i s desired. Subtrac t fro m thi s the Julian da y number o f the epoch ,

TABLE 5.2 . Longitud e o f the Sola r Apogee

Year

801 BC

701
601
501
401
301
201
101

1 B.C.

100 A.D.

Longitude

53°57'
55°42'
57°27'
59°12'
60°57'
62°41'
64°26'
66° 11
67°56'
69°40'

Year

200 AD

300
400
500
600
700
800
900
1000
1100

Longitude

71°25'
73°10'
74°55'
76°40'
78°24'
80°09'
81°54'
83°39'
85°23'
87°08'

Year

1200 AD

1300

1400
1500
1600
1700
1800
1900
2000
2100

Longitude

97°37'
99°21'
101°06'
102°51'
104°36'

Ten-Year
Intervals

10
20
30
40
50
60
70
80
90

Motion

0°10'
0°21'
0°31'
0°42'
0°52'
1°03'
1°13'
1°24'
1°34'
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TABLE 5.3 . Equatio n o f Center o f the Su n

Mean
Anomaly

0° (360)
5° (355)

10° (350)
15° (345)
20° (340)
25° (335)
30° (330)
35° (325)
40° (320)
45° ( 3 15)
50° (310)
55° (305)
60° (300)
65° (295)
70° (290)
75° (285)
80° (280)
85° (275)
90° (270)

Equation
of Center

-(+) 0 ° 0 '
0°10'
0°19'
0°29'
0°38'
0°47'
0°56'
1°04'
1°12'
1°19'
1°26'
1°32'
1°38'
1°43'
1°47'
1°50'
1°52'
1°54'
1°55'

Mean
Anomaly

90° (270)
95° (265)

100° (260)
105° (255)
110° (250)
11 5° (245)
120° (240)
125° (235)
130° (230)
135° (225)
140° (220)
145° (215)
150° (210)
155° (205)
160° (200)
165° (195)
170° (190)
175° (185)
180° (180)

Equation
of Center

-(+) 1°55 '
1°55'
1°54'
1°52'
1°49'
1°46'
l°4l'
1°36'
1°30'
1°23'
1°16'
1°08'
0°59'

1900 January 0.5 Greenwich mea n tim e ( = J.D. 241 5020.0). The resul t is At ,
the numbe r o f days elapsed sinc e epoch .

2. Findin g th e mea n longitude : Ente r tabl e 5. 1 wit h th e digi t fo r eac h
power o f 10 in At an d tak e out th e correspondin g motion . Tak e out als o the
motion fo r the hours and minutes , i f required. The tota l mean motio n i s the
sum o f all . The tota l mea n motio n i s positive if th e dat e i s after th e epoc h
and negativ e i f i t i s before . Ad d th e mea n motio n t o th e mea n longitud e a t
epoch (279°42' ) and subtrac t as many multiples of 360° as  required to render
the quantit y les s tha n 360° . Roun d t o th e neares t minute o f arc. The resul t
is th e Sun' s mea n longitud e A , a t th e require d date .

3. Longitud e o f th e apoge e an d mea n anomaly : Ente r tabl e 5. 2 with th e
century year immediately before th e require d year. For example , for A.D. 1583 ,
use 1500 ; fo r 18 3 B.C., use 201 B.C. Then correc t this longitude b y the motio n
of the apoge e during the interva l from th e centur y year to th e require d year.
It i s sufficient t o wor k t o th e neares t decade. Fo r example , for A.D . 1583 , ad d
80 years ' motion . I f th e tabl e i s handle d i n thi s way , th e motio n fo r th e
decades elapse d will alway s be adde d positivel y to th e valu e fo r the century .
The su m i s the longitud e A o f the sola r apogee. Calculat e th e mean anomal y
5 b y subtracting A fro m th e mean longitude :

a =  A, - A.

If a  shoul d tur n out negative , add 360° .
4. Equatio n o f center : Ente r tabl e 5. 3 with th e mea n anomal y an d tak e

out th e equatio n o f cente r q . Here , th e interpolatio n shoul d b e don e wit h
care t o determin e th e equatio n t o th e neares t minut e o f arc . Not e tha t th e
equation i s negative if the anomal y is between o ° and 180 ° and positiv e if the
anomaly i s between 180 ° an d 360° .

5. Ad d th e equatio n o f cente r t o th e mea n longitude . (Th e table s hav e
been se t up s o that on e alway s adds. Bu t the sig n of q may be either positive
or negative , as listed i n tabl e 5.3. ) The resul t is the longitud e o f the Su n tha t
was sought :

X, =  A , +  a .
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Example: Calculat e th e longitud e o f th e Su n o n Novembe r 4 , 1973 , a t
10:30 A.M. , Greenwic h time .

1. Fro m th e table s for Julian da y numbe r (table s 4.2-4.4) w e have

1900! 2,415,02 0
73 26,66 3 ( = 26,664 ~ ~ J)

Nov 4 30 8

2,441,991

This is the Julian day number for November 4 , 1973, Greenwich mea n noon.
We wan t 10:3 0 A.M. , s o we mus t subtrac t i  1/ 2 hours , obtainin g 24 4 1990 ^
22.5 . Next, comput e Ar , th e tim e elapse d since epoch :

1973 No v 4 , 10:3 0 A.M . J.D . 24 4 1990 ^ 22 * 30 ™
Less Julian day number o f epoch —24 1 502 0 o  o

At= 2  6970 ^ 22 * 30 ™

2. Fro m tabl e 5. 1 we hav e

Time Motion
20,000 day s 272 ° 56.8 '
6,000 15 3 53. 0

900 16 7 05. 0
70 6 8 59. 7
o o  o. o

22 h r o  54. 2
30 mi n + o 1. 2

660° 229.9 ' =663 ° 50 '
Plus mean longitud e at epoc h +  279 4 2

942 9 2
= 94 3 32 -

Reject 720 ° -  720

X, =  223 ° 32' ,

which i s the mea n longitud e at th e require d date .
3. Fro m tabl e 5. 2 (longitude o f th e sola r apogee):

1900 101 ° 06 '
70 year s i  1 3

A 102 ° 19 '

This wa s the longitud e o f th e Sun' s apoge e i n 1973 . Th e mea n anomal y a t
the require d date i s calculated thus :

Mean longitud e 223 ° 32 '
Less longitude of apogee -10 2 1 9

(X, th e mea n anomal y 121 ° 13 '

4. I n tabl e 5. 3 find

q = - i°4o' .
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5. Add thi s equation t o th e mea n longitude :

1 223 ° 32 '
+q - i 4 0

A, 221 ° 52 '

This, according to our modern Ptolemaic theory, was the longitude of the
Sun o n Novembe r 4 , 1973 , a t 10:3 0 A.M. , Greenwich time . The Sun' s actua l
longitude at thi s date, as calculated from moder n celestia l mechanics, was the
same. Ou r moder n Ptolemai c mode l (Ptolemy' s model , bu t wit h improve d
numerical parameters) will never be wrong by more than i' or 2' for any date
within a  few centuries of our epoc h dat e o f 1900.

Ptolemy's Solar  Tables

Our table s of the  sun  (table s 5.1-5.3) are  modeled on  thos e of  Ptolem y but
differ fro m the m i n a  number o f minor ways .

Table o f the Sun's  Mean Motion  I n tabl e 5.1 , th e mea n motio n i s given fo r
i, 2 , 3  days, fo r 10 , 20 , 3 0 days, and s o on, u p t o multiple s of 100,000 days .
This i s a convenient arrangemen t bu t i s not th e onl y one imaginable . In th e
solar table s of the Almagest Ptolemy gives the mea n motion fo r hours from i
to 24 , for days from i  to 30 , for i to 1 2 complete Egyptia n months o f 30 days
each, fo r i  t o 1 8 Egyptia n years of 36 5 days each, an d fo r i8-yea r period s u p
to 81 0 year s ( = 4 5 eighteen-year periods). This arrangemen t was convenien t
for us e with th e Egyptia n calendar . I t demande d slightl y les s labo r from th e
user tha n doe s ou r ow n arrangement , for ther e wa s no nee d t o reduc e th e
time interval to days. Rather, complete years and months coul d be dealt with
as they stood . The Gregoria n calenda r is not quit e a s convenient fo r such a
purpose a s was the Egyptia n calendar , because of the variabl e lengths of ou r
months and years . Ptolemy's table of mean motio n i s based on hi s value (365
+ 1/4 - 1/30 0 days ) for the tropical year.

Longitude of  the  Apogee  Ptolem y believe d tha t the  apoge e was  fixed  wit h
respect t o th e equinoxes , a t longitud e 6 5 1/2°, becaus e h e foun d th e sam e
lengths fo r th e season s as Hipparchus had foun d nearly three hundred years
before. Consequently , Ptolem y ha s nothin g lik e ou r tabl e fo r th e longitud e
of th e sola r apogee . I n this , o f course , Ptolem y wa s mistaken , an d h e was
eventually corrected b y the Arabic astronomers of the medieva l period. From
the ninth centur y onward, th e longitude o f the Sun' s apoge e was recognized
as a n increasin g quantity . Usuall y th e rat e o f motio n o f th e apoge e wa s
identified wit h th e rat e o f th e precession . Tha t is , th e Sun' s apoge e was
considered t o b e fixed with respec t t o th e stars , rathe r tha n wit h respec t t o
the equinoctia l point. While thi s represented an improvement over Ptolemy's
theory, i t stil l somewhat underestimate d th e tru e rate of motion .

Equation o f Center  Ptolem y calculate d th e equatio n o f cente r jus t a s w e
have (althoug h w e hav e simplifie d thing s b y usin g moder n algebrai c an d
trigonometric notation). Ptolemy' s tabl e is based on a  slightly larger value for
the sola r eccentricit y (0.0415 , a s compared wit h ou r 0.0334) . Consequently ,
his maximu m valu e fo r th e equatio n o f cente r i s larger than our s (2°23' , as
compared t o ou r i°55 ' i n tabl e 5.3) .
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FIGURE 5.23 .

Mathematical Postscript:  Construction  of  the  Tables

Let u s se e how th e tables  o f the sun (table s 5.1-5.3 ) wer e constructed.

Mean Motion  Th e tabl e o f th e sun' s mea n motio n (tabl e 5.1 ) i s base d o n
the followin g length fo r th e tropica l year :

i tropica l yea r = 365.24219 9 days .

As th e Su n complete s 360 ° o f motion wit h respec t t o th e equinoctia l poin t
in a  tropica l year , the mea n motio n i n longitud e i s

36o°/365.242i99^ = 0.98564733 5 °/d .

All entries in table 5. 1 are multiples of this figure, with whole circles discarded.

Longitude of the Solar Apogee Tabl e 5.2 is based on the following two positions
of the sola r apogee :

A = 102.4° in A-D- I 974

A =  65.5° i n abou t 14 0 B.C.

The first result is our own, fro m sectio n 5.5 . The secon d i s due to Hipparchus .
The rat e (assume d constant ) a t which th e sola r apogee advance s is

(102.4° ~ 65-5°)/(i97 4 + 13 9 years ) = o.oi7463°/year

= i.7463°/century.

The colum n givin g the motio n fo r ten-yea r interval s i s based o n thi s rate .
The longitud e o f th e apoge e i n th e yea r 1900 i s obtained b y subtractin g

74 years' motion fro m th e longitud e o f the apoge e i n 1974 :

^1900 = Am ~  74 years' motio n

= 102.4° ~ 7 4 years X o.017463°/year

= 101.1°, o r ioi°o6'.

The res t of the table is easily completed b y successive additions or subtractions
of the motio n fo r a  single century .

Equation o f Center  Tabl e 5.3 is based o n th e valu e for the eccentricit y o f th e
Sun's circl e calculate d i n sectio n 5.5:

e =  0.0334,

the radiu s being take n a s unity.
It i s now require d t o calculat e th e equatio n o f cente r q  a s a functio n o f

the mean anomal y ft . Note that i n figure 5.20, angle CO O an d angle OOO
are alway s equa l sinc e C O i s parallel to OO . Thus , angl e CO O is equal t o
the equatio n o f center .

Our calculatio n wil l be based o n figure 5.23 . Line OChas bee n extende d
beyond C , and a  perpendicular ha s bee n droppe d fro m O  t o mee t thi s lin e
at B . Now OC B = ft. In triangle  OC B we have

CB = e cos f t

OB = e sin a ,

where e  is the eccentricit y OC . Therefore , th e whol e lin e segmen t &B  is
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0£ = 0C+ CB

— i +  e  cos ft .

In righ t triangl e Od)B,  O Q i s the hypoteneuse . B y the rul e of Pythagoras ,

O0 = A/052 + OB*

= V(i +  e  cos a)2 + ( e sin a)2

=V^ + 2e  cos a +  e . FIGURE 5.24.

Then, i n triangl e OQ B Again,  we have

sin q  = OB/OQ

e si n GL

A/I +  2c cos a +  /

This i s the resul t tha t wa s sought . I t allow s u s t o comput e th e equatio n o f
center q  fo r an y valu e o f th e mea n anomal y O L

Actually, thi s expressio n should b e regarded a s giving the magnitude  of q
only. Figure 5.23 shows tha t q  (defined b y q = a -  a ) shoul d be negative for
o <  a <  180°. q  is positive for 180° < a <  360° , a s in figure 5-I9F. Bot h th e
correct sig n an d magnitud e wil l be obtaine d i f q  i s calculated fro m

sin q  = —e sin a

Vi + re cos a +

Mean Longitude  at Epoch  Th e las t parameter tha t mus t b e specifie d i s th e
mean longitud e o f th e Su n fo r som e date . A s epoch , w e hav e chose n 190 0
January 0. 5 (noo n a t Greenwich) . Th e problem , then , i s to determin e th e
Sun's mean longitud e on thi s date . We do not ye t know the mean longitud e
of th e Su n o n an y date . Bu t we do kno w th e true  longitude o f the Su n o n
several dates: the equinoxe s and solstice s of the years 1972—1975 on which ou r
work ha s bee n based . Th e firs t ste p i n ou r procedure , then , i s to determin e
the mea n longitud e o f the Su n a t one equino x o r solstice .

Let us choose th e vernal equinox of 1973. According t o th e dat a i n section
5.4, thi s vernal equinox fel l o n Marc h 2 0 a t 1 8 Greenwic h time . Figur e 5.24
shows the sola r mode l a t the momen t o f a vernal equinox. The paralle l lines
OX an d C Y point to th e infinitel y distan t equinoctia l point . A t the momen t
of equinox, the Su n i s at X, s o its true longitude, a s measured from th e Eart h
O, is zero. The mea n longitude A, as measured at the center C  of the eccentric
circle, has not quit e reached zero but i s shy of being zero by angle YCX,  which
is equal to the equation of center q. Therefore, let us compute q  at the moment
in question .

We kno w the Sun' s tru e longitude A , (o°, or 360° , at vernal equinox), an d
we know the longitude of the apogee A. Therefore, we know the true anomaly
a =  A , -  A.  The problem thu s require s calculatin g q in terms of  a (rathe r
than i n term s o f & , a s in ou r constructio n o f th e tabl e fo r th e equatio n o f
center).

The derivatio n o f a genera l formul a for calculating q i n term s o f a  wil l
be base d on figur e 5.25 . In triangl e OCD,

DC=OCs'm a

= e sin a ,

FIGURE 5.25.



234 T H E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

if th e radiu s of th e circl e is taken a s unity. Then , i n triangl e Z)OC, si n q  =
DC/CQ, o r

sin q  =  e  sin OC ,

since C 0 =  i. This formula give s the correct magnitude , bu t not th e correct
sign, fo r q . To obtai n th e correct  sign , not e tha t i n figur e 5.25 , q should b e
negative fo r a  between o  an d 180° , since O C >  OC , an d q  i s define d b y q  =  O C —
OC. Thus, the correc t magnitude and sig n of q will be obtained if q is calculated
from

sin q  =  —  e sin OC.

Now w e ma y procee d wit h th e calculatio n o f th e Sun' s mea n longitud e a t
the verna l equinox o f 1973 .

Sun's tru e longitude : A . = o  (verna l equinox)
Longitude o f apogee i n 1973 : A =  io2°i9' (fro m tables )

Therefore, th e tru e anomal y was

a =  A , - A = -I02°i9',

a =  257°4i' (addin g 360°) .

From thi s we calculat e q:

sin q  = —e sin a

= -0.0334 sin(257°4i')

= +0.03263.

? = +iV-

The mea n longitud e was less tha n th e tru e b y this amount :

A, = A , - q  = -iV,

or

A, = 3 58°o8' (adding 360°) .

This was the Sun' s mea n longitud e a t Marc h 20 , 1973 , 1 8 Greenwic h mea n
time.

We hav e obtaine d th e Sun' s mea n longitud e a t a  particula r momen t i n
the yea r 1973. What we actually want i s the mea n longitud e a t ou r standar d
epoch, th e beginnin g o f the yea r 1900. Therefore, procee d a s follows :

Mar 20 , 1973 , 6  p.m. J.D . 24 4 1762 6
Jan o , 1900 , noo n J.D . 24 1 5020 o

Time elapsed since epoch A f 2  6742 6

During this time interval, the Sun's mean longitude increased by j%°x6', over
and above complete cycles. (This resul t may be obtained eithe r by multiplying
A£ by the mea n dail y motion o f 0.985 6473°/d, o r b y entering table 5. 1 with
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At.) T o obtai n th e mean longitude a t epoch, we set back the mean longitud e
at th e verna l equinox o f 197 3 b y this amount :

Mean longitude , Mar 20,1973 , 6 P.M. 358 ° 08 '
Less the motio n -7 8 2 6

Mean longitude , Jan o , 1900 , noon 2.79 ° 42 '

This i s the resul t that wa s sought, th e Sun' s mea n longitud e a t epoch . Thi s
figure i s give n a t th e botto m o f tabl e 5.1 .

5.8 EXERCISE : O N TH E TABLE S O F TH E SU N

1. Us e table s 5.1-5. 3 t o comput e th e longitud e o f th e Su n o n Marc h 15 ,
A.D. 1979 , Greenwich mea n noon. Show all your work in a clear, orderly
fashion. (Answer : 354° 19' . I f your answe r disagrees with thi s by more
than i  o r 2 ' check you r wor k to see where you went wrong. )

2. Work ou t th e missin g entrie s an d fil l i n th e blank s i n table s 5.1 , 5.2,
and 5.3.

3. Usin g the sola r tables, compute th e longitude o f the Sun on Decembe r
25, A.D . 1960, Greenwic h mea n noon .

4. Choose a  dat e i n th e curren t yea r an d calculat e th e longitud e o f th e
Sun usin g tables 5.1—5.3 . Compar e wit h th e longitud e tabulate d in , fo r
example, th e curren t year's Astronomical Almanac.

5 - 9 CORRECTION S T O LOCA L APPAREN T TIM E

The Equation  of  Time

An idea l clock runs at a  steady rate , but th e Su n doe s not. Indeed, th e tim e
from on e loca l noon t o th e nex t i s slightly variable; that is , the lengt h of th e
solar da y i s not constant . Th e variatio n i s not large , however , an d i t passes
through th e sam e cycl e each year . Clocks ru n a t a  rate chosen t o matc h th e
length of the mean  solar day, that is , the averag e of the length s of all the day s
of the year . It i s the mean sola r day that amount s t o twenty-fou r hours. Any
particular sola r day can b e a  little longer or shorte r tha n this .

Suppose tha t a  clock's hand s are adjusted so that loca l noon come s o n the
average when th e cloc k read s 12:00 . I n suc h a  cas e th e cloc k keep s wha t i s
called local  mean time. This kind o f time is "mean" becaus e it runs at a steady
rate (unlik e the tim e tha t th e Su n keeps) . It i s "local" because it depends o n
the longitud e o f the timekeeper' s positio n on th e Earth . Fo r example , loca l
mean noo n a t Ne w Yor k occurs abou t thre e hour s befor e loca l mea n noo n
in Sa n Francisco .

The tim e kept by the Sun and indicated by a sundial is called local apparent
time. The differenc e between  local apparent and loca l mean time is called the
equation of  time:

Equation o f time = local apparent tim e (L.A.T. ) -  loca l mean time (L.M.T.) .

Table 5. 4 gives th e value s o f th e equatio n o f tim e a t one-mont h interval s
throughout th e year . (The missing entries are the subjec t o f sec. 5.10. )

Example o f th e Us e o f th e Table  Suppos e tha t o n Jul y 2 3 a  sundia l read s
4:45 P.M . (i.e., local apparent tim e i s 4:45 P.M.) . What is the loca l mean time?

L.M.T. =  L.A.T . — equation o f time .
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TABLE 5.4. Th e Equation of Tim e (local apparen t
minus mean time )

Date

Jan 2 0
Feb 1 9
Mar 2 1
Apr 2 0
May 21
Jun 2 2

Equation

-11 mi n
-14
-7
+1
+4
-2

Date

Jul23
Aug24
Sep23
Oct 2 4
Nov 2 3
Dec 22

Equation

—6 mi n
-3
+7

+16

From tabl e 5.4 , we find that o n Jul y 2 3 the equatio n o f time i s -6 minutes .
Thus, the  loca l mea n tim e whe n the  sundia l was consulted was

L.M.T. = 4:45 P.M. - (- 6 min )

= 4:5 1 P.M.

Second Example Ho w muc h tim e (i n mean sola r days) elapses between loca l
noon o f March 2 1 and loca l noo n o f Octobe r 2 4 of the sam e year?

October 2 4 i s th e 297t h da y o f th e yea r (se e table 4.4) ; Marc h 2 1 i s th e
Both day . Thus , betwee n th e tw o noon s th e numbe r o f day s elapse d i s 297
— 8 0 = 217 . These 217 days are not , however , mea n sola r days. That is , these
217 days are not unit s o f equal length . T o discove r th e exac t amoun t o f time
elapsed, i t i s necessary to expres s the tw o date s i n term s o f mean time :

L.M.T. of 2nd date = L.A.T. of 2nd date -  equatio n o f time

= 12:00 P.M . - (1 6 min )

= 11:44 A-M-

L.M.T. of ist dat e = 12:00 P.M . - (- 7 min )

= 12:07 P -M-

The tim e interva l run s fro m 12:0 7 P -M- Marc h 2 1 to 11:4 4 A -M- Octobe r 24 .
The tota l tim e elapsed , expressed  i n mean  solar days,  i s 216 days, 2 3 hours,  3 7
minutes.

Zone Time

Clocks ordinaril y keep , no t loca l mea n time , bu t zone  time.  Th e Eart h i s
divided int o twenty-fou r tim e zones , each approximatel y 15 ° wide. Th e exac t
boundaries of the time zones are irregular and are subject to occasional change,
as they reflec t politica l decisions. Fo r example , i t i s inconvenient t o le t a zone
boundary pas s throug h a  large city . Th e placemen t o f time zon e boundarie s
often expresse s a  sens e o f politica l o r cultura l identity . Fo r example , al l o f
western Europe (excep t the United Kingdom ) lie s in one time zone , althoug h
the continen t i s much wide r tha n 15 ° o f longitude .

Associated wit h eac h tim e zon e i s a standard meridian.  There ar e twenty -
four standar d meridians , space d a t 15 ° interval s eastward an d westwar d fro m
the Greenwich meridian . The tim e zones are arranged, usually but not always ,
so tha t th e standar d meridia n fo r eac h zon e run s roughl y dow n th e middl e
of tha t zone . Th e clock s i n a  single tim e zon e al l keep th e sam e time . Th e
zone tim e i n a  particula r tim e zon e i s the loca l mea n tim e o n th e standar d
meridian o f tha t zone . That is , al l the clock s i n a  zone ar e se t t o agre e wit h
the clock s o n tha t zone' s standard meridian .
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Here ar e th e standar d meridian s fo r th e tim e zone s o f th e continenta l
United States :

Eastern 75 ° W
Central 90 ° W
Mountain 105 ° W
Pacific 120 ° W

Conversion fro m loca l mea n tim e t o zon e tim e involve s a  correctio n fo r
the longitudina l distanc e o f the localit y fro m th e standar d meridian : 360 ° of
longitude represents a 24-hour time difference, so the time difference associated
with a  single degree of longitude i s 24 hours/36o =  1/1 5 hour , o r 4  minutes .
For a location west  of the standard meridian, the correctio n for the longitud e
must b e added  t o th e loca l mea n tim e t o obtai n zon e time . Suppose , fo r
example, that it is 12:00, local mean noon, at Baltimore. Baltimore, at longitude
77° W , i s 2 ° wes t o f th e standar d meridia n fo r it s zone . A t th e standar d
meridian, loca l mea n noo n wil l already hav e occurred . Thus , th e zon e tim e
must b e later than 12:00 .

For a location east  of the standard meridian, the correction for the longitude
must b e subtracted  fro m th e loca l mean tim e t o obtai n zon e time .

Complete Example  of Time  Conversion  A  sundia l i n Bosto n read s 10:13 A -M-
on Septembe r 23 . What i s the Easter n standar d time ?

First Step.  Obtai n th e loca l mea n tim e b y applying th e equatio n o f tim e
to the local apparent time. The equation of time for September 23 is 7 minutes.
Thus,

L.M.T. = L.A.T. - Equatio n o f time

= 10:1 3 ~ ~ ( 7 rnin )

= 10:06 A.M.

Second Step.  Obtai n th e zon e tim e (Z.T. ) b y applying th e correctio n fo r
the positio n o f the cit y i n it s tim e zone : Boston , a t 71 ° W  longitude , i s 4°
east o f the zone' s standar d meridian . The correctio n i s therefore subtractive:

Z.T. =  10:06 - 4 ° X 4 min/°

= 10:06 - 1 6 min

= 9:5 0 A.M.

Thus, a t th e momen t th e sundia l was consulted, Easter n standard tim e was
9:50 A.M . That is , Sun tim e wa s 10:13, bu t cloc k tim e wa s 9:50.

Summary Conversio n fro m loca l apparen t tim e t o zon e time involve s two
corrections. On e o f these, the equation of time, depends onl y on the tim e of
year. The secon d correctio n depend s only on the locality's position in its time
zone. A  thir d correction , fo r dayligh t saving s time , mus t b e applie d i n th e
summer month s i n localitie s that us e this convention .

Cause of  the  Equation  of  Time

The equatio n o f time arise s from tw o causes . First, the eclipti c is inclined t o
the plane of the equator . And, second , th e Sun's motion alon g the eclipti c is
not uniform , bu t i s sometimes faste r an d sometime s slower .

It i s convenient t o introduc e a  fictitiou s objec t tha t suffer s fro m neithe r
of these  complications . Th e equatorial  mean Sun i s defined to trave l aroun d



238 TH E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

FIGURE 5.26 .

the celestial equator, from west to east, at a uniform angular speed, completin g
one circui t of  the  celestia l spher e in  a  tropica l year . If  the  Sun  travele d at  a
uniform angula r spee d aroun d th e ecliptic , an d i f the eclipti c coincided wit h
the equator, the equatorial mean Su n would coincide with th e true Sun. (Th e
equatorial mean  Sun shoul d no t b e confuse d wit h th e mea n Su n o f sec . 5.7.
The mea n Su n travel s in th e plan e o f th e ecliptic , bu t th e equatoria l mea n
Sun, introduce d her e for the firs t time, travel s in th e plane o f the equator.) '

In figur e 5.26 , the verna l equinoctia l poin t i s r Y°. P  and Q  are the nort h
and south celestia l poles . The true Sun 0 move s eastwar d alon g the ecliptic
at a  variable speed. Thus, the Sun' s longitude (eclipti c arc 'Y'O) increase s at
a variable rate. Pass a great circle through P  and 0. Thi s great circle cuts the
equator a t A. Th e righ t ascensio n o f the Su n i s arc ^fA  o f the equator . As
0 move s nonuniforml y o n the ecliptic , A  wil l mov e nonuniforml y o n the
equator. Tha t is , the Sun' s righ t ascensio n ^A increase s at a variable rate.

Moreover, even if the Su n did move along the eclipti c at a steady rate (i.e.,
if arc 0̂ increase d uniforml y wit h time) , th e Sun's righ t ascensio n r YM
would still increas e a t a variable rate . When the Sun is near a solstitial point,
as in figure 5.26, its motion alon g the ecliptic carries it on a  path that is nearly
parallel t o th e equator . Thus , th e Sun' s projectio n ont o th e equato r (poin t
A) move s along a t a  healthy speed . Bu t when th e Su n i s near a n equinoctia l
point, it s path alon g th e eclipti c i s significantly incline d t o th e equator , an d
so poin t A  tend s t o mov e mor e slowly .

The equatoria l mea n Sun , 5  i n figur e 5.26 , is defined t o mov e alon g th e
equator a t a  steady rate . Th e spee d o f S  i s the sam e a s the averag e speed o f
A. Thus, A will be sometimes a little ahead of S, and sometimes a little behind .

The equatoria l mean Su n i s the keepe r of mean time . Onc e each day , th e
revolution o f the cosmos carries the equatoria l mean Sun across our meridia n
and produce s loca l mea n noon . Whe n th e tru e Su n crosse s th e meridian ,
either a  littl e earlie r o r a  littl e late r tha n this , loca l apparen t noo n ( = local
noon) occurs . I n figur e 5.26 , suppose tha t PXQ_  i s the loca l celestia l meridian ,
regarded a s fixed. In th e cours e o f a  day , th e celestia l spher e revolve s to th e
west abou t axi s PQ and al l the point s o f the spher e are carried past meridia n
PXQ. Th e figure, drawn fo r a time i n May, show s tha t th e true Su n 0 wil l
cross the meridian befor e the equatorial mean Sun S. So, apparent noon occurs
a fe w minutes befor e mea n noon .

The equatio n o f tim e i s equa l t o ar c SA  i n figur e 5.26 . Th e equation  o f
time is the difference  between  the  right  ascension  of  the equatorial  mean Sun and
the right  ascension  of  the  Sun:

Equation o f time =^S- J^A

Corrections to  Local Apparent Time  in  Antiquity

Change o f Meridian  Ther e wa s n o suc h thin g a s zon e tim e i n antiquity .
Each astronome r used the local time of his own meridian. When observation s
made at two differen t location s were compared, however , the astronomer had
to tak e int o accoun t th e differenc e between  th e longitude s o f the places .

Ptolemy, fo r example , i n th e constructio n o f hi s luna r theory , mad e us e
of lunar eclipses observed by himself and his near contemporaries in Alexandria,
but h e als o used record s o f eclipses that ha d bee n observed i n Babylo n eight
centuries earlier . On e o f th e Babylonia n lunar eclipse s use d b y Ptolem y oc -
curred i n th e firs t yea r o f the reig n o f Mardokempad, i n th e nigh t between
Thoth 2 9 an d Thot h 3 0 (72 1 B.C. , March 19/20 , th e most  ancien t date d
observation i n th e Almagest).  Fro m th e ancien t record , Ptolem y determine s
that th e middl e o f the eclips e cam e 2  1/2 equinoctia l hour s befor e midnigh t
in Babylon . He continue s in this vein:
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Now w e tak e a s th e standar d meridian fo r al l tim e determination s th e
meridian through Alexandria, which is about 5/6 of an equinoctial hour to
the wes t o f th e meridia n through Babylon . So a t Alexandria , th e mid -
dle o f th e eclips e i n questio n wa s 3  1/ 3 equinoctia l hours befor e mid -
night . . . H

The accurac y of such a  correction depende d o n th e precisio n with whic h
the longitude s o f th e citie s coul d b e determined . Befor e th e seventeent h
century, th e measuremen t of longitude was a highly imperfec t art. Ptolemy' s
5/6 hour differenc e betwee n Babylo n tim e an d Alexandri a tim e corresponds
to a I2°3o' longitude differenc e between  the two cities. Their actua l separation
is abou t 15° , o r abou t on e hour .

Ptolemy's table s fo r workin g ou t th e position s o f th e Sun , Moon , an d
planets wer e base d o n Alexandri a time , jus t a s ou r ow n table s o f th e Su n
(tables 5.1-5.3) are based on Greenwich time. The choice of a standard meridian
for th e tables , however , i s a  trivia l matter , a s i t influence s only th e initia l
values o f th e time-varyin g quantities . Fo r example , a t th e foo t o f tabl e 5. 1
(table of the sun' s mean motion), the mea n longitude of the Sun i s given as
279°42' a t Greenwic h mea n noo n o f Decembe r 31 , 189 9 ( = Jan. 0.5 , 1900) .
If w e wishe d t o adap t th e table s fo r Ne w Yor k loca l time , i t woul d b e
convenient t o kno w th e Sun' s mea n longitud e a t Ne w Yor k mean noo n o f
the same day. Ne w York is at 74° W longitude . The 74 ° longitude differenc e
between Greenwich and New York corresponds to a difference of 4 56 ™ between
the loca l times. Now i n 4*56 ™ the mea n Sun move s about 12' , as can be found
from tabl e 5.1 . Thus, a t loca l mea n noo n i n Ne w York , Decembe r 31 , 1899 ,
the longitude of the mean Sun was 279"42' +12' = 279°54'. If this information
were note d a t th e foo t o f th e table , th e tabl e woul d contai n al l tha t wa s
necessary fo r convenien t calculatio n fo r th e meridia n o f New York .

Ptolemy's table s enjoye d a  lon g life . The y wer e copie d i n bu t slightl y
modified form s durin g th e whol e medieva l perio d b y Arabic- and , later , b y
Latin-writing astronomers. Astronomers ofte n adapte d th e tables to their own
meridians by means of the simpl e transformation we have just illustrated. In
many medieva l manuscript s the strictl y astronomical table s are accompanie d
by subsidiary tables, includin g geographica l table s givin g th e longitude s an d
latitudes of major cities . The longitude s were required, o f course, for making
a chang e o f meridian .

Equation o f Time  Geminu s say s i n hi s Introduction  t o th e Phenomena  (VI,
1—4) that the nychthemeron  (a day and night together) is not o f constant length .
Moreover, Geminu s give s a  clea r explanatio n o f on e o f th e cause s o f thi s
inequality—the on e tha t depend s o n th e obliquit y o f th e ecliptic . Geminu s
defines th e nychthemeron  as the tim e fro m sunris e to sunrise , rathe r tha n a s
the tim e from loca l noon t o local noon a s we (and Ptolemy) do . Nevertheless,
the essentia l phenomen a ar e th e same . Th e variabilit y in th e lengt h o f th e
solar da y was to o smal l t o b e measure d directly , b y mean s o f a  water cloc k
or some other device . Rather, this variability was deduced fro m theory. Fro m
Geminus's remark , i t i s clear tha t th e Gree k astronomer s kne w b y th e firs t
century A.D. that the nychthemeron  must vary in length. 3 However , the oldes t
surviving detailed, mathematical discussion of this subject is that o f Ptolemy .

In antiquity, the equation of time had few important consequences , simply
because o f th e smallnes s o f thi s equation . Fro m tabl e 5.4 , th e mea n tim e
elapsed betwee n Februar y 1 9 an d Octobe r 2 4 i s som e 3 0 minute s les s tha n
the apparen t tim e elapsed. This 3o-minute correctio n t o the length o f a time
interval i s about th e larges t ever required .

The Su n and planet s move along the ecliptic at rather slow rates. The Su n
moves only about i°/day. In hal f an hour th e Sun's motion the n amount s to
0.02°, o r slightly more tha n i'. Thus, unles s one can measure the longitudes
of the Sun and planets to a precision of a minute of arc, it makes no differenc e
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whether on e works wit h mea n o r apparen t time . There i s no nee d t o appl y
the equatio n o f time .

Only in the case of the Moon, which move s much more rapidly, need this
proposition b e modified . Th e Moo n complete s on e revolutio n abou t th e
Earth, wit h respec t t o th e fixed stars , i n 27. 3 days, whic h work s ou t t o I3° /
day. I n hal f an hour , therefore , the Moon move s abou t 16' , a  distance easily
detected by naked-eye observation, since it amounts to half the Moon's appar-
ent diameter . Thus , stric t handlin g o f th e tim e interva l betwee n tw o lunar
observations require s tha t th e equatio n o f tim e b e take n int o account—a s
Ptolemy himsel f says in Almagest III, 9 .

Ptolemy's treatmen t o f th e equatio n o f time follow s immediatel y o n th e
solar theory an d i s his first practical application o f that theory . Hi s treatmen t
is, in every important respect , equivalent to the modern one . Ptolemy define s
the apparent solar day as the interval between two successive meridian crossings
by the Sun . H e distinguishe s between th e apparen t o r anomalistic  day (nych-
themeron anomalon)  an d th e mea n o r uniform  da y (nychthemeron  homalon).
He identifie s th e two causes tha t necessitate this distinction: the obliquity of
the ecliptic and th e sola r eccentricity. Finally , he explains how to reduc e any
time interva l expressed in apparen t sola r days to  mea n sola r days .

In on e respect , hi s approac h differ s fro m ou r own . Ther e wa s no t i n
antiquity any quantity corresponding t o our loca l mean time . Thus, Ptolem y
never use s the equatio n o f tim e t o conver t th e tim e o f a  given astronomical
observation fro m loca l apparen t t o loca l mea n time , a s we di d i n ou r firs t
example above . Befor e th e inventio n o f accurat e mechanica l clocks , whic h
provide it s concrete realization , the notio n o f mean time was of little utility.
Thus, Ptolem y alway s treat s th e equatio n a s a correctio n t o b e applied t o a
time interval,  as in ou r secon d example .

For example , when Ptolem y take s up th e luna r theor y i n Almagest IV, 6 ,
he consider s thre e luna r eclipse s take n fro m th e Babylonia n records . H e
reckons tha t th e middle s o f tw o o f these  eclipse s occurred a t th e followin g
apparent time s i n Babylon :

• Yea r 2  of Mardokempad, Thoth 18/19 , midnigh t
• Yea r 1  of Mardokempad, Phamenot h 15/16 , 3  1/2 hours before midnigh t

By a  simple coun t o f th e calenda r day s an d hours , Ptolem y determine s th e
apparent tim e interva l separating these two eclipses:

176^ 20- .

He the n applie s the correctio n fo r the equatio n o f time t o obtai n th e actua l
length o f the tim e interval:

d i *176 20 - ,  in mea n sola r days.

Although Ptolem y explain s th e calculatio n o f th e equatio n o f tim e i n
Almagest III , 9 , h e doe s no t provid e a  tabl e o f thi s equatio n t o simplif y it s
application b y user s o f hi s book . No r doe s h e offe r a  singl e worked-ou t
numerical example. This shortcoming was rectified in Ptolemy's Handy Tables,
composed som e time afte r th e Almagest.

The table s of the Almagest  are somewhat inconvenien t t o use , as they are
scattered throughou t th e text . I n th e Handy  Tables,  Ptolem y groupe d al l of
the table s into one compact package . Ptolemy's original version of the Handy
Tables ha s no t com e dow n t o us . Wha t w e no w hav e i s a  revise d version
composed b y Theo n o f Alexandri a aroun d A.D . 395. I t doe s no t appear ,
however, tha t Theon greatly modified Ptolemy's work . Man y of the tables in
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the Handy  Tables  are considerably expanded i n compariso n t o thei r counter -
parts i n th e Almagest.  For example , th e tabl e o f ascension s i n th e Almagest
gives the rising time for each 10° segment of the ecliptic, but th e correspondin g
table i n th e Handy  Tables  give s th e cumulativ e risin g tim e fo r eac h singl e
degree.

The Handy  Tables  als o contai n materia l tha t ha s n o counterpar t i n th e
Almagest, includin g a  tabl e o f reign s (se e sec. 4.5) , a  lis t o f citie s with thei r
geographical coordinates—an d a  table for the equation o f time. I n th e Handy
Tables thi s ne w tabl e appear s a s an extr a colum n i n th e tabl e o f ascension s
for th e righ t sphere . The firs t par t o f Theon's tabl e i s translated thus :

Excerpt fro m th e Tabl e o f Ascensions fo r the Righ t Spher e
as Foun d i n th e Handy  Tables

Goat-Horn

Longitude
of Su n

(degrees)

1
2
3
4
5
6

Ascensions

1 6
2 1 2
3 18
424
5 3 0
635

Differences
of th e
Hours

(sixtieths)

18 4 0
19 1 1
1942
20 1 3
2044
21 1 5

Water-Pourer

Ascensions

33 1 8
34 2 0
3522
3624
3726
3828

Differences
of th e
Hours

(sixtieths)

31 1 6
31 28
31 40
31 5 2
32 4
32 1 5

In th e lef t colum n ru n th e degrees from i  to 30 for the longitude within eac h
sign. Th e secon d an d thir d column s ar e devote d t o th e sig n o f th e Goat -
Horn. The  secon d colum n give s the  righ t ascensio n of  eac h of  the  thirt y
points in the sign of the Goat-Horn. (This par t of the table may be compared
with th e par t o f tabl e 2. 4 fo r th e righ t sphere. ) Interestingly , i n th e Handy
Tables, the zer o of longitude i s taken t o b e the beginnin g o f the Goat-Horn ,
rather tha n th e beginnin g o f the Ra m a s in th e Almagest. The thir d colum nO D  o

gives th e equatio n o f time fo r eac h o f the tabulate d position s o f the Sun .
In th e Handy  Tables,  Ptolem y use s th e er a Philippo s (se e sec . 4.5) , a s

opposed t o th e er a Nabonassa r tha t h e use d i n th e Almagest.  That is , th e
initial positions o f the Sun, Moon, and planets are given for Alexandria noon,
Thoth i, Year i of Philippos. The values of the equation o f time in Ptolemy' s
(or Theon's) tabl e ar e also referred t o thi s epoch . So , for example , when th e
Sun i s 5 ° within th e sig n o f th e Goat-Horn , th e equatio n o f tim e i s 2o'°44' .
This signifie s tha t th e mea n tim e elapse d between  th e epoc h (beginnin g o f
the reig n of Philippos) and th e dat e i n question (th e Sun bein g 5° within th e
Goat-Horn) i s 2O™44 ! longer tha n th e tim e apparentl y elapsed .

Because o f a  happenstance , th e equatio n o f tim e i n th e Handy  Tables  i s
always an additive , an d neve r a subtractive, correctio n to the time apparentl y
elapsed sinc e epoch . Tha t is , at th e beginnin g o f the reig n of Philippos , th e
equation o f tim e i n th e moder n sens e wa s nea r it s extrem e positiv e valu e
(corresponding to Oc t 2 4 in table 5.4). Thus, given any date afte r thi s epoch ,
the mea n tim e elapse d can only b e greater tha n th e tim e apparentl y elapsed.
The maximu m additiv e correction give n in the tabl e for the equation o f time
in th e Handy  Tables  i s some 3 3 minutes an d occur s when th e Su n i s in th e
sign o f the Water-Pourer . This compares wel l with th e maximu m correctio n
of 30 minutes we obtaine d above .

Ptolemy's treatmen t o f th e equatio n o f tim e i s a  remarkabl e testimonial
to th e sophisticatio n o f lat e Gree k astronomy . Thi s effect , to o smal l t o b e
detected observationally , was deduced a s a logical and necessar y consequence
of th e sola r theory . Ptolemy' s treatmen t o f th e equatio n o f time—lik e hi s



242. TH E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

treatment o f so many other topics—prove d t o be definitive. His tabulatio n of
this equatio n i n th e Handy  Tables  becam e th e mode l fo r many simila r tables
during th e Middl e Ages.

Mathematical Postscript:  Computation  of  the  Equation of  Time

Refer onc e again to figure 5.26. As demonstrated earlier , the equatio n o f time
is th e differenc e betwee n th e righ t ascensio n o f th e equatoria l mea n Su n 5
and th e right ascensio n o f the Sun 0. Tha t is,

Equation o f time = °fS- "YM -

The positio n o f the equatoria l mean Su n S  is easily specified: w e begin wit h
the sola r theory , eliminat e th e equatio n o f cente r t o obtai n th e mea n Sun,
which move s uniforml y on th e ecliptic , the n fol d th e eclipti c dow n s o tha t
it coincide s with th e celestia l equator . I n othe r words , th e right  ascension  o f
the equatorial  mean Sun i s equal to the Longitude  o f the mean Sun. Arc 'Y'S  i s
thus determined : ^fS  =  A, . And ^fA  i s the righ t ascensio n o f the tru e Sun,
as found fro m th e sola r theory and a  table of right ascensions . The equatio n
of time i s the differenc e betwee n ^fS  an d 'Y' A

Example: Equation  o f Time  on February 1 9 O n Februar y 19 , th e Su n enter s
the Fishe s (se e table 2. 1 .  The Sun' s tru e longitud e X  i s Fishes o° , o r 330° .
This is arc 0̂ in figure 5.26. The right ascensio n of the true Sun is found
from (tabl e 2. 4 fo r th e righ t spher e wit h thi s longitude . Enterin g th e tabl e
Water-Pourer 30 ° ( = Fishes o°), we fin d th e righ t ascension 332°O5' . This is
arc <Y>A.

It remain s t o fin d 'Y 15, th e righ t ascensio n o f th e equatoria l mea n Sun.
Again, this is equal to the longitude of the mean Sun. We may find this fro m
the tru e longitude o f the Sun , already obtained, b y subtracting th e equatio n
of cente r q:

A, =  "k  -  q .

The equatio n o f center may be computed fro m th e tru e anomaly O C (Sec. 5.7) :

sin q  —  —  e si n OC.

Now, a  =  A . —  A, wher e A i s the longitud e o f the Sun' s apogee . I n th e 19805 ,
A =  ioi°3o'. Thus, on Februar y 19 ,

(X = A , -A

= 330° - ioi°3o '

= 228°30'.

So,

sin q  = —  e sin (X

= -0.0334 sin(228°3o' )

= +0.0250 .

q = +i°26'.

Thus,
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A, = A . —  q

= 330° - i°26 '

= 328°34'.

This is the longitud e o f the mea n Sun. I t may also be interpreted as the righ t
ascension o f the equatoria l mea n Sun , ar c 'Y'S.

The equatio n o f time i s

Equation o f time =<Y$- °f ^

= 328°34' - 332V

= -3V-

Finally, we convert fro m angula r measur e to time :

Equation o f time = —( 3 31/60) ° X  4 min/ °

= —14 min ,

in agreemen t with th e entr y in Table 5.4.

J . IO EXERCISE : A P P A R E N T , MEAN , AN D ZON E TIM E

1. Suppos e tha t a n accuratel y constructed an d aligne d sundia l reads 10:30
A.M. The dat e i s January 20 . What i s the loca l mea n time ?

2. Ho w muc h time , i n mea n sola r days , elapse s betwee n Octobe r 2 4 of
one yea r an d Marc h 2 1 of th e followin g year ? (Suppose , fo r simplicity ,
that ther e ar e no lea p year s involved. )

3. A  sundia l i n Seattl e (122 ° W longitude) read s 1:4 5 on Marc h 21 . What
would a  cloc k rea d a t thi s instant ? (I.e. , wha t i s th e Pacifi c standar d
time?)

4. I n th e eighteent h century , th e developmen t o f accurate , transportabl e
clocks made possible for the first time the reliabl e determination o f the
longitude at  sea . A marin e chronometer , or  clock , set  to  Greenwic h
mean time , wa s carrie d onboar d th e ship . B y observation o f th e Su n
the navigato r coul d determin e th e local apparent time on th e meridian
where hi s shi p lay ; this , correcte d fo r th e equatio n o f time , gav e th e
local mean time . When the loca l mean time so obtained wa s compared
with th e Greenwich mea n tim e read by the chronometer , the navigator
could deduc e hi s longitud e eas t o r wes t o f th e Greenwic h meridian .
This method remaine d standar d fro m th e lat e eighteenth centur y until
the twentieth , when i t was replaced by the methods o f radio navigation.

Suppose that on October 24, a navigator onboard a ship in the Atlantic
finds, b y observatio n o f th e Sun , tha t loca l noo n occur s whe n hi s
chronometer read s 3:32 P.M. Greenwich mea n time .

A. Wha t i s the loca l apparen t time ? (Answer : 12:00 P.M. )
B. Wha t i s the loca l mea n time ? (Answer : 11:44 A.M. )
C. Wha t is the longitude of the ship? (Answer: 3 48™ west of Greenwich,

i.e., 57 ° W longitude. )

5. Repea t proble m 4  fo r a  shi p i n th e Pacific . Suppos e tha t th e dat e i s
May 2 1 and that , b y taking a n altitud e of the Sun , th e navigato r finds
that th e loca l apparen t tim e i s 10:4 9 A -M- Th e chronometer , se t t o
Greenwich mea n time , read s a t tha t instan t 8:3 5 P.M. What i s th e
longitude o f the ship ?

6. Suppl y th e missin g entries in tabl e 5.4.
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6.1 P R E C E S S I O N

Precession is a slow revolution of the whole field of stars from west to east about
the pole s of the ecliptic . Figur e 6.1 shows th e positions o f three constellations
(Delphinus, Auriga , an d Orion ) o n th e celestia l sphere , bot h fo r th e presen t
day and fo r 2,000 years ago. Eac h sta r has moved alon g a circular arc parallel
to th e ecliptic . Becaus e the motio n i s parallel to the ecliptic , th e stars ' ecliptic
coordinates chang e i n a  simpl e way : th e latitude s remai n unchanged , whil e
the longitude s increas e a t a  steady rate . Althoug h thi s rat e i s slow (i ° i n 7 2
years, or  50"  per year ) it  add s up  ove r lon g period s of  time . In  2,00 0 years ,
the precessio n come s t o som e 28° , nearl y a  whole zodia c sign . Ever y sta r i n
the sk y suffers thi s sam e chang e i n longitude .

The equatorial  coordinates change i n a  much mor e complicate d way . Th e
right ascensio n doe s no t chang e a t a  steady rate : th e rat e o f change depend s
on the star's position o n the sphere. Moreover, the declination does not remai n
unaffected. Tw o thousan d year s ago , Orio n wa s almost wholl y sout h o f th e
equator. Bu t precession , paralle l to the ecliptic , ha s carried Orio n northwar d
and it s middle now lie s on th e equator .

Precession cause s the Pol e Star to move . Polari s is now quite near the pol e
of the equato r an d i s still getting nearer . Bu t tw o thousan d years  ago Polaris
was more tha n 10 ° south o f the pole . Tw o thousan d year s from now , Polari s
will hav e move d beyon d th e pol e o f the equato r an d wil l ceas e t o serv e as a
good nort h star . About tha t sam e tim e (aroun d A.D . 4000) , th e sta r Erra i ( y
Cephei) wil l com e nea r th e pol e o f th e equato r an d wil l serv e a s pole star .
The se t of future an d pas t pole star s forms a  small circle centered o n the pol e
of th e ecliptic , a s shown i n figur e 6.1 .

Because o f precession, i t i s vital t o distinguis h betwee n th e zodiaca l signs
and th e constellations  tha t hav e th e sam e names . Th e firs t 30 ° of the zodiac ,
going eastwar d fro m th e verna l equinox , i s called th e sig n o f Aries today just
as in ancien t times . Th e nex t 30 ° of the zodia c i s the sig n o f Taurus, an d s o
on. Tw o thousan d year s ago , th e constellatio n Arie s wa s within th e sig n o f
Aries, bu t i t i s now i n th e sig n o f Tauru s (fig . 6.2). Th e astrologica l chart s
that appea r i n newspaper s ar e based o n signs , no t constellations . A  moder n
person whos e astrologica l sig n i s Taurus wa s born whe n th e Su n wa s in th e
sign of Taurus—that is, when th e Sun was among the stars of the constellatio n
Aries.

Just as we can account for the dail y motion o f the heavens either by letting
the stars revolve from eas t to west about th e poles of the equator, o r by letting
the Eart h revolv e in the opposit e directio n abou t th e same poles, s o too ther e
are tw o possibl e explanation s o f precession . Th e on e w e hav e give n i s th e
ancient vie w o f the situation .

For the  moder n view , see  figure 6.3. The  Eart h has  a rapid rotatio n (onc e
every twenty-fou r hours ) fro m wes t t o eas t abou t th e pole s o f th e equator ,
which produce s da y and night . Meanwhile , th e Eart h surfer s a  slow rotatio n
(once ever y 26,00 0 years ) fro m eas t t o wes t abou t th e pole s o f th e ecliptic ,
which drag s the Earth's axi s around suc h tha t th e axis points to differen t pol e
stars i n differen t eras . Fro m thi s poin t o f view, th e sta r fiel d remain s fixed,
but the celestial equator changes. In figure 6.3, the equinoctial point 'Y ' moves
westward throug h th e stars . This means , o f course , tha t th e star s wil l appea r
to mov e eastwar d wit h respec t t o th e equinox .

The tw o picture s o f precession ar e indistinguishabl e a s far a s appearances
are concerned . Bu t th e ancien t theor y i s easier t o us e when tryin g t o solv e a
problem concernin g th e appearanc e o f th e sk y in th e distan t pas t o r future .
It i s easy to us e because it looks at the sky in the same way that a  real observer
does—from th e Earth , whic h fo r al l appearances i s at res t i n th e cente r of th e
world.

S I X

FIGURE 6.1 . Precession . Th e spher e o f stars
rotates abou t th e pole s o f the eclipti c fro m wes t
to east . In  thi s figure, the  star s are see n as  on a
globe. That is , th e celestia l spher e i s seen fro m
the outside . Th e ope n symbol s sho w th e posi -
tions o f the star s 2,000 years ago; th e soli d sym -
bols, thei r position s today .
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FIGURE 6.2 . Precession . The ope n symbol s
show th e position s o f the star s 2,00 0 years ago ;
the soli d symbols , thei r position s today . I n thi s

figure, th e star s are viewed a s on a  chart . Tha t is ,
the celestia l spher e i s seen fro m th e inside .

FIGURE 6.3 . A n alternativ e vie w o f precession .
The Earth' s axi s rotate s abou t th e pole s o f th e
ecliptic fro m eas t t o west . Consequently , th e
equinoctial poin t 'Y ' als o move s t o th e west .

Precession wa s discovered b y Hipparchu s i n th e secon d centur y B.C . but
remained unexplaine d unti l Newto n deduce d i t from hi s laws of motion an d
theory o f gravity. I n th e Newtonia n theory , th e rapi d rotatio n o f the Eart h
on it s axi s produce s a  bulg e a t th e equator . Th e precessio n i s caused b y th e
gravitational actio n o f the Su n an d Moo n o n thi s bulge .

Dealing with  Precession  in  Historical  Studies

Whenever on e wishe s t o stud y th e appearanc e o f th e sk y in ancien t times ,
one mus t tak e precessio n int o account : th e constellation s occupie d differen t
places on the celestial sphere than the y do now. Most problems involvin g th e
appearance o f the sk y in ancien t time s ma y b e solved t o adequat e precisio n
by mean s o f a  celestia l globe. Suppos e w e wis h t o determin e wher e o n th e
horizon Procyo n ros e 2,000 years ago at some particular latitude. The preces -
sion i n thi s perio d come s t o abou t 28° . Therefore , simpl y plac e a  mar k o n
the glob e to represen t the ancien t positio n o f Procyon. Thi s mar k wil l be at
the sam e latitud e a s the mar k fo r th e star' s moder n positio n bu t wil l b e set
back i n longitud e b y 28° . Onc e th e star' s ancien t positio n i s marked o n th e
celestial globe , th e glob e ma y b e use d i n th e usua l wa y t o solv e th e give n
problem.

A second convenien t metho d o f investigating the dispositio n o f the sky in
ancient time s involve s a  precession globe.  This i s a  celestia l glob e tha t differ s
from the ordinary kind in one way only. Instead o f having just one pair of holes
for th e axis to pass through, i t has several, and these  other holes correspond t o
the position s o f the equator' s pole s a t differen t epochs . B y inserting the axi s
through th e correc t pai r o f holes , on e ensure s tha t th e stars ' dail y rotatio n
will take place about the correc t axi s for that epoch . Th e oldes t known desig n
for a  precessio n globe , slightl y differen t fro m th e on e describe d here , wa s
given b y Ptolem y i n Almagest  VIII, 3.

More precis e mathematica l method s fo r reducin g moder n sta r position s
to a n ancien t epoc h ar e discussed i n textbook s o f spherical astronomy .

Two Kinds  of  Year

Because the tropic and equinoctial point s are moving with respec t to the stars,
the wor d year,  define d a s "th e perio d require d fo r th e Su n t o complet e
one orbi t aroun d th e Earth, " i s ambiguous . Tw o differen t year s mus t b e
distinguished. Th e tropical  year i s th e perio d require d fo r th e Su n t o trave l
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from th e vernal equinox back to the same equinox. Th e sidereal  year, speaking
loosely, i s the perio d require d fo r th e Su n t o trave l from on e fixed star bac k
to th e sam e fixed star.

Because th e star s advanc e i n longitud e b y abou t 50 " in th e cours e o f a
year, th e Su n mus t trave l a  littl e farthe r t o retur n t o th e sam e sta r tha n t o
return t o the equinoctia l point . Thus , because of precession, th e siderea l year
is a  littl e longer tha n th e tropica l year :

i siderea l year = 1.000039 tropica l year .

The siderea l year is the physically significan t period . Thi s is the period tha t
must b e use d i n orbita l mechanic s involvin g Newton' s laws . However , th e
tropical yea r is more fundamenta l astronomically sinc e it i s accessible to direc t
measurement. Th e calenda r we us e is, of course , base d o n th e tropica l year .

6.2 ARISTOTLE , HIPPARCHUS , AN D PTOLEM Y O N
THE FIXEDNES S O F TH E STAR S

The Physics  of  Aristotle's Cosmos

The ver y ide a o f a  constellatio n presuppose s tha t thes e figure s remai n th e
same for long periods. By the fourth century B.C., this fac t o f observation ha d
been promote d t o th e ran k o f a  firs t principle : th e heave n wa s changeles s
because i t wa s physicall y impossibl e fo r i t t o b e otherwise . Accordin g t o
Aristotle, th e heave n i s made o f a fifth element, th e ether , differen t i n natur e
from th e fou r element s tha t mak e u p ou r worl d o f growth an d decay. 3 Th e
essence of this fifth element i s absolute changelessness, an d it s natural motio n
is circula r revolutio n abou t th e center .

Aristotle's method is mainly deductive and theoretical rather than empirical.
But h e ofte n reinforce s hi s physica l argument s wit h appeal s t o experience .
For example , afte r attemptin g t o prov e logicall y tha t th e fift h elemen t i s
neither heav y nor light , tha t i t i s ungenerated an d indestructible , tha t i t can
neither gro w no r diminis h and i s unalterable in every way, Aristotle add s that
the truth of these things "i s also clear from the evidence of the senses, enough
at leas t t o warran t th e assen t o f huma n faith ; fo r throughou t al l past time ,
according t o the records handed dow n fro m generation t o generation, we find
no trac e of change eithe r in the whole o f the outermos t heave n o r in any one
of its parts." Finally , Aristotle supposes that th e substance of the heavens got
its name fro m th e very changelessness of its motion: h e derive s aither  (ether)
from aei  thein  (alway s runs).

This conception o f the heavens , ofte n characterize d a s "Aristotelian," was
widely accepted i n antiquity . Moreover , i t dominated cosmologica l thinkin g
through th e Arabi c an d Lati n Middl e Ages . I t wa s on e par t o f th e menta l
equipment tha t ever y ancien t an d medieva l astronome r brough t wit h hi m
when h e attacked a  scientific problem. An d ye t the Gree k astronomer s ofte n
proved themselve s capable of departing fro m Aristotle' s physic s when astron -
omy seeme d t o requir e it .

Hipparchus and  Ptolemy  on the  Stars

The New Star  A  case in poin t i s the hypothesi s of Hipparchus tha t th e stars
might shif t thei r position s wit h respec t t o on e another . Accordin g t o Pliny ,
Hipparchus ha d observe d a t leas t on e startlin g chang e i n th e heavens : h e i s
supposed t o hav e see n a  ne w star . Plin y say s tha t i t wa s the appearanc e o f
this nova  stella  tha t move d Hipparchu s t o compil e hi s catalog , givin g th e
positions an d magnitude s o f the man y stars , s o that i t migh t b e possible t o
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discern no t onl y whether star s perish and ar e born, bu t als o whether the y are
in motion an d whether the y increase or decrease in magnitude. Her e we have
a Gree k astronomer , an d therefor e supposedl y a n intellectua l stepchil d o f
Aristotle, entertainin g decidedl y non-Aristotelia n ideas .

Hipparchus's Discovery  o f Precession  Ptolem y doe s no t repea t Pliny' s stor y
about th e ne w star , bu t h e doe s giv e a n eve n mor e pressin g reaso n wh y
Hipparchus though t i t necessary to determine whether the constellations really
are changeless or not. Hipparchu s ha d discovere d th e precessiona l motion by
comparing hi s own observation s of the star s with earlie r ones b y Timochari s
and Aristyllos. The principa l test star seems to have been Spica, which Hippar -
chus foun d t o li e 6° wes t o f th e autumna l equino x i n hi s ow n time , bu t 8 °
in the time of Timocharis. An d Hipparchu s foun d this same 2° eastward shif t
in th e longitude s o f the fe w other fixe d star s for which h e was able to mak e
comparisons. However , th e nature of Hipparchus's metho d (discusse d below)
limited him t o star s near the ecliptic , such a s Spica. Fo r thi s reaso n he coul d
not b e sure whether precession was a motion share d by all the stars, or whether
it belonge d solel y to those i n th e zodiac. Thes e zodiaca l stars , with thei r slow
eastward motion , migh t b e planet s afte r all . The titl e o f Hipparchus' s boo k
on th e subject , O n th e Change  o f the Tropic  an d Equinoctial  Points,  suggests
that h e believe d th e motio n wa s a  general  one . Unfortunately , thi s wor k i s
lost. Everythin g tha t w e kno w o f i t w e ow e t o Ptolemy' s summar y an d
quotations i n Almagest  VII. Ptolem y tell s u s that Hipparchu s suspecte d th e
truth bu t wa s hampered i n demonstratin g i t b y th e paucit y o f observations
that had been made before him, which were only those recorded by Timochari s
and Aristyllo s an d whic h wer e no t completel y trustworthy . Accordin g t o
Ptolemy, Hipparchu s lef t behin d man y more , an d better , observation s tha n
he eve r go t fro m hi s predecessors . I t wa s thes e observation s b y Hipparchu s
that enable d Ptolem y t o settl e the issue—fo r th e tim e being—26 0 years later.

Star Alignments  On e clas s o f observation s hande d dow n b y Hipparchu s
consisted o f sta r alignments . Ptolem y quote s mor e tha n twent y o f thes e a s
affording th e simples t proo f tha t th e star s maintain alway s th e sam e figures.
For example ,

In th e cas e o f th e star s i n th e Bul l [Hipparchu s writes] tha t th e easter n
ones o f the Hyades [ a an d e  Tauri] and th e sixth star, counting from th e
south, o f th e hid e tha t Orion holds i n hi s lef t han d [Tt 1 Orionis ] are o n a
straight line.

This wa s i n fac t a  ver y goo d alignment . Calculation s base d o n th e actua l
positions o f these stars in 13 0 B.C. show tha t th e middl e sta r (a Tauri ) la y off
the line throug h th e othe r tw o by only 6' , towar d th e southwest. 6

Here w e hav e a  statemen t b y Hipparchu s tha t tw o star s i n a  zodiaca l
constellation, th e Bull , ar e on a  straight lin e with a  third sta r belonging t o a
constellation, Orion , not i n the zodiac . I f precession were a motion i n whic h
only th e zodiaca l star s participated , the n thi s alignmen t woul d b e destroye d
in a  fairl y shor t time . Bu t if , a s Hipparchu s suspected , th e precessio n wer e
common t o all the stars, then the alignment would be preserved. Later astrono-
mers woul d hav e t o decide  th e issue , bu t i n eithe r case , a n extensiv e lis t o f
alignments woul d mak e th e decisio n eas y an d sure . Th e Hipparchia n align -
ments preserved by Ptolemy ar e all of this sort, connecting zodiaca l stars with
stars tha t li e outside th e zodiac . Th e lis t begin s with th e Cra b an d take s u p
each sign in order , wit h th e singl e exception o f the Goat-Horn , fo r which n o
alignments ar e recorded .

In a  fe w situations, Hipparchu s attempte d t o specif y b y jus t ho w muc h
an alignmen t fel l shor t o f perfection :
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In th e cas e o f th e star s i n th e Ra m [Hipparchu s writes] tha t th e wester n
star of the Triangle's base [p Trianguli] deviates by one finger to the eastward
from th e straigh t line drawn through the sta r i n the Ram' s jaw [ a Arietis ]
and Andromeda' s left foo t [ y Andromedae].

The "finger " (daktylos)  wa s a unit o f angular measure common i n Babylonian
astronomy, where i t generally represented 5' . Was thi s Hipparchus's meanin g
here? f j Triangul i wa s full y 50 ' eas t o f th e lin e throug h th e othe r tw o stars .
An erro r o f 45 ' seem s rathe r larg e i f Hipparchu s wer e reall y attemptin g t o
measure t o th e neares t 5' . In an y case , i t appear s likely that these  alignments
were al l roughly made , withou t th e ai d o f any sor t o f instrument .

Some historians have conjectured tha t Hipparchu s mad e these  alignment s
by holding a  taut strin g out a t arm' s length , an d i n thi s way confirmed that
three stars lay along the same straight line. Actually , the string is more trouble
than i t i s worth. I f the sk y is dark, th e strin g cannot b e seen. But i f one ca n
see the string , and  if  one  doe s loo k at  it,  the n one  canno t focu s sharpl y on
the star s at the sam e time. And, anywa y a string held i n one' s hand s a t arm' s
length wobbles around to o much t o be of any use. One ca n actually do much
better with the unassisted eye than with the aid of a handheld string . Whether
Hipparchus employe d a  string we do no t know .

After listin g mor e tha n twent y o f Hipparchus' s alignments , Ptolem y de -
clares tha t i n these  an d simila r configuration s affordin g a  compariso n fo r
nearly the whole celestia l sphere, nothing has changed dow n t o his own time .
But a  change would certainl y have been sensible in the intervenin g 260 years
if only the zodiac stars participated in the eastward precessional motion. Thus,
Hipparchus's metho d o f alignments , crud e a s i t was , suffice d t o settl e thi s
important question .

So tha t other s migh t mak e comparison s ove r a  longe r tim e fro m mor e
configurations of the same kind, Ptolemy appends a list of his own alignments,
starting with th e Ram and going through al l the signs in order. We will quote
several o f these , i n cas e th e reade r shoul d lik e t o g o outsid e and , takin g
advantage o f the lon g tim e elapse d sinc e Ptolemy's day , confirm with greater
certainty tha t th e precessio n is common t o al l the stars .

The straigh t line joined throug h the one calle d Goa t [ a Aurigae ] an d th e
bright sta r of the Hyades [a Tauri ] leaves a little to th e eas t the one in the
Charioteer's easter n foo t [ l Aurigae] .

In Ptolemy' s day , I Aurigae was 23' to th e eas t o f the lin e through th e othe r
two. Thi s alignmen t ha s scarcel y change d dow n t o th e presen t day . Thi s
deviation o f I  Auriga e fro m th e lin e i s smal l bu t easil y perceptibl e t o th e
unaided eye .

The sta r called Goa t [o c Aurigae], th e on e i n commo n to th e Charioteer's
eastern foo t an d th e ti p o f the Bull' s northern horn [[ 3 Tauri], and the on e
in Orion' s western shoulde r [ y Orionis] ar e on a  straight line .

This i s a  poo r alignment . I n 10 0 A.D. , the lin e throug h a  Auriga e an d y
Orionis lef t [ 3 Tauri t o th e eas t b y mor e tha n a  degree . Thi s i s a n eas y
alignment t o check , th e star s all being very conspicuous.

The brigh t one in the southern Claw [a Librae] , Arcturus, and the middle
one o f the thre e in th e Grea t Bear' s tai l [ £ Ursae Majoris] ar e on a  straight
line.

In Ptolemy' s day , thi s alignmen t was almost perfect . Arcturus was east of the
line b y onl y i'. This  seems  t o be the only  on e o f Ptolemy's  alignments  that ca n
he used  today  t o reveal  a proper motion:  Arcturus is now 44 ' west o f th e line .
(Proper motion  i s th e motio n o f a  sta r wit h respec t t o it s neighbors . A s we
shall see in sec. 6.10, proper motions were not discovere d until the eighteent h
century.) This shif t o f 45' is almost entirely due t o th e strong proper motio n
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of Arcturus toward th e southwest. The arc from £  Ursae Majoris to a Libra e
is very long (some 73°) , which make s the observatio n somewhat difficult , bu t
Arcturus i s s o fa r wes t o f th e lin e no w tha t th e carefu l observe r should b e
able t o se e this effec t o f proper motion .

Ptolemy give s some twenty-thre e o f hi s ow n alignments , the n conclude s
by remarking tha t i f one should compar e these  configurations with thos e o n
Hipparchus's soli d sphere , h e woul d fin d tha t th e position s ar e very nearly
the same. This could impl y tha t Hipparchus' s celestia l globe, or a  copy of it,
still survived in Alexandria during Ptolemy' s day . Or , perhaps , someone ha d
made a  glob e an d place d th e star s o n i t i n accordanc e wit h th e position s
specified b y Hipparchu s i n hi s Commentary  on Aratus and Eudoxus.

If we compare the alignments of Hipparchus with those of Ptolemy, several
differences i n styl e are apparent. Hipparchus' s alignment s seem to hav e bee n
more carefull y made : h e generall y used shor t arcs,  which facilitate s accurate
judgment, an d h e wa s conten t t o us e fain t star s i f these  happene d t o giv e
good alignments . Ptolemy , o n th e othe r hand , seem s t o hav e sough t ou t
alignments involving three bright stars , eve n i f these involved arcs o f 60° o r
70°, an d eve n i f th e alignment s wer e somewha t sloppy . Thi s differenc e i n
care is no doubt due to the differing motives of the two astronomers in making
their alignments . Fo r Hipparchu s i t wa s still an ope n questio n whethe r th e
precession wa s confine d t o th e zodia c star s o r share d b y th e whol e sphere .
He therefor e took some care with his alignments. By Ptolemy's time this issue
had bee n settled . Ptolemy' s ai m was simply to giv e hi s reader s a  numbe r o f
easily checked roug h alignment s involving bright an d familia r stars.

Hipparchus an d Ptolem y showe d tha t th e star s reall y ar e fixe d i n thei r
constellations, a s nearl y a s the y coul d tell , whic h wa s wha t everyon e ha d
believed al l along. Bu t the fac t tha t Hipparchu s an d Ptolem y entertained th e
notion tha t th e star s might  shif t thei r relativ e positions , an d tha t the y se t
down observation s explicitly for th e purpos e o f allowing late r generations t o
confirm o r rejec t thi s possibility , demonstrate s a  freedo m o f though t an d a
willingness to depar t fro m Aristotl e when necessary . The sta r alignments also
nicely illustrat e th e cumulativ e natur e o f th e scienc e o f astronomy . Som e
motions in the heavens are so slow that one generation ma y be forced to leave
certain question s fo r late r generations t o answer.

6.3 OBSERVATION : STA R A L I G N M E N T S

Find o n a  star char t th e star s involve d in th e alignment s o f Hipparchus an d
Ptolemy tha t wer e quote d i n sectio n 6.2 . (Yo u ca n fin d other s i n Almagest
VII, i. ) Taking into account th e time of year and the hour a t which you wish
to look , decid e whic h star s will be visible . Then g o outdoors an d chec k fo r
yourself whethe r th e figure s o f th e constellation s reall y have remaine d un -
changed sinc e the day s o f the Gree k astronomers .

6.4 A N C I E N T M E T H O D S FO R M E A S U R I N G
THE L O N G I T U D E S O F STAR S

Two methods were used by Hellenistic astronomers to measure star longitudes.
The zer o point fo r th e measuremen t o f longitudes i s the verna l equinox, th e
point where the Sun' s motio n o n th e eclipti c carrie s it acros s and abov e th e
equator: th e zero point is defined b y the motion of the Sun. Now, the longitud e
of the Su n a t an y moment ca n b e calculated from theory  (Hipparchus' s sola r
theory, i n sec . 5.7) . If we coul d measur e the angula r distance betwee n som e
ecliptic star—Spica , fo r instance—an d th e Su n a t som e moment , w e coul d
simply add thi s to the Sun' s calculated longitude to obtain Spica' s longitude .
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The troubl e i s that we cannot directl y measur e the angula r distanc e between
Spica an d th e Su n becaus e w e neve r ca n se e them a t th e sam e time . Th e
two ancien t method s employe d differen t technique s fo r gettin g aroun d thi s
difficulty. Bu t both mad e us e of the Moon .

Method Using  a  Lunar  Eclipse  (Method  of  Hipparchus)

In Almagest VII, 2 , Ptolemy remark s that Hipparchu s wa s able to deduc e th e
longitude o f Spic a b y usin g luna r eclipses . I n fact , Hipparchu s wa s able t o
do thi s no t onl y fo r hi s ow n da y but als o fo r th e tim e o f Timocharis , wh o
preceded him by several generations, since he had access to some of Timochar -
is's data . Ptolem y give s no detail s of Hipparchus's method , bu t i t must hav e
been ver y much a s follows.

The general  ide a i s to emplo y th e relation

longitude =  longitud e +  longitudina l arc
of Spica o f Sun fro m Sun to Spica .

The first term o n th e right Hipparchu s compute d fro m hi s solar theory. Th e
use o f a  lunar eclips e helped hi m ge t around th e difficult y o f measuring th e
second term , th e longitudina l ar c from th e Su n t o Spica .

During a  luna r eclipse , th e middl e o f th e Earth' s shado w mark s a  poin t
in th e sk y tha t i s directl y opposit e th e Sun . Midwa y throug h th e eclipse ,
the Moon' s longitud e i s almos t exactl y 180° differen t fro m th e Sun's . Th e
longitudinal ar c fro m th e Moo n t o Spic a a t thi s momen t ca n b e measured .
The longitudina l ar c fro m th e Su n t o Spic a mus t b e 180 ° greater . I n thi s
method o f measuring sta r longitudes , th e Moo n provide s a screen o n whic h
the Earth' s shado w ma y fall , permittin g u s to "see " th e Su n indirectly . Onc e
a smal l correction i s made fo r th e Moon' s parallax , the longitud e o f the sta r
can be determined:

longitude =  longitud e +  longitudina l ar c +  180° .
of sta r o f Sun a t fro m Moon to star

eclipse middle a t eclips e middl e

In sectio n 6.5 , the reade r wil l hav e the opportunit y t o appl y thi s method .

Method Using  the  Moon as  Connecting  Link
(Method ofPtoL

General Explanation  o f th e Method  Ptolem y describe s i n detai l hi s ow n
method o f measuring sta r longitudes . Thi s secon d metho d stil l relie s o n th e
Moon, although in a  different way .

Shortly before sunset , Ptolem y measure s the longitudina l arc between th e
Sun an d th e Moon , usin g a n armillar y spher e equippe d wit h sights . A little
while later , th e Su n has set and th e sta r is visible. Ptolemy then measure s the
longitudinal ar c between th e Moo n an d th e sta r using the sam e instrument .
The longitud e o f the sta r i s then

longitude =  longitud e +  longitudina l +  longitudina l +  correction ,
of star o f Su n ar c from ar c fro m

Sun t o Moon Moo n t o sta r

The firs t ter m o n th e righ t sid e o f thi s equatio n i s calculated fro m theory ,
using the sola r tables. The secon d an d thir d term s are the result s of measure-
ments with the armillary sphere. The correction term requires some comment .
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FIGURE 6.4 .

It actuall y consist s of tw o parts , a  correctio n fo r th e Moon' s motio n an d a
correction fo r the chang e i n th e Moon' s parallax.

Correction for th e Moon's Motion  Th e Moo n move s eastwar d aroun d th e
ecliptic i n (ver y roughly) 3 0 days , s o it s averag e motio n i s roughly 36o°/3 O
days =  iz°/day . I n a  singl e hour , then , th e Moo n move s eastwar d throug h
the star s by 1/2° . This effec t i s too larg e t o b e neglected . Suppos e th e thre e
bodies ar e arrange d i n th e sk y i n th e orde r (goin g fro m eas t t o west ) star ,
Moon, Sun, as in figure 6.4. Suppose we measure the ar c Moon-Sun an d get
a value a,, as shown i n the to p par t o f figure 6.4. The sta r is drawn i n broken
line to remin d u s that i t i s invisible at the firs t observation. Suppose that one
hour later we measure the arc star-Moon an d obtai n av as shown i n the lowe r
half of the figure. The Su n i s invisible at th e tim e o f the secon d observation .
The actua l length o f the ar c star-Sun at th e momen t o f the firs t observation
is no t simpl y a,  +  a r. Rather , i t i s a,  +  a^  +  1/2° . Th e star' s longitude , a s
deduced from the raw measurements, must be increased by the Moon's motio n
in th e interva l betwee n th e tw o observations .

Correction for th e Change in th e Moon s Parallax Th e secon d effec t fo r which
a correction mus t b e made i s the chang e i n the Moon' s paralla x between th e
first observation an d th e second . Befor e discussin g thi s correction , however ,
we mus t firs t say a little about th e luna r parallax i n general.

Because of the Moon' s proximity t o us , an observe r o n th e surfac e o f th e
Earth wil l no t generall y see the Moo n a t th e sam e position amon g th e stars
as would a n observe r a t th e cente r o f Earth . Th e effec t o f paralla x is always
to mak e th e Moo n loo k lowe r i n th e sk y than i t woul d b e i f seen fro m th e
center o f th e Earth , a s shown i n figur e 6.5 . An observe r at O  would se e the
Moon M  belo w th e (infinitel y distant) , reference star T , bu t a n observe r a t
the Earth' s cente r E  woul d se e the Moo n abov e th e star . Th e Moon' s ze -
nith distanc e z  a s measured a t O  i s greater tha n it s zenith distanc e z  mea -
sured a t E . Th e amoun t b y which these  angle s diffe r i s the Moon' s parallax
P = z - z.

FIGURE 6.5 . Parallax . The Moon' s parallax
is angl e p. r  = EO , th e earth' s radius ;

d =  EM , th e moon' s geocentri c distance .
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Applying th e la w of sines to triangl e EMO,  w e have

sin P  sin(i8 o —  z)

So,

Note tha t i f th e Moo n i s at th e zenit h ( z =  o°), it s paralla x i s zero: i n thi s
case observers at O  and a t £ woul d se e the Moon i n the same direction. Th e
largest possible value of the parallax , which obtain s whe n th e Moo n i s at th e
horizon ( z =  90°), i s called th e horizontal  parallax. (Horizonta l paralla x was
introduced i n sec . 1.1 7 an d i s illustrate d in fig . 1.45. ) Th e actua l paralla x i n
any\ situation i s less than o r equa l to th e horizonta l parallax . In almanac s on e
often find s th e Moon' s horizonta l paralla x tabulated rathe r tha n it s distance
d fro m th e Earth . These tw o piece s o f informatio n are equivalent , sinc e th e
one i s easily calculated fro m th e other . Th e Moon' s horizonta l parallax is on
the orde r o f i°. I t varies somewhat i n th e cours e o f a month, a s the Moon' s
distance varie s between abou t 5 6 and 6 4 Eart h radii .

Because o f th e Moon' s parallax , i t i s convenien t t o distinguis h between
the Moon' s apparent  place and it s true place. In figure 6.6,  E  and O  represent
observers a t th e Earth' s cente r an d o n th e Earth' s equator , respectively . Th e
observer a t E  see s the Moo n M , agains t th e sta r labele d A f, bu t observe r O
sees th e Moo n lowe r and farthe r east i n th e sky , against sta r Br W e sa y that
at thi s momen t th e Moon' s apparen t plac e o n th e celestia l spher e (a s seen
from O ) i s farther eas t tha n it s tru e place (a s seen fro m E) .

With thi s backgroun d established , w e ar e no w prepare d t o discus s th e
correction for lunar parallax in Ptolemy's method o f measuring star longitudes.
In thi s method—as opposed t o the eclipse method—the Moon's paralla x does
not directl y enter . Afte r all , i t make s n o differenc e whethe r w e observ e th e
Moon's tru e plac e o r it s apparen t place . W e ar e onl y usin g th e Moo n a s a
convenient marke r in th e sky . The rul e

arc from =  ar c fro m +  ar c fro m
Sun to star Su n t o Moo n Moo n t o sta r

is perfectly correct whether th e tru e o r th e apparen t Moon i s used, provide d
that th e tw o arcs involving the Moon ar e measured a t the sam e instant , tha t
is, provided tha t th e Moon' s place on th e celestia l sphere is the sam e for each
measurement. Th e paralla x woul d b e irrelevan t if i t remaine d th e sam e fo r
the hou r o r s o between  th e firs t observatio n an d th e second . Th e problem ,
of course , i s that i t doe s not .

Let us return to figure 6.6 and suppos e that a  few hours have elapsed since
the Moo n an d star s wer e a t thei r firs t position . No w th e star s hav e bee n
carried by the diurnal rotation to their new positions A1 and B2, and the Moon
has com e t o M.,.  Her e w e ignor e th e Moon' s motio n o n th e eclipti c an d
consider onl y th e effec t o f the diurna l rotatio n o f the heavens . At th e secon d
moment, a s well as the first, the Moon lie s on th e lin e between E  and A. A n
observer a t th e Earth' s cente r would detec t n o parallactic shift i n the Moon's
position amon g th e stars . Bu t th e rea l observe r a t O  doe s se e a shift : whe n
the Moo n wa s at M It i t was seen eas t o f star A, bu t whe n th e Moo n come s
to M 1 i t i s seen wes t o f A. I n th e cours e o f it s transi t throug h th e sky , th e
Moon surfer s a n apparent , continuou s westwar d motio n throug h th e star s

FIGURE 6.6 .

. _ : r  sin zP = sin ; — .
d
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due t o th e continuousl y changin g parallax . This apparen t westwar d motio n
is i n additio n to , an d smalle r than , th e genuin e eastwar d motio n o n th e
ecliptic.

Suppose the three bodies that w e are to sight with th e armillary sphere are
arranged i n th e sk y in th e orde r (goin g fro m eas t t o west ) star , Moon, Sun ,
as in figure 6.7. Suppos e we measure the ar c Moon-Sun an d ge t the value a,,
as i n th e to p hal f o f figur e 6.7 . Th e sta r i s drawn i n broke n lin e becaus e i t
is invisibl e at th e tim e o f th e firs t observation . Suppos e tha t afte r sunse t we
measure the longitudina l ar c between th e Moon an d th e sta r and obtai n th e
value av a s in the bottom half of the figure. The Su n is drawn i n broken line
here becaus e i t i s out o f sight a t the tim e o f the secon d observation . W e wil l
not ge t th e righ t answe r fo r th e ar c Sun-sta r i f w e simpl y ad d a , an d a lt

because th e apparen t Moo n ha s shifte d westward  durin g th e tim e betwee n
the tw o observations . Th e correc t valu e fo r th e ar c Sun-sta r i s rf, + *Z 2 —  b,
where b  is the chang e i n th e Moon' s longitudina l paralla x betwee n th e on e
observation and the next. Note that in this figure we have ignored the genuine
motion o n the eclipti c of the Sun and th e Moon: arc b is due entirel y to th e
change i n th e Moon' s parallax.

Now, wha t i s the siz e o f £ ? A rigorou s calculation woul d b e complicated .
But w e ca n ge t a  roug h ide a o f th e siz e o f b  fro m th e followin g simpl e
considerations. Suppos e our observatio n station i s at the equator an d tha t th e
Moon i s on th e celestia l equator . A t moonrise , th e Moon' s paralla x will b e
the full value of the horizontal parallax, about i°. That is, the Moon's apparent
place wil l b e i ° farthe r eas t tha n it s tru e place . Abou t si x hours later , th e
Moon will reach the zenith and the parallax will be zero. Finally, about twelv e
hours afte r it s rising, th e Moo n wil l set . At thi s time th e apparen t plac e will
be i ° wes t o f it s tru e place . Evidently , th e apparen t Moo n wil l suffe r a  2 °
parallactic shif t towar d th e wes t durin g it s twelve-hour transi t o f th e visible
hemisphere. Th e averag e rat e o f th e Moon' s parallacti c motio n i s therefore
1/6° pe r hour . Now , i n fac t thi s motio n i s not uniform : it i s slower nea r th e
horizon and mor e rapi d nea r th e zenith . Eve n so , the estimate we have mad e
here illustrates the siz e of the effect : i f our tw o observations are made a n hou r
apart, w e wil l hav e t o subtrac t somethin g o n th e orde r o f 1/6 ° (i.e. , 10 ' o f
arc) fro m th e measure d Sun-sta r ar c i f w e expec t t o ge t th e tru e angula r
distance between  th e sta r and th e Sun .

Example: Ptolemy's  Measurement of the Longitude ofRegulus I n Almagest  VII,
2, Ptolem y give s a  detaile d descriptio n o f thi s metho d i n hi s repor t o f a
measurement o f the longitud e o f Regulus .

1. Plac e an d dat e o f th e observations : Alexandria , i n Yea r 2  o f th e reig n
of Antoninus , o n th e 9t h da y o f th e Egyptia n mont h Pharmouth i
(February 23 , A.D. 139 , Julian Calendar) .

2. Firs t observation: As the Su n was about t o set , the apparen t Moo n was
sighted 9 2 1/8° eas t o f the Sun .

FIGURE 6.7 .
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3. Secon d observation : Hal f a n equinoctia l hou r afte r th e Su n ha d set ,
Regulus appeare d t o b e 5 7 1/6° eas t of the Moo n alon g the ecliptic .

The abov e informatio n i s al l tha t i s necessar y fo r calculatin g th e
longitude o f Regulus . However , i t i s firs t necessar y to determin e th e
time of day, so that the Sun's longitude can be calculated from th e solar
theory.

4. Ptolem y says that the first observation was made (a s the Su n was about
to set) , when  the last  section o f the Bull was culminating, which was 5 1/ 2
equinoctial hours after noon.  The reade r can easily confirm with a celestial
globe that i n Alexandria (latitud e 30° N) o n Februar y 23, the Su n really
does se t 5  1/2 hour s afte r noon , a s the las t par t o f th e sig n of th e Bul l
is crossin g th e meridian . Th e armillar y spher e i s mor e tha n accurat e
enough fo r this application , so Ptolemy ma y have determined th e tim e
of da y i n jus t this fashion—o r h e ma y hav e use d a  table of ascensions.

5. Longitud e of the Sun : Ptolemy says that at the time of the first observa-
tion, the Sun' s position was 3 1/20° within the  Fishes , that is,  at 333°O3 '
of longitude . Thi s figur e wa s take n fro m hi s sola r tables , usin g th e
known dat e an d tim e o f year.

6. Th e longitud e o f Regulus i s then calculate d a s follows :

Longitude o f Su n a t firs t observation (fro m tables )

Arc from Su n t o Moon a t first observation +

Arc fro m Moo n t o Regulu s a t secon d observatio n +

Plus Moon's eastwar d motio n fo r - hou r
2

Less Moon' s westward parallacti c motion fo r - hour

Sum
or

Ptolemy round s thi s to 12 2 1/2° . That is , Regulus "was situated 2  1/2°
within the Lion , and was a distance of 32 1/2° from th e summer tropic."

The correctio n o f 1/4° fo r the Moon' s eastwar d motio n correspond s t o a
mean rat e o f 12 ° pe r day , a s discusse d above . Thi s i s a  roug h valu e bu t i s
adequate fo r th e shor t tim e interva l involved. A s fo r th e correctio n fo r th e
parallactic motion , Ptolem y say s nothing o f how h e arrive d a t hi s particular
figure. In boo k V of the Almagest, Ptolemy worked ou t table s for computin g
the Moon' s parallax . However , i t i s unlikely that th e table s were use d here .
Rather, it looks as if the parallacti c shift wa s estimated offhandedly , accordin g
to th e schem e w e suggeste d above—b y assumin g a  parallacti c motio n o f 2°
per twelv e hours . Sinc e th e correctio n i s small , onl y 1/12° , thi s figur e coul d
hardly b e wrong b y more tha n 2 ' or 3' . So , again, Ptolemy's roug h estimat e
is perfectly adequate i n th e give n situation .

FIGURE 6.8 . A  modern reconstruction of the
armillary spher e describe d by Ptolem y i n Alma-
gest V, I . Fro m Rome (192.7) . Phot o courtesy of
the Universit y o f Cincinnati Library.

Ptolemy s Armillary Sphere

The armillar y sphere tha t Ptolem y use d fo r measurin g th e position s o f th e
fixed stars is described mAlmagestV,  i . figure 6.8 is a modern reconstructio n
based o n Ptolemy' s description .

The fixe d rin g 7  is placed i n th e plan e of the meridian . Rin g 6  is turned
within rin g 7  t o adjus t the instrumen t fo r th e geographica l latitude : axi s dd
must mak e an angle with th e horizon tha t i s equal t o the latitude . The inne r
nest of rings (i, 2, 3, 4, 5) may be turned as a unit about axis dd, thus simulating
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the diurna l rotation . Rin g i , equipped wit h sights , turns within rin g 2 and is
used fo r measurin g th e latitude s o f th e stars . Ring s 2  and 5  may b e turne d
independently o f one another abou t eclipti c axis ee, which pierce s the solstitial
colure (rin g 4) . Rin g 4  i s rigidl y attache d t o th e eclipti c rin g 3 . Rings 3 , 2,
and 5  are use d fo r measurin g th e longitude s o f th e stars .

How t o Measure th e Longitude  o f a  Fundamental  Star  Ptolem y set s u p th e
instrument s o tha t i t i s adjusted for th e correc t latitud e an d i s aligned alon g
the meridian .

Next, rin g 5  is turned t o th e longitud e o f th e Su n alon g eclipti c rin g 3.
This ca n b e don e eithe r b y direc t observatio n o r b y calculatin g th e Sun' s
longitude fro m theory . A  direc t sightin g i s performed a s follows. On e turn s
the inne r nes t o f ring s (i , 2 , 3 , 4, 5 ) about axi s dd unti l th e shado w o f th e
ecliptic ring 3 falls on the ecliptic ring itself. This guarantees that th e armillary
ecliptic i s oriented i n th e sam e way as the rea l ecliptic . On e the n turn s rin g
5 unti l th e shado w o f th e uppe r par t o f rin g 5  falls exactl y on th e lowe r par t
of rin g 5 . Then rin g 5  will indicate th e tru e longitud e o f the Sun .

Next, withou t disturbin g th e position s o f the othe r rings , on e turn s rin g
2 unti l one can sight th e Moo n touchin g it s limbs. That is , when on e place s
an ey e near rin g 2 , one see s th e Moo n touc h bot h th e nea r ar c o f th e rin g
and th e opposit e ar c of the same ring. Ring 2  then indicate s th e longitude o f
the Moo n alon g th e scal e on rin g 3.

Finally, afte r sunset , on e use s rings 2  an d 5  in a  simila r wa y t o measur e
the longitudina l distanc e between  th e Moo n an d th e sta r tha t ha s bee n se -
lected.

Measuring th e Positions  o f Secondary  Stars  Th e mos t difficul t proble m i n
detemining th e position s of the star s on th e celestia l sphere i s measuring th e
absolute longitude  of on e o r a  fe w fundamental referenc e stars. This requires
measuring the positio n o f the sta r with respec t t o th e Sun , usin g one o f the
two methods explained above. The procedur e is delicate and time-consuming .
However, onc e on e ha s th e longitude s o f a  few reference stars, th e position s
of al l th e othe r star s ca n b e foun d muc h mor e easily , b y measuring  their
positions with  respect  to  the  reference  stars.

Assume tha t th e longitud e o f on e sta r (th e fundamenta l star ) i s known .
The longitud e o f som e othe r sta r (th e secondar y star ) ca n b e measure d a s
follows. On e firs t orient s th e inne r nes t o f ring s o f th e armillar y spher e so
that th e fundamenta l sta r i s sighted a t it s prope r longitud e o n th e eclipti c
ring 3 . To d o this , one turn s rin g 5  on th e eclipti c axi s ee until th e rin g is set
at th e prope r longitud e o f th e fundamenta l sta r alon g eclipti c rin g 3 . On e
then turn s th e whol e inne r nes t o f ring s unti l th e fundamenta l sta r appear s
to graz e bot h th e nea r an d th e fa r lim b o f rin g 5 . The armillar y spher e i s
then, i n principle , aligne d exactl y i n th e sam e way as the celestia l sphere .

To sigh t a  secondar y star , on e the n turn s rin g 2  o n axi s e e unti l th e
secondary sta r appear s t o graz e the nea r an d th e fa r sides o f tha t ring . Th e
longitudinal distanc e betwee n th e secondar y an d th e fundamenta l sta r ma y
then b e rea d b y notin g o n rin g 3  the angula r distanc e tha t separate s ring s 2
and 5 . Alternatively, on e coul d simpl y read of f th e absolut e longitud e o f th e
secondary sta r on rin g 3.

To measur e th e latitud e o f a  secondar y star , on e sight s i t throug h th e
pinnules b b on rin g i, which i s free t o tur n withi n th e graduate d rin g 2.

6.5 EXERCISE : TH E L O N G I T U D E O F SPIC A

We shal l measure the longitude o f Spica using observations of a recent eclipse
of th e Moon . Ou r metho d wil l b e clos e t o th e metho d probabl y use d b y
Hipparchus.
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Figure 6.9 shows the southeastern sky as observed in Spokane, Washington ,
during the partia l lunar eclipse o f April, 1977. Figure 6.10 is an enlarged vie w
of the part of the sky contained b y the box in broken lines. The bo x represents
a smal l portion o f th e sky , roughl y wha t woul d b e covere d b y one' s hand ,
held at arm's length. The Moo n was in the constellation Virgo, some of whose
stars ar e visible. The brigh t sta r i n th e lowe r lef t corne r o f the bo x i s Spica,
a Virginis ; th e othe r sta r i n th e bo x is 0 Virginis . Th e remainin g star s i n
figure 6.9 , beginnin g with th e lowes t an d goin g toward th e highe r altitudes ,
are K, I, £ , y, 8 , and T | Virginis. Compar e the figure with a  star chart .

The beginnin g o f th e eclips e (entr y of th e Moo n int o th e umbr a o f th e
Earth's shadow ) occurre d o n April 3 , 1977, a t 7:3 0 P.M . Pacific Time , shortl y
after sunset . The eclips e ended a t 9:06 P.M . Pacifi c Time. The middl e between
these tw o times , 8:1 8 P.M. , i s what w e shal l cal l the middl e o f th e eclipse . I t
is th e momen t fo r whic h figure s 6. 9 an d 6.1 0 ar e drawn . A t thi s moment ,
the Moon wa s covered by the shadow to the maximum extent . This moment ,
April 3 , 20 18 ™ Pacific time, correspond s t o Apri l 4 , 04*18 ™ Greenwich mea n
time, a s indicated o n th e figure .

Now, a , 0 , an d T | Virginis li e roughly on th e ecliptic , as a star chart will
show. I f we us e thes e thre e star s to roughl y sketch i n th e eclipti c on figur e
6.9, tw o fact s becom e evident . First , the Moo n i s a littl e belo w th e ecliptic ;
this i s why th e eclips e was onl y partial . Second , th e eclipti c make s a  stee p
angle with th e ground a t this moment. I t i s worthwhile to confir m o n a globe
or armillar y sphere that, indeed , thi s par t of the eclipti c rises very steeply a t
Spokane (latitud e 47 2/3 ° N). This , couple d wit h th e fac t tha t th e Moo n i s
at a  fairl y lo w altitude , mean s tha t i t wil l have a  large parallax in longitude ,
which w e shall have to tak e int o account .

The Problem

Use figure 6.9 and figur e 6.1 0 t o determin e the longitud e o f Spic a i n 1977 .
Use you r result , togethe r wit h Hipparchus' s longitud e o f th e sam e star , t o
calculate th e precessio n rate. Detaile d direction s follow .

FIGURE 6.IO . A n enlarge d vie w o f a  portion
of figure 6.9 .

FIGURE 6.9 . Partia l eclips e o f the Moo n a s ob-
served i n Spokane , Washington, April 4 , 1977 ,
04 18 ™ Greenwic h mean time.



258 TH E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

FIGURE 6. II. Sun , Earth , an d Moo n a t
the middl e o f a lunar eclipse .

I. Ho w t o tak e accoun t o f th e Moon' s parallax : figur e 6.1 1 show s th e
situation a t the middl e o f a lunar eclipse. The center s of the Sun , Earth , an d
Moon ar e labeled S , E, an d M , respectively . At th e middl e o f the eclips e an
observer a t the Earth' s cente r E  would se e S and M  i n diametricall y opposit e
directions, bu t fo r an observe r at O  on th e surfac e o f the Earth , thi s will no t
be so . Owing to parallax , observer s at E  and a t O  see the Moo n i n differen t
directions: line s of sight EM an d O M are not parallel . (The Sun , b y contrast,
is so far away that i t has n o appreciabl e parallax: ES and O S can b e regarde d
as parallel. ) Thus, a t mideclipse , th e Moon' s tru e longitud e (a s measured a t
E) i s equal t o 180 ° plu s th e Sun's , bu t it s apparen t longitud e (a s measured
at O ) i s not .

Now w e ar e i n a  positio n t o correc t figur e 6.1 0 fo r parallax . Th e figur e
shows the Moon among th e stars as it was seen from Spokane . W e wish no w
to trave l t o th e cente r o f th e Earth , i n imagination , fro m wher e w e will see
the Moo n i n a  differen t positio n amon g th e stars . A formula for calculatin g
the paralla x P o f a celestia l object derive d i n sectio n 6. 4 is

where z i s the measure d zenit h distance of the object , d  is the distanc e of the
object fro m th e cente r o f the Earth , and r  is the radiu s of the Earth . Measure
the Moon's altitude usin g figure 6.9 and calculat e it s parallax, assuming tha t
the Moon' s distanc e d from th e cente r o f the Earth was 57 Earth radii . Then,
on figure 6.10 shift th e Moon verticall y upward b y the amount o f the parallax.
Then you wil l have the Moon' s position amon g th e star s as it was seen fro m
the cente r o f the Earth .

2. Ho w t o locat e th e eclipti c o n figur e 6.10 : Th e latitud e o f Spic a i s
-2°c>3'. Dra w a  circle of thi s radiu s with th e sta r as center. (Us e th e scal e of
degrees o n th e righ t edg e o f the figure.) The eclipti c must b e tangent t o thi s
circle somewhere o n it s upper part .

The latitud e o f 0 Virginis is +i°45'. Dra w a  circle of this radius with thi s
star a s center. Th e eclipti c mus t b e tangen t t o thi s circl e somewher e o n it s
lower part . Us e the tw o circle s t o dra w a  line representin g th e ecliptic .

3. Measure the longitudinal arc from th e true Moon t o Spica: Project Spica
and th e cente r of the Moon (a s seen fro m th e Earth' s center ) perpendicularl y
onto th e ecliptic. Measure the longitudinal differenc e betwee n thes e projecte d
points.

4. Calculate th e Sun's longitude: Us e the solar theory to calculate the Sun' s
longitude a t th e instan t i n question .

5. Fin d th e longitud e o f Spica : A t th e eclips e middle , th e tru e (no t th e
apparent) longitud e o f th e Moon' s cente r i s very nearly 180 ° differen t fro m
that o f the Sun's . Fro m th e resul t of step 4  you can now get the Moon's true
longitude very nearly (within 5 ' or 6').  With this and th e resul t of step 3 , you
can ge t the longitud e o f Spica .

6. Calculat e th e precession : Hipparchu s measure d th e longitud e o f Spica
by a  method simila r to th e on e use d her e an d obtaine d a  position abou t 6 °
west o f the autumna l equino x for a n epoc h abou t th e yea r 141 B.C. (Actually,
these numbers represent the averag e of two separate determinations mad e by
Hipparchus using two different lunar eclipses tha t occurred near Spica at date s

. Jrsinzp=smpr;
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eleven years apart. Se e Almagest III, i. ) Us e your longitude for Spica together
with Hipparchus' s t o deduc e th e precessio n rate . Expres s your answe r bot h
in term s o f second s o f ar c pe r yea r an d i n term s o f th e numbe r o f years
required fo r i ° o f motion.

6.6 H I P P A C H U S AN D PTOLEM Y O N P R E C E S S I O N

Hipparchus's Discovery

In Almagest  VII, 2 , Ptolemy preserve s the titl e o f Hipparchus' s los t work o n
precession an d a  brie f summary o f Hipparchus' s method . Al l tha t Ptolem y
says ver y definitel y i s tha t Hipparchu s calculate d tha t Spic a wa s 6 ° wes t o f
the autumna l equino x i n hi s ow n tim e bu t ver y nearl y 8 ° i n th e tim e o f
Timocharis, an d tha t Hipparchu s came  t o thi s conclusio n b y usin g lunar
eclipses observe d carefull y b y himsel f an d luna r eclipse s observe d earlie r b y
Timocharis. About Timocharis w e know very little. Ptolemy cites some of his
observations i n th e Almagest,  from whic h i t i s clear tha t Timochari s live d at
Alexandria an d worke d i n th e 290 5 an d 280 5 B.C . Except fo r th e famou s
summer solstic e of 43 2 B.C. (observed a t Athens b y Meto n an d Euctemon) ,
Timocharis's are the oldest dated observations in Greek astronomy. Timocharis
may be considered th e founde r of careful an d systemati c observatio n among
the Greeks. "

To calculat e th e longitud e o f Spica i n bygon e times , Hipparchu s woul d
have neede d a n ol d eclips e recor d o f th e followin g form : on suc h a  day , a t
such an hour o f the night , th e Moon was seen eclipsed, and a t the middl e of
the eclipse , the Moon was so many degrees east of Spica. This is just the sor t
of information likely to have been recorded b y Timocharis or any other early
observer. Of course, Timocharis, in making the observation, must have thought
he wa s recordin g a  fac t tha t woul d b e usefu l i n workin g ou t a  theory  o f the
Moon. H e coul d no t hav e guesse d tha t Hipparchus , 15 0 year s later, woul d
turn th e observatio n aroun d an d deduc e fro m i t th e motio n o f Spic a wit h
respect to the equinoxes. From the recorded dat e and time, Hipparchus coul d
calculate the longitude of the Sun. At the eclipse middle, the Moon's longitude
could b e assume d t o b e 180 ° differen t fro m this . Th e recorde d distanc e o f
Spica fro m th e Moo n the n gav e the longitud e o f Spica (a s discussed in sees .
6.4 an d 6.5) . Hipparchu s neede d onl y t o compar e th e resul t wit h hi s own
more recen t observation s of Spica to se e that th e sta r had moved .

Hipparchus's conclusio n i s preserved b y Ptolemy : i n anothe r los t work ,
On th e Length of the Year,  Hipparchu s wrot e tha t th e solstice s and equinoxe s
shift westwar d with respec t t o the star s "not les s tha n i/ioo°" in a  year. This
rate i s a bi t low , th e actua l rat e bein g i° i n 7 2 years. However , i t i s possible
that Hipparchu s intende d thi s figur e onl y a s a  lowe r boun d an d tha t h e
realized th e actua l motion migh t b e faster .

In an y case , th e evaluatio n o f th e precessio n rat e wa s a  chanc y thing .
Hipparchus himsel f measured th e longitud e o f Spica o n tw o differen t occa -
sions, onl y eleve n years apart , an d go t value s tha t differe d b y i 1/4° . Thi s
shows the siz e of the possibl e errors in ancien t measurements of absolute star
longitudes. Hipparchus' s estimat e o f th e shif t i n Spica' s longitud e betwee n
the time of Timocharis an d hi s own day was 2°, only a little greater than th e
size o f th e error s o f measurement.

Ptolemy on  Precession

Ptolemy, comparing Hipparchus' s observation s with hi s own, deduced a  pre-
cession rate of i° in 100 years, almost exactly . Ptolemy deduces the precession
rate b y comparing hi s own longitud e o f Regulus (discusse d in sec . 6.4 ) wit h
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a simila r measuremen t mad e earlie r b y Hipparchus . Accordin g t o Ptolemy ,
Hipparchus observe d thi s sta r i n th e 5Ot h yea r o f the thir d Callippi c perio d
(129/128 B.C. ) and foun d i t t o b e ^<)°')O'  eas t o f th e summe r solstitia l point .
Since Ptolem y foun d Regulu s 32°3o ' eas t o f th e sam e solstice , th e sta r mus t
have shifted eastward by 2°4o' during the period betwee n Hipparchus' s mea-
surement an d hi s own . The tim e between  Hipparchus' s observatio n an d
the beginnin g o f Antoninus' s reign , whe n Ptolem y mad e most  o f hi s sta r
observations, was about 26 5 years. The rat e of precession was therefore 2°4o'/
265 years, or very nearl y i° i n a  100 years , which amount s t o 36 " per year .

Ptolemy goe s on t o sa y that he ha s also measured the longitude s o f Spica
and other brigh t ecliptic stars in this same way. Then, from thes e fundamenta l
stars, h e has sighted other s also . And h e finds thei r distance s wit h respec t t o
each other very nearly the same as observed by Hipparchus, bu t thei r distance s
with respec t to th e solstitia l an d equinoctia l point s change d b y about 2  2/3°.

The Axis o f the Precession I t was clear, then, tha t Regulus , Spica , and severa l
other stars had shifted eastwar d by more than 2° since the days of Hipparchus.
Indeed, i t looked a s if the whole spher e of the fixed stars was revolving slowly
from wes t t o east . Bu t th e axi s o f thi s revolutio n wa s by n o mean s obvious :
did it pass through th e poles of the ecliptic or through the poles of the equator?

The fac t tha t th e motio n wa s easterly (lik e tha t o f th e Su n an d planets )
and no t westerly (like the diurna l revolution) mus t have suggested to Hippar -
chus tha t thi s wa s a  motio n abou t th e pole s o f th e ecliptic . A t an y rate ,
according to Ptolemy, Hipparchu s finally asserted that the motion was parallel
to th e eclipti c an d supporte d thi s clai m wit h observation s o f Spica mad e b y
Timocharis aroun d 28 0 B.C. and b y himsel f aroun d 13 0 B.C. : Spica' s latitud e
(2° south o f the ecliptic ) had remaine d unchanged , bu t it s distance fro m th e
equator ha d not . But (accordin g t o Ptolemy ) Hipparchu s stil l ha d doubt s
because of inadequacies in Timocharis's observation s and because the interven-
ing tim e ha d no t bee n lon g enough .

Ptolemy therefor e marshals evidenc e tha t th e axi s o f th e precessio n doe s
indeed pas s through th e poles of the ecliptic . This can be proved mos t readil y
from change s i n th e declination s o f the stars . Becaus e the motio n i s parallel
to th e ecliptic,  th e star s do shif t northwar d o r southwar d wit h respec t t o th e
equator. I n particular , al l the star s o n th e hal f o f th e spher e containin g th e
vernal equinox, fro m th e winter solstice eastward to the summer solstice , have
increases in thei r declinations . Tha t is , they al l move northwar d wit h respec t
to th e equator . (Thi s effec t i s illustrated b y fig. 6.1.) Those near th e solstice s
increase thei r declination s b y only a  little , an d thos e nea r th e equino x b y a
considerable amount. T o prove his point, Ptolemy quotes a number of declina-
tions o f star s i n thi s par t o f th e sk y measure d b y Timocharis , Aristyllos ,
Hipparchus, an d himself . Som e o f these star s ar e listed i n tabl e 6.1. To hel p

TABLE 6.1 . Declination s fro m Almagest  VII, 3 (Star s nea r th e sprin g equinox)

Stars

Altair
The Pleiade s
Aldebaran
Bellatrix
Betelgeuse
Sirius
Pollux

TU '1 heir
Longitudes
According
to Ptolem y

\)o 3  5/6°
tf 3 °
tf 1 2 2/3°
tf 24 °
n 2 °
n 1 7 2/3°
It 2 6 2/3°

Their Declination s

Timocharis
(c. 27 0 BC )

or Aristyllos*

+ 5°48 '
+14°30'
+ 8°45 '
+ 1°12 '
+ 3°50 '
-16°20'
+30°00'*

Hipparchus
(c. 12 8 BC )

+ 5°48 '
+15°10'
+ 9°45 '
+ 1°48 '
+ 4°20 '
-16°00'
+30°00'

Ptolemy
(c. 13 8 AD)

+ 5°50 '
+16°15'
+1TOO'
+ 2°30 '
+ 5°15 '
-15°45'
+30° 10'*

f UChanges i n
Declination

(Ptolemy minus
Hipparchus)

+0°02'
+1°05'
+1°15'
+0°42'
+0°55'
+0°15'
+0°10'
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TABLE 6.2 . Declination s fro m Almagest  VII, 3 (Star s nea r fal l equinox )

Stars

Regulus
Spica
Arcturus
a Libra e
Antares

Their
Longitudes
According
to Ptolem y

SI 2  1/2°
ttj) 26 2/3°
I])) 27 °
£: 18 °

m, 122/3 °

Timocharis
(c. 27 0 EC )

+21°20'
+ 1°24 '
+31°30'
- 5°00 '
-18°20'

Their Declination s

Hipparchus
(c. 12 8 BC )

+20°40'
+ 0°36 '
+31°00'
- 5°36 '
-19°00'

Ptolemy
(c. 13 8 AD)

+19°50'
- 0°30 '
+29°50'
- 7 ° 10'
-20° 15 '

Changes i n
Declination

(Ptolemy minus
Hipparchus)

-0°50'
-1°06'
-1°10'
-1°34'
-ris'

the reade r visualiz e th e position s o f these  star s o n th e celestia l spher e i n
antiquity, we  als o giv e thei r longitude s accordin g to  Ptolemy' s sta r catalog .
The star s in the sign s near the solstice s underwent relativel y small changes i n
declination. Thes e ar e Altair , whic h i s i n th e sig n o f th e Goat-Hor n an d
therefore nea r th e winte r solstice , an d Siriu s an d Pollux , whic h ar e i n th e
Twins an d therefore near the summer solstice. On th e other hand, the Pleiades
and Aldebaran (i n th e sig n o f the Bull ) ha d larg e changes i n declination .

Similarly, Ptolemy examines a number of stars in the other hemisphere—the
one tha t include s th e autumna l equino x an d stretche s fro m th e summe r t o
the winte r solstice . I n Tabl e 6. 2 we quot e a  par t o f hi s evidence . Th e star s
in thi s hal f of th e sk y all moved sout h wit h respec t t o th e equator .

Confirmation of  the Precession Rate by Occultations Ptolem y gives the impres -
sion that his figure for the precession is based chiefly on the measured longitude
of Regulus, and perhaps also of Spica. However, he confirms his result by means
of several occultations recorded by his predecessors. For example, Menelaus th e
geometer observe d an occultation o f Spica b y the Moon , i n Rome , i n year i
of Trajan , a t th e en d o f th e tent h hou r o f th e nigh t between  th e I5t h an d
:6th o f Mechir (Januar y n, A.D . 98 , Julian calendar) . Usin g hi s lunar theory ,
Ptolemy calculate s th e Moon' s theoretica l positio n a t thi s date , an d correct s
it fo r parallax . Then, since the Moo n covere d Spica , thi s give s the longitud e
of Spica at the time of Menelaus's observation (17 6 1/4°). To get the precession
rate, Ptolem y use s an olde r near-occultation o f Spica by the Moon , observe d
by Timochari s i n 28 3 B.C. Again, h e use s hi s luna r theor y t o calculat e th e
Moon's theoretical position a t the earlier date (172 1/2°). By subtraction, Spica
appears to hav e advanced 3  3/4° during the intervenin g 37 9 years, so that th e
rate is , again, ver y nearly i° i n 10 0 years. This resul t i s confirmed by similar
pairs o f occultation s o f th e Pleiade s (Timochari s i n 28 3 B.C. and Agripp a i n
A.D. 92 ) an d o f P  Scorpi i (Timochari s i n 29 5 B.C. and Menelau s i n A.D . 98) .

This method ha s one great strength and one great weakness. The occultatio n
of a star is a very reliable observation, since it does not involve the measurement
of an arc in the sky and therefore does not requir e any kind o f instrument. So,
the occultations observed by an ancient astronomer like Timocharis potentiall y
afford muc h greate r precision tha n any other conceivabl e kind o f star observa-
tions tha t migh t hav e been made a t this early date. Unfortunately , th e defects
of Ptolemy' s luna r theor y prett y well wipe ou t whateve r advantag e i s offere d
by th e observation s themselves .

An Unfortunate  Consequence  Ptolemy' s lo w rate for the precession (i ° in 100
years, instead o f i° in 72 years) was little worse than coul d b e expected, given
the defect s o f bot h hi s sola r theor y an d hi s observations . However , thi s
measurement by Ptolemy had some unfortunate and far-reaching consequences
for astronomy . Arabi c astronomer s i n th e nint h century , tryin g t o reconcil e
Ptolemy's lo w value with bette r an d mor e recen t determinations , conclude d
that th e rat e o f precessio n mus t b e variable.  An elaborat e machiner y was



262 TH E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

invented t o accoun t fo r thi s suppose d fac t o f observation , whic h wa s no t
finally dismantled unti l the sixteenth century. We shal l explore this medieval
theory o f the "trepidatio n o f the equinoxes " in sectio n 6.9 .

A Modern  Controversy  Fe w development s i n scienc e hav e s o exercise d th e
historians of science as Ptolemy's measurement of the precession rate. At stake
is Ptolemy's reputation as an astronomer; at issue are his honesty and reliability
as an observer . Did Ptolem y really , as he says he did, make al l of the observa-
tions upon which hi s system is based? If so, why is his value for the precessio n
so low ? And ho w i s it tha t severa l different method s use d b y Ptolem y al l led
to exactly the same value for the precession ? Perhaps, as Delambre1 suggeste d
at th e beginnin g o f the nineteent h century , Ptolemy' s so-calle d observation s
are actuall y example s calculate d fro m table s t o bette r illustrat e hi s theories .
Some twentieth-centur y scholars , notabl y Rober t R . Newton, 15 hav e gon e
much farther . Newton claim s that al l of Ptolemy's "observations " were simply
made up as a swindle to prove the validity of his theories. This position leaves
unanswered th e questio n o f wher e th e theorie s (whic h ar e generall y prett y
good) coul d hav e come fro m in  the  first place. In  fact , ther e is  no doubt tha t
Ptolemy's theorie s were all based on observation. However , i t is also clear that
Ptolemy mus t hav e smoothe d ou t o r adjuste d discordan t observation s t o
produce a  set of data that was internally consistent. Ptolemy' s many indepen -
dent measurement s o f the precessio n rate , which al l lead t o exactl y the same
value, are certainly not th e straightforward results of unadjusted observations .
There i s a large modern literatur e on thi s question . W e retur n t o thi s issu e
in th e contex t o f Ptolemy's sta r catalog, i n sectio n 6.8 .

The Acceptance of  Precession  in  Antiquity

In modern assessments , the discovery of precession is often regarded as Hippar-
chus's greatest single achievement. This evaluation is colored by the connectio n
between th e precessio n an d Isaa c Newton's syste m o f th e world , a s well a s
by the fact tha t th e theory of precession is virtually the only part o f the Gree k
machinery of the heaven s that i s still regarded today as "correct." On e shoul d
keep in mind tha t the ancients seem not t o have invested precession with th e
same importance. I n fact , precession appears never to have become very widely
known i n antiquity . I t i s never allude d t o b y Geminus , Cleomedes , Theo n
of Smyrna, Manilius , Pliny , Censorinus , Achilles, Chalcidius , Macrobius , o r
Martianus Capella . Plin y had a n unquenchabl e thirs t fo r astonishing facts ,
and h e professed th e highes t admiration fo r Hipparchus. Ha d Plin y heard of
precession h e certainl y would hav e mentione d it . Th e reade r alread y knows
Geminus a s a  competen t write r o n astronom y familia r wit h othe r part s o f
Hipparchus's work . A discussion , o r a t leas t a  mention, o f precession would
have fit naturally into Geminus' s lengthy discussion o f the zodiac signs—if he
ever had heard of it. The onl y ancient writers who mention precessio n besides
Ptolemy are Proclus, who denies it s existence, and Theon of Alexandria, wh o
in hi s redactio n o f Ptolemy' s Handy  Tables  accept s Ptolemy' s valu e of i° i n
100 years.

6.7 E X E R C I S E : TH E P R E C E S S I O N RAT E
FROM STA R D E C L I N A T I O N S

In hi s demonstratio n tha t th e precessio n i s parallel t o th e ecliptic , Ptolem y
uses th e declination s o f eightee n stars , observe d b y Timocharis , Aristyllos ,
Hipparchus, an d himself . Som e of these  dat a ar e displayed i n table s 6.1 and
6.2. Ptolem y als o use s th e change s i n th e declination s of six of these  stars to
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confirm hi s numerica l valu e fo r th e precessio n rate . Fo r these  six , Ptolem y
asserts, withou t givin g detail s o f hi s calculations , tha t th e observe d change s
in declinatio n are consistent with hi s value of the precessio n constant (i ° per
100 years , o r 36 " pe r year) . W e shal l se e ho w th e precessio n rat e ca n b e
deduced fro m th e change s in th e stars ' declinations .

Method Th e metho d i s simple for a  star near th e ecliptic . Tak e Spica a s an
example. Accordin g t o tabl e 6.2 , Hipparchu s measure d th e declinatio n o f
Spica i n 12 8 B.C . and foun d +o°36' ; 26 5 years later , Ptolem y measure d th e
declination o f th e sam e sta r an d foun d —o°3o' . Thus , th e sta r ha d shifte d
south wit h respec t t o th e equato r b y 66'.  Th e questio n is , ho w larg e a
displacement alon g th e eclipti c i s required t o brin g about suc h a  change i n
the declinatio n of Spica ?

Since Spic a lie s nearly o n th e ecliptic , w e ca n us e the tabl e o f obliquit y
(table 2.3 ) to fin d out . I n Ptolemy' s da y th e longitud e o f Spic a was Virgin
26°4o'. (Thi s value , printed i n tabl e 6.2, come s fro m th e sta r catalog i n th e
Almagest.) From tabl e 2.3, (the table of obliquity) we take out th e declination s
of the tw o eclipti c points Virgi n 25 ° and Virgi n 26° :

Longitude Declination  Difference
Virgin 25 ° i°5g '

-24' = -0.40°
Virgin 26 ° i°35 '

Thus, i f a star exactly on th e eclipti c traveled fro m Virgi n 25 ° to Virgi n 26° ,
its declination woul d diminis h b y 0.40°.

Now w e compute th e rati o

i° of longitude/o.4O° o f declination = 2.50° o f longitude/0 o f declination.

We ca n compute th e precessio n between Hipparchus' s da y and Ptolemy' s
by multiplyin g thi s rati o b y th e observe d 66'  chang e i n th e declinatio n o f
Spica:

2.50° of long. 6 6 ° . . . . . . 0  ,  . . . .
—5—TT-J—^ X —- chang e i n declinatio n =  2.7 5 chang e i n longitud e

That is , the observe d 66 ' chang e i n Spica' s declination implie s a precession
of 2.75 ° betwee n 12 8 B.C . and A.D . 138 . Th e precessio n rate i s therefore

2.75°/265 years = o.oiO4°/yea r =  37"/year ,

which i s very close to Ptolemy' s adopted rat e o f 36" per year .
To be perfectly consistent, we should have used Ptolemy's table of obliquity

(Almagest I , 15) , which i s based on a  slightly different valu e for th e obliquit y
of the eclipti c than i s our ow n table . However , thi s would mak e only a  tiny
difference i n th e results.

Problem

Use this method t o compute the precession rate from th e data given in tables
6.1 and 6.2 for the following five stars: Aldebaran, Pollux , Regulus, a Librae ,
Antares. These star s are near enoug h t o th e eclipti c to justif y th e direc t use
of the tabl e of obliquity (tabl e 2.3) as in ou r Spic a example. These five stars
are no t among th e si x that Ptolem y use d to confir m hi s precession rate .

What valu e fo r th e precessio n rate d o yo u ge t i f you averag e the results
for thes e five? Why d o yo u suppos e Ptolemy lef t the m ou t o f his account?
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6.8 TH E CATALO G O F STAR S

Ptolemy's Star  Catalog

In Almagest  VII an d VIII , Ptolem y present s a  catalo g of slightl y mor e tha n
one thousan d stars . Figur e 6.12 i s a  photograph o f th e firs t pag e o f th e sta r
catalog in a  ninth-century parchmen t cop y o f the Almagest. The firs t par t o f
this pag e ma y be translated thus :

Tabular layout of the constellations in th e norther n hemisphere
Constellation of  the  Degrees  of  Degrees  of
Little Bear  longitude  latitude  Magnitude
The sta r a t th e en d o f the tai l Twin s o  1/ 6 Nort h 66 3
The on e nex t to i t o n th e tai l Twin s 2  1/2 Nort h 7 0 4
The on e nex t t o that , befor e th e Twin s 1 0 1/ 6 Nort h 7 4 1/ 3 4

place where the tai l attache s
The southernmos t of th e star s Twin s 29 2/3 Nort h 7 5 2/3 4

in th e leading side of the
quadrilateral

The northernmos t in the same side Cra b 3  2/3 Nort h 7 7 2/ 3 4
The souther n star in the followin g Cra b 1 7 1/ 2 Nort h 7 2 5/6 2

side
The norther n one in the same side Cra b 2 6 1/6 Nort h 7 4 5/ 6 2

For eac h star , Ptolem y give s a  descriptiv e identification o f th e star , the n
the star' s longitude , latitude , an d magnitude . Fo r example , th e first star, th e
one o n th e en d o f th e tai l o f th e Littl e Bea r (the sta r we cal l Polaris) , has a
longitude o f 1/6° within th e Twins . It s latitud e i s 66° nort h o f th e ecliptic .
Ptolemy divide s th e star s int o si x magnitud e (o r size ) groups . Th e larges t
stars ar e magnitude i . Th e faintes t visibl e stars are magnitude 6 . Today, we
distinguish a  star' s brightnes s fro m it s size . Bu t i t i s a  propert y o f huma n
vision tha t brighte r star s d o appea r large r t o us . Ptolem y though t o f hi s
magnitudes a s measures of the stars ' relativ e sizes. This view was not altere d
until th e seventeent h century .

Several feature s o f th e ninth-centur y manuscrip t (fig . 6.12) ar e worthy o f
notice. Th e Greek s use d th e letter s o f thei r alphabe t a s numerals . (Fo r th e
correspondences, se e sec. 4.5. ) Fraction s were sometime s signale d b y mean s
of extra strokes over the numerals . Thus, F = 3  but Y  =  1/3. So , for example,
the longitud e o f th e las t sta r listed i n figur e 6.1 2 i s KOC p I F T, tha t is , Cra b
13 1/3° . Thi s ninth-centur y manuscrip t als o use s som e specia l symbol s fo r
common fractions . In th e longitude o f the fourt h star , we see Y (th e symbo l
for 1/3 ) wit h a  do t unde r it , whic h represent s 2/3. The symbo l rathe r lik e L
is th e commo n Byzantin e sig n fo r 1/2 . Thi s occurs , fo r example , i n th e
longitude o f star 10 . Note tha t thi s syste m of indicating fraction s works bes t
for unit  fractions, tha t is , fo r fraction s with a  uni t numerator—1/3 , 1/6 , an d
so on. Ther e i s a special symbol fo r 2/3 , but othe r nonuni t fraction s must b e
indicated b y addition. Thus , th e fractiona l part o f the longitud e o f star 10 is
L r, tha t is , 1/2 + 1/3 , or , a s we would writ e it , 5/6 .

Also, note tha t ther e are no space s between th e words. Ancient Gree k was
written in imitation of speech, as a continuous stream of sounds. Finally , note
the occurrenc e o f zerolike symbols, suc h a s in th e longitud e o f th e firs t sta r
in th e table : zero degrees an d 1/6 ° within th e Twins . The symbo l fo r zero is
o, the first letter o f the word ouden,  "nothing. "

Ptolemy's catalog , wit h it s thousand-odd stars , represented a  fai r amoun t
of work . Fo r th e nex t thousan d years , thi s wa s th e standar d sta r catalo g
everywhere in the Greek-Arabic-Latin tradition. Later astronomers who needed
the position s of stars had simpl y to increas e all the longitude s equall y for th e
precession between Ptolemy's time and their own. The latitude s were believed
to remai n foreve r th e same—whic h was , indeed , prett y clos e t o th e truth .
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FIGURE 6.12 . Th e firs t pag e o f the sta r catalog
in a  ninth-century parchmen t cop y o f Ptolemy' s
Almagest. Bibliothequ e Nationale , Pari s (MS .
Grec 2389 , fol . 2i5v) .

Thus, eve n Copernicus' s catalo g o f star s i n D e revolutionibus  (1543 ) i s just
Ptolemy's, with the longitudes all shifted b y a constant increment. There are,
to b e sure, example s o f Greek sta r observations tha t preced e Ptolemy . Ther e
are als o man y example s o f medieva l observation s o f the stars . But Ptolemy' s
was th e onl y systemati c catalo g coverin g a  larg e numbe r o f star s unti l th e
fifteenth century . The firs t substantia l catalog s independen t o f i t were thos e
of Ulugh Be g (fifteenth century ) an d Tych o Brah e (sixteent h century) .

A Modern  Controversy  in  the  Form of  a  Detective  Story

A disput e ha s rage d aroun d origi n o f th e sta r catalo g i n th e Almagest.  Di d
Ptolemy, as he says he did, reall y compile the catalog himself? Or was Ptolemy
a mer e textboo k write r wh o simpl y borrowe d a  previousl y existin g catalo g
compiled b y Hipparchus ?

Ptolemy Discredited I n the nineteenth century , it was a passion among histori -
ans o f ancien t Gree k though t t o discove r th e precursors  o f scientifi c an d
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philosphical figures. A common presumption was that most well-known figures
of Hellenistic philosophy and science had merely developed the ideas of earlier
thinkers whose works are now lost. The game , then , wa s to reconstruc t these
lost works by attributing t o the m various passages mined fro m th e surviving
works o f late r writers . I t wa s i n keepin g wit h nineteenth-centur y attitude s
that Ptolemy should be rated low and Hipparchus high. The prevailing opinion
was tha t Ptolemy , whos e work s w e posses s nearly i n thei r entirety , wa s no t
an origina l thinker . Rather , h e compile d an d systematize d th e work s o f hi s
predecessors. I n th e vie w o f man y nineteenth-centur y authorities , the trul y
creative figur e o f Greek astronom y was Hipparchus, abou t who m w e kno w
very little. In particular , the most influentia l historians of astronomy hel d tha t
the sta r catalo g o f th e Almagest  was th e wor k o f Hipparchu s an d no t o f
Ptolemy.

What sort of evidence could be produced i n support of this view? The sta r
longitudes recorde d i n th e catalo g surfe r fro m a  systematic error tha t make s
them abou t a  degree to o small , on th e average . We ca n explai n thi s erro r if
we suppos e tha t Ptolem y simpl y too k th e coordinate s ove r fro m a n earlie r
catalog by Hipparchu s an d adde d 2°4o ' t o al l the longitude s t o accoun t fo r
the precession between Hipparchus' s day and his own. The argumen t is short
and sweet: Hipparchus's longitudes were accurately measured around the year
130 B.C . Ptolemy wanted t o brin g these  longitudes dow n t o hi s ow n epoch ,
A.D. 137 , which wa s 266 years later. Since he believed that the precessio n rate
was i° i n 100 years , or 36" per year , he added t o al l the longitude s the value
36" X 266 = 2°4o' . However , th e tru e precession rat e i s 50" per year , so th e
true motio n o f th e star s i n thi s interva l was 50 " X 266 =  3°42' . Ptolemy' s
adopted longitude s fo r the year A.D. 13 7 were therefore too small by 3°4i' -
2°4o' = i°O2' . Thus, th e i° systematic error in the sta r catalog was explained
in term s of Ptolemy's lo w value for th e precessio n rate.

Throughout th e ninteenth centur y the prevailing opinion wa s that Ptole -
my's catalo g ha d originate d i n exactl y thi s way . Th e cas e coul d hav e bee n
proved onl y b y direc t compariso n o f Hipparchus' s catalo g wit h Ptolemy's .
Unfortunately, thi s wa s impossible , a s Hipparchus' s catalo g (assumin g h e
made one ) ha s not com e dow n t o us . Early in ou r ow n century , Peter s an d
Knobel made an exhaustive study of Ptolemy's catalog and held to the conclu -
sion tha t Ptolem y had merely added 2°4o ' to Hipparchus' s longitudes . Th e
case seemed t o b e settled beyon d reasonabl e doubt .

Ptolemy Rehabilitated  However , th e cas e prove d t o b e no t a s simpl e a s i t
seemed. In 1901 , Franz Boll 1 ha d demonstrate d that , whil e Ptolemy's catalo g
in the Almagest gave the coordinate s o f 102 5 stars, Hipparchus's catalo g could
have contained at most 850. Boll's argument was based on recently rediscovered
Greek manuscripts that listed the constellations according to Hipparchus. Fo r
example, one of the manuscripts , dated t o the fourteenth century, carried th e
title From the Stars o f Hipparchus. Thes e manuscripts di d no t contai n an y star
coordinates, bu t merel y listed th e name s o f the constellations , together wit h
the numbe r o f star s i n each , fo r example , "Th e Grea t Bear , 2 4 stars ; Th e
Little Bea r 7 ; Draco betwee n th e Bear s 15 ; Boote s 19," an d s o on. Thes e lists
seemed to give a way of comparing Ptolemy' s catalog with th e los t catalog of
Hipparchus, not sta r by star, but a t least constellation by constellation. Ther e
were a  fe w minor difficulties . A  coupl e o f constellation s wer e missin g fro m
the list , and i n the case s of three other constellations the number o f stars was
not given. Nevertheless, the evidence seemed to point to the conclusion already
mentioned, tha t Hipparchus' s catalo g could no t hav e listed more tha n abou t
850 stars and that , i f Ptolemy plagiarize d it, h e mus t hav e added a t leas t 17 5
stars o f his own .

In 1917-1918 , J . L . E . Dreyer 20 publishe d tw o article s o n th e origi n o f
Ptolemy's sta r catalog , i n which h e considere d severa l possible causes of th e
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systematic i° error in longitude. Dreyer  argued tha t th e majo r sourc e of error
was a defect in Ptolemy's sola r theory, which mad e the Sun' s mean longitud e
too smal l b y abou t a  degree fo r th e epoc h A.D . 137. Thi s defec t o f the sola r
theory aros e fro m Ptolemy' s erro r of abou t on e da y i n hi s observed tim e o f
the autumna l equino x of the year A.D. 132—th e equinox that Ptolemy used to
establish th e epoc h valu e of the Sun' s mea n longitude . A s we have seen, th e
solar theor y i s fundamental t o th e measuremen t o f star longitudes . A star' s
longitude i s obtaine d b y measuring , i n severa l steps , th e longitudina l ar c
between th e Su n an d th e sta r an d addin g t o thi s th e absolut e longitud e o f
the Su n a s calculated from th e solar theory.  An y systemati c erro r i n th e Sun' s
longitude wil l therefor e b e transmitte d t o th e longitude s o f the stars . Thus,
if Ptolem y measure d th e position s o f th e star s exactly as he say s he did , w e
would, indeed , expec t hi s sta r longitude s t o b e abou t i ° to o small . Dreye r
concluded tha t there was no reason to disbelieve Ptolemy's statemen t tha t he
had mad e extensiv e observations of the fixed stars.

The final step in Ptolemy' s rehabilitation was taken b y Heinrich Vogt 21 in
an article published in  1925 . Although Hipparchus' s catalo g has not survived ,
we d o posses s a  larg e numbe r o f sta r coordinate s measure d b y him . B y far
the larges t source of these i s his Commentary  on the Phenomena ofAratus an d
Eudoxus—the only one of Hipparchus's work s that has come down to us. This
Commentary contain s 859 numerical dat a on som e 374 stars. An additiona l 22
data attributed to Hipparchus are preserved by Ptolemy and Strabo. Curiously,
only 2 of these 88 1 data ar e longitudes, and ther e are no latitudes a t all . Mos t
of th e dat a consis t o f th e longitude s o f th e eclipti c point s tha t rise , set , o r
culminate simultaneously with th e given stars . For example , Hipparchus say s
that th e head o f the Littl e Bear reaches the meridia n at the same time as does
the 3rd degree of the Archer, and a t the same time as the I7th degree o f the
Water-Pourer rises . Al l th e rising s and setting s refe r t o th e clim e o f 1 4 1/ 2
hours. A much smalle r but stil l substantial body o f data consist s of equatorial
coordinates, tha t is , declinations and righ t ascensions. In th e cas e of 122 stars,
the availabl e information wa s equivalent t o tw o coordinates , an d Vog t use d
these t o comput e longitude s an d latitudes , whic h h e the n compare d t o th e
longitudes an d latitudes  i n Ptolemy' s catalog . I f Ptolem y ha d plagiarize d
Hipparchus's data , the n hi s latitude s shoul d al l be th e sam e a s the latitude s
computed fo r Hipparchus , whil e th e longitude s shoul d al l show a  constan t
difference. Th e compariso n demonstrate d tha t Ptolemy' s coordinate s coul d
not hav e been derived from Hipparchus' s i n thi s fashion . Fo r severa l decades
after th e publication o f Vogt's article, the prevailing opinion wa s that the star
catalog i n th e Almagest  was compile d b y Ptolem y himsel f an d tha t h e di d
exactly wha t h e say s h e did—observe d a s man y star s a s h e could , dow n t o
those o f the sixt h magnitude .

Ptolemy Reindicted  I n th e writin g of history, there i s no rul e against doubl e
jeopardy. In the 19705, Ptolemy was reindicted for plagiarism and theft. Robert
R. Newton wa s a geophysicist studying the secula r accelerations of the Eart h
and Moon . These slo w accelerations show u p i n th e gradua l increase in th e
length o f the da y and i n th e Moon' s slow recessio n fro m th e Earth , which
produces a  gradual increase in the lengt h o f the month . Th e increase s in th e
length o f th e da y an d o f th e mont h ar e bes t studie d b y mean s o f eclips e
observations. Moder n astronomica l observation s tha t ar e precise enough fo r
such delicate studies really only go back to the eighteenth century. But Newton
hoped t o us e ancient Greek observation s (mostl y i n th e Almagest)  t o exten d
his study . The greate r time span woul d mor e tha n compensat e fo r the lower
precision of the ancient observations. But Newton discovere d that observations
in th e Almagest  were no t usable . Moreover , h e strongl y suspecte d tha t the y
had bee n doctored , o r eve n mad e up , b y Ptolem y t o agre e with Ptolemy' s
own theories . Newton bega n a  long study of al l the observations cited i n th e
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Almagest—not jus t eclipses. The longe r he worked, th e angrie r he got, an d he
finished by being a  bitte r personal enem y o f Ptolemy—a man wh o ha d bee n
dead fo r nearly two thousan d years . Newton's conclusions were published i n
1977 i n a  boo k calle d Th e Crime  o f Claudius  Ptolemy. Newton allege d tha t
Ptolemy wa s liar , a  plagiarist , an d a  thie f an d tha t ever y singl e observatio n
cited an d use d by Ptolemy i n the Almagest was fabricated. Newton conclude d
that astronomy would hav e been muc h bette r of f if Ptolemy ha d neve r lived.

Newton's boo k produce d a  sensation. Hi s method s an d conclusion s wer e
attacked by historians of ancient astronomy and the debate sometime s spille d
over fro m scholarl y journals into th e popular press. While few historians have
accepted Newton' s conclusions , hi s boo k di d stimulat e a  lo t o f ne w work ,
reexamining Ptolemy's method s o f observation an d th e relationshi p betwee n
theory an d observatio n i n Gree k astronomy .

In particular , Newto n brough t forwar d ne w evidenc e tha t Ptolem y ha d
stolen Hipparchus' s sta r catalo g an d update d th e longitude s b y 2°4o ' t o
account fo r th e precessio n betwee n Hipparchus' s tim e an d hi s own . I f we
look at th e extrac t fro m th e sta r catalog at the beginnin g of this section, we
see that th e sta r coordinates typicall y involve a whole number o f degrees, plus
a fractio n o f a  degree . The most  commonl y occurrin g fraction s ar e 1/6 , 1/3 ,
1/2, 2/3 , 5/6 , and , o f course , zer o (whic h correspond s t o a  whole numbe r o f
degrees). Expressed in term s of minutes of angle, these fractions ar e o, 10 , 20,
30, 40, and 50 . Newton had the clever idea of simply counting u p the numbe r
of times tha t eac h fractio n occur s i n th e catalog .

In th e cas e o f th e latitudes,  the mos t frequentl y occurring fractio n i s o'
and th e nex t mos t frequen t is 30'. Thi s i s what w e migh t expec t t o resul t if
Ptolemy observe d th e star s with a n armillary sphere divided merel y to whol e
degrees, or perhaps to half degrees. The othe r fractions , presumabl y the results
of interpolatio n whe n th e star s fel l betwee n th e marks , appea r a  goo d dea l
less often .

In th e cas e o f th e longitudes,  th e situatio n i s quit e different . Th e most
commonly occurring fraction is 2/3°, that is, 40', which seems strange. Newto n
argued tha t thi s prove d Ptolemy' s thef t o f Hipparchus' s catalog . Th e basi c
argument i s very simple: when Hipparchu s observe d the stars ' longitudes, th e
most frequentl y occurring fractio n woul d hav e been o'. Ptolemy adde d 2°4o '
to all the longitudes , which shifte d th e peak i n the distribution t o 40'. Thus,
the od d distributio n o f the fractiona l degrees i s neatly explained .

Newton's argumen t convince d a  number o f historians. I t wa s soon rein -
forced b y Denni s Rawlins. 23 Borrowin g a n ide a fro m Delambre, 24 Rawlin s
noted tha t th e southernmos t star s o f th e catalo g crosse d th e merida n i n
Alexandria about 6° above the horizon. Now, Rawlins argued that the ancient
observer—whoever he was—must have tried to observe stars right dow n t o his
southern horizon . Usin g heav y statistica l machinery , Rawlin s calculate d th e
probability tha t a n observer , tryin g t o observ e righ t dow n t o th e ground ,
wound up , by chance, with a  star catalog that stoppe d 6 ° short o f the ground .
Of course , th e chance s cam e ou t fantasticall y small. Lik e Delambr e befor e
him, Rawlin s pointe d ou t tha t a t Rhodes , som e 5 ° north o f Alexandria, th e
southernmost star s o f th e catalo g woul d hav e crosse d th e meridia n onl y i °
above the horizon. Applying a  similar analysis to this situation, Rawlin s found
that the southern boundary of the catalog appeared to be statistically consistent
with th e catalog having been compiled a t Rhodes . Sinc e Rhodes was Hippar -
chus's presumed place of observation, Rawlins argued that his results supported
Hipparchus's authorshi p o f the catalo g and mad e Ptolemy' s impossible .

Testing the Argument Based  on Fractional Degrees One  way  to tel l how stron g
these argument s ar e i s to appl y them t o othe r sta r catalog s abou t whic h w e
know mor e and t o see whether th e argument s lea d t o sensibl e conclusions in
these test cases. The first two star catalogs of substantial length in the Western
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tradition tha t are independent o f Ptolemy's are those of Ulugh Beg and Tycho
Brahe.

Ulugh Be g (1394—1449) , th e grandso n o f Tamerlane , rule d Maverannak r
from it s capital city of Samarkand fro m 140 9 unti l his death b y assassination.
Ulugh Be g was a  patron o f th e science s and especiall y of astronomy. A t hi s
direction, a n observator y was constructed a t Samarkan d an d equippe d wit h
instruments. The astronomer s in his employ undertook a  program of observa-
tion an d th e constructio n o f astronomica l tables . The resul t o f thi s activity
was a book calle d the Zij  o f Ulugh Beg , or the Zij-i  Gurgani.  A good way to
give a n ide a o f wha t a  typica l zlj  contain s i s t o sa y tha t i t continue s th e
tradition o f the Handy  Tables  o f Ptolemy an d Theo n o f Alexandria. Indeed ,
Ulugh Beg' s Zij i s a more or less complete manual of astronomy, with trigono-
metric and astronomica l tables and instruction s for their use—a s well as a star
catalog.

Let us apply Rober t R . Newton's idea  of examining the fractiona l degrees
in th e longitude s an d latitudes . I f w e examin e th e latitudes  in Ulug h Beg' s
star catalog, we find that the fraction s that occur are all multiples of 3'—that
is, o , 3 , 6, 9, .  . .  , 51 , 54 , 57. The mos t commonl y occurring fraction i s o bu t
there are also strong peaks at 15', 30', and 45'. The othe r fractions occur muc h
less often. This is just what we might expect i f Ulugh Beg' s astronomers used
a zodiaca l armillar y sphere graduated t o quarter-degrees .

When we examine the longitudes  i n Ulug h Beg' s sta r catalog , we discovero O  O  O

an anomaly . The minute s o f a degree that occur i n the longitude s are not o ,
3, 6 , 9 , and s o on , bu t rathe r i , 4 , 7 , 10 , an d s o on , i n step s of 3' , u p t o 58.
Clearly, these  ar e no t th e direc t result s of measurement . Thi s conclusio n is
reinforced whe n w e coun t u p ho w ofte n eac h fractio n occurs . Th e mos t
frequently occurrin g fraction i s 55' , and th e othe r peaks are at 10 , 25 , and 40 .
As before , th e peak s are separated by 1/4° intervals . But th e shifte d locations
of the peak s show u s again tha t thes e longitude s canno t b e the direc t results
of measurement. Rather , i t looks as if 55 ' plus a whole number of degrees has
been adde d t o al l the longitudes . (Alternatively , 5 ' plu s a  whole numbe r o f
degrees may have been subtracted.) This is how the major peak, which should
have bee n a t o', wound u p a t 55' .

Were we to leap to Newton' s conclusio n regarding the sta r catalog of the
Almagest, we would say  that, contrar y to Ulug h Beg' s express statement, the
stars were no t observe d b y him o r hi s astronomers an d tha t th e catalo g was
plagiarized fro m a n earlier , lost versio n by the additio n o f a  constant t o th e
longitudes. Bu t i n thi s case there i s no know n catalo g that migh t hav e been
the sourc e of Ulugh Beg' s coordinates. Al l earlier catalogs are simply versions
of Ptolemy's—whic h Ulug h Beg' s certainly is not. Moreover , w e know a  fai r
amount abou t th e observator y a t Samarkand—th e dat e o f it s construction ,
the name s o f the principa l astronomers , some of the instrument s employed ,
and s o on—enough that i t i s impossible to doub t th e realit y of the enterprise
there.26 Archaeological excavation has uncovered the remains of the observatory
itself, includin g th e grea t segmen t o f a  circle used fo r takin g noon altitude s
of the Sun .

Thus, we must conclud e tha t Newton' s argumen t base d on th e fractional
degrees i n th e sta r coordinate s lead s t o a n incorrec t conclusio n whe n i t i s
applied to the tes t case of Ulugh Beg' s catalog. This does not prove , of course,
that th e argumen t i s wrong whe n applie d t o Ptolemy' s catalog , bu t i t doe s
show tha t w e hav e t o ponde r i t wit h care . I n particular , w e wil l need . to
inquire whethe r ther e migh t b e othe r possibl e causes for a  shif t i n th e pea k
of the distributio n o f fractional degrees.

In th e cas e of Ulugh Beg' s catalog, the most  likel y explanation of the shif t
in th e pea k o f th e longitud e fraction s i s a  chang e o f epoch . Th e canon s
accompanying Ulug h Beg' s Zij sa y that th e sta r catalog is set down fo r year
841 o f th e Hegir a (A.D . 1437). W e kno w als o tha t th e constructio n o f th e
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observatory began i n A.H . 82 3 o r 82 4 and tha t astronomica l wor k was carried
on fo r thirt y years , unti l th e assassinatio n of Ulugh Beg , and eve n for a  few
years after . I f the bul k o f th e sta r places were observe d abou t A.D . 1443 , say,
then i t would hav e bee n necessar y to subrac t si x tropical years of precession
from th e longitudes t o reduce them t o th e adopted epoc h o f A.D. 1437 . Given
Ulugh Beg' s precessio n o f i ° i n 7 0 tropica l years , tha t amount s t o 5' . I f 5 '
were subtracted from all the measured longitudes, this would, indeed, produce
the distributio n tha t w e find i n the sta r catalog .

It i s unlikel y tha t thi s sam e proces s coul d explai n th e distributio n o f
fractional degree s i n Ptolemy' s longitudes , fo r th e pea k woul d hav e t o b e
displaced b y adding 40' or b y subtracting 20' . At Ptolemy' s precessio n rate
(i° i n 10 0 years) , these amoun t t o correction s fo r 6 6 o r fo r 3 3 years. I t i s
unlikely tha t Ptolemy' s ow n observation s of th e star s extende d ove r s o long
a period .

Possible Origins  o f th e Fractional  Longitudes of 2/3°  Ther e ar e severa l ways
in whic h 40 ' coul d hav e becom e th e mos t frequentl y occurring fractio n i n
Ptolemy's longitudes . I t coul d hav e happene d jus t a s Newton claimed , b y
Ptolemy stealing Hipparchus's catalog , adding 2°4o ' to al l of the longitudes ,
and the n claimin g the catalo g a s his own .

But 40 ' coul d als o becom e th e mos t commonl y occurrin g fractio n i f
Ptolemy's fundamenta l star simply happened t o hav e a  longitude o f a whole
number of degrees plus 40'. Let us recall that the Ptolemy made a measurement
of th e absolut e longitudes o f onl y a  smal l number o f fundamenta l stars , b y
the laborious method describe d i n section 6.4 . Fo r each of the other thousan d
stars i n th e catalog , h e probabl y measure d th e longitudina l distanc e o f th e
star from a  fundamental star , then added the absolute longitude of the funda -
mental star . I f th e longitud e o f the fundamenta l sta r containe d th e fractio n
40', w e woul d naturall y expec t thi s t o b e th e most  commonl y occurrin g
fraction i n th e sta r longitudes .

Is there any way to tel l which sta r (or stars) Ptolemy used as fundamental?
One wa y i s t o examin e closel y al l o f Ptolemy' s observation s of th e planets '
positions. I f we examine all th e plane t observation s that Ptolem y mad e with
the armillar y spher e an d not e whic h referenc e stars were use d fo r orientin g
the instrument , w e fin d tha t onl y fou r star s wer e eve r use d a s funda -
mental:

Star

Aldebaran
Regulus
Spica
Antares

Almagest
longitude

42°4o'
I22°30'

I76°4o'
222°4O'

These four brigh t ecliptic stars are just the ones we might expec t him t o have
used. I t i s noteworthy tha t thre e o f th e fou r hav e a  fractiona l longitude o f
2/3°. Thi s bein g th e case , i t i s perhaps no t surprisin g that 2/3 ° is the most
common fractio n i n Ptolemy' s catalog.

There is another plausible way in which 2/3° might have become the most
commonly occurring fraction in Ptolemy's longitudes. He might, indeed, have
added 2°4o ' t o al l of the longitudes—bu t t o longitude s tha t h e himsel f ha d
measured. Suppose Ptolemy simply adopted, as a working hypothesis, Hippar -
chus's longitude fo r some fundamental reference star. Ptolemy then measured
the longitude s of all the othe r star s using this fundamenta l star fo r orientin g
the armillar y sphere . Th e resul t woul d hav e bee n a  catalo g compile d b y
Ptolemy, bu t with longitude s valid for the time of Hipparchus. To adjus t th e
absolute longitude s fo r his ow n epoch , Ptolem y would the n hav e adde d th e
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amount of precession between Hipparchus's time and his own, which h e too k
to be 2°4o'.

Moreover, ther e ar e some reason s why Ptolem y migh t hav e proceeded i n
such a  fashion. Most importantly , Ptolem y probabl y had not ye t worked ou t
the final version of his solar theory when h e measured th e coordinate s o f the
stars for his catalog. We reac h this conclusion by looking at the dates of some
of Ptolemy's activities . His ow n observations of the stars were probably made
around A.D . 137 (beginning of the reign of Antoninus). Bu t the lates t observa-
tion o f the Sun , used by Ptolemy in deriving the element s of his solar theory ,
was o f the summe r solstic e o f A.D . 140 . Thus, Ptolem y coul d no t hav e been
in a  position t o us e his own sola r theory to fix the absolut e longitudes of the
stars. Might he not have simply adopted Hipparchus's values for the longitudes
of one o r mor e referenc e stars so that hi s work coul d proceed?

There i s good reaso n t o suppos e tha t Ptolem y ma y hav e worke d i n jus t
this way . Ptolemy' s earlies t plane t observatio n i n th e Almagest  is a  positio n
of Mercury in relatio n t o Aldebaran take n i n A.D . 132 . Simila r measurements
by a  certai n Theon , wh o apparentl y wa s an acquaintanc e o f Ptolemy' s a t
Alexandria, go back t o A.D . 127 . Thus, five or ten year s before th e bul k of th e
star place s wer e measured , a t leas t a  fe w star s were bein g use d b y Ptolem y
and Theon for position measurement of the planets. Again, this requires either
that Ptolem y simpl y adopte d th e longitude s o f on e o r a  fe w reference star s
as handed dow n b y hi s predecessors , o r tha t h e measure d a t leas t a  fe w star
longitudes himsel f lon g befor e completin g hi s sola r observation s (perhap s
using Hipparchus' s sola r theory o n a  provisional basis).

If Ptolemy accepte d th e longitud e o f Spica, say, or o f Regulus, as derived
from Hipparchus' s observations , h e woul d the n hav e bee n fre e t o continu e
with bot h stella r and planetar y work . A  possibility , then, i s that h e di d just
that an d tha t subsequentl y h e applie d a  correctio n o f 2°4o ' t o al l hi s sta r
longitudes.

As we have seen, Rober t R . Newton's argumen t base d on th e distributio n
of the fractiona l degrees in the longitude s break s down when i t i s applied t o
the tes t cas e o f Ulug h Beg' s catalog . Whe n plausibl e explanation s o f th e
distribution o f th e fractiona l degrees ar e availabl e that ar e les s drasti c tha n
imputations of  plagiarism and deception , som e temperance of  judgment may
be calle d for.

Testing th e Argument Based  o n th e Southern  Limit o f th e Catalog  Th e bes t
case for testing Rawlins's argument about the southern limit of the star catalog
is provide d b y Tycho Brahe' s catalo g of stars . Brahe' s catalog was base d o n
observations made i n th e 1580 5 and 1590 5 at hi s observatory on th e islan d o f
Hven (latitud e 55.9°) , jus t nort h o f Copenhagen . Ther e ar e tw o differen t
versions of the catalog . The earlie r version, containing 77 7 stars, was printed
in Brahe' s Progymnasmata. The Progymnasmata  wa s not publishe d until 1602,
after Brahe' s death , bu t th e bul k o f the observation s for the 777-sta r catalo g
were made befor e th e en d o f 1592 . I n 1595 , the observation s of the fixed stars
were resumed , bringin g the tota l numbe r u p t o 1,000 , s o that Brah e should
not b e inferio r t o Ptolemy . Th e 100 0 star s were complete d i n grea t hast e a t
the beginnin g o f 1597 , immediatel y befor e Brahe' s departur e fro m Hven .
According t o Dreyer , th e qualit y of the late r star places is greatly inferio r t o
that o f th e origina l 777. Becaus e the Progymnasmata  wa s stil l no t complete ,
Brahe decided to circulate a limited number of manuscript copies of the 1,000-
star catalog , i n 1598 . Th e i,ooo-sta r catalo g was firs t published b y Keple r i n
the Tabulae  Rudolphinae  o f 1627 . Bot h version s of the catalo g ar e available
in Dreyer' s editio n o f Brahe' s Opera.

Let us recall that th e southernmost star s of the Almagest catalog culminate
about 6 ° abov e the horizon . When w e examine Brahe' s 777-star catalog , we
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find something quit e similar. At Hven , onl y one sta r in th e catalog was at an
altitude lower than 4.3° . This was Fomalhaut ( a Pisci s Austrini), at an altitude
of 2.6° . Fomalhau t i s a  first-magnitud e star . I n th e Almagest,  Fomalhau t
appears twice: a s the first star in Piscis Austrinus ("on the mouth" of the fish),
and as the las t and most  southerly star of Aquarius ("a t the end of the water").
Brahe's catalo g doe s no t includ e Pisci s Austrinus—most o f th e constellatio n
was too fa r south to b e visible at Hven . Thus, i n Brahe' s catalog, Fomalhau t
appears onl y once , as  the las t and  onl y brigh t sta r of  Aquarius.

The nex t most  southerl y stars in Brahe' s yyy-star catalog ar e three stars of
Canis Majo r (oc , T| , an d e ) wit h altitude s fro m 4.3 ° t o 5.8° . Interestingly ,
Tycho di d no t bothe r t o includ e severa l important star s o f Sagittariu s (£ , 8 ,
and y) . These stars are important part s o f the figure of the constellatio n an d
were wel l abov e th e horizo n a t Hven , culminatin g a t altitude s fro m 3.9 ° to
4.3°. Were it not for the presence of Fomalhaut, a  devil's advocate could argue
from thi s omission that Brahe's catalog is really due to an unknown astronome r
of Bergen , Oslo, o r Helsinki , citie s some 4 ° nort h o f Hven.

When we turn to Brahe' s i,ooo-sta r catalog, we find that he has included
four star s i n th e hea d o f Centauru s (g , h , i , an d k  Centuari) . Th e most
southerly of these stars, g Centuari, crosse d the meridian at Hven at an altitude
of about 2°. Interestingly, these stars of Centuarus appea r in Brahe's catalog i n
the same order as in Ptolemy's. (Thi s tends to be true within each constellation ,
especially near the beginning of the constellation.) Thus, it appears that whe n
Brahe was searching for the additiona l star s he needed t o mak e up hi s 1,000,
he scanne d Ptolemy' s catalo g t o se e what h e migh t hav e overlooked .

Our examinatio n o f Brahe's catalogs suggest s som e plausibl e conclusions.
An astronomer working in the ancient tradition did not scan the sky systemati-
cally, a s in a  modern gri d search . Rather , h e surveye d th e star s constellatio n
by constellation . I t i s unlikely tha t h e would tr y t o observ e belo w abou t 5 °
altitude (wher e th e visibilit y is poor), excep t fo r particularl y bright stars , o r
unless h e wer e seekin g t o includ e o r complet e a n alread y defined , classica l
constellation. Ptolemy , a s an Alexandrian, had the distinction o f being among
the most southerly of all the astronomers in the Greek tradition. The constella-
tions he had inherited from his predecessors did not reach down to his southern
horizon. I t look s a s i f th e ragge d 6 ° empt y ban d a t th e souther n edg e o f
Ptolemy's catalo g i s entirely normal .

What th e Magnitudes Tell  U s Th e argument s o f Newto n an d Rawlin s d o
not hav e enoug h weigh t to  settl e the  issue . There is,  then , no  compellin g
reason t o doub t tha t Ptolem y actuall y observe d th e bul k o f the star s i n hi s
catalog, just as he says he did . Bu t i s there an y positive evidence to b e offere d
in suppor t o f Ptolemy's authorshi p o f the catalog?

In fact , th e magnitude s assigne d t o th e southernmos t star s of the catalo g
appear t o suppor t a n Alexandria n origin . Sta r ligh t i s dimme d a s i t passe s
through th e atmosphere . Thi s phenomeno n i s called atmospheric  extinction.
The extinctio n become s progressivel y more importan t fo r star s at lower alti -
tudes. (Ligh t fro m a  low sta r mus t pas s throug h muc h greate r quantitie s o f
air, which absorb s or  scatter s more of  the  light. )

If Hipparchu s compile d th e catalog , an d i f h e observe d a t Rhode s a s is
believed, h e would hav e see n the mos t southerl y stars abou t 5 ° lower i n th e
sky than Ptolem y woul d hav e a t Alexandria. Fo r th e mos t southerl y stars of
the catalog , th e atmospheri c extinctio n woul d hav e bee n muc h mor e pro -
nounced at  Rhode s tha n at  Alexandria . Tha t is,  Hipparchu s woul d hav e
assigned much dimmer magnitudes to these stars than would Ptolemy. Detailed
calculations show tha t th e magnitude s se t down i n th e catalo g ar e consisten t
with thes e stars having been observed at Alexandria, and not with their havin g
been observe d a t Rhodes. 29 Thes e result s ar e summarize d i n th e followin g
table:
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Magnitude Magnitude  Magnitude
in the  as  seen in  as  seen in

Star catalog.  Alexandria  Rhodes

a Cruci s 2  2.3-2. 6 3.8-4. 3
a Carina e 1  0.7-1. 0 3.4-4. 1
aCentauri 1  1.1-1. 4 2.2-2. 7
yArae 4 + 4.6-4. 9 5.8-6. 3
P Arae 4  4.0-4. 2 4.9-5. 3
-u Puppi s 3 + 3.9-4. 1 4.8-5. 2

These are the six most southerly usable stars of Ptolemy's catalog. (Other stars
are no t usabl e becaus e ther e ar e uncertaintie s i n th e manuscrip t traditio n
about the magnitude o f the star , or the identity of Ptolemy's sta r is uncertain,
or the star is not fa r enough south for the difference i n the extinction between
Alexandria an d Rhode s t o b e appreciable.)

The numbers in the second column are the magnitudes found in Ptolemy's
star catalog . Th e number s i n th e thir d colum n ar e th e magnitude s tha t
would hav e bee n observe d a t Alexandri a i n th e secon d centur y A.D . These
numbers ar e the result s of calculation. Th e star s have bee n reduce d t o thei r
second-century places using modern theories of precession and proper motion ,
and th e magnitud e o f each star has been adjusted for atmospheric extinction.
The apparen t magnitudes have a range, reflecting the likely lowest and highes t
values for the coefficient o f atmospheric extinction, a parameter that represents
the clarit y of the atmosphere . Similarly , the number s i n th e las t colum n ar e
the magnitude s tha t woul d hav e bee n observe d a t Rhode s i n th e secon d
century B.C . These number s are also th e result s of modern calculations .

It i s clea r tha t th e magnitude s o f these  star s i n th e Almagest  catalog ar e
not consisten t wit h thei r havin g bee n observe d a t Rhodes . Bu t the y appear
quite consisten t with observatio n a t Alexandria.

Some Conclusions  I f we have devoted mor e space to thi s controversy than i t
seems t o deserve , i t i s fo r tw o reasons . First , no t onl y historian s bu t als o
practicing astronomers from medieval times down to our own day have debated
Ptolemy's reliability . The argumen t ove r the origin of the sta r catalog is thus
a par t o f a  muc h large r debat e abou t Ptolemy' s us e o f observation s an d hi s
believability as a witness. Second, although i t may be of only minor importance
that th e righ t astronomer should ge t credi t fo r some piece of work, i t i s very
important tha t we at leas t get the timelin e right. I t make s a  big difference i n
reconstructing th e histor y o f Greek astronom y whethe r w e place th e origi n
of th e sta r catalog i n th e secon d centur y B.C . o r i n th e secon d centur y A.D .

It appear s quite likely that th e catalo g we have in the Almagest is the work
of Ptolemy . A n importan t lesso n i s the difficult y o f deciding thi s issu e only
on the basi s of evidence internal to the catalog . As we have seen, most aspects
of the catalo g are susceptible to multipl e interpretations. When we look a t a
broader clas s o f evidence , Hipparchus' s authorshi p o f th e catalo g become s
much les s likely . Mos t compellin g i s th e complet e absenc e o f orthogona l
ecliptic coordinate s fro m Hipparchus' s onl y survin g work , th e Commentary
on th e Phenomena  o f Aratus an d Eudoxus.  Th e magnitude s assigne d t o th e
southernmost star s als o speak in favo r o f Ptolemy .

It is interesting that the errors in Ptolemy's sta r coordinates in the Almagest
catalog d o sho w correlation s wit h th e error s i n Hipparchus' s dat a i n th e
Commentary. Thi s seems to impl y what w e have suggested already on othe r
grounds, tha t Ptolem y di d mak e som e us e o f Hipparchus' s wor k o n th e
stars—perhaps b y adoptin g th e coordinate s o f a  numbe r o f referenc e stars .
But since the random errors in Ptolemy's star positions are significantly smaller
than th e rando m error s in Hipparchus's , i t i s abundantly clea r that Ptolem y
could no t hav e simply copied ou t a  large number of Hipparchus's sta r coor-
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FIGURE 6.13 . Som e longitude s o f Regulus .
The point s i n th e lowe r lef t ar e from Hippar -
chus an d Ptolemy . Th e point s i n the uppe r
right ar e fro m variou s Arabic astronomers, as
reported b y Ibn Yunus .

dinates.32 Moreover , a s Shevchenko ha s pointed out, 33 the exces s fractions of
2/3° i n Ptolemy's longitudes ar e not distribute d uniforml y across the catalog ,
as Newto n implicitl y assumed . Th e northern  constellations indee d sho w a
pronounced exces s of 40' fractions . Bu t amon g th e souther n constellations ,
this effec t i s almost completely absent—40' occurs much les s frequently than
o', an d als o less frequentl y than 10' , 20' , and 50' .

Among the zodiacal constellations, the seven constellations from the Archer
to the Twins sho w a strong excess in 40'; but th e five constellations fro m th e
Crab t o th e Scorpio n d o not . Thu s i t appear s ver y likel y that th e ancien t
compiler o f the catalo g (whoever he was) changed some part o f his procedur e
(or his reference star) par t way through th e wor k o n th e catalog . Whil e thi s
fact doe s not  logicall y weigh eithe r for  or  agains t Ptolemy , it  does sho w tha t
the structur e o f the sta r catalo g i s more complicate d tha n Newto n suppose d
in hi s analysis.

A fina l conclusio n i s the mutabilit y o f history . Eac h generatio n need s t o
reevaluate th e evidence , an d w e canno t completel y preven t ou r prejudice s
from affecting the way we look at the evidence. Th e nineteenth-century seekers
of precursor s sa w what the y expecte d t o see : that Hipparchus , whos e work s
were lost, was a figure of high originality and that Ptolemy was a mere textbook
writer. In our own century, Hipparchus remain s a figure of great importance .
But w e see more clearl y what h e borrowe d fro m hi s contemporarie s an d hi s
predecessors. Fo r example , becaus e w e kno w muc h mor e no w abou t th e
astronomy o f the Babylonians , we can see how deepl y indebte d Hipparchu s
was to Babylonia n astronom y i n hi s work o n th e Sun , Moon , an d planets .
And th e mor e w e lear n abou t th e characte r o f Gree k astronom y betwee n
Hipparchus an d Ptolemy , th e mor e Ptolem y stand s ou t a s a figure of majo r
significance and originality, though, o f course, he too made ample use of what
had bee n accomplishe d befor e hi s time .

6.9 TREPIDATION : A  MEDIEVA L THEORY

Greek astronom y virtually ceased afte r Ptolemy . Astronomy wa s still studied
and taugh t i n Greek , bu t ther e wa s little origina l work . Th e commentarie s
on the Almagest written i n the thir d an d fourth centuries A.D. b y Pappus an d
by Theon o f Alexandria did no t advanc e th e science . A revival of astronomy
began in the Islami c renaissance of the nint h century . When Arabic astrono -
mers compared thei r own observations with those of Ptolemy, the y made two
striking discoveries—on e tru e an d on e illusory . First , th e obliquit y o f th e
ecliptic wa s smaller tha n i t ha d bee n i n Gree k antiquity . And , second , th e
rate o f precession was faste r tha n i t ha d been .

The obliquit y o f th e eclipti c i s one o f the most  fundamenta l parameter s
of astronomy, and on e of the easies t to measure . One nee d onl y measure the
noon altitud e o f th e Su n a t summe r an d a t winte r solstice , a s explained i n
section 1.12 . Ptolemy' s valu e fo r th e obliquit y o f th e eclipti c was 23°5i'zo" .
By the ninth century , i t was easy to see that th e obliquity was closer to 23°33' ,
the valu e measured b y the astronomer s o f al-Ma^mun. 34 (23°35 ' would hav e
been accurate for the ninth century). So, the obliquity of the ecliptic appeared
to hav e decrease d b y 18 ' sinc e Ptolemy' s time . I n fact , Ptolemy' s valu e was
too hig h b y about 10' . The discover y o f the decreas e o f the obliquit y o f the
ecliptic was made much easie r by Ptolemy's error of measurement. The obliq -
uity reall y is decreasing, bu t no t b y as much a s the astronomer s o f the nint h
century believed.

When th e ninth-centur y astronomer s investigate d precession , ther e the y
were confronte d with anothe r change . Figur e 6.13 shows som e longitudes o f
Regulus measure d b y the Greek s an d b y the Arabs . The poin t i n th e lowe r
left i s Hipparchus' s longitud e o f Regulus . Th e poin t abou t A.D . 139 i s fro m
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Ptolemy. Th e cluste r o f points i n th e uppe r righ t i s from measurement s by
various Arabi c astronomer s i n th e perio d A.D . 830-975, a s reporte d b y Ib n
Yunus aroun d A.D . IOO7- 35

The ninth-centur y Arabs could not determine the precession rate with any
exactness from their own measurements alone. The only hope lay in a compari-
son wit h th e dat a hande d dow n b y Ptolemy . Th e straigh t lin e connectin g
Ptolemy's observatio n o f A.D . 13 9 with th e cluste r of Arabic observations ha s
a slop e o f i ° i n 6 5 years. Bu t th e slop e o f th e lin e connectin g Ptolemy' s
observation with Hipparchus' s i s i° in 10 0 years. It therefor e looked a s if the
precession rat e had increase d sinc e the day s o f the Greeks . Actually, th e rat e
had been constant at i° in 72 years during the whole period, an d the apparent
variation wa s du e solel y t o error s o f observation . I f th e Arab s ha d ignore d
Ptolemy and simply calculated th e precession between Hipparchus's tim e and
their own , the y woul d hav e obtaine d a  rat e very close t o th e tru e one . Bu t
of course the y had n o wa y of knowing this .

Some astronomer s wer e quit e awar e o f th e delicat e natur e o f precession
studies. Al-Battanl, the greatest of all ninth-century astronomers, after making
his own investigation, adopte d a  uniform rate of i° in 66 years for his tables.
But h e expresse d som e doub t tha t th e rat e reall y had staye d th e sam e sinc e
the time of Ptolemy. Al-Battan l remarked tha t i f there exists any motion tha t
we d o no t kno w an d tha t w e do no t understand , thos e wh o com e afte r u s
will observe and verif y it , an d improv e ou r theories , just as we did wit h th e
theories o f our predecessors .

Thabit ibn  Qurra  and the  Theory  of  Trepidation

In the ninth centur y a way was found to explain both thes e changes (decrease
in th e obliquit y o f th e eclipti c an d th e variabilit y of the precessio n rate ) i n
terms o f a  single mechanism. Th e theor y of trepidation i s usually attributed
to Thabi t ib n Qurra , thoug h som e scholar s doub t thi s attribution . Th e
system wa s describe d i n a  medieva l Arabi c treatis e tha t n o longe r survives .
We d o posses s a  medieva l Lati n translation , D e motu  octave  spere,  "O n th e
Motion o f the Eighth  Sphere." 39 Thabit' s doctrin e o f the trepidatio n o f the
equinoxes had a profound influence on medieval and early Renaissance astron-
omy. Indeed , on e can hardly understand th e medieval astronomical literature
without a  familiarity with Thabit' s system.

Al-Sabi3 al-Harran l Thabi t ib n Qurr a (ca . A.D . 824—901) wa s bor n i n
Harran, i n wha t i s now southeaster n Turkey , bu t passe d mos t o f his profes -
sional lif e i n Baghdad . H e wa s not a  Muslim , however , bu t a  Sabian . Th e
Sabians, whos e religiou s practice include d sta r worship, preserve d aspect s of
Babylonian religion. Most of Thabit's scientific works were written i n Arabic,
but som e were composed i n Syriac . Thabit was a talented an d well-educate d
man, who wrote on mathematic s an d made competen t Arabic translations of
Greek mathematical works. Besides this he found time to practice as a physician
and t o writ e o n physics , philosophy , logic , politics , an d grammar . An d h e
grappled wit h th e proble m o f precession.40

A grea t proble m wa s posed b y the lac k of data fo r th e seven-centur y gap
between Ptolem y and Thabit' s own time . I n a  letter t o Isha q ib n Hunayn , a
physician an d Arabi c translato r o f Gree k scientifi c works , Thabi t mention s
precession an d say s that he cannot b e sure of the phenomena . "Bu t we could
if someone foun d between  u s and Ptolem y a  solar observatio n lon g enoug h
before ou r time , full y corrected ; an d i f you fin d betwee n u s an d Ptolem y a
suitably distan t observatio n accordin g to th e book s o f the Greeks , brin g th e
matter t o m y knowledge s o that I  ma y decide th e question. "

Although ther e were no ancien t observations tha t coul d settl e the matter ,
there was a bi t o f ancient lor e that worked o n Thabit' s imagination . Theon
of Alexandria , th e fourth-centur y commentato r o n Ptolemy , mentione d i n
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his introductio n t o th e Handy  Tables  a  strang e doctrin e tha t ha d bee n hel d
by certain ancien t astrologers. 42 According t o these  unnamed astrologers , th e
precession was not a  steady, everlastin g motion. Rather , the y taugh t tha t th e
stars moved to the east at the rate of i° in 80 years only until they had traveled
8°, when  they  suddenly  reversed  direction  and travele d bac k t o th e wes t a t th e
same rat e ove r th e sam e 8 ° arc . Thi s to-and-fr o motio n continue d forever .
Furthermore, they fixed the year 158 B.C. (128 years before the reign of Augustus)
as a year in which the precession had reversed direction. Ptolem y never alludes
to thi s theory . And Theon point s ou t tha t Ptolemy' s tables , which ar e based
on a  uniform precession, are always in accor d wit h th e observe d position s o f
the stars. For this reason, Theon advises his readers not to depart from Ptolemy .

What wa s th e origi n o f thi s strang e doctrine , mentione d b y n o Gree k
writer excep t Theon o f Alexandria? It seem s likel y that i t wa s al l a  mistake .
There wer e i n antiquit y severa l differen t convention s fo r th e boundarie s o f
the zodiac signs (sec. 5.2). The late r Greeks placed the  equinoctial and solstitial
points at the beginnings of their signs . But, in one of the Babylonian conven -
tions, th e equinoctia l and solstitia l point s were place d a t th e 8t h degrees of
their signs . I t seem s likely tha t th e astrologer s mentioned b y Theon mistoo k
a difference i n conventio n fo r a real 8° shift o f the stars . Why the y settled o n
158 B.C . as a  year i n whic h th e motio n reverse d directio n i t i s impossible t o
say. But since these astrologers had heard of precession, they must have known
something o f Hipparchus' s works . Perhaps , a s Dreyer 43 ha s suggested , the y
misinterpreted Hipparchus' s adoptio n o f the Greek rather than the Chaldaea n
division o f th e sign s and chos e 15 8 B.C . as the tim e o f a  shif t i n th e heaven s
because thi s was the tim e o f Hipparchus's astronomica l activity . The rate , i°
in 8 0 years , remain s unexplained , bu t ther e ma y hav e bee n somethin g i n
Hipparchus's writing s that supported this . We do know that th e rate adopte d
by Ptolemy , i ° in 10 0 years, was considered b y Hipparchus onl y to b e lower
limit. I f al l thi s i s right , the n th e doctrin e o f th e trepidatio n o f th e eight h
sphere, a s it cam e late r t o b e called , an d whic h wa s to disfigur e astronom y
for mor e than a  thousand years , was founded o n a  simple misunderstanding .

But fo r Thabit ib n Qurra , thi s ancien t doctrin e seeme d t o provid e a  way
of explaining the apparen t variation in th e rat e of precession. I n hi s letter t o
Ishaq ibn Hunayn, Thabit mentions Theon by name in this very connection .
Of course , the numerica l parameter s cited b y Theon coul d no t b e right. Fo r
an 8 ° displacemen t a t th e rat e o f i° i n 8 0 years require s only 64 0 years . So
if the motion o f the stars had switched to the east in 15 8 B.C., it ought therefore
to hav e reverse d agai n i n A.D . 483. Th e star s ough t the n t o b e travelin g
westward i n Thabit' s day , whic h o f cours e the y wer e not . Moreover , figur e
6.13 show s tha t th e longitud e o f Regulu s ha d increase d b y 13 ° o r 14 ° sinc e
the tim e o f Hipparchus—considerabl y mor e tha n th e 8 ° maximu m claime d
by the ancien t astrologers .

An Overview  o f Thabit's  System  Thabit' s syste m i s couche d i n term s o f
medieval spherical cosmology , which, o f course, derived ultimatel y fro m Eu -
doxus, Aristotle, and Ptolemy . Th e spher e of the fixed stars is called the eighth
sphere. The Sun , Moon, and th e five planets (which al l lie closer to the Earth )
are assigned the first seven spheres. This is why the Latin translation of Thabit's
(or whoever else' s it was) book was called O n th e Motion o f the Eighth Sphere.
The eclipti c i s a circle inscribed o n th e eight h sphere , alon g wit h th e stars .

Thabit's goa l was to explai n tw o "facts " a t once : th e rea l decreas e i n th e
obliquity o f the eclipti c an d th e supposed variation in th e rat e of precession.
For thi s purpose , he surround s th e eight h spher e with a  new sphere , whic h
in medieva l cosmolog y came  t o b e calle d th e nint h sphere , o r th e prim e
movable. Thi s nint h spher e i n Thabit' s syste m i s responsibl e fo r th e dail y
rotation o f the cosmos , whic h motio n i t communicate s t o th e eigh t lower -
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lying orbs . Becaus e the nint h spher e i s the spher e o f the diurna l rotation , i t
naturally bears the celestia l equator. The principa l feature s o f both th e eight h
and nint h sphere s are illustrated in figure 6.14 .

The celestia l equato r A J i s intersected a t A b y th e fixed ecliptic AI. This
is no t th e real , observabl e ecliptic , bu t merel y a  fictitiou s referenc e circl e
inscribed in the ninth sphere . We cal l it "fixed" because it is fixed with respec t
to th e celestia l equator , wit h whic h i t alway s make s th e angl e E 0 =  23°33' ,
according t o Thabit . Th e pol e o f th e celestia l equato r i s P , an d th e fixed
solstitial colur e (no t th e real , observabl e solstitia l colure ) PI ] intersect s th e
fixed ecliptic an d th e equato r a t righ t angles . Furthermore, centere d o n A  i s
a small circle whose radius , according to Thabit, is 4°i8'43". There is another
small circl e (no t shown ) o n th e opposit e sid e o f the sphere , centere d o n th e
point opposit e A . Al l these ar e feature s o f the nint h sphere , absolutel y fixed
with respec t t o on e another .

Moving aroun d th e smal l circl e a t a  unifor m rat e i s poin t C , which i n
medieval Lati n astronom y i s calle d th e movin g caput  Arietis,  th e "hea d [o r
beginning] o f Aries." Thus, angl e p  increases uniformly with time . Accordin g
to Thabit, P goes through 360 ° in about 4,182 Arabic years (about 4,057 Julian
years). Diametricall y opposit e C  is a point calle d th e movin g caput  Librae,
which similarly moves i n a  small circle . These two points ar e always opposite
one another , s o that whe n capu t Arietis is north of the equator , capu t Librae
is sout h o f the equator .

The true , actua l eclipti c i s labeled "movable " i n th e diagra m becaus e i t
moves with respec t t o th e equator . This movabl e eclipti c passe s through th e
moving capu t Arieti s C  and throug h th e unsee n capu t Libra e on th e othe r
side o f th e sphere . Th e mechanis m resemble s th e driv e syste m fo r a n old -
fashioned stea m locomotive . Th e actual , observable spring equinoctia l poin t
'Y1 i s the intersectio n o f the movabl e eclipti c with th e equator .

Point D , th e movin g caput  Cancri,  o r beginnin g o f Cancer , i s 90° fro m
C alon g th e movabl e ecliptic . Poin t D  o f th e movabl e eclipti c alway s stays
on th e fixe d ecliptic . It s motio n i s therefor e a  simpl e to-and-fr o vibratio n
along th e fixed ecliptic. D  i s not th e true , observabl e solstitia l point . It , too ,
is merel y a  fictiou s referenc e point . Th e tru e solstitia l point , a t whic h th e
movable eclipti c i s at it s greates t distance fro m th e equator , i s obviously 90°
from 'Y ' along the movabl e eclipti c an d i s labeled 2 5 i n th e figure.

Finally, i t i s important t o remembe r tha t th e star s (an d als o th e apogee s
of the planets ) are embedded i n the sphere of the movabl e ecliptic . Thus, th e
stars gyrate around wit h motio n o f C and the movable ecliptic . Consequently,
the latitudes o f the star s (thei r angular distances above o r belo w the plan e o f
the movabl e ecliptic ) remai n invariable . Th e eight h spher e i n th e titl e o f
Thabit's wor k i s th e spher e o f th e movabl e ecliptic , t o whic h th e star s ar e
attached. I t i s the wobblin g o f thi s spher e with respec t t o th e nint h sphere ,
or spher e o f th e equator , tha t cause s th e star s t o advanc e an d reced e wit h
respect t o th e equinoxes . Thi s to-and-fr o motio n i s calle d accessio n an d
recession. Moreover, th e same mechanism cause s the obliquity of the ecliptic
to change .

Accession an d Recession  T o se e how th e motio n o f accessio n an d recessio n
arises, le t u s use figure 6.15 . This figure shows a  close-up o f the regio n abou t
point A  a t four differen t epoch s according to Thabit's system. The fou r views
are separate d b y equa l interval s of time , eac h interva l correspondin g t o 45°
of motion i n P . Point Can d a  star S  both lie in the eight h sphere. Thus, th e
distance o f S  fro m C  doe s no t change . Thi s particula r sta r happen s t o li e
exactly o n th e movabl e eclipti c (an d thu s ha s latitud e zer o forever) . Th e
longitude o f S  i s the angula r distanc e fro m r y t o S , which no w varies in a
nonsteady way: we obtain a variable rate of precession. Note that <Y1-5mcrease<i

FIGURE 6.14 . Th e syste m fo r th e morio n o f
the eight h spher e attribute d t o Thabi t ib n
Qurra.

FIGURE 6.15 . Th e morio n o f accession an d
recession accordin g t o Thabi t ib n Qurra .
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by a  large r amoun t between  A.D . 97 andA.D . 60 4 tha n betwee n 41 1 B.C. and
A.D. 97 .

At an y tim e (say , A.D . mi i n fig . 6.15) , th e star' s longitud e ^S  i s its
distance C S fro m capu t Arieti s plu s th e distanc e 'Y'C . Fo r eac h star , th e
distance C S never changes . Thus , i n a  sta r catalog , th e longitude s o f al l th e
stars coul d most  convenientl y b e pu t dow n a s measure d fro m th e movin g
caput Arietis . Th e distanc e 'Y' C i s calle d th e equation  i n longitude.  Th e
equation o f longitud e ca n b e positiv e o r negative . Bu t a t an y momen t it s
value is the sam e for al l the stars . To calculat e star longitude s fo r a  particular
year, on e applie s the rul e

star's longitud e = star's distance fro m capu t Arietis + 'Y'C .

The firs t ter m o n th e righ t would b e take n fro m th e perpetua l sta r catalog .
The secon d ter m o n th e righ t woul d b e calculate d fo r th e desire d dat e an d
applied equall y t o al l the stars . The equatio n 'Y'C ' is positive i f caput Arietis
is north o f the equato r (a s in A.D . mi) an d negativ e i f caput Arieti s i s south
of the equator (a s in A.D . 97). The latitudes  of the stars were of course regarded
by Thabi t a s absolutely fixed : thes e coul d b e take n directly  fro m Ptolemy' s
catalog.

The exac t trigonometri c formul a for 'Y C that would resul t from Thabit' s
model i s rather complicated . Thabi t does no t work out th e trigonometry i n
detail. Bu t he doe s give a table for the equatio n i n longitude 'Y'C , fo r values
of angle (3 running fro m o  to 90 ° i n 5 ° steps. Thabit's table agrees rather well
with a  simple sinusoida l rule :

sin r Y°C= sin io°45' sul P >

which is , indeed, a  reasonably good approximation t o the actual model. Nearly
all practical calculation o f longitudes i n trepidation theor y in the later Middl e
Ages was based o n som e suc h simpl e rule .

The maximu m equatio n i n longitude i n Thabit's table is io°45'. An exac t
calculation fro m Thabit' s premises, usin g his values for r  and 6 0, gives io°4o'
for th e maximu m equatio n i n longitude .

Thabit, o r whoeve r i t wa s that wrot e D e motu,  i s clearly aware tha t th e
system also produces a  variation in the obliquity of the ecliptic , although thi s
aspect of the system i s not discusse d in much detai l an d n o tabl e i s provided.
Thabit mention s tha t th e maximu m valu e o f th e obliquit y is , according t o
the Hindus , 24° , tha t Ptolem y foun d 23°5i' , an d tha t th e astronomer s o f al-
Ma°mun found 23°33' . An exac t calculation fro m Thabit' s model show s tha t
the obliquit y varie s between abou t 23°29 ' and abou t if^'.^  Th e obliquit y
is a  minimum whe n p  =  o  o r 180 ° an d a  maximu m whe n ( 3 = 90 o r 270° .
Thus, th e obliquit y goes throug h tw o complet e cycle s while th e equatio n i n
longitude goe s through one .

How well does Thabit's system work? According to Thabit, at the beginning
of th e firs t yea r of the Hegir a (A.D . 622) , ( 3 = i°34'o2" . I f we work i n Julian
years rathe r tha n Arabi c years , the equatio n i n longitud e i n Thabit' s syste m
is given approximately b y

where t  is the year expressed in th e Julian calendar . Fo r example, i f we put t
= -127 (Hipparchus) , w e get 'Y )C= -9°43. Calculatin g als o the equatio n i n
longitude fo r A.D . 138 (Ptolemy ) an d fo r A.D . 830 (al-Ma 3mun), w e ge t th e
third column of the followin g table :

sin T C = sin I0°45' sin i3 '̂ (t  ~  ̂+  i°34Y' ,[ 405 7 years ^  J

Tc =
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Some numerica l consequence s o f Thabit ib n Qurra' s theor y of the motio n
of the eight h spher e

Date

-127

A.D. 13 8

A.D. 83 0

Difference
(years)

265

692

TC
equation in

longitude

-9°43'

-7°05'

+3°40'

Change
in the

equation

2°38'

10°45'

Precession rate

1° i n 10 1 year s

1° i n 6 4 year s

Obliquity

23°54'

23°44'

23°32'

The precessio n between  Hipparchus' s da y an d Ptolemy' s i s obtained b y
subtracting the values of ^C at these two epochs, giving 2°38'. The precession
rate i s then obtaine d b y dividin g b y th e tim e interval . The resultin g figure ,
i° in 10 1 years, is very close to the value Thabit though t h e had t o match . I n
the sam e way, Thabit's theor y result s i n a  precessio n rat e o f i° i n 6 4 years
for th e perio d betwee n Ptolem y an d al-Ma°mun—ver y close to th e rat e of i°
in 6 6 years tha t Thabi t cite s fo r thi s period .

The las t column display s value s of the obliquit y o f the eclipti c calculated
from Thabit' s premises for the sam e three years. Thabit's syste m does a  goo d
job o f accounting fo r the phenomen a h e though t h e had t o explain .

Later History  of  Trepidation

Thabit's syste m ha d a  mixed receptio n i n Islami c astronomy. I n th e East , i t
was not greete d with enthusiasm . Thabit' s younger contemporary , al-Battanl ,
seems t o hav e rejecte d the theor y an d t o hav e adopted a  uniform precession
of i ° i n 6 6 years . However , Thabi t say s tha t al-Battan l late r reverse d hi s
opinion an d accepted th e theory. Ib n Yunus (d . 1009) adopted a  uniform rate
of i° in 70 years, one of the most accurate of medieval values for the precession .
And ther e were other s wh o hel d back , too.

In th e West , an d especiall y i n Islami c Spain , trepidatio n ha d a  warme r
reception. Thabit' s table s fo r trepidatio n wer e borrowe d an d include d a s a
part o f th e enormousl y influentia l Toledan  Tables,  compile d i n Spai n b y a
group of Muslim and Jewish astronomers and put int o final form by al-Zarqall
around th e yea r 1080.47 The table s and thei r canon s (direction s for thei r use)
were soon translated into Latin. The presence of trepidation tables in a manual
of practica l astronom y suc h a s th e Toledan  Tables  probabl y di d mor e t o
popularize the theor y tha n di d Thabit' s own treatise , which wa s much mor e
difficult t o understan d an d whic h wa s couched i n speculativ e language.

By th e thirteent h century , th e tota l precessio n sinc e Gree k time s ha d
accumulated to a  large enough valu e to mak e Thabit's purely back-and-forth
motion impossibl e to retain. One ha d to accept the reality of a steady forward
precession. But now it was believed that a back-and-forth motion was superim-
posed on a steady forward motion. Thi s gave rise to a variable precession rate,
without an y actua l backing up b y the stars . A very influential version o f this
theory wa s buil t int o th e Alfonsine  Tables  (se e sec. 2.11). Th e maker s o f th e
Alfonsine Tables  introduce d a  steady and unifor m precession that wa s supposed
to carry the star s and th e apogee s o f the planets all the way around the eclipti c
in 49,00 0 years . Superimposed on thi s stead y motion i s an oscillatio n over an
arc of+9°, which i s completed i n 7,000 years. The equatio n in longitude q  (i.e.,
die contribution o f the oscillation ) is calculated accordin g t o th e simpl e rule

sin q  = sin 9° sin A ,

where th e angl e A  run s throug h 360 ° i n 7,00 0 year s an d ha d th e valu e
359°i2'34" at th e Incarnatio n o f Chris t (A.D . i) . Everywhere in Lati n Europ e
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FIGURE 6.16 . Th e neste d celestia l spheres , in -
cluding mechanism s fo r trepidatio n an d preces -
sion. Fro m Petru s Apianus, Cosmographicus  liber
(1524). Lill y Library, Indian a University ,
Bloomington, Indiana .

FIGURE 6.17 . Thabi t ib n Qurra' s system for
trepidation i n a  sixteenth-century edition o f a
fifteenth-century textbook . Geor g Peurbach ,
Theoricae novae  planetarum (Paris , 1553) .
Courtesy o f Specia l Collections Division ,
University o f Washington Libraries .

this wa s the standar d theor y o f trepidatio n an d precessio n fro m th e middl e
of the fourteent h to th e middl e o f the sixteent h century .

In Aristotelia n physics , eac h simpl e body ca n posses s but a  single simple
motion. Thus , the addition o f a steady precession t o the trepidatio n require d
the introductio n o f a  tenth spher e i n th e cosmos . Figur e 6.1 6 i s a  woodcu t
from a n early sixteenth-century textboo k o f cosmography written an d printe d
by Peter Apian. Cosmography  encompasse d elements of geography, astronomy ,
and cosmology . Th e figur e i s meant t o illustrat e the genera l construction o f
the universe . W e se e th e centra l Eart h surrounde d b y seve n "heavens " o r
spherical shells—on e eac h fo r th e Moon , Sun , an d fiv e planets . Th e eight h
sphere is called the "firmament " and i s spangled with stars . The nint h spher e
is called "crystalline" and carrie s the little circle on which revolve s the movin g
caput Arietis . This littl e circle may b e seen centere d a t th e beginnin g o f th e
sign "Y 1 of Aries in the ninth sphere . Note that th e beginning of Aries  ̂i n
the eight h spher e i s offset a  little, reflecting th e motio n o f trepidation . Nex t
comes the tenth sphere , which i s called the "firs t movable." The offse t betwee n
the beginnin g of Aries in th e nint h spher e an d th e beginnin g of Aries in th e
tenth sphere represents the effect o f the steady component o f precession. Thus,
the motio n o f the eight h spher e i s the trepidation , th e motio n o f the nint h
is precession , an d th e motio n o f th e tent h i s th e dail y rotation . Finally ,
like man y othe r Europea n writers , Apian ha s Christianize d hi s cosmos , b y
surrounding the whole with th e "empyrean " sphere , which i s the "habitatio n
of God an d o f al l the elect. "

One ofte n hear s i t sai d tha t durin g th e Middl e Ages , th e ol d astronom y
of th e Greek s becam e mor e an d mor e complicated , a s epicycles were adde d
to epicycles , unti l th e syste m collapsed o f its own intellectua l weight. This is
quite untrue. Almost everywhere in both Islam and Christendom computatio n
of planet positions continued t o follow standard Ptolemaic models. The plane -
tary theories underlying the Alfonsine Tables,  for example, are standard Ptolem -
aic models . Th e on e bi g exceptio n t o thi s rul e i s trepidatio n theory . Th e
addition of this oscillatory motion t o the sphere of stars did make the universe
more complicated—bu t no t al l that muc h mor e complicated .

In 1543 , Copernicu s publishe d a  book , O n th e Revolutions of the Heavenly
Spheres, whic h claime d tha t th e Eart h wa s a  plane t i n orbi t abou t th e Sun .
But, a s radical a s thi s hypothesi s was , Copernicu s wa s quit e conservativ e i n
the technical detail s of his astronomy. Som e celestial motions were transferred
by Copernicus from the sphere of the stars to the Earth, but most of the essential
features of the standard astronomy were retained. For example, Copernicus le t
the Earth spi n o n it s axis and revolv e about th e Su n t o explai n the dail y and
annual motions . An d h e use d a  gradua l displacemen t o f th e Earth' s axi s t o
explain precession . But, lik e all his contemporaries, Copernicu s believe d tha t
the precessio n rat e wa s variable—he , too , wa s a  believe r i n trepidation . 9

Copernicus introduce d a  rathe r complicate d motio n o f th e Earth' s axi s t o
explain (i n on e system ) bot h th e decreas e o f th e obliquit y an d th e variabl e
precession rate . So, although Copernicu s no w attributed these motions t o the
Earth, he constructed a  fairly traditional system to explain them. The Alfonsine
compromise o f a n oscillator y motio n superimpose d o n a  stead y precessio n
was basically unchanged, apar t from some adjustments to the numerical param-
eters.

In figure 6.17 we see an illustration of Thabit's syste m from th e Paris , 1553,
edition of Georg Peurbach's Theoricae  novae  planetarum (Ne w theories of the
planets). Peurbach's book , written aroun d 1460 and first printed in 1472 , was
widely use d a s a university text . Th e fac t tha t w e stil l see Thabit's origina l
theory o f trepidatio n (complet e wit h a  maximu m equatio n i n longitud e o f
io°45'!) in an edition published ten years after Copernicus' s book demonstrates
how thoroughly integrate d into Western astronom y the theory of trepidation
had become .
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6.IO TYCH O BRAK E AN D TH E DEMIS E
OF T R E P I D A T I O N

Tycho Brahe

Tycho Brah e (1546—1601 ) wa s a Danis h noblema n wh o devote d th e greates t
part o f his adul t lif e t o astronomy . Kin g Frederic k I I o f Denmark gav e hi m
an island, Hven, in fief and ther e Brah e lived like a feudal lord. The resident s
of the islan d contribute d thei r rent s t o hi s support an d wer e als o oblige d t o
supply labor for his construction projects . Brahe , the most famous astronome r
of his generation, reflected glory on the Danish court—an d also provided some
practical service s by casting horoscope s a t th e birth s o f the roya l children .

When Frederic k died in 1588 , his eldest son , Christian , wa s just a boy an d
the governmen t passe d int o th e hand s o f a  boar d o f regents . Christia n I V
began t o rul e i n hi s own righ t i n 1596 . Brahe' s relation s wit h th e cour t ha d
gradually deteriorated. Brahe' s own haughty manne r an d hi s stormy relations
with the islander s wer e contributing causes. Bu t it i s also a fact tha t the new
king placed les s value on Brahe' s astronomical accomplishments tha n ha d hi s
father. Whe n th e cour t neede d t o economize , i t mad e a  serie s o f cut s i n
Brahe's support . Thi s wa s th e las t stra w an d Brah e lef t Hve n fo r goo d i n
1597. Eventuall y he found a  new patron i n Empero r Rudolp h I I o f Germany
and h e spent  th e las t fe w years o f hi s lif e a t Prague .

But i t was on Hve n tha t th e grea t bul k o f Brahe' s work wa s carried out .
It was on Hven tha t Brah e constructed a n observatory and plac e of residence
that he called Uraniborg—the celestial castle. As Brahe's fame as an astronomer
grew, h e gathere d abou t hi m a  circl e o f assistants , students , an d visitin g
astronomers. I n man y ways , Uranibor g ca n b e considere d th e firs t moder n
astronomical observator y i n Europ e an d th e mode l fo r muc h tha t followed .
Similar state-supporte d astronomica l researc h program s had , o f course , ap -
peared earlier in Islamic lands, tha t o f Ulugh Beg at Samarkand bein g a good
example. But , becaus e o f thei r lac k o f contac t wit h th e West , the y di d no t
influence th e developmen t o f th e nationa l Europea n observatorie s o f th e
seventeenth century .

Brahe's Uranibor g wa s notabl e fo r it s sustaine d progra m o f observation .
From th e mid-i57Os until near the end o f the century Brahe and his assistants
engaged i n regula r positio n measurement s o f th e planets , Moon , an d stars .
The sola r observations, similarl y carried ou t ove r many years , resulted i n th e
best possibl e values fo r tw o fundamenta l sola r parameters—th e obliquit y o f
the eclipti c an d th e eccentricit y o f th e Sun' s circle . Brah e als o investigate d
the refractio n o f starligh t by th e Earth' s atmospher e an d prepare d table s o f
refraction. Althoug h other s ha d pointe d ou t th e existence  o f atmospheri c
refraction, Brah e was the firs t t o tak e i t systematicall y int o account .

Brahe was a capable theoretician, but he is best remembered as a painstaking
observer. He aspire d to brin g about n o les s than th e reform  o f astronomy. And
for this , he insisted, it was first necessary to acquire a great body of observations
made a s accurately and a s systematically a s possible. Although Brah e was th e
most significan t observer o f th e sixteent h century , h e wa s not th e onl y on e
to take this new stance on the importance of regular observation. For example,
Wilhelm, th e Landgrav e o f Hesse , wh o wa s abou t fiftee n years  olde r tha n
Brahe, had establishe d a n observatory at Cassel (Germany) . Brah e had visited
Cassel before he settled at Uraniborg. And, ove r the years, his correspondenc e
with Wilhel m an d Wilhelm' s cour t astronomer , Christop h Rothmann , pro -
vided no t onl y encouragemen t bu t als o a  source o f competition tha t helpe d
to sustai n Brahe' s efforts .

Brahe was also notable for the great care he took in the design, construction ,
and alignmen t o f his instruments . Brahe' s instrument s an d hi s techniques o f
observation wer e squarel y i n th e traditio n tha t descende d fro m Ptolemy .
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For example , amon g Brake' s chie f instrumenr s wer e armillar y sphere s an d
quadrants. Bu t Brah e paid greate r attentio n t o thei r desig n tha n ha d anyon e
before him. He made them of more rigid materials, gave them mor e symmetri -
cal forms s o that they would remai n i n balanc e and sa g less under thei r ow n
weight, an d invente d ne w kinds o f sights and bette r method s o f dividing th e
measuring scale s o n th e limb s o f th e instruments . Brah e too k comparabl e
pains with th e observations , repeatin g them ove r an d ove r agai n an d doin g
things in as many differen t ways as possible to provide checks for consistency .

Brahe on  Precession

One o f the fruit s o f Brahe's work was a new star catalog, th e first in the West
that could replac e Ptolemy's sta r catalog in the Almagest. (On Brahe' s catalog ,
see sec. 6.8.) Naturally, Brah e needed t o be able to include tables of precession,
which require d tha t h e undertak e a  stud y o f th e subject . I n hi s stud y o f
precession, Brah e dre w o n longitude s o f Spic a an d Regulu s measure d b y
Timocharis, Hipparchus , Ptolemy , al-Battanl , and Copernicus, supplemente d
by new measurements of his own. Brahe argued that the precession had always
proceeded a t th e rat e of 51 " per year , th e rat e that h e adopted fo r th e table s
of precessio n tha t accompanie d hi s sta r catalog . Th e variatio n i n th e rat e of
precession, widely accepte d fro m th e ninth t o the sixteenth century, was only
due t o error s of observation .

EXTRACT FROM TYCHO BRAHE

Astronomiae instauratae  mechanica

I have noticed that the  irregularit y of  the rat e of change of the longitudes
[of the stars ] i s not s o considerable as Copernicus assumed. His erroneous
ideas o n thi s matter are a consequence of the incorrec t observations of the
ancients, as well as those of more recent times. Consequently the precession
of th e equinoctia l point durin g those years i s not s o slo w as he asserted .
For i n ou r time s the fixed stars d o no t tak e a hundred years t o mov e one
degree, a s indicated i n hi s table, but onl y 71 ill years . This has practically
always been the case , as appears when the observation s of our predecessors
are carefull y checked . I n fact , onl y a  smal l irregularit y appears, which is
due to accidental causes. This we shall, God willing , explain i n more detail
in du e course . 3

There were two reasons why Brahe was capable of arriving at this conclusion.
First, he knew better than anyone else what great care was required for accurate
longitude measurements . Thus , h e hel d i n lo w esteem th e measurement s o f
all his predecessors and contemporaries . Trepidatio n theor y had arise n in th e
first plac e becaus e th e medieva l astronomer s ha d pu t to o muc h fait h i n
Ptolemy's observations . Thi s i s somewhat ironic , sinc e premodern scientist s
are often castigated fo r attaching to o little importance t o observation. Bu t th e
medieval astronomers , righ t u p t o th e tim e o f Copernicus , ha d fel t oblige d
to see k a  theory tha t woul d explai n al l the observations .

A second reason why Brahe ma y have bee n mor e prepared than many to
abandon trepidatio n theor y is that he did not believe in the traditional celestial
machinery—in particular , h e doubte d th e existenc e o f th e neste d planetar y
spheres. His own planetary theory wa s of the partially heliocentric type . That
is, th e Eart h wa s a t res t i n th e cente r o f th e universe . Bu t th e planet s al l
circled the Sun, which , i n turn , went aroun d th e Eart h (se e sec. 7.2.9. )  This
is a perfectly satisfactory way of accounting fo r the planetar y motions . Bu t i t
turns ou t that , when on e works ou t th e details , the orbi t o f Mars mus t cros s
the orbit of the Sun. So, if Brahe were to maintain this system, it was important
for him to insist that the orbits were mere geometrical figures and not physically
real, crystallin e spheres . Althoug h Brahe' s planetar y theor y ha s n o essentia l
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logical connectio n t o trepidatio n theory , th e traditiona l physica l mechanis m
(Thabit's) fo r trepidatio n involve d gyratin g spheres . Brahe' s disbelie f i n th e
traditional celestia l machiner y probabl y mad e i t easie r fo r hi m t o doub t
trepidation, too .

Changes in  the  Latitudes  of  the  Stars

It was also Tycho Brahe who set right a yoo-year-old mistake about the nature
of the decreas e in the obliquity o f the ecliptic . Almost everyon e fro m Thabi t
on ha d suppose d tha t thi s wa s due t o a  shif t o f th e eight h spher e (bearin g
both the stars and the ecliptic) with respec t to the equator. Thus, thejatitudes
of the star s should remai n foreve r unchanged .

In fact , th e decreas e o f the obliquit y o f the eclipti c i s due t o th e rotatio n
of the plane of the ecliptic , as in figure 6.18. From th e point o f view of modern
celestial mechanics , thi s i s due t o a  shif t o f th e plan e o f th e Earth' s orbi t
around th e Sun . This rotation o f the plane of the orbi t i s caused by the wea k
gravitational actions of the othe r planets on th e Earth . Ove r a  long enough
time, th e motio n i s oscillatory , bu t ove r th e whol e o f recorde d history , th e
obliquity o f th e eclipti c ha s bee n steadil y decreasing—b y abou t 1/4 ° sinc e
Ptolemy's time .

Now i f the decreas e i n th e obliquit y i s due t o a  motion o f th e plan e o f
the ecliptic , w e shoul d expec t systemati c shift s i n th e latitude s o f th e stars .
Thus, a s in figur e 6.18 , th e star s nea r th e summe r solstic e SS shoul d appea r
to shif t nort h wit h respec t t o th e ecliptic . The star s nea r th e winte r solstic e
WS shoul d shif t south .

It was Brahe who first pointed ou t tha t th e latitudes of the stars had shifte d
in exactl y th e manne r t o b e expecte d i f the decreas e i n th e obliquit y o f th e
ecliptic wer e du e t o a  motio n o f th e eclipti c itself . Bu t Brah e di d no t fee l
secure i n usin g th e latitude s se t dow n i n Ptolemy' s catalo g o f stars . As th e
star catalo g wa s simpl y a  lis t o f numbers , ther e wa s n o sens e o f interna l
coherence to guide the copyist . One migh t therefor e expec t th e entries in th e
manuscripts t o b e corrupte d b y copyin g errors . Therefore , Brah e turne d t o
the declination s in Almagest VII, 3 . (These wer e discussed i n sec . 6.6.  See also
tables 6. 1 and 6.2. ) I n th e Almagest,  these  declination s wer e no t simpl y se t
down i n a table but were embedded in a prose passage. For example, Ptolemy
had written , "Timochari s record s th e sta r i n th e wester n shoulde r o f Orion
as bein g i 1/5 ° north o f th e equator , Hipparchu s I  4/5 , an d w e fin d i t t o b e
2 1/2°. " I n a  cas e lik e this , wher e th e thre e number s wer e relate d t o on e
another i n a single sentence, one could fee l mor e confident that the successive
copyists of the Almagest had preserve d the author' s origina l version. Ptolem y
gave such declinations fo r eightee n stars , then , i n a  more extensiv e analysis a
page o r tw o farthe r o n i n th e text , h e repeate d th e dat a fo r six of these .

Brahe chose these declinations as the starting point for investigating whether
the latitude s o f the star s might suffe r som e change . Thus , i t was necessary to
convert Ptolemy' s declination s to latitudes . Fo r these , h e require d one othe r
coordinate fo r eac h star . Brahe , like al l his predecessors , was convinced tha t
the distances of the stars from on e another d o not change . The star s are fixed
in thei r constellation s withou t prope r motions . Thus , becaus e th e shift s i n
latitude (i f they existed ) were very small , th e longitudina l distance s betwee n
the star s shoul d b e practicall y invariable . I f Brah e coul d the n establis h th e
longitude o f just one sta r in Ptolemy' s day , h e could calculat e the longitude s
of al l the others , simpl y b y using th e longitudina l distance s tha t h e himsel f
had measured .

For th e referenc e star , Brah e selected Spica . I n a  comple x analysi s base d
on his own accurately measured longitude of Spica, his own uniform precession
theory, an d th e declination s o f Spic a cite d b y Ptolem y an d attribute d t o
Timocharis, Hipparchus , and Ptolem y himself, Brah e worked ou t value s fo r

FIGURE 6.18 . Th e rotatio n o f the plan e of
the eclipti c produces change s i n th e observe d
latitudes o f the stars .
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FIGURE 6.19 . Shift s i n th e latitude s o f eigh t
test stars , a s computed b y Tycho Brahe ,

between antiquit y an d th e sixteent h century .
(The star s are locate d fo r A.D . 735 , the midpoin t

of the tim e interval. ) The latitud e shift s
calculated b y Brah e (give n below th e

stars) ar e th e resul t o f judicious analysis.

the longitud e of Spica i n the day s o f these three observers. Brah e conclude d
that th e longitude o f Spica in Ptolemy's tim e was Virgin 26°38' . Bu t this can
hardly hav e bee n worth th e trouble , sinc e Ptolemy' s catalo g gave practically
the same thing, Virgi n 26°4o' . Similarly , Brahe calculated tha t th e longitud e
of Spic a i n th e day s o f Hipparchu s wa s Virgi n i f f t , an d i n th e day s o f
Timocharis, Virgi n 2i°4o' . Through thi s procedure, Brah e attempted t o pu t
the ancien t longitud e o f a  single star on a  secure footing.

It wa s the n a n eas y matte r t o ge t th e longitud e o f an y othe r sta r i n th e
days of Timocharis, Hipparchus , or Ptolemy, simply by adding the longitudinal
distances from Spic a to the absolute longitude o f Spica, just established. Brahe
does thi s for about hal f of the eightee n star s tha t Ptolem y ha d mentione d i n
Almagest VII , 3 . Finally, fro m these  longitudes , so painstakingl y established ,
and th e declination s i n Almagest  VII, 3 , Brahe calculate d wha t th e latitude s
of these stars must hav e been in the day s of the thre e ancien t observers . And,
finally, h e compare d these  calculate d latitude s wit h th e latitude s h e himsel f
had measured .

The result s of th e compariso n ar e displaye d i n figur e 6.19 , whic h show s
the position s of Brahe' s tes t stars in A.D . 735, a date roughl y halfway between
the activities of Hipparchus an d those of Brahe. Written underneath th e stars
are th e value s for th e change s i n thei r latitudes , fro m ancien t time s t o th e
sixteenth century , a s deduced b y Brahe . Th e star s o n th e par t o f th e char t
from th e sprin g equino x eastwar d t o th e fal l equino x (Aldebaran , Bellatrix,
Betelgeuse, Castor , Pollux , an d Regulus ) hav e al l moved nort h wit h respec t
to the ecliptic , while those on th e other side of the char t (Antare s and Altair)
have moved south. Moreover , th e stars nearest the solstices (Castor and Pollux
near the summer solstic e and Altair nea r th e winter solstice ) show the larges t
latitudinal shifts . Th e latitud e shift s ar e consistent wit h th e sam e motio n o f
the ecliptic that would b e required to explai n the decrease in the obliquit y of
the ecliptic . It  looks , then , as  if this decrease is due to  the  shif t of  the eclipti c
itself with respec t t o th e sta r field , exactl y as in figur e 6.18 .

The fac t tha t th e obliquit y of the eclipti c was decreasing had bee n know n
since th e nint h century , bu t everyon e had mistakenl y believe d tha t wa s due
to a  shift o f the eight h spher e (carrying stars and ecliptic ) with respec t t o th e
equator, rather than a  shift o f the ecliptic with respec t t o the equator an d th e
star field . Unti l Brahe , n o on e ha d measure d th e latitude s o f th e star s with
sufficient accurac y t o uncove r th e truth . Th e declination s o f eightee n star s
that Ptolem y ha d recorde d i n Almagest  VII, 3 , had lai n lik e seeds , patientl y
waiting.

The change s i n th e latitude s displaye d in figur e 6.1 9 establis h the shif t o f
the eclipti c a s a fac t beyon d dispute . Th e patter n i n th e number s i s so clear
that it leaves no room for doubt. But this fine pattern is in large measur e th e



T H E F I X E D S T A R S 285

result o f carefu l tailorin g b y Tycho Brahe . The ra w numbers , calculate d b y
him accordin g t o th e metho d describe d above , giv e a picture that i s a goo d
deal mor e clouded . This i s partly th e resul t of the error s i n th e declination s
observed by Timocharis, Hipparchus , an d Ptolemy .
" Becaus e the thre e observer s were separated b y onl y a  few hundred years ,
the latitude s deduce d fro m thei r observation s shoul d b e sensibl y the same .
For example , i n th e cas e o f Castor , Brah e calculate s latitude s o f 9°4 2 3/4' ,
42', an d 4 4 3/4' , respectively—fin e agreement . Brah e adopts 9°43 ' a s a good
middle value, compares this to his own measured latitude for the star (io°O2') ,
and deduce s a  shif t o f 19' , a s indicated i n figur e 6.19 .

In th e case of Pollux, th e thre e astronomers ' observation s lead to latitude s
of 6° 26 1/3' , 1 9 ill',  an d 2 2 1/3'. Her e Brah e chooses t o ignor e Timocharis's
value as too hig h and adopt s a  value of 6°20', which i s intermediate between
those o f Hipparchu s an d Ptolemy . Thi s procedur e i s a  littl e cavalier , bu t
perhaps justifiable.

In th e cas e of Aldebaran, Brah e allows himself even greater freedom. Th e
three observers yield latitudes of 5°56 1/4', 33' , and 7  3/4'—which is a consider-
able range , muc h greate r tha n th e siz e o f th e shif t bein g investigated . Brah e
adopts 5°45' , fo r n o ver y goo d reaso n excep t tha t i t lead s t o a  shif t o f 14 '
when compare d wit h hi s ow n latitud e fo r thi s sta r an d i s therefore i n fin e
agreement with hi s hypothesis .

In th e cas e of Regulus, the thre e ancients' declination s lead to latitude s of
o°23', 9' , an d 4  1/2' . Brah e choose s t o rejec t al l three and , contrar y t o hi s
procedure, adopt s th e latitude o°io ' directly out o f Ptolemy's catalo g on th e
grounds that Ptolemy had "observed thi s star diligently." (Regulus , the reader
will recall, was the chief star used by Ptolemy in his investigation of precession.)

Suppose we simply compare Brahe' s measure d latitudes with the latitude s
deduced b y him fro m Ptolemy' s declination s alone , without an y doctoring .
The resul t is displayed in figure 6.20. The handsome pattern tha t characterized
figure 6.1 9 i s gone. Onl y th e most  judiciou s eye might stil l deduc e tha t th e
shifts i n the latitudes "ar e contingent upo n th e change in the obliquity o f the
ecliptic." In particular, note the large anomalous southward shift o f Aldebaran.
A hundred years later, Edmund Halle y was to see this as evidence for a proper
motion o f thi s sta r towar d th e south . Bu t Brahe , convinced a s he wa s tha t
the star s were fixed, smoothed away this irregularity t o prove hi s own point.
It is important t o add here that there is nothing dishonest in Brahe's procedure:
he display s al l his calculations an d eve n th e doctorin g i s openly done.

Why wa s Brahe mor e prepare d tha n hi s predecessor s t o accep t shift s i n
the latitudes of the stars ? Again, a  major influenc e ca n be found i n the post -
Copernican worldview . Copernicu s ha d mad e th e variatio n of th e obliquit y
of the eclipti c into a  motion o f the Earth . Thus, th e ol d view o f an ecliptic
embedded i n th e spher e o f the star s no longe r made an y sense.

FIGURE 6.2O . Shift s i n th e latitude s o f eight
test star s obtained b y direc t comparisio n o f
Brahe's observation s with dat a hande d dow n b y
Ptolemy i n Almagest  VII, 3 .
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Second, Brah e wa s spurre d o n b y hi s correspondenc e wit h Christop h
Rothmann, wh o als o ha d speculate d tha t th e latitude s o f th e star s migh t
change. Interestingly , Rothmann wa s prepared t o go even further tha n Brahe ,
for Rothman n aske d whether th e star s might actuall y have proper motions—
that is , whether they might no t shif t with respec t to one another. 56 Brahe still
believed i n a  sphere o f stars , which woul d b e inconsisten t with shift s o f th e
stars with respec t t o on e another . Moreover , h e neede d th e assumptio n tha t
the stars ' distance s from on e another d o no t chang e in order t o carry out th e
painstaking analysi s described above . Thus , h e argue d tha t th e fixity of th e
stars was proved by the list of alignments set down by Hipparchus and Ptolem y
(sec. 6.2).  This was ironic, since Brahe' s assault on th e theor y o f trepidatio n
was predicated on the unreliability of the ancient observations—and the align-
ments ar e the crudes t observation s recorded i n th e Almagest.

An Eighteenth-Century  Postscript: Edmund  Halley  on
the Proper  Motions  of  the  Stars

There was  no  possibilit y of detectin g shift s in  the  relativ e position s of  the
stars unti l quit e recen t times , whe n th e improve d statu s o f observationa l
astronomy and th e slowly accumulating displacements of the stars themselves
finally combined t o giv e a  fair chanc e o f success. The necessar y investigation
was first made b y Edmund Halley , the n secretar y of the Roya l Society , an d
announced by him i n the Philosophical  Transactions  for the year 1718.57 Halley
had begu n a n investigation of precession and th e decrease in the obliquit y of
the eclipti c i n conjunctio n wit h hi s wor k a s a  cataloge r o f stars . T o thi s
purpose he compared th e positions of the star s set down in the Almagest with
those determine d b y Brahe and othe r mor e recen t observers .

To guar d agains t possibl e error s o f transcriptio n i n Ptolemy' s catalog ,
Halley followe d Brahe' s example and employe d th e declination s o f eightee n
stars discusse d b y Ptolem y i n Almagest VII, 3 . Just a s Brahe had befor e him ,
Halley deduced fro m thes e declinations the latitudes that th e stars must have
had i n ancien t time s an d compare d the m wit h th e moder n latitudes . And ,
again lik e Brahe , h e sough t i n th e latitudina l shift s a  confirmatio n o f th e
decrease o f th e obliquit y o f th e ecliptic : th e star s nea r th e solstitia l point s
ought to have suffered a  large change in latitude, while those near the equinoxes
ought t o hav e change d ver y little . Moreover , th e star s aroun d th e summe r
solstice should have shifted north , while those nea r the winter solstice should
have shifte d south .

But Halle y als o notice d tha t th e shift s o f thre e o r fou r prominen t star s
directly contradicte d th e general  trend . H e conclude d tha t these  star s must
have moved with respect  t o their neighbors.  Fo r example , the latitude s give n i n
Ptolemy's catalo g fo r Paliliciu m (i.e. , Aldebaran ) an d Betelgeus e reveale d
striking anomalies. Aldebaran and Betelgeuse , both reasonabl y near the sum -
mer solstitial point, should have shifted northwar d with respect to the ecliptic,
by virtue of the decrease of the obliquity of the ecliptic. But they had actually
shifted southward . T o assur e himself tha t thes e anomalie s wer e no t du e t o
errors of transcription, Halley turned again toAlmagestVll, 3 , and in particular,
to "th e declination s . .. set dow n b y Ptolemy , a s observe d b y Timocharis ,
Hipparchus an d himself , whic h she w tha t thos e Latitude s ar e th e sam e as
those Authors intended." The anomalou s shift s o f Aldebaran an d Betelgeuse
are quite plain i n figure 6.20. Tycho Brahe, convinced tha t th e star s are fixed
on thei r sphere , had smoothed these  anomalies away . But Halley,  accommo -
dated t o Newton' s universe , i n whic h th e star s wer e distribute d throug h a
vast voi d spac e throug h whic h the y move d unde r thei r mutua l gravitation ,
was prepare d t o accep t thes e shift s a s real . Moreover , Halle y argue d tha t as
these stars are very bright, i t is likely that they are near us. Thus, their motions
would be among the mos t easily perceived.
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Halley made claims of proper motion fo r two other brigh t stars—Arcturu s
and Sirius . Arcturus was too near the equinoctial colur e to make an argument
based on the obliquity . But the direc t examination o f the latitude of Arcturus
set down in Ptolemy's sta r catalog showed that th e star had shifte d southward
since Ptolemy's tim e by 33'. Similarly, Sirius seemed to  have shifted sout h by
about 42' .

Halley's discovery was confirmed for Arcturus by J. Cassini in 1738. Evidence
for the proper motions of a large number of stars was obtained by Tobias Mayer
from th e compariso n o f Roemer' s observation s o f 170 6 wit h observation s
by himsel f an d LaCaill e fro m 175 0 an d 1756 . Thi s demonstrate s th e rapi d
improvement of positional astronomy in the seventeenth and eighteenth centu-
ries. Halley, who compared modern observations with observations made some
2,000 years earlier, was barely able to distinguish proper motions in fou r stars.
And fo r tw o o f these—Aldebara n an d Betelgeuse—h e wa s i n fac t mistaken ,
being misled by errors in the ancien t positions . So , it turns out, afte r all , that
Tycho Brahe had been right to doctor away the anomalous shift in the positions
of Aldebaran an d Betelgeuse : they had resulted , no t fro m rea l motions , bu t
only fro m imperfection s in th e ancien t observations . I n th e cas e of the othe r
two stars—Siriu s an d Arcturus—Halley was right, an d th e prope r motions h e
deduced are of about the right size. By contrast, by the middle of the eighteenth
century, positio n measuremen t was so refined that prope r motion s were dis-
cernible with fa r greater certainty afte r interval s of only fifty years.

The histor y o f th e declination s i n Almagest  VII , 3 , i s quit e remarkable .
Timocharis undoubtedl y though t tha t h e wa s settin g dow n position s fo r
eternity. Ptolemy used these data to confirm Hipparchus's assertion about the
nature o f the precession—tha t i t was parallel to th e plan e of the eclipti c an d
that i t wa s shared b y al l the stars . More tha n a  thousan d year s later, Brahe
used the same data to show that his predecessors had al l been mistaken about
the nature of the decrease of the obliquity of the ecliptic. And Edmund Halle y
used th e sam e dat a t o demonstrat e th e motion s o f the star s through a  vast
empty space. There is no parallel to this anywhere else in the history of science.

The declination s i n Almagest  VII, 3 , have had a n exceptionall y lon g an d
useful life . This partly was because they contained mor e than any one genera-
tion o f astronomers dreame d of . Bu t thi s longevity also owed a  great deal to
limitations o f vision. In eac h age, astronomers, looking a t the sam e numbers,
have see n wha t thei r ag e prepared the m t o se e or, perhaps , onl y wha t the y
most wishe d t o see.



This page intentionally left blank 



J.I TH E P L A N E T S

Figure 7.1 shows th e constellatio n Le o on Januar y 14 , 1980 . Th e tw o brigh t
objects nea r the cente r of the photo are planets—Jupiter in right center , Mars
in lef t center . To a n untraine d eye, observing on a  single night, these  planets
are indistinguishabl e fro m stars . Thus , th e tw o planet s i n figur e 7. 1 migh t
seem to  be  a  permanent par t of  the  constellatio n Leo . Onl y if  we carefull y
note th e position s o f the star s of Leo with respec t t o on e anothe r an d watc h
them ove r a  period o f weeks o r month s wil l we notic e anythin g strange . I n
figure j.i, we see Mars and Jupiter in Leo about thre e months later , on April
10, 1980 . In figure 7.2, Jupiter and Mar s are again the brightes t objects i n th e
photo, Jupite r being a  little lower than Mars . I n th e cours e of three months ,
Mars an d Jupite r dramaticall y shifte d thei r place s with respec t t o th e back -
ground stars .

The Motions of  the  Planets

The planet s move almos t on the ecliptic, the annual path o f the Sun. Indeed ,
they ar e neve r awa y fro m th e eclipti c b y mor e tha n a  fe w degrees . Th e
maximum possibl e latitudes rang e fro m abou t 9 ° fo r Venus t o abou t 2 ° for
Jupiter. In our study of planetary motion, we will ignore the planets' latitude s
and focu s o n th e motio n i n longitude .

A Table  o f Planet Longitudes Mos t o f our stud y of the planet s will be based
on th e dat a i n tabl e 7.1 . Th e firs t tw o columns o f table 7. 1 specify th e dat e
(year and day) ; the third duplicate s this information in the for m o f the Julian
day number . (Th e Julia n da y numbers , bein g integers , ar e fo r Greenwic h
noon.) Th e remainin g column s giv e th e longitude s o f the Su n an d th e five
naked-eye planets . Th e longitude s ar e measured, i n th e usua l way, eastwar d
from th e spring equinoctial point . Th e longitude s i n the tabl e were obtaine d
from compute r calculations ; however, w e shal l treat the m a s if they were th e
results o f observation .

Progra.de and Retrograde Motion Th e planet s travel generally eastward around
the zodiac , jus t a s the Su n an d Moon do . Bu t the planet s occasionally reverse
direction and go backward for a while. A planet tha t i s traveling eastward, lik e
the Sun , is said to be in direct  or prograde motion. Or , i t is said to be traveling
in th e order  o f the signs—for example , fro m Aries , t o Taurus , t o Gemini . I n
table j.i, note tha t i n February , 1971 , Mar s wa s in prograd e motion , fo r the
longitude steadil y increases : 256°, 262° , 268° .

A plane t tha t i s travelin g westwar d throug h th e star s i s sai d t o b e i n
retrograde motion, o r travelin g contrary t o the order o f the signs—from Gemini ,
to Taurus , t o Aries. In August , 1971 , Mars wa s in retrograd e motion , fo r th e
longitude wa s decreasing : 318° , 315° , 313° .

When a  planet i s in th e proces s of reversing its direction i n th e zodiac , i t
may appea r t o stan d stil l fo r severa l days o r eve n severa l weeks , dependin g
on th e planet . Thes e standing s ar e calle d stations.  I n 1971 , Mar s wa s i n it s
normal prograd e motion , unti l i t reache d it s firs t station , a t 322° , i n July .
Mars remaine d a t thi s positio n fo r te n day s o r more . Al l throug h August ,
Mars was in retrograde motion . Mars' s retrograde motion cease d at the secon d
station, a t longitud e 312 ° (Septembe r 5—15) , an d Mar s the n reverted  t o it s
normal eastwar d motion .

Planetary Periods  I n th e cas e o f th e Sun , on e perio d suffice s t o determin e
the mea n motion . Thi s i s the tropical  year, which i s the tim e fo r th e Su n t o
make on e complet e tri p aroun d th e ecliptic . Th e motion s o f the planet s are
more complicated , an d w e must defin e tw o differen t periods .
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FIGURE 7.1 . Mar s an d Jupiter amon g th e star s
of Leo on January 14 , 1980 . Th e tw o brigh t
objects nea r th e cente r o f the phot o ar e planets .
Jupiter i s in th e righ t center , Mar s i n th e lef t
center. The sta r at th e cente r o f the righ t edg e
of th e fram e i s Regulus . Phot o courtes y o f
Robert C . Mitchell .

FIGURE 7.2 . Mar s an d Jupiter i n th e constella -
tion Le o on Apri l 10 , 1980 . Jupiter an d Mar s ar e
the brightes t object s i n th e photo ; Jupiter i s a
little lowe r tha n Mars . Th e sta r very close t o
Jupiter i s Regulus. The planet s hav e shifte d
dramatically since the tim e o f Figure 7.1 . Phot o
courtesy o f Rober t C . Mitchell .
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TABLE 7.1 . Plane t Longitude s a t Ten-Day Interval s

Year

1971
1971
1971
1971
1971

1971
1971
1971
1971
1971

1971
1971
1971
1971
1971

1971
1971
1971
1971
1971

1971
1971
1971
1971
1971

1971
1971
1971
1971
1971

1971
1971
1972
1972
1972

1972
1972
1972
1972
1972

1972
1972
1972
1972
1972

1972
1972
1972
1972
1972

Date

Feb 17
Feb27
Mar 9
Mar 19
Mar 29

Apr 8
Apr 18
Apr 28
May 8
May 18

May 28
Jun7
Jun 17
Jun 27
Jul7

Jul 17
Jul27
Aug 6
Aug 16
Aug 26

Sep 5
Sep 15
Sep 25
Oct 5
Oct 15

Oct 25
Nov4
Nov 14
Nov24
Dec 4

Dec 14
Dec 24
Jan 3
Jan 13
Jan 23

Jan 2
Jan 12
Feb 22
Mar 3
Mar 13

Mar 23
Apr 2
Apr 12
Apr 22
May 2

May 12
May 22
Jun 1
Jun 11
Jun 21

J.D.
244

1000
1010
1020
1030
1040

1050
1060
1070
1080
1090

1100
1110
1120
1130
1140

1150
1160
1170
1180 '
1190 /

/

1200
1210 '„
1220 ;
1230-
1240 '

1250
1260
1270
1280
1290

1300
1310
1320
1330
1340

1350
1360
1370
1380
1390

1400
1410
1420
1430
1440

1450
1460
1470
1480
1490

Sun

328
338
348
358
8

18
28
37
47
57

66
76
85
95
104

114
123
133
143
152

162
172
182
191
201

211
221
231
241
252

262
272
282
292
303

313
323
333
343
353

3
13
23
32
42

52
61
71
80
90

Mer

315
332
351
10
27

34
31
24
23
31

43
60
80
103
122

138
151
159
160
153

147
154
170
189
206

222
238
252
264
269

259
252
259
272
286

302
319
337
356
12

16
10
4
6
15

29
46
66
89
108

Ven

283
294
306
318
330

341
353
5
17
29

41
53
66
78
90

103
115
127
140
152

164
177
189
202
214

227
239
252
264
277

289
302
314
326
338

350
2
14
26
37

48
59
69
78
86

91
95
94
89
83

Mar

256
262
268
274
280

286
292
297
302
307

312
316
319
321
322

322
320
318
315
313

312
312
314
316
318

322
328
333
340
346

352
358
5
12
18

24
31
38
44
51

57
64
70
77
84

90
97
103
109
115

Jup

244
245
246
246
247

246
246
245
244
242

241
240
239
238
237

237
236
237
237
238

239
240
242
243
245

247
249
251
253
256

258
261
263
265
267

269
271
273
274
276

277
278
278
279
279

278
278
111
276
274

Sat

46
46
48
49
50

51
52
53
55
56

58
59
60
61
62

63
64
65
65
66

66
66
67
67
66

66
65
64
63
61

60
59
59
59
58

58
59
59
60
61

61
62
64
65
66

67
69
70
72
73

Year

1972
1972
1972
1972
1972

1972
1972
1972
1972
1972

1972
1972
1972
1972
1972

1972
1972
1972
1972
1973

1973
1973
1973
1973
1973

1973
1973
1973
1973
1973

1973
1973
1973
1973
1973

1973
1973
1973
1973
1973

1973
1973
1973
1973
1973

1973
1973
1973
1973
1973

Date

Jul 1
Jul 11
Jul 21
Jul 31
Aug 10

Aug 20
Aug 30
Sep 9
Sep 19
Sep 29

Oct 9
Oct 19
Oct 29
Nov 8
Nov 18

Nov 28
Dec 8
Dec 18
Dec 28
Jan 7

Jan 17
Jan 27
Feb 6
Feb 16
Feb 26

Mar 8
Mar 18
Mar 28
Apr 7
Apr 17

Apr 27
May 7
May 17
May 27
Jun 6

Jun 16
Jun 26
Jul 6
Jul 16
Jul 26

Aug 5
Aug 15
Aug 25
Sep 4
Sep 14

Sep 24
Oct 4
Oct 14
Oct 24
Nov 3

J.D.

244

1500
1510
1520
1530
1540

1550
1560
1570
1580
1590

1600
1610
1620
1630
1640

1650
1660
1670
1680
1690

1700
1710
1720
1730
1740

1750
1760
1770
1780
1790

1800
1810
1820
1830
1840

1850
1860
1870
1680
1890

1900
1910
1920
1930
1940

1950
1960
1970
1980
1990

Sun

99
109
119
128
138

147
157
167
176
186

196
206
216
226
236

246
257
267
277
287

297
307
317
328
338

348
358
8
17
27

37
47
56
66
75

85
94
104
114
123

133
142
152
162
171

181
191
201
211
221

Mer

124
136
142
140
133

130
139
157
176
194

210
225
239
249
253

241
237
246
259
274

290
306
324
342
356

358
349
345
350
0

14
32
52
75
94

109
119
123
120
113

114
125
143
163
181

198
213
226
235
236

Ven

77
76
80
85
93

101
111
121
132
143

154
166
178
190
202

214
227
239
252
264

277
289
302
315
327

340
352
4
17
29

41
54
66
79
91

103
116
128
140
152

164
176
188
200
211

223
235
246
257
268

Mar

122
128
134
141
147

153
160
166
173
179

186
192
198
205
212

218
225
232
238
245

252
259
266
273
280

287
294
301
308
315

322
329
336
343
350

357
4
10
16
22

27
31
35
38
39

39
38
35
32
29

Jup

273
271
270
269
269

268
268
269
269
270

271
273
274
276
278

280
282
284
287
289

291
294
296
298
300

303
305
306
308
309

310
311
312
312
312

312
312
311
310
308

306
305
304
303
302

302
302
302
303
304

Sat

74
75
76
77
78

79
79
80
80
80

80
80
81
80
79

78
77
76
75
74

73
73
73
73
73

74
74
75
76
77

78
79
81
82
83

85
86
87
89
89

90
91
92
93
94

94
94
95
94
94
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TABLE 7.1 . (continued )

Year

1973
1973
1973
1973
1973

1974
1974
1974
1974
1974

1974
1974
1974
1974
1974

1974
1974
1974
1974
1974

1974
1974
1974
1974
1974

1974
1974
1974
1974
1974

1974
1974
1974
1974
1974

1974
1974
1974
1974
1974

1974
1974
1975
1975
1975

1975
1975
1975
1975
1975

Date

Nov 13
Nov 23
Dec 3
Dec 13
Dec 23

Jan 2
Jan 12
Jan 22
Feb 1
Feb 11

Feb 21
Mar 3
Mar 13
Mar 23
Apr 2

Apr 12
Apr 22
Mar 2
May 12
May 22

Jun 1
Jun 11
Jun 21
Jul 1
Jul 11

Jul 21
Jul 31
Aug 10
Aug20
Aug 30

Sep 9
Sep 19
Sep 29
Oct 9
Oct 19

Oct 29
Nov 8
Nov 18
Nov 28
Dec 8

Dec 18
Dec 28
Jan 7
Jan 17
Jan 27

Feb 6
Feb 16
Feb 26
Mar 8
Mar 18

J.D.
244

2000
2010
2020
2030
2040

2050
2060
2070
2080
2090

2100
2110
2120
2130
2140

2150
2160
2170
2180
2190

2200
2210
2220
2230
2240

2250
2260
2270
2280
2290

2300
2310
2320
2330
2340

2350
2360
2370
2380
2390

2400
2410
2420
2430
2440

2450
2460
2470
2480
2490

Sun

231
241
251
261
272

282
292
302
312
322

332
342
352
2
12

22
32
42
51
61

70
80
89
99
109

118
128
137
147
157

166
176
186
196
206

216
226
236
246
256

266
276
287
297
307

317
327
337
347
357

Mer

224
222
232
246
262

279
294
311
328
341

340
330
327
335
346

1
18
38
61
80

94
102
103
97
94

97
110
129
150
169

185
200
212
220
219

207
207
218
234
250

266
281
298
314
325

322
312
312
320
332

Yen

278
288
297
304
309

313
311
306
300
296

297
301
308
316
325

335
346
357
8
19

31
42
54
66
77

89
101
114
126
139

151
163
176
188
201

213
226
238
251
264

276
289
301
314
326

339
351
4
16
28

Mar

26
25
26
27
30

33
37
41
46
51

57
63
68
73
79

85
91
97
103
109

115
121
128
134
140

146
152
159
165
171

177
184
191
197
204

211
218
224
231
238

245
253
260
267
274

281
289
296
304
312

Jup

305
306
308
310
312

314
317
319
321
324

326
329
331
333
335

337
340
342
343
344

345
346
347
348
348

347
347
346
345
343

342
341
339
338
338

337
338
338
339
340

341
342
344
346
348

350
353
355
357
0

Sat

94
93
93
92
91

90
89
88
87
87

87
87
88
88
89

89
90
91
93
94

95
96
97
99
100

102
103
104
105
106

106
107
108
108
109

109
109
109
109
108

108
107
105
104
103

103
102
102
102
102

Year

1975
1975
1975
1975
1975

1975
1975
1975
1975
1975

1975
1975
1975
1975
1975

1975
1975
1975
1975
1975

1975
1975
1975
1975
1975

1975
1975
1975
1976
1976

1976
1976
1976
1976
1976

1976
1976
1976
1976
1976

1976
1976
1976
1976
1976

1976
1976
1976
1976
1976

Date

Mar 28
Apr 7
Apr 17
Apr 27
May 7

May 17
May 27
Jun 6
Jun 16
Jun 26

Jul 6
Jul 16
Jul 26
Aug 5
Aug 15

Aug 25
Sep 4
Sep 14
Sep 24
Oct 4

Oct 14
Oct 24
Nov 3
Nov 13
Nov 23

Dec 3
Dec 13
Dec 23
Jan 2
Jan 12

Jan 22
Feb 1
Feb 11
Feb 21
Mar 2

Mar 12
Mar 22
Apr 1
Apr 1 1
Apr 21

May 1
May 1 1
May 21
May 31
Jun 10

Jun 20
Jun 30
Jul 10
Jul 20
Jul 30

J.D.

244

2500
2510
2520
2530
2540

2550
2560
2570
2580
2590

2600
2610
2620
2630
2640

2650
2660
2670
2680
2690

2700
2710
2720
2730
2740

2750
2760
2770
2780
2790

2800
2810
2820
2830
2840

2850
2860
2870
2880
2890

2900
2910
2920
2930
2940

2950
2960
2970
2980
2990

Sun

7
17
27
36
46

56
65
75
84
94

103
113
123
132
142

151
161
171
181
190

200
210
220
230
240

251
261
271
281
291

302
312
322
332
342

352
2
12
22
31

41
51
60
70
79

89
99
108
118
127

Mer

347
5
25
46
65

78
83
81
75
74

82
96
115
137
156

172
187
198
205
202

190
192
205
221
237

253
269
285
300
310

304
294
296
306
319

334
352
11
32
51

61
63
58
54
56

66
82
101
123
143

Yen

41
53
65
76
88

99
110
120
131
140

148
155
160
162
160

154
149
145
146
150

156
164
174
184
194

206
217
229
241
253

265
277
289
302
314

326
339
351
4
16

28
41
53
65
78

90
102
114
127
139

Mar

319
327
334
342
349

357
4
12
19
27

33
40
47
54
60

66
72
77
82
86

89
91
93
92
91

88
84
80
77
75

75
76
77
80
83

87
92
97
102
107

112
117
123
128
134

140
146
152
158
164

Jup

2
5
7
9
12

14
17
18
20
21

22
24
24
24
25

25
24
23
22
21

19
18
16
15
14

14
14
14
15
16

18
19
21
22
24

27
29
31
33
36

39
41
44
46
48

50
52
54
56
58

Sat

102
103
103
104
105

106
107
108
110
111

112
114
115
116
117

118
119
120
121
122

122
123
123
123
123

123
123
122
122
121

120
119
118
117
117

116
116
116
116
117

118
118
119
120
121

122
123
124
126
127

(Continued]
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TABLE 7.1 . (continued )

Year

1976
1976
1976
1976
1976

1976
1976
1976
1976
1976

1976
1976
1976
1976
1976

1977
1977
1977
1977
1977

1977
1977
1977
1977
1977

1977
1977
1977
1977
1977

1977
1977
1977
1977
1977

1977
1977
1977
1977
1977

1977
1977
1977
1977
1977

1977
1977
1977
1977
1977

Date

Aug9
Aug 19
Aug29
Sep 8
Sep 18

Sep 28
Oct 8
Oct 18
Oct 28
Nov7

Nov 17
Nov27
Dec 7
Dec 17
Dec 27

Jan 6
Jan 16
Jan 26
Feb 5
Feb 15

Feb 25
Mar 7
Mar 17
Mar 27
Apr 6

Apr 16
Apr 26
May 6
May 16
May 26

Jun 5
Jun 15
Jun 25
Jul 5
Jul 15

Jul 25
Aug 4
Aug 14
Aug 24
Sep 3

Sep 13
Sep 23
Oct 3
Oct 13
Oct 23

Nov 2
Nov 12
Nov 22
Dec 2
Dec 12

J.D.

244

3000
3010
3020
3030
3040

3050
3060
3070
3080
3090

3100
3110
3120
3130
3140

3150
3160
3170
3180
3190

3200
3210
3220
3230
3240

3250
3260
3270
3280
3290

3300
3310
3320
3330
3340

3350
3360
3370
3380
3390

3400
3410
3420
3430
3440

3450
3460
3470
3480
3490

Sun

137
146
156
166
175

185
195
205
215
225

235
245
256
266
276

286
296
306
317
327

337
347
357
7
16

26
36
46
55
65

74
84
94
103
113

122
132
141
151
161

170
180
190
200
210

220
230
240
250
260

Mer

159
173
183
188
183

174
177
191
208
225

241
257
272
286
294

287
277
282
292
306

321
339
358
18
36

45
43
36
34
40

52
68
87
110
129

146
159
168
171
164

157
162
178
196
212

229
244
259
272
278

Yen

152
164
176
189
201

213
225
237
249
262

274
286
298
309
321

332
343
354
3
12

19
23
25
22
16

10
7
9
13
20

28
38
48
58
69

80
91
103
114
126

138
150
162
175
187

200
213
225
238
251

Mar

171
177
183
190
196

203
210
216
223
230

237
244
252
259
267

274
281
289
297
305

312
320
328
335
343

351
359
7
15
22

30
37
44
51
58

65
72
79
85
92

97
103
108
113
118

122
126
129
131
132

Jup

59
60
61
61
61

61
60
60
58
58

56
54
53
52
51

50
50
51
51
53

54
55
57
59
60

63
65
67
69
72

74
77
79
81
83

85
87
89
91
93

94
95
95
96
96

96
95
95
93
92

Sat

129
130
131
132
133

134
135
136
137
137

137
138
137
137
137

136
135
134
134
133

132
131
131
130
130

130
131
131
132
133

133
134
135
136
137

138
140
141
143
144

145
146
147
148
149

150
150
151
151
151

Year

1977
1978
1978
1978
1978

1978
1978
1978
1978
1978

1978
1978
1978
1978
1978

1978
1978
1978
1978
1978

1978
1978
1978
1978
1978

1978
1978
1978
1978
1978

1978
1978
1978
1978
1978

1978
1978
1978
1979
1979

1979
1979
1979
1979
1979

1979
1979
1979
1979
1979

Date

Dec 22
Jan 1
Jan 11
Jan 21
Jan 31

Feb 10
Feb 20
Mar 2
Mar 12
Mar 22

Apr 1
Apr 1 1
Apr 21
May 1
May 1 1

May 21
May 31
Jun 10
Jun 20
Jun 30

Jul 10
Jul 20
Jul 30
Aug 9
Aug 1 9

Aug 29
Sep 8
Sep 18
Sep 28
Oct 8

Oct 18
Oct 28
Nov 7
Nov 17
Nov 27

Dec 7
Dec 17
Dec 27
Jan 6
Jan 16

Jan 26
Feb 5
Feb 15
Feb 25
Mar 7

Mar 17
Mar 27
Apr 6
Apr 16
Apr 26

J.D.
244

3500
3510
3520
3530
3540

3550
3560
3570
3580
3590

3600
3610
3620
3630
3640

3650
3660
3670
3680
3690

3700
3710
3720
3730
3740

3750
3760
3770
3780
3790

3800
3810
3820
3830
3840

3850
3860
3870
3880
3890

3900
3910
3920
3930
3940

3950
3960
3970
3980
3990

Sun

271
281
291
301
311

321
331
341
351

1

11
21
31
41
50

60
69
79
89
98

108
117
127
136
146

156
165
175
185
195

205
215
225
235
245

255
265
275
286
296

306
316
326
336
346

356
6
16
26
36

Mer

269
261
267
279
293

309
326
344
4
20

27
22
15
16
24

36
53
74
96
116

132
144
152
152
144

140
147
164
183
200

217
232
246
258
262

252
245
253
266
281

297
313
331
349
5

9
1

355
359
9

Yen

263
276
288
301
313

326
338
351
3
16

28
41
53
66
78

90
102
114
126
137

149
160
171
182
192

202
211
219
227
231

234
232
227
221
218

220
224
231
240
249

259
270
281
293
304

316
328
340
352
3

Mar

131
129
126
122
118

115
113
112
113
115

117
120
124
128
133

138
143
148
153
159

165
171
177
183
189

196
202
209
216
222

229
237
244
251
258

266
273
281
289
297

304
312
320
328
336

344
352
359
7
15

Jup

91
89
88
87
86

86
86
86
86
87

88
90
91
93
95

97
99
101
103
106

108
110
112
115
117

119
121
122
124
125

127
128
128
129
129

129
128
128
126
125

123
122
121
120
119

119
119
119
120
121

Sat

151
151
151
150
149

148
147
146
146
145

144
144
144
144
144

145
146
146
147
148

149
150
151
152
153

155
156
157
159
160

161
162
162
163
163

164
164
164
164
164

163
163
162
162
161

159
159
158
158
158
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TABLE 7.1 . (continued )

Year

1979
1979
1979
1979
1979

1979
1979
1979
1979
1979

1979
1979
1979
1979
1979

1979
1979
1979
1979
1979

1979
1979
1979
1979
1980

1980
1980
1980
1980
1980

1980
1980
1980
1980
1980

1980
1980
1980
1980
1980

1980
1980
1980
1980
1980

1980
1980
1980
1980
1980

Date

May 6
May 16
Mar 26
Jun5
Jun 15

Jun25
Jul5
Jul 15
Jul25
Aug4

Aug 14
Aug24
Sep 3
Sep 13
Sep 23

Oct 3
Oct 13
Oct 23
Nov2
Nov 12

Nov22
Dec 2
Dec 12
Dec 22
Jan 1

Jan 11
Jan 21
Jan 31
Feb 10
Feb 20

Mar 1
Mar 1 1
Mar 21
Mar 31
Apr 10

Apr 20
Apr 30
Mar 10
Mar 20
May 30

Jun 9
Jun 19
Jun 29
Jul 9
Jul 19

Jul 29
Aug 8
Aug 18
Aug 28
Sep 7

J.D.
244

4000
4010
4020
4030
4040

4050
4060
4070
4080
4090

4100
4110
4120
4130
4140

4150
4160
4170
4180
4190

4200
4210
4220
4230
4240

4250
4260
4270
4280
4290

4300
4310
4320
4330
4340

4350
4360
4370
4380
4390

4400
4410
4420
4430
4440

4450
4460
4470
4480
4490

Sun

45
55
64
74
84

93
103
112
122
131

141
151
160
170
180

190
199
209
219
229

240
250
260
270
280

290
301
311
321
331

341
351

1
11
21

30
40
50
59
69

79
88
98
107
117

126
136
145
155
165

Mer

22
39
60
82
102

117
129
134
132
125

123
133
150
170
188

205
220
233
243
246

234
230
239
253
269

284
301
318
335
349

351
341
337
343
354

8
26
46
68
88

102
112
115
111
105

107
118
136
157
175

Yen

15
27
40
52
64

76
89
101
113
126

138
150
163
175
188

200
212
225
237
250

262
275
288
300
312

324
336
349

1
12

24
36
46
57
67

76
84
89
92
92

87
80
75
74
77

83
91
99
109
119

Mar

23
30
38
45
52

59
66
74
81
87

94
100
107
113
119

125
131
136
141
146

151
155
158
161
165

165
165
164
161
158

154
150
148
146
146

147
149
152
156
160

164
169
174
179
185

191
197
203
210
216

Jup

121
123
124
126
128

130
132
134
136
138

140
143
145
147
149

151
153
154
156
157

158
159
159
160
160

160
159
158
157
155

154
153
152
151
150

150
150
151
151
152

153
154
156
157
159

161
163
165
167
169

Sat

158
158
158
159
159

160
161
162
163
164

165
166
167
168
170

171
172
173
174
175

175
176
176
177
177

178
177
177
177
176

176
175
174
173
172

172
171
171
171
172

172
173
173
174
175

175
176
177
178
179

Year

1980
1980
1980
1980
1980

1980
1980
1980
1980
1980

1980
1981
1981
1981
1981

1981
1981
1981
1981
1981

1981
1981
1981
1981
1981

1981
1981
1981
1981
1981

1981
1981
1981
1981
1981

1981
1981
1981
1981
1981

1981
1982
1981
1981
1981

1981
1981
1981
1982
1982

Date

Sep 17
Sep 27
Oct 7
Oct 17
Oct 27

Nov 6
Nov 16
Nov 26
Dec 6
Dec 16

Dec 26
Jan 5
Jan 15
Jan 25
Feb 4

Feb 14
Feb 24
Mar 6
Mar 16
Mar 26

Apr5
Apr 15
Apr 25
Mar 5
May 15

Mar 25
Jun 4
Jun 14
Jun 24
Jul 4

Jul 14
Jul 24
Aug 3
Aug 13
Aug 23

Sep 2
Sep 12
Sep 22
Oct 2
Oct 12

Oct 22
Nov 1
Nov 1 1
Nov 21
Dec 1

Dec 1 1
Dec 21
Dec 31
Jan 10
Jan 20

J.D.
244

4500
4510
4520
4530
4540

4550
4560
4570
4580
4590

4600
4610
4620
4630
4640

1650
4660
4670
4680
4690

4700
4710
4720
4730
4740

4750
4760
4770
4780
4790

4800
4810
4820
4830
4840

4850
4860
4870
4880
4890

4900
4910
4920
4930
4940

4950
4960
4970
4980
4990

Sun

175
184
194
204
214

224
234
244
255
265

275
285
295
305
316

326
336
346
356
6

16
25
35
45
54

64
74
83
93
102

112
121
131
140
150

160
169
179
189
199

209
219
229
239
249

259
270
280
290
300

Mer

192
207
220
228
229

217
215
226
241
256

272
288
305
321
334

333
323
321
328
340

355
12
32
54
73

87
94
94
88
85

91
104
123
144
163

179
194
206
213
212

200
200
212
228
244

260
275
292
307
318

Ven

130
141
152
164
176

188
200
212
225
237

250
262
275
288
300

313
325
338
350
3

15
27
40
52
64

77
89
102
114
126

139
151
162
174
186

198
210
221
233
244

255
266
276
286
295

302
307
310
308
303

Mar

223
229
236
244
251

258
266
273
281
288

296
304
313
320
328

336
344
352
0
7

15
23
30
38
45

52
59
66
73
81

88
94
101
107
114

120
127
133
139
145

151
156
162
168
172

177
182
187
191
194

Jup

171
174
176
178
180

182
184
185
187
187

188
189
190
190
190

190
189
188
187
185

184
183
182
181
181

181
181
181
182
182

183
185
186
188
190

192
194
196
198
200

202
204
207
209
211

212
214
216
217
218

Sat

180
182
183
184
185

186
187
187
188
189

189
190
190
190
190

190
190
189
188
187

187
186
185
185
184

184
184
185
185
185

186
187
187
188
189

190
191
192
193
194

195
197
197
198
199

200
201
201
202
202
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TABLE 7.1 . (continued )

Year

1982
1982
1982
1982
1982

1982
1982
1982
1982
1982

1982
1982
1982
1982
1982

1982
1982
1982
1982
1982

1982
1982
1982
1982
1982

1982
1982
1982
1982
1982

1982
1982
1982
1982
1983

1983
1983
1983
1983
1983

1983
1983
1983
1983
1983

1983
1983
1983
1983
1983

Date

Jan 30
Feb 9
Feb 19
Mar 1
Mar 1 1

Mar 21
Mar 31
Apr 10
Apr 20
Apr 30

May 10
May 20
May 30
Jun 9
Jun 19

Jun 29
Jul 9
Jul 19
Jul 29
Aug8

Aug 18

Aug28

Sep 7

Sep 17

Sep 27

Oct7

Oct 17

Oct27

Nov 6

Nov 16

Nov 26

Dec 6

Dec 16

Dec 26

Jan 5

Jan 15

Jan 25

Feb 4

Feb 14

Feb 24

Mar 6

Mar 16

Mar 26

Apr 5

Apr 15

Apr 25

May 5

May 1 5

May 25

Jun 4

J.D.
244

5000
5010
5020
5030
5040

5050
5060
5070
5080
5090

5100
5110
5120
5130
5140

5150
5160
5170
5180
5190

5200
5210
5220
5230
5240

5250
5260
5270
5280
5290

5300
5310
5320
5330
5340

5350
5360
5370
5380
5390

5400
5410
5420
5430
5440

5450
5460
5470
5480
5490

Sun

310
320
330
341
351

0
10
20
30
40

49
59
69
78
88

97
107
116
126
135

145
155
164
174
184

194
204
214
224
234

244
254
264
274
285

295
305
315
325
335

345
355
5
15
25

35
44
54
64
73

Mer

315
304
305
314
326

341
359
18
40
59

71
75
72
66
67

75
89
109
131
150

166
181
191
198
194

184
185
199
215
232

248
263
279
294
303

297
287
290
300
313

328
346
5
26
44

54
55
49
46
49

Yen

297
293
295
299
306

314
323
334
344
355

6
17
29
40
52

64
76
88
100
112

124
137
149
162
174

187
199
212
224
237

269
262
274
287
299

312
325
337
350
2

15
27
39
51
63

75
86
97
108
119

Mar

197
198
199
199
197

194
190
187
183
181

180
181
182
185
189

193
197
202
208
214

219
225
232
239
245

252
259
267
274
282

289
297
305
313
321

329
336
344
352
359

7
15
23
30
37

45
52
59
66
73

Jup

219
219
220
220
220

220
219
218
217
214

213
212
211
211
210

211
211
211
212
212

214
215
217
218
220

222
224
227
229
231

233
235
238
240
242

243
245
247
248
249

250
251
251
251
251

250
249
248
247
245

Sat

203
203
203
203
202

201
200
199
199
198

197
197
197
197
197

197
197
198
198
199

199
200
201
202
203

204
205
207
208
209

210
211
212
213
213

214
214
215
215
215

215
215
214
213
213

212
211
210
210
209

Year

1983
1983
1983
1983
1983

1983
1983
1983
1983
1983

1983
1983
1983
1983
1983

1983
1983
1983
1983
1983

1983
1984
1984
1984
1984

1984
1984
1984
1984
1984

1984
1984
1984
1984
1984

1984
1984
1984
1984
1984

1984
1984
1984
1984
1984

1984
1984
1984
1984
1984

Date

Jun 14
Jun 24
Jul 4
Jul 14
Jul 24

Aug 3
Aug 13
Aug 23
Sep 2
Sep 12

Sep 22
Oct 2
Oct 12
Oct 22
Nov 1

Nov 1 1
Nov 21
Dec 1
Dec 1 1
Dec 21

Dec 31
Jan 10
Jan 20
Jan 30
Feb 9

Feb 19
Feb 29
Mar 10
Mar 20
Mar 30

Apr 9
Apr 19
Apr 29
May 9
May 19

May 29
Jun 8
Jun 18
Jun 28
Jul 8

Jul 18
Jul 28
Aug 7
Aug 17
Aug 27

Sep 6
Sep 16
Sep 26
Oct 6
Oct 16

J.D.

244

5500
5510
5520
5530
5540

5550
5560
5570
5580
5590

5600
5610
5620
5630
5640

5650
5660
5670
5680
5690

5700
5710
5720
5730
5740

5750
5760
5770
5780
5790

5800
5810
5820
5830
5840

5850
5860
5870
5880
5890

5900
5910
5920
5930
5940

5950
5960
5970
5980
5990

Sun

83
92
102
111
121

130
140
150
159
169

179
189
198
208
218

228
239
249
259
269

279
289
300
310
320

330
340
350
0
10

20
29
39
49
58

68
78
87
97
106

116
125
135
144
154

164
174
183
193
203

Mer

60
75
95
117
136

153
167
177
181
176

167
170
185
203
219

235
251
266
280
287

280
270
275
286
300

316
333
351
12
29

37
34
28
26
32

45
61
81
103
123

140
152
161
163
156

149
155
171
190
207

Yen

129
138
146
153
158

160
157
152
146
142

144
148
154
163
172

182
193
204
215
227

239
251
263
275
288

300
312
324
337
349

2
14
26
39
51

63
76
88
100
113

125
137
150
162
174

187
199
211
223
236

Mar

80
87
94
101
107

113
120
127
133
139

145
151
158
164
170

176
182
188
193
199

204
209
214
219
224

228
232
235
237
238

238
237
235
232
228

225
223
222
222
223

226
231
235
240
246

252
258
265
271
278

Jup

244
243
242
242
241

241
242
242
243
244

245
246
248
250
252

254
256
258
261
263

266
268
270
272
274

276
278
279
281
282

282
283
283
283
283

282
281
280
279
277

276
274
274
273
273

273
273
274
275
276

Sat

209
209
209
209
210

210
211
211
212
212

213
214
215
216
218

219
220
221
222
223

224
225
225
226
226

227
227
227
227
226

226
225
224
223
222

222
221
221
221
220

221
221
221
222
223

223
224
225
225
226

Adapted fro m Stahlma n an d Gingeric h (1963) ; use d b y permission (see n. 1) .
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P L A N E T A R Y T H E O R Y 2 9 5

The tropical  period o f a  plane t i s the averag e amoun t o f tim e i t take s t o
go al l the wa y around th e ecliptic . Mars take s a bit les s than 2  years to g o all
the wa y around th e ecliptic , Jupite r abou t 1 2 years , Saturn abou t 30 .

The synodic  period of  a planet is  the averag e amount of  time betwee n one
retrograde motion and the next. In figure 7.3, it is clear tha t Jupiter's synodi c
period i s much shorte r tha n Jupiter' s tropica l period , fo r Jupiter make s onl y
a little progress around the ecliptic (about one zodiac sign) between retrograda -
tions.

From figur e 7.4 , i t i s clear that, i n th e cas e of Mars, th e synodi c perio d is
a littl e longe r tha n th e tropica l period . Mar s goe s al l th e wa y aroun d th e
ecliptic, plu s a  bit more , betwee n retrograd e motions .

The typica l motio n o f Mercury i s shown i n fig . 7.5 . The tropica l perio d
is about thre e time s th e synodi c period .

FIGURE 7.3 . Typica l motio n i n longitud e o f
Jupiter. Th e plane t travel s only a  little way
forward betwee n retrogradations . (N o attemp t
has bee n mad e t o depic t th e planet' s latitudes. )

Two Kinds  of  Planets

The Inferior  Planets  Th e inferior , or lower, planets ar e Mercury and Venus .
In moder n parlanc e the y are called inferior because they are closer to the Su n
than th e Earth is . In the geocentric cosmology o f Ptolemy, the y were believed
to be the closest planets to Earth, situated below the Sun. So , from this point
of view, "inferior " is again a n appropriat e designation . However , a s we shal l
see, there were in antiquity conflicting opinions abou t the order of the planets.
Fortunately, i t i s no t necessar y t o adop t an y cosmologica l orderin g o f th e
planets t o se e tha t Mercur y an d Venu s ar e differen t fro m th e othe r thre e
planets.

Mercury an d Venu s ar e alway s clos e companion s o f th e Sun . The y ar e
characterized b y limited  elongations  from th e Sun . (Th e angula r distance o f a
planet fro m th e Su n i s calle d it s elongation. ) Mercur y ca n neve r b e foun d
more than abou t 28 ° from th e Sun. The greates t possible elongation of Venus
from th e Su n i s about 48° .

The bes t way to visualize the motio n o f Mercury an d Venu s i s as follows.
As th e Su n marche s aroun d th e ecliptic , Mercur y and Venu s accompan y it .
But the y alternatel y dar t ou t i n fron t o f the Su n an d la g behind it . Conse -
quently, th e bes t tim e t o loo k fo r Venu s i s i n th e earl y evening , jus t afte r
sunset, o r i n th e earl y morning , jus t befor e sunrise . Whe n Venu s i s t o th e
right o f the Sun , i t can be see n as a morning  star in th e east . When Venus i s
to the lef t o f the Sun it can be seen as an evening star in the west. The behavio r
of Mercury i s similar, but Mercur y i s harder t o see , becaus e it i s fainter an d
because it s greates t elongation s ar e much smaller .

Because Mercur y an d Venu s alway s accompany th e Sun , i t follow s that ,
on th e average , the y tak e jus t a s long t o g o aroun d th e eclipti c a s the Su n
does. Th e tropical  period o f an inferior  planet  i s exactly on e year. The synodi c
periods (th e tim e between  retrogradations ) ar e independent . Mercur y cycles
through a  synodic period (passin g out i n front of , then droppin g bac k behind
the Sun ) i n onl y 11 6 days . Venus take s 58 5 days.

The Superior  Planets  Thre e superior , o r upper , planet s wer e know n t o th e
ancients: Mars, Jupiter, and Saturn . These planets are characterized by unlim-
ited elongations . Tha t is , Mar s ca n b e foun d a t an y angula r distanc e fro m
the Sun , righ t u p t o 180° . When a  planet i s 180° fro m th e Sun , i t i s said t o
be i n opposition.

The inferio r planets manifest a connection with the Sun, by accompanying
it aroun d th e ecliptic . Th e superio r planet s als o manifes t a  connection wit h
the Su n thoug h i t i s a bi t mor e subtle : th e superior planets undergo  retrograde
motion when  they  are in opposition  t o the Sun. Conside r th e followin g excerpt
from tabl e 7.1 :

FIGURE 7.4 . Typica l motio n i n longitud e
of Mars . Th e plane t travel s al l the way
around th e ecliptic , plu s a  bi t more , betwee n
retrogradations.

FIGURE 7.5 . Typica l motio n i n longitud e o f
Mercury.
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FIGURE 7.6 . Th e Sun , Earth , and Mar s in a
modern heliocentri c theory.

Excerpt fro m tabl e 7. 1

The longitude s o f Mars and o f th e Su n ar e taken directly  fro m tabl e 7.1. As
the entrie s in the excerp t begin , Mar s i s in prograde motion . The retrograd e
arc (marked with a  bracket) stretches from longitud e 132 ° to 112° . The middl e
of this arc is 122°, which corresponds t o January 21, 1978. The Sun' s longitude
on thi s date was 301°, which is almost exactly 180° different fro m th e longitud e
of Mars. Thus, at the middle of its retrograde arc, the planet was in oppositio n
to the  Sun . For  the  superio r planet s thi s is  always the  case . The connection s
between the Sun and planets find a ready explanation in Sun-centered cosmol -
ogy. Th e Earth' s orbi t i s smaller than tha t o f Mars . Also , th e Eart h E  take s
only a  year to  orbi t the  Sun  S,  while Mar s M  take s two  (se e fig. 7.6). Thus ,
Mars appear s t o retrograd e whe n th e Earth , travelin g faster , passe s by Mars
on th e insid e track . At th e middl e o f the apparen t retrograd e motion , Mar s
is indee d i n th e diametricall y opposit e directio n fro m th e Sun . I n th e ol d
astronomy o f the Greek s an d Babylonians , the connection s betwee n th e Sun
and th e planet s wer e wel l know n a s fact s o f nature , bu t ther e wa s n o suc h
simple explanation o f these  connections .

The Planets  in  Early  Greek  and  Babylonian  Astronomy

The Greek s calle d these  object s "wanderin g stars. " Ou r wor d planet  come s
come a  Greek verb meaning t o wander. To th e earl y Greeks the planet s were
puzzling objects, with thei r complicate d motions . Th e Greek s o f the sevent h
century B.C . wer e no t eve n sur e ho w man y planet s ther e were . Th e Greek s
had tw o differen t name s for Venus: i t was called Hespero s (evenin g [star] ) i n
its guis e as evening sta r and Phosphoro s (ligh t bringer ) whe n i t appeare d a s
morning star . Some asserted tha t Pythagora s (sixt h century B.C. ) wa s the t o
first to realiz e tha t th e mornin g an d th e evenin g stars are one , whil e other s
gave th e credi t t o Parmenides  (fift h century). 2

Most of the Greek s considered th e planet s to be divine, living beings who
moved b y their own wills. Each plane t had a  proper nam e but wa s also called
the sta r of a certain god .

Greek name  Translation  Greek  god Roman  god
Phainon shine r Krono s Satur n
Phaethon brigh t on e Zeu s Jupite r
Pyroeis fier y on e Are s Mar s
Phosphoros ligh t bringer Aphrodit e Venu s
Stilbon gleame r Herme s Mercur y

Longitude Longitude
Year Date  of  Mars  of  Sun
1977 No v 1 2 12 6 23 0
1977 No v 22 12 9 24 0
1977 De c 2 13 1 25 0
1977 De c 1 2 |132 | 26 0

1977 De c 22 13 1 27 1
1978 Ja n 1  12 9 28 1
1978 Ja n 1 1 12 6 29 1
1978 Ja n 2 1 12 2 30 1
1978 Ja n 3 1 11 8 31 1

1978 Fe b 1 0 11 5 32 1
1978 Fe b 2 0 11 3 33 1
1978 Ma r 2  |112 | 34 !
1978 Ma r 1 2 11 3 35 1
1978 Ma r 2 2 11 5 1
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For example , Satur n wa s calle d Phainon , th e shiner, but wa s als o know n a s
the sta r of Kronos. The moder n name s for the five naked-eye planet s ar e the
names o f th e Roma n divinitie s who wer e more o r les s equivalent t o eac h o f
the Greek gods. The Babylonians , like the Greeks, associated the planets with
gods. Mardu k wa s the most  importan t go d of Babylon. His sta r is the plane t
Jupiter. Th e fac t tha t th e Babylonian s associated th e plane t Jupite r with th e
chief god of their pantheo n i s an interesting parallel to Greek practice . More -
over, Venus wa s associated with Ishtar , th e goddes s o f love and fertility , an d
Mars wit h Nergal , th e go d o f wa r an d pestilence . Thes e parallel s ar e to o
striking to b e due t o chance . Th e Gree k associations ar e probably th e resul t
of Hellenization o f earlier Mesopotamian associations . The divin e associations
came int o us e by the tim e o f Plato .

For the early Greeks, the Sun, Moon, and fixed stars were far more impor -
tant tha n wer e the planets . Th e motio n o f the Sun was intimately connecte d
with the annual cycle of agricultural labors. The phase s of the Moon governed
the reckonin g o f months . An d th e heliaca l rising s an d setting s o f th e star s
told the time of year. Th e irregula r an d nonrepeating motions of the planets
had n o suc h direc t utility . So , i t i s no t surprisin g that Hesiod' s Works  an d
Days (ca . 65 0 B.C.) , whic h contain s a  goo d dea l o f practica l lor e abou t th e
Sun, Moon, and stars , makes no mention o f the planets. There was very little
scientific activit y among th e Greek s concerning th e planet s before th e fourth
century B.C . Gradually, as the problems of early Greek astronomy were solved,
the planets became more important . Explainin g th e bizarr e retrogradation of
the planet s i n term s o f accepted physica l principles wa s one o f the most  dif -
ficult problem s o f Gree k astronomy . Planetar y theor y wa s th e dominan t
problem of Greek astronomy fro m th e time of Hipparchus t o that of Ptolemy,
roughly the second century B.C. to the second century A.D. Only with Ptolemy' s
work in the Almagest did i t become possible for Greek astronomers accuratel y
to predict the positions and motions o f the planets from a  geometrical theory .

Babylonian interest in the planets far exceeded that of the early Greeks—per-
haps because the planetary gods played a greater role in Mesopotamian religion .
Already i n MUL.API N (ca . 650 B.C.) there i s a compendium o f information
about th e motion s o f th e planets , thoug h som e o f i t i s confuse d o r a  bi t
inaccurate. MUL.APIN explicitly mentions tha t the planets change their posi-
tions among the stars but travel on the same path as the Sun and the Moon. The
text also gives some detailed information about the planets' cycles. Consider th e
following notic e o f the behavio r o f Mars :

Mars become s visibl e i n th e East , stand s i n th e sk y fo r on e yea r an d 6
months, o r fo r on e yea r an d 1 0 months , o r fo r 2  years, an d disappear s i n
the West. This star shows either redness and i s bright, o r is ... an d small .

This is  a  fai r descriptio n of  Mars' s synodi c cycle . Mar s is  invisible for a  few
months, whe n th e Su n i s too nea r it . Mar s firs t reappear s when i t make s it s
morning rising , in th e eas t just befor e sunrise . The plane t remain s visible in
the nigh t sk y for a long time—nearly two years, but thi s is somewhat variable.
Mars finally disappears again when the Sun comes too near it. The last visibility
of Mar s i s a t th e tim e o f it s evenin g setting : Mar s set s i n th e wes t shortl y
after sunset , an d th e nex t nigh t i t i s no t see n a t all . Th e sam e passag e also
explicitly mention s tha t Mar s usuall y look s re d i n color , bu t tha t i t appear s
much brighte r i n som e part s of its cycl e tha n a t others .

Because a given planet doe s not behav e in exactl y the sam e way from on e
cycle to th e next , generalize d rules such a s those cite d i n MUL.APIN are no t
sufficient fo r constructing a  theory of planetary motion with predictive power .
Of course, one does need this sort of broad understanding before more detailed
work ca n eve n begin . Bu t i t mus t b e supplemente d b y specific , accuratel y
made individua l observations . Regula r observation o f the planets—and , wha t
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is just as  important, carefu l recor d keepin g of  the observations—commence d
in Babyloni a a t a n earl y date . Ther e ar e tw o importan t reason s wh y thi s
happened i n Babyloni a but no t i n Greece .

In Babyloni a the planet s were believed t o provid e importan t sign s for th e
future o f th e state . I n MUL.APIN , fo r example , ther e i s a  lis t o f omen s
associated wit h th e sta r o f Marduk (Jupiter) .

If the sta r of Marduk become s visibl e at the beginnin g o f the year , in thi s
year th e cro p wil l prosper .

If the sta r o f Marduk reache s the Pleiades , in thi s year the Stor m god will
devastate.

If th e sta r o f Marduk i s dark whe n i t become s visible , i n thi s yea r ther e
will b e asakku-disease?

MUL.APIN and othe r Babylonia n materia l contain man y othe r kinds of
omens, base d on th e fixed stars, the winds, and th e behavior of animals. Th e
Greeks believe d in man y o f these sam e kinds o f omens. On e nee d onl y loo k
at th e rule s of persona l behavio r an d th e lis t o f luck y an d unluck y day s o f
the month in Hesiod's Works  and Days, or the rules for predicting the weather
from th e behavior of dogs and geese in the second part of Aratus's Phenomena.
But amon g th e earl y Greeks, ther e was no traditio n o f taking sign s from th e
planets.

Of course, the Greeks did eventually produce a complex system of planetary
astrology, bu t thi s wa s a development o f the Hellenisti c period , afte r Gree k
contact wit h Babylonia n astronom y an d astrology . Th e ris e o f interes t i n
astrology served as a motivation amon g th e Greek s to fin d bette r methods o f
predicting th e motion s o f th e planets—jus t a s th e importanc e o f planetar y
omens ha d earlie r serve d a s a  stimulu s t o th e developmen t o f Babylonia n
planetary theory . Thus , planetar y astronom y mature d a t a n earlie r dat e i n
Babylonia tha n i n Greec e a t leas t partl y becaus e o f it s greate r perceive d
significance fo r th e welfar e o f th e state . For , i n earl y Babylonia , planetar y
omens foretol d matter s o f significanc e to th e kin g o r t o th e whol e nation .
(Only muc h late r do w e find horoscopes fo r ordinary people. )

A secon d reaso n planetar y astronom y prospere d earlie r in Babyloni a tha n
in Greec e i s that th e organizatio n o f Babylonian society favored the keepin g
of astronomica l records . Fro m a  very earl y date souther n Mesopotami a wa s
centralized under one government, i n which ther e was a fairly complete fusio n
of civil and religious authority. Writing was a skill not widely diffused throug h
the populace . Rather , i t wa s a  specia l functio n o f the priestl y scribe s a t th e
temples in Babylon and other majo r cities. In Babylon, at the temple Esangila,
some scribes were assigned the duty of watching the sky at night and recording
everything of significance that transpired. This gave rise to a kind of documen t
called th e astronomical  diary.

The oldes t astronomica l diar y discovered s o fa r i s for 65 2 B.C., but ther e
is no doub t tha t regula r sky watching wa s even older . There ar e Babylonian
compendia o f lunar eclipses tha t g o back t o th e middl e o f the eight h centur y
B.C., an d thes e record s wer e probabl y extracte d fro m diaries . Som e o f th e
astronomical diaries that have been found are clearly the night-by-night record s
of the th e sk y watch: a s the cla y gradually dried i n th e cours e o f a month of
record taking , th e impression s mad e b y th e writin g stylu s graduall y becam e
shallower and shallower. Other tablets are clearly the final, "fair copies" summa-
rizing perhaps hal f a  year's worth o f material . On th e fai r copies , th e writin g
is typically neater, an d th e dept h i s more uniform , indicatin g tha t th e whol e
tablet was written a t on e time .

Here are a  few lines fro m a  diary fo r the yea r 41 9 B.C.:
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Year 5  of Umakus, mont h I , night o f the yth, first part of the night , Venus
was 8 fingers below P  Tauri, Venu s havin g passed fou r fingers to th e east .
Night o f th e 9th , middl e par t o f th e night , th e Moo n wa s 3  fingers in
front o f Mars, th e Moo n bein g a  little low to th e south . Aroun d th e I2t h
or I3th , Saturn' s firs t appearanc e in Pisces .
Night o f the zist , a  "fal l o f fire" occurred i n th e distric t o f Suanna. That
month a  fox appeared i n a  broad stree t o f the city .

In th e firs t entry , afte r th e notic e o f the date , w e hav e a  mentio n o f Venu s
passing b y on e o f th e Babylonia n standar d referenc e star s (calle d normal
stars b y moder n scholars) . Th e "finger " wa s a  Babylonia n uni t o f angula r
measure—usually 1/12° . I n th e secon d entr y i s the notic e o f a conjunction o f
the Moo n wit h Mars , a s well a s a notic e o f th e firs t appearanc e o f Saturn .
Saturn mad e it s morning risin g and wa s in the sig n o f Pisces when i t did so .
Other planetary phenomena regularly listed in the diaries include the beginning
and th e en d of retrograde motion (i.e. , the stations) . Th e diarie s also includ e
much nonastronomica l information : report s of the weather , change s i n th e
level of the river Euphrates, monthl y reports of the prices of essential commodi -
ties such as wool, barley , and sesame , reports of monstrous births , and s o on.

There is no paralle l to thes e astronomica l diarie s i n Gree k history . I n ou r
culture, i t i s popular t o disparag e bureaucrats . Bu t i t wa s the existenc e o f a
centralized government and of a stable bureaucracy that made scientific astron -
omy possible in Babylonia . The absenc e of these features fro m Gree k civiliza-
tion pu t planetar y astronom y outsid e o f the real m o f possibility for the early
Greeks. To this must be added the early Greek propensity for mere philosophiz -
ing rather than makin g carefu l observations . When, a  few centuries later, th e
Babylonian astronomer s turne d t o th e tas k o f constructin g a  theor y o f th e
planets with quantitative , predictiv e power , the y had plent y o f observationa l
data t o wor k from .

7-2 TH E LOWE R PLANETS : TH E CAS E O F M E R C U R Y

In th e nex t severa l sections we examine th e behavio r o f the planet s in mor e
detail, stayin g close to the phenomena, withou t imposin g any particular theo -
retical view . Then , beginnin g wit h sectio n 7.6 , w e tur n t o th e histor y o f
planetary theory among the Greeks and the Babylonians. In the present section
we examin e th e motio n i n longitud e o f th e inferio r planets , usin g Mercur y
as an example.  (Again , we ignore the motio n i n latitude. ) We begi n with th e
following excerp t fro m tabl e 7.1 :

Excerpt fro m tabl e 7.1

Year
1976
1976
1976

Date
Apr 1
Apr 1 1
Apr 2 1

Sun
12°
22
31

Mercury
*11
32
51

Elongation
1° W

10° E
20° E

1976
1976
1976
1976
1976

May 1
May 1 1
May 21
May 31
Jun 10

41
51
60
70
79

61
(631
*58
154J
56

20° E
12° E
2° W

16° W

23^

1976
1976
1976
1976
1976

Jun 20
Jun 30
Jul 10
Jul20
Jul 30

89
99
108
118
127

66
82
101

*

123
143

23° W
17° w
7° W
5°E
16° E
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1976
1976
1976
1976 '
1976

Aug9
Aug 19
Aug 29
Sep 8
Sep 18

137
146
156
166
175

159
173
183
188
183

22° E
27° E
27° E
22° E
8° E

The firs t fou r column s give the year , the date , th e longitud e o f the Sun, and
the longitud e o f Mercury , al l copied directl y fo r tabl e 7.1 . We hav e marke d
a retrogradation of the plane t (i n May, 1976) with squar e brackets, as before.
The planet' s conjunction s with th e Su n are marked with asterisks . Thus, o n
dates nea r April i , Ma y 21 , an d Jul y 15 , Mercur y an d th e Su n ha d th e sam e
longitude.

Two Kinds  of  Conjunctions

Examination o f th e excerp t show s tha t Mercur y ha s tw o differen t kind s o f
conjunctions; w e shall call them progra.de and retrograde  conjunctions.  Aroun d
April i and agai n around July 15 , 1976 , Mercury was in conjunctio n with th e
Sun an d i n prograd e motion . (Thus , Mercury' s longitud e wa s increasing.)
But durin g th e conjunctio n o f May 21 , th e plane t was in retrograd e motio n
(longitude decreasing). Evidently, correspondin g to the conjunctions and op-
positions of the superior planets, Mercury has conjunctions only, but compen -
sates b y having tw o differen t kinds .

Limited Elongations

The fifth column gives Mercury's elongation from th e Sun, that is, the differenc e
between the longitudes of the two bodies. Column five is obtained by subtract-
ing column s thre e an d four . Th e elongatio n i s marked W  whe n th e plane t
lies west of the Su n and E  when i t lies east. Clearly, Mercury cannot b e found
at just any angular distance from th e Sun : Mercury's elongation s are limited
in size . Mercury' s greates t elongation s fro m th e Su n ar e no t alway s exactly
the same . I n ou r example , th e greates t (eastward ) elongation o f April, 1976 ,
was 20°, while the greatest (westward) elongation o f June, 1976, was 23°. (The
greatest elongations ar e marked i n th e excerp t by braces.) Mercury' s greatest
elongations var y between 18 ° an d 28°.

The Synodic  Cycle

With thi s terminolog y established , le t u s now examin e i n detai l th e motio n
of Mercury betwee n Apri l i and July 20. The principa l event s in the synodi c
cycle are th e planet' s conjunctions  wit h th e Sun , the greatest  elongations  fro m
the Su n (whic h ar e the time s o f best visibility), and th e stations  (whic h mar k
the beginning s an d end s o f th e retrograd e motion) . W e ca n se e that the y
occur i n th e followin g order:

Prograde conjunctio n Apri l 1
Greatest eastwar d elongatio n Apri l 2 6
First statio n Ma y 1 1
Retrograde conjunctio n Ma y 21
Second statio n Ma y 31
Greatest westwar d elongatio n Jun e 1 5
Prograde conjunctio n Jul y 1 5

Four othe r event s in the synodi c cycl e must b e mentioned, whic h ar e not
as eas y to rea d directl y off table 7.1 but whic h playe d a  very importan t rol e
in Babylonia n astronomy. These are the planetary phases. Around th e tim e of
a conjunction , th e plane t i s invisible , for i t i s too nea r th e Sun . A fe w days
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after th e retrograd e conjunction o f May 21 , Mercury emerged fro m th e Sun' s
rays, t o th e righ t (o r west) o f th e Sun , an d coul d b e see n risin g in th e eas t
just befor e sunrise . Thi s even t i s calle d th e firs t morning  rising  an d mark s
Mercury's first appearance as a morning star. The plane t was visible as morning
star unti l a  fe w day s befor e th e prograd e conjunctio n o f July 15 . The n th e
star mad e it s last  morning  rising  and disappeare d int o th e ray s of the Sun .

A few days after th e the prograde conjunction of July 15, the planet emerged
to th e lef t (east ) o f th e Su n an d coul d b e see n i n th e wes t shortl y befor e
sunset. Thi s i s th e firs t evening  setting. The plane t remaine d visibl e a s a n
evening sta r unti l shortl y befor e th e nex t retrograd e conjunction , aroun d
September 23 . Then i t mad e it s last  evening  setting. The importanc e o f first
and las t visible risings and setting s i n Babylonia n astronom y ca n hardl y b e
overstressed. Th e oldes t plane t observation s w e posses s fro m Babyloni a are
notices of the first and las t visible risings and settings of Venus from th e reign
of Ammi-saduqa (mentione d i n sec . 1.2) .

7.3 OBSERVATION : O B S E R V I N G TH E PLANET S

Of the five planets visible to the naked eye, three repay close watching: Venus ,
Mars, an d Jupiter . Th e remainin g tw o ar e les s suitabl e fo r a  progra m o f
observation—Mercury becaus e i t i s s o rarel y visible , an d Satur n becaus e it s
motion i s so slow.

The bes t wa y t o ge t starte d i s t o hav e someon e wh o know s th e planet s
point the m out t o you at night. A number of magazines for amateur astrono-
mers provid e monthl y notice s o n th e stat e o f th e heavens , includin g chart s
of the position s of the planets among th e constellations.  Two suc h magazines
are Astronomy and Sk y an d Telescope.

After yo u becom e acquainted wit h th e planets , you will find that you can
recognize them , eve n afte r lon g disappearances . First , the planet s ar e always
found i n th e zodia c constellations . So , i f you se e a "star" i n Taurus whic h i s
not on your star chart, i t must be a planet. Second, Venus, Mars , and Jupiter
are al l bright, usuall y brighter tha n an y star s in thei r vicinity . (Mercur y an d
Saturn ar e dimmer.) Third , th e planet s d o no t twinkl e a s the fixed stars do ,
but shin e with a  steady light. Finally , the color s o f the planet s are helpful i n
distinguishing the m fro m on e another . I n th e tent h boo k o f th e Republic,
Plato describe s thei r color s i n th e followin g terms: Satur n an d Mercur y are
yellow; Venus an d Jupite r ar e very white; Mar s i s a littl e red.

Your observation s must b e good enough , an d exten d ove r a  long enoug h
period of time, to reveal the motion of a planet through the star field. Especially,
you wil l want t o observ e th e plane t revers e direction o n enterin g or leaving
retrograde motion. This require s making a t leas t one observatio n a week for
one o r tw o months . Yo u will need a  good sta r char t o n whic h t o recor d th e
positions o f th e planet s a s you se e them. Th e observation s should b e mad e
carefully, b y the metho d o f alignments . Fin d i n th e sk y a line between tw o
identifiable star s on which th e planet lies . Relative distances may be estimated
by counting fists or finger widths. Suppos e that you sigh t Mars on a  straight
line between tw o stars with whic h yo u are familiar. Holding your hand s ou t
at arm' s length , yo u fin d tha t th e plane t i s two fingers fro m th e uppe r sta r
and fou r finger s fro m th e lowe r sta r (i.e. , twic e a s close t o th e uppe r star) .
This informatio n will allo w you t o mar k th e planet' s positio n o n you r star
chart rather accurately. Verify you r first alignment b y other alignment s using
different stars .

After markin g th e planet' s positio n o n you r chart , b e sur e t o labe l th e
mark with th e nam e o f the plane t and th e dat e o f the observation . In man y
cases, a n observatio n mad e onl y a week or tw o late r will reveal a shif t i n th e
planet's position .
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7.4 TH E U P P E R PLANETS : TH E CAS E O F MAR S

The Synodic  Cycle  of  a  Superior  Planet

Consider th e synodi c cycl e of Mars. Th e ke y events are conjunction, opposi -
tion, an d th e tw o stations . Fro m th e portio n o f tabl e 7. 1 for 1979-1981 , we
see that the y occu r i n th e followin g order :

Event Date  Mars  Sun
Conjunction 197 9 Jan 1 6 29 7 29 6
First statio n 198 0 Jan 1 1 16 5 29 0
Opposition 198 0 Feb 25 33 6 15 6
Second statio n 198 0 Apr 5  14 6 1 6
Conjunction 198 1 Mar 3 1 1 1 1 1

To these  must be added the first and last visible risings and settings, which
were s o importan t i n Babylonia n astronomy . Thes e planetary  phases  fo r a
superior planet are different fro m thos e o f an inferio r plane t (discusse d in sec.
7.2). Th e superio r planet s ca n b e a t an y angula r distanc e fro m th e Sun .
Moreover, becaus e the superio r planets mov e mor e slowl y than th e Sun , th e
Sun overtake s them . Therefore , th e phase s o f the superio r planets ar e rathe r
similar to thos e o f the fixed stars (the so-called dock-pathed stars that li e near
the ecliptic ; se e sec. 4.9) .

Two phases are particularly important: th e morning risin g and the evening
setting. Around th e conjunction o f January, 1979, Mars was invisible. A couple
of weeks later , the Su n moved on , leavin g Mars behind . No w Mar s coul d b e
seen risin g i n th e east , jus t befor e sunrise . Thi s i s Mars's morning  rising.  A
few week s befor e th e conjunctio n o f March, 1981 , th e Su n was again clos e t o
Mars. Thus , Mar s coul d b e see n settin g i n th e west , jus t afte r sunset . Th e
next night , Mar s was no longe r visible. The las t observable setting was Mars's
evening setting. The plane t remaine d invisibl e between it s evening setting and
its nex t mornin g rising .

Constructing a Table  of  Oppositions

For th e superio r planets , Babylonia n astromon y focuse d o n predictin g th e
first appearance (mornin g rising ) and th e disappearanc e (evenin g setting) , a s
well a s th e beginnin g an d en d o f retrograd e motion . Ther e wa s als o som e
attention devote d t o th e oppositions , bu t these  were no t a s important .

Ptolemy complaine d abou t jus t this circumstanc e in Almagest IX, 2. Mos t
of th e olde r observation s availabl e t o Ptolem y wer e o f station s an d phase s
(first an d las t visibilities) . Thes e wer e undoubtedl y Babylonia n records , ex -
tracted fro m th e astronomica l diaries , tha t ha d com e t o Ptolem y throug h
Hipparchus. Ptolem y rightl y complain s tha t station s an d phase s are difficul t
to observ e wit h an y precision . Eve n th e da y o n whic h a  statio n occur s i s
uncertain, sinc e the plane t ma y scarel y move fo r a  week o r more . The date s
of firs t morning rising s and las t evenin g setting s ar e uncertai n becaus e the y
are affecte d b y atmospheric condition s an d difference s i n th e eyesigh t o f th e
observers. In his own investigations of the superior planets, Ptolemy therefore
relied almos t exculsivel y on th e oppositions .

Here we will examine a  list of some oppositions o f Mars, learn how i t was
compiled, an d se e what i t ca n b e use d for . Table 7. 2 lists the opposition s o f
Mars tha t occurre d betwee n 194 8 an d 1984 . Th e firs t colum n give s the dat e
of eac h opposition , th e secon d give s the Julia n da y number , an d th e thir d
gives th e longitud e o f the plane t a t the momen t o f opposition. Th e dat a for
the year s 1971 and late r were taken fro m tabl e 7.1 . The earlie r oppositions ar e
included a s extra information .

Admittedly w e ar e bein g a  trifl e slopp y wit h th e ter m "opposition" : th e
dates and longitudes listed in table 7.2 apply strictly to the centers  of the planet's
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TABLE 7.2 . Opposition s o f Mars, 1948-198 4

Date

1948 Feb 17

1950 Mar 25

1952 May 5

1954 Jun 25

1956 Sep 11

1958 Nov 14

1960 Dec 27
1963 Feb 1
1965 Mar 10
1967 Apr 18

1969 Jun 5
1971 Aug 9
1973 Oct 24
1975 Dec 13
1978 Jan 21

1980 Feb 26

1982 Apr 2

1984 May 14

Julian Day

243 2599
3366
4138
4919
5728
6522
7296
8062
8830

243 9599
244 0378

1173
1980
2760
3530
4296
5062

244 5835

Longitude

147 1/2°
181
220
273 1/2
349
54
99
135
168
204 1/2
250
317
32
84
122
155 1/2
189 1/2
230

retrograde arcs  an d no t t o it s actual  oppositions . (W e wil l ignor e th e smal l
errors entailed by blurring this distinction in order to streamline the analysis.)1

The manne r b y which the y wer e obtained i s best explaine d b y example . Let
us consider the retrogradation of 1971. The entries from table 7.1 are reproduced
in th e excerp t below .

Excerpt fro m tabl e 7.1

1971
Date

Jun 17
Jun 27
Jul7
Jul 17
Jul27
Aug 6
Aug 16
Aug 26
Sep 5

Sep 15
Sep 25
Oct 5

J.D.

244

1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230

Sun

85
95
104
114
123
133
143
152
162
172
182
191

Mars

319
321
322
[3221
320
318
315
313
13121
312
314
316

Mars's retrograde arc stretches fro m longitud e 322 ° t o 312° . The midpoin t o f
this ar c i s 317° (31 7 lie s halfway betwee n 31 2 an d 322) . This i s th e figur e w e
have put int o tabl e 7.2 for the retrogradatio n o f 1971. The planet' s longitud e
was 318 ° o n Augus t 6  an d 315 ° o n Augus t 16 . Th e dat e whe n Mar s reached
longitude 317 ° therefore fell sometim e between the sixt h an d th e sixteent h of
August. Linea r interpolatio n yield s Augus t 9 , whic h wa s J.D . 244 1173 , an d
this i s the dat e we have listed i n tabl e 7.2.

Using the  Table  of  Oppositions

Let us see what use can be made of table 7.2. Firs t of all, let us note it s general
features. The opposition s follow one another a t intervals of roughly two years
and a  month , o r tw o year s an d tw o months . Furthermore , th e longitud e
increases fro m on e oppositio n t o th e next . Th e average  increase in longitud e
is about 50° , but ther e i s considerable variability. (Th e shift s rang e fro m 34 °
to 75°. ) O f course , Mar s doe s no t simpl y trave l forwar d 50 ° betwee n on e
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opposition and the next. Rather, it goes forward all the way around the ecliptic,
plus about  50° more.

Period Relations  Th e tabl e o f opposition s reveal s a connection amon g th e
planet's tropica l motion , it s synodi c motion , an d th e motio n o f th e Sun .
Consider two oppositions of Mars that occurred at the same longitude. Inspec -
tion o f the tabl e shows that no tw o oppositions satisfy thi s condition exactly;
however, th e opposition s o f 196 5 an d 198 0 occurre d a t nearl y th e sam e par t
of th e sky—th e forme r a t longitud e 168° , an d th e latte r a t 15 5 1/2° , s o th e
discrepancy i s only 1 2 1/2° . Now , betwee n an y tw o entrie s i n tabl e 7.2, th e
planet complete d a  whole numbe r o f synodic cycles , since th e synodi c cycle
is nothin g othe r tha n th e perio d fro m on e oppositio n t o th e next . Betwee n
the opposition s of 1965 and 1980 , seven synodic cycles elapsed. But since these
two opposition s occurre d a t nearl y th e sam e longitude , th e tim e interva l
between the m als o containe d ver y nearly a whole numbe r o f tropical  cycles.
The plane t mad e a  whole numbe r o f trips aroun d th e ecliptic .

How man y trips ? Betwee n th e oppositio n o f 196 5 an d th e nex t on e i n
1967, th e plane t complete d on e tropica l revolution , plu s th e advanc e fro m
168° to 204 1/2°. There is one complete tropica l revolution between each pair
of successive oppositions, plu s a  bit . B y 1980, th e bit s have adde d u p t o a n
additional complet e revolution , so that the oppositio n o f that yea r falls again
at th e sam e plac e a s th e oppositio n o f 1965 . Betwee n 196 5 an d 1980 , Mar s
therefore complete d 7  + 1  = 8 tropical cycles, if we ignore th e 1 2 1/2° discrep-
ancy.

How much tim e elapsed between thes e two oppositions? The firs t opposi -
tion occurre d nea r th e beginnin g of March , 1965 , an d th e second , nea r th e
end o f February, 1980. The interva l was therefore 15 years, almost exactly , the
discrepancy being only about two weeks. Indeed, i f the two oppositions really
did occu r a t th e sam e longitude , a  whol e numbe r o f year s logicall y mus t
separate them. At opposition th e Sun is diametrically opposite the planet. Bu t
if a t th e tw o opposition s th e Su n ha s th e sam e longitude , the n th e tw o
oppositions mus t occu r a t th e sam e time o f year .

To summarize , during the fifteen complete year s that elapse d between th e
oppositions o f Mar s i n 196 5 an d 1980 , we fin d tha t seve n complet e synodi c
cycles an d eigh t complet e tropica l cycle s elapsed. Not e th e relation :

8 +  7  =  1 5 (Mars) .

Number o f tropical +  numbe r of synodic = numbe r o f years
cycles elapse d cycle s elapsed elapsed .

At first sight i t may seem odd tha t th e tropica l an d synodi c motions o f Mars
should hav e an y connectio n wit h th e numbe r o f years gone by , which afte r
all is determined by the motion of the Sun. But let us recall that the occurrence
of retrograd e motio n seem s someho w t o b e determine d b y th e Sun : Mar s
retrogrades whil e i n oppositio n t o th e Sun . Th e perio d relatio n abov e i s
another manifestatio n of thi s fact .

Further examination o f the tabl e of oppositions (tabl e 7.1) wil l remove all
suspicion tha t ou r equalit y 8  + 7  = 1 5 i s a fluke. Actually, this relation is no t
perfectly accurate, because of the minor discrepancies of 121/2° in the longitud e
and two weeks in the time. We can do better if we use instead the oppositions
of 194 8 an d 1980 . Her e th e longitude s ar e 14 7 1/2 ° an d 15 5 1/2° , s o th e
discrepancy is only 8°. The date s of the oppositions, February 17 and February
26, disagre e by onl y nin e days . I n th e almos t exactl y 3 2 years between th e
two oppositions , w e fin d 1 5 synodic cycle s and 1 7 tropica l cycle s completed .
(Between successive oppositions, th e planet completes one tropical revolution,
plus a bit more. In this case the bit s add up to two extra complete revolutions,
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as on e ca n easil y se e b y followin g th e progres s o f th e longitud e number s
between 194 8 an d 1980. ) W e hav e

17 tropica l an d 1 5 synodi c cycle s completed i n 3 2 years;

17 +  1 5 =  3 2 (Mars , bette r result) .

This period relation  is not peculia r to Mars . Simila r rules apply to Jupiter
and Saturn , that is, to al l the superio r planets. O f course , in the cases of these
other planet s differen t number s apply .

This rul e doe s not , however , appl y t o th e inferio r planets , Mercur y an d
Venus. Since these planets have the same tropical period as the Sun, the period
relation i s obviously

number of tropical = numbe r o f years (Venu s o r
cycles elapse d elapse d Mercury) .

The numbe r o f synodic cycle s elapsed i s independent .

Evaluating the Lengths of the Tropical  and Synodic Periods  Th e perio d relation
gives u s a  way o f measuring the tropica l an d synodi c periods . Accordin g t o
our first  for m of  the  relation , Mar s complete s 8  tropica l cycle s in  1 5 years .
One tropica l period mus t therefore be 15/8 = 1.875 years. Similarly, the synodi c
period is 15/7 = 2.14 3 years. Better values for the periods can be obtained fro m
our second , mor e accurat e versio n o f the perio d relation . Thus , th e tropica l
period o f Mar s i s 32/17 =  1.88 2 years and th e synodi c perio d i s 32/1 5 =  2.13 3
years. Thes e result s agre e wit h th e bes t moder n measurement s t o withi n a
fraction o f a day. Later , we shall see how the y ca n be improved eve n further .

7.5 EXERCISE : O N TH E O P P O S I T I O N S O F J U P I T E R

1. Mar k al l the retrograd e arc s o f Jupiter wit h bracket s i n tabl e 7.1.
2. Compil e a  list o f th e opposition s o f Jupiter ove r the whol e perio d fo r

which yo u hav e dat a available . Use a s your mode l tabl e 7.2 . I t wil l b e
sufficiently accurat e to us e the center s o f the retrograd e arcs , just as we
did i n sectio n 7.4 . Interpolat e betwee n th e dat a points , i f necessary, to
obtain th e da y on whic h Jupite r reache d the middl e o f each retrograde
arc.

3. Us e you r tabl e o f opposition s o f Jupite r t o investigat e th e planet' s
periods. Find two oppositions that occurred at about the same longitude.
Check t o see whether th e motions that took place between these opposi-
tions obe y th e rul e

number of tropical + numbe r of synodic =  numbe r o f years
cycles elapse d cycle s elapsed gon e by .

What ar e th e numerica l value s tha t appl y t o thi s perio d relatio n fo r
Jupiter?

4. Us e you r perio d relatio n fo r Jupiter t o mak e estimate s o f th e length s
of the planet' s tropica l an d synodi c periods .

7.6 TH E SPHERE S O F EUDOXU S

Eudoxus on  the  Planets

Eudoxus of Cnidus wa s of the generation intermediate between thos e of Plato
and Aristotle . H e spen t som e tim e a t Athens , wher e h e undoubtedl y kne w
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both men . Eudoxus' s astronomica l work s ha d a  profoun d influenc e on th e
development o f Greek astronomy and cosmology . As discussed in section 2.1 ,
Eudoxus's Phenomena,  the first systematic description o f the Gree k constella -
tions an d th e celestia l sphere , wa s the inspiratio n fo r th e lon g poe m o f th e
same title by Aratus of Soli. Eudoxus was also the first of the Greeks to devise
a geometrical-mechanical theor y of the motions o f the planets. This planetary
theory was described in a  book, O n Speeds,  whic h ha s not survived . Although
Eudoxus's planetar y theor y wa s soon rejected , i t was of tremendou s impor -
tance, fo r two reasons . First , i t pu t th e Greek s o n th e roa d t o a  geometrical
planetary theory . An d second , it s basi c principle s se t th e patter n fo r th e
development o f Greek cosmology .

Our knowledg e of Eudoxus's planetary theory is based entirely on account s
by Aristotle and Simplicius. 11 Aristotle, i n his Metaphysics, discusse s Eudoxus's
system briefly , mention s som e modifications of it proposed by Callippus, an d
finally offers a  modification of his own, intended to make the system physically
more workable. As Aristotle probably knew Eudoxus personally and probably
had acces s to hi s writings, hi s account, thoug h disappointingl y brief , ma y be
relied o n wit h som e confidence .

Simplicius was a sixth-century A.D. commentator on Aristotle. He discusses
Eudoxus's syste m in considerabl e detai l i n hi s commentary o n Aristotle's O n
the Heavens.  Simplicius wrote nearl y 900 year s afte r Eudoxu s an d h e make s
it clear that he did not have a copy of Eudoxus's work, which was undoubtedly
already lost . Rather , Simpliciu s dre w o n Aristotle , a s well a s on a  boo k b y
Sosigenes, the Peripatetic philosopher (second century A.D., not t o be confused
with th e Sosigene s who helped Julius Caesar reform the calendar) . Thi s Sosi-
genes, whose works are also lost, dre w on Eudemu s ( a younger contemporar y
of Aristotle) , wh o wrot e a  History  o f Astronomy  (als o lost) , whic h discusse d
Eudoxus's system . Thus , Simplicius' s Commentary  i s man y step s remove d
from Eudoxus . Althoug h Simpliciu s provides more detai l tha n Aristotle , i t is
clear tha t h e mus t b e used with som e caution .

Historians o f astronom y largel y ignore d Eudoxus' s syste m a s a  bizarr e
contrivance unti l th e nineteent h century , when th e details of the mechanis m
were reconstructe d b y Ideler , Apelt , and , especially , th e Italia n astronome r
Schiaparelli.12 Most modern accounts of Eudoxus's system follow Schiaparelli.13

Let u s begin b y lookin g a t wha t Aristotl e ha d t o sa y of hi s contemporary' s
system:

EXTRACT FRO M ARISTOTL E

Metaphysics XII , 8 , ic>73bi7-iO74ai5

Eudoxus assume d tha t th e Su n an d Moo n are moved by three spheres i n
each case; the first of these is that of the fixed stars, the second moves about
the circle which passes through the middle of the signs of the zodiac, while
the thir d move s about a  circl e latitudinall y inclined t o th e zodia c circle;
and, o f th e obliqu e circles , that i n whic h the Moo n move s ha s a  greate r
latitudinal inclinatio n than that i n which the Su n moves .

The planet s are moved by four sphere s in each case; the first and second
of these ar e the sam e as for th e Su n an d Moon , the firs t bein g the spher e
of the fixed stars which carries al l the sphere s with it, an d th e second , next
in order to it , being the spher e about the circl e through the middl e of the
signs o f the zodia c which is common to al l the planets ; th e thir d is , in al l
cases, a  sphere with its poles on th e circl e through the middl e of the signs ;
the fourt h move s about a circle inclined to th e middle circle [th e equator]
of th e thir d sphere ; th e pole s o f th e thir d spher e ar e differen t fo r al l th e
planets excep t Aphrodite and Hermes , but fo r these tw o th e pole s ar e the
same.

Callippus agreed with Eudoxus in the position he assigned to the spheres,
that i s t o say , i n thei r arrangemen t i n respec t o f distances , an d h e als o
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assigned th e sam e number of spheres as Eudoxus did t o Zeu s and Krono s
respectively, bu t h e thought i t necessar y to ad d tw o mor e spheres in each
case t o th e Su n an d Moo n respectively , if one wishes  t o accoun t fo r th e
phenomena, and on e mor e to eac h of the othe r planets.

But i t i s necessary , i f th e phenomen a are t o b e produce d b y al l th e
spheres acting in combination, to assum e in the cas e of each of the planets
other sphere s fewer b y on e [tha n th e sphere s assigne d to i t b y Eudoxus
and Callippus] ; these latter spheres are those which unroll, or react on, th e
others i n suc h a way as to replac e the firs t sphere of the nex t lower planet
in th e sam e position [a s if th e sphere s assigned t o th e respectiv e planets
above i t di d no t exist] , fo r onl y in thi s way i s i t possibl e fo r a  combined
system t o produc e th e motion s o f th e planets . Now th e deferen t spheres
are, first , eigh t [fo r Saturn and Jupiter] , the n twenty-fiv e mor e [fo r th e
Sun, th e Moon , an d th e thre e othe r planets] ; an d o f these , onl y the las t
set [of five] which carry the planet placed lowest [the Moon] do not require
any reacting spheres. Thus th e reacting spheres for the first two bodies will
be six, and for the next four will be sixteen; and the total number of spheres,
including the deferent spheres and those which react on them, will be fifty-
five. If, however , we choose not to add to the Sun and Moon the [additional
deferent] sphere s we mentioned [i.e. , the two added by Callippus], the total
number of the sphere s will be forty-seven. So much for the numbe r of th e

1 1 4spheres.

Sun an d Moon  Accordin g t o Aristotle , Eudoxu s introduce d thre e sphere s
each fo r the Su n an d Moon . Le t u s consider th e Moon . Refe r to figur e 7.7 ,
which represents a  two-sphere simplificatio n of the system. (W e shall take u p
Eudoxus's complet e syste m i n a  moment.) Th e Eart h (no t shown ) i s a poin t
at th e cente r o f the system . Spher e i  i s the spher e o f th e fixed stars , whic h
rotates westwar d abou t axi s PQ_  in a  day. Th e Moo n M ride s on th e ecliptic ,
which i s the "equator  circle " o f sphere 2 . The axle s of spher e 2  are se t int o
the surfac e of sphere i  a t A  an d B . The angl e betwee n A  an d P  is equal t o
the obliquit y o f the ecliptic—abou t 24° . Spher e 2  rotates eastwar d abou t axi s
AB i n a month. In thi s way , the Moon i s carried eastwar d aroun d th e zodia c
each month , whil e th e whol e sk y (including th e Moon ) i s carried westwar d
about axi s PQ in a  single day .

But, o f course, th e Moo n doe s no t trave l exactl y o n th e ecliptic . Rather ,
the Moon' s path i s inclined (b y about 5° ) with respec t t o th e ecliptic . Thi s
is wh y ther e ar e no t eclipse s o f th e Moo n ever y month . Thus , Eudoxus' s
system fo r the Moon , as described b y Aristotle, require s a  third sphere . Refe r
to figur e 7.8 . I n th e complet e system , th e Moo n M  ride s o n th e "equato r
circle" o f spher e 3 , which rotate s eastwar d abou t axi s C D i n a  month . Th e
Moon's path i s inclined (b y about 5° ) with respec t t o th e ecliptic . Thus , th e
axles of sphere 3  are set into th e zodia c spher e 2  with a  slight inclination : th e
angle betwee n C  and A  i s about 5° . Point T V is a  node  of th e Moon' s orbit :
it i s on e o f th e tw o place s wher e th e Moo n crosse s ove r th e plan e o f th e
ecliptic in th e course of its monthly journey . I f the Moon happens t o be ful l
when i t reache s N, ther e wil l b e a  lunar eclipse .

Now, successiv e eclipse s of th e Moo n a t th e sam e nod e d o no t occu r i n
the sam e zodiac sign . Rather , th e eclipse s graduall y wor k thei r way westward
around th e zodiac. Thus , if there i s an eclipse when the Moon is in the Twins,
later ther e wil l b e a n eclips e wit h th e Moo n i n th e Bull , an d stil l later , a n
eclipse with th e Moon in the Ram. Th e eclipse s will return t o the Twins afte r
an interva l o f abou t 18. 6 years . Thus , th e node s o f th e Moon' s orbi t mus t
work thei r wa y westward aroun d th e zodia c i n 18. 6 years . So , i n figur e 7.8 ,
sphere 2  must rotat e westwar d abou t axi s AD i n 18. 6 years.

Eudoxus's system thus explains a good deal: it accounts fo r the daily motio n
of th e Moon , th e Moon' s motio n i n longitud e aroun d th e ecliptic , an d it s
motion i n latitude. I t explains , as well, the displacemen t o f successive eclipses

FIGURE 7.7 . Simplifie d two-spher e mode l
for th e motion of the Moon. Sphere i  rotate s
westward once a  day. Sphere 2  rotates eastwar d
once a  month.

FIGURE 7.8 . Eudoxus' s mode l fo r the motio n
of the Moon . Sphere i  produces th e daily
motion. Spher e 3  produces the monthl y motion
around a  path slightl y inclined t o th e ecliptic .
Sphere 2  produces th e motio n of the node s
of the Moon' s orbit an d explain s why eclipse s
do no t occu r alway s i n th e sam e zodia c sign .
A simila r mode l was applied t o th e motio n o f
the Sun .



3 0 8 T H E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

FIGURE 7.9 . Eudoxus' s devic e fo r producing
the retrograd e motio n o f a  planet . Sphere s 3
and 4  tur n a t th e sam e rat e abou t axe s slightly
inclined t o on e another . Th e plane t X  ride s o n
the "equator" o f the inne r sphere .

FIGURE 7.10 . Th e figure-eigh t pat h (calle d a
hippopede) o f poin t X  tha t result s fro m th e tw o
motions show n i n Figur e 7.9 . Th e widt h o f th e
figure eigh t i s greatly exaggerated.

westward aroun d th e zodiac . I n ou r discussio n o f the system, we have adde d
numerical value s an d detail s no t presen t i n Aristotle' s discussion . Bu t th e
essential features of the model are not in doubt. I t is interesting that Simplicius,
in his own account , botche s the discussion of the Moon's system by reversing
the orde r o f sphere s 2  and 3 . In Simplicius' s version, th e Moo n woul d sta y
north o f the eclipti c for nine years, then remain south o f the eclipti c for nine
years! This i s an exampl e o f why we cannot rel y on Simplicius—eve n thoug h
it migh t b e tempting t o d o so , for he provides mor e detail .

As is clear from th e firs t paragrap h o f th e extrac t fro m Aristotle , Eudoxu s
applied a  similar three-sphere system to the motion of the Sun. That is, figure
7.8 can als o represent th e motio n o f the Sun . I n thi s case , M wil l represen t
the Sun. Sphere i must stil l rotate t o the west once a day. Bu t now, o f course,
sphere 3  rotates to th e eas t i n th e Sun' s ow n tropica l period—on e year . Th e
strange thing i s sphere 2 . According t o Aristotle , angle AC i s less for th e Su n
than fo r the Moon. But Aristotle says clearly that th e Sun , too , ha s a motio n
in latitude—tha t i t doe s no t rid e exactl y on th e ecliptic . This, o f course, was
quite mistaken. Probably th e idea that the Sun has a motion in latitude aros e
from slopp y observation s of the Sun' s risin g point a t summer solstice. I f one
year th e solstitia l Su n appeare d t o ris e a  littl e farthe r nort h tha n i t ha d i n
some previou s year , on e woul d infe r tha t th e Su n ha s a  motion i n latitude .
This mistake n ide a wa s stil l curren t i n th e earl y secon d centur y A.D. , for
Theon o f Smyrn a say s tha t th e Moon' s motio n i n latitud e i s ±6° an d th e
Sun's +1/2°. Eve n Simplicius, in his account o f Eudoxus's system, still seems
to accep t th e Sun' s motio n i n latitude . Thi s i s somewhat strang e since, afte r
Ptolemy's time , ther e wa s no excus e for a n astronome r t o hol d suc h a  view.
This is  yet  anothe r exampl e of  Simplicius' s inadequat e understandin g of
astronomy.

The Planets  I n th e cas e o f th e planets , w e mus t accoun t no t onl y fo r th e
daily westward motio n an d th e tropica l motio n aroun d th e zodiac , bu t als o
for retrograd e motion . I n th e extrac t above , we learn that Eudoxu s use d fou r
spheres for each of the planets . The tw o outer spheres are essentially the same
as in figure 7.7. Spher e i produces th e daily westward motion. Spher e 2 carries
the plane t eastwar d aroun d th e zodia c in th e planet' s tropica l period . Thus ,
for Mars , sphere 2 would complete one revolution in about 2  years; for Jupiter,
in abou t 1 2 years.

To produc e retrograd e motion , Eudoxu s inserte d a  two-spher e assembl y
inside spher e 2 . Fo r th e two-spher e assembly , se e figur e 7.9 . Spher e 3  an d
sphere 4  bot h execut e on e rotatio n i n a  tim e equa l t o th e planet' s synodi c
period. The axle s of sphere 4 are inserted into sphere 3 at G  and H. Th e angl e
between th e tw o axe s o f rotatio n i s small , an d th e tw o sphere s rotat e i n
opposite directions . Th e plane t i s a point X  locate d o n th e "equator " o f th e
inner sphere . Th e questio n is : wha t sor t o f motio n o f X  result s fro m th e
combination o f tw o rotationa l motions ? In fact , X  execute s a sor t o f figure-
eight motion , a s show n i n figur e 7.10 . Th e resultin g figur e eigh t i s quit e
narrow. I f th e angl e betwee n axe s EF an d G H i s 5° , the figur e eigh t wil l b e
10° long , bu t onl y 2/10 ° wide a t th e tw o wides t spots .

If axle s E  an d F  of the two-spher e assembl y are inserte d int o th e eclipti c
of spher e 2  in figur e 7.7 , th e resul t i s Eudoxus' s complet e model , a s show n
in figure 7.11. The plane t ride s around i n a  figure-eight pattern (produce d b y
spheres 3  and 4) , whil e the figur e eigh t i s carried eastwar d abou t th e eclipti c
by the motio n o f sphere 2 . The combinatio n o f motions therefor e produces
a steady eastward motion o f the planet around the ecliptic with a  superimposed
back-and-forth motion . I f th e motio n backwar d o n th e figur e eigh t i s fas t
enough, i t can more tha n mak e u p fo r the stead y eastward motion o f sphere
2, and retrograd e motio n wil l result .
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Eudoxus's mode l explain s in a t leas t a  roug h wa y the basi c properties o f
planetary motion: th e westward dail y motion, th e eastwar d zodiaca l motion ,
and th e occasiona l retrogradations . And i t doe s thi s i n a  wa y tha t wa s i n
keeping wit h th e principle s o f Gree k celestia l physics. Al l th e motion s ar e
uniform an d circular . And th e whole system has one single center—the cente r
of the cosmos , wher e th e Eart h lies.

What about the numerical values of the important parameters—the rotation
rates and th e inclination s of the axes ? The rotatio n periods are simple: sphere
i rotate s onc e a  day ; spher e 2 , in th e planet' s tropica l period ; sphere s 3  and
4, in the planet's synodi c period. Moreover , Simplicius explicitly connects the
tropical an d synodi c periods t o th e rotation s o f the sphere s in just this way.
According to Simplicius, Eudoxus assigned the following values to the tropical
and synodi c periods :

Periods o f the planet s accordin g to Eudoxus

Planet
Mercury
Venus
Mars
Jupiter
Saturn

Tropical period
1 year
1 yea r

2 year s
12 year s
30 year s

Synodic period
110 days

19 months
8 month s 20 day s

13 months
13 months

Actual period s o f the planet s

Planet
Mercury
Venus
Mars
Jupiter
Saturn

Tropical period
1 yea r
1 yea r

1.88 years
11.86 year s
29.42 year s

Synodic period
116 day s
584 days
780 days
399 day s
378 day s

Thus, mos t o f Eudoxus' s period s ar e reasonabl y good approximations . Th e
only glarin g proble m i s th e valu e o f Mars' s synodi c period . I t i s scarcely
possible tha t Eudoxu s coul d hav e mad e suc h a n error , fo r i t take s onl y th e
most casua l observation to realize that the synodic petiod o f Mars is over two
years. S o we hav e her e eithe r a  misunderstandin g o n th e par t o f Simplicius
or a  corruption o f hi s text .

The mos t delicat e question i s then th e inclinatio n o f the axe s of the tw o
spheres (number s 3  and 4 ) responsibl e for producin g th e figur e eigh t Som e
modern commentator s hav e attempte d t o deduc e th e value s of these  angles
of inclination that would produce the best agreement with the actual planetary
motions. But , in fact , w e have no idea  what values Eudoxus assigned to these
angles—or eve n i f he assigne d an y numerica l values at all .

Eudoxus's Intentions  I t i s unlikel y that Eudoxu s gav e numerica l value s fo r
the angle between the axes of spheres 3 and 4 . In th e cas e of Venus and Mars ,
he could not possibly have done so, for it turns out that , for these two planets,
Eudoxus's mode l i s no t actuall y capabl e o f producin g retrogradatio n a t all !
Let T  denote the length of the tropical period and S  the length o f the synodic
period. Le t i  denot e th e angl e o f inclinatio n betwee n th e axe s o f sphere s 3
and 4  (th e tw o sphere s responsibl e for producin g th e figure eight) . I t turn s
out tha t retrograd e motion i s possible only if

T sin i > S.

FIGURE 7.11 . Eudoxus' s mode l fo r the motions
a planet . Sphere I  produces th e dail y westward
motion. Sphere 2 produces the eastwar d motion
around th e ecliptic . Spheres 3  and 4  together
produce th e back-and-fort h motio n require d for
retrogradation.

Since S> Tfor  Mar s and Venus, retrograde motion wil l not occur , no matter
what valu e of i  i s chosen .
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FIGURE 7.12 . Th e hippopede , regarde d a s an
abstract mathematica l curve , can be produce d b y
the intersectio n o f tw o surfaces . A  cylinder
pierces a  sphere an d i s tangent t o th e spher e
from th e inside . The hippoped e i s the curv e of
intersection.

Even i n th e case s o f th e othe r planets , i t i s unlikel y that Eudoxu s gav e
values for /' . There was no traditio n o f accurate planetary observation amon g
the Greek s tha t migh t hav e supplie d th e ra w data (suc h a s observed length s
of the retrograd e arcs) required fo r fixing the parameters . Moreover , suc h an
endeavor would have been alien to the spirit of Greek astronomy in the fourt h
century B.C.

Eudoxus probabl y mean t hi s syste m t o serv e two functions . First , i t di d
explain th e basi c fact s o f planetar y motio n i n wa y that wa s consisten t wit h
accepted physica l principles. This did no t mea n th e mode l wa s supposed t o
be literally true, or that it was believed to represent the motions in quantitative
detail. Rather , th e mode l wa s intende d a s a  sor t o f physica l allegory : th e
universe migh t wor k mor e or  les s lik e this . Eudoxus' s model s can  be  seen ,
then, a s a continuation o f the traditio n o f physical speculation characteristi c
of Ionian philosoph y o f the precedin g century .

Thus, one should not attempt to read too much significance into the details
of th e model . Simpliciu s wa s on e o f th e firs t t o g o astra y i n thi s way . Fo r
example, Simpliciu s says that Eudoxu s used the width of the figure eight t o
account fo r the planets ' latitudes (i.e. , thei r departures from th e plan e of th e
ecliptic), an d a  numbe r o f moder n writer s hav e accepte d thi s explanation .
But, a s remarked above , t o produc e retrograd e arc s o f modes t length , onl y
very narro w figure eight s ar e required . The mode l ca n almos t b e visualized
as producing a  back-and-forth motion i n th e plan e of the eclipti c (superim -
posed o n th e stead y eastward motion due to spher e 2) . Moreover , the whol e
pattern o f latitudinal motio n i s wrong: th e mode l would requir e a  planet t o
reach both th e norther n an d th e souther n extreme s in latitud e twic e i n each
synodic cycle—instead o f reaching each limi t once , a s is the actua l case. So it
is prett y clea r tha t Eudoxu s onl y wante d t o accoun t fo r th e thre e motions :
the daily motion, the tropical motion aroun d the ecliptic, and retrogradation .

Second, Eudoxu s intende d hi s mode l t o serv e a s a n aren a fo r provin g
difficult an d interestin g geometrica l theorems . Th e essentia l problem pose d
by Eudoxus' s syste m i s of thi s sort : give n tha t a  point ( X i n fig . 7.9 ) move s
with a  certai n combinatio n o f motions , deduc e th e figur e trace d out . Thi s
belongs t o a  traditional clas s of problems i n Gree k geometry .

According t o Simplicius, Eudoxus called the figure eight traced ou t b y the
motions of spheres 3 and 4  a hippopede—that is , a horse fetter or hobble. Thus,
it i s clea r tha t Eudoxu s understoo d th e genera l characte r o f th e curve . I n
modern times , th e geometrical  properties o f the hippoped e were worked ou t
by Schiaparelli. It turns out, for example, that the hippopede i s the intersection
of a sphere with a  cylinder tha t pierce s it and touche s i t fro m insid e (se e fig.
7.12). Problem s o f thi s typ e als o wer e a  par t o f Gree k mathematics . Fo r
example, Eudoxus' s teacher , Archytas , i s said t o hav e solved th e proble m o f
the duplicatio n o f the cub e by means o f the intersectio n o f three surface s o f
revolution—a cone , a  cylinder, an d a  torus. Thus , the demonstration o f the
geometrical propertie s o f th e hippopede , includin g it s equivalenc e t o th e
intersection o f a sphere with a  cylinder, was well within th e power s o f Gree k
mathematics o f Eudoxus's time .

The Modifications  of  Callippus  and  Aristotle

Aristotle tell s u s i n th e extrac t abov e tha t Eudoxus' s planetar y syste m was
modified b y Callippus (ca . 330 B.C.). Callippus needed on e mor e sphere each
for Mercury , Venus, an d Mars . And h e added tw o more spheres each to th e
systems fo r the Su n an d th e Moon .

According to Simplicius, the changes in the systems for the Sun and Moon
were require d to explai n the sola r and luna r anomaly—th e fac t tha t th e Su n
and th e Moon d o not appea r to move a t a uniform speed aroun d th e zodiac.
Simplicius say s explicitl y that h e di d no t hav e any work b y Callippus t o go
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by, but wa s relying on Eudemu s (a s quoted by Sosigenes) . Nevertheless, thi s
explanation seem s quite plausible. Let us recall that b y the tim e o f Callippus ,
the inequalit y i n th e length s o f the season s was well established (se e n. 1 0 i n
chap. 5) . The luna r anomaly i s even mor e striking . In twenty-fou r hours , th e
Moon can move b y as little as 11.7° or by as much a s 14.6°. We d o no t kno w
exactly ho w Callippu s propose d t o achiev e a  variable speed b y the additio n
of tw o spheres .

Why Callippu s adde d one sphere each to the systems for Mercury, Venus ,
and Mars we cannot say. Simplicius says that Eudemus explained this addition
quite clearly—bu t then he does not tel l us what Eudemu s ha d t o say! Perhaps
Callippus mean t t o correc t th e obviou s defec t o f th e system s fo r Venus an d
Mars—that is, the fact tha t Eudoxus' s model s fo r these planets did not actually
produce retrograd e motion .

Aristotle's ow n modifications were motivated b y completely differen t con -
cerns. Aristotl e wanted , abov e al l else , t o mak e th e whol e syste m int o a
workable mechanism . Thus , h e propose d t o inser t th e reactin g o r unrolling
spheres. Th e poin t o f thi s modificatio n wa s t o preven t th e sphere s o f th e
outer planet s fro m distortin g th e motion s o f the inne r planets .

Consider the four-spher e system fo r Saturn i n figures 7.11 and 7.9 . I n th e
extract fro m Aristotle , thes e ar e calle d th e deferent  o r "carrying " spheres ,
because the y carr y the plane t an d produc e it s three motions . A  similar four -
sphere syste m fo r Jupiter i s to b e inserte d insid e th e syste m fo r Saturn . Bu t
then th e spheres fo r Jupiter wil l be slung wildly about by the motion s o f the
Saturnian spheres .

Aristotle's solutio n i s as follows. Spher e 4  fo r Satur n carrie s Saturn itself .
Inside spher e 4  let there be a sphere 4', which rotate s abou t th e sam e axis as
sphere 4, but i n the opposite direction. Thi s sphere will unroll, or cancel out ,
the rotatio n o f spher e 4 . Spher e 4 ' wil l therefor e hav e th e sam e motio n a s
sphere 3 . Inside spher e 4 ' le t ther e b e a  spher e 3' , whic h rotate s abou t th e
same axi s a s but i n th e opposit e directio n t o spher e 3 . This wil l cance l ou t
the motio n o f spher e 3 . Similarly, inside spher e 3' , le t ther e b e a  spher e 2' ,
which rotate s about th e same axis as , but i n th e opposit e directio n to , spher e
2. This will cancel out the motion o f sphere 2. The resul t is that the innermos t
unrolling sphere (spher e 2') i s at rest with respec t t o spher e I. That is, sphere
2' rotates once a  day about th e pole s o f the equator . I t ca n therefore serve as
the receptacl e fo r th e syste m o f Jupiter .

So, th e sequenc e i s (the spher e marke d *  actually carries the planet) :

Spheres for Saturn  Spheres  for Jupiter  Spheres  for Mars

Deferent Unrollin g Deferen t Unrollin g
1 2 3 4 * 4 ' 3' 2' 1 2 3 4 * 4 ' 3' 2' etc .

In th e sam e way, th e syste m fo r Mars ca n b e plugged int o th e innermos t o f
the unrolling spheres of Jupiter. It is clear that Aristotle was far more concerned
with makin g th e syste m physicall y plausibl e tha n i n accountin g fo r som e
technical detai l o f planetar y motion . Thi s i s perfectl y consisten t wit h th e
character o f fourth-century Greek physic s an d astronomy .

Ancient Criticisms  of  Eudoxus

Simplicius says tha t th e system of Eudoxus di d no t accoun t fo r the phenom-
ena—and not only phenomena tha t were discovered later, but also phenomen a
that wer e known i n Eudoxus' s time. As an example he mentions th e fac t tha t
the planet s appea r sometime s t o b e closer to u s and sometime s farthe r away .
As Simplicius points out, thi s is especially clear in the case s of Venus and Mars .
These planets appear much large r durin g retrogradatio n tha n a t othe r times .

The Moon , too , varie s noticeably in siz e during th e cours e of the month .
As Simpliciu s point s out , thi s i s clear no t onl y fro m direc t measuremen t o f
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the Moon's angula r size with instrument s but als o fro m th e phenomeno n of
the annular eclipse. During some solar eclipses, even though th e Moon covers
the Su n centrally , a  tota l eclips e is not produced ; rather , a n uncovere d rin g
of Sun ma y be seen aroun d th e perimete r o f the Moon .

According t o Simplicius , "n o on e befor e Autolycu s o f Pitane " trie d t o
account for this obvious variation in the distances of the celestia l bodies, an d
even Autolycus did not succeed . Unfortunately, we have no idea of what sort
of theory Autolycus proposed to explain the variation in distance . Simpliciu s
also mentions the variation in the daily motion o f the planets. H e points out ,
quite rightly, that "th e ancients " (meaning Eudoxus) did not eve n attempt t o
save these  phenomena .

According t o Simplicius , "the ancients " wer e no t sufficientl y acquainte d
with the phenomena, and the Greeks only learned enough about the phenom-
ena when, a t Aristotle's request, Callisthenes go t hold of Babylonian planetary
observations stretching over 31,000 years, dow n t o th e time of Alexander th e
Great, and sent them back to Greece! Callisthenes was the nephew of Aristotle.
He went along on Alexander's campaign as a historian and specimen collector .
He wa s executed b y Alexander i n 32 7 B.C. for disloyalty .

Simplicius's remar k abou t th e importanc e o f Alexander's campaign s an d
about the role of Babylonian observations in the development of Greek astron-
omy i s a  fascinatin g mixtur e o f naiv e gullibilit y and shrew d insight . Th e
Babylonian astronomical records covering 31,000 years are of course, an absurd
fiction. This stor y show s onc e agai n th e aur a o f arcan e knowledg e that , t o
Greek eyes, surrounded Babylonian civilization. Simplicius's remark also shows
his considerable tendenc y t o overestimate th e rol e of philosophers—especially
Plato an d Aristotle—i n th e developmen t o f Greek astronomy . W e nee d no t
put any stock in the roll of Aristotle and Callisthenes in acquainting the Greeks
with th e phenomena . I n fact , th e perio d of greatest Babylonian influence on
Greek astronom y cam e tw o centurie s later . An d yet , Simpliciu s i s perfectl y
correct abou t th e importanc e o f Babylo n t o th e developmen t o f Gree k as -
tronomy.

Finally, let us note that what counted as phenomena i n need of explanation
changed a s Greek astronomy matured. Fo r Eudoxus , th e goa l was to provid e
a philosophically and geometricall y satisfactory explanatio n o f the broa d fea-
tures o f planetary motion. A s we have seen, he ignored no t onl y the planets '
obvious variation in distance (reveale d by changes in brightness), but als o the
anomaly of motion. I t is significant that his theory was criticized most strongly,
not fo r failin g som e precis e numerica l test , bu t fo r failin g t o explai n th e
variations in brightnes s that were widely known an d easil y perceived withou t
the ai d o f instruments .

7.7 TH E BIRT H O F P R E D I C T I O N :
B A B Y L O N I A N GOAL-YEA R TEXT S

As we see from the example of Eudoxus, Greek thought about the planets in the
fourth century was dominated by physical speculation and by the application of
geometry to cosmologica l models with broa d explanator y power bu t with n o
predictive capability . Babylonia n though t a t abou t th e sam e tim e reveal s
completely different concerns . In Mesopotamia , a  primary goal was achieving
a predictive capacity. Remarkably, this may be done without muc h theoretical
apparatus, as long as one has access to long sequences of planetary observations.
The firs t successe s in predictin g th e behavio r o f th e planet s came  fro m th e
recognition that , ove r long enough tim e intervals, the patterns repeat . Some-
what later , th e Babylonia n scribe s di d achiev e a  planetar y theor y wit h a n
elaborate theoretica l structure , which w e shal l study i n sectio n 7.10 .
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Great Cycles  of  the  Planets

The secre t t o predictin g th e futur e behavio r o f th e planet s fro m thei r pas t
behavior lie s i n makin g us e o f th e period  relations  discusse d i n sectio n 7.5 .
For eac h plane t ther e ar e two thing s goin g o n a t once—th e tropica l motio n
eastward aroun d th e zodia c an d th e superimposed , back-and-fort h synodi c
motion tha t i s responsible for retrogradation . Thes e two motion s ar e snarled
together s o that the planet's behavio r i s not th e sam e from on e retrogradation
to the next . Thus , a  planet doe s not retrograd e in the same part of the zodia c
from on e time to the next (figs . 7.3 , 7.4, an d 7.5) . But, if we wait long enough,
after a  whole sequenc e o f retrograd e motions , th e patter n wil l mor e o r les s
repeat. Th e plane t ma y nee d t o g o severa l time s aroun d th e zodia c befor e
anything approximatin g a  repetition occurs .

For Venus , a  very good perio d relatio n is

5 synodic period s =  8  tropical period s =  8  years.

(Since Venu s i s a n inferio r planet , th e numbe r o f tropica l cycle s elapse d i s
equal to th e numbe r o f years gone by.) So, after 8  years, everything about th e
motion o f Venus mus t repeat—no t exactly , but ver y nearly. For example , th e
planet mus t retrograd e i n the same part o f the ecliptic , an d a t th e same time
of year , a s i t di d eigh t year s earlier . We shal l cal l thi s 8-yea r period a  great
cycle o f Venus. The Babylonian s used the 8-yea r great cycle for predicting th e
behavior o f Venus b y the beginnin g o f th e Seleuci d era .

In sectio n 7.4 , w e discovered th e followin g perio d relatio n fo r Mars :

7 synodi c cycle s = 8  tropical cycle s = 1 5 years.

(Since Mar s i s a  superio r planet , th e numbe r o f tropica l cycle s elapsed plu s
the numbe r of  synodi c cycle s elapse d is  equal to  the  numbe r of  years gone
by.) Thus , we could expect everything about the motion of Mars approximately
to repea t afte r 1 5 years . We cal l this 15-yea r perio d a  grea t cycl e o f Mars .

Of course , as table 7.2 shows, the 15-year great cycle for Mars is not terribly
accurate. Afte r 1 5 years , Mars doe s no t reac h oppositio n agai n a t exactl y th e
same par t o f th e zodiac . On e wa y t o improv e th e predictiv e powe r o f th e
great cycle scheme is to take this into account i n making predictions . Anothe r
way i s to us e a  mor e accurat e grea t cycle . A s discussed i n sectio n 7.4 , a  32-
year grea t cycl e fo r Mar s i s a  bette r approximatio n (1 5 synodi c period s =  1 7
tropical period s =  3 2 years).

Predicting th e Behavior  o f Venus  Le t u s examin e th e behavio r o f Venu s i n
1972, usin g table 7.1. Fro m tabl e 7.1 we pick ou t th e date s and longitude s o f
two notabl e event s i n th e synodi c cycle—th e beginnin g and endin g o f retro -
grade motio n (i.e. , th e firs t and secon d stations) . We shal l also pick ou t th e
days when Venu s passe d b y som e referenc e stars—th e Pleiade s (a t longitud e
59°) an d Spic a (203°) .

Behavior o f Venus in 197 5
Passes by Pleiade s Ap r 1 4 longitud e 59°
First statio n Au g 5  longitud e 162°
Second statio n Se p 1 4 longitud e 145°
Passes b y Spica De c 1  longitud e 203°

If w e wishe d t o predic t th e behavio r o f Venu s eigh t year s later , i n 1983 , a
good gues s would b e that everythin g would occu r i n jus t the sam e way. Th e
beginnings and ending s o f retrograde motion woul d occu r a t the same places
and o n th e same days . Venus woul d pas s by important referenc e stars on th e
same da y of the year . Le t u s see how wel l thi s works ou t b y extracting fro m
table 7.1 the Venu s dat a fo r 1983 :
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Behavior o f Venus in 198 3
Passes by Pleiades Ap r 1 2 longitud e 59°
First station Au g 3 longitud e 160°
Second statio n Se p 1 2 longitud e 142°
Passes b y Spica No v 3 0 longitud e 203°

The correspondenc e between  198 3 an d 197 5 i s amazingl y good . Thus , w e
would rarel y be of f b y mor e tha n a  few days an d a  few degrees i n tryin g t o
predict th e behavio r of Venus fro m one great cycl e to the next . Furthermore ,
the next time we wanted t o make a prediction, w e could improve our accuracy
by taking thi s slight defec t into accoun t an d notin g tha t afte r a n 8-yea r cycle
the event s repea t abou t 2  days early .

Goal-Year Texts

The repetitio n o f planetary patterns afte r eac h grea t cycl e formed the basi s of
the firs t successfu l prediction s o f planetar y phenomen a b y th e Babylonia n
scribes. Indeed , ther e exist s a  whol e categor y o f cuneifor m text s tha t mak e
use o f thi s metho d o f prediction . Thes e ar e calle d goal-year  texts,  a  ter m
introduced b y Sachs .

The grea t cycle s attested i n th e cuneifor m goal-yea r text s ar e these :

Jupiter 7 1 year s ( = 6  tropica l = 6 5 synodic periods)
Jupiter 8 3 years ( = 7  tropica l = 7 6 synodic periods)
Venus 8  years ( = 8  tropical = 5  synodic periods)
Mercury 4 6 year s ( = 46 tropica l =145 synodic periods)
Saturn 5 9 year s ( = 2  tropica l = 5 7 synodic periods)
Mars 4 7 year s ( = 25 tropica l = 2 2 synodic periods)
Mars 7 9 year s ( = 42 tropica l = 3 7 synodi c periods)
Moon 1 8 years

Most o f thes e ar e considerabl y longe r (an d mor e accurate ) tha n th e roug h
great cycle s mentione d abov e for  Mars .

Suppose we wanted t o predic t th e behaviou r o f all the planet s durin g th e
year 1983, which would the n b e our goal year. One way to make the predictio n
would b e t o writ e ou t al l the importan t phenomen a tha t occurre d fo r eac h
planet on e grea t cycl e earlier . Thus, we would writ e ou t wha t Jupite r di d i n
1912 (on e 7i-year Jupiter grea t cycl e earlier) , what Venu s di d i n 197 5 (on e 8 -
year Venus great cycle earlier), what Mercury did in 1937 (one 46-year Mercur y
cycle earlier) , and s o on. W e woul d the n hav e a  goal-year tex t fo r 1983 . An d
we would no t b e fa r of f in an y o f our prediction s fo r 1983 .

In th e cuneifor m goal-yea r texts , the planet s ar e always listed in th e orde r
given above , one paragraph o f data being listed for each planet . Whether this
order represente d th e Babylonia n ide a o f th e planets ' distance s fro m Earth ,
or som e sor t o f orde r o f importance , i t i s difficul t t o say . Bu t i t i s probably
significant tha t Jupite r (th e sta r o f Marduk) i s always listed first .

A typical goal-year text usually lists for the planets both synodic phenomen a
and normal-sta r passings , a s i n ou r exampl e above . Th e mos t importan t
synodic phenomen a ar e th e date s o f th e planetar y phases . Fo r th e superio r
planets, th e goal-yea r text s als o giv e th e date s o f th e beginnin g an d en d
of retrograd e motio n an d o f oppositions . Beside s th e date s o f th e synodi c
phenomena, th e goal-yea r texts give the zodiac signs within whic h the y occur .

The normal-sta r dat a ar e notices o f when th e planet s passe d b y the most
important o f the Babylonia n referenc e stars along th e eclipti c (calle d normal
stars b y moder n scholars) . Abou t thirt y star s were use d a s norma l stars , al l
within 10 ° of the ecliptic. 1 Beside s listing the date s a t which a  planet passe d
by each of the normal stars, a typical goal-year text also told how far in angular
measure above or below the star the planet passed. The prediction o f the dates
of th e phenomen a is , o f course , a  bi t mor e complicate d i n th e Babylonia n
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luni-solar calendar than in our calendar. Otherwise, everythin g proceeds mor e
or les s a s in th e exampl e above .

Note that fo r two planets (Jupite r and Mars ) tw o differen t grea t cycles are
used, sometime s i n th e sam e goal-yea r text . Thi s ma y b e becaus e on e cycl e
for eac h plane t gav e somewhat bette r date s fo r th e normal-sta r passing s an d
one gav e somewhat bette r planetary phenomena. 20

Finally, the Babylonian scribes probably also took into account th e imper -
fections o f thei r grea t cycle s i n makin g predictions . On e short , fragmentar y
text, whic h i s assigned t o pre-Seleuci d time s o n th e basi s o f it s us e o f olde r
versions o f th e plane t names , give s directions fo r applyin g th e grea t cycles .
For example , thi s tex t specificall y say s that t o ge t the righ t result s for Venus,
you mus t appl y an 8-yea r cycle, but the n subtrac t fou r days. 21 We sa w above
that th e Venus phenomen a repea t abou t tw o days early after 8  of our (Julian)
years. These tw o result s ar e in goo d agreement .

Let u s se e how thi s work s out . Eigh t Julia n year s com e t o 365.2 5 X  8 =
2,922 days . Bu t th e Babylonian s use d a  luni-sola r calendar . Fo r shor t tim e
intervals, i t i s well approximate d b y th e eight-yea r luni-sola r cycl e (se e sec.
4.7). On e eight-yea r luni-sola r cycl e consist s o f 9 9 luna r month s (fiv e year s
of 1 2 month s an d 3  years o f 1 3 months) . Th e averag e length o f th e synodi c
month i s about 29.53 1 days . Thus , eigh t successiv e Babylonia n year s shoul d
amount t o approximatel y 9 9 X  29.53 1 —  2,924 days—abou t tw o day s mor e
than eigh t Julian years. So, if the Venus phenomen a repea t 2  days early afte r
8 year s i n ou r calendar , the y wil l fal l abou t 4  day s earl y i n th e Babylonia n
calendar.

All th e know n goal-yea r text s ar e fro m th e Seleuci d period . Amon g th e
oldest i s a  tex t fo r 8 1 S.E . (231/230 B.C.) . Th e goal-yea r text s continu e wel l
into th e firs t century B.C . Although th e oldes t survivin g examples happen t o
be from th e third century , simila r texts were probably produced muc h earlier .
The mai n requiremen t fo r predicting the behavio r o f the planet s in this way
is th e possessio n o f a  lon g serie s o f continuou s observation s o f planetar y
phenomena. Exactl y th e righ t sor t o f observational dat a was collected i n th e
astronomical diaries  discusse d i n sectio n 7.1 . Th e oldes t diarie s w e hav e g o
back t o abou t 65 0 B.C. , but the y ma y hav e starte d a s earl y a s th e reig n o f
Nabonassar (747—73 4 B.C.) . Th e longes t grea t cycle s use d i n th e goal-yea r
texts (fo r Jupiter an d Mars ) coul d easil y have emerge d afte r onl y a  centur y
of continuous observation .

The Babylonia n grea t cycle s fo r th e planet s wer e eventuall y adopte d b y
the Greeks. The period relations quoted by Ptolemy as the basis of his planetary
theory in Almagest IX, 2 , were of Babylonian origin, thoug h Ptolem y himsel f
may not hav e fully appreciate d this fact—fo r h e ascribes them t o Hipparchus .

Lunar Phenomena

We wil l no t dea l i n an y detai l wit h luna r theor y i n thi s book , bu t w e must
say enough abou t luna r phenomen a t o explain why the goal-yea r texts use an
i8-year grea t cycl e fo r th e Moon .

The mea n tim e require d fo r th e Moo n t o trave l fro m on e equinoctia l
point, al l the wa y around th e zodiac , an d retur n t o th e sam e poin t i s called
the tropical  month.  I t i s about 27.321 6 days .

The mea n tim e betwee n ful l Moon s i s called th e synodic  month,  roughl y
29.5306 days . The synodi c mont h i s longer than th e tropica l month , becaus e
the Su n advance s o n th e eclipti c i n th e cours e of the mont h an d th e Moo n
must trave l a  bi t farthe r tha n 360 ° t o agai n reac h oppositio n t o th e Sun .
Eclipses of  the Moo n can  occur onl y at  ful l Moon ; thus , if  we know that an
eclipse occurre d o n a  certain day , we might loo k fo r another eclips e a  whole
number o f synodic months later .

But, o f course , eclipse s d o no t occu r ever y month . Th e Moon' s orbi t i s
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inclined b y about 5 ° to th e ecliptic . Thus , a t most  ful l Moons , th e Moo n is
located a  few degrees north o r sout h o f the plan e o f the eclipti c an d escape s
falling int o th e Earth' s shadow . A  luna r eclips e i s possibl e onl y i f th e Su n
happens t o b e located nea r on e o f the tw o nodes  of the orbi t (th e tw o places
where th e Moon's orbi t crosse s through th e plane o f the ecliptic) . I f the Sun
is a t on e node , th e ful l Moo n wil l b e a t th e opposit e nod e an d therefor e in
the plan e o f the ecliptic . Thi s i s why luna r eclipse s d o no t occu r ever y ful l
Moon, bu t rathe r only a bit more ofte n tha n twic e a year, when th e Sun and
Moon ar e simultaneousl y locate d a t opposit e nodes . Now , i t happen s tha t
the node s o f the Moon' s orbi t shif t graduall y westward aroun d th e ecliptic ,
making a  complete circui t i n abou t 18. 6 years. Thus, eclipses of the Moon a t
the sam e nod e d o no t constantl y recu r i n th e sam e zodia c sign , bu t wor k
their way westward throug h abou t tw o signs in three years . The tim e i t takes
the Moon t o travel from on e node o f the orbit, all the way around the zodiac,
and retur n to th e sam e node i s called a  draconitic month,  abou t 27.212 2 days .
(The moder n ter m derive s fro m th e nomenclatur e o f medieva l astronomer s
who referre d t o th e tw o node s a s the "hea d an d tai l o f th e dragon." ) I f we
know th e dat e o f an eclips e of th e Moon , w e might loo k fo r anothe r on e a
whole numbe r o f draconitic month s later .

The Moo n move s a t a  variable speed aroun d th e zodiac . I t move s fastes t
when i t i s at perige e (neares t Earth ) an d slowes t a t apogee . Becaus e of this ,
an eclips e migh t fai l t o occu r eve n i f th e othe r cirumstance s ar e favorable .
Thus, suppos e the mea n Moo n reache s a node o f the orbi t whe n th e Su n is
located a t th e opposit e node . Th e eclips e migh t fai l t o occu r becaus e th e
actual Moo n i s a few degrees ahea d o f o r behin d th e mea n Moo n an d thu s
misses fallin g int o th e shadow . Th e Moon' s perigee is not fixed at on e poin t
in the zodiac but works its way gradually eastwar d aroun d the zodiac, makin g
a complet e circui t i n abou t 9  years . Th e tim e i t take s th e Moo n t o trave l
from perige e (o r fastes t motion ) al l the wa y aroun d it s orbi t an d retur n t o
perigee i s called the anomalistic  month, about 27.554 6 days.

For thes e tw o reason s (forwar d motio n o f th e perige e an d regressio n o f
the nodes ) the  circumstance s of  eclipses do  not  repea t fro m one  yea r to  the
next. But we can form a  longer period afte r whic h th e circumstances d o more
or les s repeat . Suppos e tha t a  lunar eclips e occurs o n a  certain day . If , some
time later , a  whole numbe r o f synodic month s ha s elapsed, a  whole numbe r
of draconitic months ha s elapsed, and a  whole number o f anomalistic month s
has elapsed , th e circumstance s wil l again b e perfect : the Moo n wil l agai n b e
full, i t wil l have returne d t o th e sam e node , an d i t wil l again b e a t th e sam e
distance fro m perige e a s before.

A very satisfactory lunar cycl e i s sometimes calle d b y moder n writer s th e
22saws:

223 synodic =  24 2 draconitic =  23 9 anomalistic month s

The reade r can multiply ou t th e month lengths give n above and se e that thi s
equality holds very nearly. The saro s amounts t o roughly 6,58 5 1/3 days. No w
6,585.33/365.25 = 18.02 9 years.

This i s why th e Babylonia n goal-yea r text s us e a n i8-yea r grea t cycl e fo r
the Moon . W e woul d expec t most  luna r phenomen a t o repea t ver y closely
after a n interval of 18 years. The luna r phenomena liste d in the goal-yea r texts
include not onl y eclipse data bu t als o information abou t th e tim e separatin g
moonset fro m sunset , an d s o on, a t various key times o f month.

7.8 EXERCISE : O N GOAL-YEA R TEXT S
i. Th e result s o f sectio n 7. 5 sugges t tha t 1 2 year s migh t functio n a s a

reasonably goo d grea t cycl e fo r Jupiter . Us e tabl e 7. 1 to se e how wel l
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this works . I n particular , ho w wel l ca n you us e it t o predic t th e date s
and places where retrograde motion begin s and ends and the dates when
Jupiter passe s by Regulu s (longitud e 150° ) an d Spic a (203°) ?
Investigate tabl e 7.1 to fin d a n excellen t great cycl e fo r Mercur y tha t is
much shorte r tha n (thoug h no t quit e a s exact as ) the Babylonia n great
cycle fo r Mercury .
Make a  short goal-yea r text for the curren t year (or for some othe r year
you ar e intereste d in) . Use th e 12-yea r grea t cycl e fo r Jupiter , th e 15-
year cycl e fo r Mars (i f the date s work out) , the 8-yea r cycle fo r Venus ,
and th e grea t cycl e fo r Mercury tha t yo u discovere d i n proble m 2 . For
each planet , we want t o predic t

• th e dat e an d longitud e o f the beginnin g o f retrograde motion ,
• th e dat e an d longitud e o f the en d o f retrograde motion ,
• th e dat e whe n th e plane t passe s by Regulus , an d
• th e dat e whe n th e plane t passe s b y Spica .

Set up you r goal-yea r tex t i n th e followin g way . List th e planet s in
the standar d Babylonia n order . Thus , Jupiter come s first . Fo r Jupiter ,
use table 7.1 to find when and where the phenomena o f interest occurred
in th e yea r that wa s one 12-yea r grea t cycl e befor e th e yea r of interest .
(Note that , i f necessary , you ca n us e multiples o f grea t cycles , e.g. , 24
or 3 6 years . Or , i f th e date s wor k out , you ca n eve n us e th e longe r
Babylonian period s give n i n sec . 7.7.)

Then write ou t al l the phenomen a fo r Venus a s they occurre d som e
number o f 8-year grea t cycle s befor e th e yea r of interest . Continu e fo r
Mercury an d Mars .

Note that a  typical Babylonia n goal-year tex t would have much mor e
information i n it . Fo r example , th e date s of planetary phases were very
important. Also , most  goal-yea r text s included dat a on th e Moon. And
more norma l star s would hav e been included .

Finally, consult thi s year's issue of  the.  Astronomical Almanac, o r som e
other sourc e giving similar information, to se e how well you did . Note
that for some of the poore r great cycles (e.g., the 15-yea r cycle for Mars)
it ma y be helpful t o tak e int o accoun t th e amoun t b y which th e cycl e
falls shor t o f perfection.

7.9 B A B Y L O N I A N PLANETAR Y THEOR Y

The metho d o f prediction o n whic h th e goal-yea r text s i s based require s no
elaborate theory. Predictions are made simply on the basis of repeating patterns.
The price one pays is the necessity of compiling a  complete set of observational
data ove r a n entir e grea t cycl e for eac h planet—u p t o 8 3 years in th e cas e of
Jupiter.

By contrast, th e Babylonian planetary theory that emerged somewha t late r
is a very clever mathematical construction . Th e mathematica l planetar y theory
is unlik e th e goal-yea r metho d i n tha t i t doe s no t requir e gian t compendi a
of data . Rather , th e mathematica l planetar y theory i s based o n a  small set of
numerical parameter s fo r each planet . I t therefor e represents a  large advance
in sophisticatio n an d convenienc e ove r th e metho d o f the goal-yea r texts .

The mathematica l planetar y theor y o f th e Babylonian s reache d it s final,
successful for m shortly afte r the beginning of the Seleucid period. Our knowl -
edge o f Babylonian planetary theory i s based o n abou t 30 0 tablets , almost al l
of whic h cam e fro m tw o sites , Uru k an d Babylon . Mos t o f th e materia l
from Babylo n wa s unearthed i n th e lat e nineteent h centur y b y loca l digger s
who sol d i t t o Britis h representatives . A smalle r portion o f i t was turned u p
by Britis h archaeologica l excavations . Th e grea t bul k o f al l thi s materia l i s
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now i n th e Britis h Museu m i n London . Becaus e of th e haphazar d wa y i n
which i t was acquired, i t i s often impossibl e t o kno w just exactly where an y
individual table t came from—whether a  tablet was really from Babylon,  or, i f
so, jus t wher e i n th e ancien t cit y i t wa s found . Som e o f th e materia l fro m
Uruk cam e from a  German di g conducted i n 1912-1913. The Uru k tablet s are
divided amon g museum s i n Istanbul , Berlin , Paris, Chicago , an d Baghdad .
Most tablet s are  broken . Sometimes , fragment s of  the  sam e table t may  be
found i n differen t museums , o n differen t continents , whic h make s i t al l th e
more difficul t t o establis h joins. The date s o f th e tablet s rang e fro m abou t
300 B.C . to abou t A.D . 50 , but th e grea t bulk fal l int o th e shor t spa n between
200 an d 5 0 B.C .

The astronomer s o f Uruk see m to hav e been most  activ e from abou t 22 0
to abou t 16 0 B.C . Most o f the materia l fro m Babylo n belong s t o th e perio d
170 t o 5 0 B.C. Thus, th e astronomer s o f Babylo n became most  activ e just as
activity was falling of f at Uruk. However , th e very oldest tablets (ca. 300 B.C.),
though fe w in number , are fro m Babylo n itself . So , it i s not clea r why Uru k
was so important a  center for astronomy during this one brief stretch o f time.
It i s interesting that Pliny claimed in his Natural History  tha t there were three
schools of Babylonian astronomy associated with Babylon, Uruk, and Sippar.24

So far, there i s no archaeologica l evidenc e fo r the schoo l a t Sippar , bu t Plin y
was certainly correct about Babylo n and Uruk. The tablet s we possess probably
represent accidents of preservation and excavation . This material gives us snap-
shots of Babylonian planetary theory a t two differen t locations , at a  time when
it had alread y achieved ful l maturity . We canno t sa y what i t looked lik e in die
process o f formation—say, aroun d 40 0 B.C.—fo r w e have little t o g o by .

The firs t understandin g o f these tablet s cam e throug h th e effort s o f three
Jesuit priests , J. N . Strassmaier , J . Epping , an d F . X. Kugler , whos e studie s
spanned th e perio d fro m th e i88o s t o th e 19205 . Thei r wor k wa s based o n
the tablet s i n th e collectio n o f th e Britis h Museum . Ten s o f thousand s o f
cuneiform tablet s were acquired by the British Museum i n the late nineteenth
century. Strassmaier, an Assyriologist, worked t o bring order to the collectio n
and to make the texts available to other scholars by publishing transcriptions—a
task of  man y years . In  the  cours e of  thi s work , he  identifie d a  substantia l
number o f tablets apparently of astronomical significance. He recognize d the
astronomical materia l from it s extensive displays of numbers and it s frequen t
use o f mont h names , bu t ha d n o understandin g o f it s content . Strassmaie r
persuaded Epping, a  Jesuit professor of mathematics and astronomy, t o under -
take a  study. Th e firs t result s were published i n 1881 , i n a n obscur e Catholi c
theological journal . I n hi s first article, Epping succeede d i n understandin g a
good deal of the Babylonian lunar theory, including the use made of arithmetic
progressions. He correctl y identifie d the name s of the planets and th e zodia c
constellations, and correctly determined th e starting point of the Seleucid era.
Strassmaier continue d sendin g materia l to  Eppin g and , afte r Epping' s death ,
to Kugler . Kugler' s wor k opene d th e wa y t o understandin g th e remarkabl e
achievement of the Babylonia n astronomers. A  second wave of scholars carried
the investigatio n forward in th e 19305 , 19405, and 19505 , notably Schaumberge r
and Neugebauer. As a result, our understanding of Babylonian planetary theory
at its maturity is quite complete and detailed . There are many remarks in Greek
and Roman literature about the arcane knowledge of die Chaldaeans (Babylonian
astronomers an d astrologers) , bu t concret e detail s ar e few. Nothing i n Gree k
and Roman literature could have prepared us to understand the level of sophisti-
cation an d succes s achieve d in Babylo n and Uruk .

Classes of  Texts

In Babylonia n mathematica l astronomy , ther e ar e tw o importan t classe s of
texts: ephemerides and procedur e texts. An ephemeris  i s a text that lists planet



P L A N E T A R Y T H E O R Y 31 9

positions o r event s connecte d wit h th e motion s o f th e planet s (e.g. , th e
beginnings an d end s o f retrograd e motion) , calculate d fro m theory , i n a n
orderly time sequence. (Tables 7.1 and 7.2 are modern examples ephemerides.)
The procedure  texts  describ e th e method s t o b e followe d i n computin g a n
ephemeris. I f the procedure texts were clear and complet e enough , on e coul d
hope t o reconstruc t th e detail s o f Babylonia n planetar y theor y simpl y b y
following th e direction s writte n dow n b y th e scribes . Unfortunately , man y
tablets ar e broken , an d th e rule s o f computatio n ar e ver y condensed . I t i s
unlikely that eve n a  Babylonian scribe would hav e bee n abl e t o comput e a n
ephemeris fro m th e rule s in a  procedure tex t without th e benefi t o f face-to -
face instruction by a senior scribe. Thus, most of the progress in understanding
the theor y ha s com e fro m clos e stud y o f th e ephemerides . Th e rule s o f
computation inferre d from a n emphemeri s ca n the n b e checked agains t th e
relevant procedur e text , i f i t exists.

Social Setting of  Babylonian Mathematical  Astronomy

Many of the tablets from Urukhave colophons. Typically , a  colophon include s
the nam e o f th e scrib e who wrot e th e tablet , th e nam e o f the owne r o f the
tablet, and the date on which the tablet was written. Sometime s the colopho n
includes an invocation of the gods—Anu and Antu in th e cas e of tablets fro m
Uruk, Be l and Belt l i n th e cas e of thos e fro m Babylon . I n lat e Babylonian
times, the title Bel ("lord") became synonymous with Marduk. It is interesting
that even Herodotu s (ca . 446 B.C. ) knew that th e Chaldaean s wer e priests of
Bel. Plin y equates Be l with Jupiter , whic h show s tha t he , too , understoo d
the plac e o f Marduk i n Babylonia n religion, and goe s on t o sa y that Be l was
the "discovere r o f the scienc e of the stars"—anothe r reflectio n of the practic e
of astronom y b y th e priest s of Marduk. 27 Thus , i n som e cases , th e remarks
of Greek and Roman writers are confirmed by what we find on the Babylonian
tablets.

A numbe r o f colophons includ e prayer s for th e preservatio n of the table t
or har m t o anyon e wh o ma y stea l it . Som e tablet s deman d secrecy , th e
informed being forbidden from showing the tablet to the uninformed. Because
the scribe usually signs his name in the form "X, son of Y, son of Z, descendent
of Q, " i t ha s prove d possibl e to wor k ou t famil y tree s fo r th e scribe s an d
owners o f tablets. I t turn s ou t that , i n th e cas e of the Uru k tablets , all these
people belonge d t o tw o scriba l families , th e famil y o f Ekur-zaki r an d th e
family o f Sin-leqe-unninnl. "Whether these families represen t real family rela -
tionships o r merel y th e relationshi p o f apprentice s an d student s t o maste r
teachers i s not certain . However , th e passin g on o f a specialized craf t withi n
a family tradition is not improbable . Moreover, these family names are known
also fro m cuneifor m lega l contracts . Man y o f th e scribe s indicat e tha t the y
are priests, or that their ancestors were priests. So, the picture that emerges—at
least fo r Uruk , sinc e colophon s ar e muc h rare r i n th e cas e o f tablet s fro m
Babylon—is tha t th e technica l mathematica l astronom y wa s th e wor k o f a
small numbe r o f people , ofte n relate d b y famil y ties , whos e astronomica l
endeavors were a  part o f the wor k ordinaril y carrie d ou t i n th e temples .

Mesopotamian societ y is often describe d a s one i n which individual s san k
their persona l identities in the interests of the broader community . Kin g and
temple so dominated lif e tha t the ordinary individual lost all importance. Th e
collective natur e o f Babylonia n society i s usually compared, unfavorably , to
the individualis m o f Gree k society . Ther e i s an elemen t o f trut h i n this , o f
course. Th e Gree k cas e present s u s wit h th e spectacl e o f egocentri c poets ,
philosophers, and mathematician s criticizin g their rival s by name, and boldl y
signing thei r names to thei r own works to guarantee that the y receive proper
credit. B y contrast, w e know very little abou t th e originator s o f Babylonia n
mathematical astronomy .
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However, i t i s important no t t o insis t to o strongl y o n these  differences ,
for the Babylonia n astronomical tablet s d o presen t us with a  vivid picture of
intellectual lif e i n whic h th e effort s o f individua l peopl e counte d an d wer e
recognized. At leas t at Uruk , th e scribe frequently signe d hi s tablet and ofte n
noted the nam e o f another scrib e who was the tablet' s owner . Sometime s we
come acros s information abou t th e tablet s themselves , such a s "recently bro -
ken" o r "checked. " Thus, we can picture a lively bureaucracy in which grea t
care was taken with organizational matters. Many tablets include a title describ-
ing th e content s o f the tablet . Thes e title s were ofte n inscribe d o n a n edge ,
so tha t the y coul d b e read withou t draggin g ou t th e table t when th e tablet s
were store d i n rows , lik e book s o n a  shelf.

A traine d scrib e could produc e a  lis t o f th e upcomin g retrogradation s o f
Jupiter b y applying well-established arithmetica l rules . But i t i s important t o
note tha t ther e wer e severa l different version s o f th e theor y o f Jupiter. Th e
same is true for all the other celestial bodies. Thus, a good deal of experimenta-
tion wen t o n wit h th e theorie s ove r th e whol e perio d fo r whic h w e hav e
evidence. Man y scribe s wer e not , therefore , mer e drone s bu t als o creative
theoretical astronomers.

Also, w e d o see m t o hav e th e name s o f tw o individua l theoretician s o f
great significance . On e table t fo r th e ne w an d ful l Moon s o f yea r S.E . 263,
in syste m A of the luna r theory , bear s th e titl e "<tersit> u of Nabu-(ri)-man-
nu. . . ." Anothe r tex t o f new and ful l Moon s fo r two years in system B  of
the Babylonian lunar theory includes the title "tersitu of Kidinnu." Th e same
name appear s i n th e for m Kidi n o n anothe r table t fo r ne w an d ful l Moon s
in syste m B , fo r year s S.E . 208 t o 210. 31 Now , tersitu  ma y mea n "tools, "
"apparatus," o r "equipment. " Th e readin g o f th e nam e o f Naburimann u i s
not quit e certain . Bu t th e conclusio n tha t Naburimann u an d Kidinn u wer e
the originator s o f system s A  an d B  o f th e luna r theor y i s no t implausible .
This appears all the mor e likely in view of the fac t tha t thes e two names were
known t o Gree k an d Roma n writers . I n th e cours e o f hi s descriptio n o f
Babylonia, Strabo says that "the mathematicians" (meaning the Greek astrono-
mers) mak e mentio n o f som e o f th e Chaldaean s (meanin g th e Babylonia n
astronomers), "suc h a s Kidenas and Naburiano s an d Sudines." 32

The Character  of  Babylonian Planetary  Theory

The Babylonian s too k a  completel y differen t approac h t o th e planet s tha n
did th e Greeks . A s fa r a s w e know , th e Babylonian s di d no t visualiz e th e
motions o f the planet s i n term s o f geometrical o r mechanica l models . Thus ,
there i s nothing analogou s t o th e Eudoxus' s theor y o f neste d sphere s o r t o
the later deferent-and-epicycle theory of Apollonius, Hipparchus, an d Ptolemy .
Also, the Babylonians did not base their astronomy on an elaborate philosophy
of nature . Thus , ther e i s no Babylonia n equivalen t o f Aristotle.

Rather, the Babylonian planetary theory was based on arithmetical methods .
Moreover, rathe r than followin g the planet' s motio n aroun d th e zodiac , th e
Babylonian theory emphasized direc t computation o f the important event s in
the synodi c cycle : firs t an d las t visibility , beginning an d en d o f retrograd e
motion, an d opposition . Conside r on e o f these synodic events—say , th e first
station (when retrograde motion begins). A Babylonian ephemeris for Jupiter's
first station coul d b e constructe d withou t worryin g abou t an y o f th e othe r
events i n th e synodi c cycle . Th e firs t statio n coul d almos t b e though t o f as
an objec t i n it s ow n right , whic h worke d it s wa y aroun d th e zodia c a t a
variable pace . I n contrast , th e actua l positio n o f a  plane t a t an y momen t i s
not somethin g tha t i s immediately obtainabl e fro m th e theory . Rather , on e
must interpolat e between  th e event s o f the synodi c cycle .

Finally, while th e earl y Greeks ignored th e zodiaca l anomaly, Babylonian
astronomy confronte d i t directly.  Thus , th e earlies t workabl e Babylonia n
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planetary theories alread y take accoun t o f the fac t tha t th e planets , Sun, an d
Moon do no t mov e a t a steady speed around th e zodiac . Th e firs t stations of
Jupiter (t o continue ou r example ) are not equall y spaced aroun d th e zodiac .
In the next section, we study Babylonian planetary theory by looking i n detai l
at severa l versions of the theor y o f Jupiter.

7 - I O BABYLONIA N T H E O R I E S O F J U P I T E R

We wil l stud y Babylonia n planetar y theor y b y lookin g i n detai l a t severa l
versions of the theory of Jupiter. This planet is well represented in the surviving
material. Indeed , ther e ar e more tablet s devoted t o Jupiter tha n t o al l of the
other planet s combined . Thi s may only reflec t accident s o f preservation, bu t
it may also be connected wit h the importanc e o f Jupiter (th e star of Marduk)
in Babylonia n omens .

Theory of  Jupiter in  System  A

Several version s of th e Jupite r theor y ar e preserved . Th e simples t versio n is
called system A by modern scholars . All synodic event s work their way around
the zodiac i n a  similar fasion. Let us focus o n a  single synodic event—th e first
station. I n syste m A, th e firs t statio n move s alon g th e zodia c a t a  uniform
speed, unti l i t reache s a  jump point , wher e th e spee d abruptl y change s t o a
new constan t value . There ar e just two zone s o n th e zodiac , a  fas t zon e an d
a slow zone. (This was also the case with system A of the solar theory, discussed
in sec . 5.2.)

An Ephemeris  for Jupiter i n System  A  A s usual, things becom e muc h cleare r
when we study particular texts. In figure 7.13 we see a portion o f an ephemeris
for Jupiter . Thi s table t wa s amon g a  larg e group o f tablet s fro m Uru k tha t
were acquire d b y th e Louvr e i n 1913 . Th e sketc h wa s mad e b y Francoi s
Thureau-Dangin, on e of the leadin g Assyriologists of the day . We shal l refe r
to thi s table t a s ACT 600 , sinc e i t i s numbe r 60 0 i n Ott o Neugebauer' s
Astronomical Cuneiform Texts,  which contains translations of and commentar -
ies on al l known tablet s relating to mathematica l astronomy . A transliteration
of the firs t twenty line s of this table t is printed below. 33 The lin e numbers in
the transliteratio n correspon d t o thos e i n Thureau-Dangin' s copy .

In colum n II I th e word MUL.BABBA R ("whit e star" ) appear s in the first
two lines . This i s one o f the name s for Jupiter. Th e word s fo r "firs t station "
appear i n th e firs t thre e line s o f colum n IV . Thus , th e ephemeri s o f figure
7.13 i s a lis t o f firs t station s o f Jupiter.

Let us examine th e extrac t column b y column. Colum n I  is a list of years.
The firs t lin e tells us tha t we ar e dealing with th e yea r S.E. 113. Line 20 i s for
year 133 . I n figur e 7.13 , eac h ne w lin e begin s wit h a  singl e vertica l wedg e
("one"). The sign ME r  fo r a "hundred" follows . The res t of the year number
is writte n a s explained i n sectio n 1.2 . Writin g 11 3 a s 100 +  1 3 i s a  departur e
from stric t base-6 o notation . So , w e se e that th e scribe s sometime s use d a
mixed base-i o an d base-6 o notation . Th e lea p years in colum n I  are marked
"KIN.A" (whe n mont h V I i s doubled) o r "A " (when mont h XII i s doubled) .
Counting in column I  we see that there ar e seven leap years in a  sequence of
nineteen years , a s we would expect . W e ca n chec k t o se e whether th e lea p
years fal l a t th e righ t places :

113/19 =  5 , with remainde r 18 .

From th e sequenc e o f lea p year s give n i n sectio n 4.7 , w e se e tha t S.E . 113
should, indeed , b e a  leap year , wit h a  second mont h VI . S o everything fits .

FIGURE 7.13 . Portio n o f a n ephemeri s o f firs t
stations o f Jupiter accordin g t o syste m A. This
tablet, no w i n th e Louvre , i s from Uruk , secon d
century B.C . From Thureau-Dangi n (1922) .
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Extract fro m AC T 60 0

1

5

10

15

20

I

113KIN.A
114
115 A
116
117
118 A
119
120
121 A
122
123 A
125
126 A
127
128
129 A
130
131
132 KIN. A
133

II

48; 5,1 0
48; 5,1 0
48; 5,1 0
48; 5,1 0
48; 5,1 0
45;54,10
42; 5,1 0
42; 5,1 0
42; 5,1 0
42; 5,1 0
43:16,10
48; 5,1 0
48; 5,1 0
48; 5,1 0
48; 5,1 0
48; 5,1 0
45; 4,1 0
42; 5,1 0
42; 5,1 0
42; 5,1 0

III

BAR
GU4
SU
SU
KIN
DU6
APIN
CAN
ZIZ
ZIZ
SE
BAR
SIG
SIG
IZI
KIN
DU6

APIN
CAN
AB

28:41,40 Jupiter
16;46,50 Jupiter
4;52

22;57,10
11; 2,2 0
26:56,30

9; 1,4 0
21; 6,5 0

3:12
15:17,10
28;33,20
16:38,30
4;43,40

22;48,50
10:54
28:59,10
14; 3,2 0
26; 8,3 0

8;13,40
20;18,50

IV

8; 6
14; 6
20; 6
26; 6

2; 6
5:55
5:55
5;55
5:55
5:55
7; 6

13; 6
19; 6
25, 6

1; 6
7; 6

10; 5
10; 5
10; 5
10; 5

MAS first station
GU firs t statio n
zib firs t statio n
LU
MAS
KUSU
A
ABSIN
RIN
GIR.TAB
PA
MAS
GU
zib
MUL
MAS
KUSU
A
ABSIN
RIN

Column II I contain s mont h names , whic h ar e writte n i n term s o f th e
Sumerian logograms tha t provide d a  compact technica l vocabulary . (Fo r th e
month names , se e sec. 4.7. ) Th e entrie s o f colum n III , wit h mont h name s
and number s tha t rang e fro m i  t o unde r 30 , tel l u s th e calenda r date s o n
which th e first stations of Jupiter occurred . Fo r example, the dat e of the first
station liste d i n lin e i i s year 113 , month BAR , day 28 (and 41/60 + 40/3600
of a day). I n th e extract , the usua l semicolon notatio n (se e sec. 1.2 ) ha s been
used t o separat e the integra l part o f each numbe r fro m th e fractiona l parts .

Column II , use d in the construction of column III , consists of time inter -
vals—the times, over and above twelve complete months, that separate succes-
sive dates in column III . The date s of the stations on lines 4 and 5  are separated
by one whole yea r plu s 4 8 days (an d 5/6 0 + 10/360 0 o f a  day.) Thus ,

Year 11 6 S U 22557,1 0 (dat e o f firs t event )
+ i  48505,1 0 (tim e between events)

Year 11 7 KI N 11502,2 0 (dat e of second event )

Note tha t th e tim e interval s in colum n I I rang e fro m abou t 4 2 to abou t
48 days. An interva l of twelve months plu s 45 days (o r so ) usually causes th e
date o f the statio n t o advanc e on e i n year number, a s well as to jum p ahea d
to the next month. Bu t in the case of a leap year, the thirteenth month absorbs
30 of these days. This is why, on lines 3 and 4, the station stayed in the month
SU tw o year s in a  row .

We mus t mentio n tha t th e "days " use d i n column s I I an d II I ar e no t
exactly day s i n th e usua l sense . Recal l tha t a  Babylonia n mont h coul d b e
either 29  or 30  days long. It  would be  a difficul t to  handl e thi s complicatio n
in th e calculatio n o f a  planetary ephemeris . Thus , th e uni t o f tim e use d b y
the scribe s is actually 1/30 o f a mean synodi c month. Moder n historian s call
this a  tithi. (This is not a  term use d b y the Babylonians . Rathe r i t represents
a borrowin g fro m th e terminolog y o f India n astronomy , wher e th e sam e
convenient idea turns up.) Since the mean synodic month i s about 29.5 3 days,
i tith i i s 29.53/3 0 =  0.984 3 day . Th e advantag e o f tithi s i s tha t whe n 3 0 of
them hav e accumulate d i n a n ephemeris , th e scrib e can recko n tha t a  new
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month ha s started . Fo r practica l dating , th e difference s betwee n tithi s an d
ordinary days can b e ignored. S U 2 2 can b e take n t o b e the 22n d actual da y
of th e mont h SU . Th e differenc e between  2 2 tithi s an d 2 2 day s i s onl y a
fraction o f a  day , an d w e coul d hardl y expec t th e ephemeri s t o b e accurat e
enough fo r thi s differenc e t o matte r i n makin g predictions .

Column IV contains the longitudes of the first stations of Jupiter, expressed
in term s o f degrees an d minutes within zodiac signs. The Babylonia n names
for th e zodiac signs in the form s used in this ephemeris are displayed in figure
7.14: KUS U =  Crab , A  = Lion , an d s o on. Thus , i n colum n IV , line 6 , th e
entry 555 5 KUS U mean s tha t a  firs t station o f Jupiter occurre d a t longitud e
Crab 5°55' . However , i t mus t b e kept i n mind tha t th e sign s are not define d
in th e same manner a s the Greek s defined them (se e sec. 5.2) . The beginnin g
of KUSU ma y occur 8 ° or 10° befor e th e beginnin g of the Gree k sign of the
Crab. All the other Babylonian signs are offset b y the sam e amount fro m th e
Greek signs .

The reade r ma y enjo y comparin g th e cuneifor m numeral s i n figur e 7.1 3
with the extract. To facilitat e comparison, we should mention on e other detail
not discusse d i n sectio n 1.2 . I n colum n IV , lin e 17 , o f figur e 7.1 3 an d th e
extract, th e longitud e o f th e statio n i s writte n a s 105 5 [KUSU] . Th e firs t
digit \ o f the cuneiform numer is 10, with no units. The second digi t r r
is 5 , with n o tens . Thus , \ r r coul d easil y be mistaken fo r 1 5 rathe r tha n
for th e intende d 1 0 5/60. The scrib e therefore inserted a separation mark  (two
small diagonal strokes on line 17 of fig. 7.13) between the digits . The separatio n
mark, which essentiall y plays the rol e of a  zero, removes the ambiguity .

We have succeded i n understanding the basic meaning of all four column s
of figure 7.13 . Le t us no w examin e the syste m tha t was used to calculat e the
entries in thi s ephemeris.

FIGURE 7.14 . Babylonia n name s fo r the zodia c
signs use d i n th e cuneifor m texts , wit h th e
symbols fo r th e Gree k equivalents . Thus, L U
corresponds t o ou r Ra m (Aries) . The figure
also show s th e fas t an d slo w zones o f th e
Jupiter theor y o f system A.

Calculating a n Ephemeris  i n System  A : Positions  I n th e Jupite r theor y o f
system A, th e zodia c i s divided int o tw o zones . Let a y stand fo r th e spacin g
between successiv e firs t station s o f Jupite r i n th e fas t zone . (Th e spacin g
between successiv e occurrences o f th e sam e even t i s calle d th e synodic  arc.)
Let w : stand for the spacin g between successive first stations in the slow zone.
The tw o zone s ar e a s follows:

Fast Wf=  36 ° Arche r o° to Twins 25°
Slow w,  = 30° Twin s 25° to Archer o°

What doe s thi s mean? I f a first station o f Jupiter occur s a t a  certain place in
the fas t portio n o f the zodiac , th e nex t tim e a  first station occurs , i t wil l be
36° farther alon g i n longitude . Similarly , i f a firs t station occur s a t a  certain
place i n th e slo w portio n o f the zodiac , th e nex t tim e a  first station occurs ,
it wil l be 30° farther alon g in longitude . W e ca n see this in th e extrac t fro m
ACT 600 . Colum n I V give s th e longitude s o f successiv e firs t station s o f
Jupiter. Conside r lin e 6 . There a  firs t station i s listed a t 5:5 5 KUSU , tha t is ,
Crab 5°55' . KUSU i s in the slo w zone. So , the nex t time a first station occurs
(a bit more than a year later), it will be 30° farther along in longitude, namely ,
at 555 5 A ( = Lio n 5°55') , just as we fin d o n lin e 7 .

The nex t fe w firs t station s occur a t interval s of 30°—a t 5;5 5 ABSIN , 555 5
RIN, an d 555 5 GIR.TAB . However , th e nex t firs t statio n wil l fal l pas t th e
jump poin t tha t separate s th e slo w fro m th e fas t zone . Som e par t o f th e
motion wil l occur i n each zone , so we must perform an interpolatio n t o fin d
out jus t how far the first station wil l move. The interpolatio n works like this.

The las t station we considered (lin e 10) was at Scorpion (GIR.TAB ) 5°55' ,
in th e slo w zone. I f we add 30 ° that bring s us to Archer (PA ) 5°55' . Bu t th e
slow zon e end s a t Arche r o° . Thus , w e hav e a n extr a 5°55 ' o f motio n int o
the fas t zone . Le t u s call thi s 5°55 ' th e overshoot  past th e jum p point .
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At th e jump point , th e spee d increase s by the fraction

expressed a s an ordinar y fraction , o r a s 051 2 ( = 12/60 ) i n base-6o . W e shal l
call c l th e interpolation  coefficient  fo r goin g fro m th e slo w t o th e fas t zone .
Therefore, w e expec t th e 5°55 ' overshoo t t o b e increased by the amoun t

5Vx f l = 5Vxf

= i°n'.

The actua l distanc e travele d int o th e sig n o f th e Arche r i s therefor e th e
overshoot plu s th e increas e in th e overshoo t du e t o th e chang e i n speed :

5°55' + i°n' = 7°o6'.

Thus, th e nex t firs t station o f Jupiter occur s at Archer (PA ) j°6', just as we
find on line n.

Note tha t th e tota l synodi c ar c (distance between th e tw o stations ) is w =
PA y;6 — GIR.TAB 555 5 = 3i°n', which does, indeed, fal l betwee n the extreme
values o f 30° and 36° .

Further firs t station s wil l be separate d by equa l interval s of 36° , sinc e we
are no w i n th e fas t zone . Thus , we find stations at Goat-Hor n (MAS ) I3°6' ,
at Water-Poure r (GU ) I9°6' , an d s o on. Everythin g proceed s lik e thi s unti l
we leav e the statio n a t Twins (MAS ) 7°6'.  Another 36 ° would tak e u s over
the jump poin t an d int o th e slow zone.

The interpolatio n coefficien t fo r passin g from th e fas t t o th e slo w zone is

_ws-wf
t-2 — ' ws

= 30 ~ 36
36

_ I O

~~6o '

The numbe r of degrees by which th e station would overshoo t th e jump poin t
on th e wa y into th e slo w zone mus t b e multiplie d b y c 2.

In ou r exampl e (AC T 600 , lin e 16) , w e hav e a  statio n a t Twin s (MAS )
7°6'. We add 36°, then see how far this takes us past the jump point a t Twins
25°:

Twins 7 ° 6 '
+ 36 ° oo '

= Cra b 13 ° 6 '
— Twins 25 ° oo '

18° 6'

The overshoo t pas t th e jump poin t mus t therefor e be reduced by
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i8°6' x c 2 = :8°6' x -
IO

6ci

= -3°i'.

The actua l distanc e travele d pas t th e jump poin t i s then

i8°6' - 3°i' = I5°5'.

Therefore, th e position o f the next station i s I5°5' past the jump point (Twin s
25°), o r a t Cra b (KUSU ) io°5' , jus t as we fin d i n lin e 1 7 o f th e extract .

The generatio n of a series of successive first stations in system A is therefore
quite simple. The station s are equally spaced in each zone. We need take extra
care onl y when th e plane t passe s from th e on e zon e t o th e other . Th e onl y
remaining tas k i s to explai n how th e date s o f the station s i n colum n II I ar e
obtained.

Calculating an Ephemeris  i n System  A: Dates  Th e basi c assumptions ar e tha t
the sam e synodi c even t (e.g. , a  firs t statio n o f Jupiter) occur s alway s whe n
Jupiter i s the sam e angula r distanc e fro m th e Sun , an d tha t th e Su n move s
around th e zodia c a t a  unifor m speed . I n th e Babylonia n sola r theory , th e
Sun move s a t a  variable speed , o f course . Bu t thi s complicatio n i s ignore d
when usin g th e Su n t o analyz e th e motion s o f th e planets . Therefore , th e
method of calculating the amoun t o f time betwee n successiv e first stations of
Jupiter reduce s t o figurin g ou t ho w fa r the Su n th e moved . Th e Su n i s the
keeper o f time .

We will need three numerical parameters for our discussion—one pertaining
to Jupiter , on e pertainin g t o th e numbe r o f month s i n th e year , an d on e
pertaining t o th e Sun .

Mean Synodic  Arc.  Fo r Jupiter , th e synodi c ar c (spacin g betwee n tw o
successive firs t stations ) varie s between  w,  =  30 ° an d w f =  36° . Th e mea n
synodic ar c w  i s th e averag e valu e o f th e synodi c arc , take n ove r a n entir e
great cycl e o f Jupiter. Syste m A i s based o n th e identit y

391 synodic period s =  3 6 tropical periods .

Therefore,

i synodi c period =  — tropica l period .

Between tw o successive synodic events , the plane t therefor e advances aroun d
the zodia c onl y a  fraction o f 360° :

w = — X  360°391

= 33;8,45°

in sexagesima l notatio n (o r 33.14578 ° i f written a s a  decima l fraction) , w  i s
the mea n synodi c ar c for Jupiter.

Epact. Th e epac t E  is the amount by which th e sola r year exceeds twelve
lunar months . The Babylonia n luna r theor y i s based on th e identit y

i year = 12522, 8 months .

Thus, th e epac t i s
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E= i year - 1 2 month s

= o;i2,8 month s

= 30 X  (0;22,8) tithis ,

since there ar e by definition thirty tithi s i n a  mean month . Carryin g ou t th e
base-6o arithmetic , w e get

£"=30 (o;22,8)

= f (0522,8 )

= ^(2258)

= n;4 tithis .

Mean Solar  Speed.  Th e mea n sola r speed v  is the numbe r o f degree s th e
Sun move s per  tithi , the  averag e bein g take n ove r a  whol e year . Thus , we
need to work out how many tithis there are in a year: i year = 12 lunar month s
+ 115 4 tithis . Bu t eac h o f th e twelv e luna r month s consist s o f 3 0 tithi s b y
definition. Thus ,

i year = (36 0 + 1154 ) tithis .

So, th e mea n sola r speed is

i> = -7^—.360 + n;4

The uni t of  measure for v  is °/', degree s per  tithi .
Now w e are ready to explai n how the date s o f the first stations o f Jupiter

in th e Babylonia n ephemeri s were obtained. Betwee n successive first stations
of Jupiter, th e Su n travel s all the way around th e zodiac plus the synodi c ar c
w, that is , the extra distance b y which Jupite r ha s advanced o n th e zodiac , w
can b e a s much a s 36° o r a s little a s 30° . Th e tim e A T betwee n successiv e
first stations is  obtained by  dividing the  distanc e the  Sun  has  moved by  the
mean sola r speed :

Ar=36o° + w
V

_ (360 +  w)(i6o  +  1154)
360

w ,  .
= i + — ( 36o + n;4)

ii ;4
= 360 + ii;4 +  w  + w ——,360

where everythin g i s measured i n tithis . Now , th e las t ter m o n th e righ t sid e
of the equatio n i s clearly much smalle r than an y of the others . Thus , in thi s
term w e (an d th e Babylonia n scribes ) wil l commi t a  negligibl e erro r i f we
replace the synodic arc w by its mean valu e w . Thus, we put
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Carrying ou t th e arithmetic , w e get

n;4 O tw —r-  — i;oi,8,
360

where '  denote s tithis.  I n th e Babylonia n calculation s thi s i s rounded u p t o
i;i,iof, th e valu e that we , too , shal l use .

In ou r expressio n fo r AT" , th e larges t ter m wa s 360' . Bu t sinc e a  mea n
month contain s 30' , thi s amounts t o 1 2 months . Thus , w e have finally

AT= I2 M +  (n;4 + i;i,io +  w}'

= I2 M +  (I2J5.I O +  W)'.

Nothing coul d b e simpler! Let us see how th e date s i n colum n II I o f th e
extract no w follow . Whe n w  =  30° , tha t is , whe n successiv e station s ar e
separated b y 30°, w e will have the minimu m tim e differenc e

ATmm =  i2M +  42;s,io'.

This i s just the amoun t o f time separatin g successive stations i n line s 9  an d
10 o f th e extract .

But i n th e fas t zone , whe n w  =  36°, successiv e station s ar e separated i n
time b y the maximu m tim e differenc e

A7_ = I2 M + 48;5,io',

just a s we fin d i n line s i an d 2 .
If the tw o station s are i n differen t zones , w e use the actua l lengt h o f th e

synodic arc as already calculated. Fo r example, we found above that in crossing
over the  jum p poin t fro m the  slo w to  the  fas t zon e (line s 1 0 and  n) , the
station move d fro m 555 5 GIR.TAB to j;6  PA— a distance o f 3i°n'. We inser t
this value for the synodi c arc into th e genera l formula fo r the tim e difference :

A7= i2M + (i2;j,i o +  w)'

= i2M +  (i2;j,io + 3i;n) '

= i2M +  43;i6,io',

just a s we find on lin e n, colum n II .

Relations among the Parameters  I n syste m A fo r Jupiter, th e slo w arc i s 155°
wide (stretchin g fro m Twin s 25 ° to Archer o°) . I n thi s zone , th e synodi c ar c
(spacing betwee n successiv e synodi c events o f the sam e type ) i s 30°. Thus, on
the average , th e numbe r o f event s tha t occu r durin g on e tri p o f th e plane t
through th e slo w zone is 155/30. I n th e sam e way, the widt h o f the fas t zon e
is 205° and th e synodi c arc i n th e fas t zon e is 36°. Thus, o n th e average , th e
number of synodic event s occuring durin g one trip of the planet throug h th e
fast zon e i s 205/36. Thus, we hav e

155 20 5 .  •  .  i1 —  synodic event s i n on e tropica l cycle ,3 0 3 6 '  v i

which i s

n;4 _  n;4
w —r-  — w —-360 36 0

= 33;8,45 x n;4
360
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i« + ^5=I03I
30 3 6 3 6

Thus, we have the followin g relation :

ID—: synodic period s = i  tropica l perio d

If we multiply thi s relation b y 36 to eliminat e fractions , w e obtain th e perio d
relation

391 synodic period s =  3 6 tropical period s =  427 years,

where th e las t equality holds becaus e Jupiter i s a superior plane t (an d so th e
number of synodic periods elapsed plus the number of tropical periods elapsed
must b e equa l t o th e numbe r o f years gone by).

Thus, th e fou r fundamenta l parameter s o f th e theor y (widt h o f the slo w
and o f th e fas t zone , synodi c ar c i n th e slo w an d i n th e fas t zone ) mus t b e
carefully chose n t o ensur e that the y accord wit h th e perio d relatio n tha t has
been selecte d a s th e basi s o f th e theory . Syste m A  o f th e Jupite r theor y i s
based o n a  period relatio n tha t i s substantially longer than thos e use d i n th e
goal-year texts . Period relation s of considerable length (u p to seventy or more
years) probabl y wer e discovered b y the accumulatio n o f severa l generations '
worth o f dat a i n th e astronomica l diaries . Bu t whe n w e encounte r a  perio d
relation involvin g a  perio d o f 42 7 years , w e ar e probabl y dealin g wit h a
parameter tha t ha s bee n derive d b y a  proces s o f tinkerin g wit h th e shorte r
period relations, perhaps with th e idea of correcting for the slight inaccuracies
of the shorte r relations .

In sectio n 7.5 , we foun d tha t fo r Jupiter ther e i s a tolerabl y good perio d
relation o f 1 2 years . As we sa w in sectio n 7.7 , the Babylonia n goal-yea r text s
use period s o f 7 1 years an d 8 3 years for Jupiter . Som e cuneifor m procedur e
texts mentio n period s fo r Jupite r o f 12 , 71 , 83 , 95, and 26 1 years.34

System A'

In system A', the zodiac i s divided int o several zones of constant speed (rathe r
than merel y two).

A Procedure  Text  for System  A'  A  survivin g procedur e tex t fo r Jupite r i n
system A' i s quite clear :

EXTRACT FRO M AC T 8l O

Jupiter. Fro m 9  Cra b t o 9  Scorpio n ad d 30 . The amoun t in exces s o f 9
Scorpion multipl y b y 157,30 .
From 9  Scorpio n t o 2  Goat-Hor n ad d 33545 . Th e amoun t in exces s o f 2
Goat-Horn multipl y by 154 .
From 2  Goat-Horn t o 1 7 Bul l ad d 36 . The amoun t i n exces s o f 1 7 Bul l
multiply b y 0556,15 .
From 17 Bull to 9 Crab add 33545 . The amoun t in excess of 9 Crab multiply
by 0553,20 .
From 9 Crab to 9 Scorpion slow. From 9 Scorpion to 2 Goat-Horn medium.
From 2  Goat-Horn t o 1 7 Bul l fast .
From 1 7 Bul l t o 9  Crab medium. 35

The synodi c arc s i n th e slo w an d i n th e fas t zon e ar e 30° an d 36° , as in
system A . Bu t no w ther e ar e tw o intermediat e zones , i n whic h th e synodi c
arc i s 33°45' . Th e tex t say s tha t th e slo w zon e stretche s fro m Cra b 9 ° t o
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Scorpion 9 ° an d tha t th e interpolatio n coefficien t fo r passin g fro m th e slo w
to the intermediate zon e is i;y,3O. The procedur e fo r calculating an ephemeris
in syste m A' i s therefore clear—one proceeds exactl y as in syste m A, bu t on e
will nee d t o perfor m th e interpolatio n procedur e a  bit mor e often .

Let us check a  few features o f this theory . T o begi n with, le t us check th e
interpolation coefficien t c, . As before , i t shoul d b e give n b y

u>i —  w s
c, = '-, ws

where w,  is the synodi c ar c i n th e slo w zone an d Wj  i s the synodi c ar c i n th e
intermediate zone . Thus ,

«£-»
c, =

30

_ A V , 15
~ 60 3  60

_ 7  +  3 0
60 6 0 •  6 0

= o;7,30.

Note tha t th e procedur e tex t doe s no t sa y 057,30, bu t rathe r i;7,3O . That is,
the tex t does not giv e c, as we have defined i t bu t rathe r i + c,.  This is actually
a bi t mor e convenient . I n th e exampl e above o f calculating an ephemeri s i n
system A, we multiplied th e overshoot (5°55 ' in the example) by c\, then added
this product to the overshoot. We could have saved a step by simply multiplying
the overshoo t b y (i + c,) . In the same way, one may show that the other thre e
interpolation coefficient s give n in our procedure tex t are correct, but tha t the y
represent i  +  th e interpolatio n coefficien t define d i n th e ol d way . Her e we
see a minor differenc e i n procedure favore d b y a particular scribe. Fro m no w
on, w e shal l stic k t o ou r origina l definitio n of the interpolatio n coefficient .

The Implied Period  Relation Finally , let us determine th e perio d relatio n o n
which syste m A' i s based. The fou r zone s have th e followin g properties:

Zone
Slow
Intermediate
Fast
Intermediate

Width
120°
53°

135°
52°

Synodic arc

30°
33°45'
36°
33°45'

Thus, th e numbe r o f synodic event s i n on e tropica l cycl e o f Jupiter is

i20 + _53_
30 33;4 5

+  ̂+

36
5^

33J45
391
36'

Thus, we have

391 synodic period s =  3 6 tropical periods ,

the ver y sam e perio d relatio n o n whic h syste m A  wa s based . So , i t i s clear
that syste m A' was develope d later , a s a way o f improvin g o n syste m A  b y
smoothing ou t th e passage between th e slow and th e fas t zone . Bu t the scribe
who develope d syste m A ' had t o d o som e rathe r sophisticate d arithmeti c t o
ensure tha t th e ne w system would no t violat e th e previousl y adopted perio d
relation.
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Accuracies of  Systems  A and  A'

How wel l d o th e Babylonia n theorie s o f Jupiter work ? Table 7. 3 compares
the longitudes of some second stations of Jupiter, taken from cuneiform tablets
for system s A and A', with the longitudes of the same stations calculate d fro m
modern celestia l mechanics .

The first column on the lef t gives the year in which Jupiter's second station
occurred, i n term s of the Seleuci d era . The firs t entr y in thi s table (yea r 188)
gives a  second statio n o f Jupiter tha t occurre d i n January , 12 3 B.C . Th e las t
entry (fo r S.E. 202) gives the secon d statio n o f March, 10 9 B.C .

Column 2  gives the longitudes of the second stations of Jupiter taken fro m
the cuneiform tablet ACT 605 . Thi s tablet , which was calculated accordin g
to syste m A, gives second station s an d las t visibilities of Jupiter fo r years S.E .
188 to 222. However, t o facilitate comparison with modern data, the longitudes
from th e cuneifor m table t have been expresse d in decima l fraction s of a  de -
gree, reckoned from th e beginning of the first sign of the zodiac. For example,
for th e longitud e o f th e secon d statio n o f yea r 188 , th e table t actuall y gives
15542 MUL, tha t is , Bull i5°42' . In tabl e 7.3 the 42 ' is expressed as a decimal :
42/60 =  0.70 . An d sinc e MUL i s the secon d sig n o f the Babylonia n zodiac ,
the longitud e i s written ou t a s 45.70°. Thus , i n tabl e 7. 3 all the Babylonia n
longitudes are reckoned continuousl y from th e beginnin g of the first sign.

If w e subtrac t successiv e entrie s i n colum n 2 , w e obtai n th e distance s
(synodic arcs) between neighboring stations. (This is our procedure for analyz-
ing th e tablet—w e ar e no t followin g a  Babylonia n procedur e here. ) Thes e
synodic arc s are listed i n colum n 3 , which uncover s the essentia l structure of
system A: we see four successive synodic arcs of 30° and fou r successive synodic
arcs of 36°. These ar e bridged b y the interpolatio n scheme. The synodi c arcs

TABLE 7.3 . Secon d Station s of  Jupiter in  System s A and A'

Year
(S.E.)

188

189

190

191

193

194

195

196

197

198

199

200

201

202

System

ACT 60 5

45.70

81.70

112.25

142.25

172.25

202.25

232.25

266.70

302.70

338.70

14.70

50.70

86.42

116.42

A

Diff.

36.00

30.55

30.00

30.00

30.00

30.00

34.45

36.00

36.00

36.00

36.00

35.72

30.00

Modern

Longitude

41.14

74.67

106.41

137.00

167.14

197.65

229.38

262.81

298.11

334.58

10.95

46.04

79.30

110.87

Diff.

33.53

31.74

30.59

30.14

30.51

31.73

33.43

35.30

36.47

36.37

35.09

33.26

31.57

System

ACT 612

47.35

81.10

113.09

143.09

173.09

203.09

243.85

268.60

304.38

340.38

16.38

52.04

85.79

117.26

A'

Diff.

33.75

31.99

30.00

30.00

30.00

31.76

33.75

35.78

36.00

36.00

35.66

33.75

31.47
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of intermediate size take on various values, depending on just where the statio n
falls i n relatio n t o th e jump point .

Column 4  give s the actua l longitude s o f Jupiter's secon d station s fo r th e
same years, as calculated fro m moder n celestia l mechanics. Colum n 5  gives
the difference s betwee n successiv e entries in colum n 4 . Thus, column 5  gives
the actua l value s of the synodi c arcs.

The longitude s o f the stations in system A run consistentl y severa l degrees
larger than the modern longitudes. In part, this reflects the fact that Babylonian
longitudes ar e measured from a different referenc e point than ar e the modern
longitudes. Th e moder n longitude s are measured from the spring equinoctia l
point. Presumably , i n system A, the longitudes ar e reckoned fro m th e begin -
ning o f th e firs t Babylonia n zodia c sign—whic h start s 10 ° earlie r than doe s
the moder n sign . Thus , w e should expec t th e Babylonia n longitude s t o be ,
on average , 10° larger than th e modern ones . The fac t tha t they are only fro m
4° t o 7 ° large r show s tha t th e whol e lis t o f longitude s i n table t AC T 60 5
suffers fro m a  constant shif t o f perhaps 5°—th e longitudes al l being too smal l
by this amount . This perhaps reflect s th e selectio n o f a somewhat defectiv e
starting value . W e kno w ver y littl e abou t ho w th e scribe s determine d thei r
initial values. They probably compared thei r computed ephemeride s with th e
actual stations of Jupiter by noting how far Jupiter was from one of the norma l
stars whe n i t reache d it s station . (Absolut e longitudes , measure d fro m th e
beginning o f the firs t zodiac sign , wer e no t directly  measurable. ) O f course ,
the longitude s o f the star s increas e slowly with time , becaus e of precession .
It i s still an open questio n whethe r th e Babylonian s were aware of precession,
but ther e i s no direc t proo f that the y were . List s of the longitudes o f norma l
stars tha t wer e a  few centuries ou t o f dat e woul d hav e longitude s to o smal l
by several degrees. Thus, i f the scribe s compared thei r planetar y ephemeride s
against th e stars , w e migh t expec t th e theoretica l plane t longitude s t o b e
systematically smaller than th e modern compute d values. The compute d dates
of th e synodi c event s were mor e easil y checked an d ma y hav e bee n deeme d
more significant .

What abou t th e spacing  betwee n events ? The patter n o f modern synodi c
arcs show s tha t th e minimu m is , indeed, aroun d 30 ° and th e maximu m i s a
bit mor e tha n 36° . Bu t th e syste m A  synodi c arc s definitel y sta y a t thei r
minimum an d maximu m value s for too long .

Column 6  in table 7.3 gives the longitudes for the second stations of Jupiter,
for th e sam e run o f years, taken fro m th e cuneifor m table t ACT 6i2, 38 whic h
was calculate d accordin g t o th e rule s o f syste m A' . Colum n 7 , obtaine d b y
subtracting neighboring entries of column 6 , gives the resulting values for th e
synodic arc. We stil l see three successive arcs of 30° in th e slo w zone and tw o
successive arc s o f 36 ° in th e fas t zone . Bu t no w th e transitio n betwee n th e
slow and fas t zone s is smoothed ou t an d extend s over severa l entries. This is,
of course , characteristic o f system A'.

Note tha t th e syste m A' longitude s o f the station s (fro m AC T 612 ) ar e a
deg ee or tw o highe r tha n i n th e exampl e fro m syste m A (AC T 605) . This
reflects a  somewhat bette r initial value. The syste m A' longitudes are, however,
still a  littl e to o smal l o n th e average , sinc e the y shoul d b e 10 ° greate r tha n
the modern values. A better starting value is not, however , a necessary signature
of system A'. It i s interesting that two other preserved tablets39 give longitudes
of second station s o f Jupiter, als o in system A', for spans of years that overlap
with th e table t unde r consideratio n here . These other tablet s give longitudes
that ar e 2 ° o r 3 ° lowe r tha n th e longitude s i n AC T 612 . Thus , multipl e
ephemerides (calculate d accordin g t o the sam e system) migh t giv e somewha t
different answer s to th e sam e question : whe n an d wher e di d Jupite r stan d
still i n a  given year?

What abou t the  spacings? When we look at  the synodi c arc s in system A',
we see a truly impressive accomplishment. Th e theoretica l synodi c arcs never
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disagree with th e actual  ones b y more than abou t 6/10° . System A' represents
a substantia l improvement o n syste m A.

System B

In system A and it s variants, the zodiac is divided int o zones, in each of which
the synodi c ar c i s constant. Th e synodi c ar c jumps abruptl y from on e zon e
to the next. In system B, the synodic arc steadily increases by equal increments
until it reaches its maximum value, after which it decreases by equal increments.
In ephemeride s prepare d accordin g t o syste m B , th e synodi c arc s therefor e
form a n arithmeti c progressio n wit h constan t differences . Th e longitude s o f
the station s sho w constan t secon d differences . Le t u s examin e a  particula r
text.

The cuneifor m table t AC T 62 0 i s from Uruk . Th e tex t i s an ephemeri s
of opposition s o f Jupiter fo r S.E . 127—194. Th e longitude s an d date s o f th e
oppositions were computed accordin g t o the rule s of system B. Here we print
an extrac t (fo r years 167-183) fro m the  revers e of the  tablet :

EXTRACT FRO M AC T 62 0

(Reverse)*

1

5

10

15

I I I II I I V V

167 A
168
170 KI N .A
171
172 A
173
174
175 A
176
177
178 A
179
180 A
181
183 A

4l;45

40;44,30
42;32,30
44;20,30
46;08,30
47;56,30
49;44,30
48;42
46;54
45;06
43;18
4l;30

40;59,30
42;47,30
44;35,30

ZIZ 18;4 0
ZIZ 29;24,30
BAR 11;5 7
BAR 26 ; 17,30
SIG 12;2 6
SIG 30;22,3 0
IZI 20;0 7
DU6 8;4 9
DU6 25;4 3
CAN 10;49
AB 24;0 7
ZIZ 5;3 7
SE 16;36,3 0
SE 29;2 4
GU4 13;59,3 0

29;40
28;39
30;27
32; 15
34;03
35;51
37;39
36;37
34;49
33;01
31;13
29;25
28;54
30;42
32;30

18;22 A

17;01 ABSI N
17;28 RI N
19;43 GIR.TA B
23;46 PA
29;37 MAS

7; 16 zi b
13;53 HU N
18;42 MUL
21;43 MAS
22;56 KUS U
22;21 A

21;15 ABSI N
21;57 RI N
24;27 GIR.TAB

Column I  identifie s the years , with th e lea p years marked A or KIN.A , as
before. Colum n II I give s th e mont h an d da y o f eac h opposition , wit h th e
"days" measure d i n tithis,  a s before . Colum n I I i s the time , ove r an d abov e
twelve complete months , separatin g successive entries in column III , as before.
Column V  give s the longitud e o f Jupiter a t th e tim e o f it s opposition . Th e
longitudes ar e expressed, a s before, in term s of degrees and minute s withi n a
zodiac sign . Colum n I V (whic h i s new) contain s th e synodic  arc,  that is , th e
distance betwee n successiv e oppositions. Thus , conside r lines i  and 2 :

First oppositio n i8°22 ' A
Plus synodi c ar c +28°39 '

Second oppositio n ij°oi'  ABSI N

The essentia l character of system B is revealed by column IV. These synodic
arcs for m a n arithmeti c progressio n with constan t difference s o f i°48'. Thus,
30527 —  28539 =  1548 . An d 3251 5 —  30527 =  1548 , an d s o on . Th e synodi c arc s
get bigge r an d bigge r a s we mov e dow n colum n I V fro m lin e 2  t o lin e 7 .
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After that , as we move from lin e 8 to line 12 , th e synodi c arcs get smaller an d
smaller, agai n b y equal increment s o f i°48'. In th e extract , w e have drawn a
horizontal lin e (betwee n line s 7  an d 8 ) t o separat e th e risin g an d fallin g
sequences.

If w e grap h th e synodi c arc s we ge t figur e 7.15 . O n th e vertica l axi s w e
have plotted th e synodi c arc s (measured in degrees) o f column IV . The step s
on th e horizonta l axi s ar e simpl y th e lin e number s fro m th e extract . Th e
synodic arc s form what Neugebaue r ha s calle d a  "linea r zig-za g function. "

It should b e noted that, over this particular sequenc e of years, the synodic
arcs did not happen t o hit thei r maximu m o r minimum possibl e values. That
is, none of the points happen t o fall exactly on the peaks of the zigzag function.
The peak s ca n b e foun d b y extrapolatio n (th e dashe d line s o n fig . 7.15) . I t
turns out that the maximum and minimum possible synodic arcs in the Jupiter
theory o f syste m B  are

Wmax =  38°02'

wmm = 28°i5'3o".

FIGURE 7.15 . A  linea r zigza g function fo r
Jupiter i n syste m B . The synodi c ar c
(longitudinal distanc e betwee n successiv e events
of the sam e kind ) increase s then decrease s by
equal increments .

The mea n synodi c ar c w  i s therefore given by

_ w mm + w minw =
2

= 33°o8'45",

which i s exactly th e sam e a s the mea n synodi c ar c fo r Jupiter tha t w e hav e
encountered i n syste m A and syste m A'.

So, her e i s anothe r exampl e o f th e sophisticatio n o f Babylonia n applie d
mathematics. Syste m B  will giv e the sam e averag e spacin g o f synodic event s
around th e zodia c a s do system s A an d A' . Syste m B  therefore rests on th e
same fundamenta l perio d relatio n a s do th e othe r tw o Jupiter theories . Bu t
in syste m B  the successiv e oppositions ar e spread (an d the n compressed ) b y
equal increment s a s we move aroun d th e zodiac . System B is thus even easier
to us e in calculatin g positions tha n eithe r A o r A'.

Here w e must paus e to conside r a  detail we have no t ye t addressed. Ho w
does one bridge the breaks between th e rising and fallin g sequences ? The rul e
is very simple : th e tota l chang e i n th e synodi c ar c (take n a s the su m o f th e
increase o n th e risin g sectio n an d th e decreas e o n th e fallin g section ) mus t
still tota l i°48' . Fo r example , conside r th e transitio n fro m lin e 7  t o lin e 8.
The las t synodi c ar c o n th e risin g sequenc e wa s 37539 . I f we ad d 1:48 , tha t
would take us to 39527 . But the maximum possible synodic arc is (as mentioned
above) 38502 . The excess is therefore 39527 - 3850 2 = 1525 . This i°25' of change
must b e used u p i n th e declin e fro m th e pea k value . Therefore , th e synodi c
arc will be 3850 2 -  152 5 = 36537 , just as we find on lin e 8  of the extract .

The tim e interval s betwee n successiv e opposition s (liste d i n colum n II )
also for m a  linea r zigza g function , wit h constan t difference s o f 154 8 (i.e. ,
i 48/6 0 tithis) . Thi s follow s fro m th e expressio n w e derive d abov e (i n th e
discussion o f system A) fo r th e tim e interva l AT :

AT= 1 2 month s +  ( w +  1255,10) tithis .

In syste m B, for some reason (probably just to have a more convenien t roun d
number), the constan t 1255,1 0 i s rounded u p t o 1255,30 . Thus, the connectio n
between th e tim e interval s (column II ) an d th e synodi c arc s (colum n IV ) is
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AT"= 1 2 months +  (w  +  1255,30) tithis .

For example , i n lin e 2  (colum n IV) , w  =  28539 . Thus , w e fin d fo r AT  (i n
column II ) 2853 9 +  I2 ;5>3O =  40544,30 .

System B  i s a n admirabl e accomplishmen t i n tha t i t manage s t o giv e a
good accountin g o f the synodi c phenomena wit h a  much smalle r number o f
adjustable parameter s tha n ar e required i n syste m A'. Syste m B  is also muc h
easier t o use . I t i s not , however , ver y differen t fro m syste m A' i n term s o f
accuracy.

The mos t remarkabl e Babylonia n accomplishmen t i s certainly the theor y
of the Moon , whic h i s of muc h greate r complexit y tha n th e theorie s o f th e
planets. In the lunar theory , th e scribes had to take account o f the inclination
of the Moon' s orbi t t o th e plan e o f the ecliptic . Th e complet e luna r theor y
allowed no t onl y th e predictio n o f chie f event s durin g th e synodi c month ,
but als o reasonabl y accurat e prediction o f eclipses.

Despite it s accomplishments—o r perhap s becaus e o f them—Babylonia n
planetary theory failed to develop further. The major variants of the theory were
probably developed b y the beginning of the Seleucid period. After that—tha t is,
for th e whole period fo r which we have evidence—the theories remained static.
The las t cuneiform tablet s ar e from th e firs t centur y A.D .

7.11 EXERCISE : USIN G TH E B A B Y L O N I AN
PLANETARY THEOR Y

i. System A': Let us update th e Babylonia n Jupiter theory of system A' to
the twentieth century . We do this by rotating the jump points forward , mostly
to accoun t fo r precession . Also , w e shal l us e the moder n conventio n fo r th e
definition o f the zodia c signs . (Thus , th e sprin g equinoctia l poin t i s at Ra m
o°.) Finally , let us reckon longitude s continuousl y from o  to 360°, rathe r than
using the name s o f signs. The zone s the n loo k lik e this :

Zone Boundaries  Synodic  arc

Slow
Intermediate
Fast
Intermediate

130° t o 250 °
250° to 303°
303° t o 78 °
78° t o 130 °

30°
33.75°
36°
33.75°

We leav e al l the othe r parameter s unchanged . Thus , th e width s o f the fou r
zones ar e th e sam e a s i n th e Babylonia n theory , a s ar e th e length s o f th e
synodic arc s and th e interpolatio n coefficients .

A. Starting from th e lengths of the synodic arcs, calculate the interpolatio n
coefficients fo r the Jupite r theor y i n syste m A'. You should fin d

c, (slo w to intermediate ) =  0507,3 0 =  0.125 0
c2 (intermediat e t o fast ) =  050 4 =  0.066 7
c, (fas t t o intermediate ) =  -0503,45 =  -0.0625
c4 (intermediat e t o slow) =  -0506,40 =  -o.nn

Here, w e hav e give n th e interpolatio n coefficient s bot h i n base-6 o an d i n
base-io, which wil l be mor e convenien t fo r computation .

Confirm tha t the base-6o forms o f the interpolation coefficient s ar e consis-
tent wit h the  procedur e tex t ACT 810 , quote d in  sectio n 7.10 . (Not e tha t in
ACT 810 , th e interpolatio n coefficient s ar e define d a  bi t differently. )

B. I n tabl e 7.1 , w e se e tha t a  firs t statio n o f Jupite r occurre d i n 197 1 a t
longitude 247° . Th e dat e o f thi s even t wa s J.D . 244 1040 . Le t u s us e thi s
station a s the initia l even t i n ou r ephemeris .
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Step

1

2

3

T

244 1040*

244 1439.11

AT

399.11

w

33.38

34.49

X

247*

280.38

314.87

In thi s table , th e colum n labele d A , give s th e longitude s o f th e stations .
Column w  give s th e synodi c arc s (th e difference s betwee n successiv e values
of A,) . A  Tis  th e tim e differenc e separatin g successive stations. Tis  th e actua l
date of the station, expresse d in terms of Julian day number. The dat a marked
* ar e the initia l values: the dat e an d longitud e o f the initia l firs t station .

Generate a  series of eleven first stations ( 2 through 12 ) o f Jupiter usin g the
updated versio n of system A'. Work carefully. A mistake early on will corrupt
all your late r stations. (Th e answer s for stations 2  and 3  are given so that yo u
may chec k you r work. ) Compar e th e longitude s o f th e station s yo u obtai n
with th e actua l longitudes of the station s give n i n tabl e 7.1 to se e how wel l
the theor y works .

C. I n computin g th e dates  o n whic h th e station s occur , i t wil l b e mor e
convenient t o wor k i n term s o f Julian da y numbers , rathe r tha n i n term s of
the Babylonian luni-solar calendar. We can modify th e Babylonian procedur e
very simply a s follows.

As i n sectio n 7.10 , w e assum e th e followin g valu e fo r th e mea n synodi c
arc w  of Jupiter:

w =  33;8,450 = 33.1458 °

We shal l us e the decima l for m fo r ease of computation .
For th e mea n sola r spee d v  we adopt th e value

v = 36o°/365.25^ = 0.9856270/.

Let w  represen t th e valu e o f Jupiter' s synodi c ar c (whic h wil l b e som e
number between  30°  and 36°) . Then, as in Babylonian practice , the  time AT
between successiv e firs t station s i s give n b y dividin g th e distanc e th e Su n
moves b y the mea n sola r speed :

360° +  w
0.985627° I"

= 365.25 +  i.0145832 ^

= 365.25 ^ + w  + o.0145830;

In the small last term we can replace w by its mean value w without introducin g
appreciable error. Since 0.014583 X w = 0.014583 X 33.1458 = 0.4834, we obtai n
finally

AT= 365.7334+ w.

Let us apply thi s formul a i n practice . Fro m tabl e 7.1, th e dat e o f the first
station o f Jupiter i n 97 1 (the one a t longitude 247° ) wa s J.D. 244 1040. Th e
synodic ar c between vent s i  and 2  is obtained b y subtracting th e longitudes :
w = 280.38 - 24 7 = 33.38° . Puttin g thi s int o our general formula, we get



3 3 6 T H E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

AT= 365.73 +  w

= 365-7 3 +  33-3 8

= 399-n ^

And thu s th e dat e o f station 2  should b e

244 1040.00
+ 399- n

244 1439.1 1

We se e in tabl e 7.1 that thi s statio n o f Jupiter actuall y occurred a t longitud e
279°, aroun d J.D . 244 1435 . S o we hav e no t don e to o badly !

Finish ou t th e tabl e started alread y b y computing th e date s o f station s 2
through 1 2 accordin g t o ou r update d syste m A'. Compar e you r result s wit h
table j.i t o see how well you did .

2. System B: Lay out a  table for using system B to compute the first stations
of Jupiter fro m 197 1 to 1983 :

Step

1

2

3

T

244 1040 *

244 1437.7 3

AT

397.73

w

32*

33.8

X

247*

279*

312.8

As initia l data w e shal l us e only th e followin g facts, take n fro m tabl e 7.1 .
There was a  first station o f Jupiter a t longitud e 247 ° o n J.D . 244 1040. Th e
next firs t station o f Jupiter wa s at longitud e 279° . The synodi c ar c (distance
between the two first stations) was therefore 279 - 24 7 = 32°. We shall assume
that w  wa s then i n th e risin g par t o f th e zigza g function. Th e initia l dat a
taken fro m tabl e 7.1 are marked * . Everything else in the tabl e will be worked
out fro m th e rule s of system B.

For example , i f 32 ° separate station s i  an d 2 , th e tim e interva l (i n days )
separating them ca n b e calculated fro m th e formul a obtained above :

AT= 365.7 3 +  w .

Thus, th e dat e o f station 2  must b e 244 1040 + 397.7 3 = 24 4 1437.73.
The synodi c arcs form a  rising arithmetic progression with constan t differ -

ences o f i°48' = 1.8° . (Le t u s work i n term s o f decimal fractions. ) Then th e
next synodi c arc must b e 32 + 1. 8 =  33.8° . From thi s i t follow s that statio n 3
will occu r a t longitud e 27 9 + 33. 8 = 312.8° .

Work out th e res t of the table , up throug h the first station o f 1984. Thus,
there should b e a total o f thirteen station s in your ephemeris . Note tha t i f w
should excee d wmax or fall below wmin, you must follow the procedure explaine d
in sectio n 7.1 0 fo r passin g fro m a  risin g t o a  fallin g segmen t o f th e zigza g
function. Us e the Babylonian values (expressed in terms of decimal fractions):

Mv,= 38.0333°

wmin = 28.2583°

Compare you r completed tabl e with tabl e 7.1 to see how well you and system
B have done .
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7-12 D E F E R E N T - A N D - E P I C Y C L E THEORY , I

Between the third century B.C. and the second century A.D., Greek astronomers
developed a  ne w geometrica l planetar y theor y base d o n unifor m circula r
motion. However , no w the circle s no longe r turned abou t on e single center.
Thus, i t became possible to avoid th e difficultie s tha t had plagued Eudoxus' s
system. The ne w system, based on deferen t circle s and epicycles , originated in
the third century B.C. with Apollonius of Perga. At the beginning, Apollonius's
system, like Eudoxus's befor e it , was intended only to be broadly explanatory.
But in the next century, the Greeks' contact with Babylonian planetary theory
alerted the m t o th e possibilit y o f a  quantitativ e theory . Th e deferent-and -
epicycle theory of the planets was brought into it s highly successful fina l for m
by Ptolem y i n th e secon d centur y A.D . In th e nex t fe w sections , w e follo w
the historica l evolution o f the theory .

General Features of  Apollonius's Theory

Each plane t participate s i n tw o motions . Ther e i s a steady eastwar d motio n
around th e ecliptic . Superimpose d o n thi s stead y progres s i n longitud e i s a
back-and-forth motio n tha t produce s occasiona l retrogradations .

Apollonius's mode l i s illustrated in figure 7.16. The figure lie s in the plan e
of th e eclipti c an d i s observe d fro m th e ecliptic' s nort h pole . Th e deferent
circle is centered o n th e Eart h 0 . Alon g thi s circle , point K  moves eastward
at constan t speed . K  serve s a s the movin g cente r o f a  second circl e called th e
epicycle. Th e plane t P  travels around th e epicycl e a t constan t speed .

The motion of  ̂around th e deferent is designed to reproduce the planet's
circuits around the ecliptic . A'must therefore complete one revolution i n one
tropical period . Th e angula r distance betwee n K  an d the verna l equinox 'Y 1

is calle d th e mean  longitude,  denoted A, . Thus , A , increase s b y 360 ° i n on e
tropical period .

The motio n o f the plane t P  on th e epicycl e i s designed t o reproduc e th e
planet's retrogradations . Th e planet' s positio n o n th e epicycl e i s defined b y
the epicyclic  anomaly,  (I, which increase s by 360° i n on e synodi c period .

Let u s examin e th e mode l i n mor e detai l (se e fig. 7.17). Th e poin t 7 t o f
the epicycl e tha t i s nearest the Eart h i s called th e perigee  o f the epicycle.  Th e
point a farthest fro m th e Eart h i s called the apogee  o f the epicycle. Th e planet' s
actual longitude  at an y momen t i s A, . Th e plane t appear s t o b e backin g u p
(retrogressing) whe n i t i s a t 7t , fo r the n th e motio n o f P  o n th e epicycl e is
westward an d oppose d t o th e motion o f K on th e deferent .

When th e two motions ar e put together , the motion tha t results is a series
of loops, shown i n figure 7.18 . This figure is drawn wit h loop s properly sized
for Mars . Betwee n one retrograd e loop and th e next , Mars makes a complete
trip around the ecliptic , plu s a  bit more . Bu t i n the figure we have illustrated
only th e part s of the motio n aroun d eac h retrogradation.

Some Technical  Detail

Connection with  th e Sun: Superior  Planet  Superio r planet s retrograd e when
they ar e i n oppositio n t o th e Sun . Further , ther e i s a  perio d relatio n tha t
connects th e planet's tropica l and synodi c motions to the motion o f the Sun .
Any planetary theor y mus t b e able t o accoun t fo r thes e facts , bu t th e mode l
we have bee n describin g ha s s o fa r take n n o notic e o f them. Fortunately , i t
is possible to produce the necessar y results by means of only a  slight addition
to th e theory .

In figur e 7.19 , abou t th e Eart h O  a s center , w e hav e draw n th e circula r
orbit o f the mea n Su n and th e deferen t circl e of Mars. The chang e we must
make in our theor y is to ad d th e followin g stipulation: i n th e case of a superior

FIGURE 7.16 . Apollonius' s deferent-and -
epicycle model . Th e Eart h i s at O . 'Y 1 mark s
the directio n o f the verna l equinox .

FIGURE 7.17 . Terminolog y an d notatio n use d
for Apollonius' s theory .

Points labeled  Angles  and radii
in figure: of  circles:

O, Eart h A, , th e mea n longitud e
K, cente r o f epicycle |l , the epicycli c anomal y
71, perige e o f epicycl e A , longitud e o f th e

planet
a, apogee o f epicycle  R  = OK radius o f th e

deferent
P, the plane t r  = KP  radiu s o f th e

epicycle
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FIGURE 7.18 . Retrograd e loop s o f Mar s
generated b y the mode l o f Figure 7.16.
The Eart h i s at O . ^f  mark s th e directio n o f
the verna l equinox .

FIGURE 7.19 . Relatio n betwee n th e mea n Su n
and a  superio r planet: X, P +  [1 P =  A. 0.

planet, the  radius of the epicycle always  remains  parallel to the line from the  Earth
to the mean Sun. Thus , KP  i s parallel to O0.

From th e figur e w e ma y deduc e a  simpl e relatio n betwee n th e planet' s
rnean^ longitude k p an d epicycli c anomaly [i f an d th e longitud e o f the mea n
Sun X a. First , jiote that th e thre e angle s with verte x at O  satisfy th e relation
~kf +  KOG> =  A.0. Bu t sinc e O0 i s parallel to KP , angl e KO& mus t b e equal
to \l f. Thus , we have

\ + \L f =  A,0 .

In words , th e planet' s mea n longitud e plu s it s epicyclic anomaly equal s th e
longitude o f th e mea n Sun . Thi s equatio n reflect s th e perio d relatio n fo r a
superior plane t fro m sectio n 7.4 :

Number o f tropical +  numbe r of synodic =  numbe r o f years
cycles elapse d cycle s elapsed elapsed .

Figure 7.20 , A and B , show th e situatio n shortly before an d exactl y at th e
time o f a  mea n opposition . I n figur e 7.2oA , th e plane t i s approachin g th e
perigee o f it s epicycle. As always, KP and O0 ar e parallel. I n figure 7.206,
the plane t has  reache d the  perige e of  the  epicycl e and  the  middl e of  its
retrograde motion . Th e parallelis m o f KP an d O Q guarantee s that , a t thi s
moment, a n observer at O  will see the planet P and the mean Sun in diametri -
cally opposite directions .

(Note the importance of  the mean Sun . The mea n Sun  moves at constan t
angular speed around the Earth, while the true Sun does not. Thus, we cannot
require tha t K P remain paralle l to th e lin e fro m th e Eart h t o th e tru e Sun .
In fig. 7.19, we may regard the tru e Sun as moving on a  tiny epicycle centered
on th e mea n Sun , a s in sec . 5.2.)

Connection with the Sun: Inferior Planet  Inferio r planets (Mercury and Venus)
have the same tropical period a s the Sun. They move alternately ahead of and
behind th e Sun , bu t the y alway s remai n it s clos e companions . Thes e fact s
may be accounted fo r in Apollonius's theory by the addition o f the following
stipulation: i n th e case  o f an inferior  planet,  th e direction from th e Earth t o the
epicycle's center  always  coincides  with  the  direction  from the  Earth  to  the  mean
Sun. I n figure 7.21 , O , K, an d 0  al l lie on on e line . Th e planet' s mea n
longitude K p i s always equal to the mean longitude of the Sun A,Q. This explains
why a n inferio r plane t ha s limited elongation s fro m th e mea n Sun .

Direction o f Revolution on the Epicycle: Inferior  Planet  W e hav e asserted that
the plane t revolve s on th e epicycl e i n th e sam e directio n a s th e epicycle' s
center revolve s on th e deferent . In th e cas e of an inferio r plane t i t i s easy to
prove tha t thi s i s so . An inferio r plane t reache s it s greates t elongatio n fro m
the mea n Su n when th e lin e o f sight fro m th e Eart h t o th e plane t become s
tangent to the epicycle. In figure 7.22, OKpomts t o the mean Sun. The planet
has its' greatest eastward elongation when i t reaches e and it s greatest westward
elongation whe n i t reache s w .

Suppose tha t th e plane t revolve s clockwise on th e epicycle , i n th e orde r
eau/n. I n thi s case , th e tim e consumed going from e  through a  to w  will b e
more tha n th e tim e consumed goin g fro m w  throug h T C t o e .

Suppose instead that th e planet revolve s counterclockwise on th e epicycle,
ellwa. Then th e tim e fro m e  through T C t o w  will be les s tha n th e tim e fro m
w throug h a  to e .

This suggests a test that i s easy to make . We tak e Mercury as our example.
From sectio n 7.2 , we extrac t the followin g information:
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Three successive greatest elongation s o f Mercury

Year
1976
1976
1976

Date
Apr 2 6
Jun 1 5
Aug24

Sun

36
84

151

Mercury
56
61

178

Elongation
20° E
23° W
27° E

The time from the greatest eastward to the greatest westward elongation (April
26 t o Jun e 15 ) i s 5 0 days. And th e tim e fro m th e westwar d t o th e eastwar d
(June 15 to August 24) is 70 days. Thus, Mercury must travel counterclockwise
on it s epicycle .

A similar test can be made for Venus, with a similar result. It is not possibl e
to appl y this metho d t o th e superio r planets, sinc e they do no t hav e greatest
elongations. However , i t turns out tha t they , too , trave l on thei r epicycles in
the sam e direction a s Mercury an d Venus .

Rough Estimate of the Epicycle's Radius:  Inferior Planet  Fo r a n inferio r planet ,
one ca n us e the greates t elongation s t o mak e a  quick estimat e o f th e siz e of
the epicycle (see fig. 7.23.) P marks the planet's position a t a greatest elongation,
and 6  i s the angula r measur e of the elongation . Fro m th e figure,

r = R sin 0 .

The greates t elongations o f Mercury sho w considerabl e variability: the thre e
used abov e have th e value s 20°, 23° , 27°. Le t u s put 9  = 23.3° , which i s the
average o f the three.  Th e resul t is

r = 0.40 R .

The radiu s o f Mercury's epicycl e i s four-tenths the radiu s of it s deferent.
However, tw o cautionary notices mus t be inserted here. For simplicity, we

have use d th e elongation s o f Mercury fro m th e tru e Sun , rathe r tha n fro m
the mea n Sun . The tru e elongations can diffe r fro m th e mea n one s by up t o
2°. Thus, our resul t for the epicycle' s radiu s is only a rough value . Moreover,
the siz e o f th e greates t elongatio n varies . We use d a n averag e valu e t o ge t
around thei r variability, but thi s i s only ducking a  serious issue. Since the siz e
of the greatest elongation varies, it almost seems that the epicycle is sometimes
closer to , an d sometime s farthe r from , th e Earth . Thi s i s an issu e we shal l
have t o addres s eventually.

Successes and  Failures  of  Apollonius's Model

Apollonius's mode l provide s a  simple explanation o f retrograde motion tha t
is consisten t wit h th e principl e o f Aristotelia n physic s tha t celestia l bodie s
must mov e o n circle s at unifor m speed . Moreover , accordin g t o th e model ,
Mars i s closest t o th e Eart h durin g retrograd e motion . Thi s i s in agreemen t
with th e observe d fac t tha t Mar s i s brighter durin g retrograd e motio n tha n
at othe r times . Apollonius's mode l thu s represent s an improvemen t ove r th e
homocentric sphere s of Eudoxus. I t i s also far simpler than Eudoxus' s mode l
from a  mathematica l point o f view.

However, Apollonius' s mode l i s not capabl e of predicting th e motion s o f
the planet s with an y rea l accuracy . Apollonius' s mode l generate s retrograd e
loops that are all of the same size and shape and that are equally spaced around
the zodiac , as in figure 7.18. However , th e actua l retrograde arcs of Mars vary
considerably in siz e and spacing , figure 7.24 shows the actua l retrograd e arc s
of Mar s fo r th e year s A.D. 109—122 .

FIGURE 7.20 . Relatio n between  th e mea n Su n
and a  superio r plane t shortl y befor e (A ) and
exactly at (B ) a mean opposition .

FIGURE 7.21 . Relatio n betwee n th e mea n Su n
and an inferio r planet : \P = AQ .
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FIGURE 7.22 . Th e tim e between greates t
elongations allow s us to prov e tha t th e inferio r
planets mov e counterclockwis e aroun d thei r
epicycles.

FIGURE 7.23 . Th e siz e of an inferio r planet' s
greatest elongation s allows u s to estimat e th e
size o f the epicycle .

If we superimpos e figure s 7.2 4 an d 7.18 , w e obtai n figur e 7.25 . We hav e
started of f th e theoretica l mode l t o produc e the retrograd e loop of A.D. 10 9
in th e righ t par t o f th e zodiac . Bu t th e ver y nex t theoretica l loo p (fo r A.D .
in) fall s wel l shor t o f the par t o f the sk y where th e rea l retrogradation too k
place. Apollonius's mode l clearl y has no numerica l predictive power .

Two ities

As figure 7.24 reveals, the retrogradations of Mars show great variability. Mars
backs u p ove r an ar c whose lengt h varies from abou t 10 ° (a s in A.D . 109 ) t o
about 20 ° (A.D . 118). Moreover , th e distanc e tha t th e plane t travel s between
one retrogradatio n an d th e nex t i s quit e variable . Thus , th e center s o f th e
retrograde arc s of A.D . 10 9 an d i n ar e 75 ° apart, bu t th e center s of th e A.D .
115 an d 11 8 retrograd e arcs ar e onl y 34 ° apart .

Inequality with  Respect  t o the Sun An y departur e o f a  plane t fro m unifor m
angular motio n i s called a n anomaly  o r a n inequality.  Mars ha s tw o separat e
inequalities. One o f these is very striking and produces the reversals of direction
known as retrograde motion. In Apollonius's theory, this inequality is produced
by th e epicycle . As we have seen, retrograde motion i s intimately connecte d
with th e Sun : the superio r planets retrogress when the y are in oppositio n t o
the Sun . For this reason, the inequality of a planet associated with retrograde
motion i s sometimes calle d th e inequality  with respect  t o the Sun.

Zodiacal Inequality  I n th e sola r theory , w e sa w an exampl e o f a  differen t
kind o f inequality, the zodiacal inequality. The Su n appear s to mov e faste r i n
some part s o f the zodia c and slowe r in othe r parts . I n th e sola r theory , thi s
inequality ca n b e produce d b y a n eccentri c (off-center ) deferen t circle . I t i s
clear fro m figur e 7.2 4 that Mar s also has a zodiacal inequality . Th e epicycle' s
center appear s t o trave l mor e slowl y aroun d th e positio n o f th e A.D . 118
retrogradation and more quickly around the position of the A.D. 109 retrograda-
tion. Thi s i s why th e retrograd e arcs are closely bunched i n th e firs t par t o f
the sk y bu t widel y separate d i n th e other . Th e zodiaca l inequalit y i s als o
known a s the firs t inequality.  This terminolog y ha s it s origin s i n th e sola r
theory: th e Su n has only on e inequality . Th e additiona l inequalit y displaye d
by all the planets, which causes retrograde motion, i s logically called the second
inequality. Apollonius' s theor y o f longitude s accounte d fo r Mars' s secon d
inequality, bu t faile d t o reproduc e th e first.

FIGURE 7.24 . Retrograd e arcs o f Mars fo r th e
years A.D . 109—122 .

Status o f the Epicycle  Model  i n th e Third  Century  B.C .

We know little of Apollonius's methods, for none of his writing on the planets
has com e dow n t o us . Al l we reall y have i s a  fe w remarks b y Ptolem y tha t
make i t clea r tha t Apollonius proved som e mathematica l theorems involvin g
epicycle motion . I n particular , Apollonius proved th e equivalenc e of an epi -
cycle-plus-concentric t o a n eccentri c circl e (tw o form s o f th e late r sola r
theory).

Apollonius also proved a  theorem that established the conditions necessary
for retrograd e motion . ' Refe r t o figure 7.26. The Eart h i s at O . The plane t
F travel s on a n epicycle , whos e cente r K move s on a  circle about th e Earth .
Letj'x denot e th e angula r speed of the epicycle' s center (th e rate at which O K
turns). Letj£ denot e th e angular speed of the planet on th e epicycl e (th e rate
at whic h angl e FKO changes) . Apollonius prove d tha t th e planet , a t F , will
appear stationary , as seen fro m O , whenever

FG -L^
OF f , '
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This theore m permit s on e t o calculat e th e lengt h o f the retrograd e arc if the
two angula r speeds and th e radiu s of the epicycl e are known .

Apollonius's theorem directl y applies only to a  zero-eccentricity model, i n
which th e cente r o f th e deferen t circl e i s locate d precisel y a t th e Earth .
The first practitioners of deferent-and-epicycle astronomy evidently concerned
themselves onl y wit h th e inequalit y with respec t t o th e Su n an d too k n o
account of the zodiaca l inequality. However, Apollonius must certainly have
been awar e o f th e zodiaca l inequality . As we have seen , i n th e cas e of Mars ,
this inequality is very striking. One would need only the roughest observations
to mak e i t apparent—i t woul d b e enoug h t o not e onl y th e constellation  i n
which eac h retrogradatio n occurred . Moreover , Ptolem y tell s u s in Almagest
IX, 2 , tha t th e station s wer e on e o f tw o classe s o f planetar y phenomen a
of greates t interes t t o hi s predecessor s (th e other bein g heliaca l rising s an d
settings).

It seems, then, that Apollonius knew of the zodiacal inequality but deliber-
ately neglecte d it . Hi s mode l wa s therefore incapable of predicting planetary
positions. What, then, was the purpose of his astronomical work? First, it was
an exercis e in geometry . The stud y of curves generated b y points movin g in
some complicated wa y constituted a  traditional class of geometrical problems.
Second, it  was  a response to  Eudoxus . The ide a of  genre  was very importan t
in Greek mathematical writing. Apolloniu s was writing in a genre of mathe-
matics established by Eudoxus's book On Speeds. Third , it is clear that Apollon-
ius also meant his models to apply to the world. The epicycl e model explained
retrograde motion , whil e also accountin g fo r th e variatio n in th e brightnes s
of the planet s i n th e cours e o f their synodi c cycles . That is , i t explaine d th e
most genera l and readil y perceived feature s o f planetary motion. Th e mode l
was intended only to b e qualitative and broadl y explanatory in nature . Th e
idea tha t on e coul d deman d a  quantitative an d predictiv e mode l mus t hav e
dawned ver y slowly.

Whether Apolloniu s wen t s o fa r a s t o wor k ou t numerica l value s fo r
planetary parameters, we do not know. Nor d o we know whether he discussed
the relation s betwee n th e motion s o f th e planet s an d tha t o f th e Sun . But
there i s n o evidenc e tha t h e did . The elaboratio n o f th e theory—and , i n
particular, the deduction o f numerical values for such parameters as the radius
of the epicycle—wa s a  later development .

An Intermediate  Model

To produc e a  better model, suppose we take a hint fro m th e solar theory and
allow th e deferen t circle to b e eccentric to th e Earth . Thi s give s rise to what
we shal l cal l th e intermediat e model . I t woul d mak e sens e t o displac e th e
center of the deferen t one way or the other alon g the line of symmetry in th e
pattern o f retrograd e arc s show n i n figur e 7.24 . Thus, w e migh t conside r
displacing th e cente r D  o f Mars' s deferen t i n th e directio n o f th e A.D . 118
retrogradation, a s in figure 7.2yA. Alternatively, we might displac e the defer-
ent's cente r i n th e directio n o f th e A.D . 109 retrogradation , which produce s
the mode l o f figure 7.278.

It i s eas y t o predic t wha t wil l resul t fro m th e intermediat e model : th e
retrograde loop s wil l stil l b e uniforml y spaced an d al l of th e sam e size , bu t
the cente r o f th e patter n o f loop s wil l lie a t D  an d no t a t O . Figur e 7.28 A
compares th e mode l o f figure j.ijA.  wit h th e rea l retrograd e arc s o f Mars .
We hav e adjuste d th e positio n o f D  (cente r o f th e loo p pattern ) t o obtai n
the bes t agreemen t wit h th e actua l position s o f th e retrograd e arcs, a s seen
from th e Eart h O . As fa r a s the positions  go, versio n A  o f th e intermediat e
model i s pretty good : ever y one o f th e theoretica l loop s fall s o n to p o f th e
corresponding observed retrograde arc. However, th e widths  of the retrograde

FIGURE 7.25 . Retrograd e arc s of th e zero -
eccentricity mode l compare d wit h th e actua l
retrograde arc s of Mars , A.D . 109-122 .

FIGURE 7.26 . Illustratin g Apollonius's
theorem.
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B

FIGURE 7.27 . Tw o version s (A and B ) of a n
intermediate model .

arcs are terrible. In fact , the y are now even worse than i n the zero-eccentricit y
model.

Let u s therefor e examin e th e behavio r o f versio n B  o f th e intermediat e
model (fig . 7.276). Figure 7.286 shows the theoretica l loop s (centere d o n D)
of thi s mode l superimpose d o n th e rea l retrograd e arc s (centere d o n O ) o f
Mars. No w w e hav e don e a  goo d jo b wit h th e widths  o f th e retrograd e
arcs: i n tw o diametricall y opposit e part s o f th e zodia c (th e 10 9 an d th e 11 8
retrogradations) th e theoretica l loop s closel y match th e observe d widths . Bu t
now th e positions of the retrogradation s ar e terrible . Thus, th e intermediat e
model canno t simultaneousl y accoun t fo r both th e position s an d th e width s
of the retrogradations .

7.13 GREE K PLANETAR Y THEOR Y BETWEE N
A P O L L O N I U S AN D PTOLEM Y

Hipparchus on  the  Planets

In th e secon d centur y B.C. , Greek astronomer s bega n t o grappl e wit h th e
planets' zodiaca l inequality. Our chie f source of information is Ptolemy's brie f
summary, i n Almagest IX, 2, of Hipparchus's wor k o n the planets. As Ptolemy
remarks, Hipparchu s mad e notabl e contribution s t o th e theorie s o f the Su n
and th e Moon . However , accordin g t o Ptolemy , Hipparchu s di d no t giv e a
theory of the planet s but onl y arranged the observations in a more usefu l way
and showe d th e appearance s t o b e inconsisten t wit h th e hypothese s o f th e
mathematicians.

In particular, Hipparchus note d that , owing to the two separate inequalities,
the retrogradation s o f each plane t ar e not uniform , bu t th e mathematician s
gave their geometrical  demonstration s a s if there were a single inequality an d
as i f al l th e retrograd e arc s were o f th e sam e length . Fro m thi s remar k b y
Ptolemy, i t appears that one part o f Hipparchus's contributio n wa s a demon-
stration tha t th e zero-eccentricit y mode l o f his predecessors was inconsisten t
with th e motion s o f the planets . Bu t Hipparchus' s predecessor s coul d hardl y
have been unaware that the planets' retrogradations are unevenly spaced around
the zodiac, fo r this i s reflected quit e clearly in the unequal time s that separat e
successive retrogradations. And, a t least in the case of Mars, the unequal widths
of the retrograde arcs must also have been known. Hipparchus's insistenc e that
a planetary theory ought  to work i n detail was far more significant fo r the futur e
of astronom y tha n wa s hi s simpl e notic e tha t th e Gree k planetar y theorie s
were no t terribl y accurate. As we have suggested i n sectio n 5.2 , Hipparchus' s
insistence on model s tha t worked i n detai l probably was a consequence o f his
contact wit h Babylonia n astronomy .

The centra l problem o f Greek astronomy , fro m th e tim e o f Eudoxus on ,
was to save the phenomena i n terms of accepted physica l principles . But wha t
counted a s th e phenomena—th e clas s o f detail s t o b e explained—change d
dramatically over time. While Eudoxus and Apollonius saw their job as merely
giving a  physicall y plausible , geometrica l explanatio n o f retrograd e motion ,
Hipparchus insiste d on a  planetary theory tha t coul d als o explain the zodiaca l
inequality. Now , fo r th e firs t time , a  geometrica l planetar y theor y wa s als o
required to have numerical predictive power . Thi s Hipparchus wa s unable to
provide.

Ptolemy points out that the appearances cannot be saved either by eccentric
circles, o r b y circles concentric wit h th e Eart h bu t bearin g epicycles, o r even
by eccentrics and epicycles together. A model with an eccentric and an epicycle
would b e something lik e th e intermediat e mode l illustrate d i n figure 7.27 , a
model tha t wa s investigate d b y Gree k astronomer s between  th e time s o f
Hipparchus an d Ptolemy .
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It i s eve n possibl e t o sa y which versio n o f th e intermediat e mode l wa s
preferred. Pliny , i n boo k I I o f hi s Natural  History  (firs t centur y A.D.) , ha s a
little to sa y about th e planets . Plin y was not a n astronomer , and muc h of his
discussion i s bot h confuse d an d confusing . However , hi s writin g predate s
Ptolemy b y two generations and h e had acces s to pre-Ptolemaic works that are
now lost . According t o Pliny , the apogee s of the superio r planets' deferent s are
as follows: Saturn in Scorpio, Jupiter in Virgo, Mars in Leo.43 These are consistent
with versio n A o f th e intermediat e model . Tha t is , di e apogee s wer e place d
correctly t o accoun t fo r th e spacing  o f th e retrogradation s around th e zodiac .
No accoun t wa s taken, therefore , o f the widths  of the retrograd e arcs.

Version A  was, indeed , th e mor e reasonabl e choice. Excep t i n th e cas e of
Mars, th e variation in th e widths o f the retrograd e arc s i s not ver y dramatic .
For mos t o f th e planets , thi s variatio n coul d b e ignored , whil e th e uneve n
spacing o f the arc s coul d not . Besides , version A o f the intermediat e mode l
had a  close paralle l in th e sola r theory. A s we saw in sectio n 7.12 , version A
of the intermediate model is not really a satisfactory representation of planetary
motion. However, as no one before Ptolemy had anything better to propose,
this mode l continue d i n us e down t o hi s time .

Astrology as  a Motive

The philosophically based geometrical astronomy in the tradition o f Eudoxus,
Apollonius, an d Hipparchu s wa s inadequate fo r th e calculatio n o f planetary
phenomena. However , ther e were pressing practical reasons for the Greeks to
be able to calculate planetary phenomena fro m theory . Babylonian astrological
ideas wer e introduce d t o th e Greek s i n th e thir d centur y B.C . and gre w t o
have enormou s currenc y and popularity .

Although belie f in planetary influences was ancient i n Babylonia, planetary
omens were first interpreted as applying onl y t o th e kin g or t o th e natio n as
a whole. I t is only at the close of the fifth century B.C. that horoscopic astrology
emerges. B y horoscopi c astrolog y w e mea n th e predictio n o f a n ordinar y
person's futur e o r dispositio n b y examinatio n o f th e position s o f th e Sun ,
Moon, and planets at the moment o f his birth or conception. Onl y a handful
of Babylonian horoscopes have been dated t o the thir d centur y B.C . o r earlier.
The oldes t know n i s for 41 0 B.C. 45

While horoscopic astrology was certainly of Babylonian origin (as , indeed,
the Gree k an d Roma n writer s alway s claimed 46), i t wa s elaborate d int o a
complex system by the Greeks. Thus, the familiar and fantastically complicated
system o f horoscopi c astrolog y wit h dozen s o f conflictin g rule s doe s no t
descend fro m remot e antiquity . Rathe r i t i s a  produc t o f Hellenisti c an d
Roman times . Thi s fac t come s rathe r a s a  blo w t o moder n apologist s fo r
astrology who ar e fond of claiming ancient wisdom a s a justification for thei r
art—and th e olde r th e wiser.

Greek interes t i n horoscopi c astrolog y gre w rapidl y startin g i n th e firs t
century B.C . References t o astrolog y begi n t o appea r i n Gree k an d Roma n
literature. W e hav e als o nearl y 20 0 Gree k an d Roma n horoscope s i n th e
astrological writers , as well a s on papyr i discovered in archaeologica l excava-
tions. The oldes t known Gree k horoscopes are from th e first century B.C . bu t
the grea t bulk o f them com e fro m th e first five centuries of our ow n era. 7

Systematic treatise s o n horoscopi c astrolog y wer e writte n i n Gree k an d
Latin. We shall mention here only three texts of considerable historical impor-
tance. Th e oldes t survivin g complete manua l o f horoscopi c astrolog y i s th e
long Latin poem Astronomica by Manilius, a Roman writer of the first century
A.D. I n th e secon d centur y A.D., Vettiu s Valens , a  Gree k fro m Antioc h wh o
settled i n Alexandria, wrote a  large Anthology o f astrology, to which w e shall
refer below . But the definitive Greek treatise on astrology was written by none
other than Ptolemy . Ptolemy' s Tetrabiblos  came to serve as a standard manual

FIGURE 7.28 . A , Retrograde loops of th e
intermediate mode l (version A) compared with
the actua l retrograde arcs o f Mars , A.D. 109—122 .
B. Retrograd e loops of the intermediat e model
(version B ) compared with the actua l retrograde
arcs o f Mars.
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of astrology , muc h a s hi s Almagest  served t o defin e planetar y theory . Th e
commonly use d titl e of  Ptolemy' s astrologica l work, Tetrabiblos,  reflect s its
division int o fou r part s o r books . Ptolem y addresse s thi s work t o Syrus , the
same friend o r patron to whom he addressed the Almagest. In the introduction ,
Ptolemy remark s that ther e ar e two kinds o f prediction throug h astronomy .
The firs t kind (i.e. , th e kin d treate d in th e Almagest) deal s with th e motion s
of th e Sun , Moon, an d planet s an d rank s firs t bot h i n primac y an d i n
effectiveness. Th e secon d kin d o f predictio n i n astronom y deal s wit h th e
changes produce d o n Eart h b y the planets . Ptolem y admits tha t thi s secon d
(astrological) kind of prediction i s far less certain . But h e attempts to provide
some physica l justification fo r thi s science.

To practic e horoscopi c astrology , a  Gree k o f th e Hellenisti c o r Roma n
period needed to be able to calculate the positions of the planets in the zodiac
with ease and rapidit y for the moment i n question. And he needed t o be able
to calculat e the horoscopi c point—th e point o f the eclipti c that •  a s rising on
the easter n horizon . Hypsicles ' arithmetica l method s fo r dealin g wit h th e
risings of the zodia c signs date from th e secon d centur y B.C. But, as we saw in
section 2.15 , even after th e developmen t o f trigonometry made exact solutions
possible, Greek and Roma n astrologica l writers contined t o favo r arithmetical
methods fo r ascensions , becaus e the y wer e easier . I n th e cas e o f planetar y
theory, th e situatio n wa s eve n worse , fo r th e geometrical  model s wer e no t
only hard t o use , but als o unsatisfactory. Astrologers, who neede d numerica l
answers rather than philosophica l generalities , had n o choic e bu t t o fal l bac k
on arithmetica l schemes fo r calculating planet positions .

Many writer s on th e histor y o f Gree k planetar y theor y hav e overstresse d
the continuity of its development, th e purity of its allegience to philosophica l
principles, and it s cultural independence. Th e motivation s underlyin g Greek
planetary theor y were comple x an d the y als o evolve d with time . Th e Gree k
names o f th e planet s revea l connection s wit h religion . Eve n Ptolem y stil l
regarded th e planet s a s divine. Moreover , a s we hav e seen , planetar y theor y
had dee p roots i n philosophy a s well as in geometry . A philosophically based
geometrical theory of planetary motion, such as that of Eudoxus or Apollonius,
was supposed t o explai n i n a  qualitative way how the world migh t wor k an d
to provid e a  field of play fo r th e geometer . Bu t i t wa s incapable of yieldin g
numerically accurate positions. In part , the emergence of a geometrical plane-
tary theor y with quantitativ e predictiv e power represente d a continuation o f
a proces s alread y begun—th e geometrizatio n o f th e universe . Thus, w e ca n
see the wor k o f Hipparchu s an d Ptolem y a s a continuation o f the traditio n
of Eudoxus , Aristarchus , an d Apollonius . But , in part , th e emergenc e o f
quantitative planetary theory among the Greeks also depended on the Babylo-
nian example—which showed that such a thing was possible—and on the sense
of urgency imposed b y the astrologica l motive .

Arithmetic Methods  in  Greek  Planetary  Theory

Between th e tim e o f Hipparchu s an d Ptolemy , Gree k astronomer s largely
turned awa y fro m geometrica l planetary theor y t o arithmetica l method s fo r
calculating positions of the planets. The basic idea of using arithmetic method s
came from Babylonia . However, th e Greek s were not alway s able to take over
Babylonian method s directly . As we have seen , Babylonia n planetar y theor y
focused o n direc t computatio n o f the time s and place s o f important synodi c
events—first an d las t visibility, beginning and en d o f retrograde motion, an d
so on. Th e positio n in th e zodia c of a planet on a  given day can be obtained
from Babylonia n procedures , bu t no t easil y o r directly . Rather , on e mus t
interpolate betwee n th e directl y compute d synodi c events . Fo r th e practic e
of astrolog y amon g th e Greek s o f th e Roma n period , th e mos t importan t
things to calculate were the dates of the entry of a planet into successive zodiac
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signs. Although ther e i s emerging evidenc e o f more direc t us e of Babylonian
methods, the Greek astronomers and astrologers in the period between Hippar-
chus an d Ptolem y largel y went thei r ow n way and worke d ou t a  number o f
original arithmeti c procedure s fo r calculatin g planetar y positions . Ptolem y
perhaps refer s t o thes e method s i n Almagest  IX , 2 , whe n h e speak s o f th e
unsatisfactory characte r o f th e "aeon-tables " (w e might cal l the m perpetua l
tables) use d b y hi s predecessors.

The most  complete extan t Greek tex t on arithmetic method s fo r the longi-
tudes o f th e planet s i s that o f Vettius Valens (secon d centur y A.D.) , i n boo k
I, chapter 20 , of his astrological compendium know n a s the Anthology. Actua l
planetary table s base d o n arithmeti c method s surviv e o n papyru s an d o n
wooden tablet s from Greco-Roma n Egyp t of the first and second century A.D.
Some o f thi s materia l i s written i n Gree k an d som e i n demoti c (th e later ,
simplified Egyptia n script) . Man y o f the papyr i ar e devoted t o table s for th e
dates o f entry of planets into zodia c signs , but th e theorie s on which the y are
based canno t alway s be reconstructe d i n detail. 50

While most of the papyri seem to rely on methods tha t are not Babylonia n
in origin , there i s also solid evidence o f direct us e of Babylonian arithmetica l
methods b y Gree k astronomers . On e o f the most  detaile d Gree k reference s
to Babylonian astronomy is the fina l chapter o f Geminus's Introduction to the
Phenomena, which i s devoted t o th e luna r theory . I n Geminus' s account , th e
Moon's daily motion follows a  linear zigzag function. According t o Geminus,
the maximu m amoun t tha t th e Moo n ca n mov e i n on e da y i s I5;i4,35 °
(sexagesimal notation; se e sec. 1.2). The smalles t amount th e Moon ca n move
in on e da y i s 1156,35° , an d th e mea n dail y motio n i s 13514,35° . Moreover ,
according t o Geminus , th e dail y motio n change s b y equa l increment s o f
0518° fro m on e da y to th e next . Geminu s attribute s th e figur e fo r th e mea n
daily motion to the "Chaldaeans." But the other parameters are of Babylonian
origin, too . Indeed , Geminu s i s describing system B  of the Babylonia n lunar
theory.

Geminus's descriptio n of the lunar theory is not detaile d enough t o permit
the reader to use it in practice. Fo r example, Geminu s doe s not provide epoc h
values; that is, he does not bothe r to tel l either where the Moon was or where
the Moon' s lin e o f apside s wa s o n a  particula r startin g date . Thus , on e
could stil l wonder whethe r Gree k astronomer s reall y mastered th e detail s o f
Babylonian science or just gained a  passing familiarity with it s basic concepts .

This question was resolved beyond al l doubt by the discovery of a papyrus
of th e secon d centur y A.D. , writte n wit h Gree k numerals , i n whic h luna r
phenomena wer e computed o n th e basi s of system B of the Babylonia n lunar
theory.51 Another Gree k papyru s (o f the thir d century ) use s a  theory o f Mars
that i s related t o th e Babylonia n theory o f Mar s o f syste m A. However , th e
numerical parameters have been modified—and i n fact mad e worse. Alexander
Jones ha s suggeste d tha t th e modification s wer e introduce d t o mak e th e
arithmetical schem e mor e consisten t wit h a  deferent-and-epicycle mode l fo r
the motio n o f Mars . Tha t is , the Babylonia n calculatin g scheme ma y hav e
been modifie d b y a  Gree k astronomer , no t t o mak e i t agre e bette r wit h
observations, but t o make i t agree better with a  physical theory of the motio n
of the planets. 52

Very recently , th e direc t evidenc e fo r Gree k knowledg e o f Babylonia n
planetary theory ha s been vastly expanded throug h th e study o f astronomical
material in the Oxyrhyncus papyri . Oxyrhyncu s was a town in Greco-Roma n
Egypt. It s garbag e dumps , excavate d 1897—1934 , wer e th e riches t sourc e o f
papyri eve r foun d i n Egypt . Mor e tha n 70 % o f the survivin g literary papyri
have come fro m Oxyrhyncus , bu t unti l quite recently the astronomical papyri
were ignored . Th e astronomica l materia l i s being edite d b y Alexander Jones
and will soon be published. According to Jones, the Oxyrhyncus papyri include
Greek versions of typical ACT-style Babylonia n planetar y tables, with nearl y
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exact replicas of system A and system B schemes for every planet except Venus.
We d o no t kno w whe n th e mai n perio d o f transmissio n occurre d sinc e th e
Oxyrhynchus papyr i ar e all Roman period , firs t centur y A.D. an d later . (Th e
pre-Roman level s o f th e Oxyrhynchu s garbag e dump s la y belo w th e wate r
table, so no papyr i from thes e levels have survived.) But i t i s now abundantl y
clear that Greeks living in Egypt had mastered the Babylonian planetary theory
in prett y ful l detai l a t leas t a  few generations before Ptolemy' s time .

We d o no t kno w i n an y detai l ho w Babylonia n astronomy an d astrolog y
jumped th e cultura l gap . Bu t th e tim e o f transmissio n wa s probabl y th e
Seleucid period . Va n de r Waerde n ha s argue d tha t th e man y reference s b y
later Greek and Roman writers to "Chaldaean" practice point to the existenc e
of a compendium o f Babylonian astronomy and astrology, written in Greek .
The possibilit y of a compendium o f Babylonian astronomy i n Gree k canno t
be discounted , fo r w e d o kno w o f a n interestin g parallel . Th e Chaldaea n
Berosus wrote , i n Greek , aroun d 28 0 B.C. , a histor y o f Babylonia , calle d
Babylonica, for his patron, Antiochus I Soter, th e second kin g of the Seleucid
dynasty. Thi s history has not survived , but man y citation s of it are preserved
by Josephus and Eusebius . Berosus treated th e histor y of the world fro m th e
creation dow n t o th e tim e o f Alexander . Th e firs t portion s o f hi s boo k
were therefor e mythological , bu t th e late r portions mus t have been base d on
Babylonian chronicles .

As w e sa w i n sectio n 1.9 , Berosu s also ha d a  reputatio n a s a n astrologe r
and astronomer . Vitruviu s claime d tha t Berosu s settled a t Co s and playe d a
role i n introducin g astrolog y t o th e Greeks . Plin y say s that th e Athenian s
were s o impresse d wit h hi s marvellou s prediction s tha t the y erecte d a t th e
exercise ground a  statue of Berosus with a  gilded tongue . W e ca n find in th e
preserved fragment s o f Berosus' s work ver y little t o convinc e u s that h e was
an accomplishe d astronomer . Therefore , w e nee d no t tak e ver y seriousl y
Berosus's purported rol e in introducing the Greeks to Babylonian astronomy.
The importan t thin g i s the example: Berosus was a priest of Marduk wh o di d
write som e sor t o f boo k i n Gree k fo r a  Seleuci d roya l patron . I f i t wa s no t
Berosus, w e ca n imagin e anothe r pries t o r scrib e o f Babylo n writing som e
sort of astronomical compendium i n Greek for some other Gree k patron. Bu t
all this remains conjecture. Other writers have pointed ou t tha t i t i s sufficien t
to assume that Babylonia n scribes emigrated an d took thei r skill s with them ,
or tha t Greek s who talke d t o th e priest s in Babylo n picked u p th e essential s
of Babylonian astronomy.

Thus, Gree k planetar y theor y i n th e perio d jus t before Ptolem y present s
a very complex picture . This remain s a  lively area of historica l researc h an d
we can expec t th e pictur e to chang e a  bi t i n th e nex t fe w years.

But thi s muc h i s now clear : i f you wer e a  Gree k steepe d i n Aristotelia n
physics and Euclidean geometry , yo u couldn't understan d what was going on
unless you though t i n terms of deferents and epicycles . Thus, philosophicall y
oriented writers expounded geometrica l systems based on deferents and epicy-
cles. A  goo d exampl e o f suc h a  tex t i s Theo n o f Smyrna' s Mathematical
Knowledge Useful  fo r Reading  Plato, which date s from th e early second century
A.D. Theon was not th e onl y on e writing in thi s genre , for h e make s i t clear
that h e draw s most o f his astronomica l detai l fro m earlie r writers, especially
Adrastus, a  Peripateti c philosophe r wh o wa s a  generation o r tw o older . Fo r
Theon, th e Chaldaea n planetar y theory was unacceptable becaus e i t was not
based on a proper understanding o f nature. O n th e othe r hand , i f you were
a Gree k astrologe r in Roma n Egyp t wh o neede d t o obtai n plane t position s
(even i f the y wer e no t ver y accurate) , yo u ha d t o fal l bac k o n arithmeti c
methods. Th e philosophicall y base d geometrical  planetar y theor y an d th e
arithmetically based calculating schemes still existed side by side in the second
century A.D .
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Despite Hipparchus's insistence that it should be able to do so, the deferent-
and-epicycle theory was at this stage of its development incapabl e of providing
satisfactory answers . The Greek s therefor e experimente d wit h a  numbe r o f
numerical predictiv e scheme s wit h onl y limite d success . Th e ne w doubl e
goal o f providing a  quantitative planetar y theory base d on accepte d physica l
principles had no t ye t bee n realized . That remaine d fo r Ptolemy to do .

7.14 EXERCISE : TH E EPICYCL E O F VENU S
1. Usin g data from tabl e 7.1, prove that Venus travels in the same direction

on it s epicycl e a s Mercury doe s (counterclockwis e a s viewed fro m th e
north pol e o f the ecliptic) .

2. Mak e a  rough estimat e o f the radiu s o f Venus's epicycle .

7.15 A  COSMOLOGICA L DIVERTISSEMENT :
THE O R D E R O F TH E PLANET S

Aristotle points ou t tha t th e Moo n i s sometimes seen not onl y to eclips e the
Sun bu t als o t o pas s i n fron t o f (o r t o occult)  star s an d planets . Thus , al l
ancient writers agreed in placing the Moon nearer to us than any other celestial
body. Moreover , the Moon's parallax is large enough to allow a measurement
of it s distanc e (sec . 1.17) . Th e parallaxe s of th e planets , however , ar e ver y
small. N o measurement s o f th e planets ' distance s wer e possibl e wit h th e
methods o f the ancien t astronomers .

The deferent-and-epicycl e arrangemen t fo r eac h plane t therefor e consti -
tuted a n independen t system . There wa s no astronomical  way to tel l whic h
planets were closest to the Earth and which were farthest away . That is, there
was no way to measur e the absolut e sizes of  the deferen t circles . All that was
astronomically determinabl e was, fo r eac h planet , th e ratio  o f th e epicycle' s
radius t o th e radiu s o f th e deferent . Bu t thi s di d no t preven t th e Gree k
astronomers fro m speculatin g about th e orde r o f the planets .

In ancien t science , th e orde r o f th e planet s wa s a  cosmological  question .
Cosmology i s the effor t t o understand the arrangement of the whole universe.
Astronomy is one part of this endeavor. Bu t astronomy, based on observation
and calculation , canno t answe r ever y question— a poin t state d emphaticall y
by Geminu s (se e sec. 5.3) . The selectio n o f a  mode l fo r th e motio n o f th e
planets (suc h a s Apollonius's deferent-and-epicycl e model ) ha d therefor e t o
be made partly on th e basi s of nonastronomical criteria. The most  importan t
of these was, of course, the principle of ancient physics that th e planets must
move i n circle s at constan t speed .

An Organizing  Principle for the  Cosmos

Another physical principle accepted at an early date (long before the invention
of deferent-and-epicycl e theory ) wa s tha t th e planet s ough t t o b e arrange d
according t o thei r tropica l periods . Th e slowes t plane t (Saturn ) shoul d b e
farthest away from u s and closes t to the fixed stars. This principle was enunci-
ated by Aristotle and justified with physical arguments. Accordin g to Aristotle,
the eastwar d motio n o f th e planet s i n th e zodia c i s partiall y retarde d o r
restricted b y th e primar y westwar d motio n o f th e whol e cosmos . I t make s
sense that the planet closes t to the sphere of stars (Saturn) should be restricted
the most . Thi s i s why i t ha s only a  feeble eastwar d motion .

On th e basis of this principle, all the Greek writers agreed in placing Saturn
(tropical perio d =  30  years ) neares t the  fixed  stars , Jupite r (1 2 years ) nex t
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below, an d Mar s ( 2 years) next . Th e lowes t place , jus t above the Earth , was
assigned by all writers to the Moon, which complete s a  trip around th e zodiac
in a  month . However , ther e wa s a  differenc e o f opinio n abou t th e Sun ,
Mercury, an d Venus . Thes e three bodie s must b e placed betwee n th e Moon
and Mars . Bu t since all three have a tropical period o f exactly one year, thei r
order canno t b e deduced fro m th e principle that connects distance s to times .

Among th e earl y writers, several different doctrine s arose . Plato chos e th e
order Moon, Sun, Venus, Mercury, Mars, Jupiter, Saturn.59 Theon of Smyrna
remarks tha t som e of the "mathematicians " (i.e. , technical astronomers ) als o
adopted this order but that others inverted the positions of Venus and Mercury.
In eithe r arrangement , al l the planet s were place d abov e the Sun .

The Standard  Order

Pythagorean Sun Mysticism Theo n of Smyrna tells us that "certain Pythagore-
ans" chos e th e orde r Moon , Mercury , Venus , Sun , Mars , Jupiter , Saturn .
These Pythagorean s wanted th e middl e circl e amon g th e planet s t o b e tha t
of th e Sun , whic h wa s th e "hear t o f th e universe " an d th e mos t fi t fo r
command.60 Theon distinguishes between the center of activity and the center
of volume. For example, in the cas e of man, th e cente r o f the livin g creature,
considered a s a man an d a n animal , i s the heart , whic h i s warm an d alway s
in motion . Th e hear t i s th e origi n o f al l facultie s of th e soul , suc h a s life ,
movement fro m plac e to place, desires , imagination, and intelligence . But th e
center o f volume i s different; i n us , i t i s situated near th e navel . In th e sam e
way, th e cente r o f volume o f th e cosmo s i s the Earth , col d an d motionless .
But th e cente r o f the cosmos , considere d a s cosmos an d animal , i s the Sun ,
which i s the hear t o f the universe , and fro m which th e sou l arise s t o fil l th e
universe an d t o sprea d through th e whole bod y t o th e farthes t limits.

Another exampl e of thi s Su n mysticis m is provided b y Pliny :

EXTRACT FRO M PLIN Y

Natural History  II , 12-1 3

In the middle [of the planets] moves the Sun, whose magnitude and power
are th e greatest , and wh o i s ruler no t onl y of the season s an d o f the lands,
but eve n o f th e star s themselve s an d o f th e heaven . Taking int o account
all tha t h e effects , w e mus t believe hi m t o b e th e soul , or mor e precisely
the mind , o f the whol e world, th e suprem e rulin g principl e and divinit y
of nature . H e furnishe s th e worl d with ligh t an d remove s darkness , h e
obscures an d illuminate s th e res t o f th e stars , h e regulate s i n accor d with
nature's precedent the change s of the season s an d th e continuou s re-birth
of th e year , h e dissipate s th e gloo m of heaven an d eve n calm s the storm-
clouds o f the min d of man, he lend s his ligh t to th e res t o f the star s also ;
he i s glorious an d preeminent , all seeing an d eve n al l hearing.

Ptolemy on the Order of Planets A  less mystical approach is taken b y Ptolemy,
who begin s boo k I X o f th e Almagest  with a  discussio n o f th e orde r o f th e
planets. Ptolemy remarks that some mathematicians placed Venus and Mercury
higher tha n th e Sun , becaus e th e Su n ha d neve r bee n see n eclipse d b y th e
planets. However , Ptolem y point s ou t tha t thes e planet s migh t li e a  littl e
north o r south of the ecliptic at their conjunctions with the Sun and therefore
fail t o produc e a n eclipse , just as the Moo n fail s i n th e majorit y of case s t o
eclipse the Sun at the time of new Moon. In the Planetary Hypotheses  Ptolem y
adds tha t th e occultatio n o f th e Su n b y a  smal l bod y migh t no t eve n b e
perceptible, just as small, grazing eclipses of the Su n b y th e Moo n ar e often
not perceptible . Ptolem y himsel f adopts th e orde r Moon , Mercury , Venus ,
Sun, Mars , Jupiter , Saturn , sayin g that i t i s reasonable t o plac e th e Su n i n
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the middle , a s a divisio n betwee n th e planet s tha t ca n b e a t an y elongatio n
from th e Su n an d thos e tha t alway s move nea r it .

In th e Planetary  Hypotheses,  Ptolem y supplie s a  number o f physica l argu -
ments t o justif y thi s order . H e argue s tha t th e furthe r remove d a  planet' s
astronomical hypothese s ar e fro m thos e o f th e Sun , th e farthe r th e plane t
must lie , i n rea l distance, fro m th e Sun . Thus , Mercur y mus t li e below the
Sun an d clos e t o th e Moon , becaus e th e rathe r comple x theoretica l syste m
for Mercur y resemble s that o f the Moon . On e migh t als o expec t th e lowes t
planets to have the most  comple x motion s becaus e they are nearest to the air
and thei r movemen t resemble s th e turbulen t motio n o f the elemen t adjacen t
to them. So , again, it makes sense for the Moon and Mercury, which have the
most complex theories, to be lowest. This argument is Ptolemy's elaboration of
an idea  o f Aristotle's .

Ptolemy's orderin g o f th e planet s (Moon , Mercury , Venus , Sun , Mars ,
Jupiter, Saturn) had become standard somewhat before his time. This ordering
was confirmed by Ptolemy's great authority and was almost universally accepted
down t o th e sixteent h century .

A Partially  Heliocentric  System

But one other possible arrangement of Mercury and Venus must be mentioned.
We kno w tha t th e center s o f these  planets ' epicycle s alway s lie in th e sam e
direction a s the Sun . I t i s impossible t o sa y whether these  center s ar e closer
to us or farther fro m u s than th e Sun. Might it not b e the case that the centers
of Venus's an d Mercury' s epicycle s actually coincide  with th e Sun ? Then th e
two planets would execute circular orbits around th e Sun while the Sun travels
on it s ow n circl e aroun d th e Earth . Mor e precisely , th e epicycle s o f Venu s
and Mercur y woul d b e centere d o n th e mea n Sun , aroun d whic h th e tru e
Sun would also revolve on its own tiny epicycle. This arrangement is a plausible
extension of the principle tha t connect s distances to times , for it explains why
the tropica l period s o f Mercury , Venus , an d th e Su n ar e al l the same : the y
all share th e sam e deferent circle.

Moreover, this system was actually advocated in antiquity. Theon of Smyrna
remarks that i t i s possible that th e thre e bodies have three separate deferent s
that revolve in the same time, th e Sun' s being smallest, Mercury's larger , and
Venus's large r yet. But , says Theon, there could als o be only a  single deferen t
common t o th e thre e stars , whos e epicycle s would the n tur n abou t a  single
center. Th e smalles t epicycle would b e the Sun's , Mercury's next larger , then
Venus's. Thi s woul d explain , say s Theon , wh y thes e thre e star s ar e alway s
neighbors, Mercur y neve r bein g mor e tha n 20 ° fro m th e Sun , an d Venu s
never mor e tha n 50° . "On e migh t suspec t tha t th e true r positio n an d orde r
is this, i n order tha t this might b e the sea t of the lif e principl e of the cosmos ,
considered a s cosmos an d livin g creature , a s if the Su n wer e the hear t o f th e
universe by virtue of its motion, it s size, and the common cours e of the planets

i •  ,,6 7round it .
This heliocentri c arrangemen t fo r Venus an d Mercur y i s also mentione d

by three late (fourth and fifth centuries A.D.) Latin writers, Chalcidius, Macro-
bius, an d Martianu s Capella . Chalcidiu s attribute s th e syste m t o Heraclide s
of Pontos (fourt h century B.C.)—but he is clearly mistaken, a s Heraclides lived
before th e inventio n o f th e epicycl e theory. 68 Perhap s Chalcidiu s attribute d
this view to Heraclides because he was known to have held another unorthodo x
astronomical opinion : th e dail y rotatio n o f Earth o n it s axi s (se e sec. 1.6) .

FIGURE 7.29 . A  grand vie w o f the cosmos :
disposition o f the Su n an d superio r planet s
(A) an d o f th e Su n an d inferio r planet s (B ) on
January 7 , 1900 .

A Grand  View  of  the  Cosmos

Figure 7.29, A and B, present a grand view of the cosmos according to deferent-
and-epicycle theory. The epicycle of each planet is drawn in correct proportion
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to its deferent. We have adopted th e standard orde r of the planets (Ptolemy's
order). W e hav e als o adopte d anothe r o f Ptolemy' s cosmologica l principle s
(see sec . 7.25) : th e univers e should contai n n o empt y o r wasted space . Thus,
one sid e of Mars's epicycle is tangent t o th e Sun' s circle . Similarly, the othe r
side o f Mars' s epicycl e has jus t enoug h spac e t o squeez e by th e epicycl e o f
Jupiter. We have , however , ignore d th e eccentricitie s o f the deferen t circles ,
so the figure somewhat simplifies Ptolemy's system. The figure has been drawn
to represen t the arrangemen t o f the heaven s on a  particular date: January 7 ,
A.D. 1900 .

Figure /.29 A show s th e oute r par t o f th e system—Saturn , Jupiter , Mars ,
and th e Sun . A striking featur e o f the figur e i s the fac t tha t th e radi i o f th e
epicycles o f th e superio r planet s ar e parallel t o on e anothe r an d t o th e lin e
from th e Eart h t o th e Sun . Thi s is , o f course , a  necessar y condition o f th e
theory. Figure 7.296 shows the inner part of the system: Sun, Venus, Mercury ,
and Moon . Thi s figur e ha s bee n draw n o n a  scal e eigh t time s large r tha n
figure j.zyA. So , i f one coul d shrin k figur e 7.29 6 b y a  facto r o f eight , th e
solar circles of the tw o figures would b e the sam e size, and al l of figure 7.296
could b e place d insid e th e sola r circl e o f A . Th e strikin g featur e o f figur e
7.296 i s the fac t tha t th e center s o f th e epicycle s of Mercur y an d Venu s li e
on th e lin e fro m th e Eart h t o th e Sun .

As Ptolemy says in the Planetary Hypotheses, eac h planet has one fre e motio n
and on e constrained motion . A s one ponders thes e diagrams and remember s
that th e Moo n get s its light fro m th e Sun , tha t it s phases ar e determined b y
its elongatio n fro m th e Sun—the n slowl y one begin s t o appreciat e the forc e
of th e ol d Pythagorea n doctrin e tha t th e min d an d hear t o f the univers e is
the Sun .

Note on Planetary Symbols  Th e conventiona l signs for the planets introduced
in figures 7.29 and 7.3 0 provide a  useful shorthan d notation . To judg e by the
papyrus planetary tables and other texts preserved from th e Hellenistic period ,
the ancien t Gree k astronomer s did no t us e such symbols . Rather, th e name s
of th e planet s wer e simpl y written ou t or , often , abbreviated . Th e moder n
planetary symbol s firs t appea r i n 8yzantin e Gree k manuscript s o f th e lat e
Middle Ages. Figure 7.30 presents variants of the planetary symbols found in
a few medieval astronomical and astrologica l manuscripts in the 6ibliotheque

FIGURE 7.30 . Example s of planetary symbols
in som e lat e medieva l manuscripts .

Modern

Geminus

Paris Grec
2385

XV- XVI Cent.

Anonymous
Ast. Treatise

Paris Grec
2419

XV Cent.

Alf onsine
Tab les

Paris Latin
7432

before 148 8

Alf onsine
Tables

Paris Latin
7316A

XIV Cent.
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Nationale, Paris . Th e tabl e i s not intende d t o b e exhaustiv e bu t simpl y t o
illustrate the notation actuall y employed b y medieval astronomers . Th e luna r
symbol i s practicall y invariable , n o doub t becaus e i t i s a  direc t pictoria l
representation. Similarly , th e medieva l astronomica l writer s ar e mor e o r les s
unanimous i n thei r use of the symbo l fo r the Sun . Interestingly , the moder n
symbol 0  doe s appea r i n medieva l Gree k manuscripts , bu t neve r as a mar k
for th e Sun ; rather , i t i s employed alway s a s a sign fo r "circle. "

Levels of  Certainty  in  Greek  Science

The Greek s wante d t o find the structur e and arrangemen t of the univers e as
a whole . Thi s was a dauntin g task . Th e part s o f the tas k tha t require d onl y
astronomical observatio n an d geometr y le d t o result s tha t wer e certai n an d
reliable. Example s o f these include th e measuremen t o f the siz e o f the Eart h
and th e distanc e o f the Moon .

Some parts of the tas k could no t procee d unles s astronomical observatio n
and geometr y wer e supplemente d b y a  se t o f physical assumptions. A  goo d
example i s Apollonius's theor y fo r th e motion s o f the planets . I f we assum e
uniform circula r motion, w e may then construc t a  model t o accoun t fo r the
observed behavior of the planets. Th e assumptio n o f circular motion was not
arbitrary o r a d hoc . Rather , thi s wa s a  universally agreed physica l principle .
Of course , i t coul d stil l b e aske d jus t ho w wel l Apollonius' s mode l agree d
with th e actua l detail s o f planetar y motion . A s we hav e seen , th e answe r is
not ver y well. The  respons e of  the Gree k astronomer s to  thi s difficult y was  a
gradual refinement of the model. This required bending the rules of Aristotelian
physics an d introducin g departure s fro m unifor m circula r motion . B y th e
time o f Ptolemy (secon d centur y A.D.) , th e deferent-and-epicycl e theor y was
brought int o a  highly satisfactor y an d accurat e form.

Some cosmological  questions, includin g th e orde r o f the planets , coul d b e
decided onl y b y means o f ad ho c assumptions . Thes e assumption s coul d b e
supported b y philosophica l argument . Bu t the y coul d no t b e teste d agains t
observation. Thus, the order of the planets had a completely different epistemo -
logical statu s tha n th e deferent-and-epicycl e theory . I t wa s no t possibl e t o
refine th e orde r o f th e planet s b y incrementa l progres s i n observatio n o r b y
adding ne w details to the theory. Eithe r you agreed with Plato , o r you agreed
with Ptolemy , o r you suggeste d som e orde r o f your own .

Modern writers o n Gree k astronom y ofte n fai l t o distinguis h very clearl y
between thes e thre e level s o f certainty an d thre e varietie s o f proof . The bes t
of the Gree k astronomica l writers—Ptolemy and Geminus , fo r example—were
themselves quit e clea r abou t wha t wa s demonstrabl e an d wha t wa s base d
on physica l assumptions . Othe r writers , fo r example , Cleomedes , ar e mor e
dogmatic an d sho w les s sensitivit y t o th e difference s amon g astronomical ,
physical, an d cosmologica l premises . Th e Lati n encyclopedists—Plin y an d
Vitruvius, fo r example—are th e leas t sophisticated. Fo r them , th e astronom y
of the Greek s is all of a piece and n o par t o f it i s any more fundamenta l than
any other .

7.16 EXERCISE : TESTIN G A P O L L O N I U S ' S
THEORY O F L O N G I T U D E S

In thi s exercis e we tes t th e theor y o f longitude s introduce d i n sectio n 7.12 ,
using Mar s a s example. Ho w wel l doe s Apollonius' s theor y accoun t fo r th e
actual pattern of retrogradations? If we needed answers accurate to the minut e
of arc , thi s woul d involv e tediou s trigonometri c computations . Fortunately ,
we ca n lear n almos t a s muc h fro m number s tha t ar e accurat e onl y t o th e
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FIGURE 7.31 . Usin g th e Ptolemai c slats.

nearest degre e o r two. We ca n attai n thi s precisio n an d avoi d trigonometr y
by employin g a  mechanica l calculatin g tool , th e Ptolemaic  slats.

1. Assemblin g th e Ptolemai c slats : Photocop y th e Ptolemai c slat s i n th e
back o f this boo k (fig . A. 5.). I f you wish , you ma y enlarge th e figure slightly,
so tha t th e longes t par t i s abou t u  inches  long . Photocop y ont o stif f car d
stock, o r glu e a  pape r photocop y t o car d stock , usin g a  good-qualit y glu e
stick. Cu t ou t th e thre e parts .

Attach th e shorte r sla t (marke d with planetar y symbols ) t o th e large r slat
in th e followin g way. Obtain a  grommet-fastenin g ki t a t a  hardwar e store .
The smallest-size d grommets wil l be fine. They should be  hollow, so  that you
can se e through th e hol e afte r yo u hav e fastened the grommet . Us e the too l
provided i n the ki t to punch a  hole a t the point marke d H  o n the larger slat,
and a t the point marked H  o n the smaller slat. Fasten th e two parts together ,
as i n figur e 7.31 . A vital  point: b e careful  t o fasten th e grommet loosely  s o that
the smaller  slat can be  turned freely.

2. Preparing the ground : Obtai n a  sheet of paper, abou t 20 " X 20". Dra w
a line throug h th e middle . Plac e a  dot a t the middl e o f the lin e to represen t
the Earth . Th e shee t represent s th e plan e o f th e ecliptic . Labe l on e en d o f
the reference line o° (longitud e of the vernal equinoctial point ) an d the other
end 180° . Pok e a  thumb tac k throug h th e Eart h do t fro m below .

Place the large paper protractor (marke d with the signs of the zodiac) fro m
the Ptolemai c slat s over the tac k so that th e tac k stick s through th e cente r of
the protractor . Pus h a  small eraser or a  piece of balsa wood ove r the poin t of
the tack so you wil l not stic k yourself accidentally. Turn th e protracto r unti l
the o ° directio n coincide s wit h th e o ° referenc e lin e draw n o n th e paper .
Stick a  cur l o f tap e unde r th e protracto r s o tha t i t remain s fixe d i n thi s
position.

Locate som e prominen t eclipti c star s aroun d th e edge s o f th e pape r t o
provide a  frame o f reference . Use a  star char t o r th e ret e o f the astrolab e ki t
in the appendix of this book to obtain roug h longitudes fo r Hamal (o c Arietis),
the Pleiades , Aldebaran, Pollux , Regulus , Spica , Zubenelgenub i (( X Librae) ,
Antares, an d A , Sagittarii . Fo r example , o n a  sta r chart , th e Pleiade s ca n b e
seen nea r th e eclipti c a t 58 ° longitude . Pu t a  mar k fo r th e Pleiade s 58 °
counterclockwise fro m th e o ° referenc e lin e and a t th e edg e o f the paper .

3. Ho w t o ge t started : Plac e th e Ptolemai c slat s ove r th e thum b tac k s o
that th e tac k stick s throug h th e cente r T  o f the cros s hairs nea r on e en d o f
the lon g slat , as shown i n figure 7.31 . The tac k will act as a pivot fo r thi s slat.
The lon g sla t wil l ac t a s th e revolvin g radiu s o f th e deferen t circle . A s th e
deferent sla t i s turned, th e deferen t circl e is swept ou t b y the grommet . Th e
smaller slat, which is free t o turn abou t this grommet, represent s the revolving
radius o f th e epicycle . Th e Ptolemai c slat s may b e use d fo r an y o f th e five
naked-eye planets . Th e sam e deferen t radius is used fo r all , but th e epicycl e
slat is marked t o show th e appropriat e epicycl e radius for each planet . I n thi s
exercise we shal l work wit h Mars .

As a  planet move s pas t th e fixe d stars , its mea n longitud e A , and epicycli c
anomaly (J , bot h increase . Refe r t o figur e 7.3 1 t o se e ho w thes e angle s ar e
measured o n th e Ptolemai c slats .

In sectio n 7. 4 we determined th e tropica l an d synodi c period s o f Mars :

Tropical period : 1.88 years
Synodic period : 2.1 3 years

The angula r speed a t whic h th e mea n longitud e A , increases will be denote d
fa. Sinc e A , must g o throug h 360 ° i n on e tropica l period ,

fa = 36o°/i.88 years

= o.524°/day .
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Similarly, th e epicycli c anomal y ( 1 increases b y 360 ° i n on e synodi c period .
The dail y motio n i n p, , denoted^, i s therefore

fa = 36o°/2.i3 years

= o.462°/day .

We shal l make a  time-lapse picture of  Mars by  taking a  "snapshot" ever y
time th e epicycl e sla t ha s turne d throug h 10° . Now , A , change s 0.524/0.46 2
(= 1.14 ) time s more quickly tha n (J , changes. Therefore , wheneve r (J . increases
by 10° , A , will increas e by 11.4° .

The onl y remainin g issues are the initia l values of A and (J, . The eas y way
to begin i s at a  mean opposition , tha t is , a t the cente r o f a retrograde arc, for
then th e valu e o f J l i s known . Sinc e th e epicycle' s radiu s point s directly  a t
the Eart h a t mea n opposition , th e epicyclic  anomaly  must be 180°. Also , sinc e
the plane t i s then seen in the same direction a s the epicycle' s center , th e mean
longitude is  the  same as the  longitude  of the  planet.

Let us begin ou r stud y at the oppositio n o f 1971. In sectio n 7.4 , we foun d
that Mar s reache d its  oppositio n to  the  Sun  at  longitud e 317 ° on  Augus t 9,
1971. Therefore, we know that o n August 9 , 1971, Mars's mean longitud e was
317° and it s epicyclic anomal y was 180°. We ca n deduc e thes e facts fro m th e
observation only because the observation was a very special one—an opposition .

Fill i n th e value s of A , an d (J , b y repeate d addition s o r subtractions :

Step A  |0 , (Man)
0
1
2
3
4
5
6
7
8
9 317.0 ° 180 ° (Augus t 9, 1971)
10 328. 4 19 0
11 339. 8 20 0
12 351. 2 21 0
13 362. 6 =2. 6 22 0
14 14. 0 23 0
15 25. 4 24 0

Complete th e tabl e backwar d t o th e ot h ste p an d forwar d t o th e 54t h step .
Be careful : on e additio n erro r wil l corrup t al l the entrie s belo w it .

4. Turning th e slats: Use the slats to plot the positions of Mars by adjusting
the slat s so tha t angle s A , and ( I have th e value s listed i n you r table . Fo r eac h
step, pu t a  do t o n th e pape r nex t t o th e Mar s symbo l o n th e epicycl e slat .
Carefully plo t al l 55 points. Lightl y sketch a smooth pat h throug h th e points .

5. Examining the plot : Your plot shoul d contai n two retrograde loops—the
retrogradation o f the summe r o f 1971 and tha t o f the fal l o f 1973 .

A. Accordin g t o you r plot , ho w wid e wer e thes e tw o retrograd e arcs ,
measured in degrees , a s seen fro m th e Earth ? Ho w fa r apar t were the center s
of the tw o arcs ? Consul t tabl e 7. 1 (plane t longitude s a t ten-da y intervals ) t o
see how wel l your plo t agree s with actua l data .

B. You plotted position s o f Mars a t 10° intervals in the epicycli c anomaly.
What time interva l does thi s represent ? That is, how many day s apart are two
successive position s i n you r plot ? Remembe r tha t f a =  o.46i6°/day . (Kee p
several decima l place s in you r answe r fo r us e below. )

C. T o wha t dat e doe s th e 54t h poin t o f your plo t correspond ? (Th e 9t h
point correspond s t o August 9 , 1971 = J.D. 244 1173.) According t o your plot,
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what wa s the longitud e o f Mar s a t o n thi s date ? Doe s thi s agre e with th e
position i n tabl e 7.1 ?

6. Completin g th e plot : W e wan t t o examin e retrograd e arc s o f Mar s
occurring al l the wa y around th e ecliptic . (W e wil l focu s o n th e retrograd e
loops an d no t pa y any more attentio n t o th e res t of the planet' s motion. ) I t
is clea r tha t th e loop s wil l al l b e equall y spaced (a t 49 ° intervals ) an d the y
will al l be of exactly the sam e size and shape . We nee d t o produce retrograd e
loops al l the wa y around th e ecliptic . We could  do thi s b y turning th e slats ,
but w e will tak e advantag e o f th e unifor m siz e an d spacin g o f th e loop s t o
simplify things .

Using your origina l tw o retrograd e loops a s guides, carefull y trac e i n five
more on your sheet . These five should b e arranged in counterclockwise order
following you r secon d loop . Th e ne w loops shoul d b e 49° apar t an d exactl y
the sam e distanc e fro m th e Eart h a s are the origina l loops . (Yo u can trac e a
loop and the n us e the tracin g a s a master fro m whic h t o trac e the ne w loop s
onto the sheet . Or yo u can make photocopies o f one of your loops and past e
these on in the right positions.) When you are finished you should have seven
loops. Th e five added loop s represen t the retrogradation s o f December 1975 ,
January 1978, Februar y 1980, April 1982 , an d Ma y 1984 .

7. Makin g a n overlay—genera l tes t o f Apollonius' s theory : I n tabl e 7. 1
bracket al l the retrograd e arcs of Mar s fro m 197 1 to 198 4 inclusively.

Obtain a  shee t o f transparen t plasti c and felt-ti p pen , o r els e a  shee t o f
tracing pape r an d a n ordinar y pencil . Nea r th e cente r o f th e transparency ,
mark a  dot O  to represen t th e Earth . Dra w a  reference lin e fro m O  towar d
one edge of the transparency to represent the zero of longitude. A short mark
near th e edg e wil l suffice , a s shown i n figur e 7.24 . Labe l th e referenc e lin e
with th e symbo l " Y fo r th e verna l equinox.

From th e Eart h O , draw line s o f sight t o th e end s o f the retrograd e arc s
of Mars tha t occurre d i n th e year s 1971—1984. The line s o f sight should b e a t
least fou r inche s long. Your transparency should resembl e figure 7.24, bu t th e
dates an d longitude s o f th e planet' s station s wil l b e different , sinc e the y ar e
to b e take n fro m tabl e 7.1 . You r finishe d transparenc y wil l includ e seve n
retrograde arcs.

When you have finished the overlay, place it on top of the plot of retrograde
loops. Match u p th e Eart h dot s o n th e tw o drawing s an d lin e u p th e zero -
degree directions. How wel l does th e deferent-and-epicycle mode l agre e with
the actua l pattern o f Mars's retrogradations?

The mode l put s th e 197 1 retrograde loop i n th e righ t par t o f the sky , o f
course—it had to , since we started the Ptolemaic slat s rotating i n August 1971,
in the middle of the retrograde motion. What about the positions of the other
retrograde loops ? Th e mode l predict s equall y space d retrograd e loops . But ,
as th e overla y shows, th e actua l spacin g o f th e retrogradation s i s fa r fro m
uniform.

The mode l als o predicts retrograd e arcs of uniform width, bu t th e actua l
widths, o n th e overlay , vary considerably. Not e tha t th e loo p fo r 197 1 is too
wide an d spill s ove r th e actua l line s of sight t o th e planet' s stations . O n th e
other hand , th e loo p fo r 198 0 i s too smal l and doe s no t nearl y fill the spac e
between th e line s o f sight . Again , th e simpl e deferent-and-epicycl e mode l
must b e judged a  failure .

8. Testing the intermediate models: Remov e the overlay from th e plot an d
examine i t carefully . Not e tha t ther e i s a definite pattern. Aroun d longitud e
320° (i.e. , aroun d th e 197 1 retrogradation) th e retrograd e arc s ar e smal l an d
far apart . Aroun d longitud e 140 ° (betwee n th e retrograd e arc s o f 197 8 an d
1980), the arcs are at their widest and most densely packed. The whole pattern
is roughly symmetrical about a line drawn through the Earth toward longitudes
140° and 320° .

In th e intermediat e version of the deferent-epicycl e theory (sec . 7.12), th e
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center o f th e deferen t circl e i s shifted awa y fro m th e Earth . Thi s mode l i s
easy t o tes t wit h th e plo t an d overla y you hav e alread y made.

The cente r O  of the transparency , which i s the origin o f our lines of sight,
will continu e t o represen t th e Earth . The cente r of the retrograde loop plot ,
which hel d th e thum b tack , represent s th e cente r o f Mars' s deferen t circle.
Label thi s tack hol e D , fo r the cente r o f the deferent . Note tha t th e Earth O
is marke d o n th e transparency , whil e th e cente r D  o f Mars' s deferen t circle
is marked on the paper plot. By sliding the paper plot underneath th e transpar-
ency, w e ca n mov e th e cente r o f th e deferen t away fro m th e Eart h i n an y
direction w e please .

In whic h directio n ough t w e t o displac e D?  Onl y tw o direction s woul d
make any sense, namely, along longitudes 320° or 140°, that is, in one direction
or the othe r along the line of symmetry in the pattern o f retrograde arcs . We
shall try  eac h of  these  directions in  turn .

First, shif t th e pape r plo t underneat h th e transparenc y s o that D  move s
an inc h o r mor e towar d longitud e 140°—tha t is , towar d th e 197 8 an d 198 0
retrograde arcs . Yo u should find tha t you can make the retrograd e loops on
the plo t al l fal l i n th e righ t part s o f th e sky : the y al l agre ; pretty wel l wit h
the actuall y observed lines of sight o n th e transparency . A ' fa r a s the spacing
of the retrograd e loop s is concerned, a n off-cente r deferen t circl e seems to b e
what we need. Bu t what abou t the widths  of the retrograd e loops? By shifting
D i n th e 140 ° direction , w e have actuall y made th e width s worse . The 197 1
loop i s much to o wide , while the 197 8 and 198 0 loops ar e much to o narrow .

Let u s put D  bac k at O  and tr y something else . This time, shif t th e pape r
plot underneat h th e transparenc y s o tha t D  move s a n inc h o r s o towar d
longitude 320 ° (towar d th e 197 1 retrograde arc) . Yo u shoul d fin d tha t yo u
can make both the 197 1 arc and th e 198 0 arc fill the spac e between thei r lines
of sight , ver y nearly . Tha t is , b y shiftin g the cente r o f th e deferen t towar d
longitude 320°, we can make the mode l produce retrograd e arcs of about th e
right widt h i n tw o opposit e part s o f th e sky . Unfortunately , we have i n th e
process mad e th e spacin g o f the arc s worse.

It seems , then , tha t a  simpl e shif t o f th e deferent' s cente r canno t sav e
our model . To  mak e the  mode l reproduc e the  observe d spacin g of  Mars' s
retrogradations, w e must pu t th e cente r o f the deferen t at longitude 140° , as
seen fro m th e Earth . Bu t t o produc e retrograd e arcs of the righ t widths, w e
must plac e th e cente r o f the deferen t at longitud e 320° . Ther e i s no wa y to
produce th e correct spacing and the correct widths simultaneously by a simple
shift o f th e deferent' s center . Thi s ca n b e mad e apparen t b y th e followin g
simple argument. Imagin e a row of trees. If we back away from th e tree s they
will appear to becom e smaller and closer together. Bu t around longitude 320°
we need th e retrograd e loops of Mars t o appea r small and fa r apart . There is
no wa y t o produc e thi s appearanc e b y simpl y shiftin g th e positio n o f th e
Earth wit h respec t t o th e unifor m loop s o f ou r firs t theor y o f longitudes .
Some wholly ne w theoretica l devic e i s called for.

FIGURE 7.32 . Ptolemy' s final theory of
longitudes fo r Venus and th e thre e superior
planets. Th e Eart h is at O . C  is the cente r of
the deferen t circle . Bu t th e epicycle' s center
moves a t unifor m angula r speed as viewed
from th e equan t point E .

7.17 D E F E R E N T - A N D - E P I C Y C L E THEORY , II :
PTOLEMY'S THEOR Y O F L O N G I T U D E S

Overview of  Ptolemy's  Theory  of  Longitudes

Figure 7.32 illustrates the theory of longitudes adopted b y Ptolemy for Venus,
Mars, Jupiter , and Saturn . (Th e Mercur y theor y ha s an extr a complication. )
About C  as center the deferent circle AKTl i s drawn. The Eart h i s at O . Thus,
the deferen t i s off-center fro m th e Earth . Fo r thi s reaso n the deferen t circle
is also called the  eccentric:  the two terms are interchangeable. The lin e through
O and C  cuts th e eccentri c a t A, th e apoge e o f the eccentric , an d a t II, th e
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perigee. ( A an d I I ar e th e tw o apside s o f th e deferent , s o ̂ 411 is sometime s
called th e line  o f apsides?)  O Z point s towar d th e (infinitel y distant ) sprin g
equinoctial point—th e zer o directio n fo r measurin g longitudes . Th e angl e
marked A i s the longitude  of the apogee o f the eccentric . Th e longitud e o f th e
apogee i s differen t fo r eac h planet . Fo r Mar s i n th e twentiet h century , i t i s
approximately 150° . The lin e of apsides is the lin e of symmetry i n the patter n
of the planet' s retrogradations .

The epicycle' s cente r K  move s eastwar d o n th e eccentri c circle , bu t it s
motion i s not unifor m eithe r a s seen fro m th e Eart h O  o r a s seen fro m th e
center C  of the deferent . Rather, th e motio n i s uniform a s seen from a  third
center E, the cente r o f uniform motion o r equantpoint.  Tha t is , an imaginar y
observer a t E  would se e K trave l throug h equa l angle s in equa l times , while
observers a t C  or O  would not . Ptolemy' s introductio n o f the equan t poin t
into th e planetar y theor y mean s tha t poin t K  must  physicall y spee d u p an d
slow down. K travels most slowly at the apogee and most rapidly at the perigee.
Needless t o say , thi s i s a  seriou s bendin g o f th e rule s o f Aristotle's physics .
However, th e rul e governin g the variation i n speed i s very simple , sinc e th e
angular motion appear s uniform from E . Dra w lin e EX parallel to OZ . EX  is
the zero-degre e referenc e lin e for angle s measure d a t th e equant . Thus , th e
mean longitude  A, increases at a  uniform rate . I n th e cas e of Mars, th e motio n
in A , i s abou t o.524°/day . Thi s rat e i s determine d b y th e planet' s tropica l
period.

The plane t P  travel s on th e epicycl e i n th e sam e sens e as K doe s o n th e
eccentric, counterclockwis e as viewed fro m th e north pol e of the ecliptic . The
position of the planet on the epicycle is specified by angle |i, the mean epicyclic
anomaly. The plane t travel s uniformly on it s epicycle. Unifor m motio n must ,
of course , b e measure d wit h respec t t o th e uniforml y revolvin g lin e EK.
Therefore, th e unifor m motio n o f P  o n th e epicycl e mean s tha t th e mea n
epicyclic anomaly p , increases at a  steady rate. I n th e cas e of Mars the motio n
in f l i s abou t o.462°/day . Thi s rat e i s determine d b y th e planet' s synodi c
period.

The radiu s C K o f th e eccentri c i s arbitrary i n Gree k astronomy , excep t
that i t mus t b e much greater  tha n th e radiu s o f the Earth , sinc e th e planet s
have negligibl e parallax . We shal l denot e th e radiu s o f th e eccentri c b y th e
letter R . Th e radiu s KP  o f th e epicycle , denote d r , i s fixed in term s o f th e
eccentric's radius . For Mars, rlR=  0.656. Similarly , CEand CO , the distances
of the equan t point and o f the Earth fro m th e eccentric's  center , ca n only be
expressed in unit s of the eccentric's  radius . In Ptolemy' s theory C E = CO, so
that th e equan t an d th e Eart h ar e equidistan t fro m th e cente r o f the circle .
The rati o COIR  (o r CEIR]  i s called th e eccentricity,  whic h w e shal l denote e .
The eccentricit y is different fo r each planet. For Mars in the twentieth century ,
a goo d valu e is e = 0.103.

Empirical Necessity  of  Ptolemy's  Theory  of  Longitudes

Popular writers on th e histor y of astronom y have ofte n bee n unsympatheti c
toward Ptolem y an d hi s planetar y theory . Often , on e read s complaint s tha t
the theory was complicated, o r unnatural, or arbitrary. Such complaints usually
stem fro m inadequat e understanding . Th e theor y i s as simple a s the planet s
themselves will allow. Th e deferent , with it s eterna l revolution fro m wes t t o
east, produce s th e stead y progres s i n longitud e associate d wit h a  planet' s
tropical revolution . Th e epicycl e accounts fo r the secon d inequality, which i s
manifested mos t spectacularly in retrograde motion. But , as figure 7.24 shows ,
the planet s als o hav e a  zodiaca l inequality . Th e combinatio n o f equan t an d
off-centered deferen t i s Ptolemy' s manne r o f accountin g fo r thi s inequal -
ity. I t i s important t o understan d ho w these feature s ar e forced on th e mode l
by the planet s themselves . To a  modern reader , th e stranges t featur e o f the
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theory is undoubtedly th e equant point . Let us see how Mars forces this device
on us .

Let u s begi n b y examining onc e agai n th e A  version of th e intermediat e
model (figs . 7.2/ A and /.iSA) . Th e theoretica l loop s are,  o f course , equall y
spaced as seen fro m th e cente r D  o f the deferent . Since the actua l retrograd e
arcs coincid e wit h them , i t follow s tha t D  i s the cente r o f unifor m motion .
That is, point D is acting as an equant point. We have no choice i n the matter :
the planet insist s o n it . O f course , th e A version o f the intermediat e model
fails to agree with the widths of the retrograde arcs. The only apparent solution
is precisel y tha t adopte d b y Ptolemy , tha t is , t o separat e th e cente r o f th e
deferent fro m th e cente r o f unifor m motion . I n figure y.i/A, D  represent s
both th e equan t poin t an d th e cente r o f th e deferent . W e mus t leav e th e
equant point at D t o get the correct spacing between the retrogradations. But
if w e mov e th e deferent' s cente r close r t o O , thi s wil l caus e th e retrograd e
loop o f A.D . 11 8 t o dra w neare r the Eart h and , therefore , to loo k larger . Th e
A.D. 10 9 loop wil l recede from th e Eart h and , therefore , look smaller . In thi s
way, we will have a  chance of producing loop s o f correct and variabl e width ,
while preserving the correc t spacin g alread y achieved b y the A version of th e
intermediate model . Th e final model, produce d b y the separation of point D
into point s E  an d C , is precisely tha t adopte d b y Ptolemy an d illustrate d by
figure 7.32, .

Just how well the final theory of longitudes will agree with the observations
is, however , b y no means clear . Onc e the equant point is separated from th e
center of  the  deferent , the  retrograd e loop s ceas e to  be  of  unifor m siz e and
shape. Ther e i s no recours e but t o plot i t out an d see what happens . Thi s we
have done in figure 7.33. Ptolemy's final model ca n only be judged a stunning
success an d a  huge improvemen t ove r al l that precede d it .

FIGURE 7.33 . Splendi d agreemen t betwee n th e
retrograde loop s generate d b y Ptolemy's theor y
of Mar s an d th e actua l retrograde arc s of Mars ,
A.D. 109-122 .

Discovery of  the  Equant

As fa r as we know, th e equan t wa s Ptolemy' s ow n discovery . Ptolemy' s style
in th e Almagest  is the styl e of mos t scientifi c writing. I t i s lean, elegant , an d
efficient an d disclose s very little of the original process of discovery. Ptolem y
presents th e equan t i n Almagest  IX, 5 , but h e offer s n o justificatio n for thi s
radical innovation, which introduce s nonuniform motion i n the heavens, and
which therefor e constitutes a  serious violation o f the principles of Aristotelian
physics. This is uncharacteristic of Ptolemy, who usuall y explains the reasons
that lie behind his choice of a model.

In Almagest  IX, 2 , Ptolemy apologize d fo r th e fac t tha t h e migh t see m t o
presuppose thing s withou t immediat e foundatio n i n th e phenomena . H e
justified himsel f b y sayin g tha t thing s suppose d withou t proo f canno t b e
without som e logi c i f they ar e found t o b e consisten t wit h th e appearances ,
even though th e way of arriving at them migh t b e hard to explain. This seems
to be a veiled reference to his manner of introducing th e equant, which follow s
shortly afterward.

Thus, Ptolem y nowher e say s explicitly ho w h e arrive d a t th e ide a o f th e
equant, which was perhaps his most important persona l contribution to plane-
tary theory . Bu t i t seems likel y that he was experimenting wit h tw o versions
of the intermediat e model , whic h h e found irreconcilable . I n Almagest IX, 6 ,
where Ptolem y take s u p th e derivatio n o f th e parameter s fo r th e superio r
planets, we find some evidence that this was the case. Ptolemy asserts, without
proof, tha t fo r these  planets , a s fo r Venus , th e cente r o f th e deferen t lie s
exactly halfwa y between th e Eart h an d th e equan t point . An d the n h e say s
something, b y way of justification, tha t i s extremely interesting . Ptolem y say s
that th e eccentricity  calculated  from th e zodiacal  anomaly  i s about  twice  th e
eccentricity calculated  from the  lengths  of  the  retrograde  arcs  at greatest and least
distances.



358 TH E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

FIGURE 7.34 . Connectio n betwee n th e mea n
Sun an d a n inferio r planet: E K remains parallel
to OQ>.

FIGURE 7.35 . Connectio n between  th e mea n
Sun an d a  superior planet: KP remain s parallel
to OG> .

It appears , then , tha t fo r on e o r mor e o f th e superio r planets , Ptolem y
calculated th e value of the eccentricit y require d to sav e the zodiaca l anomal y
as manifeste d i n th e motio n o f th e epicycle' s center . Tha t is , he foun d th e
distance OD in figure j.xjA. that would give the correct spacing of the retrograde
arcs, a s in figure 7.28A. Thi s was, o f course , a  par t o f th e procedur e h e ha d
inherited fro m hi s immediat e predecessor s wh o subscribe d t o versio n A o f
the intermediat e model .

But Ptolem y als o calculated the  eccentricit y OD  (in  fig. 7.276) tha t gives
the righ t width s o f th e retrograd e arcs , a s i n figur e 7.288 . Thi s involve d
methods base d on Apollonius's theorem—anothe r bi t of traditional planetary
geometry. Ptolem y compare d th e resul t wit h th e eccentricit y require d t o
explain the spacings. He foun d that the two results were not the same. As shown
clearly b y a  compariso n o f figure s 7-28 A an d 7.288 , th e eccentricit y O D
required t o sav e th e spacin g i s substantiall y greate r tha n th e eccentricit y
required t o sav e th e width s o f th e retrograd e arcs . Ptolem y say s the on e i s
twice th e other , bu t thi s i s only approximatel y so.

Ptolemy's insigh t the n consiste d i n realizing  tha t h e migh t preserv e the
correct spacin g b y leavin g th e cente r o f unifor m motio n a t th e require d
distance fro m th e Eart h an d ye t obtai n correc t regression s b y placin g th e
deferent's cente r a t hal f tha t distance . Thi s resulte d i n th e mode l o f figure
7.32, which , i n a  sense , split s the differenc e betwee n thos e o f figure s j.ijK
and 7.278 .

Finally, w e migh t as k whic h plane t wa s occupyin g Ptolemy' s attentio n
when h e came upon th e equant . A s we have seen, in hi s introduction t o th e
theory o f the superio r planets, Ptolem y remark s tha t tw o differen t method s
of determining the eccentricity in the intermediate model lead to two differen t
results, the one being twice the other. Now, in the case of Jupiter, the retrograde
arcs a t apoge e an d a t perige e ar e almos t identical , s o a  calculatio n o f th e
eccentricity fro m thes e dat a i s no t actuall y possible. Fo r Saturn , th e cas e i s
hardly better . Only in th e cas e of Mars i s the differenc e betwee n th e longes t
and shortes t retrograd e arc s s o large tha t i t woul d immediatel y sugges t th e
use of  thes e length s in  a  derivation of  the  eccentricity . It  seem s most likely,
then, that Ptolemy was grappling with Mars, the planet that, fourteen centuries
later, was to occup y the attentio n o f Kepler.

Some Technical  Detail:  Connection  with the  Sun

In section 7.12 we examined the connections between the Sun  and the  planets
in deferent-and-epicycl e theory . I n th e cas e of a n inferio r planet , th e cente r
of the epicycl e lies on th e lin e o f sigh t fro m th e Eart h t o th e mea n Sun . I n
the case of a superior planet, th e radius of the epicycl e remains parallel to th e
line o f sight fro m th e Eart h t o th e mea n Sun .

Actually, the first statement i s strictly true only if the planet' s orbi t has no
eccentricity, that is , if the equant and the center of the deferent both coincid e
with th e Earth. Fo r our final theory o f longitudes it is necessary to restate the
connections more precisely. Figure 7.34 illustrates the connection between th e
mean Su n and an inferior planet . The mea n Sun 0 travel s at uniform speed
around a  circle centered o n th e Eart h O . The plane t P  travels on an epicycle
whose cente r K  travel s on a n eccentri c deferent : the cente r o f the deferen t is
at C  an d th e equan t poin t i s a t E . I n Ptolemy' s theor y o f longitudes , E K
remains paralle l to  OO . Figur e 7.34 , althoug h labele d as  a  figure for  "an
inferior planet, " strictl y applie s onl y t o Venus , sinc e Ptolemy' s mode l fo r
Mercury contains a n extr a complication .

Figure 7.35 illustrates the connection between  the mean Sun and a superior
planet (Mars , Jupiter , o r Saturn) . Th e radiu s o f th e epicycl e K P remain s
parallel t o th e lin e o f sight fro m th e Eart h t o th e mea n Sun . Ptolem y states
this relationshi p very clearl y i n Almagest  X, 9 . I t wil l stil l b e th e cas e tha t



P L A N E T A R Y T H E O R Y 3 5 9

when th e plane t i s in oppositio n t o th e mea n Sun , KP  wil l point directl y at
the Earth. However , sinc e E and C  do not coincid e wit h O , the center of the
retrograde arc will not i n general  correspond exactl y to the mean opposition .

The peculia r rol e o f th e Su n (or , mor e precisely , the mea n Sun ) i n th e
ancient planetary theory provided a clue that the Sun deserved a more impor -
tant role in the world picture . Bu t i t was not unti l th e sixteenth century tha t
anyone sa w the consequence s clearly.

7.18 EXERCISE : TESTIN G PTOLEMY' S THEOR Y
OF L O N G I T U D E S

The purpos e o f the exercis e is to tes t Ptolemy's theory , usin g the metho d we
employed in section 7.16 (in which we tested Apollonius's theory of longitudes
and found it wanting). We shall use Ptolemy's theory of longitudes to generate
a series of retrograde loops fo r Mars for the year s 1971-1984. This theoretical
prediction will be compared wit h the actua l behavio r of the plane t by means
of the transparen t overla y of Mars's retrograd e arcs that yo u mad e in sectio n
7.16. Th e genera l method o f producing th e theoretica l retrograd e loops wil l
be similar to that used in section 7.16. However, th e change of the underlying
model—that is , the separatio n of the equan t from th e cente r of the deferent —
will entai l a  few modifications.

i. Preparin g the ground : Obtai n a  large sheet o f paper , abou t 20 " X  20" .
Near the cente r o f the paper , place a point C , to serv e as the cente r of Mars's
deferent circle . About C  draw a circle with a  radius equal t o the radius of the
deferent o f th e Ptolemai c slats . That is , th e radiu s o f you r circl e should b e
equal to the distance between the tack hole 7"an d the center //of the grommet
hole o n th e deferen t slat . Then, a s in figure 7.36 , dra w a  line through C  to
represent th e zer o o f longitude. Thi s line cut s th e circl e at Y .

Place the cente r o f a protractor a t C  and la y out th e lin e of apsides along
direction 150° , cuttin g th e deferen t a t th e apoge e A  an d perige e II , a s i n
figure 7.36. (Measur e counterclockwise from th e zero-degre e direction.) This
longitude o f th e apoge e (150° ) i s valid fo r Mar s i n th e 19705 .

Along th e lin e o f apside s ATI,  mar k th e locatio n o f th e equan t poin t E
and the  Eart h O.  These mus t be  placed so  that CE  = CO = the eccentricit y
times the radiu s o f the deferent . Fo r Mars , th e eccentricit y i s 0.103. Suppose
the radiu s of your deferen t sla t (th e distance between the tac k hole T  and th e
center //of the grommet hole ) is 15 cm. Then you should dra w your diagram
with CE=  CO-  0.103 x 1 5 cm = i-5 5 cm- (I f the radius of your deferen t sla t
is different , us e th e actua l radius.)

Draw line s fro m E  an d O  paralle l t o CY . Thes e ne w line s wil l cu t th e
circle a t X an d Z  an d wil l serve as the zero s of longitude fo r angles measured
at E  o r a t O .

Poke a thumb tack through the equant point E from underneat h the paper.
Place th e larg e paper protractor fro m th e Ptolemai c slat s ki t ove r the equan t
so that the tack sticks through the center of the protractor. Turn the protractor
until th e zero-degre e direction coincide s with lin e EX. (Eventually , you ma y
wish t o plac e a  cur l o f tap e unde r th e protracto r t o hol d i t i n position .
However, sinc e you wil l have to remove the protracto r for  step 2, below, you
may wish t o wai t unti l afte r the n t o appl y th e tape. )

Using a  shar p knife , cu t ou t th e long , narro w slo t nea r th e bas e o f th e
deferent sla t of the Ptolemaic slats. (In cutting out th e slot , you will eliminate
the tac k hol e yo u mad e i n th e sla t for sec . 7.16. )

Place the Ptolemaic slats on the paper so that the equant tack sticks through
the slo t o n th e deferen t tack. (Pus h a  smal l erase r o r a  cub e o f bals a wood
over th e tac k s o tha t yo u d o no t stic k yoursel f accidentally. ) A s usual , th e
deferent sla t will rotate uniforml y abou t th e tack . But , since the tac k i s at E

FIGURE 7.36 .
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and not a t the center C  of the circle , it will be necessary to move the deferent
slat i n an d ou t i n orde r t o kee p th e cente r o f th e epicycl e o n th e deferen t
circle. The epicycle' s center i s represented i n th e Ptolemai c slat s by the meta l
grommet. Carefull y slid e the deferen t slat in o r ou t a s required unti l you can
see th e deferen t circl e throug h th e cente r o f th e hol e i n th e grommet , a s
shown i n figur e 7.42 .

The value of the mean longitude A, may be read on the large paper protractor
at th e edg e o f th e deferen t slat . The valu e of th e mea n epicycli c anomaly p ,
is indicate d o n th e smal l protracto r b y th e edg e o f th e epicycl e slat . Figure
7.42 show s th e slat s oriente d fo r A , = 197.8 ° an d j l = 231.0° . The positio n o f
Mars is  indicated by  point P.

2. Initia l values of th e mea n longitud e an d mea n epicycli c anomaly : T o
start generating retrograde loops for Mars, we must know th e value s of A , and
p. at one moment . A s always, the tim e most convenien t t o us e will be a mean
opposition. Le t u s choos e th e mea n oppositio n o f 1971 . I n sectio n 7.4 , w e
determined that Mars had an opposition t o the mean Sun on August 9, 1971,
and tha t th e longitud e o f the plane t a t thi s momen t wa s 317°.

From the Eart h O , draw a line of sight at longitude 317° , as in figure 7.36.
(You will have to remove the paper protractor from th e equant poin t t o draw
this line. ) On Augus t 9 , 1971 , Mars la y somewhere o n thi s line. Becaus e this
was a mean opposition, the radius of the planet's epicycle was pointing directly
at th e Earth . I t follow s tha t th e cente r o f th e epicycl e also lay on thi s same
line of sight. Th e epicycle' s cente r therefor e la y at K, where th e lin e of sigh t
intersects th e deferen t circl e (fig . 7.36) . Again , w e ar e abl e t o identif y th e
location o f the epicycle' s cente r i n thi s simpl e fashion onl y becaus e the dat e
in questio n is  a mean opposition . Replac e the larg e paper protractor ove r the
equant tac k an d pu t th e Ptolemai c slat s int o position t o represen t th e stat e
of affairs fo r Mars on August 9,1971. The cente r of the rive t should lie directly
over point K , and th e epicycl e slat should poin t directl y at O , along the 317 °
line of sight .

Read off the values of the mean longitude A , and th e mean epicyclic anomaly
(1 directly from th e tw o protractors. These were the values of these two angles
for Mar s o n Augus t 9 , 1971 . Yo u shoul d fin d tha t A , i s slightly greater  tha n
317°, say , 319 ° o r 320° . You shoul d als o fin d tha t p , i s slightly less tha n 180° ,
say, 177° or 178° . Note carefull y whateve r values you ge t fo r A , and p , on you r
particular slats .

3. Preparin g a  tabl e o f value s t o b e plotted : Fo r ever y 10 ° motio n i n p ,
Mars experience s a  motio n o f 11.354 ° i n ̂ - (Thi s i s mor e precis e tha n th e
value 11.4 ° w e use d i n sec . 7.16. ) Usin g thi s information , w e ca n prepar e a
table of values of A , and p , for times covering the retrograd e loops of 1971—1984.

A. Retrograde loop of 1971: Suppose we found that a t the mean oppositio n
of August 9 , 1971 , Mars' s mea n longitud e wa s 319.6° an d it s mea n epicycli c
anomaly wa s 177.8° . B y repeate d additio n o r subtractio n w e generat e th e
following tabl e o f values fo r five positions befor e an d five positions afte r th e
mean opposition .

Step A , p ,

-5
-4
-3
-2 296.8 ° 157.8 °
-1 308. 2 167. 8

0 319. 6 177. 8 (retrograd e loop o f 1971)
1 331. 0 187. 8
2 342. 4 197. 8
3
4
5
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As before , p  increase s by regula r intervals of 10° , an d A , by regula r intervals
of 11.4° . Fo r thi s purpose , th e tent h o f a  degree i s adequate precision .

B. Later retrograde loops: We ar e interested in plotting only the retrograde
loops. Fiv e point s befor e an d five point s afte r th e middl e o f th e retrograd e
movement wil l be sufficient . Therefore , w e use the followin g shortcut proce -
dure to skip ahead t o point s i n the immediat e vicinity of the desire d opposi -
tions. The 197 3 opposition wa s the nex t to occur afte r tha t of 1971. The mea n
epicyclic anomal y p , mus t therefor e have increase d b y approximatel y 360 °
during the interval between the two oppositions. (Th e 360 ° change in p fro m
one mean oppositio n t o th e nex t i s only approximate because of the effec t o f
the eccentricity . Nevertheless , i f we ski p ahea d b y 360 ° i n p  fro m th e 197 1
mean opposition , we will be somewhere i n the retrograd e loop fo r 1973.) Th e
change i n A  corresponding t o a  360° chang e i n p  i s easily calculated:

AA = 1.1354 x Ap

= 1.1354 x 360 °

= 408.744 °

On Augus t 9 , 1971 , we had A , = 319.6° . Applying the motio n i n thi s angle to
the initia l value, we get

August 9 , 197 1
Plus motio n

Sum
Less complet e circle s

A
319.6°
408.7

728.3°
-720.0

8.3°

That is , th e nex t tim e tha t p , ha d th e valu e 177.8°, th e valu e o f A , was 8.3° .
This poin t lie s somewhere o n th e 197 3 retrograd e loop. I t i s an eas y matter
to fil l in a  table using this positio n a s a beginning entry :

Step A . f l
-5
-4
-3
-2
-1

0 8.3 ° 177.8 ° (retrograd e loop of 1973 )
1 19. 7 187. 8
2 31. 1 197. 8
3 42. 5 207. 8
4
5

For th e step-by-ste p additio n i t i s sufficien t t o us e 11.4 ° a s the motio n i n A
for 10 ° motion in  p.  However , in  skipping ahead fro m one  opposition to  the
next, i t was important t o us e the mor e precise figur e o f 11.354°.

You shoul d no w prepar e table s givin g th e value s o f A  and p  fo r time s
around th e si x opposition s followin g tha t o f 1971 . Eleve n point s o n eac h
retrograde loo p wil l b e sufficient . B e sur e t o chec k a s you procee d a t leas t
some o f th e number s compute d fo r eac h opposition , fo r arithmetica l errors
in on e oppositio n ma y be propagated int o thos e tha t follow .

4. Plotting th e retrograd e loops: Us e the Ptolemai c slat s to plo t th e retro -
grade loops of Mars for 1971—1984 . Remember tha t th e large paper protractor
goes over the tac k a t the equan t and tha t it s zero-degree mark mus t coincid e
with line £X(fig. 7.42) . In plotting each point, remember to slide the deferent
slat i n o r ou t a s necessary to kee p th e cente r of the gromme t exactl y o n th e
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deferent circle . When you ar e finished, you should hav e seven retrograde arcs
of rather differen t size s an d shapes , space d unevenl y abou t th e zodiac .

5. Compariso n wit h th e actua l data : Remov e th e slats , protractor , an d
thumb tac k fro m you r plot . Plac e ove r th e plo t th e transparenc y o f Mars' s
retrograde arcs that you drew for section 7.16. Note that you have no freedo m
in positionin g th e transparency . Th e Eart h poin t o n th e transparenc y mus t
coincide wit h poin t O  on th e plot , an d th e directio n o f the verna l equinox
on th e transparenc y mus t coincid e with lin e O Z o n th e plot . What i s your
judgment o f Ptolemy's theor y o f longitudes?

7.19 D E T E R M I N A T I O N O F TH E PARAMETER S O F MAR S

How ca n w e kno w ho w larg e a  planet' s epicycl e is ? How ca n w e kno w
how larg e to mak e th e eccentricity ? In thi s sectio n w e demonstrate ho w th e
parameters fo r a  superio r plane t ca n b e determine d fro m observations . W e
use Mars a s an example, bu t th e same procedures could b e applied t o Jupiter
or Saturn . Although th e method s demonstrate d her e d o no t exactl y follow
those o f the Almagest,  they show , clearl y and simply , th e connectio n o f each
parameter with the observed motion o f the planet. And who knows? It is more
than likely that some such rougher method preceded  the elegant perfection of
Ptolemy.71

There ar e seven parameter s to b e determined :

1. Th e mea n angula r spee d o f th e epicycle' s cente r aroun d th e deferen t
circle—in othe r words , th e rat e of change o f the mea n longitude A , (see
fig. 7.32). This angula r speed we denote^.

2. Th e angula r spee d o f th e plane t o n th e epicycle . This speed , denote d
fi, i s the rat e a t which th e mea n epicycli c anomaly p , changes .

3. Th e longitud e o f the apoge e of the deferent , denoted A .
4. The  eccentricit y of the  deferent , denoted e.  This is  the rati o OCIR,  or

CEIR, wher e R  i s the radiu s o f the deferent.
5. Th e initia l value o f A , fo r som e specifi c date . Thi s initia l value will b e

denoted A, 0.
6. The initia l value of p. , which w e will denote p, 0.
7. Th e radius of the epicycle, denoted r. All that matters in Greek astronomy

is th e siz e o f th e epicycl e in relatio n to th e deferent , that is , the rati o
rlR.

1 and  2.  The  Angular Speeds

The bes t method o f determining the two periods is to count the time between
one opposition an d anothe r that  occurs at the same place in the sky. This means
that th e epicycle' s cente r wil l hav e returne d t o th e sam e positio n o n th e
deferent, and the planet will have returned to the same position on the epicycle.
Only in this way can we be sure that a whole number of cycles in each motio n
have bee n completed .

We found in section 7.4 that the oppositions of March, 1965 , and February,
1980, fi t these  conditions fairl y well :

Date of  opposition  Longitude  of  planet

1965 Ma r 1 0 (  J.D. 24 3 8830 ) 168 °
1980 Fe b 2 6 (  J.D. 24 4 4296 ) 15 5 1/ 2

These tw o opposition s di d no t tak e plac e exactly at the sam e longitude, bu t
they are only 12 1/2° apart. Using these oppositions we have already obtained
the perio d relation :
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8 tropica l revolution s =  7  synodic revolution s =  1 5 years.

A rough estimat e o f the tw o angula r speeds i s then

jH-^f^-o-w/V.
15 X  365- day s

4

/,= 7X ^°° =  o.46oo°/.
15 X  365- day s

4

We ca n d o bette r b y taking int o accoun t ou r know n 1 2 1/2 ° error . Thus,
the plane t did complet e 7  retrograde cycles, but i t moved throug h 1 2 1/2° less
than 8  complet e tropica l revolutions . Further , th e elapse d tim e shoul d b e
counted exactly , t o th e day . Thi s can be done by subtracting th e Julian day
numbers for the tw o dates, which give s 5,466 days for the time interva l (some
13 days less than 1 5 whole years) . Our slightl y more sophisticate d gues s at th e
two parameters , using our ow n data , i s

7 X 360° od
fv- = —777*— = 0.4610 /  .•̂  5,46 6 days

Even bette r value s coul d b e obtaine d b y usin g a  longe r grea t cycl e o f
Mars—for example , th e Babylonia n 79-yea r period , whic h Ptolem y adopte d
with a  mino r change . Th e Babylonia n cycl e lead s t o J\ =  O-524O 0/ ,  onl y
slightly differen t fro m ou r secon d valu e for j\.

3. Longitude  of the  Apogee

The longitud e o f the deferent' s apogee ca n b e determined fro m th e patter n
of the planet' s retrograd e arcs around th e ecliptic . Fo r Mars , thes e arc s tend
to b e wide an d closel y spaced towar d th e sign s o f the Lio n an d th e Virgin ,
as illustrate d i n th e transparenc y you mad e fo r sectio n 7.16 . Mars' s apoge e
must li e somewhere i n thi s par t o f the zodiac .

A mor e systemati c approac h i s t o plo t a  grap h o f th e angula r distanc e
between neighborin g oppositions a s a function of the longitud e a t which th e
oppositions occurred. To thi s purpose we begin by reproducing th e first few
entries fro m th e tabl e of oppositions fo r Mar s (tabl e 7.2, fro m sec . 7.4) :

Date of  the  Average
opposition Longitude  Difference  difference

1948 Fe b 1 7 147.5 °
33.5°

1950 Ma r 25 181. 0 36.25 °
39.0

1952 May 5 220. 0 46.2 5
53.5

1954 Jun 2 5 273. 0 64.5 0
75.5

1956 Se p 1 1 349. 0

The first two columns are taken directly  fro m tabl e 7.2. In the thir d column ,
the difference s i n longitud e ar e liste d fo r neighborin g pair s o f oppositions .
For example , th e oppositio n o f 195 0 too k plac e a t a  longitude 33.5 ° greate r

8 X 360° -  12- °
/ = — ~= 0.5246°/\

5,466 day s

7 X  360° d
fv =  —777)— =  0.4610 /  .•̂  5,46 6 days
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FIGURE 7.37 . Determinin g th e longitud e o f
the apoge e o f Mars .

than tha t o f 194 8 (181. 0 —  147.5 =  33-5) - in th e fourt h column , w e giv e th e
average distance of each opposition fro m it s two neighbors . Fo r example , th e
opposition of 1950 occurred at a place 33.5° beyond th e place of the oppositio n
of 1948 , an d 39.0 ° befor e th e plac e of the oppositio n o f 1952 ; th e averag e of
these numbers is 36.25° an d represent s the averag e separation o f neighboring
oppositions a t longitud e 181° . I n a  grap h o f averag e separatio n versu s th e
longitude o f the oppositions , w e would plo t th e separation 36.25° agains t th e
longitude 181° . Suc h a  grap h i s show n i n figur e 7.37 . O n th e graph , th e
minimum separation falls at about 150° longitude, which must be the longitude
of the apogee .

Conclusion: longitud e o f the apoge e o f the Martia n deferen t = 150° .

4. Eccentricity  of  the  Deferent

Choose, from the table of oppositions (table 7.2), one opposition tha t occurred
very near eithe r th e apoge e or th e perigee . The oppositio n tha t i s nearest t o
one o f the apside s seem s to b e tha t o f Februar y 26, 1980, which occurre d a t
longitude 155 1/2°, only 5 1/2° from th e apogee. For the purpose of determining
the eccentricity, let us now suppose that the longitude of the apogee is actually
155 1/2° ; tha t is , le t u s trea t th e oppositio n o f 1980 a s if i t fel l exactl y on th e
line of apsides. Since our planetar y positions are accurate only t o th e neares t
degree, an d sinc e ou r valu e fo r th e longitud e o f th e apoge e i s uncertain b y
at least a few degrees, there can be no harm in making such an approximation.

Now choos e a  second opposition , eithe r a  neighbor o r a  near-neighbor o f
the first one. In the graphical method tha t we will use, the resul t will be more
accurate i f th e angl e between  th e tw o opposition s i s fairl y large . Therefore ,
we choos e th e oppositio n o f December , 1975 , whose longitud e o f 84 ° places
it som e 7 1 1/2° awa y fro m th e firs t one . Any angula r distance betwee n 60 °
and 120 ° would hav e bee n acceptable .

Now w e draw a line, as in figure 7.38, to represen t the line of apsides. We
may put th e Eart h O  and th e equan t E  wherever we please on thi s line—a n
inch apar t will be convenient. The proble m now is to use our two opposition s
to determin e th e scale  o f th e diagra m we hav e begu n t o draw , an d thu s t o
establish th e lengt h o f distance O E compared  t o the deferent' s radius.

The en d o f th e lin e towar d th e equan t i s labele d 15 5 1/2° , whic h i s th e
longitude o f th e apogee . Now , at a n oppositio n th e radiu s o f th e epicycl e

FIGURE 7.38 . Determinin g th e Martia n eccen -
tricity usin g an oppositio n i n th e apoge e an d

one othe r opposition .
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points directly at the Earth , so that the center of the epicycle , the planet , and
the Eart h all  lie in a  line : at  an  opposition , observer s at the  Eart h can  "see "
the center of the epicycle, for the planet itself lies in exactly the same direction
and mark s th e spot , s o to speak . And sinc e the oppositio n o f 1980 occurre d
exactly on th e lin e of apsides, a t tha t on e moment a n observe r on th e Eart h
and a n imaginar y observer a t th e equan t woul d bot h se e the cente r o f th e
epicycle in th e sam e direction , namely , alon g th e 15 5 1/2° line .

The oppositio n o f December , 1975 , occurre d a t longitud e 84° . There -
fore, w e dra w a  line o f sigh t fro m th e Eart h i n thi s direction , whic h make s
a 711/2° (15 5 1/2 — 84 = 711/2) angle with the directio n to th e firs t opposition .
The cente r o f Mars's epicycl e must li e somewhere on thi s line on Decembe r
13, 1975 . (Remember , a t a n oppositio n th e cente r o f th e epicycl e lies i n th e
same directio n a s the plane t itself. ) T o fin d jus t wher e on thi s lin e die cente r
of the epicycl e lies, we need to establish a line of sight from th e equan t as well.

During th e perio d fro m Decembe r 13 , 1975 , t o Februar y 26 , 1980 , th e
center o f th e epicycl e moved a t a  constan t angula r speed , a s observed fro m
the equant . So , i t i s an eas y matte r t o calculat e the angl e throug h which i t
moved. First , we calculate th e elapse d time :

Julian day numbers of oppositions 244429 6 (Fe b 26, 1980 )
244 276 0 (De c 13 , 1975 )

Difference i>53 6 day s

The epicycle' s cente r travel s at the rat e of the mea n motio n i n longitude ,
o.524O°/day, s o the tota l motio n wa s

0.52400/'' X 1,536^ = 804.9° , o r 84.9 °

after eliminatin g tw o complet e cycle s o f 360° . This  i s th e angular  distance
between the  places  occupied  by  the  epicycle's  center  at  the  two  oppositions,  as
observed from th e equant. The 198 0 opposition took place two complete circuits
plus 84.9 ° farthe r alon g in longitud e tha n th e 197 5 opposition .

We dra w a  line o f sigh t fro m th e equan t makin g a n angl e o f 84.9 ° wit h
the origina l line of sight. Th e cente r o f the epicycl e must li e on thi s lin e on
December 13 , 1975 . Therefore , o n thi s dat e th e epicycle' s cente r wa s a t th e
point marke d K. Since the epicycle's center always rides on the deferent circle,
we have succeeded i n findin g a  point tha t lie s o n thi s circle .

Now w e hav e a n eas y way t o establis h the siz e o f th e deferent . Mar k C ,
the cente r o f the deferent , on th e lin e of apsides midway betwee n E an d O .
Measure C K an d C O wit h a  ruler . O n th e origina l diagra m (reduce d fo r
printing in fig. 7.38), the distance s were CK=  4.5 " an d C O = 0.5". Thus , e  =
CO/CK= o.n .

Conclusion: Th e eccentricit y of Mars's deferen t is o.n .

5 an d 6 . Initial Values  ofk  an d (J .

The value s of th e mea n longitud e A , an d th e mea n epicycli c anomal y p , ar e
most easily found at the time of an opposition. Fro m the table of oppositions
of Mar s (tabl e 7.2) , w e choos e th e oppositio n o f Decembe r 13 , 1975 , whic h
occurred a t 84 ° longitude.

As i n figur e 7.39 , dra w th e deferen t circl e abou t cente r C . Dra w a  lin e
through C  to represen t the directio n of the vernal equinox. Draw th e line of
apsides s o tha t i t make s a n angl e o f 150 ° (a s determine d above ) wit h th e
direction to the equinox . The 150 ° end of the line of apsides cuts the deferen t
at th e apoge e A . Mar k o n th e lin e o f apside s th e equan t poin t E  an d th e
Earth 0 . Thes e two points should be placed according to the value of the ec-
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FIGURE 7.39 . Determinatio n o f the initia l values of
the mea n longitud e A, 0 an d th e mea n epicycli c anomal y

flo usin g th e oppositio n o f Decembe r 13 , 1975 .

centricity already determined: EC= OC= o.n times the radius of the deferent.
From O  an d E  dra w referenc e line s paralle l to th e equinoctia l lin e alread y
drawn throug h C . These three parallel lines are all to b e regarded as pointing
toward th e (infinitel y distant ) vernal equinoctial point. They will serve as the
zero-degree lines for any angles t o b e measured a t E , C , or O . The referenc e
lines cu t th e deferen t a t X, Y , and Z .

From th e Earth , la y out a  line i n th e directio n o f 84° of longitude . Thi s
represents the line of sight to Mars on December 13,1975 , and cuts the deferen t
at the poin t K 0. Because the date in question i s the dat e o f an opposition, we
know tha t th e cente r o f the epicycl e lie s i n th e sam e direction a s the plane t
itself. Tha t is , the radiu s o f th e epicycl e point s directly  a t th e Earth . Poin t
K0 i s therefor e th e actua l positio n o f th e epicycle' s cente r o n Decembe r 13 ,
1975. The plane t itsel f lies somewher e o n th e lin e between  O  and K m bu t w e
cannot sa y exactly where, since we do not ye t know the radius of the epicycle.

Finally, dra w lin e EK 0 an d mar k o n i t a  point W  somewhere beyon d K 0.
Place the cente r of a protractor a t E and measur e the mean longitude A , (angle
XEK0), obtainin g about 71° .

Then plac e th e cente r o f th e protracto r a t K^  an d measur e th e mea n
epicyclic anomaly p . (angl e WK 0O), counterclockwis e fro m W . Th e resul t is
about 190° .

Conclusion: O n Decembe r 13 , 197 5 (  J.D. 244 2760) ,

& = 7i°,
|l = i900.

Reduction t o Standard Epoch  W e kno w th e value s of A , and p , for Mar s o n
December 13 , 1973 . Thi s particula r date came  u p becaus e it wa s the dat e o f
a mean opposition of Mars. I n working out theorie s for the othe r planets , we
would use other dates, as the circumstances required. It is convenient, however ,
to choos e on e standar d epoc h fo r al l th e planets . W e selec t th e dat e tha t
served a s epoch o f our sola r theory: A.D. 1900, January 0.5 (Greenwich mean
noon), which was J.D. 241 5020.0. Accordingly , we calculat e th e value s of A ,
and p , at this epoch, starting from thei r values, just determined, fo r December
J3> 1975 :

December 13 , 197 5 J.D .
January o , 190 0 J.D .

Difference A t

244 276 0
241 502 0

2 774 0 day s
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Because th e desire d dat e (1900 ) fall s befor e th e origina l dat e (1975) , th e
motions i n the angle s are subtractive. The value s of the mea n longitud e an d
the mea n epicycli c anomaly a t ou r standar d epoc h ar e the n

X0 = 7i°-^x At

= 71° - o.524O72°/da y X 27,740̂

= -14,467°

= 293 ° (wit h additio n o f 41 complet e circles),

£0 = 190° -fax At

= 190° - o.46i576°/da y X 27,740̂

= -12,614°

= 346 ° (wit h additio n o f 36 complet e circles) .

Conclusion: A t epoc h 1900 , Jan 0. 5 (J.D . 241 5020)

X0 = 293°

fl0 = 346° .

7. Radius  of  the  Epicycle

All the  parameter s of  Mar s establishe d so far  hav e bee n base d on  our  tabl e
of oppositions. Bu t the final parameter of the theory, the radius of the epicycle,
cannot b e fixe d b y mean s o f oppositions . Th e reaso n i s simple: sinc e a t a n
opposition th e radiu s o f th e epicycl e point s directl y a t th e Earth , on e the n
has n o mean s o f fixing it s size .

Therefore, we need one additional observation of Mars not at an opposition .
Our graphica l metho d wil l be mos t accurat e i f we choos e a n observatio n i n
which th e plane t i s roughl y halfwa y betwee n oppositio n an d conjunction .
The exac t locatio n o f th e plane t doe s no t matter ; w e simpl y wan t i t t o li e
well awa y from lin e OK .

From the tabl e of longitudes a t ten-day intervals (table 7.1), we choose th e
following positio n o f Mars :

1976 April i i (J.D . 244 2880) longitude 102 °

This date follow s th e oppositio n o f December 13 , 1975 , by 120 days, which
means tha t th e radiu s o f th e epicycl e wil l hav e ha d sufficien t tim e t o tur n
away from lin e OK . The firs t step is to comput e th e mea n longitud e an d th e
mean epicycli c anomaly o n thi s date, b y starting fro m thei r known value s at
the precedin g opposition :

Final dat e J.D . 24 4 288 0 (197 6 Apr n )
Initial dat e J.D . 24 4 276 0 (197 5 De c 13 )

Difference, At  12 0 day s

A, = X 0 +  Atxfi

= 71° +  12 0 day s X o.524O°/da y

= I33.9 0

fl =  A, 0 +  Atxfa

= 190° +  12 0 day s X  o.46i6°/day

= M540
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FIGURE 7.40 . Determinatio n o f the
radius o f th e epicycle .

These wer e th e value s o f the mea n longitud e an d th e epicycli c anomaly o n
April n , 1976 .

The secon d ste p i s t o la y thes e direction s ou t o n a  diagram . Plac e th e
center o f the protracto r a t E  (fig . 7.40), wit h th e zero-degre e directio n alon g
line EX . La y out a  lin e fro m E  i n th e directio n 133.9° , whic h wil l cu t th e
deferent a t K^  Somewher e beyon d K t o n th e lin e EK V mar k poin t V . Poin t
Kt represent s th e ne w locatio n o f th e epicycle' s center , whic h ha s move d
forward fro m K^  durin g th e 12 0 days .

Now place the center of the protractor a t Klt wit h the zero-degree directio n
along lin e VK,  an d la y ou t a  lin e i n th e directio n 245.4° , which i s the ne w
epicyclic anomaly . Thi s lin e represent s th e directio n o f th e radiu s o f th e
epicycle on Apri l n, 1976. The plane t mus t li e somewhere o n thi s line at the
given date .

The thir d an d fina l stag e o f th e procedur e i s to fin d jus t wher e o n thi s
line the planet lies. Mars was seen at 102° longitude on April n, 1976. Therefore,
lay out this line of sight from Earth O . The 102 ° line of sight cuts the epicycle' s
radius line at P,. This is the actual location o f Mars on April n, 1976. Measure
K,P, with a  ruler. In th e origina l drawing (reduce d i n fig. 7.40), K tP, was 2.88
inches. Th e radiu s C A o f th e deferen t wa s 4. 5 inches . Th e rati o o f these
numbers i s 2.88/4.5 = 0.64 .

Conclusion: Th e radiu s o f the Martia n epicycl e i s 0.64, wher e th e radiu s
of the deferen t i s i.

A Table  of  Planetary  Parameters

Table 7.4 , give s the moder n Ptolemai c parameter s fo r Venus , Mars , Jupiter ,
and Satur n an d contain s al l th e informatio n necessar y fo r calculatin g th e

TABLE 7.4 . Moder n Ptolemai c Parameter s fo r Venus, Mars , Jupiter, an d Satur n

At epoch January 0.5 GM T 199 0
= J.D. 241 5020. 0

Planet

Venus 9
Mars c ?
Jupiter 2 1
Saturn \>

Mean Motion
in Longitude
/. ("/day)

0.985 64 7 34
0.524 07 1 1 6
0.083 12 9 44
0.033 497 95

Mean Motio n i n
Epicyclic Anomaly

f* ("/day )

0.616 52 1 3 6
0.461 57 6 1 8
0.902 51 7 9 0
0.952 14 9 39

Radius o f
Epicycle

r

0.72294
0.65630
0.19220
0.10483

Eccentricity
e

0.01450
0.10284
0.04817
0.05318

Longitude
of Apogee

A,

98°10'
148°37'
188°58'
270°46'

Mean
Longitude

X«

279°42'
293°33'
238°10'
266° 15'

Mean Epicyclic
Anomaly

flo

63°23'
346°09'
4l°32'
13°27'

General precessio n f f =  0.000 03 8 22°/da y = 1°23'45" per Julian Centur y = 0.838' pe r year.
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longitude o f any o f these  planet s a t an y desire d date . Th e Ptolemai c theor y
of longitudes i s the sam e for al l these planets ; onl y the numerica l parameters
differ. (Ptolemy' s theor y o f Mercury , whic h i s no t addresse d i n thi s book ,
contains a n extr a complication. ) Th e parameter s of Jupiter an d Satur n ma y
be obtained b y procedures similar to those used in the cas e of Mars. A wholly
different approach is required for Venus, because this planet has no oppositions .
The parameter s given i n Table 7.4 were calculated using more precis e proce-
dures tha n thos e describe d here. 72 Th e parameter s for Mars recorde d i n th e
table therefor e diffe r slightl y fro m thos e obtaine d abov e b y approximate ,
graphical techniques . I n ou r furthe r wor k w e shal l us e th e mor e accurat e
parameters given in tabl e 7.4 .

7.20 EXERCISE : PARAMETER S O F J U P I T E R

Using the method illustrated for Mars in section 7.19, derive all the necessary
parameters fo r the theor y o f longitude o f Jupiter.

1. Fro m your tabl e of oppositions fo r Jupiter (sec . 7.5), deduce values for
the mea n dail y motion i n longitud e an d i n epicycli c anomaly.

2. Compar e you r result s fro m proble m i  with value s resultin g fro m th e
Babylonian rul e fo r Jupiter: 6  tropica l period s =  6 5 synodic periods =
71 years.

3. Usin g you r tabl e o f oppositions , plo t a  grap h o f th e averag e angular
distance betwee n opposition s a s a  functio n o f longitude . Locat e th e
apogee o f Jupiter's deferen t a t th e minimu m o f the graph .

4. Choos e the opposition lyin g nearest to either the apogee or the perigee,
and on e othe r oppositio n lyin g fro m 60 ° t o 120 ° away , an d us e these
to determin e th e eccentricity .

5. Determin e th e mea n longitud e an d th e mea n epicycli c anomaly a t on e
opposition.

6. Us e thes e results , and th e rate s of mean motion , t o determin e A , and p ,
for ou r standar d epoch , January 0.5 , 1900 (j-D . 24 1 5020.0) .

7. Fro m tabl e 7.1 , choos e on e observatio n o f Jupiter abou t 9 0 day s afte r
the opposition tha t you used in problem 4, and us e this to establish the
radius o f Jupiter's epicycle .

7.21 G E N E R A L METHO D FO R PLANE T L O N G I T U D E S

In thi s section we shall see how to find the longitude of Venus, Mars , Jupiter,
or Satur n i n Ptolemy' s theor y fo r an y desire d date . W e shal l illustrat e th e
method b y giving a  sample calculatio n fo r Mars .

Example: Calculat e th e longitude of Mars for May 31 , A.D . 1585 , Greenwich
noon (Gregoria n calendar).

First Step:  Preparing  the  Ground

In ou r wor k o n th e theor y o f Mars , w e confine d ourselve s to observations
made over a relatively short interval of time. We were therefore able to neglect
precession, which proceeds at the slow rate of i° in about 72 years. In Ptolemy's
theory (Almagest  IX , 5) , the line of apsides does not remai n fixed at a constant
longitude, bu t rathe r remain s fixe d with  respect  t o th e stars. Thus , a  planet' s
apogee behaves like a  fixed star: it move s forward in longitud e a t th e rat e of
precession. Ptolemy' s estimat e of this rate was i° in 100 years. We adopt the
more accurat e moder n value . Ou r metho d fo r calculatin g longitude s mus t
take into accoun t th e motio n o f the lin e of apsides . Fortunately , this i s only
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a sligh t complication , requirin g onl y a  mino r chang e i n th e procedur e w e
have use d al l along .

A. Find the longitude of the apogee on the desired date. Because the apogee
moves s o slowly, i t i s sufficiently accurat e t o wor k to th e neares t year:

Date
Epoch

Difference

1585
1900

—315 year s

Now w e apply the rul e

A = A, + A t x f f.

A0 i s the longitud e o f th e apoge e a t epoc h 1900 . f f i s the rat e a t whic h th e
FIGURE 7.41 . Longitud e of Mars, Ma y 31, A.D . apoge e moves—tha t is , th e rat e o f precession. Bot h o f these  numbers ma y b e
1585. Firs t step . foun d i n th e tabl e o f modern Ptolemai c parameter s (tabl e 7.4). Thus,

A = I48°37' - 31 5 years X o.838'/year

= i48V-4°24'

= I44°i3'.

The motio n wa s subtractive because 158 5 fel l befor e th e epoch .
B. Prepare a large piece of paper for the geometrica l solution . This is done

in exactl y th e manne r t o whic h w e alread y ar e accustomed . Dra w a  circl e
about center Cwith a radius equal to the radius of the deferent of the Ptolemai c
slats (th e distance betwee n T  and cente r H  o f the gromme t hole) . Then , as
in figure 7.41, draw a  line through C  to represent th e zero of longitude. Thi s
line cut s th e circl e a t Y .

Place the center of a protractor at C  and lay out th e line o f apsides along
direction 144°!^',  cuttin g th e circl e at th e apoge e A  an d perige e FT .

Along the line of apsides, mark th e location o f the equant E  and the Earth
O. These must b e placed s o that C E = CO =  the eccentricit y X the radiu s of
the deferent . Fo r Mars , th e eccentricit y i s 0.103.

Draw line s fro m E  an d fro m O  paralle l to lin e CY . These ne w line s cu t
the circl e at X an d Z  an d serv e as the zero s of longitude fo r angles measure d
at E  o r a t O .

Second Step:  A - an d (J ,

A. Fin d th e Julian da y number o f the desire d dat e an d us e this t o calculat e
the tim e elapse d sinc e epoch .

From table s 4.2-4.4 we have

1500 22 6 892 3
85 3  104 6

May 3 1 15 1

Total 23 0 012 0

The epoch, for which we know the planet's mean longitude and mean epicyclic
anomaly, i s 1900 January 0.5 (J.D. 241 5020.0). The tim e elapse d since epoc h
is therefor e

At= 2,300,12 0
—2,415,020

—114,900 days .
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The minu s sign indicate s tha t th e desire d date fel l befor e th e epoch .
B. Calculat e the planet' s mean longitud e a t th e desire d date :

A, =  X, 0 +  A t x  fa.

In tabl e 7.4 we find the epoc h mean longitude A. 0 and th e mea n dail y motion
fa, with th e result

A, = 293.6° + (-114,90 0 days ) X o.52407i2°/day

= 293.6° + - 60,215.8 °

= - 59,922.2 °

Now we must add enough whole circles of 360° to make the mean longitude
come ou t a s a positive number betwee n o  and 360 . Th e eas y way to d o thi s
is th e following :

- 59,922.2°/36o ° = - 166.4 5 whole circles.

Thus, the mean longitude is minus a bit more than 16 6 whole circles . Adding
167 circle s wil l make th e mea n longitud e com e ou t i n th e desire d range:

X, -59,922.2 °
Plus 16 7 whole circle s 60,120.0 ° (16 7 X 360°)

A, in desire d range 197-8 °

C. Calculat e th e planet' s mean epicycli c anomaly :

\i = fl0 +  Atxf ti.

Taking th e necessar y numbers from th e tabl e o f parameters, we obtain

p, = 346.1 ° + (-114,900 days ) X o.46i576i°/day

= -52,689.0°

= 231.0° , with additio n o f 147 complet e circles .

FIGURE 7.42 . Longitud e of Mars , Ma y 31 , A.D .
1585. Secon d step .
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FIGURE 7.43 . Longitud e o f Mars , Ma y 31 , A.D .
1585. Third step .

Note that i n computin g th e change s in eithe r A . or (J , over long time intervals,
it i s important t o us e the ful l precisio n i n th e figure s for^ x an d_/ji provide d
by tabl e 7.4 .

D. La y the Ptolemaic slats on the diagram: Push a tack through th e equant
E fro m underneat h th e paper . Plac e th e cente r o f the larg e paper protracto r
over the tac k an d tur n th e protracto r s o that th e o ° mark fall s o n lin e EX, as
in figur e 7.42 . Plac e th e slo t i n th e deferen t sla t ove r th e tack . Tur n th e
deferent slat until it comes to mean longitude of 197.8° on the paper protractor.
Pull the slat in or out as required to place the grommet a t the epicycle's center
directly ove r th e deferen t circle . When yo u loo k throug h th e gromme t yo u
should b e able to se e a small arc of this circl e passing through th e middl e o f
the fiel d o f view . No w tur n th e epicycl e sla t unti l i t come s t o th e correc t
mean epicycli c anomal y o f 231.0° , a s read o n th e littl e protractor buil t int o
the slats . Then, nex t t o th e mar k o n th e epicycl e sla t labele d wit h th e sig n
for Mars , plac e a  do t P  o n th e paper . Thi s i s the positio n o f th e plane t a t
Greenwich noon , Ma y 31 , 1585 .

Third Step:  Finding  the  Longitude

Remove the Ptolemai c slats and protractor . Dra w a line of sight O P from th e
Earth t o th e planet , a s in figur e 7.43 . Plac e th e cente r o f a  protractor a t O
and measur e angl e ZOP,  findin g abou t 151° :

Longitude o f Mars a t Greenwic h noon , Ma y 21 , 158 5 =  151° .

7.22 E X E R C I S E : CALCULATIN G TH E PLANET S
1. Determin e the longitude of Mars on May 30,1982 (at Greenwich noon) ,

using ou r moder n Ptolemai c theor y an d th e Ptolemai c slats . Step-by -
step guideline s follow .

A. Comput e the number of days elapsed since the epoch, noon, January
o, 1900 . (Answer : 30,100 days. )

B. Calculat e th e longitud e o f th e Martia n apoge e o n Ma y 30 , 1982 .
(Answer: I49°46'. )

C. Comput e th e planet' s mea n longitud e an d mea n epicycli c anomaly
on thi s date . (Answer : A , = 228°o6' , p , = I99°36'. )

D. Dra w a  figur e an d la y ou t th e Ptolemai c slat s t o represen t thi s
situation, a s explained i n sectio n 7.21 , an d determin e the longitud e
of Mars. Compare your result with the actual longitude of the planet
given i n tabl e 7.1 .

2. Us e the moder n Ptolemai c theory an d th e Ptolemai c slat s t o wor k ou t
the longitud e o f Jupite r o n Augus t 26 , A.D . 1597 (Julia n calendar) .
Compare you r final answer with Jupiter's actua l longitude on thi s date ,
as listed in Tuckerman' s Planetary,  Lunar  and Solar  Positions:  A.D. 2 t o
A.D. 1649:  75°.

3. Accordin g t o th e American  Ephemeris  an d Nautical  Almanac  fo r 1948 ,
a conjunction o f Venus and Satur n occurred on Octobe r 8  of that year
at 8  P.M. Greenwic h time . That is , at the state d moment th e longitude s
of these two planet s were the same . Test our moder n Ptolemai c theor y
by workin g ou t th e longitude s o f th e tw o planet s fo r th e dat e o f thi s
conjunction.

7.23 TABLE S O F MAR S

The goa l of a planetary theory is , for any desired date, to anwe r the question ,
What i s the positio n o f the planet ? If a quick answe r is wanted, an d i f rough
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accuracy wil l suffice , the n th e Ptolemai c slat s suffice . I f grea t precisio n i s
demanded, the n a  stric t trigonometri c calculatio n i s required . Th e tediu m
involved i n a  strict calculation can be reduced with th e ai d of  planetary tables.
An example of such tables for Mars is provided b y tables 7.5-7.7. These tables
for computing the longitude of Mars are modeled on Ptolemy's in the Almagest
and th e Handy  Tables.  However , the y ar e base d o n th e moder n value s fo r
Mars's parameters in table 7.4. Let us begin by describing the content s o f the
tables i n a  general way.

The Quantities  Contained  in  the  Tables
Table o f th e Mean  Motion  o f Mars  Th e tabl e o f mea n motio n (tabl e 7.5)
gives the motio n i n mea n longitud e (A, ) an d mea n epicycli c anomaly (p. ) fo r
various time intervals , including minutes , hours, days, and group s of 30 days.
The tabl e also gives the motio n fo r i, z , or 3  common year s (years of 365 days).

The yea r used i n th e table s for "Julia n Year s by Fours " an d "Julia n Years
by Hundreds " i s the Julian yea r of 365.2 5 days . Sinc e thi s year is used i n th e
table onl y i n multiple s o f four , a  whol e numbe r o f lea p day s ar e alway s
included. Fou r Julian years represen t a  complet e four-yea r leap-day cycl e o f
(365 + 36 5 + 36 5 + 366) days. (I n ou r table s of the su n [table s 5.1-5.3], al l time
intervals were reduced t o days . Her e a n alternativ e arrangemen t i s presented.)

The value s of A, 0 an d |1 0 fo r Mar s a t epoc h (Greenwic h noon , January o ,
1900) ar e given a t th e en d o f the tabl e of mea n motion .

Table for th e Longitude of the Martian Apogee  Tabl e 7. 6 give s the longitud e
of th e apoge e o f Mars' s deferen t circl e a t hundred-yea r intervals , an d th e
motion o f th e apoge e fo r ten-yea r intervals .

Table o f Equations  Th e motio n o f Mar s appear s irregula r for tw o reason s
(see fig. 7.32). First, th e cente r Kof th e epicycl e does no t mov e a t a  uniform
angular spee d a s seen fro m th e Eart h O . Second, th e motio n o f the plane t P
on the  epicycl e cause s P to  be  seen alternatel y ahead of  and  behin d K.  The
irregularities i n th e motio n o f th e plane t thu s produce d ar e calle d th e firs t
and th e secon d inequalities , respectively.

Figure 7.44 illustrates the geometr y o f these  inequalities . The Eart h i s at
O. Th e cente r K  o f th e epicycl e move s aroun d th e deferen t a t a  unifor m
angular speed as seen from E. Thus, A , (the mean longitude) changes uniformly
with time . No w dra w a  line O P paralle l to EK . P  mark s th e mean  direction
of the planet. That is, the planet would b e seen along the directio n O P if there
were n o inequalitie s at all . If there were n o secon d inequality , th e radiu s of
the epicycl e woul d b e zer o an d P  would coincid e wit h K . I f ther e wer e n o
first inequality , E  woul d coincid e with O , s o EK woul d fal l o n to p o f OP .
Thus, i n th e absenc e o f an y inequalities , th e plane t woul d b e see n i n th e
direction OP .

Because o f th e firs t inequality , K  i s not see n alon g lin e OP . Rather , K  is
displaced fro m th e planet' s mea n positio n b y angle POK, which i s called th e
equation o f center,  denote d q .

Because of  the  secon d inequality , P  is  not  see n in  the  sam e directio n as
K. Rather , the plane t i s shifted awa y from lin e O K by angle KOP, which w e
call th e equation  of th e epicycle,  denote d Q .

From figure 7.44, the planet' s actua l longitude i s

A =  X  +  q  +  6,

or, i n words ,

FIGURE 7.44 . Illustratin g the corrections
that mus t b e applied t o th e mea n longitude :
A, =  A , + ^  + 0 . ^i s th e equatio n o f center .
0 i s the equatio n o f the epicycle .

FIGURE 7.45 .

true longitud e = mean longitud e +  equatio n o f center

+ equatio n o f the epicycle .



TABLE 7.5 . Mea n Morio n o f Mar s

Julian Years
By Hundreds

100
200
300
400
500
600
700
800
900

1000
1100

Julian Years
By Four s

4
8

12
16
20
24
28
32
36
40
44
48
52
56
60
64
68
72
76
80
84
88
92
96

Common Years
1
2
3

Hours

1
2
3
4
5
6
7
8
9

10
11
12

Minutes
10
20
30
40
50
60

Longitude

61°42.0'
123°24.0'
185°06.0'
246°48.0'
308°30.0'

10°12.0'
71°54.0

133°36.0'
195°18.0'
257°00.0'
318°42.0'

45°40.1'
91°20.2'

137°00.2'
182°40.3'
228°20.4'
274°00.5'
319°40.6'

5°20.6'
5T00.7'
96°40.8'

142°20.9'
188°01.0'
233°41.0'
279°21.1'
325°01.2'

10°41.3'
56°21.4'

102°01.4'
147°41.5'
193°21.6'
239°01.7'
284°41.8'
330°21.8'

16°01.9'

191°17.2'
22°34.3'

213°51.5'

Longitude

0°01.3'
0°02.6'
0°03.9'
0°05.2'
0°06.6'
0°07.9'
0°09.2'
0°10.5'
0°11.8'
0°13.1'
0°14.4'
0°15.7'

0°00.2'
0°00.4'
0°00.7'
0°00.9'
o°oi.r
0°01.3'

Epicyclic
Anomaly

299°04.1'
238°08.3'
177° 12.4'
116°16.5'
55°20.7'

354°24.8'
293°28.9'
232°33.1'
171°37.2'
110°41.4'
49°45.5'

314°21.8'
268°43.5'
223°05.3'
177°27.1'
131°48.8'
86°10.6'
40°32.4'

354°54.1'
309°15.9'
263°37.7'
217°59.4'
172°21.2'
126°43.0'
81°04.7'
35°26.5'

349°48.2'
304° 10.0'
258°31.8'
212°53.5'
167° 15.3'
121°37.1'
75°58.8'
30°20.6'

344°42.4'

168°28.5'
336°57.0'
145°25.6'

Epicyclic
Anomaly

0°01.2'
0°02.3'
0°03.5'
0°04.6'
0°05.8'
0°06.9'
0°08.1'
0°09.2'
0°10.3'
0°11.5'
0°12.7'
0°13.8'

0°00.2'
0°00.4'
0°00.6'
0°00.8'
0°01.0'
0°01.2'

Days B y
Thirties

30
60
90

120
150
180
210
240
270
300
330
360

Days Singly
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Hours

13
14
15
16
17
18
19
20
21
22
23
24

Longitude

15°43.3'
31°26.7'
47° 10.0'
62°53.3'
78°36.6'
94°20.0'

110°03.3'
125°46.6'
141°30.0'
157°13.3'
172°56.6'
188°39.9'

0°31.4'
1°02.9'
1°34.3'
2°05.8'
2°37.2'
3°08.7'
3°40.1'
4°11.6'
4°43.0'
5°14.4'
5°45.9'
6° 17.3'
6°48.8'
7°20.0'
7°51.7'
8°23.1'
8°54.6'
9°26.0'
9°57.4'

10°28.9'
11°00.3'
11°31.8'
12°03.2'
12°34.7'
13°06.6'
13°37.6'
14°09.0'
14°40.4'
15°11.9'
15°43.3'

Longitude

0°17.0'
0°18.3'
0°19.7'
0°21.0'
0°22.3'
0°23.6'
0°24.9'
0°26.2'
0°27.5'
0°28.8'
0°30.1'
0°31.4'

Epicyclic
Anomaly

13°50.8'
27°41.7'
4l°32.5'
55°23.3'
69°14.2'
83°05.0'
96°55.9'

110°46.7'
124°37.5'
138°28.4'
152°19.2'
166°10.0'

0°27.7'
0°55.4'
1°23.1'
1°50.1'
2° 18.4'
2°46.2'
3°13.9'
3°41.6'
4°09.3'
4°36.9'
5°04.6'
5°32.3'
6°00.0'
6°27.7'
6°55.4'
7°23.1'
7°50.8'
8°18.5'
8°46.2'
9°13.9'
9°41.6'

10°09.3'
10°37.0'
11°04.7'
11°32.4'
12°00.1'
12°27.8'
12°55.4'
13°23.1'
13°50.8'

Epicyclic
Anomaly

0°15.0'
0°16.2'
0°17.3'
0°18.4'
0°19.6'
0°20.7'
0°21.9'
0°23.1'
0°24.2'
0°25.4'
0°26.5'
0°27.7'

At epoc h 190 0 Jan 0. 5 GM T
(j.D. 24 1 5020 , Greenwic h noon) :

Mean longitud e = 293°33'.0;
Mean epicycli c anomal y = 346°08'.8
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TABLE 7.6 . Longitud e o f the Martia n Apoge e

Year

801 B.C.
701
601
501
401
301
201
101

1 B.C .
100A.D.

Longitude

99034' .
101°23'
io3°ir
105°00'
106°48'
108°36'
110°25'
112°13'
114°01'
115°50'

Year

200 A.D.
300
400
500
600
700
800
900

1000
1100

Longitude

117°38'
119°26'
121°15'
123°03'
124°51'
126°40'
128°28'
130°16'
132°05'
133°53'

Year

1200A.D.
1300
1400
1500
1600
1700
1800
1900
2000
2100

Longitude

135°42'
137°30'
139° 18'
141°07'
142°55'
144°43'
146°32'
148°20'
150°08'
15T57'

Ten-Year
Periods

10
20
30
40
50
60
70
80
90

Motion

0°11'
0°22'
0°33'
0°43'
0°54'
1°05'
1°16'
1°27'
1°38'

TABLE 7.7 . Equation s fo r Mar s

Common
Argument

0° (360)
5° (355)

10° (350)
15° (345)
20° (340)
25° (335)
30° (330)
35° (325)
40° (320)
45° (315)
50° (310)
55° (305)
60° (300)
65° (295)
70° (290)
75° (285)
80° (280)
85° (275)
90° (270)
95° (265)

100° (260)
105° (255)
110° (250)
11 5° (245)
120° (240)
125° (235)
130° (230)
135° (225)
140° (220)
145° (215)
150° (210)
155° (205)
160° (200)
165° (195)
170° (190 )
175° (185)
180° (180)

Equation
of Cente r
(Arg 0)

-(+) 0°00 '
0°56'
1°51'
2°46'
3°40'
4°33'
5°24'
6°13'
7°00'
7°44'
8°26'
9°04'
9°39'

10°10'
10°37'
11°00'
11°18'
11°32'
ll°4l'
11°45'

11°43'
11°23'
11°36'
11°05'
10°4l'
10°11'
9°36'
8°56'
8°11'
7°21'
6°27'
5°29'
4°27'
3°23'
2° 17'
1°09'

-(+) 0°00 '

Equation o f the Epicycl e (Argumen t u )

Diminution
at Apogee

0'
07'
14'
21'
28'
35'
43'
50'
58'
65'
73'
82'
90'
99'

109'
118'
129'
140'
151'
163'

176'
190'
205'
221'
238'
256'
274'
293'
312'
329'
342'
346'
334'
299'
231'
127'

0'

Equation
at Mea n
Distance

+(-) 0°00 '
1°59'
3°58'
5°56'
7°54'
9°52'

11°49'
13°45'
15°41'
17°35'
19°28'
21°20'
23°10'
24°58'
26°44'
28°27'
30°07'
31°44'
33°17'
34°44'

36°07'
37°22'
38°30'
39o27'
40° 14'
40°46'
4l°01'
40°53'
40° 19'
39°09'
37° 15'
34°24'
30°21'
24°54'
17°52'
9°23'

+(-) 0°00 '

Augmentation
at Perige e

0
08
16
24
32
40
48
57
65
74
83
93

103
113
124
136
148
161
175
189

205
223
241
262
284
309
336
365
397
430
462
488
499
476
394
231

0

Interpolation
Coefficient

(Arg a )

Dim 1.000
0.998
0.990
0.978
0.961
0.939
0.911
0.879
0.841
0.799
0.750
0.697
0.638
0.573
0.504
0.428
0.348
0.262
0.171

Dim 0.075

Aug 0.019
0.096
0.176
0.258
0.340
0.423
0.505
0.584
0.660
0.732
0.798
0.856
0.906
0.946
0.976
0.994

Aug 1.000
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FIGURE 7.46 . Dependenc e o f the equatio n o f
the epicycl e 6  o n th e positio n o f the epicycle . I n
A-C th e tru e epicycli c anomal y |I i s the same . 0
is considerabl y larger when th e epicycl e i s at th e
perigee o f the eccentri c (C ) tha n when i t i s at
the apoge e (B) .

Equation o f Center.  Th e equatio n o f cente r (angl e POK)  i s also equa l t o
angle OKE  (sinc e EK an d O P are parallel) . I f one think s o f th e equatio n o f
center a s OKE,  i t i s easy t o se e how thi s equation varie s as K move s aroun d
the deferent . Th e equatio n o f center i s zero when A T lies in eithe r th e apoge e
A, o r the perigee II, of the eccentric deferent circle. It i s therefore convenient
to defin e a  ne w angl e called th e mean  eccentric  anomaly G.  (see fig . 7.45) :

a =  A, - A,

a i s the angular distance of A'from th e eccentric circle's apogee, a s measured
at the equant . Th e angula r distance of A'from th e apogee , a s measured at th e
Earth, i s called th e true  eccentric anomaly and i s denoted a . Th e wor d mean
will alway s indicat e a  quantit y measure d wit h respec t t o th e equant , whil e
the wor d true  will indicat e tha t th e quantit y i s measured with respec t t o th e
Earth. Th e mea n an d th e tru e eccentri c anomal y diffe r b y th e equatio n o f
center:

a =  a +  q.

q ma y be eithe r positiv e o r negative .
The equatio n o f cente r i s a function o f the mea n eccentri c anomaly , q  is

zero when a  =  o or 180°. q reaches its greatest magnitude when a  i s approxi-
mately 90° or  270° .

The Equation o f Center  in th e Tables:  I n th e tabl e o f equations (tabl e 7.7) ,
the first and second column s may be used to determine the equation o f center.
The lef t colum n (commo n argument ) the n represent s various value s o f th e
mean eccentric anomaly a i n 5° steps. The second column (equatio n of center)
gives the correspondin g value of the equation . Fo r example , i f (X = 270° , the n
q = +u°4i', but if a =  90°, the n q  = -n°4i'.

Equation of the Epicycle: A s we have seen, the equation of center q depends
on a single variable, the mean eccentric anomaly. The equatio n o f the epicycle
0, however , depend s o n tw o variables.

First, 0  depends o n th e planet' s positio n o n th e epicycle . Unti l now , we
have specifie d th e planet' s positio n o n th e epicycl e i n term s o f th e mean
epicyclic anomaly  p , (se e fig . 7.32) . Thi s i s th e angula r distanc e o f th e plane t
from th e mea n apoge e a  o f th e epicycle . However , fo r th e constructio n o f
tables, th e true  epicyclic  anomaly  ( I i s mor e useful . (J , i s th e angula r distanc e
of th e plane t fro m th e tru e apoge e a  o f th e epicycl e (se e fig . 7.44) . Th e
equation o f the epicycl e 0  i s zero whenever |I i s o o r 180° . Finally , th e tru e
and th e mea n epicycl e anomal y diffe r b y the equatio n o f center :

H =  fl -  q .

Note the sign: a =  a +  q, but (I = p , - q .
Second, the equation o f the epicycle also depends o n the positio n o f A'on

the deferen t circle (se e fig. 7.46). I f A'is in th e apoge e A o f the deferent , the
epicycle, as viewed from Earth , will appear diminished in size, and the equation
of the epicycl e will be somewhat reduced . Bu t i f A'is in th e perige e FI o f th e
deferent, th e epicycl e will look large r and th e equatio n o f the epicycl e will be
magnified. Th e simples t wa y o f specifyin g th e positio n o f K  i s in term s o f
the mea n eccentri c anomal y a .

The Equation of the Epicycle i n the Tables:  Sinc e the equation of the epicycle
depends o n bot h (J , and 6c , on e coul d construc t a  table to doubl e entry , with
(I running horizontally , say, and &  running vertically. For eac h possible pair
of value s th e equatio n 0  coul d b e given . Thi s would , however , requir e a n
enormous tabl e an d i t wa s no t th e schem e adopte d b y Ptolemy . Rather ,
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Ptolemy use d a n ingenious interpolatio n schem e tha t permitte d th e tabl e for
the equatio n o f the epicycl e t o b e reduced t o manageabl e size .

Consider th e colum n labele d "Equatio n a t Mean Distance. " Thi s colum n
gives the value of the equatio n o f the epicycl e for the give n values of [i  unde r
the assumptio n tha t th e epicycl e i s at it s mean distanc e fro m th e Earth . Th e
epicycle i s at it s mea n distanc e fro m th e Eart h i f O K i s equal t o th e radiu s
CAT of the deferent . In th e case of Mars, thi s situation obtains when th e mea n
eccentric anomal y i s approximately 99 ° (o r 261°) . Fo r example , suppos e tha t
the epicycl e i s located a t it s mean distance , a s in figur e 7-46A . Suppos e tha t
the tru e epicycli c anomal y (J , i s 70° . Enterin g th e lef t colum n (commo n
argument) wit h 70° , an d goin g acros s t o th e colum n labele d "Equatio n a t
Mean Distance, " w e fin d tha t th e equatio n o f the epicycl e i s 6 =  +26°44' .
(Note tha t whe n (J , <  180° , 0  i s positive; when (J , >  180° , 0  i s negative. )

Now conside r th e case when Kis  at the apogee o f the deferent , as in figure
7.466. Le t (J , b e 70° , a s before . The n 0  wil l b e smalle r tha n 26°44' . Th e
column labele d "Diminutio n a t Apogee " give s th e amoun t b y whic h 0  i s
smaller than the value of 0 found at mean distance. For \i = 70°, the diminution
is 109' . That is , when K  i s at th e apoge e o f the deferen t circle and ( I = 70° ,
then th e equation o f the epicycle is 26°44' - 109 ' = 24°55' .

Similarly, i f th e epicycle' s cente r lie s a t th e perige e o f th e deferen t (fig.
7-46C), the n 0  wil l b e large r tha n whe n th e epicycle' s cente r i s a t mea n
distance. Th e colum n labele d "Augmentatio n a t Perigee " give s the amoun t
by whic h th e equatio n o f th e epicycl e i s increase d ove r it s valu e a t mea n
distance. Fo r (J , =  70° , w e fin d tha t th e augmentatio n i s 124'. That is , when
K i s a t th e perige e o f th e deferen t an d (J . =  70° , the n th e equatio n o f th e
epicycle i s 26°44' + 124 ' = 28°48' .

We hav e explained ho w th e tabl e may be used t o obtai n th e equatio n o f
the epicycl e whe n th e epicycle' s cente r i s at mea n distance , a t apogee , o r a t
perigee. Th e las t colum n o f tabl e 7.7 , labele d "Interpolatio n Coefficient, " is
used fo r intermediat e cases . Fo r example , a t mea n distance , wit h (J , =  70° ,
the equatio n o f the epicycl e was 26°44'; with Kat perigee , the equation was
124' greater . Fo r position s o f K  intermediat e betwee n mea n distanc e an d
perigee, th e equatio n wil l b e augmente d b y som e fractio n o f the 124' . Th e
fraction i s supplied b y the colum n o f interpolation coefficients .

Suppose tha t f i =  145° , intermediat e betwee n mea n distanc e an d perigee .
Again, let [I = 70°. Goin g into the table with a, w e find that the interpolation
coefficient i s 0.732. Thus, th e equatio n o f th e epicycl e is

0 = 26°44' + (0.73 2 X 124')

= 26°44' + 91 '

= 28V-

Ptolemy's interpolatio n schem e provide s a n elegan t wa y o f givin g th e
equation o f the epicycl e in a table of compact size . This interpolation schem e
is not exac t but involve s an approximation . The valu e of the th e equatio n o f
the epicycl e obtaine d fro m th e table s may therefor e diffe r slightl y fro m th e
value that would be obtained by strict trigonometric calculation. If the highest
precision i s needed, ther e i s no recours e but t o perfor m al l the computation s
strictly, a s Ptolemy himsel f remarks.

Precepts for the  Use  of  the  Tables  of  Mars

i. The date should be expressed in terms of the Gregorian calendar and referred
to th e meridia n o f Greenwich .

Determine th e time elapsed from th e epoch (190 0 Jan o , Greenwich mea n
noon) t o th e dat e o f interest , an d expres s the interva l i n term s o f complete d
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calendar years, days, and hours . The chie f difficulty i n tim e reckoning i s that
the calenda r year s do no t al l contain th e sam e number o f days—there can be
either 365 or 366. However (wit h only a few exceptions, t o be addressed soon),
every interval of four successiv e calendar years contains precisely one leap day,
for a  tota l interva l o f 365.2 5 X  4 days .

Express the numbe r of completed calenda r years as a multiple o f four plu s
a remainder . Tha t is , write th e numbe r n  of calendar year s in th e for m

n =  4»z +  r ,

where the remainde r r  is o, i , 2 , or 3 . The 477 2 calendar year s contain m  leap
days an d ar e therefor e equivalen t t o \m  Julia n years . Th e r  year s i n th e
remainder are common year s of 365 days, plus perhaps a t most on e lea p day .
Whether o r no t these  r  year s contai n a  lea p da y i s easil y determine d b y
inspection. I n an y event , th e tim e interva l i s expressed as 477 2 Julian years +
r common year s + th e od d day s and hours .

Finally, on e mus t correc t fo r th e anomalie s o f th e Gregoria n calendar .
Three centur y year s ou t o f ever y fou r ar e no t lea p year s i n th e Gregoria n
calendar. These ar e the years

A.D. 90 0 130 0 170 0 210 0 250 0
1000 140 0 180 0 220 0 260 0
1100 150 0 190 0 230 0 2700 , etc .

One da y mus t b e subtracte d fro m th e tim e interva l fo r eac h o f these  years
that the interva l contains. I n particular , for all dates o f the twentiet h centur y
(except thos e precedin g Marc h i , 1900 ) i t wil l b e necessar y to subtrac t on e
day, sinc e th e yea r 1900 was not a  leap year.

2. Findin g th e mea n motions : Ente r wit h th e numbe r o f Julia n year s
completed (^m),  the  commo n year s complete d (r),  and  the  odd  days , and
take out the corresponding motion s i n mean longitude an d in mean epicyclic
anomaly. Fin d als o the motion s fo r the hour s an d minutes , i f required. Th e
total motion i n eac h quantit y i s the su m o f all.

If the dat e o f interest fall s afte r th e epoch , ad d th e mea n motio n i n eac h
quantity t o th e valu e o f tha t quantit y a t epoch , bu t i f the dat e fall s befor e
the epoch, subtrac t the motion from th e epoch value. Subtract or add as many
multiples of 360° as needed to make each quantity positive and less than 360° .
Round t o th e minut e o f arc . The result s are the planet' s mea n longitud e X
and mea n epicycli c anomaly p , at th e dat e o f interest .

3. Finding the longitude of the apogee: Enter with the century year immedi-
ately preceding the require d year. For example , for A.D . 1583 , use 1500 ; for 18 3
B.C., us e 201 B.C. Add t o thi s longitude the motio n o f the apoge e during th e
interval fro m th e centur y year to th e require d year. It i s sufficient t o work t o
the neares t decade . Fo r example , fo r 158 3 ad d 8 0 years ' motion; fo r 18 3 B.C.
add 2 0 years' motion . The su m i s the longitud e A  o f the eccentric' s apoge e
at th e require d date .

Calculate als o the mea n eccentri c anomal y (X:

& = K-A

If f t shoul d tur n ou t negative , ad d 360° .

4. Equation of center: Enter with fi as argument and tak e out th e equation
of center q. Note that q  is negative i f (X falls betwee n o  and 180° , and positiv e
if a fall s between  180° and 360°. The interpolatio n should b e done with care.

5. Find th e tru e epicyclic anomaly [L  by subtractin g the equatio n o f center
from th e mea n epicycli c anomaly:

(I = (l-^
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Note that p , will be larger than ( 1 if q is negative, an d smalle r if q is positive.
6. No w tha t ( X and |J , ar e known , th e equatio n o f th e epicycl e ma y b e

determined. Thi s require s several steps.
A. Ente r th e colum n fo r th e equatio n o f th e epicycl e a t mea n distance ,

with th e tru e epicycli c anomal y (J , a s argument , an d tak e ou t th e equation .
Take ou t als o th e diminutio n a t apoge e an d th e augmentatio n a t perigee—
although onl y on e o f these tw o wil l be used .

B. Ente r th e colum n fo r th e interpolatio n coefficient , wit h th e mea n
eccentric anomaly f i as argument, and tak e out th e coefficient . Not e whether
it i s a  coefficien t o f diminutio n o r o f augmentation : i t i s a  coeffiecien t o f
diminution i f a i s either less than 99 ° or greater than 261° . I t i s a coefficien t
of augmentatio n i f a i s between 99 ° and 261° .

C. I f ( X is les s tha n 99 ° o r greater  tha n 261° , for m th e equatio n o f th e
epicycle Q  according t o th e rul e

, I  _ equatio n a t diminutio n interpolatio n
u —  . . —  X  rr . .

mean distance a t apogee coefficient .

But i f a i s between 99 ° and 261° , for m 9  a s follows:

• I  _ equatio n a t augmentatio n interpolatio n
mean distanc e a t perige e coefficien t

These rule s giv e th e absolut e valu e o f 6  only . Th e whol e equatio n o f th e
epicycle thu s forme d i s positive i f (0 , lie s between o ° an d 180° , an d negativ e
if (J . lies between 180 ° an d 360° .

7. Finally , the longitud e o f the plane t a t th e require d dat e i s calculated:

x = x, + # + e.

Example

Problem: Calculat e th e longitud e o f Mars o n Octobe r 9 , A.D . 1971 , o  (mid -
night, Greenwic h mea n time) .

Solution:
i. Elapsed time from the epoch A.D . 1900 Jan o , 12 Greenwic h mean time :

From 190 0 Jan o , 12 * t o 197 1 Jan o , 12 * is 7 1 calendar years.
From 197 1 Jan o , 12 * t o 1971 Oct 8 , 12 * is 28 1 days.
From 197 1 Oct 8 , 12 * t o 1971 Oct 9 , o * is 1 2 hours .

The 7 1 calendar year s ar e handle d a s follows : 7 1 =  6 8 +  3 , that is , 1 7 four -
year cycle s plus 3  years lef t over . The 1 7 four-year cycles dispose of th e tim e
from the  beginnin g of 1900 to  the  beginnin g of  1968. The  thre e whole years
remaining are 1968 , 1969 , an d 1970 , th e firs t o f which wa s a leap year . On e
extra da y must therefor e be added t o tim e interval , fo r the lea p da y in 1968 .
Finally, w e mus t subtrac t on e da y fro m th e tim e interva l becaus e 1900 was
not a  leap year in th e Gregoria n calendar .

The tota l tim e elapsed i s therefore

68 Julia n years
+ 3  commo n year s
+ 28 1 day s
+ i  da y (fo r 1968)
— i  da y (fo r 1900)
+ 1 2 hour s

68 Julia n years + 3 common years + 28 1 days + 1 2 hours.



3 8 0 T H E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

In this example, the leap day at the end of the time interval (1968) canceled
out th e missin g leap day of 1900. This wil l no t alway s happen .

i. Mean motions :

68 Julia n years
3 commo n year s

270 day s
ii day s
12 hour s

Total
Epoch valu e

or

\
56°

213
141

5
o

415°
293

708°
35i°

3. Longitud e o f eccentric' s apoge e an d

1900
70

A
A,

-A

years

21.4'
51-5

30.0
45-9
J5-7

164.5'
33.0

198'
18'

304°
145
124

5
o

578°
346

924°
205°

mean eccentri c

I48°2o'
i°i6'

I49°36'
35i°i8'

I49°36'

P.
10.0'
25.6
37-5

04.6
13.8

91-5'
08.8

100'40'
anomaly:

a ioi°4i '

4. Equation o f center :

(argument a  =  2Oi°42') q  = + 4°48'.

5. True epicycli c anomaly:

fl 205°4o '
-q - 4°48/

)J, 200°52 '

6. Equatio n o f the epicycle :
A. Since a =  2Oi°42' , the epicycle's center lies between mea n distance and

perigee. Th e equatio n wil l therefor e have t o b e augmente d abov e it s mea n
value. Bot h th e mea n valu e and th e augmentatio n ma y now b e taken ou t o f
the tabl e (argumen t |J . = 2oo°52') .

Equation a t mea n distance : 3i°O3 '
Augmentation a t perigee : 497'

B. No w tak e ou t th e interpolatio n coefficient :

(argument a  =  2oi°42') interpolatio n coefficien t =  0.889

C. For m th e absolut e value of the equatio n o f the epicycle :

|6| = 3i°03'+ 497'x 0.88 9

= 38°25'.

Since ( I lie s betwee n 180 ° an d 360° , 9  i s negative.
7. Longitude of the planet :
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X 351 ° 18 '
+q +  4° 48'
+9 -38 ° 25 '

X 317 ° 4i'

Historical Specimens

Figures. 7.4 7 an d 7.4 8 ar e photograph s o f th e planetar y table s i n a  ninth -
century parchmen t Almagest.  (Thi s manuscrip t wa s describe d i n sec . 2.13. )
Figure 7.4 7 is  the  beginnin g of  the  tabl e of  mean motion . The  top  par t of
the figur e ha s bee n translate d i n figur e 7.49 . Thi s pag e o f th e manuscrip t
table i s devoted t o th e mea n motio n o f Satur n i n longitud e (motio n o f th e
epicycle's cente r aroun d th e deferent ) an d i n anomal y (motio n o f the plane t
around th e epicycle) . Th e tw o motion s ar e give n fo r tim e interval s o f 1 8
Egyptian years and multiple s thereof. For example , i n 1 8 years, Saturn's mean
motion in longitude is 220° 01 ' 10" 57'" 09" 04" 30"'. The hig h precision (si x
sexagesimal place s i n th e fractiona l degree ) i s unnecessary . (I n th e Handy
Tables, compile d afte r th e Almagest,  th e mea n motion s ar e give n onl y i n
degrees an d minutes. ) Succeedin g pages of the table s giv e the mea n motion s
of Saturn fo r periods o f from i  to 1 8 years , fo r months fro m i  to 12 , fo r days
from i  t o 30 , and fo r hours fro m i  t o 24 . At the to p o f the ancien t tabl e we
also fin d th e mea n longitude , mea n epicycli c anomal y an d th e longitud e o f

FIGURE 7.47 . Beginnnin g of  the tabl e of
mean motio n fo r Satur n i n a  ninth-centur y
parchment Almagest.  Bibliotheque Nationale ,
Paris (MS . Gre c 2389 , fol . 24yv) .
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FIGURE 7.48 . Th e tabl e of equations
for Mar s in a  ninth-century parchmen t

Almagest. Bibliothequ e Nationale ,
Paris MS . Gre c 2389 , fol . 3iov) .

the apoge e of Saturn a t Ptolemy' s adopte d epoch , th e beginnin g of the reign
of Nabonassar.

Figure 7.48 (partially translated i n fig . 7.50) is the tabl e o f equation s fo r
Mars, take n fro m th e sam e manuscript . Thes e figures ca n be compared wit h
our ow n tabl e o f equation s fo r Mar s (tabl e 7.7) . Columns i  an d 2  o f th e
ancient tabl e correspond t o th e commo n argumen t columns o f our table . In
our table , the argumen t run s by 5 ° intervals from o  t o 180° . Ptolem y use s 6°
intervals for the firs t part o f the tabl e (o ° t o 90°) but 3 ° intervals for the res t
(90° t o 180°) . Th e equation s chang e mor e rapidl y nea r perige e tha n nea r
apogee and  Ptolem y fel t tha t the  3°  interval s woul d therefor e giv e bette r
precision. In th e Handy  Tables,  the equation s are given for each single degree
from o  t o 180° .

Columns 3  an d 4  o f Ptolemy' s tabl e correspon d t o th e singl e colum n
equation o f center  i n tabl e 7.7. Indeed , th e equatio n o f cente r i s obtained b y
adding Ptolemy' s column s 3  and 4 . Thus , fo r a  mea n eccentri c anomal y o f
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FIGURE 7.49 . Translatio n o f the beginnin g o f
the Ptolemai c table o f mean motio n show n i n
Figure 7.47 .

30°, th e equatio n o f center i s 5°i6' ( = 4°52' + o°24') - This compare s closely
with th e 5°24 ' in ou r ow n table . Ou r equatio n o f center differs slightl y fro m
Ptolemy's becaus e we adopte d a  slightl y large r valu e fo r th e eccentricit y o f
the Martia n deferent . Ptolemy' s purpos e i n splittin g the equatio n o f cente r
into tw o column s was partly pedagogical. Column 3  represents the .equation
of cente r i n th e intermediat e mode l o f figur e j.2jA,  i n whic h th e equan t
point and the center of the deferent coincide . Column 4  represents the change
in th e equatio n o f cente r tha t i s produce d b y separatin g the equan t poin t
from th e cente r o f the deferen t an d placin g i t halfwa y betwee n th e cente r of
the deferen t an d the Earth (fig . 7.31). In al l practical computation i n the final
model, on e ha s nee d onl y o f th e su m o f column s 3  and 4 . I n th e Handy
Tables, ther e i s but a  singl e colum n fo r th e equatio n o f center , a s in Tabl e
7.7. Th e separatio n o f the equatio n o f cente r int o tw o part s in th e table s of
the Almagest reflects th e newnes s of the equant point, introduce d by Ptolemy
himself.

Column 6  of the ancien t tabl e gives the equatio n o f the epicycl e at mea n
distance. Columns 5  and 7 give the diminution at apogee and the augmentatio n
at perigee , exactl y as in Tabl e 7.7 . Ptolemy' s numerica l value s a t 30 ° and a t
60° of epicyclic anomaly ar e nearly the same as those o f Table 7.7. Th e smal l
discrepancies ar e due t o ou r choic e o f slightly differen t value s fo r th e radiu s
of the epicycl e and th e eccentricit y o f the deferent .

FIGURE 7.50 . Translatio n o f the beginnin g of
the Ptolemai c tabl e o f equation s show n i n Figur e
7.48.
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Column 8  of Ptolemy's table give s th e interpolatio n coefficient , expresse d
in sixtieths rather than in decimal fractions. Thus, for mean eccentric anomaly
30°, w e find for the interpolation coefficien t 54/6 0 + 34/3600 = 0.9094, whic h
compares wel l with the 0.91 1 in Table 7.7 .

After Ptolemy's time, virtually all planetary equation tables were constructed
according t o his convenient scheme . On e see s minor change s in arrangement
and minor adjustment s of the underlying numerica l parameters, but th e basic
principles d o no t change . Eve n Copernicus' s table s o f equation s (A.D . 1543)
are o f essentially the sam e form. 74

7.24 EXERCISE : USIN G TH E TABLE S O F MAR S

Use table s 7.5-7.7 t o calculat e th e positio n o f Mar s o n th e followin g thre e
dates:

1. Jun e 4 , A.D . 1983 (nea r a conjunctio n wit h th e Sun) .
2. Apri l 4 , A.D . 1984 (nea r a  station) .
3. Ma y 19 , A.D . 1984 (nea r th e middl e o f a  retrogradation) .

Compare your results with the actual positions of Mars, take n fro m tabl e 7.1.
If you wish t o pu t Ptolemy' s theor y (an d ou r table s of Mars) t o th e most

demanding test , try calculating some positions of Mars during a retrogradation
that occurre d whe n th e epicycl e wa s nea r th e perige e o f th e deferen t (e.g. ,
during the retrogradatio n o f 1971) . Error s are magnified in thi s situation , fo r
then Mar s i s closest to Earth .

FIGURE 7.51 . Ptolemy' s three-dimensional
system fo r explainin g the motio n o f the Sun .
The syste m require s three etheria l orbs , neste d
one within another . Two of the bodies , C  and
E, ar e black i n th e diagram . Th e Su n i s embed -
ded i n th e middl e bod y D , whic h i s white i n
the diagram . Thi s diagram i s from a  sixteenth-
century textbook , th e Paris , 1553 , editio n o f
Georg Peurbach' s Theoricae  novae  planetarum.
Courtesy o f Specia l Collections  Division ,
University o f Washington Librarie s (Negativ e
UW 13653) .

7.25 P T O L E M Y ' S COSMOLOG Y

So far, we have delt with Ptolem y as the culminating figure of Greek technical
astronomy. However, Ptolem y was equally influential as a cosmological thinker
who tried to determine th e structure of the whole universe.75 In his cosmology,
Ptolemy attempte d t o satisf y th e demand s o f planetary astronomy a s well as
the requirement s o f sound physics,  a s he perceive d them . Thi s resulte d i n a
unified worldview that dominated cosmologica l thought throughout th e entire
medieval period. Although th e Almagest does provide some insight into Ptole -
my's physica l assumptions , Ptolemy' s cosmologica l speculation s ar e mostl y
confined t o a  separate, shor t wor k calle d Planetary  Hypotheses! 6

Overview

Ptolemy's cosmology is based on two fundamental assumptions. First, Ptolemy
assumes tha t the deferent-and-epicycl e model s of the Almagest  represent th e
actual machiner y of the universe . However, th e planet s canno t b e carried by
infinitely thin , two-dimensiona l circles . Rather, th e deferent circles and epicy -
cles must be envisioned as "equator circles" of solid, three-dimensiona l spheres .
These spheres , invisibl e to us , ar e made o f the fift h elemen t (th e ether) , like
the planet s themselves . Thus , Ptolemy' s worldvie w involve s a  mergin g o f
deferent-and-epicycle astronom y with the ol d solid-sphere cosmolog y o f Eu-
doxus and Aristotle.

Ptolemy's secon d fundamenta l assumptio n i s that th e cosmo s contain s n o
empty space . The mechanis m (deferen t citcle an d epicycle ) tha t produce s a
planet's motion fills a spherical shell. The thicknes s of this shell is determined
by th e eccentricit y o f th e planet' s deferen t circl e an d b y th e radiu s o f th e
planet's epicycle . The shell s for all the celestial bodies are arranged one within
another i n th e standard order .
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Figures 7.5 1 and 7.5 2 illustrate Ptolemy's cosmolog y a s adapted b y Geor g
Peurbach, a n importan t figur e i n th e Renaissanc e o f Europea n astronomy .
Figure 7.5 1 shows Peurbach' s syste m fo r th e Sun . Th e Sun' s syste m requires
three orbs , labele d C , D , an d E . Th e Eart h i s poin t B , th e cente r o f th e
cosmos. Poin t A i s the cente r o f the circl e that th e Su n travel s in th e cours e
of th e year . Or b C  (black i n th e diagram ) ha s it s inne r surfac e centere d o n
B and its outer surface centered on A. The Sun is embedded in orb D (whit e
in th e diagram) . Thi s orb turn s aroun d onc e i n th e cours e o f the year . This
is how the Sun' s annua l motio n aroun d poin t A  i s effected. Th e oute r or b E
(black) ha s it s inner surfac e centere d o n A  an d it s outer surfac e centere d o n
B. The tw o blac k orb s thu s ac t as spacers for the or b carryin g th e Sun . Also,
the inne r hollow , bounde d b y the inne r surfac e o f C , serves a s the receptacl e
into whic h th e syste m fo r Venus i s inserted. Th e syste m fo r Mars woul d b e
placed jus t outside or b E .

Figure 7.5 2 shows Peurbach' s system s fo r th e Su n an d Venus . Th e thre e
orbs fo r the Su n ar e all labeled A. The y are exactly as in figure 7.51. The Su n
is shown a s a circle with a  dot i n it , embedde d i n th e whit e sola r orb. Three
orbs for Venus are labeled B. Venus itself is the asterisk located on the epicycle
embedded i n th e middl e (white ) or b o f th e Venu s system . Th e epicycl e is
actually a  solid sphere , whic h rotate s insid e a  recess in th e whit e orb . Point s
D, C , and //are, respectively, the Earth, th e center o f Venus's deferen t circle ,
and Venus' s equan t point . Th e boundar y betwee n Venus' s syste m an d th e
Sun's syste m i s the thi n whit e crac k betwee n th e outermos t B  or b an d th e
innermost A  or b (bot h black) . Peurbac h simplifie d th e pictur e b y omittin g
some technical details. (We shall take a closer look at Ptolemy's own description
of th e nested-sphere s cosmolog y nea r th e en d o f thi s section. ) Nevertheless ,
Peurbach's illustrations preserve th e essentia l feature s o f the system describe d
by Ptolem y i n th e Planetary  Hypotheses.

Ptolemy als o worke d ou t numerica l value s fo r th e thicknesse s o f al l th e
nested planetary systems. Ptolemy's numerica l values were only slightly modi -
fied by thos e who followed . Figur e 7.53 illustrates Ptolemy' s cosmo s t o scale ,
based o n th e parameter s i n th e Planetary  Hypotheses.  Th e Eart h i s the smal l
dot. Concentri c spherica l shell s ar e assigne d t o th e individua l planets . Th e
space between  th e Eart h an d th e spher e o f the Moo n i s filled by the lighte r
terrestrial elements , namely , ai r an d fire . Eac h planetar y shel l i n figure 7.53
is, o f course , mad e u p o f a  numbe r o f orbs , a s in figure s 7.5 1 and 7.52 . Let
us se e how Ptolem y arrive d a t th e thicknesse s o f these  shells .

FIGURE 7.52 . Peurbach' s simplifie d view of
Ptolemy's three-dimensiona l syste m fo r Venus ,
nested insid e the syste m fo r the Sun . Th e
three etheria l bodie s fo r th e Su n ar e al l labeled
A. Thre e etheria l bodie s fo r Venus ar e labeled
B. Venu s i s the asteris k set in th e middl e
(white) body of the Venus system. From Georg
Peurbach, Theoricae  novae  planetarum (Paris ,
1553). Courtes y o f Specia l Collections Division ,
University o f Washington Librarie s (Negativ e
UW 13654) .

Distances o f the Moon an d Su n i n th e Almagest

A complete cosmolog y require d workin g ou t th e absolut e distances o f the all
the planets from th e Earth. Deferent-and-epicyle astronom y provide d no help
here. Fo r eac h planet , al l that wa s astronomicall y deducibl e wa s the rati o o f
the siz e o f th e epicycl e t o tha t o f th e deferent . Thus , i t wa s impossibl e t o
decide b y observatio n whic h plane t wa s closes t t o th e Earth . A s we sa w in
section 7.15 , Ptolem y therefor e had t o fal l bac k o n physica l o r philosophica l
arguments. I n th e end , h e adopte d th e standar d orde r o f hi s day : Moon ,
Mercury, Venus , Sun , Mars , Jupiter , Saturn .

Only fo r th e Moo n coul d th e method s o f ancien t astronom y yiel d a
measurement o f the absolute distance . Modification s of Aristarchus's metho d
by Hipparchus an d Ptolemy resulted in accurate values for the Moon's distance.
Ptolemy, fo r example , make s th e Moon' s mea n distanc e fro m th e cente r o f
the Eart h a t ne w o r ful l Moo n equa l t o 5 9 Earth radii , which i s quite a  goo d
value. I n contrast , th e distanc e o f th e Su n resultin g from al l versions o f th e
ancient metho d wa s very poor. Th e Sun' s paralla x i s so small tha t i t la y well
below th e leve l o f precisio n o f ancien t astronomy . Nevertheless , th e Gree k
astronomers thought  they knew th e Sun' s distance . Aristarchus found the Sun
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FIGURE 7.53 . Thicknesse s o f th e neste d
planetary spheres i n Ptolemy' s cosmology ,
drawn t o scale . The scal e changes b y a  factor of
fifteen betwee n th e tw o figures . That is , i f A
were shrunk by a  factor of fifteen , i t could b e
inserted int o B . This figur e i s based o n th e
values i n tabl e 7.10. Th e ga p between  th e
spheres o f Venus an d th e Su n reflect s th e
numbers i n tabl e 7.10 , bu t Ptolem y probabl y
did no t believ e in th e existenc e of an
empty zone .

to be about nineteen times farther from u s than the Moon is . Ptolemy adopte d
a figure not ver y different .

Successes and Failures  o f Ptolemy's Lunar  Theory  Th e goa l o f Ptolemy's lunar
theory i n th e Almagest  was to permi t predictio n o f th e Moon' s positio n i n
the zodiac . Th e absolut e distance o f the Moo n fro m th e Eart h i s irrelevant
to the construction of such a theory. Ptolemy's lunar theory was very successful,
in tha t i t di d accuratel y represen t th e Moon' s positio n i n th e zodia c a t all
times of the month. In this it was a considerable advance over the lunar theory
of Hipparchus .

However, Ptolemy' s luna r model (mad e up of deferent circle, epicycle, and
a specia l "crank " mechanism ) greatl y exaggerate d th e monthl y variatio n i n
the Moon' s distanc e fro m th e cente r o f th e Earth . The rati o o f the greates t
to the least distance deduce d fro m th e model is nearly 2:1. In fact , th e Moon's
distance varie s b y onl y abou t 10 % i n th e cours e o f th e month . Ptolem y i s
curiously silent abou t thi s defec t o f his luna r theory . But , again , thi s defec t
did no t interfer e with accurat e predictio n o f angular positions.

Absolute Distance of the Moon Th e distance of the Moon was the fundamental
measuring stic k by which th e scal e of the whol e univers e had t o b e judged.
Moreover, th e distanc e o f the Moon di d hav e som e practica l significance : it
was needed fo r a  proper treatmen t o f parallax, which affect s th e visibilit y of
solar eclipses . For  bot h thes e reasons , Ptolem y begin s the  constructio n of  a
cosmological distanc e scal e by determining th e distanc e o f the Moon .

In Almagest  V, 11—13 , Ptolem y attempts t o fin d th e distanc e o f the Moo n
by paralla x methods. H e compare s a  positio n o f th e Moo n observe d fro m
Alexandria wit h a  positio n compute d fro m hi s deferent-and-epicycl e theor y
of the Moon's motion . Thi s parallax measurement served to fix the absolute
scale o f the Moon' s system . When th e paralla x measurement wa s combine d
with the deferent-and-epicycle theory, Ptolemy could then deduce the greatest
and least distances of the Moon fro m th e center of the Earth in absolute units
(Earth radii , say) . (Se e tabl e 7.8. ) Th e numerica l values , take n fro m th e
Planetary Hypotheses,  ar e rounded version s o f the number s in th e Almagest.

Ptolemy's measuremen t o f the Moon' s paralla x is problematical. H e ob -
tained a  valu e fo r th e paralla x that wa s a  goo d dea l to o large , makin g th e
Moon substantiall y too clos e to th e Eart h a t th e tim e o f his observation . I t
is likely that he "pushed" o r "fudged" the parallax measurement a bit to make
it fi t wit h hi s theoretica l notio n o f th e monthl y variatio n i n th e Moon' s
distance. This problem o f the Moon' s distanc e is one o f the leas t satisfactory
parts of Ptolemy's astronomy. He measured the angular diameter of the Moon
himself, s o he clearly knew i t did no t doubl e in the course of the month. Yet,
paradoxically, i n constructin g hi s cosmology , h e too k thi s 2: 1 variation i n
distance seriously . According t o Ptolemy , th e Moon' s greates t distanc e i s 64
1/6 Earth radii . (Thi s figure is rounded in table 7.8.) From thi s i t follows that
the Moon' s horizonta l paralla x (whe n a t greates t distance ) i s PM  =  53'35" .
(Ptolemy gives 53'34" in hi s tabl e o f parallaxe s in Almagest  V, 18. )

Angular Sizes of the Moon, Sun, and Earth's Shadow T o determine the absolute
distance o f th e Sun , Ptolem y use d th e metho d o f th e eclips e diagra m (fig .
1.47 an d sec . 1.17), du e originall y to Aristarchu s of Samos . As a  preliminary

TABLE 7.8 . Absolut e Distances of Sun and Moon

Least Distanc e Greates t Distanc e

Moon 3 3 Eart h radi i 6 4 Eart h radi i
Sun 1,16 0 Eart h radi i 1,26 0 Eart h radi i
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(Almagest, V14) , Ptolemy determined th e angular diameter of the Moon whe n
it wa s a t it s greates t distanc e fro m th e Eart h an d foun d i t t o b e 3i'zo" .
Moreover, h e too k th e angula r diamete r o f the Su n t o b e th e same . Thus ,
the angula r radiu s o f the Su n ( o i n fig . 1.44) i s half this , o r i^'^o".  Fo r th e
angular radiu s o f th e Earth' s shado w a s seen o n th e Moo n durin g a  luna r
eclipse (wit h th e Moon at greates t distance), Ptolem y found 4C/4o" (l i n fig.
1.44). Bu t i n late r calculation , h e say s the shado w i s 2 3/5 times a s big a s th e
Moon, which woul d mak e T  = 4C/44" .

Some of Ptolemy's predecessors had measured the angula r diameter of the
Moon b y sightin g i t wit h a  dioptra , o r b y timin g wit h a  wate r cloc k ho w
long the Moon takes to rise. Ptolemy judged these methods fraugh t with error
and difficulty . H e therefor e devised a clever method base d on the compariso n
of two lunar eclipses of different degree s of totality. Bu t Ptolemy' s metho d i s
better i n theor y tha n i n practice . I n an y case , Ptolemy' s value s for O  and T
did no t diffe r muc h fro m thos e o f his predecessors.

Absolute Distance  of th e Su n No w le t u s tak e u p th e eclips e diagra m (fig.
1.44). As proved i n sectio n 1.17 ,

(7 + T  = P M +  P s.

We alread y have Ptolemy's result s for a, T , and PM-  I f we substitute numerical
values (i5'4o" , 4C/44" , an d 53'35" , respectively) , we ge t P s =  2'4p" fo r th e
Sun's horizonta l parallax . Then th e distanc e o f the Su n ma y be found fro m
d =  r/si n P s. Ptolem y obtain s 1,21 0 Eart h radi i fo r th e Sun' s distanc e fro m
the cente r o f the Earth . (Mor e accurat e computatio n fro m Ptolemy' s values
for O , T, and th e Moon' s distance would giv e 1,218 Earth radii . The differenc e
is du e largel y t o roundin g i n Ptolemy' s calculation. ) Ptolem y adopt s 1,21 0
Earth radi i a s the Sun' s averag e or mea n distance .

Ptolemy's sola r theor y involve s an eccentri c circl e (fig . 5.8). I f th e radiu s
of the circle is taken as 60 (arbitrary units), Ptolemy's value for the eccentricity
OC i s 2  1/2 . Th e greates t an d leas t distances of th e Su n fro m th e cente r o f
the Eart h i n thes e arbitrar y units ar e 62.5 and 57.5 . T o pas s ove r fro m th e
arbitrary units to absolut e units (Earth radii), we multiply by the scal e facto r
1,210/60. Thus , th e greates t distanc e o f th e Su n i s 1,26 0 Eart h radii , a s i n
table 7.8. The Sun' s leas t distance i s 1,160 Eart h radii .

Scale o f Cosmic  Distances i n th e Planetary Hypothese s

For the planets, all that Ptolemy could determin e astronomically was the ratio
of least to greates t distance . Fo r a  concrete example , let u s examine the cas e
of Mar s (refe r t o fig . 7.32) . Let u s defin e som e symbols :

R, radiu s o f the deferen t ( = CA),
r, radiu s of th e epicycl e ( = KP),
e, eccentricity of the deferen t ( = C O = CE).

Mars i s closest t o Eart h whe n th e cente r o f th e epicycl e i s at th e perige e o f
the deferen t and th e plane t i s also a t th e perige e of th e epicycle . Thus, th e
least distanc e of  Mar s =  R  —  r — e. Similarly , Mars's greates t distanc e fro m
Earth is R + r + e. In the Almagest, for each planet, Ptolemy arbitrarily chooses
R =  60 units . I n thes e terms , hi s values for th e parameter s o f Mar s ar e r  =
39.5, e  = 6 . Thus, fo r Mars, the leas t and greates t distances are 14. 5 and 105.5 ,
in the arbitrar y units. The rati o o f greatest to leas t distance is then abou t 7.3
to i , which Ptolem y round s t o 7: 1 in th e Planetary  Hypotheses.

In a  similar way, one ma y work ou t th e rati o o f greatest to leas t distance
for eac h of the remainin g planets . Table 7.9 presents Ptolemy's result s in th e
Planetary Hypotheses.  T o procee d further , Ptolem y ha d t o supplemen t th e
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TABLE 7.9 . Astronomica l Distanc e Ratio s

Ratio o f Leas t t o
Planet Gteates t Distanc e

Mercury 34 : 88
Venus 16:10 4
Mars 1  : 7
Jupiter 23:3 7
Saturn 5  :7

astronomy o f th e Almagest  with physica l an d cosmologica l premises . H e as -
sumes th e orde r o f the planet s discusse d above. Further , h e assume s tha t th e
mechanisms o f neighboring planet s are nested on e abov e th e other , wit h n o
empty spac e betwee n them .

Mercury i s next abov e the Moon . Thus, Mercury' s leas t distance mus t b e
64 Earth radii , equal t o the Moon's greatest distance in table 7.8. Then, using
Table 7.9 , Mercury' s greates t distanc e =  6 4 Earth radi i X 88/34 = I( 56 Eart h
radii, a s listed i n Tabl e 7.10 .

Then, Venus' s leas t distanc e i s also 166 . T o ge t th e greates t distance , we
again us e Table 7.9 . Venus' s greates t distanc e =  16 6 X 104/16 = 1,07 9 Eart h
radii, as listed in Table 7.10.

And her e i t wa s possible fo r Ptolem y t o perfor m a  crucia l chec k o n th e
procedure. I f the cosmologica l premise s were correct, th e Sun' s leas t distanc e
should als o b e 1,07 9 Eart h radii . Now , th e Sun' s leas t distance , foun d b y
combining th e method o f the eclipse diagram wit h th e eccentri c circle theor y
of the Sun , was 1,160 Earth radi i (table 7.8). This seemed too good t o be true!

Pure astronom y fixe d th e maximu m distanc e o f th e Moo n a t 6 4 Eart h
radii an d th e minimu m distanc e o f the Su n a t 1,160 . I t turne d ou t tha t th e
interval betwee n thes e distances was almost th e righ t siz e t o b e filled by th e
mechanisms o f Mercury and Venus, with no empty spac e lef t over . Of course ,
it di d no t wor k ou t quit e perfectly . Fo r th e maximu m distanc e o f Venu s
turned ou t t o be only 1,079 Earth radii . Thus, there was a gap (between 1,07 9
and 1,160 ) tha t Ptolem y coul d no t accoun t for . But he point s ou t tha t i f the
distance of the Moon is increased a little, the distance of the Sun will automati -
cally be decrease d a  little . This i s clear fro m th e relatio n

O + T  = P M +  P s

The lef t side of the equation ( o and T) is fixed by relatively simple observations.
If we make Pu (th e Moon' s horizonta l parallax ) a  little smaller , the n P s (th e
Sun's parallax ) mus t b e mad e a  littl e bigge r t o compensate . I n thi s way , i t
might b e possible to fill that smal l gap between  th e shell s for Venus an d th e
Sun. I n an y case , Ptolem y doe s no t attemp t t o modif y hi s numbers .

TABLE 7.10 . Cosmologica l Distanc e Scal e in
the Planetary  Hypotheses

Moon
Mercury
Venus
Sun
Mars
Jupiter
Saturn

Least Distanc e
(Earth radii )

33
64

166
1,160
1,260
8,820

14,187

Greatest Distanc e
(Earth radii )

64
166

1,079
1,260
8,820

14,187
19,865
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TABLE 7.11 . Size s o f th e Star s i n th e Planetary  Hypotheses

Moon
Mercury
Venus
Sun
Mars
Jupiter
Saturn
1st magnitude star s

Mean Distanc e
(Earth radii )

48
115
622 1/ 2

1,210
5,040

11,504
17,026
20,000

Angular Diamete r
(fraction o f Sun )

1 1/ 3
1/15
1/10

1
1/20
1/12
1/18
1/20

Linear Diamete r
(Earth diameters )

7/24
1/27
3/10

5 1/ 2
1 1/ 7
4 43/120
4 3/1 0
4 11/20

The leas t an d greates t distance s o f th e oute r planet s ar e easil y fille d in .
Ptolemy puts Mars's leas t distance equal to the Sun's greatest distance of 1,260
Earth radii . Then Mars' s greatest distance is 1,260 X 7/1 = 8,820 Eart h radii .
He find s th e leas t an d greates t distance s o f Jupiter an d Satur n i n th e sam e
way. The fixed stars lie just beyond th e sphere of Saturn, at 19,865 Earth radii,
which Ptolem y late r round s t o 20,00 0 Earth radii . Ptolemy the n convert s all
of these  distance s int o stades , startin g fro m hi s valu e o f 180,00 0 stade s fo r
the circumferenc e of the Earth .

Ptolemy concludes thi s portion o f his discussion by reiterating his assump-
tion tha t th e neste d sphere s ar e contiguous , "fo r i t i s no t conceivabl e tha t
there b e in natur e a  vacuum, o r an y meaningless and useles s thing." But , he
says, i f there i s space o r emptines s between th e spheres , the distance s cannot
be an y smalle r than thos e h e ha s set down .

Sizes of  the  Stars  and  Planets

Ptolemy report s som e angula r size s o f th e planets , compare d t o th e dis k o f
the Sun . For example, th e angula r diameter o f Venus i s one-tenth tha t o f the
Sun. Fro m th e angula r diameter and th e absolut e distance , he works ou t th e
actual diamete r o f eac h planet . Ptolemy' s result s are displaye d i n tabl e 7.11 .
(The mean distances in the table are averages of the least and greatest distances
in tabl e 7.10. ) Ptolem y eve n goes on t o comput e th e volume s of the planets ,
in compariso n wit h th e volume o f the Earth .

FIGURE 7.54 . Th e intervenin g ether shells de -
scribed b y Ptolem y in th e Planetary  Hypotheses.
Surrounding th e spher e of star s 2  i s an ether
shell i . Ethe r shell 3 intervenes betwee n the
sphere o f star s an d th e syste m fo r Saturn . Th e
intervening ether shells ar e responsibl e fo r com-
municating th e dail y rotatio n to th e spherica l
systems o f th e individiua l planets .

The Ptolemaic  System of  Nested  Spheres

The system of nested planetary spheres, based on deferent-and-epicycle astron-
omy an d supplemente d b y th e cosmologica l distanc e scale , i s often referre d
to a s the Ptolemai c system . I n th e Almagest,  th e theorie s o f th e planet s ar e
elaborated i n term s o f circles , no t soli d spheres . Th e circle s ar e al l tha t i s
required fo r practica l astronomica l calculation . Bu t i t i s clea r tha t Ptolem y
always regarde d th e sphere s a s physically necessary . I n th e secon d boo k o f
the Planetary  Hypotheses,  Ptolem y squarel y faced the proble m o f reconcilin g
deferent-and-epicycle astronomy with th e solid-sphere cosmology of Aristotle
and Eudoxus .

To accoun t fo r the daily rotation o f the whole cosmos, Ptolemy surrounds
the spher e o f the star s with a  spherical shel l of ether, a s in figure 7.54 . AB i s
the axis of the daily rotation. Lin e CD passes through th e poles of the ecliptic.
The Eart h lie s in th e middl e o f th e diagram , a t th e intersectio n o f AB an d
CD. Th e exterio r ethe r shel l (i ) turn s onc e a  day , fro m eas t t o west , abou t
axis AB. Th e spher e of stars (2) is pierced b y axles (C£"and ZD) se t into th e
rotating ethe r shell . Thus, th e westwar d dail y motion o f sphere i  carrie s the
sphere of stars around with it . Meanwhile , the sphere of stars turns slowly t o
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the eas t about axis CD : this is the precession of the fixed stars, which Ptolem y
put a t i ° i n 10 0 years.

Inside the starry sphere is an ether shell 3, which rotate s about £Zin such
a way that spher e 3  remains stationary with respec t t o th e outermos t spher e
i. Thus, points H  and T  on sphere 3 remain directly under th e corresponding
points A an d B  o f the outermos t rotatin g ethe r shell . The syste m fo r Saturn
may the n b e plugge d int o spher e 3  at point s K  an d L . I n othe r words , th e
daily rotatio n o f th e intervenin g ether shel l 3  is responsible for carryin g th e
Saturn syste m aroun d onc e a  day in exactl y the sam e way as sphere i carries
around th e sphere of stars. The spherica l system for each of the other planet s
is surrounded by a similar ether shell . There are seven such intervening shells
(one each aroun d th e systems for the Sun , Moon , and five planets), plu s the
outermost ethe r spher e (surroundin g the spher e of fixed stars), for a  total o f
eight. However, Ptolem y is not certain that the intervening shells are necessary.
As w e hav e see n above , h e ignore d th e intervenin g shell s when h e worke d
out hi s scale of cosmologica l distances .

Ptolemy the n describe s th e individua l system s fo r th e Sun , Moon , an d
planets i n detail . Th e simples t case is that o f the Sun . Ptolemy' s descriptio n
is essentially the sam e a s that give n above i n connectio n wit h figur e 7.51 .

More complex are the systems for the planets. Figure 7.52, discussed above,
omits a number of  details. Let  us therefore look at  Ptolemy's own description
of hi s syste m fo r th e planets . Fo r a n exampl e le t u s conside r figur e 7.55 ,
which illustrate s Ptolemy's syste m for Mars, Jupiter, or Saturn . Earth i s at O .
Surrounding the Eart h ar e thre e bodie s i , 2 , and 3 , more o r les s a s in figur e
7.52. Th e exterio r surface o f body i is a sphere centered on th e Eart h O . Th e
inner surfac e o f i i s also spherical , bu t ha s it s center a t poin t C . Inside bod y
i i s a  spherica l shel l 2 , centere d o n C . Insid e bod y 2  i s bod y 3 . The oute r
surface o f body 3  is a sphere centered o n C ; the inne r surface o f 3  is a sphere
centered o n th e Eart h O .

Body 2 has a hollow that contains a spherical shell 4, which in turn contains
a sphere 5 . Embedded i n spher e 5 , near its surface , i s the plane t P  itself . Th e

FIGURE 7.55 . Solid-spher e mechanis m fo r th e
superior planets , a s described b y Ptolemy i n th e
Planetary Hypotheses.  I f we regar d thi s figur e a s

representing the syste m for Saturn , i t ca n b e plugge d
into figur e 7.54 , with axi s AA' o f thi s figure goin g

into point s K  yn&  L  of  figure 7.54 .
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spherical shel l 4  an d th e spher e 5  are require d t o incorporat e th e planet' s
epicycle int o th e three-dimensiona l scheme .

Let u s look no w a t th e detail s o f the motion . I n Ptolemy' s theor y o f th e
superior planets , th e plane s o f th e deferen t circle s ar e slightl y incline d th e
plane o f th e ecliptic . Thes e inclination s ar e required t o explai n th e planets '
latitudes, that is, their slight departures from th e plane of the ecliptic. To sho w
these inclinations, Ptolem y draw s his figures with the ecliptic perpendicular to
the plane of the diagram. (Thi s is different fro m th e case of fig. 7.52, in whic h
the eclipti c lie s i n th e plan e o f the figure.)

Thus, in figure 7.55, axis AA' passe s through Eart h O  and th e poles of the
ecliptic. The eclipti c plane is therefore perpendicula r t o AA' an d t o the plan e
of th e page . Bod y 2  (carrying 4 an d 5  with it ) rotate s slowly about axi s BB',
completing on e rotation durin g the planet's tropica l period . Axis BB' i s tilted
slightly with respec t to AA'. The til t has been exaggerate d in the figure. The
epicycle sphere s ( 4 an d 5 ) are therefor e carrie d aroun d a  circl e centered o n
C. Of course , the angula r motion o f epicycle around th e deferent is supposed
to b e unifor m wit h respec t t o th e equan t poin t E , an d no t C  or O . Bu t
Ptolemy doe s not provid e a  mechanical realizatio n o f the equan t i n his three -
dimensional theory .

Now le t u s tak e u p th e epicycl e sphere s 4 an d 5 . In Ptolemy' s theor y o f
the superio r planets , th e plan e o f th e deferen t i s tilte d wit h respec t t o th e
ecliptic, bu t th e plan e o f th e epicycl e i s again paralle l t o th e eclipti c plane .
Ptolemy provide s spherica l shel l 4 , rotatin g abou t axi s DD'',  t o "cance l out "
the rotatio n abou t th e tilte d axi s BB'.  Thus, DD'  i s parallel t o BB'.  Spher e
4 rotate s abou t D D a t th e sam e rat e a s 2  rotate s abou t BB',  bu t i n th e
opposite direction . Th e ne t resul t is that 4  i s carried in a  circular translation
(i.e., without rotation ) abou t axis BB'. Sphere 5 (carrying the planet P)  rotate s
about axi s EE',  whic h i s paralle l t o AA'.  Th e rotatio n o f 5  is made i n th e
course of the planet' s synodi c period .

After explainin g th e solid-spher e model s fo r each o f the planets , Ptolem y
totals u p th e content s o f the universe . Eac h o f the superio r planet s requires
five bodies, whil e th e Su n require s three . Th e theor y o f Venus i s similar t o
that o f th e superio r planets—hence , five ethereal bodie s ar e required . I t als o
happens tha t Mercury needs seven and th e Moon need s four . Th e fixed stars
need a  sphere o f thei r own . Also , eigh t intervenin g ethe r shell s ar e required .
The tota l therefor e ought to come to 43. But for some reason Ptolemy assigns
only one ethereal body to the Sun and thus reaches a total of 41. In an alternative
version o f th e system , Ptolem y replace s most  o f th e three-dimensiona l orb s
by rings or tambourines. In thi s version, Ptolemy reckons tha t onl y 29 bodies
are required . However , a s remarke d above , h e i s no t sur e tha t th e eigh t
intervening shell s ar e necessary . On e i s certainl y required , surroundin g th e
whole cosmos . Bu t perhaps the other seven can be eliminated. Thus, Ptolemy
conjectures tha t onl y 3 4 bodies ar e necessar y (4 1 — 7) i n th e firs t versio n o f
his cosmology . I n th e secon d version , th e eliminatio n o f seve n ethe r shell s
brings th e tota l dow n t o 2 2 (2 9 —  7).

Ptolemy's Place  in  the  History  of  Cosmo  logical Thought

The Ptolemai c syste m wa s a  harmoniou s blen d o f severa l line s o f ancien t
thought. Th e basi c physical principles o f the syste m derive d fro m th e fourt h
century B.C.: Aristotle's physics and Eudoxus's cosmology of three-dimensional
spheres. However , neithe r Aristotl e no r Eudoxu s ha d provide d a  planetar y
theory with quantitative , predictiv e power . Quantitativ e planetary astronom y
became possibl e only afte r th e developmen t o f deferent-and-epicycl e theor y
by Apolloniu s o f Perg a an d Hipparchu s (thir d an d secon d centurie s B.C.,
respectively). The final , ver y successfu l model s for the motion s o f the Moo n
and planets were due to Ptolemy himself . Ptolemy's problem as a cosmological
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thinker wa s to combin e accepte d physica l principles , inherited fro m Aristotle
and Eudoxus , wit h th e successfu l planetar y theor y o f the late r astronomers .

The incorporatio n o f deferent-and-epicycl e astronom y int o solid-spher e
cosmology was not origina l with Ptolemy. Theon of Smyrna, who was perhaps
a generation olde r than Ptolemy , had already discussed the way that deferent-
and-epicycle theor y coul d b e incorporated int o a  world vie w based o n solid ,
nested spheres.78 Indeed, i t is likely that the originator o f deferent-and-epicycle
theory, Apolloniu s o f Perga , discusse d i t i n term s o f soli d spheres . Bu t i t
was Ptolem y wh o showe d ho w t o incorporat e al l th e technica l detail s an d
who worke d ou t a  complet e scal e o f cosmi c distance s o n th e basi s o f th e
models. I n an y case , th e standar d cosmolog y o f th e whol e medieva l perio d
derived directly from Ptolemy : the technical astronomy of the Almagest supple-
mented by the solid spheres and th e distance scale of the Planetary  Hypotheses.
For 1,400 years, people were lucky enough t o understand th e whole structure
of the universe !

Ptolemy did no t ascrib e the same certainty to every feature o f his universe.
The deferent-and-epicycl e theor y o f th e Almagest  wa s somethin g h e too k
quite seriously . Th e planetar y model s wer e al l base d o n observatio n an d
trigonometric demonstration. They were therefore relatively certain. And the y
do wor k ver y well , afte r all . Bu t eve n i n th e Almagest,  a s when discussin g
alternative models fo r the motion o f the Sun, Ptolemy shows ample awareness
that astronomica l observatio n canno t answe r ever y question. Ther e remain s
a certai n freedo m i n th e selectio n o f models ; th e astronome r mus t therefore
fall bac k on physic s or philosophy t o guide his choice. Nevertheless , Ptolem y
clearly felt that the models o f the Almagest could not be very far from the truth .
From a  modern poin t o f view, they still look pretty accurate as descriptions of
the apparen t motions .

In th e Planetary  Hypotheses  Ptolem y shows much more caution . H e i s not
certain abou t th e tota l numbe r o f orbs and spheres . He doe s no t eve n assert
that th e principl e o f no empt y spac e i s true. H e onl y use s i t t o deduc e th e
minimum possibl e distance s o f th e planets . Th e whol e cosmologica l syste m
is propose d onl y a s a  plausibl e idea : th e univers e mus t b e mor e o r les s lik e
this, bu t Ptolem y canno t vouc h fo r al l the details .

7.26 A S T R O N O M Y AN D C O S M O L O G Y I N

THE M I D D L E AGE S

In larg e measure , th e planetar y theor y an d cosmolog y o f th e Middl e Age s
descend from fou r works of Greek antiquity. Fo r planetary theory, the essential
work was Ptolemy's Almagest. For practical computing , Theon of Alexandria's
edition o f Ptolemy' s Handy  Tables  serve d a s prototype. I n cosmology , tw o
works ha d a  profoun d influence . The underlyin g philosoph y o f natur e was
that of Aristotle, especially as embodied i n O n the Heavens, while the technica l
cosmology o f the Middl e Age s was based o n Ptolemy' s Planetary  Hypotheses.

Astronomy and  Cosmology  in  Islam

In th e sevent h an d eight h centurie s A.D. , Islam expande d wit h remarkabl e
speed. By the year 710, a new spiritual empire, under th e rule of the Umayyad
caliphate a t Damascus , stretche d fro m th e border s o f India , throug h th e
Middle East , all across the north coast of Africa to Spain. In 750 the Umayyads
were overthrown b y the Abbasids, who moved the capital to the newly founded
city of Baghdad. Th e monolithi c characte r o f the empire was soon tempered ,
as loca l ruler s a t th e fringe s bega n t o asser t thei r independence . A t firs t th e
greatest energies were expended i n military conquest and religious conversion.
But b y th e nint h centur y a  renaissanc e o f cultur e wa s under way , centere d
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around th e Baghda d caliphat e o f th e Abbasids . Patronag e fo r th e art s an d
sciences extende d no t onl y t o literature , philosophy, an d medicine , bu t als o
to astronomy . Thus , a  crucia l patter n wa s established a t a n earl y date. No t
every Islami c rule r wa s equally supportive of astronomy . But , a t intervals , a
number of rulers made decisive gestures of support. Many of the most signifi -
cant astronomers of medieval Islam are known to  have received royal patronage
of some sort .

The firs t contac t with Gree k science was a rather complicated affair . Som e
Greek works , availabl e i n Syria c translations , wer e translate d int o Arabic .
Later, translations were made directly from th e Greek. But Greek astronomical
ideas, blende d wit h Babylonia n procedures an d India n influences , also cam e
in fro m th e East . Ho w tha t cam e abou t i s a remarkable story.

During th e Persia n perio d (fift h centur y B.C.) , whe n th e Achaemeni d
dynasty rule d no t onl y Persi a an d Mesopotami a bu t als o northwes t India ,
some techniques of Babylonian astronomy filtered into India . These include d
a numbe r o f period relations , the us e of th e tith i a s a uni t o f time , an d th e
use o f arithmeti c progression s for calculatin g the lengt h o f th e day . Durin g
the Seleuci d period, Greek astronomical ideas, with Babylonia n features, als o
entered Indian astronomy. Thus, Hipparchus's length of the year was transmit-
ted, alon g wit h procedure s fo r computin g position s o f th e Su n an d Moo n
from arithmeti c progressions.  India n planetar y texts base d o n deferent-and -
epicycle theory preserve features o f Greek astronomy fro m befor e th e tim e of
Ptolemy—before, fo r example , the inventio n o f the equant . Moder n scholar s
thus attemp t t o us e the India n materia l t o reconstruc t th e developmen t o f
Greek astronom y between  th e tim e of Hipparchus and tha t o f Ptolemy .

Arabic astronomer s cam e int o contac t wit h thi s remarkabl e mixtur e o f
Indian, Greek , an d Babylonia n astronom y a t abou t th e sam e tim e a s the y
began t o acquir e th e classic s o f th e Gree k tradition . Althoug h th e India n
material had the defect of inconsistency—not surprising, in view of its heteroge-
neous origin—it also afforded easier , numerical methods fo r computing plane -
tary phenomena tha n did the Ptolemaic methods . Ptolemy' s astronomy soon
won out , bu t no t withou t a  brief period o f competition .

Astronomy i n Service  t o Islam  Islami c religion pose d a  numbe r o f practical
problems fo r astronomers . I n principle , a  new mont h begin s i n th e Musli m
lunar calenda r with th e firs t visibility of the crescen t Moon i n th e wes t jus t
after sunset . It i s important tha t religiou s festivals b e celebrated o n th e righ t
day by the actua l Moon. For example , i t i s important tha t th e fasting fo r the
month o f Ramadan begi n o n th e correc t day . Table s o f lunar visibility had
a long tradition, goin g back to Indi a an d eve n t o Babylonia . But the Islamic
astronomers o f th e earl y Middl e Age s worked ou t ne w theoretica l method s
for predictin g th e firs t visibility of the crescent .

A second service that astronomy could render to religion was the calculation
of the qibla,  that is , the directio n t o Mecca . I n prayer , a Muslim i s supposed
to face towar d Mecca . In th e late r Middle Ages, this was interpreted as facing
along the shortest or great-circle direction to Mecca. Determining the direction
of th e qibla  fro m th e latitud e an d longitud e o f one' s cit y i s a  nontrivia l
problem i n spherica l trigonometry .

Yet a third servic e that astronomy could rende r to religion was the calcula-
tion o f the correc t time s of prayer during th e day . As we have seen (sec . 3.7
and fig. 3.42.), auxiliary curves for prayer times are sometimes found on Islamic
astrolabes. B y the thirteent h centur y i t was not uncommo n fo r a  mosque t o
maintain a  traine d astronome r o n th e staf f i n th e rol e o f tim e keeper . Th e
madmsas (schools ) associate d with som e mosque s provide d fo r th e teachin g
of astronomy, thoug h usuall y only o n a n extracurricula r basis.

To som e extent, then , religious  patronage complemented th e support len t
to astronom y b y politica l rulers . O f course , religious  authoritie s di d no t
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always—or eve n often—tak e th e advic e offere d b y astronomers . Thus , th e
actual practices followed by religious leaders in reckoning months, in orienting
mosques, an d i n timin g th e dail y prayer s showe d considerabl e variability .
Nevertheless, th e problems o f the visibility of the lunar crescent, the directio n
of th e qibla,  an d th e time s o f praye r ar e th e subject s o f a  larg e bod y o f
specialized astronomica l literature. 82

However, i t would b e easy to overstat e the importanc e o f religious  utility
in explainin g the development o f astronomy i n Islam . Although th e religious
motive was importan t fo r man y astronomer s i t ofte n ha d deepe r root s tha n
mere practical utility . Many astronomers saw their studie s as a way of under -
standing God's plan for the world and of glorifying him b y exalting his works.
For others , the mai n benefi t o f astronomical knowledg e wa s not religiou s at
all, bu t th e powe r i t len t t o th e practicin g astrologer . Bu t perhap s th e mos t
constant and significant impetus to the study of astronomy was the Hellenisti c
ideal o f scienc e for it s ow n sake .

The Zi j Th e handboo k o f practical astronomy know n a s a zij hel d a  central
place i n th e Arabi c astronomica l tradition . Th e ancien t prototyp e o f a  zij  i s
the Handy  Tables.  Thus, a  typical zij  include s a complete set  of tables: tables
for problems associated with the diurnal motion (suc h as a table of ascensions),
as wel l a s table s fo r th e eclipti c motion s o f th e Sun , Moon, an d planets .
Naturally, th e table s must b e accompanied b y a set of canons .

An influentia l earl y zij wa s that o f al-Khwarizmi, who worked a t Baghda d
in the early ninth century . Al-Khwarizml was a capable mathematician a s well
as a n astronomer . Th e Englis h wor d algorithm  i s a  corruptio n o f hi s nam e
(which indicate s tha t he wa s a native of Khwarizm i n west-centra l Asia) . Al-
Khwarizml's zij  wa s based o n th e Handy  Tables,  bu t i t incorporate d a  lot o f
Indian an d Persia n material . Despit e thes e inconsistencies , i t ha d a  long lif e
and was reworked b y Arabic astronomers in Spain , then translate d int o Lati n
by Adelard of Bath early in the twelfth century . The demis e of Al-Khwarizml's
heterogeneous method s i s clearly reflected i n the fac t tha t his zij no w survive s
only i n thi s Latin translation .

Al-Khwarizml's zij  wa s criticize d alread y i n th e nint h century . Newe r
works i n this genre , notably tha t of al-Battanl, turned decisivel y toward pur e
Ptolemaic methods . W e sa w in sectio n 6. 9 that ninth-century Arabi c astron-
omy was already far enough advanced to improve on Ptolemy's sola r eccentric-
ity and to reveal the decrease in the obliquity of the ecliptic. Arabic astronomers
also found , b y measuring th e length s o f the seasons , that th e apoge e o f th e
Sun's eccentric circl e had shifte d an d tha t i t was not fixed with respec t t o th e
equinoctial poin t a s Ptolemy ha d claimed . Throughou t th e medieva l perio d
the commo n assumptio n wa s that th e Sun' s apoge e was, like th e apogee s o f
the planets , fixed with respec t t o th e star s an d tha t i t therefor e participate d
in precessio n (an d trepidation, too , i f on e subscribe d t o tha t theory) . Al -
Battanl's zij was important no t onl y for its greater theoretical self-consistencey ,
but als o for the incorporatio n o f new results , such a s al-Battanl's own value s
for th e obliquit y o f the eclipti c and th e longitud e o f the Sun' s apogee . Th e
zij, then , was not necessaril y merely a  slavish imitation o f th e Handy  Tables;
it could , an d sometime s did , incorporate origina l astronomy.8

Hundreds o f zijes  ar e preserve d i n librarie s today , spannin g th e perio d
from th e nint h t o th e fifteent h century . Th e grea t majorit y o f Arabic zfjes
are base d o n Ptolemai c methods . Th e numerica l parameter s migh t diffe r a
little. There migh t o r migh t no t b e a table of trepidation. Th e Sun' s apoge e
might b e movable , rathe r fixed with respec t to th e equinox . Bu t fo r the mos t
part these texts are in the tradition of  th e Almagest and the Handy Tables.  Among
the later ztjes, the  most influentia l for  the developmen t of  European astronom y
were th e eleventh-centur y Toledan  Tables,  mentione d i n sectio n 6.9.
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The Almagest Tradition  Th e Almagest  was translated int o Arabic on several
occasions—once already by the beginning of the ninth century , a t the request
of th e vizie r of th e Abbasi d calip h Haru n al-Rashld . Tw o ne w translation s
were made of the Almagest during the reig n of al-Rashid's son and successor ,
al-Ma^mun. On e o f thes e translations , made i n 827/82 8 by al-Hajjaj , i s still
extant. The othe r extan t Arabic version is the excellent and influentia l transla-
tion mad e aroun d 89 2 by Ishaq ib n Hunay n an d late r revised by Thabit ib n
Qurra.86

Scholars coul d immediatel y se e th e nee d fo r easie r work s t o introduc e
students t o Ptolemy . Thabi t ib n Qurr a himsel f wrot e severa l elementar y
accounts o f Ptolemai c astronom y an d cosmology . Thes e ha d title s like Th e
Almagest Simplified, Introduction  to the Almagest, and Resume  of the Almagest.
Thabit's wer e no t th e firs t suc h works , bu t the y helpe d establis h a  genr e of
elementary astronomica l textbook s i n Arabic. Many suc h works were written
from th e ninth t o the sixteent h century. They vary greatly in length , quality ,
and leve l o f detail . Thes e introduction s t o astronom y ca n b e considered th e
Arabic counterpart s o f th e Gree k manual s b y Geminus , Theo n o f Smyrna ,
and Proclus . Lik e Proclus' s Hypotyposis  (a s opposed t o th e earlie r work s b y
Geminus an d Theo n o f Smyrna) , the y ar e base d directl y o r indirectl y o n
Ptolemy, eve n when the y d o no t cit e him explicitly .

Besides translations of the Almagest and elementar y textbooks intende d t o
introduce student s t o Ptolemai c astronomy , ther e wa s on e othe r genr e o f
Arabic astronomica l writin g tha t constitute d par t o f th e Almagest  tradition.
These were the commentaries on the Almagest. A typical commentary followed
the Almagest (or, more often, a  restricted portion o f it) more closely than di d
a genera l introduction t o astronomy . Th e poin t o f a  commentar y wa s no t
only to explai n difficul t passages , but als o to offe r alternativ e demonstrations
or ne w data , o r eve n t o questio n som e o f Ptolemy's assumptions . Thus , th e
Almagest commentary, lik e the zij,  coul d b e a genre for publishing the results
of original astronomical investigations .

Ptolemaic Cosmology  i n Islam  Th e essentia l features o f Ptolemaic cosmolog y
are the neste d three-dimensiona l sphere s and th e cosmologica l distance scale.
These wer e bot h describe d b y Ptolem y i n hi s Planetary  Hypotheses.  Bu t th e
texts of the Almagest and o f the Planetary  Hypotheses  ha d quit e differen t fates .
The Planetary  Hypotheses  ha s been roughly handled b y history. Onl y the first
half o f th e tex t ha s survive d in Greek . Th e res t i s preserved only i n Arabic
translation (an d a  medieval Hebre w translatio n mad e fro m th e Arabic). Th e
diagrams have fared even more poorly. It is unlikely that the Planetary Hypothe-
ses ever circulated very widely—in contrast to the Almagest, which di d circulate
widely an d th e tex t o f which ha s been ver y wel l preserved . Often , medieva l
cosmologists learned th e content s o f the Planetary  Hypotheses  onl y second o r
third hand . Thus, we find writers who discus s the cosmologica l distanc e scal e
without referenc e t o th e syste m of nested spheres . And w e find writers who
discuss th e neste d sphere s withou t mentionin g th e distanc e scale . W e als o
find writers who seem not to be aware that the system originated with Ptolemy.
For example , Proclus ( a Greek writer of the fift h century A.D.), in hi s Hypoty-
posis, ascribes the principl e of nested sphere s not t o Ptolemy , bu t t o "certai n
people," eve n though h e cite s Ptolemy man y time s i n othe r respects . 9

Thabit ibn Qurra's The  AlmagestSimplified'  ̂a  ninth-century example of an
Arabic introduction to Ptolemaic astronomy and cosmology. Thabit includes a
discussion o f Ptolemy' s cosmologica l distanc e scale , take n directl y fro m th e
Planetary Hypotheses?^  Thabit' s number s are th e sam e as those i n tabl e 7.10,
except tha t Thabi t suppresse s the ga p between the sphere s of Venus an d th e
Sun. He doe s this by making the Sun' s least distance equal to 1,079 terrestrial
radii. Th e Sun' s greates t distance remain s 1,260 . Thus , Thabi t increase s the
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thickness o f th e Sun' s spher e t o fil l th e gap , eve n thoug h thi s woul d resul t
in a  sola r eccentricit y tha t i s far to o large . Thabit certainl y kne w Ptolemy' s
Planetary Hypotheses;  indeed , h e probably made, or revised, the Arabic transla-
tion of the Planetary Hypotheses.  Bu t his use of data derived from th e Planetary
Hypotheses, i n a  wor k tha t i s purportedl y a n introductio n t o th e Almagest,
must hav e adde d t o th e alread y considerabl e confusio n ove r th e historica l
origins o f the Ptolemai c system .

An elde r contemporar y o f Thabit , al-Fargha m (ca . 800—870), wrot e a n
Elements o f Astronomy.  Thi s elementar y surve y o f Ptolemai c astronom y an d
cosmology achieved great popularity. Al-FarghanI seems to have been unawar e
of the Planetary  Hypotheses,  bu t h e knew th e genera l principles of the nested -
sphere cosmology . H e calculate d th e greates t an d leas t distance s o f al l th e
planets directl y fro m th e parameter s i n th e Almagest. Al-Farghani's distances
were therefor e a  littl e differen t fro m thos e i n Tabl e 7.10 . I n particular , al -
Farghanl had n o ga p between th e sphere s of Venus an d th e Sun , nor di d h e
fill it artificially , a s Thabit did.

A late r boo k i n thi s sam e genr e wa s Ib n al-Haytham' s (ca . 965—1040)
treatise O n th e Configuration o f the World,  whic h provide d a  survey of astron -
omy, includin g an accoun t o f the solid-sphere cosmolog y (thoug h n o discus -
sion of the distance scale). Interestingly , although h e often cite s the Almagest,
Ibn al-Haytha m never cites the Planetary  Hypotheses,  whic h h e apparently di d
not kno w unti l somewha t late r i n hi s career . Nevertheless , th e solid-spher e
cosmology h e describe s i s essentially that o f Ptolemy .

Critics of Ptolemy Althoug h medieva l Arabic astronomy remained fundamen-
tally Ptolemai c i n it s method s an d basi c assumptions , Ptolem y di d hav e a
number o f critics—an d mor e o f the m a s th e Middl e Age s progressed . Th e
most commo n philosophica l complain t wa s tha t Ptolem y ha d violate d th e
basic physica l principle s o f th e universe , especially the principl e o f uniform
circular motion . Ptolemy' s introductio n o f the equan t poin t i n hi s theory of
the planets was often a  source of doubt. Ptolemy had included a  similar device
in his theory of the motion of the Moon. A good exampl e of skepticism about
these nonunifor m motion s i s found i n al-Tusi' s (1201—1274 ) commentar y o n
the Almagest.  After describin g Ptolemy' s luna r model , al-Tus I says , "A s for
the possibilit y o f a  simpl e motio n o n a  circumferenc e o f a  circle , whic h i s
uniform aroun d a  point othe r tha n th e center , i t is a subtle point tha t shoul d
be verified. "

Ibn al-Haytham , in additio n t o hi s book o f Ptolemaic cosmology , O n the
Configuration o f the World,  late r wrot e a  mor e skeptica l wor k calle d Doubts
about Ptolemy. Here he attacked not only the nonuniformity of motion implici t
in th e equant , bu t als o the ver y idea o f explaining physically real motions i n
terms o f artificia l geometrica l constructs . Ib n al-Haytha m doubte d tha t th e
motions of real bodies (the planets) could physically be produced by imaginary
lines an d planes. 94 Mose s Maimonide s (1135-1204) , i n hi s Th e Guide  o f th e
Perplexed, denie d th e realit y of epicycles and eccentrics , basing his arguments,
like mos t critic s of Ptolemy , o n Aristotle' s physical principles.

In the later Middle Ages this doubt abou t Ptolemy's faithfulness t o Aristotle
led to concrete proposal s for new planetary models. Some of the most original
proposals came fro m a  group o f astronomers associate d with th e observator y
at Maragha , i n northwester n Persia . In th e middl e o f the thirteent h century ,
Hulagu, th e grandso n o f Genghis Kha n an d founde r of the Ilkhan I dynasty ,
conquered mos t o f Persia and Mesopotamia . Hulag u wa s persuaded to found
and suppor t an observatory by the astronomer Nasl r al-Dln al-TusI. The new
observatory at Maragha was an ambitious undertaking, complet e with a library
and a  staf f o f professiona l astronomers . Aroun d 127 2 th e astronomer s a t
Maragha complete d a  new zij,  th e Ilkha.ni  Tables.
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Al-TusI wrote a  Memoir o n Astronomy, which presente d a  general accoun t
and criticis m of  Ptolemy' s astronomy . In  thi s wor k al-Tus I als o propose d
some ne w device s fo r us e i n planetar y theory . On e o f the m wa s a  proo f
that a  back-and-fort h oscillatio n i n a  straigh t lin e coul d b e produce d b y a
combination o f two circula r motions . I n particular , le t one circl e rol l insid e
another. If the rollin g circle has exactly half the radiu s of the fixed circle, then
a poin t o n th e rollin g circl e wil l trac e ou t a  straigh t lin e ( a diameter o f th e
fixed circle). This device is today calle d the "Tus I couple." Al-Tus I an d othe r
astronomers o f the Maragh a schoo l applie d thi s and othe r simila r devices t o
construct planetar y theories that, while roughly equivalent to Ptolemy's , wer e
physically and philosophicall y mor e acceptable .

Perhaps th e mos t ambitiou s step s i n thi s directio n wer e take n b y Ibn al -
Shatir o f Damascus (ca . 1304-1375), who eliminate d th e equan t an d replace d
it by a minor epicycle. This made it possible to explain the nonuniform motion
of the epicycle around th e deferent in terms of purely uniform motions . Th e
planetary models of the Maragha astronomer s and o f Ibn al-Shati r show great
cleverness an d originality . In the Islamic East, they were th e subject o f many
commentaries an d the y serve d a s a  stimulu s t o th e inventio n o f alternativ e
planetary model s fro m th e lat e thirteent h t o th e mid-sixteent h century . Bu t
they do not appear to have much influenced the direction of practical computa -
tional astronomy. Practica l computing o f planetary positions continued t o be
done fo r th e mos t par t wit h standar d table s base d o n Ptolemai c models .
However, th e construction s o f al-TusI and Ib n al-Shati r turn u p late r in th e
astronomy of Copernicus, wh o used their ideas to purge Ptolemy's astronom y
of its violations of Aristotelian physics . We shal l examine one of these devices
in detail in section 7.30 when we study Copernicus's eliminatio n of the equant.
How Copernicu s learne d o f them we do no t know .

Latin Astronomy

The Early Middle Ages I n the Latin West of the early Middle Ages, astronom y
practically ceased to be cultivated. Greek astronomical works were unavailable.
The Almagest was unknown. Th e study of astronomy was based almost entirely
on a  handful of Latin texts of low intellectual quality. Pliny' s Natural History
served a s a  complet e encyclopedi a o f scientifi c knowledge . Pliny' s boo k I I
contained materia l o n th e planets , includin g a  discussio n o f thei r eccentri c
deferent circles , but i t dated fro m a  time befor e Ptolemy . I n th e Middl e Ages
Pliny therefor e represente d a n out-of-dat e astronom y an d eve n thi s th e tex t
discussed i n onl y a  general way with littl e technica l detail .

Martianus Capell a (earl y fift h centur y A.D. ) wrot e a n allegor y calle d Th e
Marriage o f Philology  an d Mercury,  t o whic h h e attache d seve n book s o n th e
seven libera l arts. 100 I n th e earl y Middl e Ages , Capella' s boo k wa s widel y
admired a s a  surve y o f al l th e importan t branche s o f learning . Capella' s
Marriage o f Philology  an d Mercury  ha s bee n aptl y characterize d b y W . H .
Stahl: "Hal f classical , half medieval,  hi s work ma y be likened t o th e nec k o f
an hourglas s throug h whic h th e classica l liberal arts trickle d t o th e medieva l
world." Capella' s boo k VIII is an introduction t o astronomy . Among othe r
things, Capella treats the astronomy of the sphere, including rising and setting
times o f the zodia c signs (bu t without bein g very clea r about th e latitud e t o
which thes e apply ) an d th e lengt h o f th e solstitia l day . I n hi s discussio n o f
the Sun , Moon , an d planets , h e addresse s th e nonunifor m progres s o f th e
Sun throug h th e zodiac. In hi s treatment o f the planets , he is disappointingly
vague about details of the geometrical models—with one exception. Martianus
Capella puts the inferio r planet s (Mercur y and Venus) o n epicycles that circle
the Sun. Capella' s boo k can be compared wit h th e Gree k textbook o f Theon
of Smyrna . It s scop e i s similar , bu t i t i s les s systemati c an d i t ofte n opt s
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for simpl e arithmetica l calculation s i n lie u o f statisfactor y discussion s of th e
geometrical models .

A cosmologica l wor k of  som e influenc e was the Lati n translatio n of  par t
of Plato's Timaeus  and a  commentary thereo n b y Chalcidius (fourt h centur y
A.D.). Plato's work descended fro m th e primitive stage of Greek cosmology—it
is pre-Ptolemai c an d eve n pre-Aristotelia n i n it s vie w o f th e cosmos . Bu t
Chalcidius appende d som e comment s on  epicycl e theory .

The treatmen t of astronomy and cosmology i n original Latin composition s
of th e earl y Middl e Ages , suc h a s thos e b y Isidor e o f Sevill e (Etymologies,
seventh century ) an d Bed e (O n th e Nature  o f Things,  eight h century ) wa s
slavishly dependent on the protoypes fro m lat e antiquity, bu t mixe d in biblical
material when i t bor e o n question s o f the arrangemen t o f the universe. 103

The beginnings of a livelier interest in astronomy and cosmology can be seen
in the early ninth-century cour t o f Charlemagne. Th e numbe r o f manuscripts
touching o n astronomica l matter s increases . An d considerabl e attentio n i s
devoted t o the computus, the art of calendrical reckoning, especiall y as concerns
the luni-sola r ecclesiastica l calendar .

The Translation  Movement Bu t th e rea l reviva l o f astronom y i n th e Lati n
West began onl y in the twelfth century . A development o f paramount impor -
tance was the translation of works of philosophy, mathematics , an d astronom y
from Arabi c int o Latin . Thes e translation s include d Gree k work s (availabl e
in Arabic versions) as well a s original Arabic treatises. Although man y peopl e
made translations, one man played a  far larger role than anyone els e in makin g
Greek an d Arabi c scienc e availabl e t o th e Lati n West : Gerar d o f Cremon a
(ca. 1114-1187) .

After Gerard' s death , som e o f hi s student s wrot e a  memoria l t o him ,
compiled a  list of all the books h e had translate d fro m Arabic into Latin, and
appended thes e t o hi s translatio n o f Galen' s Tegni.  Her e i s what Gerard' s
students ha d t o sa y about ho w thei r maste r came t o hi s task :

He wa s trained fro m childhoo d a t center s of philosophical study and ha d
come t o a  knowledge of al l that was known to th e Latins ; but fo r love of
the Almagest, which he could not fin d a t al l among the Latins , he went to
Toledo; there , seeing the abundanc e of books in Arabi c on ever y subject ,
and regrettin g th e povert y o f th e Latin s i n thes e things , h e learne d th e
Arabic language , i n orde r to b e abl e t o translate.

Thus, th e desir e t o posses s Ptolemy' s Almagest  was a  majo r stimulu s t o th e
revival o f learnin g i n Europe . Gerar d live d a t Toled o fo r man y years . H e
translated som e sevent y work s int o Latin , man y of  which came  to  serv e as
the foundation s fo r whol e branche s o f Europea n learnin g i n th e nex t fe w
centuries.

In th e philosoph y o f nature , Gerar d translate d Aristotle' s Physics  an d O n
the Heavens. In astronomy, Gerard' s most important translation was, of course,
the Almagest. But he also translated other works of Greek astronomy, including
Theodosius's O n Geographic  Places,  Hypsicles' O n Ascensions, and Autolycus' s
On the Moving Sphere.  Gerar d also translated a number of Arabic astronomical
treatises. Th e mos t influentia l o f thes e wer e Thabit' s O n th e Motion o f the
Eighth Sphere  (whic h Gerar d title d D e motu  accessionis  e t recessionis,  "On th e
motion o f acces s an d recess" ) an d al-Farghanl' s Elements  o f Astronomy.  Al -
Farghanl's version of Ptolemy's cosmolog y an d of the Ptolemaic distanc e scale
thus circulate d i n Lati n Europ e fro m th e ver y beginnin g o f th e Europea n
revival o f learning—but ofte n withou t Ptolemy' s nam e attached .

During th e firs t wave , practically al l the translatio n was from th e Arabic .
Only somewhat late r did Europea n scholar s make man y translation s directl y
from Gree k int o Latin . Perhap s th e mos t activ e translato r fro m th e Gree k
was Willia m o f Moerbek e (ca . 1215—ca . 1286) . Willia m translate d man y o f
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Archimedes' mathematica l works , as well as Aristotle's On the Heavens, Physics,
Metaphysics, an d Meteorology.,  an d muc h els e besides . Thus , i n th e perio d
of two or three generations, most of the central works of Greco-Arabic astron-
omy and philosoph y o f nature becam e availabl e to Lati n Europe .

The Arts  Curriculum  i n th e Medieval  Universities  Gree k philosoph y an d
science came over the Pyrenees like a storm. Th e figure who commande d th e
most attentio n wa s certainly Aristotle. Many teacher s at the newly established
universities took u p Aristotle with enthusiasm . Bu t the ancien t philosophica l
writers posed grave risks for Christian readers . Most dangerous was Aristotle's
doctrine of the eternity of the world. Like most of the ancient Greeks, Aristotle
held tha t nothin g ca n com e fro m nothing . H e therefor e prove d i n severa l
different way s tha t th e cosmo s alway s existed an d tha t i t canno t pas s ou t o f
existence. This contradicte d th e biblica l account o f the creatio n o f the worl d
by God . A  serie s o f crise s develope d i n whic h Churc h authoritie s trie d t o
clamp dow n o n th e unrul y master s wh o wante d t o teac h Aristotle . Goo d
examples ar e provide d b y event s a t Pari s i n th e thirteent h century . I n 121 0
Aristotle's works on natural philosophy wer e condemned. Th e teacher s of the
arts faculty at Paris were forbidden to read them eithe r in public or in private,
under penalt y o f excommunication .

Despite o f this and othe r effort s t o suppres s or expurgate Aristotle , by the
fourteenth century Aristotle had decisively won. In one of the most remarkable
feats of mental gymnastics known t o history, several generations of theologians
and university professors made the pagan philosophy of nature compatible with
Christian theology . Th e works of Aristotle now formed the core curriculum of
the universities.

The curriculum for the bachelor of arts degree became more or less standard-
ized al l across Europe. Traditionally it was divided int o course s at two levels.
The lower-leve l sequenc e was called the trivium,  because it consisted o f three
parts. (From this derives our word trivialfot  somethin g very easy.) The course s
of the triviu m were grammar , logic , an d rhetoric . Th e secon d tie r o f courses
was calle d th e quadrivium,  becaus e i t consiste d o f fou r parts : arithmetic ,
geometry, musi c theory , an d astronomy . Thus , ever y Europea n cit y wit h a
university was required t o hav e a  scholar who coul d teac h th e rudiment s o f
astronomy. Thes e seve n libera l art s represent medieva l revival s of the schoo l
curriculum o f lat e antiquity . Thes e seve n ha d bee n treate d a s canonica l b y
Martianus Capella . Bu t in fac t the y have far older roots . The fou r mathemat -
ical science s wer e alread y recognize d a s standar d division s b y th e ancien t
Pythagoreans.

Latin Textbooks  o f Astronomy Althoug h astronom y was a part of the standar d
university curriculum, it was taught a t a very rudimentary level. One essentia l
text wa s th e Sphere  o f Sacrobosco , whic h treate d th e theor y o f th e celestia l
sphere. Th e professo r o f astronom y migh t typicall y rea d portion s o f th e
text t o his students an d mak e demonstration s o n a  wooden armillar y sphere.
After a n introduction t o th e celestia l sphere, the students might nex t be given
a nontechnica l introductio n t o the planets , includin g the theor y o f deferents
and epicycles . Fo r this , a  commonl y use d tex t wa s the Theorica  planetarum,
an anonymou s thirteenth-centur y tex t tha t i s sometime s attribute d (wit h
inadequate evidence) to Gerard of Cremona. Th e physical and philosophical
principles o f th e worldvie w wer e base d on reading s fro m an d commentarie s
on Aristotle' s O n the Heavens^

A medieval universit y student wh o had bee n pu t throug h thi s curriculu m
would no t actuall y kno w ho w t o d o anythin g i n astronomy , bu t a t leas t he
would hav e a general introductio n t o th e traditiona l cosmo s o f Aristotle and
Ptolemy. O f course , in the proces s of transmission, Christian trapping s wer e
added t o the paga n cosmos . W e hav e seen (fig . 6.16) tha t th e neste d celestial
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spheres o f Aristotl e an d Ptolem y wer e embedde d i n a n empyrea n sphere ,
which wa s the habitatio n o f God. Th e ancien t Greek s ha d believe d tha t th e
planets were living, divine things. Ptolemy, i n the Planetary  Hypotheses,  there -
fore conjecture d tha t th e planet s move d b y thei r ow n wills , eac h plane t
regulating th e rotation s o f it s ow n multipl e orbs . I n th e Middl e Ages , th e
planets los t thei r divinit y and becam e subjec t to a  single God. Bu t Aristotle's
physics required that the motion of every orb be produced by its own unmoved
mover.110 I n man y Christia n commentaries , a  compromis e i s reache d tha t
adopts Aristotle's opinio n whil e subjectin g all the orb s t o a  Christian world -
view: each o f the multipl e orbs in each planet' s syste m i s turned b y an ange l
of God .

Practical Astronomy Althoug h th e universit y curriculum scarcel y prepared a
student fo r rea l wor k i n astronomy , practica l astronom y di d flouris h bot h
inside an d outsid e o f the universities . The court s o f kings an d prince s ofte n
provided patronag e fo r astronomers, who coul d apply  thei r ar t to the calcula -
tion an d interpretatio n o f horoscopes. Astrolog y verged o n heresy , because i t
seemed t o deny human fre e wil l and eve n to cal l into doub t th e omnipotenc e
of God. I t was attacked on thes e grounds by a number of Christian writers .
In th e earl y Christian Middl e Ages , astrolog y was not widel y practiced . Bu t
with the acquisition of astronomical and astrological texts from Spain, astrology
grew rapidly in popularity. Th e fifteenth and sixteenth centuries represent th e
peak o f it s popularity an d influence .

Although ther e were always scholars who were interested i n understandin g
the motion s o f th e planet s eithe r fo r thei r ow n sak e o r fo r insight s int o
God's creation, astrology was widely perceived as the most important practica l
application of astronomy. And astrology was undoubtedly the greatest stimulus
for th e copying and refinemen t of planetary tables. Al-Khwarizml's tables were
translated int o Lati n b y the twelft h century . The y were soon supersede d b y
the Toledan  Tables,  whic h wer e compile d i n Islami c Spai n i n th e elevent h
century an d translate d int o Lati n b y the twelfth . Thus , the earlies t planetary
tables t o circulat e i n Lati n Europ e wer e translation s o f various Arabic zt/es.

Planetary theory was an arcane art. Understanding th e use of tables separated
the master from th e dilettante. The astrologica l application of planetary tables
invested th e astronome r wit h a n aur a o f power an d mystery . Thi s aspec t o f
medieval European astronom y is clearly reflected in the poetic works of Chau-
cer. In "Th e Franklin' s Tale," one o f Chaucer's centra l figures is a magician-
astrologer o f Orleans . Chauce r describe s hi s apparatu s an d hi s learnin g i n
these terms :

His tables  Toletanes  forth he  broght
Ful wel  corrected,  ne  ther  lacked  noght,
Neither his  collect  ne  his  expans  yeres,
Ne his  rotes  ne  his  othere  geres,
As been  his  centres  and his  arguments,
And his  proportioned convenients
For his  equations in every  thing;
And, by  his  eighte  spere  in  his  wirking,
He knew  fill wel  how fer Alnath  was  shove
Fro the  heed  of  thilke  fixe Aries above
That in  the  ninthe  speere considered  is;
Ful subtilly  he  calculed al  this!15

The "table s Toletanes" ar e of course the Toledan  Tables.  The line s that follo w
contain detaile d reference s t o th e us e o f th e tables , couche d i n technica l
astronomical jargon. The "rotes, " o r roots (Latin , radix,  plural radices)  ar e the
initial o r epoc h value s o f th e angles . "Centre"  i s what w e hav e calle d th e
eccentric anomaly. Similarly , "argument" i s what w e have called th e epicycli c
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anomaly. The sixt h and sevent h line s of this passage refer t o th e proportiona l
parts (i.e. , th e interpolatio n coefficien t o f tabl e 7.7 ) used i n calculatin g th e
equation o f the epicycle . The las t five lines are, of course, a  detailed referenc e
to trepidatio n theory . Alnat h i s Chaucer's nam e fo r a  Arietis , the brightes t
star o f th e constellatio n Aries . Knowin g ho w fa r thi s sta r was "shove " fro m
the hea d o f th e fixed sign o f Aries is equivalent t o knowin g th e equatio n o f
trepidation.

The firs t planetar y table s o f majo r significanc e t o originat e i n Christia n
Europe were the Alfonsine  Tables,  compiled i n Spai n aroun d A.D . 127 0 unde r
the patronag e o f Alfonso X, king o f Castile . Th e origina l Spanis h versio n of
the table s does no t survive . However , b y th e 13205 , th e Alfonsine  Tables  ha d
arrived i n Paris . There they were reworked into more convenien t form . Also,
several versions of canons were written b y astronomers at Paris . The Parisia n
version o f the Alfonsine  Tables  sprea d rapidl y and soo n becam e th e standar d
set o f tables everywhere in Christia n Europe .

Peurbach and Regiomontanus  Th e tim e fro m th e twelft h t o th e fourteent h
century wa s on e o f graduall y increasin g activit y i n astronomy . However ,
European astronomy remained thoroughly Ptolemaic in all essentials. Although
some creativity was shown i n the constructio n o f new planetary tables and i n
the desig n o f new types of astronomical instruments , the astronom y o f four-
teenth-century Europ e wa s not terribl y original. O f th e student s wh o com-
pleted th e art s curriculu m a t a  university , onl y a  smal l numbe r understoo d
astronomy wel l enoug h t o us e planetary tables . Of thi s smal l number , onl y
a tiny fractio n wa s competent to d o any original work—for example , to mak e
useful observation s or t o redesig n a  planetary table .

In th e fifteent h century , the intellectua l level of European astronom y rose
significantly. I n thi s development , two scholars played ke y roles, Georg Peur-
bach (1423—1461 ) and hi s student Johann Mulle r (1436—1477) . As we have seen,
Spain wa s the cente r fro m whic h astronom y wa s disseminated int o twelfth -
century Europe . B y the fourteent h century , th e cente r o f actvity had shifte d
to Pari s and , t o a  lesse r extent , t o England . I n th e fifteent h century , th e
German-speaking lands o f central Europe were the focu s o f the most origina l
and significan t work .

Georg Peurbac h was an Austrian wh o receive d hi s master' s degre e a t th e
University o f Vienn a i n 1453 . Peurbac h serve d a s cour t astronome r (i.e. ,
astrologer) firs t t o Kin g Ladislau s V o f Hungar y an d late r t o th e Germa n
emperor Frederic k III. Peurbach als o held a  chair at the University of Vienna,
where h e lecture d o n th e classics.

One o f th e most  importan t work s fo r th e disseminatio n o f Ptolemai c
astronomy and solid-sphere cosmology in the early Renaissance was a popular
textbook written b y Peurbac h calle d Thoricae  novae  planetarum. Peurbac h
composed hi s text for a  series of lectures that h e gave in Vienna i n 1454 . Th e
astronomy wa s standar d Ptolemai c planetar y theory . Fo r th e solid-spher e
version o f Ptolemy' s cosmology , Peurbac h dre w o n som e Arabi c source i n
Latin translation—probabl y Ib n al-Haytham' s O n th e Configuration  o f th e
World o r a  work derive d fro m it . H e calle d his work "NE W Theories o f the
Planets," no t becaus e it contained an y new theories, bu t becaus e he mean t i t
as a  replacemen t fo r th e rathe r slopp y an d unsatisfactor y thirteenth-centur y
Theoricaplanetarum, mentione d above . Manuscript copies of Peurbach's work
circulated aroun d th e universities , bu t i t wa s no t printe d unti l 1472 , afte r
Peurbach's death .

Peurbach's wor k becam e enormously popular . I t was frequently reprinte d
and wa s widely used a s an elementary university text. No fewe r tha n fifty-six
editions, includin g translation s an d commentaries , wer e publishe d betwee n
1472 an d 1653 . Figure s 7.5 1 and 7.5 2 are take n fro m a n editio n publishe d i n
1553, wit h commentar y b y Erasmu s Reinhold . Copernicus' s grea t book , O n

115

116



4 O 2 T H E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

the Revolutions  of th e Heavenly  Spheres,  introduce d th e ne w Sun-centere d
cosmology i n 1543 . Thus , Ptolemy' s cosmolog y remaine d i n th e standar d
university texts righ t u p t o th e tim e o f Copernicus, an d eve n afterward.

Two peopl e wer e destine d t o hav e a  grea t influenc e o n Peurbach' s life .
The first of these was his student Johann Milller, who enrolled at the university
of Vienna in 1450 at the ag e of thirteen. Mailer' s home tow n was Konigsberg
("King's Mountain") . I n th e Humanis t style , in hi s own published works he
Latinized hi s nam e a s Joannes d e Regi o monte . Thus , h e ha s com e t o b e
called Regiomontanus . A s a  studen t o f Peurbach , Regiomontanu s kep t a
notebook i n whic h h e copie d ou t Peurbach' s Theoricae  novae  planetamm.
But soo n h e becam e a  collaborator wit h Peurbac h i n observin g eclipses and
calculating ephemerides . Regiomontanu s wa s eventuall y to fa r outshin e hi s
teacher.117

The second major influence on Peurbach's astronomical work was Cardinal
Johannes Bessarion . In 1460 , Bessario n was sent t o Vienn a b y Pop e Pius  I I
on a diplomatic missio n to smooth ou t difficulties between  Emperor Frederick
III an d hi s brothe r Alber t V I o f Styria . Bessario n als o sough t suppor t fo r a
military campaign to recapture Constantinople, whic h had fallen to the Turks
in 1453 .

At Vienna , Bessario n met bot h Peurbac h an d Regiomontanus . Bessario n
was a Greek and was keenly interested i n promotin g th e study o f the classics
of Gree k literature , philosophy , an d science . Bessario n himsel f ha d a  fin e
collection o f manuscripts . H e impresse d o n Peurbac h th e nee d fo r a  bette r
Latin translatio n o f the Almagest than Gerar d o f Cremona's versio n from th e
Arabic. Peurbac h di d no t rea d Gree k but , accordin g t o Regiomontanus , h e
knew the Almagest almost by heart. Bessarion convinced Peurbach to undertake
an abridgmen t o f an d commentar y o n th e Almagest  that , Bessario n hoped ,
would be useful as an advanced textbook of astronomy. Working from Gerard' s
twelfth-century Lati n version, and makin g us e of a rudimentary commentar y
on Ptolem y the n i n circulation , Peurbac h immerse d himsel f i n th e task .
Peurbach ha d jus t reache d th e en d o f boo k V I o f Ptolemy' s thirtee n book s
when h e die d i n April , 1461 , age d onl y 38 . On hi s deathbed , h e extracte d a
pledge from Regiomontanu s t o complet e th e task .

At the end of 1461, when Bessarion returned to Rome, Regiomontanus went
with him . Regiomontanu s learne d Gree k an d h e carried o n with Peurbach' s
abridgment an d commentary . Thi s work , th e Epitome  o f th e Almagest, was
completed probabl y b y 1463 , thoug h i t wa s no t printe d unti l 1496 , som e
twenty year s afte r Regiomontanus' s ow n prematur e death .

A whole generation o f Europeans learned their technical astronom y fro m
the Peurbach-Regiomontanus Epitome.  It was far more than a  mere condensa-
tion of  th e Almagest. Regiomontanus was the first European in the Renaissance
of astronomy who coul d fac e Ptolem y as an equal. Regiomontanu s explicate d
the more difficul t derivation s in Ptolemy , foun d alternativ e ways to d o man y
computations, an d adde d ne w observations . Regiomontanu s als o di d no t
hesitate t o criticiz e Ptolemy . H e pointe d ou t that , accordin g t o Ptolemy' s
lunar theory, th e angula r diameter o f the Moon should change by a factor o f
two in the course of the month, which i s far greater than th e variation actually
observed. Arabic astronomer s ha d earlie r mad e th e sam e criticism , bu t thi s
appears t o b e the firs t mention o f i t i n Europea n astronomy .

In 1471, Regiomontanus settled in Nuremberg. He set up a printing press in
own house and started a business of publishing mathematical and astronomical
books. Other  printing establishments had bee n reluctan t t o take on scientifi c
works, which could be expensive to produce and  risky to market. Regiomonta -
nus's enterprise thu s filled a  gap. Hi s wa s the firs t printing establishmen t i n
history that was dedicated t o scientifi c works. The firs t book off the press was
the Ne w Theories  o f th e Planets  o f hi s decease d frien d an d teacher , Geor g
Peurbach.



P L A N E T A R Y T H E O R Y 40 3

The secon d ite m to b e published was Regiomontanus's own Ephemerides.
This book, printed in 1474, gave the positions of the Sun, Moon, and planets
for ever y da y fro m 147 5 t o 1506 . Ephemerides , calculate d fro m standar d
Ptolemaic planetary tables , had circulate d i n manuscrip t form , fo r they were
essential t o the practic e o f astrology, bu t Regiomontanus' s wa s the first such
work t o b e printed. Columbu s carrie d a  copy o f i t on hi s fourth voyage and
used it s prediction o f a  lunar eclipse for Februar y 29, 1504, t o frighte n some
natives of Jamaica into supplying food fo r his men, then i n desperate circum-

118stances.
Regiomontanus was also a talented and origina l mathematician. His book

On All Classes  of Triangles  (D e triangulis  omnimodis)  wa s the firs t stand-alon e
textbook o f trigonometr y i n th e Europea n tradition . Earlier , trigonometr y
was always treated a s a preliminary portion o f astronomy. Thi s book , whic h
contained a number of original contributions to trigonometry by Regiomonta-
nus himself , wa s no t printe d unti l 1533 .

While Regiomontanu s wa s a  capabl e theoretica l astronome r an d a  goo d
observer, he worked squarel y in the Ptolemai c tradition. Hi s mos t significan t
work was his masterful Epitome o f the Almagest, which helped to make European
astronomy a  living , vita l scienc e onc e again , rathe r tha n a  revere d bod y o f
ancient wisdom . At  the  clos e of the  fifteenth  century , Europea n astronom y
at las t approache d th e leve l achieve d b y th e Greek s o f th e secon d century .
But Renaissanc e scienc e was endowe d wit h a  vitality tha t fa r exceede d tha t
of late antiquity. Fro m universit y professors to cour t astrologers , fro m boo k
publishers t o instrumen t makers , ther e wer e no w hundred s o f European s
engaged wit h astronom y i n a  seriou s way—far mor e tha n ther e ha d bee n a t
any stag e o f Greek civilization . Thi s ne w vitality was soon t o brin g about a
revolution i n cosmology .

7.27 PLANETAR Y EQUATORI A

If on e ha s frequen t occasio n fo r computin g planetar y position s an d i f on e
can tolerat e error s of a  fe w degrees, i t ma y b e worth th e troubl e t o mak e a
concrete model of paper or wood that can be manipulated t o solve problems.
Such a  concrete model , whic h function s as a specialized analog computer , i s
called an equatorium.  The Ptolemai c slat s that we used in section 7.2 1 provide
a modern example of an equatorium. The nam e of these devices signifies tha t
they supply the equation —the difference betwee n the planet's actua l and mea n
positions. Th e essentia l featur e o f a n equatoriu m i s that i t take s accoun t o f
the nonuniformity of the planet's motion but nevertheless eliminates the need
for trigonometr y i n makin g predictions .

Hipparchus's eccentric-circl e solar theory is easily realized in concrete form
by drawing a solar circle (divided into day s of the year ) eccentri c to a  zodiac
scale (divide d int o degree s an d signs) . As w e sa w i n sectio n 3. 7 an d figur e
3.41, th e sola r equatorium was a  common featur e o n th e back s of European
astrolabes i n th e Middl e Ages.

Figure 7.56 shows an equatorium for Saturn, designed by Johann Schoner,
published i n 152 1 an d reprinte d i n unmodifie d for m i n 1534 . I t i s eas y t o
identify th e mai n feature s o f the Ptolemai c model . Th e epicycl e with cente r
A rides on the deferen t circle (DEFERENS). The equan t point , th e center of
the deferent , an d th e Eart h ar e a t K , C , an d D , respectively . String s ar e
attached a t A, K , and D  a s an aid in reading angles. Surrounding everything,
and concentri c wit h th e Eart h D , i s the zodiac . Thi s equatoriu m ha s thre e
movable parts : th e epicycl e whee l ca n b e turned , a s can th e deferen t wheel ,
and a  circle lying underneath th e deferen t whee l (whic h i s turned t o se t th e
apogee). These movable  pape r wheels are called volvelles.

FIGURE 7.56 . Th e equatoriu m fo r Saturn i n
Schoner's Aequatorium astronomicum  o f 1534 . B y
permission o f the Britis h Library (Maps c.i.d.io ,
fol. A6) .
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Tradition of  the  Equatorium

It i s likely that th e first planetary equatoria were made b y the ancien t Greeks ,
although n o specime n or description o f a planetary equatorium survive s fro m
their time . I n hi s introductio n t o th e Handy  Tables,  Theo n o f Alexandri a
explains ho w t o "calculate " position s o f th e planet s accordin g t o Ptolemy' s
theory b y drawing scale diagrams. I t i s but a  short step furthe r t o mak e th e
diagrams reusable,  b y adding movin g parts .

For a  genuine equatorium, thoug h onl y of the Sun , the earlies t attestatio n
is that of Proclus (fifth centur y A.D.). In his Hypotyposis, Proclu s gives directions
for makin g a  solar equatorium. 120 On a  wooden boar d o r a  bronze plate, on e
is to dra w a  zodiac circle and , withi n it , a n eccentri c circle , divid e bot h int o
degrees, an d s o on . Proclus' s astronomica l wor k i s a  hypotyposis,  tha t is , a n
"outline" or  "sketch " of  astronomica l hypotheses , base d on  Ptolemy . Ther e
is very littl e origina l astronom y i n Proclus . Hi s ide a fo r a  sola r equatoriu m
is almos t certainl y borrowed .

The earlies t extant descriptions o f planetary equatoria turn up i n medieval
Spain. I n th e thirteent h century , th e Christia n kin g Alfons o X  o f Castil e
acted a s patron fo r a  range o f scholarly activities with a  substantial emphasi s
on astronomy . On e produc t o f his patronage wa s the collectio n calle d Libras
del Saber  d e Astronomia  (Book s o f th e knowledg e o f astronomy) . Thi s
compilation include s translations into Castilian of two eleventh-century Arabic
texts on equatoria. The first is a text by Ibn al-Samh of Granada (earl y eleventh
century). The secon d i s a treatise by al-Zarqall (middl e o f eleventh century) ,
known t o medieval Europeans variously as Arzachel, Azarchel, or Azarquiel.1

Al-Zarqall i s a major figure o f medieval astronomy . H e i s best known fo r his
canons t o th e Toledan  Tables.

Equatoria entere d medieva l Lati n astronom y righ t alon g wit h Ptolemai c
planetary theory . Th e firs t comprehensiv e introductio n t o planetar y theor y
written in the Latin West was the Theoricaplanetarum  (Theor y of the planets)
of Campanus o f Novara (thirteent h century) . Th e bulk of Campanus's boo k
is devoted t o directions for building an equatorium. The instrumen t resembled
an astrolabe , i n tha t th e plate s fo r th e severa l planet s coul d b e stacke d i n a
single "mother." Disks, presumabl y of wood, turne d i n cavities cut into othe r
wooden disks . Campanus' s instrumen t would certainl y have worked, bu t th e
practical problem s pose d b y it s construction hav e le d some t o doub t tha t i t
was ever built as described. Nevertheless, Campanus's boo k was the foundation
of th e equatoriu m traditio n i n Lati n Europe . It s influenc e ca n b e see n o n
nearly al l tha t followed . Campanu s himsel f probably dre w o n som e Arabi c
treatise, mos t likel y from Spain , bu t hi s specifi c sourc e canno t b e identified.

The bes t manuscript s o f Campanus's Theorica  planetarum contai n figures
illustrating th e part s o f th e equatorium . Som e contai n workin g pape r o r
parchment equatori a wit h movable  volvelles . Maker s o f equatori a i n pape r
and parchmen t tended , quit e sensibly , t o simplif y matter s b y devotin g a
separate instrument to each planet. Those in the Campanian desig n are charac-
terized by a stolid fidelity to the geometrical diagram. The Campania n instru -
ments ar e also characterized b y fixed apogees, an d thu s mus t b e draw n fo r a
particular century .

Although mos t medieva l equatori a were simpl e paper o r parchmen t con -
structions, there do exist examples constructed o f wood. Th e mos t remarkable
is tha t a t th e monaster y o f Stams , i n th e Austria n Tyrol . Thi s woode n
equatorium wa s buil t i n 142 8 b y Rudolfu s Medici , a  cano n o f Augsburg. I t
is in th e for m o f a  table, about 3.4 0 X 1.13 m. I t i s divided int o thre e panels ,
each abou t 1.1 3 m  square . On e pane l carrie s the instrument s fo r Satur n an d
Jupiter, anothe r thos e fo r Venus an d th e Moon , whil e th e thir d i s devote d
to Mercury and Mars. Although th e instruments are not exactly of Campanian
design, the y are , remarkably enough, constructe d o f wooden disk s an d ring s
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that fit into recesses in other disks—which was the construction tha t Campanu s
recommended. So , perhaps on e shoul d no t b e so sure tha t Campanu s neve r
built th e instrumen t h e described .

The oldes t tex t o n planetar y equatori a i n th e Englis h languag e i s th e
anonymous fourteenth-centur y treatise , Th e Equatorie  o f the Planetis,  whic h
exists i n a  uniqu e cop y i n Peterhous e College , Cambridge.  Dere k J . Pric e
argued-convincingly to many—tha t it was composed an d written b y Geoffre y
Chaucer. Th e ascriptio n to Chauce r i s based on comparison s o f handwritin g
samples an d othe r evidence . Th e Equatorie  of the Planetis gives directions
for buildin g and usin g an equatorium of formidable size—six fee t i n diameter ,
so that al l the planet s may be handled o n on e larg e disk. Whether i t was ever
constructed we do not know. I n any case, it is remarkable that the equatorium
is presen t from th e ver y beginning o f scientifi c astronom y i n English .

The usua l contents of a medieval equatorium treatis e consist of directions
for buildin g the devic e and direction s for using it. Although ther e was nearly
universal agreement on th e detail s of the underlyin g planetary theory (Ptole -
my's), designer s of equatoria had roo m fo r individua l differences, an d henc e
for creativity , in the physical realization of the theory in wood o r paper. Most
early equatori a wer e essentiall y movabl e plan e diagram s o f th e Ptolemai c
theory. Th e chie f constructio n proble m fo r th e theor y o f Venu s an d th e
superior planets involved the three centers (fig. 7.32): the center of the epicycle
must mov e o n a  circl e whose cente r i s C , bu t th e protracto r fo r measuring
mean longitude s mus t b e centere d o n E , an d th e protracto r fo r measurin g
the actua l longitud e o f th e plane t mus t b e centere d a t O . Th e histor y o f
equatoria i s largely the histor y o f concrete solution s t o th e difficultie s pose d
by thes e requirements .

Schoner's Equatoria

The earlies t printe d equatori a ar e thos e o f Johan n Schone r (1477-1547) , a
German writer and publisher of astronomical and geographical works. Schoner
is also known t o historians of cartography for his serie s of globes, which kep t
abreast o f the lates t discoveries in th e ag e of exploration. In hi s Aequatorium
astronomicum (actuall y a  serie s o f publications) , Schone r provide d rh e firs t
printed planetar y equatoria . Th e use r was expected t o cu t ou t an d assemble
the part s provide d o n Schoner' s part s sheets . The assemble d equatori a coul d
then b e use d t o predic t th e position s o f th e planet s accordin g t o standar d
Ptolemaic theory .

Schoner's Aequatorium astronomicum  of 152 1 was printe d i n larg e format,
the instruments being about 27 cm in diameter. There were nine instruments:
an instrument for the motion of the eighth spher e (trepidation) , one equator -
ium each for finding the longitudes of the Sun, the Moon, and the five planets,
and a  final instrument for reckoning conjunctions and oppositions of the Sun
and Moo n (usefu l i n eclips e analysis).  Figur e 7.5 6 i s a  photograp h o f th e
equatorium for Saturn in a  copy of the editio n o f 1534. The instrument s were
all han d painte d wit h wate r colors .

The influenc e o f Campanu s i s to b e seen i n mino r things . Fo r example ,
Schoner use s th e sam e letter s (D , C , K , A]  a s Campanu s use d t o labe l th e
Earth, th e cente r o f th e deferent , th e equan t point , an d th e cente r o f th e
epicycle. Bu t Schone r went wel l beyond Campanu s i n severa l respects . Mos t
significantly, Schone r provide d fo r movabl e apogees . Schone r als o foun d a
clever way to eliminate the need for a graduated circle concentric to the equant
point. On e pull s ou t a  strin g fro m th e Eart h t o measur e angles o n a  scal e
concentric t o th e Earth . A n equa l angle measure d a t th e equan t poin t ma y
be set up simply by pulling out th e string from th e equant point and makin g
it parallel , as judged b y the eye , t o th e strin g fro m th e Earth . Thi s solution
of the ol d proble m i s elegant an d effective .
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On th e backs of the equatorium page s are printed table s of mean motions ,
usually wit h a  give n tabl e facin g it s correspondin g planet . (Schoner' s table s
of mean motion were based on the Alfonsine Tables.)  Thus, with the brochure
open, th e table s for Satur n ma y b e seen a t th e sam e tim e a s the equatoriu m
for Saturn .

To fin d th e positio n o f Saturn , on e proceed s a s follows. First , on e mus t
find th e longitud e A  o f Saturn' s apogee . Thi s i s done usin g th e equatoriu m
for th e eight h spher e an d th e correspondin g tables . Next , on e calculate s A,
the mea n longitud e o f Saturn, usin g Schoner's tables . One calculate s also AQ,
the mea n longitud e o f the Su n fro m th e tables . Then p. , th e mea n epicycli c
anomaly o f Saturn , i s foun d b y subtraction : p , =  A, Q —  A, (se e sec . 7.1 2 an d
fig. 7.19). The calculation s requir e of the use r only addition an d subtraction .
The trigonometr y i s al l performe d b y th e equatorium . On e set s th e thre e
volvelles a t th e angle s jus t found , an d i t i s a  simpl e matte r t o rea d of f th e
longitude o f the planet .

Over th e nex t fe w years, Schone r publishe d a  set o f canons fo r th e us e of
the equatoria , accompanied b y worked examples , as well as a more convenien t
set o f table s o f mea n motions . Becaus e of th e successiv e publicatio n o f th e
various brochures connecte d wit h Schoner' s Aequatorium astronomicum,  i t is
now unusua l t o fin d al l of them together .

A few years after Schoner's death, his son, Andreas, collected his mathemati-
cal and astronomica l works and reprinte d them , wit h a  few new items, i n one
large volume , th e Opera,  mathematica  (1551) . Thi s include d a  substantiall y
reworked editio n o f the Aequatorium astronomicum.  Now, fo r the firs t time ,
the equatoria , direction s fo r thei r assembly , canons , tables , an d illustration s
showing th e us e of the equatori a wer e gathere d int o on e place . Ne w block s
were cu t fo r th e part s o f th e equatoria , i n a  smalle r format . (Th e equatori a
are abou t 1 5 c m i n diameter , rathe r tha n th e 2 7 cm o f th e firs t edition. ) I n
section 7.28 , th e reade r wil l hav e th e opportunit y t o assembl e an d us e a
facsimile o f Schoner' s equatoriu m fo r Mars , base d o n th e editio n o f 1551 .

The universally acknowledged masterpiec e of the Renaissance printed equa -
torium is the Astronomicum Caesareum,  designed and printed by Petrus Apianus
at Ingolstadt i n 1540. I t has been describe d as the most  sumptuous scientifi c
book eve r published. Apianu s di d no t wis h t o troubl e his reader s with eve n
performing arithmetic . Thus , th e instrument s involv e multipl e additiona l
volvelles. For example, to compute th e mean longitude, on e looks up in a table
the value for the beginning of the century and sets one wheel appropriately. Th e
additions t o th e mea n longitud e fo r the numbe r o f whole year s elapsed an d
for th e od d month s an d day s ar e performe d b y turnin g on e volvell e wit h
respect t o another , a s i n usin g a  circula r slid e rule . Becaus e o f th e extr a
volvelles, Apianus's equatoria appear complicated. Bu t the underlying plantary
theory i s stil l strictl y Ptolemai c (plus , o f course , a n Alfonsin e trepidatio n
theory).

7.28 EXERCISE : A S S E M B L Y AN D US E O F
S C H O N E R ' S AEQUATORIUM  MARTIS

Using the parts and directions provded here, the reader can assemble a working
equatorium for Mars. The part s are reprinted from the Aequatorium astronomi-
cum o f Johann Schoner , i n Opera  mathematica  loannis Schoneri  Carolostadii
(Nuremberg, 1551) , courtes y o f Cambridg e Universit y Library.

Assembly of  the  Equatorium
i. Photocop y th e part s o f the equatoriu m i n figures A.6 and A./. Glu e

the photocopies t o sheets of heavy paper t o provide extr a strength. T o
avoid stretchin g an d puckering , us e a  glu e designe d fo r mountin g
photographs. Som e glue s of this kin d com e i n stic k form .



P L A N E T A R Y T H E O R Y 40 7

2. Fro m th e photocopy o f figure A.y, cu t ou t th e fou r circle s numbered
1—4. Labe l each o n it s bac k with it s numbe r fo r futur e reference .

3. Usin g scissors, carefully cu t ou t th e smal l (1/2" diameter) circle in th e
center of the deferen t circle (circle 3). The 1/2 " diameter circle (bearing
points K,  C , D) thu s cu t ou t shoul d b e saved . Trim th e 1/2 " circle a
little s o tha t i t wil l easil y fi t bac k int o th e hol e fro m whic h i t wa s
removed. The 1/2" circle should turn smoothly , but without too much
extra space , insid e th e hole .

4. Glu e the 1/2" circle cut ou t i n step 3 onto a  small scrap of thick paper
or manill a fil e folder . Th e poin t o f thi s i s t o increas e it s thicknes s
slightly. When th e glu e ha s dried, tri m aroun d th e edge s so that th e
new, botto m laye r matche s th e origina l circl e well . Thi s assembl y
(consisting o f th e i/z"  diamete r circl e buil t u p i n thickness ) wil l b e
called "th e spindle. "

5. Usin g a pin o r needle , poke a  hole all the way through point D  o f the
spindle. Pok e a  hole throug h poin t D  i n the center o f circle i. Poke a
hole thoroug h point s D  an d K  o n circl e 4 . Pok e a  hol e throug h
point D  i n th e cente r o f th e baseplat e o f th e instrumen t (labele d
"Aequatorium Martis") .

6. Glue the spindle to circle i. Points D on the two circles must coincid e
and the lines through D  and C  must also match u p on the two circles.
A good way to guarantee this is to put a  needle through hole D i n the
spindle and the n throug h th e correspondin g hol e D  o f circle i befor e
gluing th e circle s together . Mak e sur e that th e glu e goe s al l the wa y
to th e edg e o f the spindle , s o that th e spindl e is completely bound t o
circle i.

7. Usin g a needle or pin, poke a hole through the center^ of the epicycle
(circle 2) . Also poke a  hole throug h poin t A  o n circl e 3.

8. Attach circl e 2 to circl e 3 in th e followin g way. Pas s a piece of heavy
thread throug h hol e A i n circle 2 and the n throug h hol e A i n circl e 3.
(Both circle s should b e fac e up , wit h 2  on to p o f 3.) Tie a  knot abou t
4" fro m th e en d o f th e threa d o n th e circle- 2 sid e o f th e assembly .
Pull th e threa d fro m th e bac k side , s o tha t th e kno t i s snug against
circle z. Trim the thread to about 1/2" on the back side of the instrument
(i.e., th e circle- 3 side). Then glu e the 1/2 " end t o th e bac k of circle 3.
It ma y b e helpfu l t o glu e a  smal l scrap of paper ove r the 1/2 " end o f
thread t o kee p i t firmly attached t o th e bac k o f circle 3.

When yo u hav e finished , th e epicycl e 2  shoul d tur n freel y abou t
point A  whil e remaining snugly attached t o circl e 3. There shoul d b e
about 4 " o f thread hangin g fro m poin t A o f the epicycle .

9. Join circle i to the baseplate (fig. A. 6) in the following way. Place circle
i fac e up o n the baseplate . Pass a length of heavy thread throug h hol e
D o f the spindl e tha t ha s already been glue d ont o circl e i. Then pass
the thread throug h hol e D  o f the baseplate . Tie a  knot abou t 4" fro m
the en d o f the threa d o n th e to p sid e (i.e. , on th e spindl e an d circl e
i side) . Pul l the threa d fro m th e bac k so that th e kno t i s snug against
the spindle. Trim the thread to about 1/2" on the back of the instrument.
Glue th e 1/2 " length t o th e bac k o f the baseplate . I t ma y b e helpfu l
to glu e a small square of paper over the 1/2" length t o keep the threa d
firmly attached t o th e bac k o f the baseplate .

When yo u ar e finished , circl e i  shoul d tur n freel y abou t D  bu t
should b e hel d fairl y firml y agains t th e baseplate . Ther e shoul d b e
about 4 " of thread hangin g fro m D .

10. Tak e a  4" o r 5 " length o f heavy thread an d pas s it throug h hol e K  of
circle 4, so that abou t 1/2" projects through to the back side. Glue th e
1/2" lengt h t o th e bac k sid e o f circl e 4 . Ther e shoul d b e abou t 4 "
hanging fre e o n th e fron t side .
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ii. Plac e circl e 3  on to p o f circle i so that th e spindl e o n i  fit s into th e
hole i n 3 . (The threa d hangin g fro m poin t D  o f th e spindl e should ,
of course , b e brough t throug h th e hol e i n 3. ) Do no t glu e circl e 3  to
circle i . Circl e 3  must b e fre e t o tur n aroun d th e spindle .

Attach circl e 4 to the spindle on circle i in the following way. Take
the en d o f the threa d hangin g freel y fro m poin t D  o f the spindl e an d
bring i t throug h hol e D  o f circle 4 fro m th e bac k side . Coa t th e to p
of the spindl e wit h glue . Coat th e to p o f the spindl e completely , bu t
do no t ge t any glue onto circl e 3. Place circle 4 onto th e spindle , an d
push i t down firmly . Mak e sur e that lin e DK o n circl e 4  lie s exactl y
over line DKof th e spindle. (Thi s i s important. Note tha t lin e DKon
the spindl e wil l coincid e wit h lin e C D o n circl e i . Th e end s o f thi s
line o n circl e i  wil l b e visible and ma y b e use d a s an ai d i n alignin g
circle 4. )

When yo u ar e finished , circl e 4 will ac t a s a cap t o kee p circl e 3  in
place. Circl e 3  should tur n freel y beneat h th e ca p abou t C  as center .
Circle i should tur n freel y abou t D . When circl e i is turned, i t shoul d
carry the ca p (circl e 4) with it .

Using the  Equatorium

Before manipulatin g th e equatorium , th e use r mus t calculat e th e value s o f
the thre e angle s necessar y fo r settin g th e thre e circle s t o thei r positions . I n
the Middl e Age s an d th e Renaissance , these  calculation s wer e facilitate d by
tables o f mean motion . Thes e table s permitted th e calculatio n o f the angle s
by a  series o f additions: tabula r values might b e selecte d fo r the century , th e
year, th e month , and th e da y in question an d adde d up . The table s of mean
motion thu s eliminate d th e nee d fo r multiplication , whic h wa s a  tediou s
procedure wheneve r number s containe d man y digits . Today , i n th e ag e of
the han d calculator , i t i s quicke r t o perfor m a  multiplicatio n tha n a  lon g
series o f additions . Th e precept s give n her e therefor e presuppos e th e us e of
a calculator .

In only one significant respec t have we departed from Renaissance practice:
we hav e suppresse d th e trepidatio n o f th e equinoxes . Wit h trepidatio n in -
cluded, th e Martia n apoge e woul d advanc e a t a  variabl e rat e rathe r tha n a
steady one . W e shal l us e the moder n Ptolemai c parameter s fo r Mars , give n
in tabl e 7.4 , excep t tha t w e adop t a  value fA —  i.8o7°/century fo r th e rat e o f
advance o f th e lin e o f apsides , whic h i s somewhat faste r tha n th e precessio n
rate^ given in table 7.4. (Se e n. 73 for a discussion.) Schoner's own parameters
were borrowe d fro m th e Alfonsine  Tables.

Worked Example  Fin d th e longitud e o f Mar s a t Greenwic h noo n o n Ma y
30, 1982 .

Steps A an d B  give the preliminar y calculation s tha t mus t b e performed .
Steps 1-7 describe the manipulatio n o f the equatorium .

A. Determin e A t =  t — ta, the numbe r o f days elapsed betwee n th e epoc h
ta an d th e desire d dat e t . I f th e desire d dat e i s afte r th e epoch , A t wil l b e
positive, but i f the desired date is before the epoch , A? will be negative. Divid e
At by 36,525 to determine th e number of Julian centuries elapsed since epoch .
Denote thi s AT .

From th e table s for Julian day number (table s 4.2-4.4), we find

May 30 , 1982 Greenwich mea n noo n J.D . 244 5120. 0
Subtract the day number of the epoch -24 1 5020.0

At 3  oioo.o
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A7"= A^/36,525

= 30,100 days/36,52 5

= 0.82 centur y

B. Calculat e th e longitud e A  o f th e apogee , th e mea n longitud e A, , an d
the mea n epicycli c anomaly p. :

A = A 0+fAAT

A~=A.0+./xA/:

p. = ii 0+f^t

If A , o r p  shoul d b e greate r tha n 360° , subtrac t a s many complet e cycle s o f
360° a s required t o obtai n angle s that li e between o  an d 360° . I f either A , o r
p shoul d b e negative (a s can happen i f the desire d date i s before th e epoch) ,
add as many complete cycles o f 360° as required to obtain angles betwee n o
and 360° . Thus , we have

A =  148.33° +  i.8o7°/centur y X 0.82 centur y

= 149.8°

= 4  29.8 ° (  fo r "signs, " eac h sig n being 30°)

= 29.8° within Leo .

A, = 293.55° +  0-52- 4 07 1 I60/ X 30,100^

= 16,068.1°
-15,840.0° Les s 4 4 complet e circle s (44 X 360°)

228.1°

= i 18.1 °

= 18.1° within Scorpius .

p = 346.15° + 0.461 576 i8°/ X 30,100^

= 14,239.6°
—14,040.0° Les s 3 9 complete circle s (39 X 360°)

199.6°

= 6s 19.6°.

For th e manipulatio n o f the instrument , refe r t o figur e 7.57 . The circle d
numbers i n figur e 7.5 7 are keyed t o th e step s described here .

1. Se t the apogee of the deferen t to longitude^ on the zodiac . The apoge e
of the deferen t i s the point labele d AUX on circle i. (Aux  i s the medieval
Latin ter m fo r the apogee. ) I n ou r example , A =  29.8° within Leo .

2. Pul l ou t th e strin g fro m th e Eart h D  throug h th e poin t o f th e zodia c
corresponding t o th e mea n longitud e A , (18.1 ° withi n Scorpius) . (Th e
medieval ter m fo r thi s angl e i s medius motus,  the "mea n motion." )

3. Pul l out th e strin g from th e equan t K  so that i t i s parallel to th e string
from D . (Onc e th e strin g fro m K  i s properly placed,  i t i s n o longe r
necessary t o hol d onto th e strin g from Z). )

4. Turn the deferent circle (labeled DEFERENS) unti l the center A o f the
epicycle lie s directl y unde r th e strin g through K .

5. Tur n th e epicycl e about its own cente r A unti l the AUX (o r apogee) o f
the epicycl e lie s als o unde r th e strin g throug h K . Thus , these  thre e
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FIGURE 7.57 . Manipulatio n o f Schoner' s equatoriu m for
Mars i n th e versio n of hi s Opera  o f 1551 .

points will be in a  straight line, in the order K, A, Aux of the epicycle.
(Once th e epicycl e i s properly positioned, i t i s no longe r necessar y to
hold ont o th e strin g from K. )

6. Pul l out th e strin g from th e epicycle' s cente r and se t it a t the poin t o n
the ri m o f the epicycl e corresponding t o th e mea n epicycli c anomaly .
(The medieva l ter m fo r thi s angl e i s argumentum medium,  th e "mea n
argument.") I n ou r example , (1 = 6  19.6° , a s indicated i n figur e 7.57 .
The positio n o f Mar s i s at th e oute r edg e o f th e dotte d circl e o n th e
epicycle (i.e. , th e on e divide d int o 2 ° steps ) a t th e plac e indicate d
by p. .

7. No w tak e th e strin g fro m th e Eart h D  an d pul l i t throug h Mars' s
position o n the epicycle . The tru e longitude of the planet i n the zodia c
is then rea d at the place where the string from D  cut s the zodiac circle.
The longitud e of Mars may then be read of f as i° within Libra , or 181° .

Problems

Choose several dates (from tabl e 7.1) for which you know the actual longitude
of Mars. Fo r eac h o f these dates , use Schoner's equatorium t o wor k ou t th e
longitude o f Mar s accordin g t o th e Ptolemai c theory . Ho w wel l di d you ,
Schoner, an d Ptolem y do?

7.29 G E O C E N T R I C AN D H E L I O C E N T R I C
P L A N E T A R Y THEORIE S

Modern reader s ofte n focu s o n th e Earth-centere d natur e o f th e ancien t
planetary theory. But , for accurate astronomical prediction, it makes no differ -
ence whethe r th e Eart h goe s aroun d th e Su n o r th e Su n goe s aroun d th e
Earth. The objec t taken t o b e at res t merely reflects th e choic e o f a referenc e
frame. Sun-centere d theories are therefore no t intrinsicall y any more accurate
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than Earth-centered theories . The accuracy of a theory depends on the technical
details.

Nevertheless, a s w e hav e seen , th e Su n play s a  singula r rol e i n Earth -
centered planetar y theory . I n th e cas e of a  superior planet , th e radiu s vecto r
of th e plane t o n th e epicycl e remain s paralle l to th e lin e fro m th e Eart h t o
the mea n Sun . I n th e cas e o f a n inferio r planet , th e lin e fro m th e equan t
point t o th e epicycle' s cente r remain s paralle l t o th e lin e fro m th e Eart h t o
the mea n Sun . Figure s 7.34 and 7.3 5 illustrate these relations in detail . Figure
7.29 shows th e general idea but wit h th e pictur e simplified by suppression of
the eccentricities. To put thing s mor e simply yet, the Sun controls the motio n
of a  superior planet o n it s epicycle an d th e motio n o f an inferio r plane t o n
its deferent. These connections provide the crucial hints that the Sun is actually
at the center of the whole system . Let us see just how Sun-and Earth-centere d
models ar e related .

The Relation  of  Heliocentric  and  Geocentric  Models

Superior Planet  Th e discussio n i s simplified b y ignorin g th e eccentricities .
Figure 7-58 A show s th e Sun-centere d theor y o f a  superio r planet , suc h a s
Mars. The plane t P  and the Earth O  both orbi t th e Sun S. Thus, vectors SO
and S P bot h tur n abou t S . The lin e o f sigh t fro m th e Eart h t o P  i s in th e
direction o f vector OP =  -SO +  SP. But these vectors may be added i n either
order. Thus, we may also write OP = SP + -SO. Th e geometry correspondin g
to th e secon d for m o f the vecto r additio n i s shown i n figure 7.586. Startin g
from O , we la y out vecto r OK , equa l i n magnitud e an d directio n t o S P i n
figure 7-58A. From A'we lay out KP , equal in length an d opposit e in directio n
to S O i n figure 7-58A . Th e tw o vector s OK an d K P i n figure 7.586 tur n a t
the sam e rate s a s their counterpart s i n Fig . 7.58A . Thus , figur e 7.58 6 i s the
Ptolemaic theory  o f a  superior  planet.  The planet' s orbi t i n th e Sun-centere d
model become s the deferent circle in the Earth-centered model . And the orbit
of the Eart h become s th e epicycle .

Inferior Planet  Th e heliocentri c theory of an inferio r planet , such as Venus,
is illustrate d b y figur e 7-59A . Th e plane t P  travel s on a  smalle r orbi t abou t
the Su n S  than doe s th e Eart h O . The vecto r additio n work s a s before: O P
= —S O + SP. Thus , as long as OK and K P i n figure 7.596 ar e equal t o —S O
and SP in figure 7-59A, the Ptolemaic theory will be mathematically equivalent
to th e Sun-centere d theory . Th e planet' s orbi t i n th e Sun-centere d mode l
corresponds to the epicycle in the Earth-centered model . And the orbi t of the
Earth corresponds to the deferen t circle. So, the correspondence s ar e reversed
in th e case s of inferio r an d superio r planets .

FIGURE 7.58 . Superio r planet: transformatio n
from th e Sun-centere d theory (A) to th e Earth -
centered theor y (B) .

Explanatory Advantages  of the  Sun-Centered  System

It i s easy t o se e why a  heliocentric theory i s not automatically  more accurat e
in predictin g plane t position s tha n a  geocentri c theory . Eac h o f th e tw o
theories o f Mar s show n i n figur e 7.5 8 involves tw o circles . Eithe r w e wor k
with a  deferent circle and a n epicycl e (i n th e geocentri c model) , o r we work
with th e orbit of Mars and the orbit of the Earth (i n the heliocentric version).
In eithe r case , w e reall y have th e sam e tw o circle s involved . A s w e sa w i n
section 7.17, a working geocentric theory requires two extra complications: th e
deferent circl e must be slightly eccentric, an d we must introduce nonuniform
motion accordin g to the law of the equant . An accurate, working heliocentri c
theory will require similar complications. Thi s is what we meant abov e when
we said that the predictive accuracy of the theory is determined by the technical
details.
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FIGURE 7.59 . Inferio r planet : transformatio n
from th e Sun-centere d theor y (A) to th e Earth-
centered theor y (B).

FIGURE 7.60 . A n inferio r plane t Vha s a
maximum elongatio n from th e Su n S  because
the orbi t radiu s subtend s angle 0  a s observed
from th e Eart h O .

If a  heliocentri c theor y i s not inherentl y mor e accurate , wha t advantage s
does i t offer ? Ther e ar e i n fac t tw o majo r advantages . First , the heliocentri c
theory explain s th e weir d connection s betwee n th e motio n o f th e Su n an d
the motion s o f the planets . I t i s easy to se e why a  superior plane t retrogresses
when i t i s in oppositio n t o th e Su n (se e fig . 7.6) . Mar s M  appear s t o bac k
up whe n th e Eart h E  passe s b y on th e insid e track . A t thi s moment , Mar s
and th e Su n S  are indeed i n oppositio n a s viewed fro m Earth .

Also, w e ca n understan d wh y a n inferio r plane t ha s limite d elongation s
from th e Su n (se e fig . 7.60) . Th e heliocentri c orbi t o f Venu s V  i s smaller
than tha t o f the Eart h O . Thus, th e elongatio n o f Venus fro m th e Su n can
never b e large r tha n th e angl e 9  unde r whic h w e se e the radiu s o f Venus' s
orbit.

The reaso n why the three superior planets al l appear to go around on thei r
epicycles i n lockste p (fig . 7.29A) i s that we , th e observers , are actuall y riding
around o n a  circl e once a  year . Tha t is , th e epicycle s o f th e thre e superio r
planets ar e reall y on e an d th e sam e circle : they ar e al l manifestations of th e
Earth's orbita l circle abou t th e Sun .

The reaso n why th e tw o inferio r planet s have the sam e tropica l perio d a s
the Su n i s tha t thei r deferen t circle s are bot h manifestation s o f th e Earth' s
heliocentric orbit . Connection s tha t wer e inexplicabl e coincidence s i n th e
Earth-centered theor y (o r explicable only in terms o f Pythagorean Su n mysti -
cism) fin d simpl e geometrica l explanations in th e Sun-centere d theory .

The secon d majo r advantage o f th e Sun-centere d theor y i s that i t make s
the system of the planets a true system, with a  manifest order an d coherence .
In particular, it allows us to fix the relative sizes of the planets' orbits. In ancient
planetary astronomy, the system for each planet i s logically independent. Tha t
is, we ca n tel l fro m observation s ho w bi g Mars' s epicycl e i s compared t o it s
deferent, bu t w e cannot tel l how big Mars's deferen t is compared t o Jupiter' s
deferent. I n hi s Planetary Hypotheses,  Ptolem y added the physica l assumptio n
that there i s no empt y spac e between th e syste m for Mars and th e syste m for
Jupiter. I t i s only thi s extr a assumption (justifie d b y appea l t o Aristotlelia n
physical principles ) that allowe d Ptolem y to hazar d a  guess about th e relative
sizes o f th e planets ' deferen t circles.

But i f we adopt th e transformatio n to Sun-centere d cosmolog y illustrated
by figures 7.58 and 7.59 , we see that (instea d of arbitrarily insisting that ther e
be n o empt y spac e between  th e geocentri c system s of neighborin g planets) ,
we should actuall y make th e epicycle s of the thre e oute r planet s al l the sam e
size: they are all simply mainfestations of the Earth' s orbital circle. This serves
to fix the relativ e sizes o f th e heliocentri c orbits , with n o ambiguit y an d n o
arbitrary assumptions . Refer  t o figure 7.58 . Let R  an d r  denote th e radiu s o f
the deferen t and o f the epicycle , respectively , in th e Ptolemai c system. Le t r f

and r,  denote th e radiu s o f the planet' s orbi t an d o f th e Earth' s orbi t i n a
Sun-centered theory . Then, to guarante e tha t two versions of the theor y o f a
superior plane t ar e exactly equivalent, w e mus t requir e

-^ =  —  (superio r planet).

From figur e 7.59 , the conditio n fo r th e inferio r planet s is

w y

-^ =  —  (inferio r planet) .
?"a R

Let us choose th e radiu s of the Earth' s orbi t abou t th e Su n a s our uni t o f
measure. Tha t is , we pu t r,  = i . (Also , not e tha t i n tabl e 7.4 , th e epicycl e
radii ar e given for a deferent of radius R = i.) The radi i of the planets ' orbit s
about th e Su n ca n the n b e calculated fro m th e epicycl e radi i i n tabl e 7.4 :



Radii o f th e
Planet
Saturn
Jupiter
Mars
Earth
Venus
Mercury

heliocentric

i/. 105 =
i/. 192 =
i/.656 =

.723/1 =
.391 =

orbits
rf
9-54
5.20
1.52
i
0.72
0.39

(Mercury i s included fo r completeness. ) Th e relativ e size s of all the planetar y
orbits ar e uniquely determined. This is one of the most striking consequence s
of the Sun-centered cosmology, which emerged in the first half of the sixteeent h
century wit h th e wor k o f Nichola s Copernicus . A s we shal l se e in sectio n
7.30, th e fixin g o f a  unifie d scal e fo r th e whol e syste m wa s a  featur e o f
heliocentrism t o whic h Copernicu s an d hi s follower s attache d grea t weight .
Figure 7.61 is the diagram of the Sun-centered system fro m Copernicus' s book
On th e Revolutions  o f the Heavenly  Spheres  (1543) .

Geo-Heliocentric Compromises

It is possible to devise other cosmologies that take some advantage of heliocen-
trism a s an explanator y devic e bu t tha t stil l kee p th e Eart h a t th e cente r o f
the universe . In thi s kin d o f mixed model , som e o r al l of the planet s revolve
around the Sun, while the Sun revolves around the Earth. The chief philosophi-
cal advantage of such geo-heliocentric models i s that the y retain th e centralit y
of the Earth , i n keeping with th e physics of Aristotle (and also , later on, wit h
the interpretatio n o f the Bibl e by the Churc h fathers) .

In Gree k antiquity , on e such mixe d model ha d alread y been proposed. As
we sa w in sectio n 7.15 , Theon o f Smyrn a mention s tha t i s possible that th e
Sun, Venus , an d Mercur y al l shar e on e deferent . I n suc h a  system , then ,
Venus and Mercur y trave l around th e mea n Sun , whil e the mea n Su n circles
the Earth . Th e superio r planets ar e treated just as in the standard (Ptolemaic )
cosmology. A s Theon point s out , i n suc h a  syste m i t i s especiall y eas y t o
understand wh y Mercury an d Venu s hav e limited elongation s fro m th e Sun .
However, thi s syste m fail s t o exploi t th e advantage s o f heliocentrism fo r th e
superior planets . Historically , i t wa s muc h easie r fo r peopl e t o se e the tru e
relation o f the planet s to th e Su n i n th e cas e of th e inferio r planets. I n an y
case, thi s syste m neve r had a  very large following, a s Ptolemy's arrangemen t
of the planet s was accepted b y almos t everyon e i n th e Middl e Ages .

The mos t importan t geo-heliocentri c syste m i n th e Renaissanc e was tha t
of Tycho Brahe . Brahe could see the great explanator y power o f Copernicus' s
(Sun-centered) cosmology—especiall y it s abilit y t o uniquel y determin e th e
relative size s of th e circles . Bu t h e was unable t o accep t th e mobilit y o f th e
Earth. I n th e 1580 5 Brah e propose d a  syste m i n whic h al l th e planet s circl e
the Sun , whil e th e Su n (carryin g th e planet s wit h it ) circle s th e Earth. 1

Geometrically, thi s is a trivial transformation of Copernicus's system: Brahe's
system i s exactly wha t th e worl d woul d loo k lik e i n a  Copernica n universe ,
as viewed from th e Earth. Thus, Brahe's system possesses all of the explanatory
advantages associate d with heliocentri c cosmology. Tha t is , it explains all the
connections betwee n th e apparen t motion s o f the planets and th e motio n o f
the Sun . I t als o allows a  unique determinatio n o f the size s of the circles .

Figure 7.62 shows a diagram of the so-called Tychonic syste m of the world
from Brahe' s De mundi  o f 1588 . Th e Eart h i s the blac k do t a t th e cente r o f
the figure . Th e Su n travel s o n a  circl e aroun d Earth , whil e al l the planet s
circle th e Sun . Th e relativ e size s o f th e circle s mus t b e jus t a s i n th e tabl e
above (excep t that w e replace the orbi t o f the Earth b y the orbi t of the Sun).
Note tha t sinc e th e radiu s o f th e orbi t o f Mar s i s greater tha n on e bu t les s
than tw o time s th e radiu s o f th e Sun' s orbit , th e orbi t o f th e Su n an d th e

FIGURE 7.61 . Th e diagra m o f a  heliocentric
universe, fro m th e firs t editio n of Copernicus's
De revolutionibus  (Nuremberg , 1543) .

FIGURE 7.62 . Th e Tychoni c system o f the
world. The planet s all circle th e Su n while the
Sun travel s i n a  circl e about a stationary Earth.
From Tych o Brahe , D e mundi  aetherei  recentiori-
bus phaenomenis (1588) .
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orbit o f Mar s mus t intersect , a s show n i n th e figure . (Mar s i s no t i n an y
danger o f hitting the Sun , since the locatio n o f the Martia n orbi t constantly
shifts a s the Sun—it s center—move s aroun d th e Earth. )

From th e poin t o f view of planetary  theory—that  is , theoretical calculation
of plane t positions—al l o f th e system s discusse d i n thi s sectio n ar e equally
usable. Fro m th e poin t o f view o f cosmology,  grea t advantage s attac h t o th e
Sun-centered systems . Deciding whether t o place the Sun or the Earth at rest
then become s a  question o f physics.

7.30 NICHOLA S C O P E R N I C U S : TH E EART H A  PLANE T

Nicholas Copernicu s (1473—1543 ) wa s hardly the perso n one would have pre-
dicted t o tur n the univers e inside out. Copernicu s was born a t Torun, a  city
then situate d in Prussi a but no w in the north o f Poland. I n 1491 , Copernicu s
began t o atten d th e Universit y of Cracow . Althoug h astronom y wa s a par t
of the quadrivium, th e universit y curriculum did no t prepar e a student t o do
any real astronomy. However , ther e was at Cracow a t competent astronomer,
Albert of Brudzewo (1446—1495), who had written a commentary on Peurbach's
New Theories  o f th e Planets.  I t i s possibl e tha t Copernicu s receive d private
instruction fro m Alber t of Brudzewo at a  more advance d astronomica l level ,
but w e have no wa y of knowing fo r sure .

In 1496 , without having completed hi s degree, Copernicus lef t fo r Italy to
study law at the University of Bologna. But already Copernicus's rea l interests
diverged fro m hi s pla n o f study . A t Bologn a h e sough t ou t th e astronome r
Domenico Mari a Novara, fro m who m h e undoubtedl y learne d more. I t was
also a t Bologna that Copernicu s mad e hi s first known astronomica l observa-
tion, o n Marc h 9 , 1497 , o f the Moon approachin g Aldebaran.

In September , 1500 , Copernicu s lef t Bologn a fo r Rom e t o tak e par t i n
the jubile e observances proclaimed b y Pop e Alexander VI. Whil e i n Rome ,
Copernicus gav e a t leas t on e lectur e o n astronomy . W e d o no t kno w th e
details. I n November , stil l at Rome , Copernicu s observe d a partial eclipse of
the Moon.

The followin g year, 1501, he was back home in Poland, stil l without having
acquired a  universit y diploma . Som e year s earlier , hi s uncle , wh o wa s th e
Bishop of Varmia (als o known a s Ermland), had obtaine d fo r Copernicus th e
office o f cano n a t th e cathedra l o f Frombor k (Frauenburg) . A cano n i s a n
official wh o ha s administrativ e duties i n th e cathedra l chapte r (o r staff ) bu t
who ha s no t take n hol y orders . The cathedra l chapte r o f Frombor k ha d a
scholarship fun d tha t provide d grant s fo r an y cano n t o complet e studie s
already begun. Copernicus asked for and was granted two years' leave to study
medicine a t th e University of Padua—even thoug h h e knew that th e medical
degree require d three years of study .

In 1503, his leave was about to expire and Copernicus had not completed hi s
medical training. Not wanting to return home without a diploma, Copernicu s
successfully applie d t o th e Universit y o f Ferrar a to hav e himsel f proclaime d
a docto r o f canon (church ) law.

All this was hardly a foreshadowing of greatness to come . Copernicu s ha d
lived the life of the vagabond student, wandering from universit y to university,
switching fro m la w to medicin e an d bac k t o law . Whe n h e returne d hom e
to Poland, he spent some years in the service of his uncle, the bishop , helping
with diplomati c negotiations and churc h affairs , an d actin g a s personal secre-
tary and privat e physician .

The Commentariolu s

Nevertheless, Copernicu s ha d ha d th e chanc e t o mee t astronomer s and ha d
acquired a sound understandin g o f contemporary astronomy . H e settle d per-
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manently in th e littl e tow n o f Frombork , wher e hi s duties a s canon lef t hi m
considerable freedo m t o pursu e his interests in astronomy. Hi s first sketch of
a heliocentric planetary theory was worked ou t b y about 1510 . In a  few sheets,
Copernicus describe d th e chie f feature s of hi s Sun-centered system , an d th e
connections o f th e planets ' apparen t motion s t o th e actua l motio n o f th e
Earth. This document circulate d i n manuscript amon g som e of Copernicus' s
friends. Bu t i t was not printe d unti l th e nineteent h century , unde r th e titl e
Nicolai Copernici de hypothesibus motuum coelestium a se constitutis commentario-
lus. We shal l refer t o i t as the Commentariolus —the "Little Commmentary."

This wor k containe d a  remarkabl e statemen t o f seve n astronomica l an d
cosmological postulates :

EXTRACT FRO M C O P E R N I C U S

Commentariolus

1. Ther e i s not on e singl e cente r fo r al l th e celestia l orb s o r spheres .
2. Th e cente r of th e Eart h i s not th e cente r o f th e world , bu t onl y of

the heav y bodies and o f the luna r orb.
3. Al l the orb s encompass the Su n whic h is , so to speak , i n th e middle

of them all , for th e cente r of th e worl d is near the Sun.
4. The rati o of the distance between the Sun and the Earth to the height

of th e firmamen t [i.e. , th e radiu s o f th e spher e of stars ] i s less than
the rati o between the Earth' s radius and th e distanc e from th e Su n
to th e Earth , i n suc h a  manne r that th e distanc e from th e Su n t o
the Eart h is insensible i n relatio n t o th e heigh t of the firmament .

5. Ever y motion that seem s to belon g to the  firmament  doe s not aris e
from it , bu t fro m th e Earth. Therefore, th e Earth with the element s
in its vicinity accomplishes a complete rotation around its fixed poles,
while th e firmament , o r las t heaven , remain s motionless.

6. The motion s that see m t o u s proper t o th e Su n d o no t aris e fro m
it, but fro m th e Earth and our [terrestrial ] orb, with which we revolve
around th e Su n lik e an y othe r planet. In consequence , the Eart h is
carried alon g with severa l motions.

7. The retrograd e and direc t motions which appear in th e cas e o f th e
planets are not caused by them, but by the Earth. The motio n of the
Earth alone is sufficient t o explain a wealth of apparent irregularities in
the heaven. 132

Postulates 1— 3 took th e Eart h ou t o f the middl e o f the world an d replace d
it b y th e Sun . However , Copernicus' s brea k wit h th e ol d cosmolog y an d
physics was not a s complete a s it might seem . Firs t of all, for Copernicus , th e
Sun i s onl y "near " th e cente r o f th e cosmos . Copernicus' s cosmo s ha s it s
center a t th e cente r o f th e Earth' s orbi t (whic h i s slightl y eccentri c t o th e
Sun). Thus , th e Eart h doe s continu e t o hol d a  somewhat privilege d place in
the theory . Also, according t o postulat e 2  the Eart h remain s the cente r o f the
heavy bodies—by which Copernicu s mean s the fou r Aristotelian elements. By
making the Sun the center of the cosmos bu t retainin g the Earth as the center
of heaviness, Copernicu s ben t th e rule s of Aristotelian physics , but manage d
to expres s his discours e i n th e ol d terms .

In postulat e 4 , Copernicu s assume s tha t th e radiu s o f th e Earth' s circl e
about th e Su n i s immeasurably small i n compariso n wit h th e radiu s o f th e
sphere o f stars . Otherwise , Copernicu s woul d b e unabl e t o explai n wh y th e
stars do no t suffe r an y annual parallax due t o th e motio n o f the Earth . Lon g
before, Aristarchu s had bee n force d t o th e sam e conclusion .

Postulate 5  attributes th e apparen t dail y motio n o f th e firmamen t t o th e
rotation o f th e Earth . Her e i t i s clear tha t Copernicu s stil l regards th e star s
as fixed to a  rea l celestia l sphere.
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Postulate 6 attributes the apparent annual motion o f the Sun to the motion
of th e Eart h o n it s circl e aroun d th e Sun . I n hi s referenc e t o th e terrestrial
"orb," Copernicu s i s still making use of solid-sphere cosmology. He doe s no t
think o f the Eart h a s moving through empt y spac e on a  mathematical circle
around th e Sun . Rather , th e Eart h i s carrie d aroun d b y a n etherea l orb .
Here, too , w e see Copernicus unabl e to brea k entirely away from traditiona l
cosmology and physics . Nevertheless, he asserts quite boldly that "w e revolve
around th e Su n lik e any othe r planet. "

Copernicus's mos t significan t insigh t i s containe d i n postulat e 7 . Th e
complexities o f th e apparen t motion s o f th e othe r planet s ar e du e t o th e
motion of the Earth. Much of the remainder of the Commentariolus  is devoted
to showin g just ho w the motio n o f Earth affect s th e apparen t motion s o f the
other planets .

While the Commentariolus  contained th e vision of a heliocentric universe,
it was far from a  finished work of planetary theory. Much remained to be done,
including the working out of numerical values for the planetary parameters, and
demonstrating how to calculat e plane t positions fro m th e ne w theory. This
Copernicus se t ou t t o d o i n th e wor k t o whic h h e devote d th e res t o f hi s
life. D e revolutionibus  orbium  coelestium  libri  se x (Six books o n th e revolu -
tions of the heavenly spheres) was not publishe d unti l 1543 , as Copernicus lay
dying.

Rheticus and th e Narratio prima

Although Copernicu s ha d no t ye t published a n accoun t o f his theory , wor d
of i t was spreading among th e intellectual s of the Catholi c church , a s well as
in the astronomica l community o f central Europe. In 1533 , th e papal secretary
Johann Albrecht Widmanstadt explained Copernicus's ideas about the motion
of the Eart h t o Pop e Clement VII. Thre e years later th e sam e Widmanstad t
explained the syste m to Cardina l Nicholas Schonberg , who the n sent a  letter
to Copernicus encouraging him to make his ideas public. (Copernicus printed
this lette r among th e introductory materia l in De revolutionibus^)  Copernicu s
also received moral support fro m Tiedeman n Giese , the Bishop of Chelmno ,
who wa s one o f his closes t friends .

But Copernicus' s work, on which he had labored fo r three decades, migh t
never have been printed were i t not fo r the interventio n of a young Lutheran
professor of  mathematics, Georg Joachim Rheticus (1514-1574). Rheticus, who
had take n a  leave from Wittenber g University , spent a  while traveling about
central Europe from on e famous schola r to another. In 153 8 he was at Nurem-
berg, where he visited Johann Schoner , th e designer of equatoria and printe r
of mathematical an d astronomica l books . I t was probably Schoner wh o tol d
Rheticus about Copernicus and his new astronomical system.133 In 1539, Rheti -
cus paid a  visi t t o Copernicu s a t Frombork , where h e becam e Copernicus' s
one an d onl y studen t an d disciple . H e woun d u p stayin g with Copernicu s
for ove r tw o years . Copernicus allowe d him t o stud y th e manuscrip t o f D e
revolutionibus, whic h Rheticu s recognize d a s a  wor k o f grea t significance .
Moreover, Rheticus set about writing a shorter account of the new astronomical
system.

This work o f Rheticus , Narratio prima (Firs t account) , was the firs t pub -
lished descriptio n o f the heliocentri c astronomy.1 I t wa s printed i n 154 0 a t
Gdansk an d too k th e for m o f an ope n lette r addresse d t o Johann Schoner .
Rheticus spok e o f Copernicu s a s "my teacher " an d sai d tha t h e wa s worthy
of being compared with Ptolemy, for Copernicus had undertaken a reconstruc-
tion of the whole of astronomy. Rheticus's book gave a qualitative description
of Copernicus's theor y of precession and trepidatio n (no w attributed t o mo -
tions o f th e Earth) , hi s theor y o f th e annua l motio n o f th e Earth , an d hi s
theories for the motions of the Moon and planets .
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Rheticus coul d no t resis t throwin g i n som e astrologica l prognostication s
of his own. To accommodate bot h ancient and modern values for the eccentric-
ity of the Earth's orbit, Copernicus ha d adopted a  theory with a  slowly varying
eccentricity. Rheticu s venture d th e gues s tha t ther e wer e upheaval s i n th e
kingdoms o n Eart h a t critica l moments i n th e cycle . Fo r example , whe n th e
eccentricity was at its maximum, the Roman governmen t became a monarchy,
but a s the eccentricit y decreased , Rom e declined . When th e eccentricit y was
at its mean value, the Mohammedan fait h was established. Rheticus predicted
that i n anothe r hundre d years , when th e eccentricit y reache d it s minimu m
value, th e Mohammeda n empir e would fal l wit h a  mighty crash .

While th e Narratio  prima gav e a  good, readabl e account o f Copernicus' s
astronomical theories , i t was nonmathematical i n its treatment o f them. Thus ,
Rheticus's boo k coul d no t teac h a n astronome r t o appl y th e ne w syste m i n
practice. Fo r this , ther e coul d b e n o substitut e for Copernicus' s ow n book .
Rheticus therefor e set about seein g tha t i t was printed .

The Publication  o f D e revolutionibus

In 154 2 Rheticu s too k a  fai r cop y o f Copernicus' s manuscrip t t o Nurember g
and gav e i t t o th e printe r Johannes Petreius , with who m h e wa s already o n
friendly terms . As the proof sheets came from th e press, Rheticus himself read
and correcte d them . Bu t Rheticu s ha d t o leav e Nurember g befor e th e
printing wa s finishe d i n orde r t o begi n teachin g a t Leipzi g Universit y i n
October, 1542 , wher e h e ha d jus t bee n name d professo r o f mathematics .
Consequently, th e jo b o f seein g Copernicus' s boo k throug h th e pres s an d
correcting th e proo f wa s turne d ove r t o Andrea s Osiande r (1498^1552) , a
Lutheran ministe r a t Nuremberg who ha d som e knowledg e o f astronomy .

This turned out to have unintended consequences. Foreseeing that Coperni -
cus's theory of the motion o f the Earth coul d be objectionable to philosophers
and theologian s alike , Osiande r wrote—withou t Copernicus' s knowledg e o r
approval—and inserte d int o Copernicus' s boo k a n unsigne d foreword , "T o
the reader concerning the hypotheses of this work." In this foreword, Osiander
took a staunchly instrumentalist position on the motion o f the Earth. Osiande r
claimed tha t certaint y of knowledge wa s impossible in astronomy. I t was not
necessary, therefore , tha t astronomica l hypothese s b e tru e o r eve n probable ,
as lon g a s they wer e usefu l fo r calculation . Osiande r conclude d b y warnin g
the reader not t o take literally the hypothesis of the motion o f the Earth, "lest
he accep t a s the trut h idea s conceived fo r anothe r purpose , an d depar t fro m
this stud y a  greate r foo l tha n whe n h e entere d it." 13 N o doub t Osiande r
thought h e wa s helpin g t o sav e Copernicu s fro m unnecessar y trouble. Bu t
the forewor d als o reflecte d view s tha t Osiande r genuinel y hel d an d tha t h e
had expresse d o n previou s occasions . Nevertheless , thi s unsigne d forewor d
had th e effec t o f negating what Copernicu s ha d intende d t o b e the essential
point o f hi s life' s work .

According t o tradition , Copernicu s wa s presente d a  cop y o f th e freshl y
printed boo k on th e da y o f his death , Ma y 24 , 1543 . W e d o no t kno w ho w
he reacte d t o Osiander' s foreword , o r eve n i f he sa w it. However , Rheticu s
and Tiedeman n Gies e wer e outraged . The y trie d t o institut e a  lega l actio n
with th e Cit y Counci l o f Nurember g t o forc e Petreiu s t o issu e a  correcte d
edition wit h th e forewor d eliminated . Petreius , however , proteste d tha t th e
foreword wa s amon g th e res t o f th e manuscrip t materia l give n t o hi m fo r
printing. The Cit y Counci l decided h e was not t o blam e and , consequently ,
no correcte d editio n wa s ever issued.

As a  result , man y reader s o f Copernicus' s D e revolutionibus  came awa y
with th e mistake n ide a tha t Copernicu s ha d no t mean t th e motio n o f th e
Earth a s a physical hypothesis, bu t merel y as a mathematical device for saving
the phenomena . Th e origi n o f th e anonymou s forewor d di d no t becom e
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widely known unti l 1609 , when i t was announced b y Johannes Keple r on th e
back o f the titl e pag e o f his own Astronomia  nova.

Copernicus's Intentions

What led Copernicus t o hi s new system? In account s o f the scientifi c revolu -
tion, i t is sometimes claime d tha t Ptolemaic astronom y suffere d a  crisis in th e
sixteenth centur y an d tha t thi s crisi s was manifested i n tw o ways . First , th e
predictive accurac y o f th e table s the n i n circulatio n (notabl y th e Alfonsine
Tables), becam e wors e an d worse , a s slowl y accumulatin g error s mad e th e
defects o f Ptolemy' s theor y glaringl y obvious . Second , th e astronomer s re -
sponded b y adding mor e and mor e epicycle s i n a  desperate attempt t o rescue
Ptolemy until the system became ridiculously complicated. This account makes
the astronomica l issue s very clear: Ptolemaic astronom y fail s o n th e question s
of accurac y an d simplicity . Unfortunately , thi s explanatio n i s completel y
false.

In fact , ther e wa s no crisi s i n astronomy . A s pointed ou t i n sectio n 7.29 ,
there i s no automatic advantage in predictive accuracy for Sun-centered theo -
ries. Thus , th e adoptio n o f a  Sun-centere d cosmolog y wa s not th e solutio n
to a  problem o f astronomica l accuracy . I t i s true tha t a  substantia l bod y o f
accurate observations could suffice to disprove the technical details of Ptolemaic
theory—motion on circles, the law of the equant, and so on. Eventually, Tycho
Brahe's observation s o f Mars wer e use d b y Keple r with precisel y this result .
But i n Copernicus' s time , ther e was no suc h bod y of planetary observations .
It i s true tha t fro m tim e t o tim e Copernicus' s predecessor s note d tha t th e
circumstances of planetary conjunctions or of eclipses predicted by the Alfonsine
Tables were not i n perfec t accord with th e event s i n th e sky . But i t would b e
very hard to tel l from a  few isolated observations whether th e errors were du e
to som e fundamenta l defec t o f th e theor y o r merel y t o slightl y inaccurat e
values fo r the numerica l parameters . An d i t doe s n o goo d t o clai m tha t th e
errors grew with th e centurie s unti l they became intolerably large. Errors that
grow with tim e ar e due t o fault y value s for the mea n motion s (th e values of
fi and ^ in  tabl e 7.4) . The  way  to fix such error s is  not to  add  epicycles , or
to shif t th e cente r o f th e syste m t o th e Sun , bu t simpl y to adop t improve d
values fo r th e planetar y periods . Extr a epicycle s woul d produc e onl y small ,
periodic effects , a t the expens e of enormously complicatin g practica l calcula -
tion. Although a  number o f late medieva l astronomer s enjoye d toyin g wit h
alternative planetary models, practical computation wa s always based on stan -
dard tables . And these , i n turn , wer e invariabl y based on standar d Ptolemai c
planetary theory . As Copernicus's reputatio n grew , people bega n to construc t
new planetary table s and t o publis h ephemeride s base d on hi s system. I f any
further proo f were needed tha t predictiv e accuracy wa s not th e chie f motiv e
behind the new cosmology, this should suffice : the sixteenth-century ephemeri -
des based on Copernicus' s theor y actually were not muc h mor e accurate  tha n
the Ptolemai c ephemeride s the y replaced. 139

If there was no crisis in astronomy for which heliocentrism was the solution ,
and if Copernican planetary theory did not immediately lead to greater predict-
ive accuracy , what , then , wa s th e poin t o f Copernicus' s wor k a s h e sa w i t
himself? Th e answe r i s very simple . Copernicu s though t h e ha d discovere d
the tru e syste m o f the world .

Copernicus certainl y believed in his system as physically true. This is clear
in th e prefac e t o th e work , whic h h e wrot e himsel f an d dedicate d t o Pop e
Paul III . Th e prefac e begin s with Copernicus' s fran k acknowledgmen t tha t
he advocate s th e motio n o f th e Eart h an d tha t som e peopl e wil l therefor e
repudiate him. He claim s that his fear of controversy led him to delay publica-
tion o f his ideas for a  long time. Bu t th e constan t urgin g of his friends finall y
convinced him to go ahead. And here Copernicus mentions Cardinal Nichola s
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Schonberg and Bisho p Tiedemann Giese . The dedicatio n of the work to th e
Pope an d th e publicatio n o f th e supportiv e lette r fro m Cardina l Schonber g
(mentioned above) were part of a deliberate strategy to forestall criticism based
on doctrina l considerations. Moreover, i n the preface , Copernicus goe s on t o
say that babbler s who ar e ignoran t o f astronom y ma y attemp t t o attac k hi s
work by twisting some piece of Scripture to thei r purpose. Copernicus rejects
the validity of such arguments, saying, "Mathematics i s written for mathemati-
cians." This assertion that religiou s arguments have no bearin g on astronom y
was not  the  sig n of  a  man  who  wishe d merel y to  sav e the  phenomena .
The diagra m of  the  Sun-centere d univers e tha t appeare d in  boo k I  of  De
revolutionibus (se e fig. 7.61) als o shows tha t Copernicu s mean t th e syste m as
physically real.

Moreover, Copernicus' s friend s wer e prepared t o assis t in th e fight . Bot h
Giese and Rheticu s wrote treatise s arguing that th e motio n o f the Eart h was
compatible with Hol y Scripture . Giese's tract is lost. Rheticus's, long believed
lost, has recently been rediscovered. Thi s organized campaign by Copernicus
and his friends, as well as the angry reaction of Rheticus and Giese to Osiander's
interpolated foreword , sho w that , fo r them , th e actua l arrangemen t o f th e
cosmos wa s the fundamenta l issue . Copernicus' s friend s anticipate d troubl e
with theologian s and Aristotelian philosophers. But , rather than pleadin g no t
guilty b y virtu e o f instmmentalism , the y defende d Copernicus' s syste m a s
physically true .

In the  prefac e to  De  revolutionibus,  Copernicu s give s us  an  ide a of  the
aspects o f hi s wor k h e considere d mos t important . H e criticize s th e ol d
astronomy on the grounds that it could not solve the most important problem,
that is , to determin e th e structur e of the univers e and th e commensurabilit y
of its parts. Copernicus compares his predecessors to an artist who takes "from
various places hands, feet , a  head, and othe r pieces , very well depicted, i t may
be, but no t fo r representation of a single person; since these fragments woul d
not belon g t o on e anothe r a t all , a  monste r rathe r tha n a  ma n woul d b e
put togethe r fro m them. " Her e Copernicu s i s probabl y referrin g t o th e
independence o f eac h planet' s syste m in Ptolemai c theory . Th e system s fo r
Mars, Jupiter, Venus, and so on, are like the separate parts of a monstrous body,
with n o fixed scale determining their relativ e proportions. The recognitio n of
the Earth' s motio n is  what make s the  cosmo s a  unifie d whole , as  we hav e
explained above .

Copernicus also lays great stress on som e technical aspects of his planetary
theory—in particular , o n hi s fidelit y t o th e principl e o f unifor m circula r
motion. I n thi s matter , Copernicu s wa s a  muc h stricte r Aristotelia n tha n
Ptolemy. I n th e prefac e t o D e revolutionibus,  Copernicus admit s tha t th e
theories of his predecessors (i.e., Ptolemy) based on eccentric circles are satisfac-
tory for computing the apparent motions. Bu t he objects that they contradict
the principle of uniformity of motion. Here Copernicus i s voicing his dissatis-
faction wit h Ptolemy' s equan t poin t (an d a  similar device used in Ptolemy' s
lunar theory) . H e come s bac k t o thi s subjec t in severa l other places . I n th e
beginning o f hi s discussio n o f th e luna r theory , Copernicu s i s particularly
adamant. Uniformit y of motion is an axiom of astronomy. Moreover, unifor-
mity define d artificiall y wit h respec t t o som e poin t othe r tha n th e cente r o f
the circl e is no sor t o f uniformity at all .

For Copernicus , th e equan t wa s a  physica l an d philosophica l absurdity .
But h e had t o replace it with somethin g else that was more or less equivalent.
As we shal l see below, Copernicu s foun d tha t a  minor epicycl e would allow
him t o accoun t fo r apparen t nonuniformit y o f motio n (associate d with th e
equant) b y a  combinatio n o f motion s tha t reall y were uniform and circula r
about th e center s o f thei r circles . The importanc e tha t Copernicu s attache s
to thi s technica l departur e fro m Ptolem y shows , onc e again , tha t h e wa s
seeking a planetary theory that was physically and philosophically more accept-

141
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FIGURE 7.63 . Copernicus' s theor y of th e
superior planets . NPO i s the orbi t of the Earth .
AGB i s the deferen t circl e o f a  superior planet,
such a s Mars. Mars itself moves on a  smal l
epicycle which i s responsible for producing a n
anomaly o f motion more or les s equivalen t t o
that produced by Ptolemy's equant. From
De revolutionibus  V, 4  (Nuremberg , 1543).

FIGURE 7.64 . Copernicus' s minor epicycle, a
replacement fo r Ptolemy' s equant.

able. Whil e thi s stress on a  coheren t syste m serve d Copernicu s ver y well i n
the shif t t o Sun-centere d cosmology , i t le d him astra y i n technica l matters .
For i t turn s ou t tha t th e planet s reall y d o mov e nonuniforml y an d tha t
Ptolemy's equan t theor y was closer to the mark than Copernicus' s "improve -
ment" o n it .

Copernican Planetary  Theory

A goo d sens e o f Copernicus' s astronom y ca n b e obtaine d b y examinin g hi s
theory fo r th e superio r planets . Copernicu s himsel f place d a  hig h valu e o n
this work , which h e believe d improve d o n Ptolemy . Her e we must confron t
not only Copernicus's use of a moving Earth, but also his method of accounting
for th e planets ' nonuniformit y o f motion .

For the orbi t of the Earth , Copernicus chos e a n eccentric circle: the Earth
moves a t unifor m speed o n a  circle that i s eccentric to th e Sun . Th e mode l
is essentiall y the sam e a s th e sola r theor y o f Ptolemy . Fo r computatio n o f
positions i t make s n o differenc e whethe r th e Eart h o r th e Su n moves . Th e
essence o f the mode l i s uniform circular motio n o n a n off-cente r circle .

For th e superio r planets , Copernicu s adopte d a n eccentri c circl e plu s a
modified for m o f the Ptolemai c equant . A s we have seen , Copernicu s coul d
not abid e th e equant . Bu t h e had , o f course , t o replac e i t wit h somethin g
else. H e foun d tha t a  mino r epicycl e coul d perfor m ver y nearl y th e sam e
function.

Figure 7.63 is a diagram from the first edition of De revolutionibus, illustrat-
ing Copernicus's theor y of the superior planets. The Eart h travel s around th e
annual circle NPO, whic h i s centered a t D. Th e Su n i s therefore located nea r
but slightly  displaced fro m D . However , th e tru e Sun does not appea r i n this
figure and play s n o par t i n th e theory . Fo r thi s reason , Copernicus' s syste m
has been aptly characterized as merely heliostatic, rather than truly heliocentric.
The effectiv e cente r o f the whol e syste m is the cente r D  o f the Earth' s orbit ,
also calle d th e mea n Sun .

In figur e 7.63 , C  i s the cente r o f th e deferen t circl e AGB o f a  superio r
planet (le t us say Mars). Thus, the cente r of Mars's deferent circle is eccentric
to the mean Sun D. So far, this resembles Ptolemy's theory. However, Coperni -
cus does not have an equant point. Rather, he places Mars on a small epicycle,
shown i n th e figure. Further , Mars makes a  complete counterclockwis e orbi t
on th e epicycl e whil e th e epicycle' s cente r travel s a  complet e circl e aroun d
the deferent . Thus , whe n th e epicycle' s cente r i s at A , Mar s i s at F . When
the epicycle' s center i s at G , Mars i s at / . Whe n th e epicycle' s cente r i s at B ,
Mars i s at L . Finally , th e radiu s GI  o f the epicycl e i s chosen t o b e one-thir d
of the eccentricit y DC .

One thin g t o not e i s that Copernicu s di d no t eliminat e epicycle s fro m
planetary theory . However , th e larg e epicycl e o f Ptolem y i s gone. Ptolemy' s
big epicycle was responsible for retrograde motion. I n Copernicus' s theor y of
the superio r planets (fig . 7.63), thi s functio n i s taken ove r b y the circl e NP O
of the Earth's annual motion. The minor epicycle G/is Copernicus's substitute
for Ptolemy' s equan t point . Le t u s study thi s devic e i n mor e detail .

Refer t o figure 7.64, whic h elaborate s on Copernicus' s ow n diagram . Th e
large soli d circl e o f radiu s R  i s th e deferen t o f Mars , centere d a t C . Th e
deferent circl e is eccentric to D, th e mea n Sun , o r center o f the Earth' s orbit .
(For simplicity , the Earth's orbit is not shown in this figure.) The dimensionles s
eccentricity of Mars's deferen t circle is b  = CD/R.

The cente r G  of a  smal l epicycl e move s counterclockwis e an d uniforml y
around th e deferent. The plane t P  moves counterclockwise and uniformly on
the epicycl e whose radiu s is aR. (Thus , a is a dimensionless number les s tha n
i.) Further , th e tw o angle s marke d 0  remai n equa l t o on e anothe r whil e
increasing uniforml y with time . Consequently , whil e th e epicycle' s cente r
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moves through 180° from position i  to position 5 , the planet revolves through
180° o n th e epicycle .

The combinatio n o f tw o unifor m circula r motion s fo r P  i n figur e 7.64
results i n a  motio n tha t i s neither unifor m nor circular . The actua l pat h o f
the plane t i s indicated h y the dashe d line . The effectiv e cente r o f the orbi t is
not C  but M , locate d belo w C  by a  distance aR  equal t o on e radiu s o f the
epicycle. As Copernicus himsel f states , the pat h i s not circula r but somewha t
oblong—the lon g axi s being perpendicula r to th e lin e of apsides FIC4.1 3

Nevertheless, Copernicus' s spee d rul e i s virtuall y indistinguishabl e fro m
Ptolemy's: th e mino r epicycl e produce s a  motio n tha t closel y approximate s
equant motion . Refe r t o figur e 7.65. The radiu s of the epicycl e i s aR. Le t us
identify poin t E  on th e line of apsides at a  distance aR above the cente r C  of
the deferent . As already remarked, i n Copernicus' s model , th e rotatio n o f GP
is such tha t angl e CG P is always equal t o th e mea n anomal y ACG: bot h ar e
equal t o 9 . Sinc e als o C E = GP , it follow s tha t th e quadrilatera l ECGP  i s a
trapezoid, with sides JSP and CG always parallel. Since line CG turns uniformly,
it follows that EP turns uniformly, too . In other words, E  is an effective  equant
point. The plane t P , observe d fro m E , appear s t o mov e a t unifor m angular
speed.

Furthermore, Copernicu s usuall y makes the radiu s o f the mino r epicycl e
exactly one-third th e eccentricit y of the deferent . That is , b = $a. Now, from
figure 7.65, EM = iaR, and MD = bR - aR , so we get also MD = iaR. Thus,
the center M of the effective orbi t is exactly midway between D and the effectiv e
equant poin t E . Copernicus , lik e Ptolemy, bisect s the tota l eccentricity:  E M
= M D i n figur e 7.65 , just a s E C =  C O i n figur e 7.32 . An almos t perfec t
equivalence will be established between Ptolemy' s eccentric circle with equan t
point an d Copernicus' s eccentri c circl e with mino r epicycle if we identify th e
radius o f Copernicus' s epicycl e with hal f th e Ptolemai c eccentricit y e f\ tha t
is, i f a  =  1/ 2 e P. Thus, b  =  3/ 2 <?/> .

The combine d effec t o f Copernicus' s oblon g orbi t an d hidde n equan t i s
illustrated i n figure 7.66. M i s the cente r o f the soli d circle and E  represents
i Ptolemai c equan t point . Thus , i f body P  moves on the circl e according to
ine la w of th e equant , 9  increase s uniformly with time . Th e dashe d curv e
represents the effective , oblon g Copernican orbit . E, then , i s also the effectiv e
equant point o f the Copernican orbit . Thus, when the body is at P according
to Ptolemai c hypotheses , i t wil l be at P'  accordin g t o Copernica n principles .
For a n observe r a t th e equant , P  an d P'  coul d no t b e distinguished . But,
because o f the noncircularit y of the Copernica n orbit , a n observe r at D  (the
center o f the Earth' s orbit ) would se e P and P'  i n direction s tha t diffe r b y a
small angl e A9. Th e eccentricit y i s greatl y exaggerated in figur e 7.66 . Even
in th e cas e of Mars , fo r which Ptolemy' s eccentricit y e P = o.i, th e maximu m
difference A 9 betwee n th e direction s o f P  i n th e tw o model s i s only abou t
3'. Befor e th e wor k o f Brah e and Kepler , th e observationa l consequences o f
Copernicus's modificatio n o f the Ptolemai c equan t wer e nil.

Moreover, Copernicus's value s for the eccentricities of the superior planets
were borrowe d fro m Ptolemy , a s may b e seen i n th e followin g table :

Eccentricities o f the superio r planets

Copernicus
a b

0.05000 0.1460 0
0.02290 0.0687 0
0.02850 0.0854 0

Column e p gives Ptolemy' s valu e o f th e eccentricit y fo r eac h planet . Th e
columns heade d ~ilie P an d 3/2 ^ giv e th e appropriat e fraction s o f Ptolemy' s
eccentricity. A s show n above , Copernicus' s theor y fo r th e superio r planet s

Mars
Jupiter
Saturn

Ptolemy
ep

0.10000
0.04583
0.05694

1/2 e,,

0.05000
0.02292
0.02847

3/2 e p

0.15000
0.06875
0.08541

FIGURE 7.65 . Copernicus' s hidde n equan t
point (E).

FIGURE 7.66 . Compariso n o f the Copernica n
model wit h a  Ptolemaic eccentric-with-equan t
model. Th e Ptolemai c eccentri c circl e is drawn
in soli d line . The oblon g Copernica n orbi t is
drawn i n dashe d line . The Ptolemai c equan t
point an d th e hidden , effectiv e equan t poin t o f
the Copernica n mode l coincid e a t E. At th e
same momen t (an d therefore at th e sam e mea n
anomaly 0 ) th e positio n o f the plane t i n equan t
theory i s P an d th e positio n i n Copernica n
theory i s P. As viewed fro m th e Su n D, ther e
is a  smal l differenc e A 6 i n th e direction s
predicted b y the tw o theories .
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differs insignificantl y fro m Ptolemy' s i f a = i/zef an d b  = 3/zeP. Th e column s
headed a  an d b  giv e th e value s o f thes e parameter s actuall y adopte d b y
Copernicus i n D e revolutionibus.  Onl y i n th e cas e o f Mar s di d Copernicu s
make a  sligh t change . Believin g it necessar y to reduc e th e tota l eccentricit y
of Mar s slightly  belo w Ptolemy' s value , Copernicu s decide d t o leav e th e
radius a  of the epicycl e unchange d an d t o effec t th e reductio n wholly in th e
eccentricity b of the deferent. In the theory of Mars, then, Copernicus departe d
slightly fro m a  bisection o f the eccentricity . Bu t thi s minut e departur e fro m
a bisection was without theoretica l consequence and, indeed, was not required
by th e observationa l material a t Copernicus' s disposal .

Copernicus's metho d o f reproducing equant motio n b y means of a minor
epicycle is identical to on e employed tw o centurie s earlier by Ibn al-Shati r of
Damascas. W e hav e n o wa y o f knowin g ho w Copernicu s came  b y thi s
model. Moreover , fro m Copernicus' s ow n discussion , i t i s not clea r tha t h e
understood ho w nearly perfectly his model duplicated Ptolemy's . For example,
Copernicus neve r mention s th e existenc e o f poin t E , th e effectiv e equan t
point. Th e earlies t Europea n proo f o f th e existenc e of a n effectiv e equan t
point i n Copernicus' s mode l i s containe d i n a  lette r o f th e yea r 159 5 fro m
Michael Mastlin , professo r o f mathematics at Tubingen, t o his former pupil ,
v i  I4 6
Kepler.

In sum, Copernicus' s theor y of the superior planets contains a  mixture of
radical innovatio n an d conservativ e astronomica l practice . T o launc h th e
Earth int o orbi t was a bold move . The Sun-centere d theor y doe s have great
explanatory advantages. And i t does turn the whole solar system into a unified
whole, a s Copernicu s himsel f stressed . Bu t i n th e technica l detail s o f hi s
planetary theory , Copernicu s remaine d a  par t o f th e Ptolemai c tradition .
Nearly ever y detai l o f hi s mode l ha s a  correspondin g elemen t i n Ptolemy' s
model. I t wa s fo r thi s reaso n tha t Keple r wa s late r t o sa y tha t Copernicu s
would hav e done bette r i f he ha d interprete d nature , rathe r tha n Ptolemy .

The Early  Reception  of  Copernicus's  Work

The Astronomers:  Mastlin, Reinhold  and Brake  Amon g astronomers , several
kinds o f reactio n t o Copernicu s wer e possible . Som e astronomer s greete d
the ne w cosmolog y wit h enthusiasm . A  goo d exampl e i s Michae l Mastli n
(1550—1631), who taugh t th e heliocentric theory at the University of Tubinge n
and wh o helpe d t o develo p som e o f it s consequences. 1 I t wa s Mastlin' s
student, Kepler , who di d th e mos t t o advanc e th e ne w astronomy .

Another possibl e reactio n involve d agnosticis m towar d th e heliocentri c
hypothesis, combined wit h lively interest in th e technica l detail s o f Coperni-
cus's planetary theory. This was the reactio n of Erasmus Reinhold (1511-1553) .
Reinhold wa s a Lutheran professo r at Wittenberg, wh o i n 154 2 published a n
edition o f Peurbach' s Ne w Theories  o f the Planets,  with ne w diagram s an d a
detailed commentary . (Figs . 7.5 1 an d 7.5 2 sho w illustration s fro m a  late r
edition o f Reinhold's book. ) Th e Peurbac h tex t was , o f course , th e standar d
introduction t o Ptolemaic astronomy, a  subject tha t Reinhol d taugh t a t Wit -
tenberg. Reinhold was also a competent technical astronomer. After th e publi-
cation o f Copernicus's D e revolutionibus,  Reinhold wa s inspired t o construc t
a ne w se t of planetar y tables, more convenien t tha n Copernicus' s own , bu t
based o n Copernicus' s planetar y theory . Thes e Tabulae  prutenicae (Prussian
tables) were printed i n 155 1 and rapidl y became the mos t respecte d planetar y
tables i n existence . Reinhold' s Prutenic  Tables  stoo d i n th e sam e relationship
to De revolutionibus  as the Handy  Tables  stood t o th e Almagest. The Prutenic
Tables adde d t o Copernicus' s growin g fam e an d helpe d t o wi n suppor t fo r
his system. From this it would be easy to conclude tha t Reinhold ha d become
a Copernican . Actually , the choic e o f the Eart h o r th e Su n a s center ha s n o
bearing on th e construction o f planetary tables. Reinhold seem s to have been
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less intereste d i n th e cosmologica l bi g picture tha n i n th e technica l detail s of
Copernicus's astronomy—especially in the return to pure uniformity of motion
through the elimination of the equant and its replacement by a minor epicycle.
Reinhold's margina l note s i n hi s own cop y o f De revolutionibus  confirm this
impression. Th e firs t boo k (containin g th e heliocentri c hypothesis ) i s bu t
lightly annotated, i n contrast to books III, IV, and V (devoted to solar, lunar,
and planetar y theory), which ar e heavily marked up . As Gingerich ha s noted ,
the patter n o f annotations leave s no doub t abou t Reinhold' s rea l interests.

Yet another possible reaction combined admiration fo r Copernicus's techni -
cal prowess , recognitio n o f th e explanator y powe r o f heliocentrism , bu t a
complete inablity to give up the fixity of the Earth, which was so well supported
by Aristotelia n physic s an d b y biblica l authority . Suc h wa s the positio n o f
Tycho Brahe. Brahe adopted a  geo-heliocentric system (described in sec. 7.29)
in whic h th e planet s al l went aroun d th e Sun , while th e Su n move d aroun d
a stationary Earth .

Brahe even offered observationa l evidence against heliocentrism. According
to Brahe , th e angula r diameter o f a third-magnitude sta r i s about i' . (Brahe
was misled b y a characteristic o f human visio n that makes brighte r stars look
larger. Hi s figure s fo r th e angula r diameter s wer e no t muc h differen t fro m
Ptolemy's, give n i n tabl e 7.11 . I n fact , eve n th e neares t star s ar e effectivel y
pointlike objects. ) And, i f the Eart h move d aroun d th e Sun , ther e should be
an annua l parallacti c shif t i n th e position s o f the stars . This Brah e had bee n
unable to detect. He estimated i' as the upper limi t of this undetected annua l
parallax. Now, th e annual parallax is the angular diameter o f the Earth' s orbit
as observed fro m th e closes t stars . Thus, i f the Eart h moved , th e orbi t o f the
Earth looked jus t as large from a  nearby star as a third-magnitude sta r looked
from th e Earth . Thus , som e o f th e star s wer e a s larg e a s th e orbi t o f th e
Earth—and som e wer e larger . T o Brahe , a  worl d lik e this , i n whic h som e
objects were larger than th e distances that separated th e planets from th e Sun,
was absurd. So, for Brahe, there were many converging reasons—philosophical,
scriptural, an d astronomical—fo r rejectin g th e heliocentri c hypothesis . Bu t
while h e coul d no t accep t th e motio n o f th e Earth , Brah e ofte n followe d
Copernicus i n matter s of technical detail . Thus, Brahe adopted Copernicus' s
minor epicycl e in plac e o f Ptolemy's equant .

Although th e geo-heliocentric compromis e ma y seem a timid half-measure
to modern readers , such models played a role in helping European astronomers
to abandon th e physical celestial spheres of Aristotle, Ptolemy, and Copernicu s
(who stil l thought i n terms of material orbs). In th e Tychonic system of figure
7.62, th e circle s for Mars an d th e Su n intersect . Fo r Brahe , thi s was a proo f
that th e circle s did no t correspon d t o physicall y rea l spheres . O f course , i n
the Tychonic system, the circle s for Venus an d Mercur y als o cross over tha t
of the Sun , but thi s did not arous e the same concern. Although the y did no t
represent standard cosmology, circumsola r orbits for Venus and Mercury were
familiar idea s wit h root s i n Gree k an d Roma n antiquity . (The y ha d bee n
mentioned b y Theo n o f Smyrn a an d Martianu s Capella , amon g others. )
Besides, i n a  geo-heliocentri c mode l fo r th e inferio r planets , th e circle s fo r
Venus an d Mercur y wer e carrie d aroun d th e Earth , alon g wit h th e Sun , i n
the course of a year. Thus, one could always imagine that th e orb tha t carried
the Su n wa s thick enoug h t o hol d epicycl e orbs fo r the circle s of Venus an d
Mercury. Mar s was a completely differen t matter . A  geo-heliocentri c syste m
that include d th e superio r planet s thu s pose d a  serious difficulty fo r materia l
orbs.

Brahe and his contemporaries found other ground s for doubting th e reality
of the orbs. Brahe's observations of the spectacular comet o f 1577 had revealed
no parallax . Thi s implied  tha t th e come t wa s farther awa y tha n th e Moon ,
in contras t t o th e vie w tha t ha d prevaile d sinc e th e tim e o f Aristotl e tha t
made comet s ou t t o b e atmospheric phenomena . Brah e had eve n sketche d a
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planetary theory to describ e the motio n o f this comet : accordin g t o Brahe , i t
traveled i n a  (retrograde ) circula r motio n abou t th e Sun , resemblin g tha t o f
Venus and Mercury.151 At this stage, Brahe had apparently not yet incorporated
the oute r planet s i n hi s geo-heliocentri c scheme . I n 1578 , Michae l Mastli n
published a similar theory for the motion o f the comet, with the comet movin g
in a  circumsolar orbi t outsid e tha t o f Venus. Bu t Mastlin too k th e extr a step
of calculating the daily distances of the comet fro m th e Earth. These distances
ran fro m 15 5 Earth radi i to 1,49 5 Earth radii . If we compare these  figure s with
the entrie s i n Tabl e 7.10 , w e reac h th e conclusio n tha t th e come t passe d
through th e Ptolemai c spheres of Mercury and Venus. Still , one could always
claim tha t th e epicycl e orb fo r th e come t wa s carried aroun d b y a  sola r or b
thick enoug h t o contai n th e epicycle s fo r Mercury , Venus , an d th e comet .
Perhaps i t wa s fo r thi s reaso n tha t Mastli n di d no t mak e a s muc h o f hi s
table o f distance s a s he migh t have . Shortl y afterward , however , Christop h
Rothmann argue d tha t th e motio n o f comet s afforde d on e o f the stronges t
proofs tha t th e planetar y spheres cannot b e solid bodies . These ideas were in
circulation when Brahe was working out the final version of his geo-heliocentric
cosmology. Brah e seized on th e come t a s confirming what hi s theory of Mars
suggested: th e orb s and sphere s of the ol d cosmolog y wer e no t rea l things .
The planetar y sphere s ha d bee n a  standar d par t o f Wester n cosmolog y fo r
1,900 years—since the time of Eudoxus and Aristotle. The dissolutio n of these
spheres was certainly no t intende d b y Copernicus . Bu t thi s wa s nevertheless
a consequenc e o f Copernicanism .

The Theologians  A s we hav e seen , Copernicu s hel d tha t "Mathematic s ar e
written fo r mathematicians. " However , h e an d hi s friend s expecte d criticis m
from philosopher s an d theologians . I n thi s expectatio n the y wer e no t t o
be disappointed . Eve n befor e th e publicatio n o f D e revolutionibus,  leadin g
Protestants had alread y gone o n recor d as regarding the motio n o f the Eart h
a ridiculous conceit. Martin Luthe r in his Table  Talk  ha d accuse d Copernicu s
(though withou t mentionin g hi m b y name ) o f turnin g astronom y upsid e
down ou t o f a  mere hunge r fo r notoriety an d attention . Luthe r wen t o n t o
point ou t tha t th e schem e was in fla t contradictio n t o Scripture , fo r Joshu a
had commanded th e Sun and not the Earth t o stand still . Philip Melanchtho n
(1497—1560), on e o f Luther' s principa l lieutentant s an d a n influentia l figur e
in th e reorganizatio n o f th e Germa n schoo l curriculum , als o ha d nothin g
good t o sa y about heliocentrism .

However, n o one pressed the complain t an d th e objection s of Luther an d
Melanchthon di d no t plac e heliocentric astronomers i n jeopardy. As we have
seen, i t wa s Rheticus , a  Luthera n professo r o f mathematics , wh o mad e th e
publication o f Copernicus's wor k possible. Nor di d thi s cause any difficultie s
for Rheticus , wh o remaine d o n goo d term s wit h Melanchthon . An d i t was
Erasmus Reinhold, another Lutheran , who contributed greatly to Copernicus' s
prestige with th e publicatio n o f his Prutenic Tables.

In th e Catholi c hierarchy , ther e was , a t first , eve n les s t o worr y about .
Copernicus himsel f was a cano n o f a  cathedra l chapter . Hi s wor k ha d bee n
encouraged b y Church leaders of high standing . And he almost certainl y had
secured advanc e permissio n to dedicat e th e wor k t o Pop e Pau l III .

Thus, Copernicus' s boo k di d no t produc e a n immediate upheaval . How -
ever, i t certainly did offen d th e sensibilitie s of conservative religious thinkers,
as well as professors of Aristotelian natural philosophy. With the crackdown o n
freethinking associated with the Catholic Counter-Reformation, any heterodox
opinion becam e mor e dangerous tha n i t had previousl y been. Bu t i t was not
until 1616 that heliocentrism was officially declared erroneous. De revolutionibus
was placed o n th e Inde x o f books tha t wer e prohibite d "unti l corrected. " I n
principle, D e revolutionibus  could b e circulate d an d rea d onl y i f erroneous
passages (assertin g the mobilit y of the Earth ) wer e removed . Fou r years later ,

153
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a lis t o f te n specifi c correction s wa s issued . Owe n Gingeric h ha s examine d
nearly all the surviving copies of the 154 3 and 1566 editions ofDe revolutionibus,
which total more than 500 books. The majorit y of copies in Italy were censored
in conformity with th e decree . But the decree had almos t no effec t elsewhere .
Not eve n in Catholic Spain or Portugal were copies censored. Th e condem -
nation o f De revolutionibus  had ver y littl e impac t o n th e th e acceptanc e o f
the heliocentri c hypothesis . Eve n th e famou s tria l o f Galile o fo r continuin g
to advocat e heliocentris m afte r th e condemnatio n onl y served t o popularize
the ne w cosmology. 155 W e shoul d qualif y thi s genera l propositio n wit h a
curious exception. After th e condemnation, Jesui t missionaries in China, who
introduced the Emperor's astronomers to European astronomy, were forbidden
to teac h Copernicanism . The y therefor e continue d t o teac h th e Tychoni c
system lon g afte r i t ha d gon e ou t o f style in Europe .

The immediat e receptio n o f Copernicus's boo k was thus rather mixed . I t
did no t produc e a n immediat e revolutio n i n astronomy . But , gradually , th e
new worl d syste m wo n ove r mor e an d mor e astronomers . Withi n a  fe w
generations it became the new standard cosmology .

Why 1543?

Why was the new cosmology born when and where it was—in central Europe,
in th e firs t hal f o f th e sixteent h century ? A larg e literatur e ha s grow n u p
around this question. While no unanimity exists among scholars, we can point
to severa l factors tha t playe d a  part .

To som e extent, Copernicus' s heliocentri c theory can be understood a s an
internal development in technical planetary theory. Although Copernicus used
observations take n b y hi s medieva l predecessors , and mad e som e ne w one s
himself, ne w observations  played no essential  role.  The essentia l facts abou t th e
connections betwee n th e motion s o f the planet s an d th e motio n o f the Su n
(illustrated i n fig . 7.29 ) were state d plainl y b y Ptolem y an d wer e known t o
all. Copernicus came to his discovery, not by observing the planets more closely,
but b y understandin g Ptolem y mor e deepl y tha n an y of his predecessors . A
close study of Copernicus's De revolutionibus shows that the single astronomer
who exercise d th e mos t profoun d influenc e o n hi m wa s Claudius Ptolemy .
The singl e printed wor k fro m whic h h e learned th e most  wa s the Peurbach -
Regiomontanus Epitome of the Almagest. Copernicus's work can be understood
as a part of the Ptolemai c tradition. Copernicu s was one o f the last , and on e
of the most  accomplished,  o f Ptolemaic astronomers.

Why, then , di d i t tak e s o long ? I f th e Copernica n revolutio n wa s th e
culmination o f th e astronom y o f th e Almagest,  why di d i t tak e 1,40 0 years ?
Here we see most forcibl y th e inadequac y of a purely internalist explanation:
an answe r t o thi s questio n require s several parts. First , we have little trouble
understanding why i t di d no t happe n i n lat e antiquity . Ptolemy was the las t
of the origina l astronomers of the Greeks . The economi c an d politica l crises
of the third century , th e rise of new religions (notably Christianity) tha t were
more focused on th e nex t world than o n th e sciences of this one, the military
pressure of the barbarian tribes, and the division of the Roma n empire in th e
fourth centur y were al l factors tha t sappe d th e vitalit y of ancient science. 156

We shoul d als o remembe r that , i n antiquity , scientifi c work was the activit y
of a very small number o f people. I t i s noteworthy that ther e was not a  single
astronomer comparable to Hipparchus or Ptolemy in the two-and-half-century
interval tha t separate d them . Ancien t scienc e wa s a  fragil e thing , easil y dis-
rupted.

It i s a little mor e difficul t t o understan d wh y ther e wa s no "Copernica n
revolution" i n medieva l Islam . There , expertis e i n astronom y reache d an d
remained a t a  good leve l much earlie r than i n Christia n Europe . Moreover ,
from th e nint h t o th e fifteent h century , w e recogniz e man y astronomer s o f
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ability and creativity . O f course , on e mus t no t mak e th e mistak e o f treating
Islamic civilizatio n a s i f i t wer e a  monolithi c bloc . Rather , wha t w e se e is a
succession of cultural flowerings widely separated in time and place . The first
flowering of astronom y cam e i n ninth-centur y Ira q unde r th e patronag e o f
the Abbasi d caliphs . B y th e elevent h centur y a  ne w cente r o f activit y ha d
emerged i n Islami c Spain . As we hav e seen , origina l an d highl y speculative
work i n planetar y theor y wa s performe d b y th e astronomer s o f Maragh a
(northwest Persia ) i n the thirteenth century . Although text s were passed fro m
region to region, this was not always a sure thing. The interruptions of scholarly
activity—and the breaks in the chain s of teachers and students—tha t occurred
with decline s in the economic o r political fortunes o f royal patrons mean tha t
we shoul d thin k o f Islami c astronom y a s involvin g severa l intersectin g o r
overlapping traditions , no t a s on e long , continuou s development . Finally ,
there wa s no t i n medieva l Isla m anythin g correspondin g t o th e Europea n
university syste m with a  standardize d scientifi c curriculum . Astronomy was
widely cultivated , bu t astronom y di d no t assum e a s prominen t a  plac e i n
Islamic educatio n a s i t wa s later t o tak e i n th e Europea n syste m o f higher
education.

The Europea n revival of astronomy began only with th e translation move-
ment o f the twelft h century . I n th e fourteent h and fifteenth centuries , Euro-
pean astronomer s were stil l struggling to maste r the Almagest. It i s only with
Regiomontanus's Epitome  o f th e Almagest that w e se e a  wor k o f Europea n
astronomy a t abou t th e sam e leve l a s the Greeks  had reache d i n th e secon d
century. Thus, one par t of the answe r is that, i n Europe a t least, a revolution
in astronomy could not have occurred much sooner than the sixteenth century.

Finally we must acknowledge the weighty influence of Aristotle's philosophy
of nature . Everywher e i n bot h Isla m an d Christendom , Aristotle' s views ,
elaborated by medieval commentators, provide d th e physical basis of cosmol -
ogy. The elemen t theory and Aristotle's theory of place and of natural motions
were so completely integrate d with Ptolemai c cosmolog y tha t i t was difficul t
to modif y th e latte r without endangerin g the former . If anything, this pose d
a mor e difficul t proble m i n Christendo m tha n i n Islam , fo r th e theologian s
and philosopher s o f th e school s had succeede d s o well in Christianizin g th e
cosmos o f the Greek s tha t a n attac k on Aristotl e was, for some, tantamoun t
to a n attac k o n Scripture .

The gradua l loosenin g o f these  intellectua l bond s wa s an importan t par t
of the preparation for the new universe. We have seen that in medieval Islam,
Ptolemy was sometimes criticized for his failings—though often his chief failure
was perceive d t o b e hi s lac k o f fidelit y t o Aristotle . Alternativ e planetar y
models were occasionally proposed. Although thes e had little immediate effec t
on practical astronomy, they did subject Ptolemy to critical reevaluation. Some
of this criticism made i t over the cultura l gap between Islami c and Europea n
astronomy. Regiomontanus , i n th e Epitome  o f th e Almagest, pointed ou t (a s
Islamic astronomer s ha d alread y done ) tha t accordin g t o Ptolemy' s luna r
theory, th e Moo n shoul d loo k twic e a s large at som e time s o f the mont h a s
at others. This vastly exceeds the actual variation in apparent size . Copernicus
later echoed thi s complaint . Moreover , Copernicu s als o adopted som e of the
technical detail s o f the planetar y theorie s of the Maragh a schoo l an d o f Ibn
al-Shatir (devices for producing irregular motions in terms of uniform circular
motions). We hav e no idea how Copernicu s cam e by these devices. But there
are to o man y o f them t o b e explaine d i n term s o f independent discovery. 1

Most likely , Copernicus learned of them fro m someon e i n Italy when he was
there as a student. Although these  technical devices have nothing t o d o wit h
heliocentrism, i t i s clea r tha t th e lat e medieva l Islami c traditio n o f critica l
reassessment o f Ptolemy di d pla y some rol e in th e Copernica n revolution .

Criticizing Ptolem y wa s on e thing . I t wa s anothe r thin g altogethe r t o
develop a  philosophica l alternativ e t o Aristotle . Although Aristotle' s work s
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were th e cor e curriculu m o f th e medieva l universities , a  livel y traditio n o f
criticism and disputation mean t tha t i n the later Middle Ages Aristotle's views
were no t simpl y accepte d withou t clos e examination. 158 Moreover , i n th e
Renaissance a  wave of enthusiasm for Neoplatonism swep t through Europea n
intellectual circles. Although Neoplatonism offere d an alternative to the Aristo-
telian philosoph y o f th e schools , i t wa s no t itsel f a  unifie d philosophica l
system. I t found a  basis in th e dialogue s o f Plato an d thei r interpretation s b y
commentators o f lat e antiquit y suc h a s Plotinus , Porphyry , an d Proclus . I t
incorporated a  religiou s element , i n whic h th e sou l seek s unio n wit h th e
ultimate, universa l being through tranc e or ecstasy. Another important aspec t
of Neoplatonis m wa s a  reviva l o f th e Pythagorea n Su n mysticis m tha t w e
encountered i n sectio n 7.15 . Th e Su n wa s identified wit h excellenc e o f all
kinds and , therefore , als o with God . Thi s perhap s mad e i t easie r to transfe r
the center of the universe from th e Earth to the Sun. No doubt , Neoplatonis m
did pla y a  rol e i n preparin g peopl e t o accep t heliocentrism . However , i t i s
much harder to assess its influence on Copernicus himself. In De revolutionibus,
Copernicus's physica l argument s fo r the stabilit y o f the Su n an d th e motio n
of the Eart h mostl y tak e th e for m o f revisions of Aristotelian positions .

One coul d argu e tha t th e astronomica l revolutio n wa s practically boun d
to occur . Th e reviva l o f trad e an d improvement s i n agricultur e ha d place d
society on a firmer economic basis than a t any time in Greek antiquity. Europe
could affor d t o suppor t hundred s o f teacher s an d thousand s o f student s a t
universities. Moreover, th e liberal arts curriculum mean t that in every univer-
sity tow n someon e wa s responsible fo r teachin g astronomy . Th e grea t surge
of interes t i n astrolog y i n th e earl y Renaissanc e mean t tha t eve n outsid e o f
the universities there were people studying Ptolemy. The number of competen t
practicing astronomers i n sixteenth-centur y Europ e fa r exceeded th e numbe r
who had bee n activ e at any stage of Greek antiquity . Obviously , i t makes n o
sense t o invok e broa d economi c an d socia l force s t o explai n Copernicu s
himself—one ma n i n a  towe r o n th e edg e o f th e Baltic , thinkin g abou t th e
planets—but suc h force s mus t b e take n int o accoun t i n explainin g th e grea t
general vitality of sixteenth-century astronomy. Althoug h Copernicu s wa s on
the edg e o f the scientifi c world , h e had studie d a t goo d universitie s and was
close enoug h t o a  hu b o f activit y i n Nurember g t o benefi t whe n th e tim e
came t o publish .

7.31 KEPLE R AN D TH E NE W A S T R O N O M Y

While Copernicu s ha d radicall y transforme d th e ancien t cosmology , h e lef t
astronomy largel y i n th e Ptolemai c tradition . Th e planet s stil l move d i n
combinations o f unifor m circula r motions . I t remaine d fo r Johannes Keple r
to remov e no t onl y circle s but als o the conventio n o f uniform motio n fro m
astronomy. By 1609 Kepler etablished that the paths o f the planets are actually
ellipses and tha t the speed of a planet on its path obeys a rule that is somewhat
different fro m th e la w o f th e equant . Le t u s se e how Keple r cam e t o mak e
such a  radical brea k with th e ol d astronomy .

The Myster y o f the Univers e

Kepler cam e t o th e stud y o f planetar y theor y slowl y an d almos t agains t hi s
will. Keple r wen t t o th e Universit y o f Tubinge n t o stud y philosoph y an d
theology. Bu t ther e h e wa s lucky enoug h t o encounte r a  gifte d professo r o f
astronomy, Michae l Mastlin , a  convince d Copernican . Thus , Keple r wa s
among th e firs t generatio n o f universit y student s t o lear n heliocentris m a t
school. Mastlin deserves most of the credit for Kepler's interest in astronomy—
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FIGURE 7.67 . Kepler' s diagra m o f the grea t
conjunctions o f Jupiter an d Satur n i n Mysterium
cosmographicum.

and fo r convincin g hi m t o tak e a  teachin g jo b i n Gra z (Austria ) instead o f
r i  16 0pursuing a church career .

As a  teacher , Keple r wa s a  disaste r an d h e attracte d fe w students . H e
regarded himsel f a s ill-prepare d fo r suc h work . Bu t i t wa s a t Gra z tha t h e
wrote hi s first book, Mysterium cosmographicum  (Cosmographica l mystery , or
more loosel y translated, The myster y o f the universe) . I t cam e abou t i n th e
following way. While lecturing to his students abou t th e patter n o f conjunc-
tions o f Jupiter with Saturn , Keple r noted that the positions i n the zodiac of
three successive conjunctions forme d nearly an equilateral triangle. From on e
set of three conjunction s t o th e next , the positions rotate d slightly . When he
drew them all out, Kepler found that the pattern of rotating triangles generated
an inscribe d circl e (fig. 7.67). This struck Keple r so forcibly tha t h e fel t sur e
it ha d som e deepe r significance . Furthermore , th e rati o o f radiu s o f th e
circumscribed circle to tha t o f the inscribe d circle was nearly the sam e as the
ratio o f the radi i of the Copernica n orbit s of Saturn an d Jupiter . Excite d b y
his discovery , Keple r trie d t o includ e th e othe r planet s i n th e scheme , b y
inscribing a square in the orbit of Jupiter, and the circle for Mars within the
square, an d s o on. Bu t th e number s di d no t wor k out . Moreover , ther e was
no wa y of knowing whic h o f the infinit e numbe r o f regula r plane polygon s
(triangle, square , pentagon, etc. ) ough t t o b e included i n th e scheme .

The beaut y o f Copernica n astronom y i s that i t give s simple geometrical
explanations o f cosmi c fact s tha t wer e know n bu t inexplicabl e i n term s o f
Ptolemaic astronomy . However , a  larg e amoun t o f arbitrarines s seemed t o
remain in Copernicus's world system. Why was each planet's orbit the particu-
lar siz e tha t i t was ? Wh y wa s the eccentricit y o f each planet' s deferen t circle
just the size that it was? And, moreover , why should there be six planets rather
than som e othe r number ? Today, w e regar d al l o f these  fact s a s accidental
results o f th e initia l condition s tha t prevaile d whe n th e sola r syste m wa s
condensing. Bu t Keple r saw them a s aspects of God's plan, an d h e set out t o
deduce these  features of the worl d fro m firs t principles .

It dawne d o n him tha t three-dimensiona l bodie s were more suitable than
plane figure s fo r hi s scheme . Moreover , i t no w becam e obviou s tha t ther e
could onl y be  six  planets because  there  were  only  jive regular  solids.  A  regula r
solid i s one whos e face s ar e al l identical, whose edges are al l the sam e length ,
and whos e vertices are all similar. An exampl e is the cube . The regula r solids
(and th e fac t tha t onl y five o f the m exist ) ha d bee n know n t o th e ancien t
Greeks. Moreover , th e regula r solid s alread y had a  plac e i n th e histor y o f
cosmological thought .

In hi s Timaeus,  Plato identifie d each o f the regula r solids with on e o f the
elements. O n accoun t o f it s stability , the cub e was identified with earth .
Because it is pointed an d penetrating , the tetrahedron was identified with fire.
The octahedro n wa s identified with air , the icosahedro n with water , an d th e
dodecahedron wit h th e cosmo s itself . Plat o suggeste d tha t change s i n th e
physical worl d wer e du e t o th e transformation s o f th e element s int o on e
another. Thi s cam e abou t throug h th e breaku p o f the elementa l solid s int o
their constituen t triangle s an d th e reassembl y of these  triangle s int o othe r
solids. O f course , thi s di d no t wor k ou t i n detail , a s Aristotle wa s late r t o
point out. 163 One seriou s difficulty wa s that Plato' s elemental solids could no t
really al l be transforme d into on e another . Th e face s o f th e tetrahedro n ar e
equilateral triangles . The  face s of  the  cub e are  squares . Eac h squar e can  be
divided i n half , yielding two triangles—bu t these  are isosceles, not equilateral .

So, whe n Keple r trie d t o associat e th e regula r solid s wit h th e interval s
between th e planets , h e wa s quite in th e Pythagorea n tradition . Th e reviva l
of the Pythagorean approach to nature was an aspect of Renaissance Neoplaton-
ism. Kepler went on to become the most outstanding mathematical astronome r
of his generation. Hi s greates t gifts were inexhaustible patience, great calculat-
ing ability, and a relentless drive to understand. But his motives for astronomi-
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cal researc h alway s involve d a  ques t fo r highe r knowledge . Everywhere , h e
sought fo r connections betwee n apparentl y disparat e realms of thought . Hi s
wanted t o kno w God's pla n for the cosmos . Christia n theolog y played a role
in his quest: a t one time Keple r saw an analogy between th e three things that
are alway s a t rest—th e Sun , th e stars , an d th e intervenin g space—an d th e
Trinity o f Father , Son , an d Hol y Spirit . A t anothe r stag e h e revive d th e
Pythagorean doctrine of the harmony of the spheres, in an attempt to associate
the speeds of the planets with musical notes. When William Gilbert discovered
that th e Eart h i s a giant magnet , Keple r seized on tha t idea , too , an d sough t
in magnetis m a n explantio n o f th e motiv e forc e tha t th e Su n exert s o n
the planets . Kepler' s approach t o nature , combinin g element s o f animism,
mathematical mysticism , an d physica l reasoning , wa s no t a t al l unusua l fo r
the Renaissance . What made Kepler' s work differen t wa s that he also became
a skillfu l technica l astronome r an d tha t h e judge d hi s ow n cosmologica l
speculations very strictly: if he was right, then everythin g should work ou t i n
numerical detail .

We se e this aspec t o f Keple r alread y present i n hi s firs t book , Mysterium
cosmographicum. The basi c idea is that the heliocentric spheres for the planets
should b e inscribe d withi n th e regula r solids . Sphere s an d solid s for m a
concentric, neste d set , each just touching it s inner and oute r neighbors, a s in
figure 7.68. Keple r writes:

The Earth is the circle which is the measure of all. Construct a dodecahedron
round it . The circl e surrounding that will be Mars. Round Mars construct

FIGURE 7.68 . Kepler' s geometrica l schem e for
deducing th e size s o f th e planetar y sphere s i n
Mysterium cosmographicum.
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a cube . Th e circl e surroundin g that wil l b e Saturn . No w construc t a n
icosahedron inside the Earth. The circl e inscribed within that will be Venus.
Inside Venus inscribe an octahedron . The circl e inscribed within that will
be Mercury . There you hav e th e explanatio n o f the numbe r o f planets.165

The radiu s o f each planetar y spher e shoul d correspon d t o th e radiu s o f th e
planetary orbit in Copernicus's theory . Moreover , eac h planetary sphere must
be assigne d a  certai n thickness , i n accordanc e wit h th e eccentricit y o f th e
planetary orbit. I n fact , Keple r tried tw o differen t version s of the hypothesis .
In one , th e spher e assigne d to the Eart h was given a  thickness determine d b y
the eccentricit y of  its annual circle . In  the  other , the  thicknes s of  the Earth' s
sphere was increased t o allo w fo r th e orbi t o f th e Moon .

In a  way , Kepler' s schem e ca n b e regarded  a s a  ne w versio n o f th e ol d
nested-spheres cosmology . Som e thing s wer e radicall y different , o f course .
The place s of the Su n and th e Eart h ha d bee n reversed . And, afte r th e wor k
of Tycho Brahe , i t wa s scarcely possibl e to believ e in real , materia l spheres .
Moreover, in the Copernican system , it was impossible to retain the Ptolemai c
doctrine o f n o empt y space , fo r ther e wer e vas t space s betwee n th e planets .
Kepler did no t regar d his polyhedra as real. These were intellectual constructs ,
presumably a  par t o f God' s pla n fo r determinin g th e spacin g between  th e
planets. No r wer e th e sphere s real , materia l things . Rather , the y provide d
spaces t o accommodat e th e path s o f th e planets . Th e materia l sphere s o f
Aristotle and Ptolem y have now become rather like shadowy, Platoni c forms .
Nevertheless, they remind u s how hard i t is to shake off old habits of thought .

When Keple r worked ou t al l the number s i n thi s geometrical  cosmology ,
he foun d tha t hi s theor y agree d ver y well with Copernicus' s figure s fo r th e
parameters of the planetary spheres—bu t no t perfectly . Kepler suspected that
the discrepancies might b e due to minor error s in Copernicus' s value s for the
eccentricities an d radi i o f th e orbits . Still , th e agreemen t wa s s o good tha t
Kepler fel t sur e he was onto somethin g important .

Mysterium cosmographicum  wa s see n throug h th e pres s a t Tubinge n b y
Kepler's forme r teacher , Michae l Mastlin . Keple r sent copie s o f the boo k t o
leading scholar s an d astronomers , includin g Tycho Brah e in Denmark . As a
result, he receive d a n invitatio n t o visit Brahe . Brahe expressed sympathy fo r
Kepler's effort s t o understan d th e arrangmen t o f the univers e on a n a  priori
basis, sayin g that Go d surel y had a  harmonious pla n fo r the creation . Brah e
suggested tha t a  more decisiv e tes t o f the neste d polyhedr a coul d b e made i f
the tru e value s fo r th e eccentricities , whic h Brah e himsel f ha d sough t t o
determine, wer e use d i n plac e o f Copernicus' s values . Fo r a  while , nothin g
came o f thi s invitation .

However, Brahe' s patron , th e kin g o f Denmark , ha d die d an d Brahe' s
relations wit h th e ne w kin g an d hi s advisor s ha d bee n deteriorating . Brah e
found a  new patron i n the German empero r (Rudolp h I I of the Holy Roma n
Empire) an d move d t o Pragu e wit h hi s family , assistants , an d instruments .
Meanwhile, Kepler' s lif e wa s becomin g mor e difficul t i n Graz , wher e th e
Catholic authorities ha d banne d Protestant s fro m teachin g positions . Kepler
at first received a  special dispensation, bu t soo n he, too , came  under pressure.
With Brahe now much closer and with n o goo d reaso n to remain i n Austria,
Kepler finally accepted Brahe' s invitation—after delicate and protracted negoti -
ations concernin g salar y and livin g and workin g arrangements .

Progress and Failure

What Keple r wanted fro m Brah e was simply to b e given bette r values for th e
radii an d eccentricitie s o f th e planets ' circula r orbits, s o that h e coul d refin e
his cosmology . H e wa s astonished an d disappointe d t o fin d that , althoug h
Brahe ha d acquire d a  hug e mas s o f observationa l material , h e ha d no t ye t
worked ou t complete d theorie s fo r mos t o f th e planets . Moreover , Brah e
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jealously guarded such elements as he had already determined an d even seemed
to enjo y tormentin g Kepler . A t dinner , i n th e cours e o f discussin g othe r
matters, Brah e one day mentioned th e apogee of one planet, th e next day the
nodes o f another .

Kepler soon found himself immersed in technical planetary theory, attempt-
ing to work ou t a  theory o f Mars tha t woul d agre e with Brahe' s observations,
the most precise and extensive observations of planetary positions in the history
of astronomy u p t o tha t time . Keple r has a little to sa y about ho w thi s cam e
to pass . Accordin g t o Kepler , a  divin e voic e lead s human s t o th e stud y o f
astronomy. And thi s voice i s expressed, no t i n word s o r symbols , bu t i n th e
world itself , i n th e conformit y of the human intellec t an d th e huma n sense s
with th e disposition s o f th e celestia l bodies . Bu t ther e i s also a  kind o f fate .
When Kepler arrived to work with Brahe , Brahe's principal assistant was busy
observing Mars , o n th e occasio n o f it s oppositio n t o th e Sun , an d wit h
preparing a  theor y o f the motio n o f Mars . Christe n S0rense n worke d wit h
Brahe from 1589 . Son of a farmer from the village of Lomborg in the northwes t
of Jutland, h e Latinize d his name an d th e nam e o f his native village , styling
himself Christianus Severinus Longomontanus.167 As Kepler says, "Had Chris -
tian bee n treatin g a  differen t planet , I  would hav e starte d o n i t a s well."

Of th e naked-eye planets , only Mercury and Mars have eccentricities large
enough t o mak e th e departure s o f thei r orbit s fro m perfec t circle s (an d o f
their motion s fro m equan t motion ) apparen t throug h th e analysi s of naked -
eye observations. Bu t Mercury i s so near the Sun that one cannot easily obtain
a sufficien t numbe r o f observation s t o wor k with . Thi s means , practicall y
speaking, tha t Kepler' s discoveries could only have been made through a  study
of the motio n o f Mars . As Kepler pu t it ,

I therefor e onc e again thin k i t t o hav e happene d by divine arrangement,
that I  arrive d a t th e sam e time in which he was intent upon Mars , whose
motions provide the only possible access to the hidden secrets of astronomy,
without which we would remain foreve r ignoran t of those secrets.

Mars, then , despit e it s astrologicall y maleficen t character , wa s friendl y t o
astronomers: le t u s recal l (sec . 7.17 ) tha t Ptolem y probabl y discovere d th e
equant poin t while grapplin g wit h Mars' s retrogradations .

Providence, fate , o r accident , i t was a long series of circumstances that le d
Kepler to Mars. I f Mastlin hadn't been at Tubingen, if Brahe hadn't falle n ou t
with the new king, if Kepler hadn't been forced out of Gratz, if Longomontanus
hadn't bee n working o n Mars . .  . .

Equants o r Epicycles? Th e planet s d o no t mov e o n path s tha t al l have th e
same center . And  the y do  not  mov e uniformly . These two  fact s of  natur e
must b e confronte d regardles s o f whethe r w e choos e a  Sun-o r a n Earth -
centered cosmology. Le t us therefore step away from th e cosmological question
and simpl y conside r th e device s availabl e t o Renaissanc e theoretician s fo r
dealing wit h apparen t nonuniformit y o f motion .

Figure 7.6 9 show s a  generalized equan t model . A  celestia l body B  moves
around a  circl e tha t i s centere d o n C . Le t D  b e eccentri c t o C . I n a  Sun -
centered theory , D  would b e the mean Su n and B  the plane t itself . I n Earth -
centered astronomy , D  woul d b e the Eart h an d B  th e cente r o f the planet' s
epicycle. I n Ptolemy' s theor y EC =  CD. That is , the tw o eccentricitie s <? : an d
e1 ar e equal . Bu t no w w e wish t o allo w fo r th e possibilit y tha t these  two ar e
not th e same .

We cal l e,  th e eccentricit y o f th e eccentric . Becaus e D  i s separated fro m
the cente r of the circl e by distance e tR, point B would appear  t o mov e aroun d
D nonuniforml y (i n degrees per day) , even i f the actua l motio n o n th e circle
(in miles per day) were uniform. This apparent variation in speed i s an optical
effect, du e t o th e varyin g distance o f B  fro m D .

FIGURE 7.69 . A  generalized eccentric-and -
equant model .
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We cal l e 1 th e eccentricit y o f th e equant . Becaus e B move s a t a  uniform
angular speed about E , bu t E  is not th e cente r o f the circle , i t follows that B
physically speeds up and slows down (i n miles per day) while traveling around
the circle .

To su m up , Ci  produces a  physical variation in speed of point B ; e l produces
an additiona l apparent  variatio n i n speed o f B  as observed fro m D . Th e tota l
irregularity o f apparen t motio n i s the su m o f the tw o effects . W e cal l e,  + et

the tota l eccentricity . Th e maximu m valu e o f th e equatio n o f cente r (the
maximum apparen t departur e o f th e plane t fro m wher e i t woul d b e i f i t
moved uniformly) is approximately determined by the total eccentricity. Again,
in Ptolemy , th e total  eccentricity  i s bisected, s o that e t =  ev

As w e sa w i n sectio n 7.30 , Copernicus rejecte d th e physica l variatio n i n
speed due to the equant. H e replaced the equant by a minor epicycle of radius
aR, moving o n a  deferent circle displaced fro m D  b y distance b R (fig . 7.64).
But i f the tota l eccentricit y i s kept th e sam e (s o that a  + b  = e, + ej  an d i f
we pu t b  = 3<z , the n Copernicus' s mode l differ s littl e fro m Ptolemy's . Thus,
Copernicus, too, could be said to have adopted a bisection of the eccentricity.

But no w le t u s allo w fo r th e possibilit y that e^  an d <? 2 ar e no t equa l (fig.
7.69). Ho w ar e e 1 and e 1 related to a  and b  in thi s mor e genera l situation? In
figure 7.65, we see that i n a generalized Copernican model , th e effective cente r
M o f the planet's pat h i s located a  distance awa y from D  equa l t o b R - aR .
And the hidden equan t point E  of the Copernican mode l i s located a  distance
away fro m M  equa l t o iaR.  Thus, comparin g figures 7.65 and 7.69 , we see
that th e tw o model s wil l b e approximately equivalen t if

et =  b —  a,

e1 = ia.

Turning thi s around , w e ca n als o expres s a an d b  in term s o f e l an d e^.

i
a = ltl

. ib = <? , +  -e 1 .

If these  relation s hold , th e generalize d Copernica n devic e (eccentri c plu s
minor epicycle) will be roughly equivalent t o the generalized Ptolemaic device
(eccentric plu s equant) . Th e tw o model s ar e no t precisely  equivalent , bu t i t
would tak e ver y accurate  observation s t o tel l whic h rul e a  rea l plane t wa s
following. Before Kepler, the choicebetween these devices was based on nonas -
tronomical criteria . Fo r example , Copernicu s rejecte d th e equan t becaus e i t
involved a  physical variatio n i n speed .

Tycho Brake's  Theory  o f Mars  Whe n Keple r arrive d i n Pragu e a s Brahe' s
guest earl y in th e yea r 1600 , h e foun d Brah e and Longomontanu s occupie d
with Mars . Brah e an d Longomontanu s ha d worke d ou t a  theor y o f Mar s
based o n th e Copernica n mode l o f figure 7.65. The tota l eccentricit y ( a + b)
had bee n determine d fro m thre e opposition s o f Mars t o th e mea n Sun . The
model was checked against the observations often successive oppositions fro m
1580 t o 1600 . Brah e an d Longomontanus , however , ha d foun d i t necessar y
to divid e th e eccentricit y differentl y tha n ha d Copernicus. 170

Indeed, Brah e and Longomontanu s pu t

a. = 0.0378 , b  = 0.1638 .

So, bla  =  13/3 , rathe r tha n 9/ 3 a s with Copernicus . Thus , Brah e mad e th e
radius a  of the epicycl e a  bit smalle r an d th e eccentricit y b  of the deferen t a
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bit larger . Th e tota l eccentrict y a  +  b  came  t o 0.2016 , whic h differe d ver y
little fro m th e value s adopte d b y Copernicu s an d Ptolemy . Th e equivalen t
values o f <? , an d €i  i n a n equan t mode l ar e

e, = b —  a

= 0.1260,

f?j =  ^a

= 0.0756,

so <?/(? 2 =  5/3 . To spea k i n term s o f equants , whil e Ptolem y an d Copernicu s
had assigned half the total eccentricity to each e l and ev Brahe and Longomon-
tanus gav e 5/ 8 of th e tota l t o e l an d 3/ 8 t o e z. Brah e an d Longomontanu s
found tha t thei r theory agree d with th e observe d longitudes o f the te n mea n
oppositions t o within 2' .

A bisection of the eccentricity would not have been capable of such excellent
agreement with th e oppositions—a fac t tha t Brahe and Longomontanu s mus t
certainly have discovered befor e thei r adoption o f the unequa l division . Th e
5:3 divisio n o n whic h the y settle d is , in fact , th e bes t possibl e fo r matchin g
the kin d o f observatio n the y wer e using . A s thei r equivalen t value s fo r e t

and e^  stand exactl y in th e rati o 5:3 , i t i s clear that this division was the resul t
of an a  priori decision, but i t was probably arrived at only afte r severa l trials.

Although th e theor y wa s in perfec t accor d wit h th e observe d longitude s
of te n mea n oppositions , i t faile d completel y t o giv e the prope r latitude s a t
opposition. No r di d i t give satisfactory longitudes in situations away from th e
oppositions. An d ther e Longomontanu s wa s stuck.

Kepler's Physical  Intuitions Keple r worked wit h Brah e only fo r a  short time ,
for Brah e died quite suddenly in 1601. As he lay dying, Brahe extracted a pledge
from Keple r no t t o abando n hi s cosmologica l system—th e geo-heliocentri c
compromise. Kepler was appointed to Brahe's position as imperial mathemati-
cian unde r Rudolp h II . However , Keple r soo n face d sever e difficulties . Hi s
imperial stipen d wa s rarely paid o n time . Eve n mor e problematical , h e ha d
trouble wit h Brahe' s heirs , who wer e fo r a  long whil e unwillin g t o giv e u p
Brahe's notebook s o f observations .

Kepler persevered. In hi s struggle with Mars, Kepler was guided constantl y
by physical principles, as he perceived them . The boo k i n which h e recorded
these struggles and i n which h e announced th e ellipticity of the orbi t and th e
law of areas was titled Astronomia nova AITIO AOFHTOZ, seuphysica coelestis
(A new astronomy, founded o n causes , or celestia l physics). Again and again ,
Kepler stresse s tha t h e seek s a  physical , an d no t merel y a n astronomical ,
solution t o th e proble m o f the planets .

This ne w insistenc e o f physica l cause s entaile d a  mor e thoroughgoin g
heliocentrism than that of Copernicus or Brahe. These two, following Ptolemy,
had referre d al l motions t o th e mea n Su n rathe r tha n t o the tru e Sun. Thus,
in Copernicus , th e line s of apsides o f al l the planet s pass throug h th e mea n
Sun, tha t is , throug h th e cente r o f the Earth' s orbit . Keple r insiste d that th e
lines of apsides should al l pass through th e bod y o f the Su n itself . This went
a ste p furthe r tha n Copernicu s ha d gon e i n deprivin g th e Eart h o f special
privileges. I t als o resulte d i n smal l correction s t o th e direction s o f th e line s
of apsides of the planets .

Kepler's Theory  o f the Earth's Motion I n hi s treatmen t o f th e motio n o f th e
Earth, Keple r was able t o demonstrat e tha t ther e i s an equan t poin t i n th e
Earth's orbit. Let us recall that Hipparchus an d Ptolemy had let the Sun move
around th e Eart h a t constan t spee d o n a  simple eccentric circle. Copernicus,
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FIGURE J.JO.  Kepler' s diagram fro m
Astronomia nova  illustrating the necessit y o f
bisecting the eccentricit y of the Earth' s orbi t
and, thus , o f treating th e Eart h i n th e sam e way
as the othe r planets .

while reversing the roles of the Su n and Earth , had adopte d th e same model .
Unlike th e othe r planets , Copernicus' s Eart h di d no t hav e a minor epicycle .
In provin g tha t th e Earth' s orbi t abou t th e Su n mus t b e treate d i n exactl y
the sam e way as the orbit s of the othe r planets , Kepler took anothe r decisiv e
step forward.

The introductio n o f an equant poin t int o th e Earth's orbit meant puttin g
ef =  e 1 in figur e 7.6 9 fo r th e Earth , jus t a s for al l the othe r planets . Ptolem y
and Copernicu s ha d effectivel y pu t e 1 = o bu t ha d compensate d b y making
<?, twice a s large. Thus, i n Kepler' s theory of the motio n o f the Eart h (a s well
as in the moder n theory) , the variation in the distanc e of the Eart h fro m th e
Sun in the course of the year is only half as great as in Ptolemy or Copernicus .
Kepler cam e t o thi s conclusion , no t b y direc t observatio n o f th e Sun , bu t
through a  study o f th e effec t o f th e Earth' s orbi t o n th e observe d position s
of Mars .

Kepler's metho d o f deteminin g th e orbi t o f th e Eart h involve d a  cleve r
method o f triangulation . Amon g Brahe' s extensiv e observations, Keple r was
able to fin d severa l pair s o f observations o f Mars separated by one Martia n
orbital perio d (abou t 68 7 days) . Tha t is , a t th e time s o f severa l differen t
observations, Mar s wa s known t o b e a t th e sam e poin t x  o f it s orbit , a s in
the uppe r portio n o f figure 7.70 . Successiv e positions o f th e Eart h a t time s
687 days apar t ar e labeled 0 , T| , e , an d ^ . Analysi s showed tha t th e Earth' s
actual circl e (show n i n dashe d line ) was only hal f as eccentric t o th e Su n as
Copernicus's versio n of th e Earth' s circl e (soli d line) . Bu t i f the eccentricit y
ef wer e only hal f a s large as formerly believed, i t wa s necessar y to introduc e
an equant poin t an d a  physical variation in speed t o make up the ful l know n
inequality in th e length s o f the seasons .

Incidentally, figur e 7.7 0 show s ho w faithfull y Keple r kep t hi s pledg e t o
Brahe no t t o le t th e Tychoni c syste m disappear . I n th e firs t portion s o f
Astronomia nova, Kepler patiently shows how everything goes in three differen t
world systems, Copernican, Ptolemaic , and Tychonic. Thus, no matter whic h
system w e adopt , th e eccentricit y o f th e annua l circl e (o f the Eart h o r th e
Sun) must be cut in half. These parallel exercises proved beneficial to Kepler, for
they helped him appreciate more clearly the real advantages of the Copernica n
system. Bu t h e soo n gav e them up : i n th e late r portions o f Astronomia nova
he was content t o work purel y in heliocentri c terms .

Kepler's Vicarious  Hypothesis for th e Motion o f Mars I n his study of the motio n
of Mars , Keple r foun d ye t anothe r wa y to insis t on physica l plausibility . I n
his treatmen t o f th e inequalit y i n Mars' s motio n abou t th e Sun , Keple r
returned to the principle of equant motion . Th e oute r planets, such as Saturn,
traveled mor e slowl y tha n th e inne r planets . I t wa s no t unreasonabl e t o
suppose, then , tha t th e spee d of a given planet doe s physically vary with th e
planet's distance from th e Sun—the planet traveling more slowly when farthe r
from th e Sun and more rapidly when nearer . The principl e o f equant motio n
directly addresse d thi s variatio n i n speed . I n th e nearl y equivalen t epicycl e
model o f Copernicus, th e physica l variation in spee d was hidden behin d th e
guise o f uniform circular motion .

Ptolemy had bisected the eccentricity of the superior planets without explicit
justification, an d Copernicu s ha d followe d him. Brah e and Longomontanu s
had favore d a  5: 3 division . Keple r wa s unwillin g t o assum e an y a  prior i
division, bu t sough t t o determin e e l an d e 1 directly fro m observation . Thi s
problem—to determin e e v e v an d th e directio n o f th e lin e o f apsides—wa s
more difficul t tha n Ptolemy' s versio n of the problem, i n which e l and e i were
assumed to b e equal. Kepler's more general problem required th e us e of fou r
oppositions rathe r tha n three . And whil e Ptolem y ha d use d a  clever metho d
of iterations, in which successiv e corrections to  an  approximate solution were
calculated, Keple r had t o procee d mor e nearly by trial and error . I t i s in th e
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description o f thi s procedur e tha t Keple r make s hi s famou s remark , tha t i f
the reader finds the discussion tedious and difficult , h e should pity the author
who ha d t o perfor m the sam e calculation seventy times before arrivin g at an

172answer.
The calculation s wer e base d o n th e opposition s o f 1587 , 1591 , 1593 , an d

1595. Assuming tha t Mar s move s o n a  circle eccentri c t o th e tru e Sun , wit h
a spee d tha t varie s i n accordanc e with th e la w of th e equant , Keple r found
that th e angula r positio n o f th e plane t wa s reproduced a t eac h o f th e fou r
oppositions i f

e, =  0.11332 , <? 2 =  0.07232 ,

while the tota l eccentricit y e l + e2 came to 0.18564 . This theory of the motio n
of Mars Keple r called his "vicarious hypothesis" (becaus e it worked wel l and
he was therefore he was able to us e i t for some purposes even when h e kne w
it was not th e final answer) .

The value s that Kepler had s o laboriously found for e l and e^  were not ver y
different fro m thos e adopte d b y Brah e and Longomontanus . Indeed , eje 1 =
4.7/3, whil e Brah e an d Longomontanu s ha d pu t eje^  =  5/3 . When Keple r
checked th e ne w theor y agains t th e 1 2 opposition s betwee n 158 0 an d 1604 ,
he found tha t i n onl y fou r case s was the discrepancy more tha n i' , the wors t
being bu t x'lx".  Discrepancie s o f thi s siz e coul d b e attribute d t o th e finit e
angular diamete r o f the plane t an d t o th e fac t tha t th e planet' s paralla x and
the correctio n fo r atmospheric refractio n wer e no t know n wit h precision .

And ye t thi s theor y tha t ha d cos t s o muc h labor , an d tha t wa s so wel l
confirmed by the dozen oppositions, was completely false! Kepler demonstrated
the falsit y o f th e vicarou s hypothesi s mos t directl y b y a n investigatio n o f
Mars's latitudes  while i n opposition . Especiall y usefu l wer e oppositions nea r
the norther n an d souther n limit s o f th e planet' s orbit . Refe r t o figur e 7.71 .
Let OO' represen t the plane of the Earth' s orbi t seen from th e edge . Le t AW"
represent th e plan e o f the orbi t o f Mars . Bot h plane s pass through th e Su n
S. The inclination i of the two planes Kepler had already determined. Conside r
an oppositio n o f Mars whe n th e Eart h i s at O  an d Mar s i s in th e norther n
limit T V of its orbit. Thus , S , O , and N  li e in a  plane that i s perpendicular t o
the plan e o f th e Earth' s orbit . Th e latitud e ( 3 of th e plane t i s foun d b y
observation. Distanc e 5 0 i s give n b y th e alread y complete d theor y o f th e
Earth's motion . Thus, in triangle SON, th e angles at S  and O  are known an d
side S O i s known, s o side SN ma y b e calculated.

Similarly, consider a second opposition of Mars located 180° farther aroun d
in longitude , whe n th e Eart h i s at O'  an d Mar s i s a t th e souther n limi t A^ '
of it s orbit . A measuremen t o f Mars's latitud e p ' permit s the calculatio n of
SN1. The n i t i s possible to compar e S N wit h SN'.  Th e differenc e betwee n
SN an d SN'  lead s directl y to a  value fo r th e distanc e betwee n th e Su n an d
the midpoin t o f AW—hence a  value for e r

The result s depended o n th e detail s of the adopte d theor y o f the motio n
of th e Earth , whic h affecte d distance s S O an d SO'.  Bu t Keple r conclude d
that

0.08000 <  e l <  0.09943,

FIGURE 7.71 . Illustratin g Kepler's method
of determinin g e,  for Mar s fro m th e latitudes
measured when th e plane t was simultaneously
in oppositio n t o th e Su n an d i n th e norther n
or souther n limi t o f it s orbit .
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FIGURE 7.72 . Kepler' s la w of areas.

while the vicarious hypothesis (supporte d by the longitudes of a dozen opposi -
tions) require d e , = 0.11332 . Tw o methods  o f determining  <• , le d t o tw o different
results. The vicariou s hypothesis wa s false .

Now, th e tota l eccentricit y i n th e vicariou s hypothesis wa s 0.18564. Hal f
this was 0.09282, a  value that fel l nea r the middle rang e of the possible values
for e l determined by the latitudes. Thus, Kepler wondered whether a  bisection
of the eccentricity might b e justified afte r all . Kepler conjectured that Ptolem y
must hav e settle d o n a  bisectio n afte r experiencin g simila r difficultie s wit h
the latitudes .

With frustration , Keple r turne d bac k t o th e equan t mode l wit h bisecte d
eccentricity. Th e mode l wit h a  bisected eccentricity , wit h e  = 0.09282 (hal f
the tota l eccentricit y i n th e vicariou s model) , wil l reproduc e th e longitude s
of the oppositions located nea r aphelion or perihelion, as well as those located
±90° from thes e points. But when Keple r examined oppositions i n the octants
(±45° fro m eithe r aphelio n o r perihelion) , h e foun d tha t tha t th e bisectio n
model disagree d b y 8' or 9' with th e observation s of Tycho Brahe . As Kepler
remarks, Ptolem y did not clai m to hav e observe d wit h precision bette r than
10'. Th e uncertaint y i n Ptolemy' s observation s therefor e exceeded th e erro r
in th e model .

At thi s poin t Keple r remark s that, as  "divine benevolenc e has  vouchsafed
us Tych o Brahe , a  most  diligen t observer , fro m whos e observation s th e 8 '
error in this Ptolemaic computation i s shown, it is fitting that we with thankful
mind both acknowledge and honor this benfit of God. .  . . These eight minutes
alone . . . led the way to th e reformatio n o f all of astronomy. "

Principles of  the  New Astronomy

Kepler set out to do what no one else in the history of astronomy had done—to
determine fro m scratc h th e varying motion o f Mars around it s orbit an d th e
shape of the orbi t itself , wit h n o assumption s abou t wha t wa s appropriate t o
a celestia l object . Needless to  say , thi s would hav e bee n impossibl e withou t
Tycho Brahe's observations. But Keple r himself brought essentia l qualities to
the task—especiall y hi s relentles s drive an d hi s intuitio n t o see k a  physica l
solution t o th e proble m o f the planet s and no t merel y a mathematical one .

The La w o f Areas A s mentione d above , Kepler' s physical intuitio n opene d
him u p to th e reality of a physical variation in speed. Bu t when tw o differen t
versions o f th e equan t mode l (wit h bisecte d eccentricit y an d wit h th e 5:3
division) prove d incapabl e o f agreemen t wit h Brahe' s observations , Keple r
was force d t o abando n th e equant . Afte r considerabl e difficult y an d man y
false steps , Keple r arrived at the tru e speed rule of planetary motion, th e law
of areas.

Refer t o figur e 7.72 . Th e plane t move s i n a n orbi t about th e Su n S . Th e
planet physically speeds up and slow s down, s o that i t travel s most rapidl y at
perihelion I T and most  slowl y at aphelio n A. Further , th e speed varies  in such
a way  that  the  radius  vector  from the  Sun  to  the  planet sweeps  out  equal  areas
in equal  times. As the plane t move s fro m positio n i  t o positio n 2 , the radiu s
vector sweeps out the quasi-triangular area Six. Suppose that the planet moves
from i  t o 2  in on e day . Conside r on e day' s wort h o f motion a t som e othe r
place o n th e path . Thus , le t th e plane t mov e fro m positio n 3  to positio n 4
in one day. The radiu s vector sweeps out th e quasi-triangula r area 534. Then,
according t o Kepler , th e area s Si2  an d 63 4 ar e equal . Thi s la w o f area s is
usually calle d Kepler' s secon d law , thoug h i t was the firs t t o b e discovered .

Elliptical Orbits  B y itself, th e are a law could no t eliminat e all discrepancies
between theor y an d th e observations of Tycho Brahe . It remaine d fo r Kepler
to determin e th e actua l shap e o f the path . As we have seen , h e ha d begu n
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with th e universa l assumptio n tha t th e path s ar e eccentri c circle s an d onl y
gave up  thi s assumption whe n it  faile d afte r repeate d trials . He  soo n becam e
convinced tha t th e actua l pat h wa s somewha t ova l shaped . I t too k muc h
longer t o determin e th e precis e characte r o f th e ova l an d Keple r arrive d a t
the answe r only afte r makin g man y ba d guesses .

Kepler's metho d o f investigatio n was , again , triangulation . A t tw o time s
when Mar s was at th e sam e point o f it s orbit , bu t th e Eart h was at differen t
places o n it s ow n orbit , th e apparen t direction s o f Mar s a s see n fro m th e
Earth provide d tw o line s o f sight . Wher e thes e sigh t line s crosse d wa s th e
position o f Mars. Thi s procedur e ha d o f course t o b e repeate d fo r multipl e
positions o f Mars. 1

Kepler's conclusion wa s that th e orbi t o f Mars was an ellipse , with on e o f
its tw o foc i locate d a t th e Sun . Refe r t o figure 7.73 . Th e Su n i s at D, on e o f
the tw o foc i o f th e ellipse . The othe r focu s i s F. Distanc e a  = AC =  TIC i s
called the semimajor axis of the ellipse. Both foci are separated fro m th e cente r
C of the ellips e by distance ae,  where e  is called the eccentricit y of the ellipse.
The semimino r axi s of the ellips e is distance CY , which we denote b .

The ellips e was a curve known fro m Gree k antiquity . I t belongs t o a  class
of curve s calle d coni c sections , becaus e the y ca n b e produce d b y slicin g a
right circula r cone . Bu t perhap s th e simples t wa y t o defin e the ellips e i s in
terms o f it s focal-poin t property . I n figur e 7.73 , le t B  b e an y poin t o n th e
ellipse. Then , fo r al l such points , th e su m o f th e tw o distance s F B and D B
is constant (an d in fact equal to ia, as may be seen by considering th e situation
when B  coincides with A  o r II).

A simple way to dra w a n ellipse  on pape r i s to plac e tw o tack s a t the foc i
F and D  an d t o ti e the end s o f a  string o f length la  t o th e tacks . (Thus , in
fig. 7.73, th e strin g i s represented b y FB and BD.)  I f one place s th e poin t o f
a penci l insid e th e loo p o f string , a s a t B , an d draw s aroun d th e tw o foc i
while keepin g th e strin g taut , a n ellips e will be scribed o n th e paper .

Publication o/^Astronomia nova Kepler' s discoveries were published i n 1609
in hi s Astronomia nova  (New astronomy) . Th e introductor y portion s o f th e
book includ e (i ) Kepler' s dedicator y lette r t o Empero r Rudol f II , i n whic h
he constantl y describe s hi s astronomica l endeavor s a s a  wa r agains t Mars ,
with Tych o Brah e a s commander-in-chief; (2 ) Kepler' s ode t o Tych o Brah e
("Smooth i s the roa d now , tha t formerl y no on e coul d trave l for ages . . . ");
(3) Kepler' s announcement tha t i t was the theologia n Andrea s Osiander , an d
not Copernicu s himself , who inserte d th e notoriou s prefac e o n hypothese s
into opernicus' s De revolutionibus;  and (4 ) perhaps th e mos t interesting of all,
Kepler's ow n lon g introduction , whic h set s ou t th e astronomical , physical ,
philosophical, an d religiou s reasons for believin g in heliocentrism .

Astronomia. nova, was a  difficul t boo k fo r other s t o read , a  fact tha t Keple r
was well aware of. In the introduction, Keple r laments the dilemma confronted
by the author of a mathematical book. Unless the author maintains the rigorous
sequence o f proposition , construction , demonstration , an d conclusion , th e
book wil l no t b e mathematical , bu t maintainin g tha t sequenc e make s th e
book tiresom e t o read . Moreover , add s Kepler , "ther e ar e very few suitably
prepared reader s these  days. " H e admit s tha t h e find s i t wearyin g t o rerea d
his ow n wor k an d tha t h e vacillate s betwee n tw o opposit e faults—lac k o f
clarity throug h to o littl e explanatio n an d lac k o f clarit y throug h to o muc h
verbosity.

Kepler di d no t d o a  ver y goo d jo b o f highlightin g hi s most  importan t
results—the law of areas and th e elliptica l shape of the orbit . These are buried
deep i n th e book . I n larg e part , thi s wa s a  resul t o f Kepler' s metho d o f
composition. Muc h o f Astronomia nova  had bee n written befor e Keple r even
arrived a t his most importan t discoveries . Moreover, th e late r chapter s o f the
book ar e needlessly burdened with Kepler' s speculations abou t magneti c mo -

FIGURE 7.73 . Mar s travel s on a n elliptica l
orbit, on e focu s o f which i s at th e Sun .
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tive forces . O f course , Keple r woul d no t hav e bee n Keple r withou t these
speculative asides . A s we hav e seen , hi s ques t fo r a  physica l solutio n t o th e
problem o f th e planet s motivate d al l o f hi s wor k i n technica l astronomy .
While some readers found the magnetic philosophy attractive , i t did no t ad d
anything to the strengt h of Kepler's geometrical demonstrations an d may , in
fact, hav e weakene d the m b y makin g the m see m t o depen d o n dubiou s
hypotheses.17

Kepler's Later  Work

The Harmonic Law Keple r never abandoned th e searc h for the secre t of the
universe tha t h e had begu n i n hi s first book. H e returne d t o th e polyhedr a
again i n hi s Harmonice  mundi  (Harmon y o f th e world) , publishe d i n 1619 .
But no w Keple r trie d t o ti e these  geometrica l figure s t o th e Pythagorea n
notion o f a  celestia l harmony. Th e ne w twis t i s that , instea d o f basin g th e
theory of harmony on arithmeti c ratios , he tries to build i t upon proportion s
obtained from the geometry of polyhedra. In book V of the Harmonice, Kepler
takes u p a  mor e standar d versio n o f Pythagoreanis m an d associate s musical
notes with th e motion s o f th e planets . The pitc h (hig h o r low ) i s associated
with th e planet' s speed . The rang e of notes emitted b y a planet i s connected
with th e eccentricit y o f th e orbit—th e mor e eccentri c th e orbit , th e greater
the musica l range. 176

In th e cours e of thi s investigation , Keple r happened upo n hi s third grea t
discovery. This i s called Kepler' s third la w or, sometimes , th e harmoni c law .
Kepler's firs t two law s describe the shap e of an individua l planet' s orbi t an d
the variation of the planet's speed on the orbit. The thir d law states a relation-
ship that connect s th e propertie s o f the orbit s of different planets . Already as
early as Plato an d Aristotle , people ha d conjecture d tha t ther e must b e some
relation betwee n th e orbita l periods and th e radi i o f the planets ' circles . It is
Kepler's harmonic la w that provide s th e connection .

The rul e i s this: th e rati o o f the cub e of the semimajo r axis to th e square
of th e (sidereal ) orbita l perio d i s constan t fo r al l bodie s orbitin g th e Sun .
Expressed i n symboli c language , we may write

J
—2 =  constant .

To illustrat e the meanin g o f thi s rule , le t u s us e i t t o calculat e th e orbita l
period o f Mar s fro m it s semimajo r axis . The constan t (whic h applies  t o al l
of th e planets ) i s most  easil y evaluated usin g th e Earth . Le t a,  denote th e
astronomical unit , tha t is , th e semimajo r axi s o f th e Earth' s orbit . Le t T 0

denote th e orbi t perio d o f the Earth , tha t is , the siderea l year. Similarly , let
au and T M denot e th e semimajo r axis and th e orbita l period o f Mars. Then,
according t o Kepler' s harmonic law,

3 3a M a  „

T2
M T 2:

Since w e kno w tha t a M =  1.5 2 a,  (se e sec. 7.29) , i t i s eas y t o calculat e th e
sidereal perio d o f Mars :

TM =  A/l.523 years

= 1.88 years.

In the seventeenth century the most important application o f the harmonic
law was the revers e o f our example—th e determination of the semimajo r axi s
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of a  planet' s orbi t fro m it s orbita l period . Th e orbita l period s coul d b e
detemined t o hig h precisio n fro m ver y simpl e observation s extende d ove r
long tim e intervals . Derivatio n o f th e semimajo r axi s directl y fro m positio n
measurements was a much mor e delicat e business .

The harmoni c law , toda y regarde d a s one o f th e thre e essentia l fact s o f
planetary motion, was buried in the Harmonice  as the eighth of thirteen points
"necessary for the contemplation of celestial harmonies." Kepler, always seeking
for deepe r mysteries , sometime s faile d t o perceiv e what wa s most significan t
and lastin g i n hi s ow n work . A s wa s th e cas e wit h th e firs t tw o law s i n
Astronomia nova, Kepler did not make it easy for readers to extract the essential
results.

The Epitome o f Copernican Astronom y Fortunately , Keple r did emphasiz e
his laws of planetary motion i n later publications. In his Epitome of Copernican
Astronomy, publishe d i n stage s between  161 8 an d 1621 , Keple r provide d th e
first systematic textboo k o f the ne w astronomy , settin g ou t i n patien t detai l
all o f the advantage s o f Copernicanism , a s well a s Kepler's own principle s o f
planetary motion. T o mak e i t more accessible , Kepler cast the whole int o th e
form o f a  catechism—al l question s an d answers . The thre e law s of planetar y
motion wer e give n ampl e attention , an d clea r direction s wer e provide d fo r
doing practical calculations in the new elliptical astronomy. Of course, Kepler
could no t resis t includin g hi s polyhedr a an d "physical " explanation s o f th e
anomalies o f planetary motion i n term s o f solar magnetism.

Rudolphine Table s Keple r had lon g contemplate d th e constructio n o f new
planetary tables, base d o n th e elliptica l orbit s and th e la w of areas. (H e ha d
already publishe d som e ephemerides. ) Th e table s wer e no t publishe d unti l
1627, unde r th e titl e Tabulae  Rudolphinae, i n hono r o f Kepler's patron, Em -
peror Rudolph II . This work had a s much influenc e a s any of Kepler's others
in winnin g acceptanc e fo r th e ne w astrononomy , fo r i t rapidl y became clear
that the Rudolphine Tables  were the most accurate planetary tables in existence.
Kepler's planetary tables were also the firs t t o mak e us e of logarithms (newl y
discovered b y Napie r an d considerabl y advance d b y Keple r himself) , whic h
provided majo r saving s in labo r fo r th e use r of the tables .

In the  decade s followin g 1630 , Kepleria n astronom y graduall y becam e
accepted. The elliptical orbit and the law of areas were not adopted immediately
by everyone. Some astronomers had a hard time letting go of the circles. Also,
it i s possible t o generate an ellips e by means o f an epicycle that rotate s a t th e
appropriate spee d whil e ridin g aroun d a  deferen t circle . Thus, astronomer s
who wante d t o hol d ont o th e ol d physic s coul d a t leas t make a  reasonable
argument. Alread y i n 1607 , befor e th e publicatio n o f Astronomia  nova,  th e
astronomer Davi d Fabriciu s wrote t o Keple r to urge him no t t o abandon the
principle o f unifor m circula r motion. Fabriciu s added, "Yo u ca n excus e th e
ellipse by another small circle."177 Unfortunately, an elliptical motion generate d
in thi s way does no t tak e plac e with th e correc t variatio n i n speed .

Another popula r dodg e was to accep t th e elliptica l shape o f the orbi t bu t
to rejec t th e are a law . Ellipse s wer e ba d enough , bu t a t leas t the y coul d b e
constructed fro m circles . The are a law had th e double disadvantag e o f lacking
an accepte d physica l basi s an d o f bein g inconvenien t fo r calculation . On e
alternative wa s to plac e a  Ptolemai c equan t poin t a t th e empt y focu s o f a n
elliptical orbit . Suc h a  theory was advocated b y the Englis h astronomer Set h
Ward an d b y the Frenc h astronome r Emile-Franfoi s d e Pagan . Thi s theor y
is very close to Kepler's but contains errors of longitude that reac h a maximum
in th e octants . Neithe r War d no r Paga n offere d an y observationa l evidenc e
in suppor t o f their views . B y the i66o s Kepler' s astronomy ha d carrie d th e
day.



440 TH E H I S T O R Y &  P R A C T I C E O F A N C I E N T A S T R O N O M Y

Envoi

Kepler's work complete d wha t Copernicu s ha d started—th e constructio n o f
a ne w planetar y astronomy . A s w e hav e seen , Copernicu s wa s a  reluctan t
revolutionary. He argued that his universe was truer to Aristotelian physics than
Ptolemy's was . But i n th e process Copernicu s actually undermined Aristotle.
Reversing th e place s o f th e Su n an d Eart h playe d havo c wit h th e elemen t
theory an d wit h th e theor y o f natural motions. Afte r Kepler , th e circle s and
the principl e of uniform circula r motion wer e gone. Th e discover y of a new
astronomy therefor e resulte d i n th e complet e destructio n o f the ol d physics .

Much o f seventeenth-centur y natura l philosoph y ca n b e understoo d a s a
search fo r a  ne w physic s an d a  ne w philosoph y o f natur e t o replac e th e
wreckage o f the old . Th e leader s o f this searc h were Galileo , Descartes , an d
Newton. Kepler' s laws of planetary motion mad e possible Newton's discover y
of th e law s o f motio n an d th e la w o f universa l gravitation . Th e are a law ,
which i s equivalent t o th e principl e of conservation o f angula r momentum ,
provided th e crucia l clu e tha t th e forc e exerte d o n a  plane t b y th e Su n i s
directed radially inward toward the body of the Sun itself, and not tangentially
around the orbit, as Kepler and his contemporaries had supposed. The elliptical
shape o f th e orbi t and , eve n mor e directly , th e harmoni c la w provided th e
clues tha t th e attractiv e forc e exerte d b y th e Su n o n a  plane t varie s a s th e
inverse squar e o f the distanc e between them.

For the ancient Greeks , planetary astronomy had bee n a  branch o f mathe-
matics. Kepler' s constant goa l was to provid e a  physical basis for astronomy .
In hi s Mathematical  Principles  o f Natural  Philosophy  o f 1687 , Isaa c Newto n
showed how t o deduc e Kepler' s laws of planetary motion fro m hi s own laws
of motion an d th e la w of universa l gravitation: i t was Newton wh o realized
Kepler's dream of making planetary astronomy into a  branch o f physics. And
thus humanit y steppe d fro m th e medieva l t o th e moder n world . Newto n
learned o f Kepler' s laws , no t b y readin g th e impenetrabl e Kepler , bu t b y
stumbling acros s them i n variou s Englis h an d Dutc h authors . Moreover ,
by Newton's time, Kepler's version of "physical explanation" seemed hopelessly
medieval and obscurantist . Thus , it is ironic but understandabl e that Newto n
does no t eve n mentio n Keple r b y nam e i n th e firs t boo k o f th e Principia,
where Newton develop s the laws of planetary astronomy from th e new physics.

From the Venus tablets of Ammi-saduqa to the elliptical astronomy of Kepler
is a long way. I t too k th e huma n rac e three thousand year s to figure out th e
solar system . Fo r us , wh o liv e i n a n er a o f ceaseles s scientific progress , thi s
can be an astonishing and eve n a daunting thought . Whe n we look back over
the histor y o f this endeavor—fro m th e Babylonia n Jupiter theor y of syste m
A and the spheres of Eudoxus to the singularly successful theory of Ptolemy—it
is easier to understan d wh y scientifi c chang e i s not guarantee d to b e a steady
and continuou s thing. The worl d a s we perceive it through ou r scienc e is not
simply given to us by observation. Rather, it is a complex amalgam of observa-
tion, invention , mathematica l convenience , mysti c insight, and philosophica l
prejudice. Th e trul y astonishing thin g i s tha t suc h a n amalgam—whic h ha s
as much t o do with u s as with th e externa l universe—should be so successful .

The cosmo s of the Greeks was a beautiful accomplishment , develope d over
five hundred years from th e time of Eudoxus and Aristotle to that of Ptolemy .
Their cosmos wa s a blend of solid fact , detaile d calculation, an d unrestraine d
flights of imagination . A  large par t o f Ptolemy' s worldvie w was close to th e
mark, bu t a  large part turne d ou t onl y t o hav e been a  fantastic dream. This
universe was radically transformed in th e centur y and a  half that bega n with
Copernicus an d ende d wit h Newton . The developmen t o f a new astronom y
and a  ne w physic s surel y brough t u s close r t o understandin g th e externa l
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world, but just as surely, it involved the same complex mixture of mathematics
and mystery , observatio n an d inne r vision . Nowher e i s thi s cleare r tha n i n
the tortuou s path o f Kepler the dreamer . We canno t sa y with an y assurance
what par t o f ou r ow n worl d pictur e wil l surviv e the nex t fe w centuries an d
what par t wil l melt away . Much of our ow n science surely will be vindicated ,
but som e par t o f i t wil l tur n ou t onl y t o hav e been a  dream .

Mathematical Postscript:  Kepler  and  Ptolemy

As we have seen , th e choic e o f putting th e Su n o r th e Eart h i n th e cente r of
the system has no immediate effec t on the accuracy of a theory. Thus, Coperni -
cus was not guarantee d t o reac h bette r predictiv e powe r tha n Ptolem y had .
And eve n though th e orbit s are really ellipses, they depart from perfec t circles
by onl y a  very smal l amount . Thi s i s why astronomer s throug h 1,50 0 years
were able to calculate reasonably accurate planet position s usin g circles rather
than ellipses .

Moreover, Ptolemy' s spee d law (uniform angular motion abou t a n equan t
point) i s a  very good approximatio n t o Kepler' s are a law. This i s the clai m
we investigate in thi s mathematica l postscript . We wil l compare more closel y
the generalize d equan t mode l o f figur e 7.6 9 wit h th e Kepleria n mode l o f
figure 7.73 , t o se e under jus t what circumstance s th e Ptolemai c mode l wil l
perform satisfactorily.

The tru e theor y o f th e motio n o f a  plane t aroun d th e Su n i s shown i n
Fig. 7.73 . The plane t B  moves o n a  Keplerian ellipse. D  i s the Sun , C  is the
center o f th e ellipse , an d F  i s the empt y focus ; a  i s the semimajo r axis , b  is
the semimino r axis , and e  is the eccentricity . The plane t move s on th e ellipse
in accordanc e wit h th e la w o f areas : th e radiu s vecto r fro m th e Su n t o th e
planet sweep s out equa l area s in equa l times .

Figure 7.6 9 present s a  heliocentri c eccentric-and-equan t theory , suc h a s
Kepler's vicariou s hypothesis . A  circl e o f radiu s R  i s described abou t cente r
C, which i s eccentric to the Su n D. Th e plane t B  moves aroun d th e circl e in
accordance wit h th e la w of th e equant : angl e BE A change s uniforml y with
time. Th e eccentricit y o f th e orbita l circle i s e l =  CDIR.  Th e eccentricit y o f
the equan t i s e , =  CE/R.

Let us calculate , i n eac h model , th e tim e require d fo r the plane t t o trave l
from apoge e A to quadrature Q . While moving from A to Q , the planet travels
through 90 ° a s see n fro m th e Su n D . Bu t th e tim e require d wil l b e mor e
than one-fourt h o f the orbita l period .

Kepler Motion
law o f areas:

In Keple r motion, th e spee d of the plane t is regulated by the

time o f trave l = —7 X area swept ou t b y radiu s vector.

The constan t o f proportionality, Tlnab,  i s just the orbita l perio d T  divide d
by the are a of the ellipse . The tim e T AQ required fo r the plane t t o trave l fro m
apogee t o quadratur e i s therefor e proportiona l t o th e crosshatche d are a i n
figure 7.73 . Thi s crosshatche d are a i s one-quarte r o f th e are a o f th e ellips e
plus th e are a of th e zon e DCYQ  Th e quarter-ellips e (CAXY)  ha s are a nab/
4. If the eccentricit y of the ellips e is small, we may treat DCYQ as a rectangle
of are a C D X  CY =  eab.  The are a o f th e whol e crosshatche d regio n i s then
approximately nabl^  +  eab.  Thus, th e tim e o f travel fro m A  t o Q  is

_ T  nab  .JAO =  —r X  1 - ea b* nab  4

= ^r.4 n
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That is, the time from apogee to quadrature is greater than one-fourt h of the
orbital perio d b y eT/n.

Eccentric Circle  with  Equant  Point  I n equan t motion , th e tim e o f trave l is
proportional t o the angle subtended b y the path a t the equant . The constan t
of proportionalit y i s just th e constan t angula r spee d 271/7" . (W e shal l wor k
with th e angle s i n radia n measure. ) Thus, i n figur e 7.69 , the tim e o f travel
from A  t o Q  is

TAq = ~X^ngkAEQ)

= — x(AEX+XEQ)
27C

= ZX K  +  XEQ.
271 2

Now, XEQ =  EQD. And

EQD = tan"1 (ED/DQ)

= ED/DQ

= (Re,  +  Re 2)IR

= e \ +  (?2 ;

provided tha t th e eccentricitie s ar e small . Thus , th e tim e fro m apoge e t o
quadrature becomes , approximately,

T T  t n

T*=WX(^ + '1+ei
i

= l+£l±^r.
4 27 1

Comparing th e tw o expression s for T^ Q (for Kepler motion an d fo r equant
motion o n a n eccentri c circle) , we se e that th e Ptolemai c mode l wil l agree
with th e actua l fact s o f planetary motio n i f

el +  e 1 = 2£.

That is , th e tota l eccentricit y e l +  ^ 2 mus t b e twic e th e eccentricit y o f th e
Keplerian ellipse.

It follow s tha t distanc e D E i n figure 7.69 must b e equa l t o distanc e D F
in figur e 7.73 . That is , th e empty  focus  o f th e elliptical  orbit  corresponds  t o th e
equant point o f the eccentric-circle  model.  Furthermore, this correspondenc e i s
quite good . A n imaginar y observe r standin g a t th e empt y focu s o f Mars' s
elliptical orbi t woul d se e Mar s movin g aroun d th e zodia c ver y nearl y a t
uniform angula r speed. An observe r standing a t the Su n would no t se e Mars
move a t unifor m angula r speed . Fo r a n observe r at th e Sun , the maximu m
departure o f Mars fro m it s uniforml y moving mea n positio n i s about n°— a
very considerabl e departur e fro m unifor m angula r motion. (Thi s i s roughly
the maximum size of the equation o f center in the Ptolemaic model—see table
7.7). Fo r a n observe r at Mars' s empt y focus , th e planet' s greates t departur e
from it s uniformly moving position is about 0.1°. Thus, at the level of precision
that wa s achievabl e i n antiquity , th e empt y focu s o f a  Kepleria n ellips e is
indistinguishable fro m a n equan t point. 1

To pu t thing s a  little differently, th e planets really do move nonuniformly
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and Ptolemy' s rul e of  equant motio n was  a very close approximatio n to  the
actual fact s o f planetary motion . Ptolemy' s introductio n o f the equan t poin t
into astronom y represente d th e deepes t insigh t int o th e natur e o f planetary
motion befor e th e tim e o f Kepler . I n th e Middl e Age s and th e Renaissance ,
Ptolemy's equan t was often perceive d as an unfortunate rupture of the rule s of
Aristotelian physics. This dissatisfaction with thephysica l aspects of Ptolemaic
planetary theor y did hel p t o brin g about th e revolutio n i n astronomy o f the
sixteenth century . Bu t thi s i s somewha t ironi c sinc e mos t o f th e suppose d
remedies (suc h a s th e mino r epicycl e tha t stoo d i n fo r th e equan t i n th e
astronomies o f Ib n al-Shati r an d Copernicus ) represente d a  ste p backwar d
from Ptolemy .

Shedding Light  o n Kepler's  Dilemma  I f th e tota l eccentricit y <? , +  <? 2 i s equa l
to ~LC,  th e eccentric-and-equan t mode l wil l guarantee tha t th e plane t reache s
four point s a t it s orbit a t precisely the righ t times—apogee , perigee , and bot h
quadrants. But , of course, the equan t is not precisely  equivalen t to th e la w of
areas. Thus , Keple r foun d tha t whe n ver y precis e observation s wer e used ,
there was no way to split up the tota l eccentricity between e 1 and ^ 2 that would
give perfec t agreement between theor y an d observation .

It turns out that if one adopts the 5:3 division (as in the vicarious hypothesis)
so tha t e l =  5/4 e and e 2 = 3/4 e , the plane t wil l also reach th e fou r octant s o f
its orbi t a t th e righ t times. 181 Thi s i s why Keple r foun d tha t th e vicarious
hypothesis could matc h th e heliocentri c longitudes o f ten opposition s nearly
perfectly. Bu t then an y prediction tha t depends on the actual distance of Mars
from th e Su n wil l be ruined.

This is because the distance of the cente r o f the orbi t from th e Sun shoul d
be ea.  So , t o ge t th e distanc e effect s right , on e mus t pu t e l =  e  and adop t
Ptolemy's bisectio n o f the eccentricity . Thi s fac t Keple r discovered by using
the observed latitudes of Mars. Bu t then th e eccentric-and-equan t mode l will
fail t o giv e th e righ t heliocentri c longitude s i n th e octant s (th e famou s 8 '
discrepancy).

Should on e pu t e 1 =  5/ 4 e  and e 1 =  3/ 4 e , o r shoul d on e pu t e , =  e  an d
er =  el  Neithe r choic e i s perfect , whic h i s why Keple r ha d t o abando n th e
eccentric circl e and equan t model . So , again, we see that Keple r was the first
to pus h th e fundamenta l accurac y o f a  planetar y theor y beyon d wha t wa s
possible i n Ptolemai c astronomy .

Incidentally, we can also see now why Hipparchus's eccentric-circl e theory
of the Su n works so well—and als o why Keple r had t o modif y i t b y inserting
an equan t point . Hipparchus' s mode l ma y be considered a  special case of the
eccentric-plus-equant model , wit h e 1 =  o . Sinc e th e tota l eccentricit y mus t
still b e equa l t o T.e,  w e requir e e l =  i.e.  Tha t is , i f th e eccentricit y o f th e
eccentric circl e is twice the eccentricit y of the Kepleria n ellipse, Hipparchus's
model wil l do a  good jo b o f matching th e angula r progres s o f the Eart h (o r
the Sun ) aroun d th e orbit . However , th e variatio n i n distanc e wil l the n b e
too larg e by a  factor of two . Th e apparen t variatio n i n th e siz e of the Sun' s
disk in the cours e of the year is only half as large as predicted b y Hipparchus' s
theory—but thi s i s an observatio n tha t was not possibl e until moder n times .
Kepler wa s le d t o bisec t th e eccentricit y t o accoun t fo r th e impac t o f th e
distance effec t o n th e observe d positions o f other planets .

To engag e in philosophica l discussio n
with everyon e i s unseemly , bu t wit h
Eratosthenes, Hipparchus , Posidonius ,
Polybius and  other s of such kind, it is
a beautifu l thing .

Strabo, Geography  I , 2 , I .
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80° (Geography  VI , i , 5) . (In the Geography,
Ptolemy use s the meridian throug h th e Is -
lands of the Blesse d [th e Canary Islands ] as
the zero of longitude; these islands were the
most westerly known land. ) The differenc e
in longitud e betwee n th e tw o citie s thu s
comes t o 45°io' , i n goo d agreemen t wit h
the longitudina l differenc e deduce d fro m
the eclipse observations. In the table of cities

found i n th e Handy  Tables  (compose d b y
Ptolemy an d revise d b y Theon o f Alexan-
dria i n th e fourt h centur y A.D.) , th e longi -
tudes of Carthage an d Arbela are the sam e
as in Ptolemy's Geography.  The 45 ° longitu-
dinal distance between  thes e cities thus be-
came standard in the geographical tradition .

68. Ptolemy , Almagest  I , 4  (trans .
Toomer).

69. Cleomedes , O n the Elementary The-
ory o f th e Heavenly  Bodies  I , 8 , 7 .

70. Theo n o f Smyrna , Mathematical
Knowledge Useful  fo r Reading  Plato HI, 3 .

71. Th e earlies t mentio n o f th e argu -
ment fro m sailin g ships appear s t o b e tha t
of Strab o (Geography  I , i , 20) .

72. Theo n o f Smyrna , Mathematical
Knowledge Useful  fo r Reading  Plato III, 3 .

73. Strabo , Geography  I , i , 8  (trans .
Jones).

74. Fo r Aetius's account of Anaximand-
er's cosmology, se e Kirk and Rave n (1960) ,
pp. 135-137 , an d Heat h (1932) , pp . 6-7 .

75. Ptolemy , Almagest  III, i .
76. MUL.API N II , i 1-8. Translated by

Hunger an d Pingre e (1989) , pp . 70-71 .
77. MUL.API N I , i v 31-39.
78. MUL.API N II , A  1-4 . Translate d

by Hunge r an d Pingre e (1989) , pp . 88-89 .
79. Fo r th e littl e w e know o f Oenop-

ides' geometry, see Heath (1921) , Vol. i , pp.
174-176.

80. Theo n o f Smyrna , Mathematical
Knowledge Useful  fo r Reading  Plato III, 40 .

81. Euclid , Elements  IV, 16 .
82. Proclus , Commentary  o n th e First

Book o f Euclid's  Elements,  Proposition vii i
(trans. Morrow) , p . 210 .

83. Vitruvius , O n Architecture  IX, 7 , I
(trans. Morgan) .

84. Pliny , Natural History  II , 18 2 (trans.
Rackham).

85. Strabo , Geography  I , 4 , 4  (trans .
Jones).

86. Geography  II , 2 , 3 ; II , 5 , 43.
87. Strab o discusses the various ways of

defining th e zone s i n Geography  II , 2 , 3  to
II, 3 , 2 .

88. Aristotle , O n th e Heavens  298316.
89. Heat h (1897) , p . 222.
90. Dreye r (1906) , pp . 173-174 , make s

a cas e fo r th e attributio n t o Dicaearchus .
91. Strabo , Geography  I , 2 , 2 .
92. Cleomedes , O n the Elementary The-

ory o f th e Heavenly  Bodies  I , 10 , 3—4 . Fo r
an Englis h translatio n o f thi s passage , see
Heath (1932) , pp . 109-112 , o r Kis h (1978) ,
PP- 74-75 -

93. Th e ancien t geographica l writers all
accept thi s a s a  fact . Strabo , Geography  II ,
5, 7 ; Ptolemy , Almagest  II, 6 .

94. Strabo , Geography  XVII , I , 48 .
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95. Strab o (Geography  II , 5 , 34) says that
Eratosthenes reckoned the circumference of
the Earth at 252,000 stades and that Hippar -
chus accepted th e sam e figure.

96. Geography  II , 5 , 7 .
97. Geography  II , 2 , 2 .
98. Thorndik e (1949) , p . 122 .
99. Dreye r (1906) , pp . 249—250 . Se e

also Sayil i (1960).
100. Moriso n (1974) , p . 30 .
101. Cleomedes , O n th e Elementary

Theory o f the Heavenly Bodies,  1,10, 2. Trans-
lated fro m Todd' s edition , i n whic h thi s
passage i s give n th e numeratio n I , 7 .
Throughout thi s book , passage s o f Cle -
omedes are cited according to Ziegler' s nu -
meration, which i s also followed in Goulet's
French translation .

102. Se e Heath (1913) , pp. 299-316 , fo r
a discussion o f all the ancien t testimony on
Aristarchus.

103. Translatio n o f Heat h (1897) , p .
222, slightl y modified.

104. Th e sourc e for Cleanthes' opinio n
is Plutarc h (O n th e Face  i n th e Or b o f th e
Moon, 922F-923A ; se e Plutarch , Moralia,
Vol. XII) . Diogene s Laertiu s provides a  list
of Cleanthes ' writings , amon g whic h i s a
book calle d Against  Aristarchus. It wa s n o
doubt in this work that Cleanthes criticized
Aristarchus fo r impiety .

105. Translate d b y Heat h (1913) , pp .
353-355-

106. Heat h (1897) , p . 223 . In th e sam e
passage, Archimedes describes his own mea-
surements o f th e angula r diamete r o f th e
Sun, usin g a  dioptr a o f th e typ e late r de -
scribed b y Ptolem y i n Almagest  V , 1.4 .
Archimedes find s tha t th e diamete r o f th e
Sun i s between 1/16 4 and 1/2.0 0 o f a  righ t
angle, i.e. , betwee n 0.549 ° an( i °-45° - See
also Dijksterhui s (1987) , pp . 364-366 .

107. Va n Helden (1985) , pp. 10-13. This
book also provides a  good accoun t o f later
efforts t o fin d th e distance s o f celestia l
bodies.

C H A P T E R 2

1. Neugebaue r (1975) , p . 577 .
2. Ptolemy , Almagest  I, 3 .
3. Almagest  I, 2 .
4. Geminu s introduce s th e celestia l

sphere in his Introduction to the Phenomena
(I, 23) . Theon o f Smyrn a (Mathematical
Knowledge Useful  fo r Reading  Plato  III , i )
presents th e astronomica l hypothese s i n
clear fashion: the cosmos and the Eart h are
both spheres , th e Eart h i s a  mer e poin t
located a t th e cente r of the cosmos , etc .

5. Hipparchus , Commentary  on the Phe-
nomena ofAratus  an d Eudoxus  I, 1.3—8 . Fo r

an Englis h translatio n o f thes e brie f pas -
sages, se e Heath (1932) , pp . 116-121 .

6. Aratus , Phenomena  462—558.
7. Th e bes t stud y o f earl y celestia l

globes i s Savage-Smith (1985) .
8. I t ha s bee n suggeste d tha t Hippar -

chus used a globe as an "analo g computer"
in compilin g th e "phenomena " sectio n o f
his Commentary  on the Phenomena ofAratus
and Eudoxus.  See Nadal and  Brune t (1984 )
and (1989) ; also Grasshoff (1990) , pp . 190 —
191. Similarly , Ptolemy i s believed to hav e
used a  globe i n "computing " muc h o f th e
data concerning heliacal risings and settings
of th e star s i n hi s Phaseis.  I n thi s work ,
Ptolemy gave the date s of the fou r heliacal
risings an d settings , for eac h o f 3 0 stars, as
observed i n eac h o f 5  differen t latitudes .
This amounts t o 4  X  30 X 5 = 60 0 calcula -
tions. To hav e done thi s trigonometrically
would have been a great labor, which would
hardly have been worth the little extra preci-
sion resulting from an exact treatment. Ptol -
emy's us e o f a  glob e i s inferre d from th e
scatter i n som e o f hi s results . Se e Neuge-
bauer (1975) , pp . 928-931 .

9. Gaiu s Sulpiciu s Gallus , o f a n influ -
ential Roma n family , fough t i n Macedo n
under Aemiliu s Paulus , was consu l i n 16 6
B.C., an d playe d a n importan t rol e i n th e
affairs o f Greece and Asia. He had a reputa-
tion fo r scientific , especiall y astronomical ,
knowledge. H e i s famous for relievin g the
fears o f Paulus's army on th e occasio n of a
solar eclipse , in 16 8 B.C. , by explainin g it s
cause before an assembly of the troops. O n
the followin g day , th e arm y defeate d th e
forces of King Perseus at Pydna in Macedo-
nia (Pliny , Natural History  II , ix) . Hi s dis -
cussion of celestial globes is quoted b y Cic -
ero i n D e r e publica I , 14 .

10. Plato , Timaeus,  36 B-D (trans . Lee),
n. Plutarch , Marcellus  XVII , 3- 5 (se e

Plutarch, Lives,  Vol. V) .
12. Pappu s o f Alexandria, at the begin -

ning of book VIII of his Mathematical Col-
lection; trans. Hultsch, Vol. 3, p. 1026; trans.
Ver Eecke , Vol . 2 , pp. 813-814 .

13. Ovid , Fasti  VI , 277-280 .
14. Cicero , D e r e publica I , xiv . Eve n

Cicero does not say he has seen Archimedes'
globes. Rather , h e has them mentione d b y
characters i n a  dialogue , an d th e dialogu e
is set in the year 129 B.C. , more than twent y
years befor e Cicero' s birth .

15. D e r e publica I , xi v (trans . Keyes) .
Archimedes' orrery is mentioned b y Cicero
also i n Tusculan  Disputations I, xxv .

16. Cicero , O n th e Nature  o f th e Gods
II, xxxv.

17. Theo n o f Smyrna , Mathematical
Knowledge Useful  fo r Reading  Plato III, 16 .

18. Pric e (1974) .
19. Field  and Wrigh t (1984) .
20. Proclus , Commentary  o n th e First

Book o f Euclid's  Elements  (trans. Morrow) ,
pp. 31-35 . Thi s passag e has als o bee n dis -
cussed b y Heath (1921) , Vol . i , pp . 10-18 ,
and Tanner y (1887) , pp . 38-42 .

21. A  famou s example i s the mesolabes,
or mesolabium,  an instrumen t invente d b y
Eudoxus and Archytas to solve the following
problem: give n the tw o extreme lines, find
the two mean line s of a continued propor -
tion. Tha t is , given th e number s a  an d d ,
find b  and c  such tha t al b = b/c = eld. See
Plutarch's lif e o f Marcellus .

22. Ptolemy , Planetary  Hypotheses  I , i ,
Opera, Vol . II , pp . 70-71 . Nevertheless ,
when Ptolem y goe s o n i n th e sam e wor k
to describ e his cosmology, h e remarks tha t
"he will use the simples t method , so  that it
will b e eas y t o construc t instruments, " b y
which h e clearly means working models o f
the univers e (Opera,  Vol . II , pp . 72-73) .
Thus, Ptolem y di d no t objec t t o sphairo-
potia itself, bu t onl y to the shortcomings of
its practitioners .

23. Photograph s o f Renaissanc e globes
and armillar y sphere s ar e foun d i n man y
books o n th e histor y o f scientifi c instru-
ments. Example s ar e Guy e an d Miche l
(1971), Miche l (1967) , an d Wynte r an d
Turner (1975) . Stevenson (1921 ) i s the mos t
extensive genera l histor y o f globes . Tych o
Brahe's sixteenth-century illustrations of his
own armillar y sphere s ar e reproduce d i n
Raeder, Stromgren , an d Stromgre n (1946) .

24. Th e mos t recen t editio n (1979 ) o f
Autolycus's work s i s tha t o f Aujac (Gree k
text with facin g Frenc h translation) . Bruin
and Vondjidi s provid e a n Englis h trans -
lation (1971 ) o f Autolycus' s works , base d
on th e Gree k text (1950 ) o f Mogenet . Bu t
this translation mus t b e used with care ; for
a highl y critica l review , se e Neugebaue r
(i973)-

25. Strui k (1948) , p . 59 .
26. Thes e propositions are quoted fro m

Euclid's Phenomena  (trans . Berggre n an d
Thomas).

27. Copernicus , O n th e Revolutions  of
the Heavenly  Spheres  I , 6 .

28. A  list of the content s o f this manu -
script is given in Aujac's 1979 translation of
Autolycus, pp . 29—30 . Fo r a  summar y o f
the content s o f th e work s o f Theodosius ,
of Euclid's Optics,  and o f Menelaus's Spher-
ics, see Delambre (1817), Vol. i, pp. 234—243 ,
58—60, an d 243—246 , respectively.

29. See , e.g. , Tanner y (1893) , p . 35.
30. Neugebaue r (1975) , pp . 768-769 .
31. Fo r Geminus's date, see Neugebauer

(:975)> PP - 579—58i . Formerly , a  dat e o f
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about 7 0 B.C . was ascribe d t o th e Isagoge,
but thi s wa s du e t o a  confusio n betwee n
the Egyptian and the Alexandrian calendar.

32. Translate d int o Englis h b y Jame s
Evans from Aujac' s 197 5 Gree k text .

33. Aratus , Phenomena,  559—56 2 (trans .
Mair an d Mair) .

34. Phenomena,  569-572 .
35. Hipparchus , Commentary  o n th e

Phenomena of Aratus andEudoxus II , i, 4—6.
From Hipparchus' s remarks , i t is clear that
some of his contemporaries (including Atta-
lus, anothe r commentato r o n Aratus) were
still makin g thi s assumption .

36. Ptolemy , Geography  (trans . Steven -
son), p . 34.

37. Neugebaue r (1975) , p . 788 .
38. Fo r a  modern editio n o f the Alfon-

sine Tables,  se e Poulle (1984) .
39. Tanner y (1893) , p . 138 .
40. Strabo , Geography  II , 5 , 34.
41. Ptolemy , Tetrabiblos  III , 2 . (trans .

Robbins), pp . 228-231 . A good brie f intro -
duction t o th e histor y o f Gree k astrolog y
is provide d b y Tester (1987) .

42. For  detail s on  the  trigonometr y of
the Almagest,  see Pedersen (1974) , pp . 65 -
78, 94-121 .

43. Fo r more detail on Hypsicles' proce -
dure, se e Neugebaue r (1975) , pp . 715-718 .
See als o Heath (1921) , Vol . 2 , pp . 213-218 .

44. Th e Babylonia n materia l i s dis -
cussed fully by Neugebauer (1975) , pp. 366 —
371-

45. Cleomedes , O n the Elementary The-
ory o f th e Heavenly  Bodies  I , 6.1 .

46. Manilius , Astronomica III, 275—294.
47. Astronomica  III, 443—482 .
48. Se e Jones (1991) for a more extensive

treatment o f the adaptatio n o f Babylonian
methods b y Greek astronomers .

49. Fo r th e armillar y spher e a s an in -
strument of observation in the Renaissance,
see Dreye r (1890) , Thore n (1990) , an d
Raeder, Stromgren , and Stromgre n (1946) .

C H A P T E R 3

1. Th e authoritativ e surve y o f Gree k
and Roma n sundial s is Gibbs (1976) .

2. Thi s dia l i s no . 4008 6 i n Gibb s
(1976).

3. No . 4ooi G i n Gibb s (1976) .
4. Stuar t and Revet t ([1762 ] 1968) . Fo r

the Towe r o f th e Winds , se e Vol . I , pp .
12—25. A moder n photograp h o f th e towe r
and som e o f the engraving s of Stuar t an d
Revett ar e reproduced i n Watson (1956) .

5. Pric e (1967) .
6. Peri  Analemmatos.  Th e Gree k tex t

(which i s only partl y preserved ) i s printed
in Ptolemy, Opera,  Vol. 2 , pp. 187-223 . For

a discussion , se e Neugebaue r (1975) , pp .
839-856.

7. Adapte d fro m the English translation
(1914) o f Morgan .

8. Bilfinge r (1886) . Bilfinger's construc -
tion o f a  horizonta l dia l i s repeate d wit h
full explanatio n in Soubiran (1969). Dreck -
er (1925 ) ha s applie d th e analemm a t o a
variety of plane and cylindrica l dials .

9. Th e hou r line s theoreticall y ough t
not t o be straight, even though th e ancients
always dre w the m so . Straigh t line s ar e a
good approximation , especiall y fo r th e
hours nea r noon .

10. Thes e measurement s ar e fro m
Gibbs (1976) , p . 332.

11. Gibb s (1976) , p . 324 .
12. No . 1 6 in the collection o f the Time

Museum (Rockford , 111.). See Turner (1985),
pp. 124-127 .

13. No . 18 6 in the collectio n o f the Na -
tional Museu m o f American History . Se e
Gibbs (1984) , pp . 139-140 .

14. T o be sure, there are some variations
in th e fronts . Earl y Islamic astrolabes , e.g.,
usually have no rule and no scale of equinoc-
tial hour s o n th e lim b o f the mater . Tim e
was reckone d i n seasona l hours , an d th e
seasonal hou r curve s o n th e plat e suffice d
for this . Th e rule , whic h i s ver y helpfu l
in working wit h equinoctia l hours , ha s n o
function i n reckonin g seasona l hours .

15. No . 8 7 in th e collectio n o f the Na -
tional Museu m o f America n History . Se e
Gibbs (1984) , pp . 132-134 .

16. Fo r the reade r who wishes t o sleuth
out th e function s of th e variou s scale s o n
the bac k o f thi s instrument , i t shoul d b e
mentioned tha t th e sine s ar e i n bas e 60 .
Also, th e numeral s ar e i n Arabi c alphanu -
meric notation. I.e. , the numbers are repre-
sented b y letters o f the Arabic alphabet :

i 2  3 4 5  6 7 8 9 1 0 i i 1 2
l ^ - ? J ' S J L t ' - - ' ~ - - ~

This is similar in spirit to the Greek system
of alphanumeric s discusse d i n Sec . 4.5 .

The numeral s that w e use today have a
different ancestry . They represent medieval
European variation s o f Arabi c modifica -
tions of number symbols that originated i n
India. Ou r numeral s ar e sometime s calle d
"Arabic," bu t "Indian " o r "Hindu/Arabic "
would b e more appropriate .

17. Mathematica l proof s of these prop -
erties o f stereographi c projectio n ca n b e
found i n Neugebaue r (1975) . Although th e
ancient an d medieva l writers implicitly use
conformality (a s when layin g ou t th e azi -
muth circles of the latitude plate), it appears
that they never directly asserted that stereo-
graphic projectio n i s angl e preserving . I n

contrast, th e preservatio n o f circles was di-
rectly state d an d constantl y use d b y th e
ancient writers .

18. Liste d i n Turne r (1985) , p . 14 .
19. O n th e early history of stereographic

projection and of the astrolabe, see Neugeb-
auer (1975) , pp . 857-879 .

20. Vitruvius , Te n Books on Architecture
IX, 8.8-15 .

21. Fo r reference s t o th e literatur e o n
these tw o disk s se e Neugebauer (1975) , p .
870, n . 5 , 6. For a  drawing of the disk fro m
Grand (whic h carrie s month name s but n o
constellation figures) , see King (1978), p. 12.

22. Ptolemy , Opera,  Vol . II .
23. Printe d wit h a  Frenc h translatio n

and commentar y b y Segonds (1981) .
24. Ther e also exists a  table of content s

of Theon' s treatis e o n th e astrolab e pre -
served i n Ya 3qubl's History  o f th e World,
written aroun d A.D . 880 . Sebokht' s treatise
corresponds closel y to  the  content s of
Theon's los t wor k a s summarized b y Ya D-
qubl. Philoponu s show s mor e indepen -
dence but clearly draws on the same source.
For a  detaile d compariso n o f thes e thre e
works, se e Neugebauer (1949) , reprinted i n
Neugebauer (19830) . Fo r th e adaptatio n o f
these source s b y Arabi c astronomers , se e
"Observations o n th e Arabic Receptio n o f
the Astrolabe " i n Kunitzsc h (1989) .

25. Se e Turner (1985), p. 15 , for a photo-
graph o f thi s astrolabe , no w a t th e Roya l
Scottish Museu m i n Edinburgh .

26. Masha Dallah (o r Messahalla , a s
spelled by Latin writers of the Middle Age s
and Renaissance ) wa s a n eighth-centur y
Jewish astrologer. He does not seem actually
to hav e written o n th e astrolabe . See "O n
the Authenticit y o f th e Treatis e o n th e
Composition an d Us e of the Astrolabe As-
cribed t o Messahalla " i n Kunitzsc h (1989) .

27. Th e thirteenth-centur y Lati n trea -
tise on the astrolabe by Jordanus of Nemore
has been edite d an d provide d wit h a n En -
glish translation by Thomson (1978) . A Re-
naissance Englis h treatis e on th e astrolab e
has als o bee n reprinte d recently . Se e Bla -
grave, Mathematical  Jewel.

28. Th e mos t ambitiou s guid e t o th e
astronomy an d astrolog y i n Chaucer' s
works i s North (1988) . Fo r Chaucer' s trea -
tise o n th e astrolabe , see Skeat (1872) . Fo r
a translatio n int o moder n English , se e
Gunther (1929) .

29. Direction s fo r makin g othe r part s
of an astrolabe can be found in Knox (1976)
and Saunder s (1984) .

C H A P T E R 4

i. Originally , the Roman month did co-
incide wit h a  lunation; indeed , month  an d
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Moon deriv e from th e same word root . Th e
old Roman calendar , eliminated b y the Ju-
lian reform , wa s of th e luni-sola r type .

2. Herodotu s (HistoriesVlll,  51) , speak-
ing of the Persians, says, "After the crossing
of the Hellespont , fro m whic h the y began
to march—having consumed on e month i n
the crossin g int o Europe—i n thre e mor e
months the y cam e into Attica while Kalli -
ades was archon amon g th e Athenians. "

3. Diodoru s Siculus , Histories  XVIII ,
ii, i .

4. Thi s accoun t i s base d mostl y o n
Bickerman (1980), pp. 43—51 ; Samuel (1972),
pp. 153—170 ; and the article "The Calendar "
in the Explanatory  Supplement  to the Ameri-
can Ephemeris  (1974) , pp . 407-442 .

5. I n th e historica l period , th e Roma n
calendar always had twelv e months. But , at
an even earlier time (before the fifth century
B.C.), there were only te n months , an d th e
year bega n wit h March . Thi s explain s th e
names o f th e month s Septembe r throug h
December.

6. Th e detail s o f th e intercalatio n
scheme i n th e earl y Roman calenda r ar e a
matter o f dispute . Se e Samuel (1972) , pp .
160-164.

7. Not e that the months (March , May,
July, an d October ) tha t alway s had 3 1 days
are precisely those that kept their Nones on
the 7t h an d thei r Ide s o n th e I5th . Th e
other months (o f 29 days before the reform )
kept thei r Nones  on th e 5t h and thei r Ides
on th e I3t h eve n afte r the y were increased
in lengt h b y th e reform.

8. Fo r a n accoun t o f th e astrologica l
method o f deducing th e orde r o f th e day s
of the wee k fro m th e orde r o f the planets ,
see Bickerma n (1980) , p . 61 , o r Sarto n
(1970), Vol . 2 , p . 332.

9. O n Frida y morning th e Jews woul d
not ente r Pilate' s hall , les t the y b e defile d
and s o prevente d fro m eatin g th e pascha l
meal (Joh n 18:28) . Frida y was th e "da y o f
preparation" fo r th e Passove r (Joh n 19:14 ,
Luke 23:54). The Sabbath, beginning at sun-
down o n Friday , therefore coincide d wit h
Passover, fo r whic h reaso n i t wa s calle d a
"great Sabbath " (Joh n 19:31) .

10. Tha t Chris t i s sai d t o hav e rise n
"on th e thir d day " (Sunday ) followin g the
crucifixion (Friday ) i s anothe r exampl e o f
inclusive counting .

11. Arche r (1941) , p . 39 .
12. Fo r an account o f the Easter contro-

versy in Britai n in th e sevent h century , see
Bede's Ecclesiastical History (e.g. , I I 2 , II19,
III 4 , II I 25 , IV 5 , V 15 , V  19 , V  21).

13. Table s fo r calculatin g th e dat e o f
Easter under either the Julian or the Grego -
rian calenda r ar e provided i n th e Explana-

tory Supplement  to  the  American Ephemeris
(1974), pp . 420-429 .

14. Fo r an interesting account o f medi-
eval discussio n o f th e inadequac y o f th e
calendar, see "The Wester n Calendar: Intol-
erabilis, Horribilis et Derisibilis;  Fou r Cen -
turies o f Discontent," i n Nort h (1989) .

15. Fo r portrait s of Lilius , Clavius, an d
Gregory, as well as notes o n th e oppositio n
to th e reform by such notabl e scholars and
astronomers as Scaliger, Viete, and Mastlin ,
see Moyer (1982) . For a technical discussion
of th e reform , see Delambre (1821) , Vol . I ,
pp. 1—84 .

16. Arche r (1941) , p . 39 .
17. Hughe s (1926) , p . 16 .
18. Drak e (1978) , p . 436 .
19. Westfal l (1983) , p . 40 .
20. O n Scalige r and his construction of

the Julia n period , se e Rees e an d Everet t
(1981).

21. Copernicus , O n th e Revolutions  o f
the Heavenly  Spheres  III , 13 .

22. Fo r example , in O n th e Revolutions
of th e Heavenly  Spheres  III , 13 , Copernicu s
writes tha t h e observed th e "autum n equi -
nox at Frauenburg in the year of Our Lor d
1515 o n th e i8t h da y befor e th e Kalend s
of October, bu t accordin g t o the Egyptia n
calendar i t wa s th e i84Ot h yea r afte r th e
death o f Alexander o n th e 6t h da y o f th e
month o f Phaophi, hal f an hour afte r sun -
rise."

23. Thi s cycle of 1461 Egyptian year s is
sometimes calle d th e Sothic  cycle,  afte r
Sothis, the Egyptian name for the star Sirius.
The mornin g risin g o f Sirius , i n July ,
marked it s first reappearance from th e rays
of th e Sun . Thi s even t coincide d fairl y
closely with the beginning f the annual flood
of th e Nil e an d s o marke d th e beginnin g
of the agricultural year. The mornin g rising
of Sirius thus fell later and later in the calen-
dar, workin g it s wa y throug h al l twelv e
months i n one Sothic cycle. See Bickerman
(1980), pp . 41-42 .

24. Th e Handy  Tables  were edited an d
provided wit h a  Frenc h translatio n b y
Halma (1822-1825) .

25. Bickerma n (1980) , pp . 109-110 .
26. I n the Greek manuscripts of the as-

tronomical canon , th e name s o f the king s
are written in the genitive (possessive) case.
Thus, fo r example , Xerxes is written cJEp -
cjoi), signifyin g tha t th e 2 1 year s opposit e
his nam e ar e th e 2 1 years o f Xerxes.  I n th e
list show n i n fig. 4.2, a s in man y others o f
its period , th e symbol  ̂i s used fo r the
dipthong OU .

27. Th e letter s ar e assigne d numerica l
values in accordance with thei r order in the
alphabet. However, two letters that droppe d

out o f th e alphabe t b y classica l time s re -
tained thei r place s and thei r conventiona l
uses a s numerals. Thes e ar e / (6) , calle d
digamma, phonetically equivalen t t o ou r v
or w , an d F  (90) , the koppa,  equivalen t t o
our q . Th e Phoenicia n scrip t fro m whic h
the Gree k letter s derived represente d a  Se-
mitic languag e and thu s ha d nee d o f more
sibilants than di d Greek . On e o f these sur-
plus sibilant s was use d a s th e symbo l fo r
900. (No t al l scholars agre e on thi s orgi n
for the symbol.) Its Byzantine form is shown
in the list of correspondences. In Byzantine
times, i t wa s called sampi.

28. Thi s list is adapted fro m Bickerman
(1980), p . 20 . The standar d sourc e o n th e
calendars o f th e Gree k citie s i s Samue l
(1972), pp . 57-138 .

29. Bickerma n (1980) , p . 36 ; Samue l
(1972), p . 58 .

30. Samue l (1972) , p . 58 .
31. Pritchet t an d Neugebaue r (1947 ) i s

the the mos t thoroug h recen t treatment of
the Athenian calendar .

32. Fo r th e ancien t list s o f reigns , see
Samuel (1972 ) an d Bickerma n (1980) .

33. Diodoru s Siculus , Histories XII, 77 ,
i (trans . Oldfathe r e t al.) .

34. Neugebaue r (1975) , p . 617 .
35. Fotheringha m (1924 ) an d va n de r

Waerden (1960) .
36. Ptolemy , Almagest  VII , 3  (trans .

Toomer ) , p . 334 , slightly modified.
37. Somewha t differen t practice s ar e

followed i n transliteratin g th e mont h
names. This list follows Sach s and Hunge r
(1988), pp. 13—14 , with some additions fro m
Neugebauer (19833) , p . 38 .

38. Parke r and Dubberstei n (1956) , pp .
1—2.

39. Th e evidenc e fo r al l know n inter -
calations is collected in Parker and Dubber -
stein (1956) . Se e van de r Waerde n (1974) ,
pp. 103—104 , fo r a  discussion.

40. Parke r and Dubberstei n (1956) .
41. Thes e circula r visibilit y diagram s

were introduce d b y Schmid t (1949) .
42. Ptolemy , Phaseis  5 ; Opera,  Vol . I I

p. 8 .
43. Theo n o f Smyrna , Mathematical

Knowledge Useful  fo r Reading  Plato III, 14 .
44. Ginze l (1906-1914), Vol. 2, pp. 520 -

522. Ginzel's table s are reprinted i n Bicker-
ton (1980) , pp . 112—114 .

45. Trans , b y J . Evan s fro m Aujac' s
(1975) tex t o f Geminus .

46. Diel s an d Reh m (1904) .
47. A n excellen t survey  o f Gree k an d

Latin parapegmat a i s provide d b y Alber t
Rehm, "Parapegma, " i n RE .

48. Trans , adapte d fro m Grenfel l an d
Hunt (1906) , p . 152 .
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49. Neugebaue r (1975) , p . 706 .
50. Ptolemy , Phaseis;  Opera,  Vol . II .

C H A P T E R 5

1. Ptolemy , Almagest  III , i ; Diodoru s
Siculus, Histories  XII, 36 , 1—2 .

2. Fo r th e opposit e conclusion—tha t
probably Hipparchu s used a  quadrant an d
Ptolemy a n equatoria l ring—se e Britto n
(1992), pp . 12-17 .

3. A  warp i n th e rin g was propose d a s
a caus e o f th e doubl e equino x b y Rom e
(1937). PP - 233-234 .

4. Multipl e equinoxe s produce d b y re-
fraction woul d b e common rathe r than ex-
ceptional. Se e Britto n (1992) , p . 28 . Th e
effect o f refractio n ha s als o bee n analyze d
by Brui n and Brui n (1976) .

5. A t least one ancien t writer was aware
of atmospheric refraction . Cleomedes men -
tions a n eclips e o f the Moon i n which th e
Sun and the Moon were both slightly above
the horizo n an d offer s a s a n explanatio n
the refractio n o f th e visua l ra y b y th e ai r
(Cleomedes, O n th e Elementary  Theory  o f
the Heavenly  Bodies  II , 6 , 7-10).

6. Eudemu s o f Rhodes, a  pupil of Aris-
totle wh o wrot e historie s o f mathematic s
and astronomy, sai d that Thale s (sixt h cen-
tury B.C.) wa s the first to find that "eclipses
of th e Su n an d it s return s t o th e solstice s
do not alway s take place after equa l times. "
Apparently, thi s indicate s a  suspicion tha t
the year might be of variable length. Eude-
mus's work s are  lost , and  we  owe  thi s
sentence t o Theo n o f Smyrna , Mathemat-
ical Knowledge  Useful  for  Reading  Plato
III, 40 .

7. Theo n o f Smyrn a (Mathematical
Knowledge Useful  fa r Reading  Plato III, 12 )
gives th e followin g values for th e wander -
ings of the planet s in latitude: Sun, i° (i.e.,
+1/2°); Moon, 12° ; Mercury , 8° ; Mars an d
Jupiter, 5°; Saturn, 3°. The longevit y of this
mistaken ide a no doub t stemme d fro m it s
distinguished pedigree: the solar theory (ho-
mocentric spheres ) of Eudoxus and Callip -
pus incorporate d a  motio n i n latitud e fo r
the Sun, analogous to, but smaller than, the
Moon's motio n i n latitude .

8. See , e.g., Delambre (1817) , Vol. i, pp .
xxv-xxvi; (1819) , pp . Ixvii-lxix , 36.

9. R . R. Newton (1977 ) has argued that
Ptolemy fabricate d data . Fo r a  thoroug h
study of Ptolemy's equinoxes and solstices ,
see Britton (1992) .

10. Callippus' s seaso n lengths , accord -
ing t o th e papyru s know n a s "The Ar t o f
Eudoxus," are, beginning with summer, 92,
89, 90 , an d 9 4 days; see Tannery (1893) , p .
294. The sam e papyrus gives season lengths

for Euctemo n (ca . 430 B.C.) that appea r t o
show a  recognition o f the inequalit y of the
seasons: 90 , 90 , 92 , 93 . Bu t i t i s wron g
to interpre t thes e figures this way. Rather ,
Euctemon's season s follow fro m a  uniform
distribution o f 360 days ove r th e fou r sea -
sons, with the five extra days arbitrarily di-
vided a s evenly as possible between winte r
and spring— a matter of arithmetical conve -
nience, no t o f observation. Callippus' s ar e
the first Greek data that incontestably show
a recognition of the solar anomaly. See Neu-
gebauer (1975) , pp . 627-629 .

11. Survivin g proofs o f th e equivalenc e
may b e foun d i n Ptolem y (Almagest  III ,
3) an d i n Theon o f Smyrna (Mathematical
Knowledge Useful  fo r Reading  Plato III, 26) .
For a  reconstructio n o f Apollonius' s los t
proof o f th e equivalence , se e Neugebauer

(i959)-
12. Strabo , Geography  I , i , 12 ; II , i , 41 .

The complete title was probably Three Books
against th e "Geography"  o f Eratosthenes.  Se e
Dicks (1960) .

13. Ptolemy , Almagest  IX, 2 .
14. O n th e Babylonia n solar theory, see

Neugebauer (1975) , pp . 371-379 . For a  less
technical introductio n t o Babylonia n as -
tronomy, see  Neugebaue r (1969) , pp.  97—
144.

15. Th e 8 ° Babylonia n conventio n i s
mentioned b y Geminus: "Th e summe r sol-
stitial point , accordin g t o th e practic e o f
the Greeks , i s in the first part o f the Crab ;
but accordin g t o th e practic e o f the Chal -
deans, i n th e eight h degree . The cas e goes
similarly fo r th e remainin g points " (Intro-
duction to the Phenomena I, 9). The 8 ° con-
vention persist s i n man y Roma n writers ,
e.g., Vitruviu s (O n Architecture  IX, 3 ) an d
Pliny (Natural  History  XVIII , 221) . I n th e
same way, Columella (De re rustica XI, 2.31 )
says tha t th e sprin g equino x follow s th e
Sun's entr y int o th e sig n o f th e Ra m b y
seven or eight days . See Neugebauer (1975) ,
pp. 593—600 , fo r a  discussion of al l the an -
cient convention s fo r th e signs.

16. Neugebaue r (1969) , p . 115 .
17. Theo n o f Smyrna , Mathematical

Knowledge Useful  fo r Reading  Plato III, 30 .
18. G . J . Toomer , "Hipparchu s an d

Babylonian Astronomy, " i n Leichty , Ellis ,
and Gerard i (1988) , pp . 353-362 .

19. Se e va n de r Waerde n (1974) , pp .
295-298.

20. Jone s (1991) .
21. Theo n o f Smyrna , Mathematical

Knowledge Useful  fo r Reading  Plato  III ,
26.

22. Mathematical  Knowledge  Useful  fo r
Reading Plato  III, 34.

23. Ptolemy , Almagest  III, 4 .

24. Fo r a n Englis h translation , se e
Duhem (1969) .

25. Dreye r (1906) , pp . 196 , 201 .
26. Sambursk y (1962) , p . 146 .
27. Dijksterhui s (1961) , p . 67 .
28. Koestle r (1963) , p . 74 .
29. G . E . R . Lloy d ha s show n tha t

Duhem's arguments are often based on mis-
readings o r mistranslation s o f th e Gree k
sources; Lloy d (1978) , reprinte d i n Lloy d
(1991), pp . 254-280 . Fo r a  criticism o f th e
traditional view, supported by Duhem, that
Plato wa s responsibl e fo r introducin g th e
convention o f uniform motion int o Gree k
astronomy, se e Knorr (1989) .

30. Trans , by J. Evans from Diels's edi -
tion of Simplicius's Commentary on Aristot-
le's Physics,  pp . 291—292 .

31. I n 140 B.C. the longitude o f the solar
apogee was 66°i8'. For the eccentricity Hip -
parchus should hav e foun d 0.0352.

32. I n moder n astronomica l writing ,
what w e cal l th e equatorial  mean  Su n i s
called simpl y the mean  Sun. Followin g an-
cient practice, we use the latter for the ficti-
tious bod y tha t travel s o n th e eclipti c an d
whose longitude is always equal to the Sun's
mean longitud e (se e sec. 5.7).

33. Ptolemy , Almagest  IV , 6  (trans .
Toomer), p . 191 , slightl y modifed .

34. Theo n o f Alexandria , i n hi s Bi g
Commentary o n th e Handy  Tables  (se e
Tihon, 1985, 1991 ) mentions a  certain Sera-
pion i n connectio n wit h th e equatio n o f
time. Some historians identify this Serapion
with a  ma n o f th e sam e nam e mentione d
by Cicero . I f thi s identificatio n i s correct ,
then th e Gree k astronomer s worke d ou t
numerical table s fo r th e equatio n o f tim e
by abou t 5 0 B.C . However, Ann e Tiho n
(1985, pp. 288-290) has shown convincingly
that Theon' s Serapio n was a commentato r
on Ptolemy. Thus, Ptolemy's mathematica l
treatment o f th e equatio n o f tim e i s no t
only th e oldes t tha t w e have, bu t als o th e
oldest o f which w e know .

35. Fo r th e Handy  Tables,  se e Halm a
(1822-1825). Although Ptolemy' s tables have
not survived , hi s introduction , includin g
directions for the use of the tables, has come
down to us. For the Greek text, see Ptolemy,
Opera, Vol. II , pp . 156—185 . Comparison o f
Ptolemy's direction s with Theon' s version
of the table s shows tha t th e table s we have
could no t diffe r i n any important way fro m
those tha t cam e fro m Ptolemy' s hand .
Theon also wrote two commentaries on the
Handy Tables,  including directions for their
use, n o doubt intended to replace Ptolemy's
rather concis e instructions . Fo r th e Little
Commentary, se e Tihon (1978) . For th e Bi g
Commentary, se e Tihon (1985 ) an d (1991) .
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C H A P T E R 6

1. Isaa c Newton, Philosophiae  Naturalis
Principia Mathematics,  1687 . Th e preces -
sion i s deduce d i n boo k I , i n corollarie s
xx—xxii t o propositio n LXV I o n th e three -
body problem . Se e Cajori' s translatio n
[Newton (1934)] , Vol. I, pp . 186-189 .

2. Se e Smar t (1977 ) o r Woolar d an d
Clemence (1966) .

3. Aristotle , On the Heavens I, 2-3. This
separation o f the substanc e o f the heaven s
from th e fou r bas e elements (earth , water,
air, an d fire ) wa s alread y mad e b y Plat o
(Timaeus 22-23) .

4. Aristotle , O n the Heavens 270^3-17
(trans. Guthrie) .

5. Pliny , Natural  History  II , 95 .
6. Ptolemy' s alignment s ar e quote d

from Toome r (1984) . In calculatin g the ac-
curacy o f th e alignments , I  hav e use d th e
star places for 13 0 B.C . (and A.D . 100) given
by Peter s and Knobe l (1915) .

7. Pederse n (1974) , p . 237.
8. Th e calculation s o f moder n align -

ments are based on the positions in Eichelb-
erger (1925) .

9. Th e drawin g i s a  reconstructio n b y
P. Rome and A. Rome, base d on Ptolemy' s
description of the armillary sphere in Alma-
gest V, i , and th e remark s by Pappus in his
Commentary on this section of the Almagest.
See Rome (1927) .

10. Wfodarczy k (1987 ) provide s a n in -
teresting account of the measurement of star
places using a replica of Ptolemy's armillary
sphere.

11. O n Timocharis , se e Goldstei n an d
Bowen (1989) .

12. Fo r arguments that Hipparchus di d
indeed adop t a  larger value for the preces -
sion rate , see Tannery (1893) , pp. 195 , 266-
268; Neugebaue r (1975) , pp . 297-298 .

13. Ptolemy , Almagest  III, i.
14. Delambr e (1817) ; se e the discussion

in Vol. i, beginnin g o n p . xxv .
15. R . R . Newto n (1977) .
16. Fo r a  goo d introduction , whic h

touches on many issues other tha n the pre-
cession rate, see the lively exchange between
Owen Gingeric h (on e of Ptolemy' s ables t
defenders) an d Rober t R . Newto n (on e of
Ptolemy's mos t sever e critics) i n th e Quar-
terly Journal of the Royal Astronomical Society
20 (1979 ) 383-394 , 2 1 (1980 ) 253-266 , 2 1
(1980) 388-399 , an d 2 2 (1981 ) 40-44 .

17. Dreye r (1906) , p . 203.
18. Peter s an d Knobe l (1915) .
19. Bol l (1901) .
20. Dreye r (1917 ) an d (1918) .
21. Vog t (1925) .
22. Ther e ar e smalle r numbers o f frac -

tions i n 1/ 4 an d 3/4 , i.e., 15' an d 45' . W e
need no t conside r thes e here .

23. Rawlin s (1982) .
24. Delambr e (1817) , Vol. 2, p. 284.
25. Fo r a n editio n o f Ulug h Beg' s sta r

catalog, se e Knobel (1917) . The canon s ac-
companying th e table s wer e give n a  com-
mentary an d translate d int o Frenc h i n Se -
dillot (1853) . A s fa r a s I  know , th e table s
themselves have neve r been published .

26. Sayil i (1960) , pp . 260-289 .
27. Thi s accoun t o f th e histor y o f

Brahe's sta r catalo g i s base d o n Dreye r
(1890), pp . 227 , 265-266 .

28. Fo r th e 777-sta r catalog , se e Brahe,
Tychonis Brahe  Dani Opera  omnia,  Vol. II,
pp. 258—280 ; for the i,ooo-star catalog, Vol.
Ill, pp . 344-373 .

29. Evan s (1987) , pp . 258-271 .
30. Th e + is our translation of Ptolemy's

"greater." Thus , y  Ara e ha s a  magnitud e
greater than 4 ; i.e., the sta r is a bit brighter
than fourt h magnitude .

31. Grasshof f (1990) .
32. Evan s (1992) .
33. Shevchenk o (1990) .
34. Thi s valu e i s attribute d t o th e as -

tronomers o f al-Ma'mu n b y Thabi t ib n
Qurra; se e Neugebaue r (19623) , p . 293.
Although thi s valu e i s a  littl e low , it i s
much mor e accurat e fo r its time tha n Pto-
lemy's valu e o f th e obliquity . Accordin g
to Ib n Yunus , th e firs t valu e o f th e obli -
quity t o b e obtaine d afte r th e Greek s was
23°3i', observe d betwee n A.H. 160 an d 17 0
(A.D. 782-792) ; se e Delambr e (1819) , p .
100. Man y o f th e medieva l sola r observa -
tions use d fo r determinin g th e obliquit y
of th e eclipti c wer e o f fairl y hig h preci -
sion—certainly much bette r than th e Greek
observations; se e Sai d an d Stephenso n
(i995)-

35. Fo r the principal work of Ibn Yunus,
The Large Hakemite Zlj, se e Caussin (1804) .
The longitude s o f Regulus are discussed in
Delambre (1819) , p . 87 .

36. Hartner , "Al-BattanI, " i n DSB.
37. Al-BattanI , quote d b y Thabi t ib n

Qurra i n Neugebaue r (19623) , p . 294.
38. Doubt s tha t Thabi t wa s the autho r

of thi s treatis e ar e expresse d b y Morelo n
(1987), p . xix. For a  detaile d discussio n o f
the evidence , se e Rage p (1993) , pp . 400 —
408. Ragep' s ow n vie w i s that th e treatis e
was written b y Thabit's grandson, Ibrahi m
ibn Sinan . Se e also Ragep (1996) .

39. The  mos t recen t edition o f Demotu
octave spere  i s Carmod y (1960) . However ,
much o f the commentar y an d analysi s ac-
companying thi s editio n i s unreliable . For
an Englis h translation o f De motu  with ex-
planatory notes , se e Neugebaue r (19623) .

Still usefu l i s th e analysi s o f D e motu  b y
Delambre (1819) , pp . 73-75 , 264-281 .

40. O n Thabit ibn Qurra, see the article
by B. A. Rosenfeld and A. T. Grigoria n i n
DSB. Fo r a  surve y o f Thabit's astronomy ,
see Morelon (1994) . Thabit' s extan t astro -
nomical works i n Arabic ar e collected wit h
French translation s an d commentarie s i n
Morelon (1987) .

41. Carmod y (1960) , pp . 45-46 .
42. Halm a (1822-1825) , Vol . i , p . 53.
43. Dreye r (1906) , p . 204.
44. Th e Arabic calendar is purely lunar.

That is , th e month s follo w th e phase s o f
the Moon but the years have nothing to do
with th e Sun . Each calenda r yea r consist s
of twelve months. Ful l and hollo w month s
alternate, bu t eleve n time s i n thirt y years,
a mont h tha t woul d hav e bee n hollo w i s
made full . Thus , th e averag e length o f th e
Arabic year over th e thirty-yea r cycle i s 354
11/30 day s = 354.36 7 days.

45. A n exac t calculation result s in

tan t Y1C =

sin r  .  n  j  1  r~7n  7
sin B  \i + tanV cos ( B - E 0)sin e 0

There is no evidence that Thabit made such
a calculation .

46. Th e obliquit y o f th e eclipti c £  i s
given b y

sin e  =

sin2 E O .  .  2  •  2  ah si n r  sin p .
i +  ta n r  cos (B - e0)

47. O n th e Toledan  Tables,  see Toomer
(1968). Although al-Zarqal i accepted Thab -
it's tables for calculating trepidation, he also
made studies of alternative models. For texts
and commentaries , se e Millas-Vallicros a
(1950). See also "Trepidation in al-Andalu s
in th e nth Century " i n Sams o (1994) .

48. Althoug h th e Alfonsine  Tables  giv e
radices (initia l values ) fo r a  numbe r o f
different epochs , including the Incarnation,
the fundamenta l epoc h o f these table s was
the first year of the reig n o f Alfonso X, i.e.,
January i , A.D. 1252. Fo r a  modern editio n
and study  o f th e Alfonsine Tables,  see Poulle
(1984)-

49. Fo r details , se e Noe l Swerdlow ,
"On Copernicus' s Theor y o f Precession, "
in Westma n (1975) , pp . 49—98 .

50. Fo r a n Englis h translatio n o f Peur -
bach's Theoricae  novae  planetarum,  se e
Alton (1987) .

51. Th e bes t biography of Tycho Brahe
is Thore n (1990) . Stil l ver y usefu l fo r it s
discussion o f Brahe' s technica l wor k i s
Dreyer (1890) .
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52. Fo r a  discussio n o f Brahe' s instru -
ments, see Thoren (1990) , pp. 144-191. The
illustrations i n Thore n ar e draw n fro m
Brahe's ow n publishe d descriptio n o f hi s
instruments, Tychonis  Brake  Astronomiae
instauratae mechanics.  (Wandsbeck , 1598) .
(The titl e means "Mechanic s o f the reform
of astronomy.") Fo r an Englis h translation
of thi s wor k se e Raeder , Stromgren , an d
Stromgren (1946) .

53. Tych o Brahe , translate d by Raeder ,
Stromgren, an d Stromgre n (1946) , p . 113 .
Brahe di d giv e a  detaile d accoun t o f hi s
investigation, whic h involve d "correcting "
Copernicus's observations , i n Tychonis
Brahe Dani Astronomiae imtaurataeprogym-
nasmata (1602-1603) . This boo k wa s writ-
ten an d printe d i n stage s b y Brah e i n th e
years following 1582. Part s o f it were circu -
lated among Brahe's friends an d correspon -
dents, bu t i t was not publishe d durin g hi s
lifetime. I t was Kepler who gathere d i t into
final for m an d sa w tha t i t wa s publishe d
after Brahe' s death i n 1601. The Progymnas-
mata i s availabl e i n Dreyer' s editio n o f
Brahe's Opera.  Fo r Brahe' s discussio n o f
precession, see Opera,  Vol . II , pp . 253—257 .

54. O n th e so-calle d Tychoni c syste m
(in which th e planets all go around the Sun
while th e Su n goe s aroun d th e Earth) , see
Christine Schofield , "Th e Tychoni c an d
Semi-Tychonic Worl d Systems, " i n Taton
and Wilso n (1989) , pp . 33—44 .

55. Brahe' s discussion of the change s in
the latitudes of the stars is found in the first
part o f his Progymnasmata,  Opera,  Vol . II ,
pp. 234-247 .

56. Moesgaar d (1989) .
57. Halle y (1717-1719) .

C H A P T E R 7

1. Tabl e 7. 1 is adapte d fro m Stahlma n
and Gingerich , (1963) ; use d by permission.
Stahlman an d Gingeric h produce d thei r
ephemeris b y compute r calculation , usin g
the table s of  P.  V.  Neugebauer , whic h are
reprinted i n thei r book . Whil e Neuge -
bauer's tables appear to be good to the near-
est degree , Stahlman n an d Gingeric h in -
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or 3° . In tabl e 7. 1 the longitude s o f Mar s
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theorem, se e Pedersen (1974) , pp . 331-338 ,
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(1987). Fo r th e ancien t perio d se e Barto n
(1994). Also usefu l i s G. P . Goold' s intro -
duction to his translation of the Astronomica
of Manilius . Bu t th e bes t introductio n i s
Ptolemy's ow n Tetrabiblos.

49. Vettiu s Valens , Anthology I, 2 0 (ed.
Kroll), pp . 33—36 . Fo r a  discussion , se e
Neugebauer (1975) , pp . 793-801 .

50. A  usefu l introductio n t o thi s mate -
rial i s Alexander Jones, " A Classification of
Astronomical Table s o n Papyrus, " i n
Swerdlow (19983) . Recen t detaile d studie s
are Jones (19973) , (1997^ , an d (i997c) .

51. O . Neugeb3uer , " A Babylonian Lu-
nar Ephemeri s fro m Roma n Egypt, " i n
Leichty, Ellis , and Gerad i (1988) .

52. Jone s (1990) . Fo r 3  surve y o f th e
evidence for Greek use of Babylonian plane-
tary theory, see Jones, "Evidence for Babylo-
nian Arithmetica l Scheme s i n Gree k As -
tronomy," i n Gaite r (1993) , pp . 77-94.

53. Va n de r Waerde n (1974) , pp . 295 -
298.

54. Pliny , Natural  History  VII , 123 .
55. Fo r a  good general discussion of th e

problem o f transmission of Babylonia n as-
tronomy t o th e Greeks , se e Jones (1991) .

56. Fo r Theon's dependence o n Adras-
tus, se e Theo n o f Smyrna , Mathematical
Knowledge Useful  fo r Reading  Plato III, 17 ,
23, 26 . For Theon's criticism o f Chaldaea n
astronomy, se e III, 30 .

57. Aristotle , On th e Heavens  29234.
58. O n th e Heavens 291329-29^10.
59. Plato , Republic  X, 6i6b-6i7d.
60. Theo n o f Smyrna , Mathematical

Knowledge Useful  fo r Reading  Plato III, 15 .
61. Mathematical  Knowledge  Useful  fo r

Reading Plato  III, 33.
62. Pliny , Natural  History  II , 12-1 3

(Trans. Rscklmm) . I n th e openin g line ,
where Rackha m ha s translate d medius  b y
"in the midst, " I  have substituted the more
definite "i n th e middle. " Plin y places three
planets abov e th e Su n an d thre e below .

63. Ptolemy , Almagest  IX, I .
64. Ptolemy , Planetary Hypotheses I , 2.2.
65. Planetary  Hypotheses  I , 2.3 .
66. Aristotle , O n th e Heavens  29^24—

293314.
67. Theo n o f Smyrna , Mathematical

Knowledge Useful  fo r Reading  Plato III, 33.
68. Fo r a  stud y o f th e evidenc e an d a

detailed refutation of the 3ttribution of this
system t o Herclides , se e Eastwood (1992) .

69. Th e followin g discussio n i s base d
on Evan s (1984) .

70. Fo r alternativ e views of how Ptol -
emy arrive d at  the  ide a of  the  equant , see
Pedersen (1974) , pp . 277-279 , 306-307 ;
Neugebauer (1975) , p . 155 . Fo r 3  criticism,
see Evan s (1984) , pp . 1087-1088 .

71. Ptolem y derive s th e parameter s o f
Mars fro m observation s in  Almagest  X, 7—
10. Fo r a  discussio n o f hi s procedure , se e
Neugebauer (1975) , pp . 172—182 . Pederse n
(1974), pp . 269—290 , give s a  detaile d ac -

count o f Ptolemy' s method s usin g Satur n
as example .

72. W e explain here how the parameters
for th e superio r planet s i n tabl e 7. 4 wer e
established. Th e mea n motion s ar e base d
on modern values. The radiu s of the epicy-
cle was taken t o b e th e rati o o f th e m3Jo r
3xis of the Esrth' s elliptical orbit to  tha t of
the superior planet. When the radius of the
epicycle i s derived from observationa l dat a
in Ptolemy's manner, the result V3ries some-
what, dependin g o n th e observations used.
This reflects the fact that the epicycle model
is not quite in perfect accord with the actual
motions. The epicycle radii in t3ble 7.4 per-
form well , but slightl y different radi i migh t
perform equall y well. The eccentricit y and
the longitude o f the apoge e of the deferent
were determined i n prope r Ptolemaic fash -
ion b y requirin g th e mode l t o reproduc e
three oppositions o f the planet to the mean
Sun. The opposition s used were:

Planet Date  Longitude
Mars 197 1 Au g 9.4 0 317.2 4

1973 Oc t 23.7 8 32.0 4
1978 Ja n 22.4 5 121.4 4

Jupiter 196 9 Ma r 23.63 180.9 3
1972 Ju n 25.1 8 273.4 1
1975 Oc t 11.9 3 19.8 8

Saturn 196 1 Ju l 19.0 1 296.5 7
1967 Oc t 1.1 1 9.1 6
1976 Ja n 20.9 7 119.4 7

73. I n fact , th e apogee s o f th e planet s
all mov e a t slightl y differen t rates , an d
somewhat mor e rapidl y tha n precession .
Thus, the  apogee s canno t be  considered as
fixed with respec t t o th e stars . One o f the
first t o realiz e thi s wa s Copernicus , wh o
compared th e position s of the apogee s de-
termined from recent observations with th e
postions of the apogees determined by Ptol-
emy. I n thi s wa y h e foun d tha t Saturn' s
apogee had a  motion i n longitude of about
i° i n 10 0 year s ove r an d abov e precession .
Similarly, Copernicu s foun d fo r Jupiter' s
apogee a  motio n o f abou t i ° i n 30 0 year s
with respec t t o th e stars , an d fo r Mars' s
apogee, about i° in 130 years (De revolutioni-
bus V, 7 , 12 , 16) . Copernicus' s rate s for th e
motions o f the planetar y apogee s wit h re -
spect to the star s are all too rapid , but the y
are o f the righ t orde r o f magnitude .

In usin g ou r moder n Ptolemai c theor y
(and th e Ptolemaic slats) to calculate plane-
tary postions many centuries before or afte r
A.D. 1900 , we wil l get slightl y better result s
if we use good values for the rates of motion
of the apogees . In sec . 7.21, we follow Ptol -
emy i n assumin g tha t al l th e apogee s ad -
vance at the rate of precession. To do better,
we ca n us e th e followin g rates:
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Planet Motion  of  Apogee
Venus 1.425 ' pe r year
Mars 1.08 4
Jupiter 0.91 5
Saturn 1.23 7

The epoc h 1900 positions of the apogees in
table 7. 4 ar e lef t unchanged .

74. For  Ptolemy's method of  construct-
ing hi s table s o f planetar y equations , se e
Neugebauer (1975) , pp . 183—186 , o r Ped -
ersen (1974) , pp . 291-294 .

75. Thi s sectio n i s base d o n J . Evans ,
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man translatio n o f book I , par t i , togethe r
with a  Germa n translatio n o f th e Arabi c
version o f boo k II . A  par t o f considerable
cosmological interes t (boo k I , par t 2 , con -
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omitted from th e Teubner edition . Fo r the
entire Arabic text and an English translation
of boo k I , par t 2 , see Goldstein (1967) .

77. O n circle s and sphere s in Wester n
cosmology, se e Aiton (1981) . On Ptolemy' s
attitude toward the physical elements of his
theory, se e Mursche l (1995) . Fo r a  discus -
sion o f the ethica l an d philosophica l root s
of Ptolemy' s cosmology , se e Taub (1993) .
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78. Theo n o f Smyrna , Mathematical
Knowledge Useful  fo r Reading  Plato  III ,
32-33.

79. Th e cas e tha t Apolloniu s discussed
deferent-and-epicycle theor y i n term s o f
solid sphere s i s made i n Evan s (1996) .

80. Fo r a study of Ptolemy's cosmologi -
cal distanc e scal e an d it s modificatio n b y
medieval writers , se e Swerdlo w (1968) . A
good brie f account i s given by Van Helde n
(1985), which traces the histor y of the effor t
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to th e earl y eighteenth century .
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see the articl e by Pingre e i n DSB.  Se e also
Pingree (1976) . A good introductio n t o In -
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pp. 162-174 . On  the  earl y Arabic transla -
tions from Syriac , Greek, an d Sanskrit , see
Pingree (1973) .

82. Fo r a n introductio n t o thi s litera-
ture, se e "On th e Astronomica l Table s o f
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as wel l a s Kin g (1993) . Fo r th e variet y o f
ways in which the qibla  was defined i n th e
early Middle Ages , see King (1995) .

83. Fo r an edition of al-Khwarizml's ztj,
see Suter (1914). For an English translation,
see Neugbaue r (1962^ .

84. Th e Arabi c tex t o f al-Battanl' s zt j
has bee n publishe d wit h Lati n translatio n
by Nallino (1899-1907) . An accoun t o f al -
Battanl's work can be found in Willy Hart -
ner's article "Al-Battanl" in DSB. Although ,
as mentione d above , th e sola r apoge e wa s
usually held to b e fixed with respec t to th e
stars, som e late r astronomers asserte d tha t
it ha d a n additiona l prope r motion . Se e
Toomer (1969) .

85. Fo r a n overview of the zlj  tradition ,
see Kenned y (1956) . Fo r a  stud y o f th e
Toledan Tables,  se e Toomer (1968) .

86. O n th e Arabi c translation s o f th e
Almagest, see Saliba (1994), pp. 143—144 , an d
Toomer (1984) , p . 2 .

87. Fo r a  discussio n o f Thabit' s astro -
nomical works , a s wel l Arabi c text s an d
French translations of those extant, see Mo-
relon (1987) .

88. O n th e rol e o f th e Almagest  com -
mentaries, and on that of al-TusI in particu-
lar, se e Saliba (1994) , pp . 143-160 .

89. Proclus , Hypotyposis VII , 19-2 3 (ed .
Manitius), pp . 220-224 .

90. Morelo n (1987) , pp . 13-15 .
91. Va n Helde n (1985) , p . 30 .
92. Fo r a n Englis h translatio n o f an d

commentary o n Ib n al-Haytham' s O n the
Configuration of  the  World  (Maqdlah  ft
hay'at al- cdlam), se e Langermann (1990) .

93. Salib a (1994) , p . iji .
94. Langerman n (1990) , pp . 8—10 .
95. Fo r a n Englis h translatio n o f thi s

passage (as well as quotations from medieval
defenders o f Ptolemy) , se e Gran t (1974) ,
pp. 516-529 .

96. Al-Tadhkira  f t c ilm al-hay'a.  Thi s
work has been published with English trans-
lation an d commentar y b y Rage p (1993) .

97. A  recent discussion of the Tus! cou-
ple i s Di Bon o (1995) , whic h include s ful l
references t o the growin g literature on thi s
subject. Although, fo r simplicity of expres-
sion, w e hav e describe d th e motio n a s a
"rolling" o f th e smalle r circl e withi n th e
larger one , al-Tus I doe s no t spea k o f i t i n
these terms . Fo r him , th e smalle r circle is
carried withi n th e larger , wit h it s rat e o f
rotation matche d t o tha t o f th e larger . I n
medieval cosmolog y ther e i s no rollin g (al -
though th e two representations are mathe -
matically equivalent) . I t i s perhaps signifi -
cant tha t Aristotl e ha d explicitl y said tha t
"the star s d o no t roll " (O n th e Heavens
29oa25).

98. O n Ib n al-Shatti r see Kennedy and
Roberts (1959 ) an d Kenned y an d Ghane m
(1976). Se e also Davi d King' s articl e "Ib n
al-Shatir" i n DSB.

99. Fo r a survey of European astronom y
in th e earl y Middl e Ages , se e Stephen C .
McCluskey, "Astronomie s i n th e Lati n
West fro m th e Fift h t o th e Nint h Centu -
ries," i n Butze r and Lohrman n (1993) , pp .
139-160.

100. Fo r a translation and study of Mar-
tianus Capella , se e Stahl , Johnson , an d
Surge (1971-1977) .

101. Stahl , Johnson , an d Burg e (1971 —
1977), Vol . i , p . ix.

102. A n excellen t introduction t o Latin
astronomy i n th e earl y Middl e Age s ma y
be found in the publications o f Bruce East-
wood, wh o ha s mad e a  clos e stud y o f th e
manuscripts circulating in Carolingian Eu -
rope. Se e Eastwood, "Th e Astronomie s o f
Pliny, Martian us Capella and Isidor e of Se-
ville i n th e Carolingia n World, " i n Butze r
and Lohrman n (1993) , pp. 161-180 , a s well
as Eastwoo d (1987) , (1994) , an d (1995) .

103. Extract s from Isidor e of Seville on
astronomical an d cosmologica l matter s are
available in Gran t (1974) , pp. 11-16, 25-27.
For a  usefu l stud y an d a  wide r rang e o f
extracts, see Brehaut (1912). For a discussion
of Bede' s O n th e Nature  o f Things,  se e
"Bede's Scientifi c Achievement" i n Stevens
(i995)-

104. Gran t (1974) , p . 35.
105. Fo r a  complet e list , se e Gran t

(1974), pp . 39-41 .
106. Fo r translation s o f document s re -

lating to the thirteenth-century condemna -
tions o f Arisotle , se e Gran t (1974) , pp .
42-50.

107. Fo r a n editio n an d translatio n o f
Sacrobosco's Sphere,  a s well a s the text s o f
some o f hi s medieva l commentators , se e
Thorndike (1949) . Par t o f Thorndike' s
translation o f Sacrobosc o i s reprinte d i n
Grant (1974) , pp . 44^~45i -

108. Fo r a  translatio n o f th e Theorica
planetarum, se e Grant (1974) , pp. 451-465 .

109. A  thoroug h accoun t o f th e me -
dieval cosmolog y curriculu m i s give n i n
Grant (1994) .

no. Aristotle , Metaphysics  iO74ai4—18 .
in. Gran t (1994) , pp . 526-545 .
112. Fo r Nicol e Oresme' s fourteenth -

century attack on astrology, see Grant (1974),
pp. 488-494.

113. Chaucer , Canterbury  Tales, "Frank-
lin's Tale," 545—556 .

114. Fo r a  modern editio n o f the Alfon-
sine Tables  wit h commentar y an d worke d
examples, see Poulle (1984). An extract from
the Alfonsine  Tables,  sufficien t fo r calculat -



N O T E S T O P A G E S 401-42 8 46 3

ing eclipses, is available in Grant (1974) , pp.
465—487. On Alfonso' s role , see "Alfonso X
as a  Patro n o f Astronomy " i n Gingeric h
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203, 207 , 238-239 , 272-27 3

Alfonsine Tables,  104 , 107-108 , 279 , 280 ,
350, 401 , 406, 41 8

Alfonso X  of Castile , 107 , 401 , 40 4
alidade, 14 6
almucantar, 14 4
altitude, 28-29 , 14 4

measurement of , 149—15 0
of th e pole , 33

Ammi-saduqa, 14—1 5
analemma, 133—13 7
anaphoric clock , 132 , 155-15 6
Anaxagoras, v , 46 , 56 , 68, 9 4
Anaximander, 47 , 5 6
Anaximenes, 4 7
Ancona, 6 1
Andronikos o f Kyrrhos , 13 1
anomaly (nonuniformit y o f motion) ,

211
anomaly (angula r distanc e fro m apo -

gee), 226-227 , 376
Antoninus (empero r o f Rome) , 177 ,

1/8
Anu o r An , 12 , 31 9
Anu, wa y of , 8-10 , 57
Apianus, Petrus , 33, 80, 280 , 40 6
apogee

of a n eccentric , 356
of a n epicycle , 337
motion o f 21 5
of Su n 21 1

Apollonius o f Perga , 22 , 90, 212 , 216 ,
337-34L 39 2

Apollonius's theorem , 340-34 1
apsides, lin e of , 211 , 356
Arabic astronomy , 25-26 , 65

and th e Almagest,
and th e astrolab e 154—15 7
and criticis m o f Ptolemy, 396-39 7
early medieval , 392-39 3
motion o f sola r apogee in , 21 5
and precessio n and trepidation ,

174-2.79
star names , 43-4 4
the zij,  394-39 5

Aratus o f Soli , 6 , 18 , 21 , 40-42, 66 , 75 -
76, 79 , 92 , 98 , 115 , 200 , 29 8

Arbela, 5 1
Archimedes, 22 , 51 , 63 , 67 , 69 , 81-82 ,

131. 399 . 455m°6
Archytas, 13 2
arctic circle , 62 , 92 , 9 4
Aristarchus o f Samos , 22 , 21 3

his inventio n o f a  sundial , 13 5
on motio n o f th e Earth , 36 , 38,

67-68
his observatio n o f a  summer solstice ,

209
on size s and distance s of Sun an d

Moon 67-73 , 89 , 9 0
Aristotle, 20 , 52 , 58 , 75 , 217 , 218 , 219 ,

248, 30 5
correlates distance s of planets with

their periods , 347-34 8
criticizes Plato's identification o f ele -

ments widi regula r polyhedra, 428
on element s an d natura l motion s

36-37
on Eudoxus' s planetar y theory ,

306-307
on th e Milk y Wa y 94—9 5
modifies Eudoxus' s planetar y theory ,

310-311
his physica l doctrine s 19 , 247 , 28 0
on shap e o f Earth 47—4 9
on siz e o f Eart h 6 3
suppresion o f hi s works , 399
translations o f hi s works , 398—39 9
on weathe r an d celestia l bodie s 20 0

Aristophanes, 18 3
Aristyllos, 21 , 103 , 26 0
arithmetic progressions , n

for da y lengths , 121-125 , 202-20 3
armillary sphere , 78-80 ,

as instrumen t o f observation 125-127 ,
251, 255-25 6

Arsacid dynasty , 1 7
Art o f Eudoxus  (papyrus) , 6 , 458ni o
ascensions, table s of , 109—12 5

arithmetic method s for , 121—12 5
trigonometric method s for , 118—11 9

Ashurbanipal, 9 , 1 6
Assyria, 1 6
astrolabe, 141-161, 445-448

history of , 153-15 8
making a  latitude plat e for , 158—16 1
use of , 147-15 3

"astrolabe" (Babylonia n star list)
circular, 8-n
rectangular, 1 5

astrology, 16 , 343—344 , 40 0
Astronomical Canon , 176-177
astronomical reckonin g o f years , 16 3
Athens, 35 , 46, 61 , 63 , 131 , 133 , 184 , 185 ,

205, 207 , 30 5
atomists, 1 9
Augustus, 165 , 18 0

473
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Autolycus o f Pitane , 21 , 22 , 24 , 89 , 91 , 21 3
attempted t o explai n variation i n dis -

tance o f planets , 31 2
On th e Moving Sphere,  87-8 8
On Risings  an d Settings  190—19 7

azimuth, 144-14 5

Babylon, 8 , 12 , 17 , 238-2.39 , 317-31 8
Babylonian astronom y

and astronomica l diarie s 16 , 298—299 ,
302, 31 5

day lengt h in , 10-11 , 124-12 5
early 5-11 , 14-16
in India , 393
initial point s o f zodiac signs , 213-21 4
planet names , 29 7
zodiac, 56-57 , 103-104

Babylonian planetar y theory , 17 , 22-23 ,
297-298

character of , 320-321
goal-year texts , 312-31 7
mean sola r speed, 326
social settin g of , 319—32 0
three versions of fo r Jupiter , 321-334

Baghdad, 25 , 275
al-Battani, 275 , 279, 282 , 394
Bayer, Johann, 4 4
Bede, 398
Bel, 31 9
Berenice, 4 1
Berosus, 45—46 , 135 , 34 6
Bessarion, Johannes, 40 2
Bilfinger, Gustave , 13 5
Bithynia, 79 , 21 5
Black Sea , 6 2
Boll, Franz , 26 6
Borysthenes (Dnieper ) River , 6 2
boundary stones , 39-40
Brahe, Tycho

discovers change s i n latitude s of th e
stars, 283-28 6

his life , 28 1
on precession , 282
his refutatio n of trepidation , 281—28 3
and stabilit y o f th e Earth , 423—42 4
his sta r catalog , 269 , 271—27 2
his syste m o f th e world , 413—41 4
his theor y o f Mars , 432—43 3

Britain, 62 , 16 7
Byzantium (Istanbul) , 6 2

Caesar, 163 , 165 , 204 , 30 6
calendar

Alexandrian, 179 , 20 3
Athenian, 104 , 182-18 3
Babylonian, 6 , 187-18 8
of Boeotia , 18 2
Christian ecclesiastical , 188
conversion betwee n Egyptia n an d

Julian, 178-179
of Delos , 182-18 3
Egyptian, 175—18 2

Gregorian, 166-17 1
Islamic, 459n4 4
Jewish, 163 , 167 , 18 8
Julian, 163—16 6
luni-solar, 7 , 163 , 16 7
Roman, 164-165 , 20 4
of Thessaly , 18 2

Callimachus o f Cyrene,  41 , 43
Callippus, 199-201 , 203 , 204, 210 , 212 , 22 6

modifies Eudoxus' s planetar y theory ,
306-307, 3:0-311

his seaso n lengths , 458m o
Callisthenes, 31 2
Campanus o f Novarra, 404 , 40 5
caput Arietis,  27 7
Carthage, 5 1
Cassini, J., 28 7
Catullus, 4 1
celestial sphere , 29

aspects of , 32-3 3
daily rotation , 31—3 4
description o f b y Geminus , 91—9 3
historical origin s of , 75—7 6

Censorinus, 26 2
Chalcidius, 262 , 349 , 398
Chaldaean dynasty , 1 6
Chaldaeans a s astronomers an d astrolo -

gers, 16 , 318-31 9
Chaucer, Geoffre y

Canterbury Tales,  400—40 1
Equatorie o f the Planetis,  405
Treatise o n th e Astrolabe  152, 15 7

Chios, 57
Christianity, 25-26 , 424-425
Cicero, 66 , 8 2
circumpolar stars , 3 , 32
Clavius, Christopher , 16 8
Cleanthes o f Assos, 68 , 455mo4
Cleomedes, 24 , 49, 26 2

and atmospheri c refraction , 458n5
on da y lengths , 12 4
on shap e of Earth, 49-52
on siz e o f Earth , 64—6 5

Cleopatra, 17 , 17 7
clime, 92 , 94, 96—97 , in
colophon, 31 9
Columbus, Christopher , 53 , 66, 175 , 40 3
Columella, 1 8
comet o f 1577 , 423-424
compass declination , 28
conjunction, 30 0
Conon, 4 1
Constantinople, 167 , 17 7
constellations. Se e also star s and constella -

tions
Andromeda, 41 , 7 6
Aquarius (water-pourer) , 40, 26 7
Aquilla, 20 0
Argo, 66 , 7 9
Aries, 6 , 39 , 41-42, 245 , 249
Auriga (charioteer) , 76, 79 , 199 , 24 9
Bootes, 3 , 39 , 26 6

Cancer, 34 , 42, 76 , 79 , 9 8
Canis Major , 33 , 79
Capricornus, 34 , 39, 4 0
Cassiopeia, 4 1
Carina, 33 , 48
Centuarus, 4 1
Cepheus, 3 3
Cetus, 4 1
Claws ( = Libra) , 249
Coma Berenices , 41
Corona Boreali s (the crown) , 98 , 202 ,

204
Corvus, 7 9
Crater, 79
Cygnus (th e bird) , 76 , 19 9
Draco, 26 6
Equuleus, 4 1
Gemini, 39 , 42, 76 , 7 9
Hercules, 7 9
Hyades, 3 , 5 , 39, 44 , 200 , 248 , 24 9
Hydra, 79
Leo, 42 , 79 , 28 9
Libra, 12 , 24 9
Microscopium, 4 2
Ophiuchus, 7 6
Orion, 3 , 5 , 33, 39, 44 , 200 , 201 , 24 9
Pegasus, 7 6
Perseus, 76 , 20 3
Piscis Austrinus, 987
Sagittarius (archer) , 40, 26 7
Scorpius, 20 0
Taurus, 39 , 42 , 44 , 57 , 79, 245 , 248, 249
Telescopium, 4 2
Thyrsus-lance, 4 1
Triangulum, 24 9
Ursa Majo r o r Bea r (includin g Big Dip -

per o r Wain) , 32-33 , 39 , 79, 92 ,
94, 249 , 26 6

Ursa Minor , 33 , 264, 266 , 26 7
Virgo, 76 , 199 , 20 1

coordinates
celestial, 100-105 , H4
conversion between  equatoria l an d

ecliptic, 105 , 11 5
geographical, 99—100 , 102—10 3
orthogonal, 99 , 273

Copernicus, Nicholas , 26 , 116 , 175 , 28 2
and Aristotle' s physics, 415 , 42 7
Commentariolus, 414—416
on decreas e in obliquit y o f ecliptic , 285
his dependenc e o n Ptolemy , 422 , 425
life of , 414—41 8
planetary theory of , 420—42 2
publication o f De revolutionibus,

417-418
rejects Ptolemy' s equant , 41 9
his sta r catalog, 26 5
and trepidation , 280
and unifie d scal e for sola r system, 413 ,

419
uses midseaso n point s t o fin d sola r ec -

centricity, 223
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Cordoba, 15 7
Cos, 46 , 346
cosmology, 34 7

and astronomy , 351 , 414
in th e Middl e Ages , 395-396 , 399 -

400
Council o f Nicaea , 16 7
Council o f Trent, 16 8
culmination, 11 4
cuneiform writing , 12—1 4
cycles, luni-solar , 58 , 182-190

eight-year, 184-185 , 31 5
nineteen-year (Metonic) , 16 , 20 , 167 ,

171, 185—186 , 188—190 , 20 7
seventy-six-year (Callippic) , 186—18 7

Cyprus, 4 8
Cyrene, 6 3
Cyrus (o f Persia) , 16

Damascus, 39 2
Darius II I o f Persia , 5 1
day, lengt h of , n, 112-113 , 119-120 , 148 ,

203
days o f week, 166 , 17 4
daylight saving s time, 28
declination, 60-61 , 100-102, 11 5

of Sun , 105—10 8
deferent circle , 212 , 337
deferent sphere , 31 1
Delos, 54 , 130 , 131 , 140 , 141 , 18 4
Democritus, 19 , 40 , 94 , 20 4
Dendera, roun d zodia c of , 39-40
Delambre, J.-B.-J. , 262
Descartes, Rene , 44 0
diaries, astronomical , 16 , 298-299 , 302,

315
Dicaearchus o f Messina , 51—52 , 6 3
Dijksterhuis, E . }. , 21 7
Diodorus o f Sicily , 18 4
Diogenes Laertius , v , 454n5 9
Dionysius Exiguus , 166
dioptra, 34—35 , 84 , 387 , 45511106
dock-pathed star , 19 4
Dositheus, 199 , 20 4
doubly-visible star , 196
Dreyer, J . L . E. , 217 , 266 , 27 6
Duhem, Pierre , 21 7

Ea, wa y of , 8-10 , 57
Earth

centrality of , 76—7 7
shape of , 47-53
size of , 63-67 , 7 7

Easter, 167—16 8
eccentric anomaly , 37 6
eccentric circle , zn , 355
eccentricity

bisection of , 421—422 , 43 2
in Kepler' s vicarious theory , 434 —

436
of a  planet's deferent , 356
of the Sun , 220-226 , 433-43 4

eclipses, luna r
and Aristarchus' s eclipse diagram,

68-69
and atmospheri c refraction, 458n 5
Babylonian record s of , 23 , 176-178,

238-239
cause of , 45-46
and eclipti c circle , 55
and Gree k geography , 50-51 , 4^4n6j
Hipparchus's us e of in discover y of pre -

cession, 25 9
observed b y Ptolemy , 18 2
their us e in measuremen t o f sta r longi -

tudes, 25 1
used b y Aristotle t o prov e sphericit y o f

Earth, 47-48
eclipses, sola r

annular, 311-31 2
cause of , 45-46
use o f b y Aristarchus, 6 9

ecliptic, 54—56 , 7 6
obliquity of , 54 , 59-60, 274 , 27 9
rotation o f plane of , 283

Ecphantus th e Pythagorean , 35-3 6
eighth sphere , 275 , 280
Egypt, 17 , 20 , 21 , 48 , 61 , 65 , 155 , 180 ,

201-203
Ekur-zakir, 31 9
elements, 3 7
elongation, 295 , 300
empyrean sphere , 280, 40 0
Enlil, way of , 8-10 , 57
Enuma Anu Enlil,  8 , 1 5
Enuma Elish,  10, 1 4
epagomenal days , 17 5
epact, 325-32 6
ephemeris, 31 8

for Jupiter , Babylonian , 321—323 ,
332-334

of Regiomontanus , 403
epicycle, 212 , 337
epicyclic anomaly , 337 , 356, 376
eponymous year , 18 3
Epping, J. , 31 8
equant, 355-35< 5

discovery o f b y Ptolemy , 357-35 8
its equivalenc e to Copernicus' s mino r

epicycle, 420-422, 431-432
its equivalenc e t o empt y focu s o f

Kepler ellipse , 442-443
and Mastlin , 422
rejected b y Copernicus , 419—42 0

equation o f cente r
in Ptolemy' s planetar y theory, 373 , 376
in sola r theory, 226-22 7

equation o f th e epicycle , 373 , 376—377
equation o f time, 235—236 , 458^4

cause of , 237-23 8
computation of , 242-24 3
Ptolemy's treatmen t of , 240—24 2

equator, celestial , 3 1
equatorial mea n Sun , 237-23 8

equatorial ring , 206—20 7
equatorium

planetary, 403—410 , 450—45 1
solar, 215-216

equinoxes, 4 , 53 , 56
location o f variously defined, 10 4
methods o f observatio n of , 205 —

207
era

of Alexander (o r Philippos) , 177-17 8
of Antoninus, 17 8
Christian, 16 3
Diocletian, 16 6
of Hadrian , 17 8
of Nabonassar , 176-17 8
Seleucid, 18 8

Eratosthenes, 50 , 52 , 66 , 132 , 44 3
Catasterisms, 41 , 64 , 4541146
and obliquit y o f ecliptic , 5 9
on siz e o f Earth , 20 , 51,63-6 5

Esangila, 8 , 16 , 18 7
etesian winds , 199—20 0
Euclid, 21 , 22 , 24 , 34 , 57 , 59 , 77, 83 , 89 -

91, 15 6
Phenomena, 88-89

Euctemon
his parapegma , 40 , 199—201 , 20 4
his seaso n lengths , 226 , 458mo
his summe r solstice , 20 , 56 , 205, 209 ,

259
Eudemus, 58 , 306, 458n 6
Eudoxus o f Cnidus , 22 , 48, 90 , 212 , 218 ,

455H2.I
on celestia l sphere (Phenomena),  21 , 40 ,

75-76
his parapegma , 199 , 201 , 20 4
placed equino x a t midpoin t o f sign,

104, 20 3
his theor y o f planets (O n Speeds),  Si,

305-312, 34 1
Euphrates River , 1 2
Eusebius, 34 6
evening star , 4 , 295
exeligmos, 46on2 2

Fabricius, David , 43 9
al-Farghanl, 396 , 398
Farnese Atlas, 78-79
finger, 249 , 29 9
Fortunate Islands , 10 2
Frauenberg (Frombork) , 175 , 41 4

Galileo, 170 , 425 , 440
gears, 8 3
Geminus, 24 , 103 , 104 , 262 , 350

on Babylonia n luna r theory , 345
on celestia l circles, 91—9 3
his classificatio n of the sciences , 83 -

84
on da y lengths , 12 4
on dioptra , 34-3 5
on globes , 79 , 8 0
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Geminus (continued)
on method s o f astronomy an d physics ,

217-219
on nineteen-yea r cycle , 186-187
his parapegma , 199-20 1
on variatio n i n th e nychthemeron,

239
Gemma Frisius , 33, 80
genre i n Gree k mathematics , 83-84 , 34 1
geo-heliocentric planetary systems , 349 ,

413-414
Gerard o f Cremona , 26 , 398 , 399,

402
Giese, Tiedemann , 41 9
Gilbert, William , 42 9
Gingerich, Owen , 423 , 425
Ginzel, F . K. , 19 8
globe

on coins , 21 5
Hipparchus's, 250
history of , 78-8 2
manipulation of , 85-87
Ptolemy's, 79 , 95 , 24 6
used a s calculator, 79 , 203 , 455n8

gnomon, 27—31 , 61—62 , 77 , 84 , 129 , 133 ,
139-141, 205

goal-year texts , 312-317
golden number , 19 0
Graz, 428 , 430
great cycle s o f planets , 31 3
Gregory XII I (Pope) , 16 8
Grenfell, Bernar d P. , 201-20 2

Hadrian, 49 , 177 , 17 8
Halley, Edmund , 285-28 7
Hammurapi, 12 , 1 4
Handy Tables,  104 , 21 5

and Astronomica l Canon , 176 , 18 1
contrasted wit h Almagest,  381—38 3
and equatio n o f time , 240—24 2
as prototyp e o f zij,  39 4

Hartmann, Georg , 15 7
Harun al-Rashld , 395
heliacal rising s and settings . Se e phases o f

fixed star s
Hellespont, 7 3
Helo'ise, 15 7
Heraclides o f Pontos , 35-36 , 38 , 219,

349
Hermann th e Dalmatian , 15 6
Hero o f Alexandria, 35
Herodotus, n , 27 , 31 9
Hesiod, 4-5 , 7 , 17-18, 39 , 42, 47 , 56 , 297,

454n6i
Hibeh Papyri , 202-20 3
Hicetas o f Syracuse , 36
Hipparchus, 20 , 22 , 24 , 35 , 52, 62, 90 ,

116, 155 , 282 , 44 3
advocated astronomicia l method s in  ge-

ography, 5 0
Against Eratosthenes,  213
and Callippi c cycle , 18 7

On the  Change  of the  Tropic  and  Equi-
noctial Points, 208 , 249

Commentary o n Aratus and Eudoxus,  41 ,
75, 98 , 103 , 213 , 250 , 267, 27 3

constellations of , 41—4 2
his declination s o f stars , 260-261, 283
his discover y o f precession , 246 , 248 ,

259
his equinoxe s an d solstices , 205—20 9
on length s o f seasons , 21 0
his longitud e fo r Spica , 25 1
and ne w star , 247-248
preferred epicycl e t o eccentri c i n sola r

theory, 216-21 7
on siz e an d distanc e o f Moon , 72—7 3
his sola r theory , 210-21 6
and sta r alignments , 248-25 0
on th e tropica l year , 208-209

Hippolytus, 46 , 454n58
hippopede, 31 0
Homer, 3-4 , 39 , 64
horizon, 8 7
horoskopos, 11 6
hour

conversion of , 11 3
equinoctial, 9 6
seasonal, 95 , 130-131, 13 6

House o f Wisdom, 25
Hunt, Arthu r S. , 201-202
Hven, 271 , 272 , 28 1
Hypatia, 15 6
Hypsicles, 90 , 115 , 344 , 398

Anaphorikos, 121—12 5

Ibn al-Haytham , 396 , 401
Ibn al-Saffar , 15 7
Ibn al-Samh , 40 4
Ibn al-Shatir , 397 , 422, 42 6
Ibn Yunus , 274-275 , 279
ideogram, 12 , 18 7
ides, 16 4
Ilkhani Tables,  39 6
inclusive counting , 16 4
Index o f prohibited books , 42 4
India, 48 , 393
indiction, 17 2
inequality (o f a planet) wit h respec t t o

the Sun , 340
instrumentalism, 216-219 , 417
interpolation coefficien t (i n Babylonian

planetary theory) , 324
Iraq, 15 5
Ishaq ib n Hunayn , 275 , 276, 395
Ishtar, 29 7
Isidore o f Seville , 398
Islam an d astronomy , 25-26 , 393-394 .

See also  Arabic astronom y

Jesus, 166 , 16 7
Jones, Alexander, 214 , 345
Josephus, 34 6
Julian da y number, 171-17 5

kalends, 16 4
Kassite dynasty , 15 , 39—4 0
Kepler, Johannes, 20 5

Astronomia Nova,  437-43 8
and Brahe , 430-433, 437
Epitome o f Copernican  Astronomy,  43 9
Harmonice Mundi,  438-43 9
and law s o f planetary motion , 436-437 ,

438
his life , 427-428 , 430-431
and magneti c motiv e forces , 429 , 437 ,

439
Mysterium cosmographicum,  428—43 0
and physica l causes , 433, 436
Rudolphine Tables,  43 9
his theor y o f the Earth' s motion ,

433-434
his vicariou s hypothesis, 434-43 6

al-Khwarizml, 394
Kidinnu, 320
Knobel, E . B. , 26 6
Koestler, Arthur , 21 7
Kugler, F . X, 31 8

La Caille , Nicola s Loui s de , 42 , 287
latitude

celestial, 101—10 4
terrestrial, 33-34 , 51 , 60 , 99 , 102-10 3

latitude plat e (o f an astrolabe) , 143
Lesbos, 3 0
Leucippus, 1 9
library o f Alexandria, 21 , 37 , 6 4
Libras de l Saber de Astronomia, 40 4
Little Astronomy, 89-91
local apparen t time , 235
local mea n time , 235
longitude, celestial , 101-104

methods o f measuring , 250—25 9
longitude, terrestrial , 51 , 99 , 102—103 ,

243
Longomontanus (Christe n S0rensen) ,

431-433, 46411167,  46411170
Lucretius, 1 9
Luther, Martin , 42 4

Macrobius, 165 , 262 , 349
madrasa, 39 3
magnitude (o f a star), 264 , 272-27 3
al-Ma'mun, 25 , 65, 274 , 278-279 , 395
Manilius, 124 , 262 , 343
Maragha, 396-397 , 426
Marcellus, 8 2
Mardokempad, 23 8
Marduk, 8 , 10 , 12 , 14 , 29 7

in omens , 29 8
Marinus, 10 2
Martianus Capella , 262 , 349 , 397, 423
Massilia (Marseille) , 62, 6 3
Mastlin, Michael , 422 , 424 , 427 , 43 0
mater (o f an astrolabe) , 146
mathematics, branche s of , 49 , 83—8 4
Mayer, Tobias , 287
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mean epicycli c anomaly , 373
mean longitud e o f a  planet , 337 , 373
mean Sun , 226

its relatio n t o th e planets , 337-338 ,
358-359

Melanchthon, Philip , 42 4
Menelaus, 90 , 26 1
meridian, 2 9

standard, 236-23 7
time correctio n fo r chang e of , 236-23 9

Messahalla, 157 , 4j6n2 6
Melon, 20 , 40 , 56 , 185 , 205 , 207 , 209 , 259
Miletus, 20 1
Milky Way , 92-9 5
mina, u
Mithradates I I o f Parthia , 1 7
month

anomalistic, 31 6
draconitic, 31 6
full o r hollow , 182 , 186 , 18 9
synodic, 163 , 31 5
tropical, 31 5

Moon
angular siz e of, 67 , 311-312 ,
eclipses of , 45-46, 48
motion of , 57-5 8
node of , 307 , 31 6
phases of , 5 , 44-46
size an d distanc e of , 68-74, 385-38 6
tables fo r visibilit y of, 39 3

morning star , 295
Moses Maimonides , 39 6
MUL.APIN, 5-8 , 57 , 188, 190 , 297-298
museum o f Alexandria, 21 , 64 , 6 7
music an d astronomy , 429 , 438
Mytilene, 3 0

Nabonassar, 15—16 ,
era of , se e era

Naburimannu, 32 0
Neoplatonism, 42 7
Nergal, 29 7
Neugebauer, Otto , 124 , 186 , 318 , 32 1
Newton, Isaac , 170 , 246 , 247 , 286 , 44 0
Newton, Rober t R. , 262 , 267-269 , 273
Nicaea, 167 , 21 5
night, lengt h of , 97 , 112-113 , 119-120
night-pathed star , 19 5
Nile River , 65 , 207
Nineveh, 1 6
node o f Moon's orbit , 311 , 31 6
nones, 16 4
noon, local , 27-2 8
normal stars , 299 , 31 4
north, 2 8
North Star . Se e Stars and constellation s
Novara, Domenic o Maria , 41 4
numerals

Arabic, 456m 6
cuneiform, 1 3
Greek, 181 , 26 4
medieval Latin , 10 8

Nuremberg, 157 , 416-417, 42 7
Nut, 7 5
nychthemeron, 239

obliquity o f ecliptic , 54 , 59-60
decrease in , 274 , 279 , 283

obliquity, tabl e of , 105-109
occultation, 186 , 26 1
Ocean, 3—4 , 5 2
Oenopides o f Chios , 57-5 8
oikumene, 92-94
Olympiads, 183-18 4
omens, 8 , 1 4
oppositions o f planets t o Sun , 295 , 302

table o f for Mars , 302-30 3
orreries, 8 2
Osiander, Andreas , 417 , 419 , 437
Osiris, 20 2
Ovid, 18 , 8 2

Pagan, Emile-Franoi s de , 439
Pakistan, 15 5
Palatine Anthology, v
Palmyra, 6 5
Pappus, 25 , 73, 82 , 90 , 20 6
papyri 24 , 345

Hibeh, 201-20 3
Oxyrhyncus, 345—34 6

parallax
annual, 67-68
diurnal (horizontal) , 6 9
of the Moon , 251-25 3

parapegma, 24 , 39—40 , 58 , 98, 19 0
of Geminus , 199—20 1
in Hibe h papyri , 201-203
in MUL.APIN , 6
of Ptolemy , 203-20 4
on stone , 201—20 2

Paris, 108 , 39 9
Parmenides, 45 , 47, 75 , 296, 454n6 i
Parthians, 1 7
Passover, 16 7
Paul II I (Pope) , 168 , 418 , 42 4
Pericles, 4 6
perigee

of a n epicycle , 337
of Sun , 21 1
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Canopus ( a Car) , 42 , 48, 65 , 66, 273
Capella (goat , O C Aur), 42 , 199 , 200 ,

204, 24 9
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Mizar (L,  UMa) , 33 , 249, 25 0
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Thureau-Dangin, Francois , 32 1
Tiglath-Pilesar III , 1 6
Tigris River , 12 , 16 , 1 7
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95-99
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235-243
time zones , 236-23 7
Timocharis, 21 , 103 , 186 , 187 , 248 , 251 ,

259-261, 282 , 28 3
tithi, 322, 393
Toledan Tables,  279 , 394 , 400-401, 40 4
Toledo, 26 , 398
Toomer, G . J., 21 4
Tower o f th e Winds , 131—13 2
translation movement , 398—39 9
trivium, 399
trepidation o f the equinoxes , 274-280
tropic circles , 53 , 62
al-Tusl, 396-39 7
twilight, 14 5
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Ulugh Beg , 269-270, 28 1
Umayyad caliphate , 392
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Ages, 399-400
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Uruk, 317-321 , 332

van de r Waerden , 214 , 34 6
Venezia, 6 1
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Vettius Valens , 343 , 34 5
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Vitruvius, 24 , 45-46, 67 , 346
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on sundials , 132-135
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Wilhelm o f Hesse , 28 1
William o f Moerbeke , 398
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zone time , 236-23 7
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