THE ANCIENT

TWO-SPHERE UNIVERSE

Copernicus and the Modern Mind

The Oo@mgﬁmb Revolution was a revolution in ideas, a trans-
formation in man’s conception of the universe and of his own relation
oit. Again and again this episode in the history of Renaissance thought
as been proclaimed an epochal turning point in the intellectual
evelopment of Western man. Yet the Revolution turned upon the
st obscure and recondite minutiae of astronomical research. How
n it have had such significance? What does the phrase “Copernican
m<oH=zow mean?

n 1543, Nicholas Copernicus proposed to increase the accuracy and
implicity of astronomical theory by transferring to the sun many
stronomical functions previously attributed to the earth. Before his
proposal the earth had been the fixed center about which astronomers
omputed the motions of stars and planets. A century later the sun
ad,‘at least in astronomy, replaced the earth as the center of planetary
ozm and the earth had Jost its unique astronomical status, becom-
né of a number of moving planets. Many of modern mmﬁonoﬂd\m
w& achievements depend upon this transposition. A reform in
fundamental concepts of astronomy is therefore the first of the
ernican Revolution’s meanings.

stronomical reform is not, however, the Revolution’s only mesan-
Other radical alterations in man’s understanding of nature rapidly
red the publication of Copernicus’ De Revolutionibus in 1543.
fany ‘of these innovations, which culminated a century and a half
er in'the Newtonian conception of the universe, were unanticipated
Hom:og of Copernicus’ astronomical theory. Copernicus suggested
E.Eu. motion in an effort to improve the techniques used in pre-
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dicting the astronomical positions of celestial bodies. For other sciences
his suggestion simply raised new problems, and until these were solved
the astronomer’s concept of the universe was incompatible with that
of other scientists. During the seventeenth century, the reconciliation
of these other sciences with Copernican astronomy was an important
cause of the general intellectual ferment now known as the scientific
revolution. Through the scientific revolution science won the great
new role that it has since played in the development of Western society
and Western thought.

Even its consequences for science do not exhaust the Revolution’s
meanings. Copernicus lived and worked during a period when rapid
changes in political, economic, and intellectual life were preparing the
bases of modern European and American civilization. His planetary
theory and his associated conception of a sun-centered universe were
instrumental in the transition from medieval to modern Western so-
ciety, because they seemed to affect man’s relation to the universe and
to God. Initiated as a narrowly technical, highly mathematical revision
of classical astronomy, the Copernican theory became one focus for the
tremendous controversies in religion, in philosophy, and in social theory,
which, during the two centuries following the discovery of America,
set the tenor of the modern mind. Men who believed that their terres-
trial home was only a planet circulating blindly about one of an infinity
of stars evaluated their place in the cosmic scheme quite differently
than had their predecessors who saw the earth as the unique and focal
center of God’s creation. The Copernican Revolution was therefore also
part of a transition in Western man’s sense of values.

This book is the story of the Copernican Revolution in all three of
these not quite separable meanings — astronomical, scientific, and phil-
osophical. The Revolution as an episode in the development of plane-
tary astronomy will, of necessity, be our most developed theme. During
the first two chapters, as we discover what the naked eye can see in the
heavens and how stargazers first reacted to what they saw there,
astronomy and astronomers will be very nearly our only concern. But
once we have examined the main astronomical theories developed in
the ancient world, our viewpoint will shift. In analyzing the strengths
of the ancient astronomical tradition and in exploring the requisites
for a radical break with that tradition, we shall gradually discover how
difficult it is to restrict the scope of an established scientific concept
to a single science or even to the sciences as a group. Therefore, in
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‘hapters 3 and 4 we shall be less concerned with astronomy itself
an with the intellectual and, more briefly, the social and economic
lien within which astronomy was practiced. These chapters will
eal ‘primarily with the extra-astronomical implications — for science,
for. religion, and for daily life — of a time-honored astronomical con-
.mw.ﬁ.s& scheme. They will show how a change in the conceptions of
athematical astronomy could have revolutionary consequences.
_..p.mz%“ in the last three chapters, when we turn to Copernicus’ work,
s.feception, and its contribution to a new scientific conception of the
universe, we shall deal with all these strands at once. Only the battle
at - established the concept of the planetary earth as a premise of
Western thought can adequately represent the full meaning of the
Copernican Revolution to the modern mind.

Because of its technical and historical outcome, the Copernican
evolution is among the most fascinating episodes in the entire history
science. But it has an additional significance which transcends its
specific subject: it illustrates a process that today we badly need to
understand. Contemporary Western civilization is more dependent,
both for its everyday philosophy and for its bread and butter, upon
scientific concepts than any past civilization has been. But the scientific
theories that bulk so large in our daily lives are unlikely to prove final.
The developed astronomical conception of a universe in which the
tars, including our sun, are scattered here and there through an in- .
finite space is less than four centuries old, and it is already out of date.
Before that conception was developed by Copernicus and his sucees-
sors, other notions about the structure of the universe were used to
xplain the phenomena that man observed in the heavens. These older
stronomical theories differed radically from the ones we now hold, but
nost of them received in their day the same resolute credence that we
ow give our own. Furthermore, they were believed for the same
easons: they provided plausible answers to the questions that seemed
important. Other sciences offer parallel examples of the transiency of
treasured scientific beliefs. The basic concepts of astronomy have, in
fact, been more stable than most.

The mutability of its fundamental concepts is not an argument for
rejecting science. Each new scientific theory preserves a hard core of
the knowledge provided by its predecessor and adds to it. Science
progresses by replacing old theories with new. But an age as dominated
by science as our own does need a perspective from which to examine
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the scientific beliefs which it takes so much for granted, and history
provides one important source of such perspective. If we can &moowmn
the origins of some modern scientific concepts and the way in which
they supplanted the concepts of an earlier age, we are more likely ﬁ.o
evaluate intelligently their chances for survival. This book deals pri-
marily with astronomical concepts, but they are much like those em-
ployed in many other sciences, and by scrutinizing their development
we can learn something of scientific theories in general. For example:
What is a scientific theory? On what should it be based to command
our respect? What is its function, its use? What is its staying power?
Historical analysis may not answer questions like these, but it can
illuminate them and give them meaning.

Because the Copernican theory is in many respects a typical
scientific theory, its history can illustrate some of the processes by
which scientific concepts evolve and replace their predecessors. In its
extrascientific consequences, however, the Copernican theory is not
typical: few scientific theories have played so large a role in non-
scientific thought. But neither is it unique. In the nineteenth omhﬁ.uJ&
Darwin’s theory of evolution raised similar extrascientific questions.
In our own century, Einstein’s relativity theories and Freud’s psycho-
analytic theories provide centers for controversies from which n.dmw
emerge further radical reorientations of Western thought. Freud him-
self emphasized the parallel effects of Copernicus’ discovery Emﬂ.mﬁ
earth was merely a planet and his own discovery that the unconscious
controlled much of human behavior. Whether wé have learned their
theories or not, we are the intellectual heirs of men like Copernicus
and Darwin. Our fundamental thought processes have been reshaped
by them, just as the thought of our children or grandchildren will have
been reshaped by the work of Einstein and Freud. We need more than
an understanding of the internal development of science. We must also
understand how a scientist’s solution of an apparently petty, highly
technical problem can on occasion fundamentally alter men’s attitudes

toward basic problems of everyday life.

The Heavens in Primitive Cosmologies
Much of this book will deal with the impact of astronomical

observations and theories upon ancient and early modern cosmological
thought, that is, upon a set of man’s conceptions about the structure of

the universe. Today we take it for granted that astronomy should affect
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osmology. If we want to know the shape of the universe, the earth’s
osition in it, or the relation of the earth to the sun and the sun to the
tars, we ask the astronomer or perhaps the physicist. They have made
etailed quantitative observations of the heavens and the earth; their
knowledge of the universe is guaranteed by the accuracy with which
predict its behavior. Our everyday conception of the universe, our
pular cosmology, is one product of their painstaking researches.
this close association of astronomy and cosmology is both tempo-
ly and geographically local. Every civilization and culture of which
.m.rgm records has had an answer for the question, “What is the
tructure of the universe? But only the Western civilizations which
escend from Hellenic Greece have paid much attention to the ap-
P arance of the heavens in arriving at that answer. The drive to con-
struct cosmologies is far older and more primitive than the urge to
ke systematic observations of the heavens. Furthermore, the primi-
form of the cosmological drive is particularly informative because
ighlights features obscured in the more techmical and abstract
osmologies that are familiar today.
‘Though primitive conceptions of the universe display considerable
bstantive variation, all are shaped primarily by terrestrial events,
the events that impinge most immediately upon the designers of the
systems. In such cosmologies the heavens are merely sketched in to
ide an enclosure for the earth, and they are peopled with and
oved by mythical figures whose rank in the spiritual hierarchy
ually increases with their distance from the immediate terrestrial
vironment. For example, in one principal form of Egyptian cos-
ology the earth was pictured as an elongated platter. The platter’s
ng dimension paralleled the Nile; its flat bottom was the alluvial
to which ancient Egyptian civilization was restricted; and its
curved and rippled rim was the mountains bounding the terrestrial
orld. Above the platter-earth was air, itself a god, supporting an
erted platter-dome which was the skies. The terrestrial platter in its
m was supported by water, another god, and the water rested upon
third platter which bounded the universe symmetrically from below.
Clearly several of the main structural features of this universe were
ggested by the world that the Egyptian knew: he did live in an
longated platter bounded by water in the only direction in which he
ad explored it; the sky, viewed on a clear day or night, did and does
k dome-shaped; a symmetric lower boundary for the universe was
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the obvious cheice in the absence of relevant observations. Astronomi-
cal appearances were not ignored, but they were treated with less
precision and more myth. The sun was Ra, the principal Egyptian god,
supplied with two boats, one for his daily journey through the air and
a second for his nocturnal trip through the water. The stars were .
painted or studded in the vault of the heaven; they moved as minor -
gods; and in some versions of the cosmology they were reborn each -
night. Sometimes more detailed observations of the heavens entered, :
as when the circumpolar stars (stars that never dip below the horizon )
were recognized as “those that know no weariness” or “those that know
no destruction.” From such observations the northern heavens were
identified as a region where there could be no death, the region of the
cternally blessed afterlife. But such traces of celestial observation

7

oon.mwwm H.urd\ of nature takes place; very little of the play is in
mwmowﬁﬁo the cosmology. The sun god, Ra, travels in his boat
) wm“mum each day, but there is nothing in Egyptian cosmolo
- m.o in Mﬂ her mum. regular recurrence of his journey or the mmmmoum.m
i mm.m..uﬁbw mo“” .Wom» mr H.Mﬁm._ O%@ in our own Western civilization has
€ exp such details been considered 3 £ i
other civilization, ancie Tos sl ologY.
: X nt or modern, has mad imi
The roquiremms o , made a similar demand.
he: at a cosmology supply both i
ing world-view and an ex i 4 R
ng planation of observed ph i
e . e phenomena like
& c%m M”msmm in EM position of sunrise has vastly increased the
er smologic thought. It has channel i
e . anneled the universal com-
NM iils at-nomeness in the universe int :
. B discovery ot o 0 an unprecedented drive
. ntific explanations. M f
tic achievements of We ilization dever o oy charac
¢ stern civilization de i
h . pend upon this com-
; MM Mmﬂﬁmbﬁw“ :Bmwmmm upon cosmologic thought, But the com
0n Nas not always been a congenial on -
e. It has forced mod
mH ; modern
o Hmmﬁm m_% construction of cosmologies to specialists, primarily
. no.m.EMw M. 0 know the multitude of detailed observations that
les must satisty to be believed. And si
: . And since observation
= mmMm sword which may either confirm or conflict with a
.mow € consequences of this delegation can be devastatin
F.m:omwmu.. M”% on omom&.oum destroy, for reasons lying mumwmm\“
1alty, a world-view that had i
uis s previously made the uni
- uni-
mﬁzwmwi for the members of a whole civilization speciali
specialist alike. ¢ TPt
. Hmoﬁ_.m much r.rm this happened during the Copernican
> ME erstand _.ﬂ we must therefore become something of
2 .mem <.Mm._.ws particular, we must get to know the principal
»-all of them accessible to the nak
tons, all of them a ed eye, upon which de-
f go ..G.mE scientific cosmologies of the West, the Ptolemaic
: .wmwﬁomﬂ. No .mEm_m panoramic view of the heavens will
msm on 2 clear E.mrr the skies speak first to the poetic, not
- M“ .HBmmH.smﬂos. No one who views the night sky can
ge. m espeares vision of the stars as “night’s candles” or
&%MM .Mm the Milky Way as “a broad and ample road, whose
» aTiC pavement stars.” But these descriptions are the ones
...Wﬂd.hmncm ocm.BoHomymm. They provide no evidence relevant
ers questions: How far away is the Milky Way, the

were rare.
Fragments of cosmologies similar to the Egyptian can be found

all those ancient civilizations, like India and Babylonia, of which we
have records. Other crude cosmologies characterize the contemporar
primitive societles investigated by the modern anthropologist. Ap
parently all such sketches of the structure of the universe fulfill a basic
psychological need: they provide a stage for man’s daily activities ant
the activities of his gods. By explaining the physical relation betwee
man’s habitat and the rest of nature, they integrate the universe for
man and make him feel at home in it. Man does not exist for lon
without inventing a cosmology, because a cosmology can provide him
with a world-view which permeates and gives meaning to his eve
action, practical and spiritual. .
Though the psychological needs satisfied by a cosmology see
relatively uniform, the cosmologies capable of fulfilling these nee
have varied tremendously from one society or civilization to anoth
None of the primitive cosmologies referred to above will now satist
our demand for a world-view, because we are members of a civilizati
that has set additional standards which a cosmology must meet in orde
to be believed, We will not, for example, credit a cosmology that :
ploys gods to explain the everyday behavior of the physical world
recent centuries, at least, we have insisted upon more nearly mechant
explanations. Even more important, we now demand that a satisfacto
cosmology account for many of the observed details of nature’s
havior. Primitive cosmologies are only schematic sketches ag
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tw | .mmEmsan frames of reference for all further astronomical meas-
ments. The permanent direction assumed by the shortest shadow
m. y defines due north, from which the other compass points fol-
5 . instant at which the shadow becomes shortest defines a refer-
o.Eﬁ in time, local noon; and the interval between two successive
.H.Ho.onm defines a fundamental time unit, the apparent solar da

..m.ﬁrm first millennium B.c., the Babylonians, Egyptians, Oammww.
omans used primitive terrestrial timekeepers, particularly émﬂom
‘s;ih order to subdivide the solar day into smaller intervals from
ch our modern units of time — hour, minute, and second — descend.*

sun, the planet Jupiter? How do these points of light move? Is the
material of the moon like the earth’s, or is it like the sun’s, or like a
star’sP Questions like these demand systematic, detailed, and quantita-
tive observations accumulated over a long period of time.

This chapter deals, then, with observations of the sun and stars
and with the role of these observations in establishing the first scien--
tific cosmologies of ancient Greece. The next chapter completes the:
roster of naked-eye celestial observations by describing the planets,
the celestial bodies which posed the technical problem that led to the

Copernican Revolution.

The Apparent Motion of the Sun

Before the end of the second millennium B.c. (perhaps very
much before), the Babylonians and the Egyptians had begun systematic

NOON

observations of the motion of the sun. For this purpose they devel e

oped a primitive sundial consisting of a measured stick, the gnomon NTER SOLSTICE ,wm“nﬁ moocc_mmx

projecting vertically from a smooth flat section of ground. Since th AUTUMNACEQUINOX
~

apparent position of the sun, the tip of the gnomon, and the tip of its
shadow lie along 2 straight line at each instant of a clear day, measure
ments of the length and direction of the shadow completely determin
the direction of the sun. When the shadow is short, the sun is high in
the sky; when the shadow points, say, to the east, the sun must lie-in
the west. Repeated observations of the gnomon’s shadow can there
fore systematize and quantify a vast amount of common but vagu
knowledge about the daily and annual variation of the sun’s position
In antiquity such observations harnessed the sun as a time reckone
and calendar keeper, applications that provided one important motiv
for continuing and refining the observational techniques. .

Both the length and the direction of a gnomon’s shadow var
slowly and continuously during the course of any one day. The shado
is longest at sunrise and sunset, at which times it points in roug
opposite directions. During the daylight hours the shadow move
gradually through a symmetric fan-shaped figure which, in most
the locations accessible to ancient observers, is much like one of th
shown in Figure 1. As the diagram indicates, the shape of the fan
different on different days, but it has one very significant fixed feati
At the instant of each day when the gnomon’s shadow is shortest
always points in the same direction. This simple regularity provid

igure 1. The n.mmmu\ motion of the gnomon’s shadow at varicus seasons in
nrm.g Hmunﬂcmmm. At sunrise and sunset the shadow stretches momen-
mb.nm distance where its end “joins” the broken line in the diagram
sunrise and sunset the end of the shadow moves slowly along the wmuw .
n the shadow always points due north, ¢ e

‘compass points and the time units defined by the sun’s daily
provide a basis for describing the changes in that motion from
day. Sunrise always occurs somewhere in the east and sunset
est, but the position of sunrise, the length of the gnomon’s
wm.moﬁ and the number of daylight hours vary from day to day
¢ changing seasons (Figure 2). The winter solstice is the day
December 22 on the modern calendar) when the sun rises and sets
est to the south of the due east and west points on the horizon
s day there are fewer hours of daylight and the gnomon’s =oon.
is longer than on any other. After the winter solstice the points
astronomi i

Son. But, on'a Fme soue Joteomned Lyt St time seckoner
w..mwm_www nmwwnwwwﬂwmawwéwgoﬁ a minute at different seasons of the u\wm:.m.
: re aware of this slight but significant irregularity

e MH&.M. mﬂ@ we mrmc ignore it here. The cause of this variation and ifs
. e definition of a time scale are discussed in Section 1 of the Technical

V!
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at which the sun rises and sets gradually move north together &.obm
the horizon, and the noon shadows grow shorter. On the vernal equinox

m (0] e mnmuw saw :

ise and sunset points continue to move northward and the 5:9%9.. . mwu MMH.NMN\ wwwwmmcﬂww MMWMMMW@ “Friar’s Heel,” on the ancient
ri . 0 s .
of daylight hours increases until ﬁWo mcmw Q%MMHMMMMH @ﬁ MMHM MWW%MM length of the cycle of the seasons — the interval between one
the sun rises and sets farthest ﬂw the EM: on._m noon shadow is shortest _equinox and the next — defines the basic calendar unit, the year,
light lasts longest msm. when the 5o oint again moves south, and the a5 the sun’s daily motion defines the day. But the year is a far
After the summer solstice, the msuzmww P :soxm (September 23) the sun - difficult unit to measure than the day, and the demand for useful
nights grow longer. At the autumna men 4 wost: then it continus term calendars has therefore presented astronomers with a con-
once again rises and sets almost due east 2 u problem whose prominence during the sixteenth century played
south until the winter solstice recurs. t role in the Copernican Revolution. The earliest solar calendars
tiquity were based upon a year of 360 days, a neat round number

ly fitted the sexagesimal number system of the Babylonians. But
Ie of the seasons occupies more than 360 days, so that the “New

oriously constructed from rcmm stones, some almost thirty tons in
ight, by the people of an early Stone Age civilization. It was almost
tainly ‘also a crude sort of observatory. The stones were so ar-

SUMMER
SOLSTICE

WINTER
SOLSTICE

and later dates in successive years. To keep the solar calendar
with the seasons, the Egyptians therefore added five extra days,
day .m.mmmobv to their original year.
ere is, however, no integral number of days in the cycle of
asons. The year of 365 days is also too short, and after 40 years
tian calendar was ten days out of step with the seasons.
vhen Julius Caesar reformed the calendar with technical
Tom Egyptian astronomers, he based his new calendar upon
mw_%m. in length; three years of 365 days were followed by one
calendar, the Julian, was used ﬁrwozmrosn m..E.omm from
uction in 45 B.c. until after the death of Copernicus, But the
ear is actually 11 minutes and 14 seconds shorter than 365%
at by Copernicus’ lifetime the date of the vernal equinox
ckward from March 21 to March 11. The resulting de-
ndar reform (see Chapters 4 and 5) provided one im-
otive for the reform of astronomy itself, and the reform that
estern world its modern calendar followed the publication
volutionibus by only thirty-nine years. In the new calendar,

SUNSET

iti i ' eleval
Figure 2. Relation between the position of sunrise, the sun’s noon :
. ,
and the seasonal variation of the gnomon’s shadow.

As the modern names of the solstices and mms.g.zoxmm E&omﬂw
motion of sunrise back and forth along the horizon oomw.ﬂmow :
the cyele of the seasons. Most ancient peoples therefore .M HM<M~ .
the sun controlled the seasons. They simultaneously <ms,mwm M,. e
as a god and observed it as a o&msnmw wwmmﬁﬁ a ww.mwﬁaowﬂ Mwm
of the passage of the seasons upon which m.hmu” mmﬁmg GMN o
depended. Prehistoric remains, like the E%mﬁmn.o:m. 5 EM ”r i
stones at Stonehenge, England, testify to the EE@EQ. and the mﬁ
of this double interest in the sun. Stonehenge was an important
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other anomalies in the observed motions of the sun. But
ere not observed in antiquity. We shall not discuss them until
r.ﬂro astronomical theories that made it possible to pre-
en before they were observed (pp. 33 ff).

imposed upon large areas of Christian Europe by Pope Gregory X1
in 1582, leap year is suppressed three times in every four hundred
years. The year 1600 was a leap year and the year 2000 will be, but
1700, 1800, and 1900, all leap years in the Julian calendar, had ju
365 days in the Gregorian, and 2100 will again be a normal year o
365 days. :
All the observations discussed above show the sun mwmwoﬁ.amﬁ.&..
as it would appear to an astronomer in middle-northern latitudes, :
area that includes Greece, Mesopotamia, and northern Egypt, the
gions in which almost all ancient observations were made. But with
this area there is a considerable quantitative variation in certain asp
of the sun’s behavior, and in the southernmost parts of Egypt therei
a qualitative change as well. Knowledge of these changes also playe
a part in the construction of ancient astronomical theories. No éa.m
tions are observed as an observer moves east or west. But toward thi
south the noon shadow of the gnomon is shorter and the noon sun
higher in the sky than they would be on the same day in the north
Similarly, though the length of the whole day remains constant, th
difference between the lengths of daytime and nighttime is smaller i
the southern portion of middle-northern latitudes. Also, in this region
the sun does not swing quite so far north and south along the horizo

he ..m:u_.m
Hr@ motions of the stars are much simpler and more regular
e .E.s,m. Their regularity is not, however, so easily recognized
systematic mxmﬂmﬁmmoz of the night sky requires the ability
lect individual stars for repeated study wherever in the heavens
ppear. In the modern world this ability, which can be acquired
long practice, is quite rare. Few people now spend much
of doors at night, and, when they do, their view of the heavens
.smw obscured by tall buildings and street lighting. Besides
ation of the heavens no longer has a direct role in the life of ﬁrmu
n._mbu. But in antiquity the stars were an immediate part of the
pan’s environment, and celestial bodies served a universal
on as time reckoners and calendar keepers. Under these circum-

L
a®

NOON

——— e e

Dawn puskK

VERNAL EQUINOX '
AND SUMMER SOLSTICE : N .
WINTER SOLSTICE AUTUMNAL EQUINOX :

L]
at

Figure 3. The daily motion of the gnomon’s shadow at various seasons in
northern torrid zone.

during the course of the year. None of these variations alters th
qualitative descriptions supplied above. But, if an observer has mov
far into southern Egypt during the summer, he will see the noor
shadow of the gnomon grow shorter day by day until at last it vanishe
entirely and then reappears pointing to the south. In the southernmos
partts of Egypt the annual behavior of the mﬂoﬁou«m shadow is tha
shown in Figure 3. Journeys still farther south or much farther north

.”m.E.M.P .M&o constellation Ursa Major in the northern skies. Notice the

oEmMMEpmﬁkunm.wmnnwcromo rﬂnmw forms the bear’s tail. The North Star is the
nt irectly over the bear’s right ear in the pi i

2 joining the last two stars in the Dipper’s bowl. pletwee. Tt fies alnost on
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stances the ability to identify stars at a glance was H&mméa\.oo_uEBoF
Long before the beginning of recorded history men whose jo mmmwwm
them a continuing view of the night sky rmm mentally E.EsmmE e
stars into constellations, groups of neighboring stars .?mw .MozH pe
seen and recognized as a fixed pattern. To find an HHMMHM me omw”o
amidst the ?o?mmou of the heavens, an observer wou IS . m e
the familiar star pattern within which it occurred and then pic
indivi tar from the pattern.
SQNMMMW _OM the oonmﬁmmmmme used by modern mmqowogmwmmmﬂo aMMHuon.w
after mythological figures oﬂmbﬁﬂzﬁw\m mEMM %MN _Mo ,MWMme mﬁ ommww
i i tablets, a few as old as .C. .
Mﬂwﬂoﬂﬂ NMMHM&E@& their definitions, the major oobmﬁo:w“woumm %H
among our oldest traceable inheritances, How .ﬁrmmmamnowmm_u mH o st
picked out is, however, still uncertain. Few people can“see"a Nmzmmoum
stars of the constellation Ursa Major (Figure 4); o.%ourngm e tlons
present similar problems in visualization; the stars may .n. exef _o_.owmﬂmm
nally have been grouped for oos<mEME%rmb& HM.MMM MMMMWWMWM rmwﬁw
e very strangely grouped. The an . !
MWHWWMMMMMM% doﬂb&mammu u\mmm Em%. occupy areas o.m wmﬁﬂm m_..mMMMMM
size in the sky. They are not convenient Q.Howommu ég.o is OWm wm son
why modern astronomers have altered their boundaries. wwwm ﬂm W e
ancient shepherd or navigator, staring at the heavens roMH. .MMM mﬁw_.“.mo
really did “see” his familiar mythological characters ﬂ..mom M.u .H.r.m
just as we sometimes “see” faces in clouds or the outlines o trees. The
experiments of modern Gestalt psychology demonstrate a uniy !
need to discover familiar patterns in mwwmwmﬂmw random maocﬂummvﬁ
need that underlies the well-known “ink-blot” or W%Enﬂmo ﬂm.\.m Mﬁ
If we knew more about their historical origin, the ooswﬂmz.mﬁ.osm M:mr
provide useful information about mmpw mental characteristics of the
istori jeties that first traced them. .
mHmWMM”,ﬂWmmoHM constellations is like gaining mmﬂﬁmw#w é.&u a HMmM
and has the same purpose: the constellations B.mwm it easier to HM
one’s way around the sky. Knowing the ooﬁ%mﬁmﬁogu a Em.a Mmﬂ Hmmr‘m
ily find a comet reported to be “in Cygnus” {the mém.ﬂf e wo
almost certainly miss the comet if he knew only that it was

“in the
sky.” The map provided by the constellations is, however, an unusual

one because the constellations are always in Ec.ﬂ.os. mH.anm m:.&., all
move together, preserving their patterns and their relative positions,
?
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the motion does not destroy their usefulness. A star in Cygnus will
always be in Cygnus, and Cygnus will always be the same distance
rom Ursa Major.® But neither Cygnus nor Ursa Major remains for
long at the same position in the sky. They behave like cities on a map
pasted to 2 rotating phonograph record. .
- Both the fixed relative positions and the motions of the stars are
illustrated in Figure 5, which shows the location and orientation of
the Big Dipper (part of Ursa Major) in the northern sky at three
times during a single night. The pattern of seven stars in the Dipper
is the same at each viewing. So is the relation of the Dipper to the
North Star, which always lies 29° to the open side of the Dipper’s
bowl on a straight line through the last two stars in the bowl. Other
agrams would show similar permanent geometric relations among
he other stars in the heavens.
:Figure 5 displays another important characteristic of the stellar
motions. As the constellations and the stars composing them swing
through the skies together, the North Star remains very nearly station-
ary. Careful observation shows that it is not, in fact, quite stationary
uring any night, but there is another point in the heavens, now less
1an 1° away from the North Star, which has precisely the properties
ttributed to that star in Figure 5. This point is known as the north
estial pole. An observer at a given location in northern latitudes
wﬂ..m_ﬁmu\m find it, hour after hour and night after night, at the same
xed distance above the due-north point on his horizon. A straight
stick clamped so that it points toward the pole will continue to point
toward the pole as the stars move. m_.hds#mzmosa%u however, the celes-
tial pole behaves as a star. That is, the pole retains its geometric rela-
Hons to the stars over long periods of time.} Since the pole is a fixed
? “Distance” here means “angular distance,” that is, the number of degrees
tween two lines pointing from the observer's eye to the two celestial objects

0se separation is to be measured. This is the only sort of distance that astrono-
mets can measure directly, that is, without making calenlations based upon some

1 Observations made many years apart show that the pole’s position among
stars is very slowly changing (about 1° in 180 years). We shall neglect this
W motion, which is part of an effect known as the precession of the equinoxes,

L Section 2 of the Technical Appendix. Though the ancients were aware of it
the end of the second century s.c., precession played a secondary role in the
nstruction of their astronomical theories, and it does not alter the short-term

rvations described above, There has always been a north celestial pole at the

ie distance above the due-north poiut on the horizon, but the same stars have
always been near it.
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2.0n October 25. By the end of the year it will be reaching
on below the pole before sunset and will therefore not be
n that position at all.

middle-northern latitudes the celestial pole is approximately
bove the northernmost point on the horizon. (The elevation of
ole is precisely equal to the observer’s angle of latitude — that
e way latitude is measured.) Therefore stars that lie within 45°
ole, or whatever the elevation at the observer’s location may be,
ver fall below the horizon and must be visible at any hour of a
ht. These are the circumpolar stars, “those that know no de-
0, in the words of the ancient Egyptian cosmologists. They are
only stars whose motion is easily recognized as circular.

s farther from the poles also travel along diurnal circles, but
each circle is hidden below the horizon (Figure 6). Therefore
tars can sometimes be seen rising or setting, appearing above or
appearing below the horizon; they are not always visible throughout
night. The farther from the pole such a star is, the less of its
al'citcle is above the horizon and the more difficult it is to recog-
he visible portion of its path as part of a circle. For example, a
1t rises due east is visible on only half of its diurnal circle. It
sls very nearly the same path that the sun takes near one of the
q u.ow.mmu rising along a slant line up and to the south (Figure 7a),
g its maximum height at a point over the right shoulder of
bserver looking east, and finally setting due west along a line
nting downward and to the north. Stars still farther from the pole
p .E....oz_w briefly over the southern horizon. Near the due-south

point for each terrestrial observer and since the stars do not ormam.
their distance from this point as they move, every star seems to travs
along the arc of a circle whose center is the celestial pole. Figure
shows a part of this circular motion for the stars in the Dipper.

The concentric circles traced by the circumpolar motions of th
stars are known as their diurnal or daily circles, and the stars revolve
in these circles at a rate just over 15° per hour. No star completes
full circle between sunset and sunrise, but a man observing th
northern skies during a single clear night can follow stars near the
pole through approximately a semicircle, and on the next night he
can find them again moving along the same circles at the same rat
Furthermore, he will find them at just the positions they would hav
reached if they had continued their steady revolutions throughout the
intervening day. Since antiquity, most observers equipped to reco
nize these regularities have naturally assumed that the stars exist an
move during the day as during the night, but that during the day the
strong light of the sun makes them invisible to the naked eye. On this
interpretation the stars swing steadily through full circles, each star
completing a circle once every 23 hours 56 minutes. A star that is
directly below the pole at 9:00 o'clock on the evening of October 23
will return to the same position at 8:58 on the evening of October 24

+ 5:00AM.

mm__m,mm * nt they set very soon after they rise, and they never get very far
bove the horizon (Figure 7b). Since during almost half the year
ey rise and set during daylight, there are many nights when they
ot appear at all.
These qualitative features of the night sky are common to the entire
S ea within which ancient astronomical observations were made, but

description has glossed over significant quantitative differences.
an observer travels south, the elevation of the pole above the north-
orizon decreases approximately 1° for every 69 miles of southward
otion. The stars continue to move in diurnal circles about the pole,
ut since the pole is closer to the horizon, some stars that were cir-
umpolar in the north are seen rising and setting by an observer

Figure 5. Successive positions of the Big Dipper at four-hour intervals on 3
night in late October.
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farther south. Stars that rise and set due east and west continue to
appear and disappear at the same points on the horizon, but S.émwm ;
the south they appear to move along a line more nearly perpendicular |
to the horizon, and they reach their maximum elevation more nearly .

over the observer’s head. The appearance of the southern sky changes
mote strikingly. As the pole declines toward the northern horizon, stars
he southern sky, because they remain at the same angular distance
rom the pole, rise to greater heights over the southern horizon. A star
that barely rises above the horizon when seen from the north will
e higher and be seen for longer when observed from farther south.
outhern observer will still see stars that barely peek above the
southernmost . point on his horizon, but these will be stars that the
rthern stargazer never sees at all. As an observer moves south, he
s fewer and fewer circumpolar stars — stars that are visible through-

DUE EAST

(a}

Figure 8. A set of the short circular ares described by typical stars E.mﬁ.
northern sky during a two-hour period. The heavy circle tangent to the horizon
separates the circumpolar stars from those that rise and set. .

Star trails like these can actually be recorded by pointing a fived camera af

the celestial pole and leaving the shutter open as the heavens turn. Each addi- DUE SOUTH
tional hour’s exposure adds 15° to the length of every track. Notice, roﬁme_mmf :
that the elevated camera angle inttoduces a deceptive distortion. If the pole i (b)

45° above the horizon {a typical elevation in middle-nerthern _mmnammmr then a
star that appears at the very top of the heavy circle is actually directly .m_ooﬁw .Eo
observer’s head. Recognizing the distortion due to camera angle makes n.womm_dmm
to relate the star trails in this diagram to those shown more schematically in

Figures Ta and b.

Figire 7. Star trails over (a) the eastern and ( b) the southern horizon. Like

Figure 6, these diagrams show the motion of typical stars over a 90° section of
:borizon during a two-hour period. In these diagrams, however, the “camera” is

directed to the horizon, so that only the first 40° above the horizon is shown.
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out the night. But in the south he will, at some time or other, observe ;
stars that an observer in the north can never see.

The Sun as a Moving Star

Because the stars and the celestial pole retain the same rela-
tive positions hour after hour and night after night, they can be per-
manently located upon a map of the heavens, a star map. One form of
star map is shown in Figure 8; others will be found in any atlas or
book on astronomy. The map of Figure 8 contains all the brighter .
stars that can ever be seen by an observer in middle-northern latitudes,
but not all the stars on the map can be seen at once because they are
not all above the horizon simultaneously. At any instant of the night
approximately two-fifths of the stars on the map lie below the horizon. |

The particular stars that are visible and the portion of sky in which
they appear depend upon the date and hour of the observation. For
example, the solid black line on the map broken by the four cardinal
points of the compass, N, E, S, W, encloses the portion of the sky
that is visible to an observer in middle-northern latitudes at 9:00:
o’clock on the evening of October 23. It therefore represents his hori-
zon. If the observer holds the map over his head with the bottom
toward the north, the four compass points will be approximately
aligned with the corresponding points on his physical horizon. The
map then indicates that at this time of night and year the Big Dipper
appears just over the northern horizon and that, for example, the con-
stellation Cassiopeia lies at a position near the center of the horizon
window, corresponding to a position nearly overhead in the sky. Since
the stars return to their positions in just 4 minutes less than 24 hours
the same orientation of the map must indicate the position of the
stars at 8:56 on the evening of October 24, at 8:52 on October 25, at
8:32 on October 30, and so on,

Now imagine that the solid black horizon line which encloses the
observer’s field of view is held in its present position on the page while
the entire disk of the map is rotated slowly behind it in a counterclock
wise direction about the central pole. Rotating the disk 15° brings into:
the horizon-window just those stars that are visible at 10:00 o’clock
on the evening of October 23, or at 9:56 on the evening of Octo
ber 24, and so on. A rotation of 45° moves the stars visible at midnigh
on October 23 inside of the horizon line. The positions of all bright:

-

EO—uplion rezC

igure 8. A circumpolar star map containing all the major stars ever visible to

1f the map is held horizontally overhead with its face toward the ground
nd‘with the bottom of the page pointing north, it will show the orientation of
the stars as they appear to an observer in middle-northern latifudes at 9:00
¢lock on the evening of October 23. The stars within the solid line bounding
tie horizon-window are the ones that the observer can see; those cutside the line
below the horizon on this day at this hour. Stars that lie within the horizon-
rindow near the point N on the map will be seen just over the due-north point on
he -physical horizon (notice the Dipper); those near the east point, E, will be
rising in the east; and so on. To find the position of stars at a lster hour on
October 23, the horizon-window should be imagined stationary and the circular
ip should be rotated behind it, counterclockwise about the pole, 15° for each
ur after 9:00 p.ym. This motion leaves the pole stationary but carries stars up
ver the eastern horizon and down behind the western one. To find the positions
stars at 9:00 p.m. on a later day the map should be rotated clockwise behind
: stationary horizon-window, 1° for each day after October 23. Combining these
o procedures makes it possible to find the positions of stars at any hour of
any night of the year.

" The broken line that encircles the pole in the diagram is the ecliptic, the
un’s apparent path through the stars {see p. 23). The box that encloses a portion
the ecliptic in the upper right-hand quadrant of the map contains the region of
i¢ sky shown in expanded form in Figures 9 and 15.
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stars at any hour of any night can be found in this ﬁmw..b nwcﬁw_u_m
star map equipped with a fixed horizon-window, like that in Figure 8§,
is frequently known as a “star finder.” . . .
Star maps have other applications, however, besides locating bodies
that, like the stars, remain in constant relative positions. They can
also be used to describe the behavior of celestial bodies that, like the
moon, comets, or planets, slowly change their positions .mSoum the
stars. For example, as the ancients knew, the sun’s motion .ﬁm_nmm a
particularly simple form as soon as it is related to the stars. Since the
stars appear shortly after sunset, an observer who knows how to follow
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Figure 9. Motion of the sun through the constellations Aries and Taurus. ..EE
circles represent the sun’s position among the stars at sunset on successive evenings

from the middle of April to late May.

their motion can record the time and horizon position of the mmsmmr
measure the time between sunset and the first appearance of the stars,
and then locate the sun on 2 star map by rotating the map backward
to determine which stars were at the appropriate horizon position when
the sun set. An observer who plots the position of the sun on a star
map for several consecutive evenings will find it in almost the same
position each time. Figure 9 shows the position of the sun on a star
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map on successive evenings for one month. It is not in the same posi-
tion on the map for two successive observations, but it has not moved
far. Each evening finds it about 1° from its position the previous
evening, and 1° is a relatively small distance, about twice the angular
diameter of the sun.
+~These observations suggest that both the daily motion of the sun
and its slower shift north and south along the horizon may conveniently
be analyzed by regarding the sun as a body that moves slowly among
the stars from day to day. If, for some particular day, the position
of the sun among the stars is specified, then, on that day, the sun’s
motion will be almost exactly the diurnal motion of a star in the
rresponding position on the map. Both will move like points on the
otating map, rising in the east along a line slanting upward and to
the south and Iater setting in the west. One month later the sun will
gain have the diurnal motion of a star, but now it will move very
early like a star 30° away from the position of the star whose motion
t copied a month earlier, During the intervening month the sun
12s moved slowly and steadily between these two positions, 30° apart
on the map. Each day its motion has been almost that of a star, part of
circle about the pole of the heavens, but it has not behaved like
ite the same star on two successive days.
If the sun’s position is plotted on a star map day after day and the
ints marking its successive positions in the evening are connected
ther, a smooth curve is produced which rejoins itself at the end
.year. This is the curve, called the ecliptic, that is indicated by
e broken line on the star map of Figure 8, The sun is always to be
found somewhere on this line. As the ecliptic is carried rapidly through
heavens by the common diurnal motion of the stars, the sun is
fed along with it, rising and setting like a star located at a point
ewhere on the line. But simultaneously the sun is moving slowly
ound the ecliptic, occupying a slightly different position each day,
hour, or minute. Thus the complex helical motion of the sun can be
lyzed as the result of two much simpler motions. The total apparent
H.o..u of the sun is composed of its diurnal motion (the westward

bﬁ&wumm in this way, the sun’s motion shows close parallels to
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the motion of a toll collector on a merry-go-round. The collector is
carried around rapidly by the revolutions of the platform. But as he
walks slowly from horse to horse collecting tolls his motion is not
quite the same as that of the riders. If he walks in a direction opposite
to that of the platform’s spin, his motion over the ground will be
slightly slower than that of the platform, and the riders will com-
plete one circle somewhat more rapidly than he. If his toll collections-
carry him toward and away from the center of the platform, his total
motion with respect to the ground will not be circular at all, but a
complex curve which does not rejoin itself at the end of a single revo-
lution. Though it is theoretically possible to specify precisely the path
along which the toll collector moves over the stationary ground, it
is far simpler to divide his total motion into its two component parts:
a steady rapid rotation with the platform and a slower less regular
motion with respect to the platform. Since antiquity astronomers have
used a similar division in analyzing the apparent motion of the sun.
Each day the sun moves rapidly westward with the stars (its so-called
diurnal motion ); simultaneously the sun moves slowly eastward along
the ecliptic through the stars or with respect to the stars (its anuual
motion ),

With the sun’s total motion divided into two components, its be-
havior can be described simply and precisely merely by labeling
neighboring points on the ecliptic with the day and hour at which
the sun reaches each of them. The series of labeled points specifies
the annual component of the sun’s motion; the remaining diurnal
component is specified by the daily rotation of the map as a whole.
For example, since the ecliptic appears in Figure 8 as a somewhat
distorted and considerably off-center circle, there must be one point,
SS, on the ecliptic that is nearer the central pole than any other. No
other point on the ecliptic rises and sets as far to the north as §S,
and no other joint stays within the horizon-window for as long

during the map’s rotation. Therefore SS is the summer solstice, and :

the sun’s center must pass through it around June 22. Similarly the

points AE and VE in Figure 8 are the equinoctial points, the two points -

on the ecliptic that rise and set due east and west and that remain
inside the horizon-window for exactly one-half of each map rotation.
The center of the sun must pass through them on September 23 and
March 21 respectively, just as it must pass through WS, the point on
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ﬁum ecliptic farthest from the pole, on or near December 22. The sol-
stices and equinoxes, which first appeared as days of the year, have
now received a more precise and astronomically more useful defini-
tion. They are points on a star map or in the sky. Together with the
orresponding dates (or instants, since the sun’s center passes instan-
taneously through each point), these labeled positions on the ecliptic
pecify the direction and approximate rate of the sun’s annual motion.
?m.s these labels and others Like them, a man who knows how to
simulate the diurnal motion by rotating a star map can determine the
ours and positions of sunrise and sunset and the maximum height
of the sun on every day of the year.

The solstices and the equinoxes are not the only positions on the
.o.r,mmo fo receive standard labels. Drawn on a star map, the ecliptic
sses through a group of particularly prominent constellations, known
.m...Em signs of the zodiac. By a convention dating from remote an-
.mE.Q these signs divide the ecliptic into twelve segments of equal
length. To say that the sun is “in” a particular constellation is to specify
pproximately its position on the ecliptic, which, in turn, specifies the
eason of the year. The annual journey of the sun through the twelve
igns seems to control the cycle of the seasons, an observation that is
ne root of the science or pseudo science of astrology with which we
hall deal further in Chaper 3.

The Birth of Scientific Cosmology — The Two-Sphere Universe

The observations described in the last three sections are an
1portant part of the data used by ancient astronomers in analyzing
the structure of the universe. Yet, in themselves, these observations
. vide no direct structural information. They tell nothing about the
mposition of the heavenly bodies or their distance; they give no ex-
it information about the size, position, or shape of the earth.
ough the method of reporting the observations has disguised the
act, they do not even indicate that the celestial bodies really move.
An“observer can only be sure that the angular distance between a
celestial body and the horizon changes continually. The change might
mm..m.wfa._u\ be caused by a motion of the horizon as by a motion of the
eavenly body. Terms like sunset, sunrise, and diurnal motion of a
tar'do not, strictly speaking, belong in a record of observation at all.
They are parts of an interpretation of the data, and though this inter-
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pretation is so natural that it can scarcely be kept out of the vocabu-
lary with which the observations are discussed, it does go beyond
the content of the observations themselves. Two astronomers can agree
perfectly about the results of observation and yet disagree sharply
about questions like the reality of the motion of the stars.
Observations like those discussed above are therefore only clues
to a puzzle for which the theories invented by astronomers are tentative
solutions. The clues are in some sense objective, given by nature; the
numerical result of this sort of observation depends very little upon
the imagination or personality of the observer (though the way in
which the data are arranged may). But the theories or conceptual
schemes derived from these observations do depend upon the imagina-
tion of scientists. They are subjective through and through. Therefore,
observations like those discussed in the preceding sections could be
collected and put in systematic form by men whose beliefs about the
structure of the universe resembled those of the ancient Egyptians.
The observations in themselves have no direct cosmological conse-
quences; they need not be, and for many millennia were not, taken very
seriously in the construction of cosmologies. The tradition that detailed
astronomical observations supply the principal clues for cosmological
thought is, in its essentials, native to Western civilization. It seems to
be one of the most significant and characteristic novelties that we in-
herit from the civilization of ancient Greece.

A concern to explain observations of the stars and planets is appar- .

ent in our oldest fragmentary records of Greek cosmological thought
Early in the sixth century B.c., Anaximander of Miletus taught:

© The stars are compressed portions of air, in the shape of [rotating]
wheels filled with fire, and they emit flames at some point from small open

ings.

pair of bellows. .

The eclipses of the sun occur through the orifice by which the fire find

vent being shut up.

The moon is a circle nineteen times as large as the earth; it is like a
chariot-wheel, the rim of which is hollow and full of fire, like the circle

of the sun, and it is placed obliquely, as that of the sun also is; it has on

vent like the nozzle of a pair of bellows; its eclipses depend on the turnings

of the wheel.1

The sun is a circle twenty-eight times the size of the earth; it is like a_
chariot-wheel, the rim of which is hollow and full of fire, and lets the fire
shine out at a certain point in it through an opening like the nozzle of 4

....._._._m ANCIENT TWO-SPHERE UNIVERSE 27

kmms.ouoﬁp.ommw these conceptions are far in advance of the Egyp-
ﬂmwump . The mwmm have vanished in favor of mechanisms familiar on the
earth. The size and position of the stars and planets are discussed.

Though the answers given seem extremely rudimentary, the problems

.HHmm to be raised before they could receive mature and considered

solutions. In the fragment quoted the diurnal circles of the stars and
the sun are handled with some success by treating the celestial bodies
as orifices on the rims of rotating wheels. The mechanisms for eclipses
mwm mom,. the annual wandering of the sun (the latter accounted mow b

".Em oblique position of the sun’s circle) are less successful, but the E,M
.ﬁ. least begun. Astronomy has started to play a major role _H.n oomﬂomomm-

ch all the Greek philosophers and astronomers agreed with
A Some of his contemporaries and successors advanced
o.nrm.a theories, but they advanced them for the same problems and the

m.EwHowmm the same techniques in arriving at solutions. For us it is ﬁr%
roblems and techniques that are important. The competing wrooz.mm

.u.mmm not be traced; moreover, they cannot be traced completely, for

historical records are too incomplete to permit more than coniec
ire about the evolution of the earliest Greek conceptions of the “E.H
erse. Only in the fourth century B.C. do the records become approxi-
tely reliable, and by that time, as the result of a long m<&cmwsma

cess, a large measure of agreement about cosmological mmmmna.&w‘
been reached. For most Greek astronomers and philosophers,

s . and the sphere of the stars. Outside of the outer sphere there was
.@Em at all —no space, no matter, nothing. This was not, in an-
quity; the only theory of the universe, but it is the one Emm ained
o dherents, and it is a developed version of this theor ﬂrmﬁ the
&m&@ and modern world inherited from the ancients ’
This is what I shall henceforth call the “two-sphere s.E.éEm " con-
g of an interior sphere for man and an exterior sphere mvou., the
The phrase is, of course, an anachronism. As we shall see in
ext chapter, all those philosophers and astronomers who believed
ma.uoms.mm_ and celestial spheres also postulated some additional
.ompo& device to carry the sun, moon, and planets around in ﬁmm
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The Creator’s] intention was, in the first place, that the animal should
s far as possible a perfect whole and of perfect parts: secondly, that
hould be one, leaving no remnants out of which another such world
might be created: and also that it should be free from old age {eternal] and
naffected by disease [incorruptible] . . . . Wherefore he made the world
e form of a globe, round as from a lathe, having its extremes in every
ion equidistant from the center, the most perfect and the most like
elf of all figures; for he considered that the like is infinitely fairer than the

ike. This he finished off, making the surface smooth all round for many
e ns; in the first place, because the living being had no need of eyes
there was nothing remaining outside him to be seen; nor of ears when
her .?mm nothing to be heard; and there was no surrounding atmosphere to
reathed; nor would there have been any use of organs by the help of
hich'he might receive his food or get rid of what he had already digested,
there was nothing which went from him or came into him: for there
as nothing beside him. Of design he was created thus, his own waste
widing his own food, and all that he did or suffered taking place in and
himself. For the Creator conceived that a being which was self-sufficient
uld be far more excellent than one which lacked anything; and, as he had
ed to take anything or defend himself against any one, the Creator did
ink it necessary to bestow upon him hands: nor had he any need of
et, nor of the whole apparatus of walking; but the movement suited to his
herical form was assigned to him, . . . and he was made to move in
ame manner and on the same spot, within his own limits revolving in
le.2

space that lay between them. Therefore the two-sphere universe is not
: really a cosmology at all, but only the structural framework for one.
E Furthermore, that structural framework housed a great many different
and controversial astronomical and cosmological schemes during the
nineteen hundred years that separate the fourth century s.c. from
the age of Copernicus. There were many two-sphere universes. But,
after its first establishment, the two-sphere framework itself was almost
never questioned. For very nearly two millennia it guided the imagi-
nation of all astronomers and most philosophers. That is why we begin
our discussion of the main Western astronomical tradition by con-
sidering the two-sphere universe, framework though it is, in abstraction
from the various planetary devices advanced by one astronomer or
another to complete it.

The origin of the two-sphere framework is obscure, but the source of
its persuasiveness is not. The sphere of the heavens is only a short step
from the domed heaven of the Egyptians and Babylonians, and the
heavens do look domed. The elongation that the Egyptians gave to the
heavens vanishes in a society not based upon a river like the Nile and
leaves a hemispherical shell, Connecting the vault above the earth with
a symmetric vault below gives the universe an appropriate and satisfy-
ing closure. The rotation of the resulting sphere is indicated by the
stars themselves; as we shall shortly see, 2 steady rotation of the outer
sphere, once every 23 hours 56 minutes, will produce just the diurnal
circles that we have already described.

There is, in addition, an essentially aesthetic argument in favor of
the spherical universe. Since the stars seem as far away as anything we
can see and since they all move together, it is natural to suppose that
they are simply markings on the outer surface of the universe and that
they move with it. Furthermore, since the stars move eternally with
perfect regularity, the surface on which they move ought itself be
perfectly regular and it should move in the same manner forever.
What figure better fulfills these conditions than the sphere, the only
completely symmetric surface and one of the few that can turn
eternally upon itself, occupying exactly the same space in each instant
of its motion? In what other form could an eternal and self-sufficient
universe be created? This is essentially the argument employed by the .
Greek philosopher Plato (fourth century B.C.) in his Timaeus, an
allegorical story of the creation in which the universe appears as an
organism, an anfmal.

Some of the ancient arguments for the sphericity of the earth are of
same sort: what is more fitting than that the earth, man’s abode,
would display the same perfect figure with which the universe was
ated? But many of the demonstrations are more concrete and
iliar. The hull of a ship sailing from shore disappears before the
p of the mast. More of the ship and of the sea is visible from a high
servation point than from a low one (Figure 10). The shadow of the
rth on the moon during a lunar eclipse always has a circular edge.
{This explanation of eclipses, current even before the fourth century

, Is discussed in Section 3 of the Technical Appendix.) These argu-
ents are still difficult to evade or refute, and in antiquity their
ectiveness extended by analogy from the earth to the heavens: a
lestial region that mirrored the shape of the earth seemed specially
ippropriate. Other arguments derived from the similarity and sym-
etric arrangement of the two spheres. The earth’s central position, for
xample, kept it stationary in the spherical universe. In which direction
an a body fall from the center of a sphere? There is no “down” at the
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Figure 10. An ancient (and modem) argument for the earth’s sphericity. An
observer at the base of the mountain can see only the tip of the ship’s mast over
the earth’s bulge. From the mountain top the entire mast and part of the hull are
visible.

I

center, and every direction is equally “up.” Therefore the earth must
hang at the center, eternally stable as the universe rotates about it.

Though these arguments from symmetry may seem strange today
(arguments for a discredited conclusion usually do seem strange),
they were very important in ancient, medieval, and early modern
thought. A discussion of symmetry, like Plato’s, displays the appro-
priateness of the two-sphere cosmology; it explains why the universe
was created in the spherical form. Even more important, as we shall
discover in Chapters 3 and 4, the symmetry of the two spheres pro- .
vided important links between astronomical, physical, and theological -
thought, because it was essential to each. In Chapter 5 we shall find
Copernicus struggling vainly to preserve the essential symmetry of .
ancient cosmology in a universe constructed to contain a moving
planetary earth. But we are now most concerned with the astronomical .
functions of the two-sphere universe, and here the case is entirely
clear, In astronomy the two-sphere cosmology works and works very
well. That is, it accounts precisely for the observations of the heavens
described in the earlier portions of this chapter.

Figure 11 shows a spherical earth, much exaggerated in size, at
the center of a larger sphere of the stars. An observer on the earth, at
a position indicated by the arrow, O, can see just half of the sphere.
His horizon is bounded by a plane (shaded in the diagram) tangent
to the earth at the point where he is standing. If the earth is very small

Figure 11. Astronomical functions of the two-sphere universe. The outermost
cle is a cross section of the sphere of the stars which rotates steadily eastwarl
out the axis NS. The observer at O can see all portions of this sphere that lie
bove the shaded horizon plane SWNE. If the diagram were drawn to scale
earth would be much reduced and the horizon plane would be tangent to mum,
th at the observation poiat, But since a scale drawing would reduce the earth
mminuscule dimensions, the plane is here drawn through the center of the sphere
the stars, and its orientation with respect to the observer is preserved by keep-
t perpendicular to the line from the observer to the earth’s center.
The horizontal circles in the diagram are the paths traced by selected points
the sphere as the sphere goes through its daily rotation. They are therefore the
mal circles of selected stars, drawn solid where they aze visible to the observer
broken where they lie below the horizon. The central circle is traced by a
ar on the celestial equator. It rises at E, due east of the observer, maoves EUSMH.&
on¢ a line slanting south, and so on. The uppermost and lowermost circles are
ed by stars that meet the horizon in only one point. The upper circle, CC, is the
E«s.w_ circle of the southernmost circumpolar star; the lower circle Hw is ..a.wnmm
e northernmost of the stars that remain invisible to the observer vmn 0.
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compared with the sphere of the stars, this tangent plane will divide
the outer sphere into two almost precisely equal parts, one visible to
the observer, and the other hidden from him by the surface of the
earth. Any objects permanently mounted on the outer sphere will,
like the stars, retain the same relative positions when seen from the
tiny central earth. If the sphere tums steadily about an axis through
the diametrically opposite points N and S, all the stars will move with
it unless they are actually located at N or S. Since § is invisible to the
observer in the diagram, N is the single stationary point in his heaven,
his celestial pole, and it is in fact located just about 45° over the due-
north point on his horizon, as it should be for an observer at O, a point
in middle-northern latitudes.

Objects near the point N on the outer sphere appear to the observer
at O to rotate slowly in circles about the pole; if the sphere rotates once
in every 23 hours 56 minutes, these objects complete their circles in the
same period as the stars; they represent stars in the model. All stars
that lie near enough the pole to be inside the circle CC on the diagram
are circumpolar, for the sphere’s rotation never carries them below the
horizon. Stars that lie farther from N, between the circles CC and II,
rise and set at an angle to the horizon once in each rotation of the
sphere, but stars nearest the circle IT barely get above the southern
horizon and are visible only briefly. Finally, stars located within the
circle II, near S, never appear to the observer at O;

fixed point in the heavens, a second pole. Call it the south celestial pole
and the visible point at N the north celestial pole.
If the observer in the diagram moves northward from O (that is,

toward a point on the inner sphere directly under the north celestial
pole), his horizon plane must move with him, becoming more and
more nearly g%mﬂ&n&ﬁ to the axis of the stellar sphere as he ap-

proaches the terrestrial pole. Therefare, as the observer moves north,

the celestial pole must appear farther and farther from the north point
on the horizon until at last it lies directly over his head. Simultaneously,
the circle CC, always drawn tangent to the northernmost point on the

horizon, must expand so that more and more stars become circurnpolar

Since the circle II also expands when the observer moves north, the
number of invisible stars must increase as well. If the observer moves

they are always
hidden by his horizon. They would, however, be visible to an observer :
at other locations on the inner sphere; S is at least a potentially visible -
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: south, the effects are exactly reversed, the pole coming closer and
&ommw.ﬁo the north point on the horizon and the ow.ouomm CC and HLH:
. shrinking in size unti] they just enclose the north and south celestial
..m&ﬂ. when the observer gets to the equator. Figure 12 shows the mgw
: limiting cases, an observer at the north pole of the earth and an ovo
:server at the terrestrial equator. In the first case the horizon is sh -
. roﬂ.mo_.:mr the north celestial pole is directly over the observer’s TMHM

S
(b}

(a)

Figure 12. Stellar motions in
. the two-sphere universe as
.mﬂ the north terrestrial pole and (5) at the equator. seen by an observer

stars in the upper half of the sphere swing continuously in eircl
...nwwmﬁ& to the horizon; and the stars in the lower rmﬁ_.mmro-.w mwmou.o o

een at all. In the second diagram the horizon is vertical: the woﬁw.
: m south celestial poles are fixed at the north and south mu.i EEH
orizon; all stars can be seen at some time or other; vcﬁm eam be
een through more than a semicircle. v none can be
".m.“xommﬁ that these last extreme examples were not observed i
uity, the motion of the stars in the two-sphere model of ﬁrwucmm-

eicoinci i i i
.m.& on o&.HmM m:.m.oam_% with the previously discussed observations
IS, €re 18 no more oo:S.:G.:m argument for the two

smology. -sphere

- The Sun in the Two-Sphere Universe

" A complete discussion of the sun’s motion in the two

rse demands th -sphere

at the cosmology be elab

: o orated to account fo
E.ﬁmw.Emm_mg position between the central earth and ey
.oﬁmcum stellar sphere. This
lem of the planets; it will be ¢

the periph-
elaboration is part of the larger
onsidered in the next onHuﬁoh But
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even the skeletal cosmology described above _woﬁs#.m a great mwa_&.H-
tion in the description of the sun’s apparent Boﬁ.ow. mowbmpwon” ﬁmw
central earth against the spherical Wmowmaoﬂ provided by the s mmﬂ
sphere, the sun’s motion acquires 2 regularity that was boﬁr appar

O until the stars were localized on a rotating mmﬂﬁ-ewﬁmﬂ@ sp mu.wu. L

| : The new simplicity of the sun’s apparent motion is m.mwom e ,H
Figure 13, which is a reduced sketch of the stellar ﬁu&@no wit i 3 s.oM b
pele visible and with the direction of westward diurnal Hoﬁmﬂwm..pwna
cated by an arrow about the pole. Emﬁ.&mw between the M..S. b end
south celestial poles is drawn the celestial equator, a great cir oo
which lie all the stars (and all points on m..hm m@wowmv that ﬂmm_ _mb o
exactly due east and west. A great circle is the mEE.memﬁ 0 .m oMHME
that can be drawn on the surface of a sphere — the Eﬁmamow_ou ohﬁ
sphere’s surface with that of a plane through the mwwmam s MH Maow
| : and the new simplicity of the sun’s motion results mwo? mﬁm m.mo. &um >
.. a celestial sphere the ecliptic, too, is just a great nn,o m.. HH mwwﬁﬂm&
sphere into two equal halves. In Figure 13 the ecliptic is the

Figure 13. The equator and the ecliptic on the celestial sphere.

circle, intersecting the celestial equator in 26. &mamqwo.mwv“& omWMM“H
points at an angle of 23%°; it contains all the points at w. m.u e enter
of the sun is seen against the sphere of the stars by an o mmﬁm“.o e
earth. At each instant the sun’s center appears at a H.uoEﬁ Mu N is mm&o
circle, participating in the diurnal 4855& motion M mewoﬂm iy
sphere, but simultaneously the sun slips mﬂoﬁ&w. om.,mgmu . v

diagram ), completing its journey around the ecliptic once in a year.

Because, during any 24-hour period, the sun mmmm_m.am to wmﬁmwb %@MM
near a single point on the ecliptic, it must move daily in a diurnal cir
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- very much like that of a star. But the sun moves slowly eastward with
- respect to the sphere as the sphere itself turns rapidly westward.
" Therefore the sun must complete its diurnal circle slightly more slowly
- than the stars complete theirs, losing a little ground in its race with
- the stars each day and being completely “lapped” by them once each
- year. More precisely, since the sun must move mﬁ.oamr 360° to traverse

. the ecliptic and since it completes this journey in just over 365 days,

its eastward motion along the ecliptic must cover just under 1° per
day, and this is the figure derived earlier from observation (p. 23).
It is the distance which the sun slips backward (or loses) with

respect to the stars each day. Furthermore, since the length of the day
is defined by the diurnal motion of the sun and since the stars (moving
15° per hour or 1° every 4 minutes) get 1° farther ahead of the sun
each day, a star that gets, say, overhead at midnight tonight will com-
‘plete its diurnal motion and return to the same position in the sky
just 4 minutes before midnight tomorrow night. Once again a detail
about the behavior of the heavens, initially introduced as one among
many assorted observations (p. 16), has become part of a coherent
pattern in the two-sphere universe.

- A similar order is apparent in the positions that the equinoxzes and
solstices assume on the stellar sphere. The two equinoxes must be
he two diametrically opposite positions on the stellar sphere where
the ecliptic intersects the celestial equator. These are the only points
on the ecliptic that always rise and set due east and west. Similarly,
the two solstices must be the points on the ecliptic midway between
he two equincxes, for these are the points on the ecliptic that lie
arthest north and south of the celestial equator. When the sun is at
ne of these points it must rise farther north {or south) of the due-
ast point than it does at any other time. Since the sun moves steadily
astward from the summer solstice toward the autumnal equinox, the
ndividual equinoxes and solstices are readily identified on the sphere.
ach of them is labeled on the ecliptic in Figure 13, and once the
cliptic has been drawn and labeled in this manner it is possible, by
onstructing an appropriate horizon plane inside the stellar sphere, to
iscover how the sun’s behavior varies during the course of a year
when observed from any location on the earth’s surface. Three particu-
ly significant examples of the sun’s motion at various seasons of the
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year are derived from the two-sphere conceptual scheme in the dia-
grams of Figure 14. In these diagrams the full force of the conceptual
scheme begins to appear.

The Functions of a Conceptual Scheme

Unlike the observations described in the early sections of this
chapter, the two-sphere universe is a product of the human imagina-
tion. It is a conceptual scheme, a theory, deriving from observations
but simultaneously transcending them. Because it will not yet account

N N
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Figure 14. The motion of the sun observed from different locations on the
earth. .

(a) Observer in middle-northern latitudes: At the summer solstice the sun
rises along a slanting line far north of the due-east point; more than obm.rm.._m of
its diurnal circle lies above the horizon, so that the days are longer than the .H:mrﬂm.
At the equinoxes the sun rises due east, and only one-half of its diurmal circle is
visible. At the winter solstice the sun rises far to the south, and the mw.va are
shorter than the nights. The sun’s maximum daily elevation above the wo.ENcu is
greatest in summer, but at all seasons the sun’s noon shadow must point due
north. ) ] o

(b} Observer at the equator: Whatever the sun’s location on the ecliptic, the
horizon plane divides the sun’s diumal circle into two equal parts. wa.m and
nights are always of equal length, and there is little seasonal variation c.m climate.
During half the year (vemal equinox to autumnal equinox) the sun rises north
of the due-east point, and its noon shadow points due moc,&.. During the other
half year the sun rises south of east, and its noon shadow points .bon..v.

{¢) Observer at the north terrestrial pole: Half of the ecliptic is always below
the horizon, so that for half the year (autumnal to vernal equinox) the sun is
completely invisible. At the vernal equinox the sun w.m%:m to peek above the ?.E-
zon, swinging around it daily in a gradually rising spiral until ﬂ.vm summer mowaom.
Then the sun gradually spirals back to the horizon, disappearing m.Hoé_w below it
at the autumnal equinox. Between the vernal and autumnal equinoxes the sun
does not set.

VE
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- the motions of all celestial bodies (the planets, in particular, have
en ignored to this point), the two-sphere cosmology is not complete.
already it provides cogent illustrations of some logical and psycho-
vgical functions that scientific theories can perform for the men who
develop or make use of them. The evolution of any scientific con-

mﬂ_y..m_ scheme, astronomical or nonastronomical, depends upon the
way:in which it performs these functions. By making some of them
xplicit before the two-sphere universe is elaborated in the next two
hapters, we can Emrmmwn in advance a few of the most fundamental
oblems that will emerge during this study of the Copernican Revo-
1 ..ob.
Perhaps the most striking characteristic of the two-sphere universe
he assistance that it gives to the astronomer’s memory. This char-
cteristic of a conceptual scheme is often called conceptual economy.
hi _wmw they were both carefully selected and systematically pre-
ented, the observations of the sun and stars discussed in earlier sec-
tions were, as a group, extremely complex. To a man not already

oroughly acquainted with the heavens, one observation, like the
difection of the slant line along which the sun rises or the correspond-

g behavior of the gnomon’s shadow, seems unrelated to another
bservation, like the location of the celestial pole or the brief appear-
nce of the stars in the southern sky. Each observation is a separate
em in a long list of bare facts about the heavens, and it is difficult to
tain the whole list in memory simultaneously.

“The two-sphere universe presents no such problem: a gigantic
sphere bearing the stars rotates steadily westward on a fixed axis
once every 23 hours 56 minutes; the ecliptic is a great circle on this
sphere tilted 23%° to the celestial equator, and the sun moves steadily
eastward about the ecliptic once every 365K days: the sun and stars
are observed from a tiny fixed sphere located at the center of the giant
stellar sphere. That much can be committed to memory once and for
all;’and while it is remembered the list of ohservations may be for-
gotten. The model replaces the list, because, as we have already seen,
he owmmgwc.oam can be derived from the model. Frequently they need
it even Jm derived. A man who observes the heavens with the two-
phere universe firmly fixed in his mind will find that the conceptual
heme discloses a pattern among otherwise unrelated observations,
at a r.m_,_ﬁ,_ of the observations becomes a coherent whole for the first
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time, and that the individual items on the list are therefore more easily
remembered. Without these ordered summaries which its theories
provide science would be unable to accumulate such immense stores
of detailed information about nature.

Because it provides a compact summary of a vast quantity of im-
portant observational materials, the two-sphere universe is actively
employed by many people today. The theory and practice of both navi-
gation and surveying can be developed with great simplicity and pre-
cision from models built to the specifications of Figure 11, and, since
the model demanded by modern astronomy is far more complex, the
two-sphere universe is normally used in preference to the Copernican
when teaching these subjects. Most handbocks of navigation or sur-
veying open with some sentence like this: “For present purposes we
shall assume that the earth is a small stationary sphere whose center
coincides with that of a much larger rotating stellar sphere.” Evalu-
ated in terms of economy, the two-sphere universe therefore remains
what it has always been: an extremely successful theory.

: at all successful and has not been since the Copernican Revolution. It
- has remained economical only because economy is a purely logical
function. The celestial observations known to ancient astronomers and
used by modern navigators are logical consequences of the two-sphere

attitude of the scientist, his belief in the “tru

4

In other respects, however, the two-sphere universe is no longer

o model whether or not the model is thought to represent reality. The
: ” of the conceptual
scheme, does not affect the scheme’s logical ability to provide an eco-
Iﬁ,,bonnnm_ summary. But conceptual schemes have psychological as well
| {{as logical functions, and these do depend upon the scientist’s belief or
incredulity. For example, the psychological craving for at-homeness,
discussed in the second section, can be satisfied by a conceptual scheme
only if that scheme is thought to be more than a convenient device for
summarizing what is already known. During antiquity and again in
the later Middle Ages the European world did have this additional:
commitment to the conception of a two-sphere universe. Scientists and
nonscientists alike believed that the stars really were bright spots on .
a gigantic sphere that symmetrically enclosed man’s terrestrial abode.
As a result, two-sphere cosmology did for centuries provide many men
with a world view, defining their place in the created world and giving
physical meaning to their relation with the gods. As we shall see in
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apters u and 4, a conceptual scheme that is believed and that there-
ore functions as part of a cosmology has more than scientific signifi-

. Belief also affects the way in which conceptual schemes function
within the sciences. Economy as a purely logical function, and cosmo-
ogical satisfaction as a purely psychological function, mm at opposite
m.@m. of a spectrum. Many other significant functions lie within the
.um.o.nﬂdw:v between these limits, mmwmd&um both upon the logical struc-
ture"of the theory and upon its psychological appeal, its ability to
. &8 belief. For example, an astronomer who believes in the <m:vm#

£ m.gm two-sphere universe will find that the theory not only Huaoﬁ.mmw,
convenient summary of the appearances, but that it also explains
e, enabling him to understand why they are what they are. Words
“explain” and “understand” apparently refer simultaneously to the
al and psychological aspects of conceptual schemes. Logically
‘two-sphere universe explains the motions of the stars because Em
otions can be deduced from the far simpler model. Complexity is
duced, and such logical reduction is one essential component of
.Hmsmc.oz. But it is not the only one. Psychologically, the two-sphere
verse provides no explanation unless it is believed to be Uﬁ% The
.m.m.wE s.mﬁ.mmSH uses the two-sphere universe on his job, but he does
t explain the stellar motions in terms of a rotation of the outer sphere
.. believes that the diwrnal motion of the stars is only an mmewmum
M.MM?MHM mM.M.E:mH therefore explain it as the result of a real rota-
, A ..me.mnﬂ.mmm willingness to use a conceptual scheme in explana-
tions is an index of his commitment to the scheme, a token of Mm.,m be-
f that his model is the only valid one. Such commitment or belief
&ém%m rash, because economy and cosmological satisfaction cannot
.ﬂ...mﬁmm truth, whatever “truth” may mean. The history of science is

u.ﬁmwmm with the relics of conceptual schemes- that were once fer-

&.\ believed and that have since been replaced by incompatible

ories. There is no way of proving that a conceptual scheme is final

rash or not, this commitment to a conceptual scheme is a ooH.Edou.

nomenon in the sciences, and it seems an indispensable one, be-

s it endows conceptual schemes with one new and mz-_.ﬁ%ow»mbﬂ

netion. Conceptual schemes are comprehensive; their consequences

are not Hmited to what is already known. Therefore, an mmqwuoamw

N
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committed to, say, the two-sphere universe will expect nature to show
the additional, but as yet unobserved, properties that the conceptual
scheme predicts. For him the theory will transcend the known, be-
coming first and foremost a powerful tool for predicting and explor-
ing the unknown. It will affect the future of science as well as its past.
The two-sphere universe tells the scientist about the behavior of
the sun and stars in parts of the world (like the southern hemisphere
and the terrestrial poles) to which he has never traveled. In addition
' it informns him of the motion of stars that he has never observed sys-
tematically. Since they are fastened to the stellar sphere, they must
revolve in diurnal circles as the other stars do. This is new knowledge,
derived initially not from observation but directly from the conceptual
scheme, and such new knowledge can be immensely consequential.
For example, two-sphere cosmology states that the earth has a cir-
cumference, and it suggests a set of observations (discussed in Sec-
tion 4 of the Technical Appendix) by which the astronomer can dis-
cover how large the earth’s circumference is. One set of these obser-
vations (a bad one, as it happened, for the resulting value of the cir-
cumference was far too small) led Columbus to believe that the cir-
cummavigation of the globe was 2 practical undertaking, and the results

of his voyages have been recorded. Those voyages and the subseguent
travels of Magellan and others provided observational evidence for

beliefs that had previously been derived solely from theory, and they
.mcm%:mm science with many unanticipated observations besides. The
voyages would not have been undertaken, and the novel observations
would not have accrued to the sciences, if a conceptual scheme had
not pointed the way.

Columbus’ voyages are one example of the fruitfulness of a con-
ceptual scheme. They show how theories can guide a scientist into

| the unknown, telling him where to look and what he may expect to

find, and this is perhaps the single most important function of con

ceptual schemes in science. But the guidance provided by conceptual
schemes is rarely so direct and unequivocal as that illustrated above.
Typically a conceptual scheme provides hints for the organization of
research rather than explicit directives, and the pursuit of these hints-
usually requires extension or modification of the conceptual scheme
that provided them. For example, the two-sphere universe was initially
developed principally to account for the diurnal motions of the stars

HE ANCIENT TWO-SPHERE UNIVERSE 41

and for the way in which those motions varied with the observer’s
ocation on the earth. But once it had been developed, the new theory
as readily extended to give order and simplicity to observations of
e sun’s motion as well. And, having disclosed the unsuspected regu-
arity that underlay the complexity of the sun’s behavior, the con-
eptual scheme provided a framework within which could be studied
he. even more irregular motions of the planets. That problem had

eemed unmanageable until the over-all motion of the heavens was

~Much of this book will be concerned with the fruitfulness of par-
icular conceptual schemes, that is, with their effectiveness as guides
or-research and as frameworks for the organization of knowledge.
he next two chapters, in particular, will examine the role of the two-
sphere universe in the ancient solution, first, of the problem of the plan-
ts and, then, of some problems lying entirely outside astronomy. Later
e shall discover the rather different sort of guidance given to scien-
fic research by Copernicus’ novel conception of a moving planetary
arth. The very best example of fruitfulness is, however, the story told
n'the whole of this book. The Copernican universe is itself the product
f a series of investigations that the two-sphere universe made possible:
e conception of a planetary earth is the most forceful illustration of
the effective guidance given to science by the incompatible conception
of a unique central earth. That is why a discussion of the Copernican
evolution must begin with a study of the two-sphere cosmology which
opernicanism ultimately made obsolete. The two-sphere universe is
¢ parent of the Copernican; no conceptual scheme is born from

Ancient Competitors of the Two-Sphere Universe

The two-sphere conception of the universe was not the only
cosmology suggested in ancient Greece. But it was the one taken most
seriously by the largest number of people, particularly by astronomers,
and. it was the one that later Western civilization first inherited from
the ‘Greeks. Yet many of the alternate cosmologies proposed and re-
ected in antiquity show far closer resemblances to modern cosmologi-
cal ‘beliefs than does the two-sphere universe. Nothing more clearly
illustrates the strengths of the two-sphere cosmology and foreshadows
the difficulties to be encountered in overthrowing it than a compari-
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w gigantic moving sphere, but at the center of this sphere they placed

i second cosmology which set the earth in motion and partially deprived
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son of the scheme with a few of its superficially more modern alterna-
tives.

As early as the fifth century B.c., the Greek atomists, Leucippus and
Democritus, visualized the universe as an infinite empty space, popu-
lated by an infinite number of minute indivisible particles or atoms:
moving in all directions. In their universe the earth was but one of
many essentially similar heavenly bodies formed by the chance aggre-
gation of atoms. It was not unique, nor at rest, nor at the center. In
fact, an infinite universe has no center; each part of space is like every
other; therefore the infinite number of atoms, some of which aggre-
gated to form our earth and sun, must have formed numerous oth
worlds in other portions of the empty space or void. For the atomists
there were other suns and other earths among the stars.

Later in the fifth century the followers of Pythagoras suggested a

L

it of its unique status. The Pythagoreans did place the stars on a

an immense fire, the Altar of Zeus, invisible from the earth. The fire
could not be seen, because the earth’s populated areas were always
yturned away from the fire. For the Pythagoreans the earth was just
one of a number of celestial bodies, including the sun, all of which

imoved in circles about the central fire. A century later Heraclides 0m.

Pontus (fourth century B.C.) suggested that it was a daily rotation
of the central earth rather than a rotation of the peripheral sphere of
the stars that produced the apparent motion of the heavens. He also

1
ithe planets Mercury and Venus revolved in circles about the moving
sun rather than in independent circular orbits about the central earth
(see Chapter 2}. Still later, in the middle of the third century B
Aristarchus of Samos, whose ingenious and influential measurements
of astronomical dimensions are described in the Technical Appendi

advanced the proposal that has earned for him the title of “the Coper-
picus of antiquity.” For Aristarchus the sun was at the center of an
immensely expanded sphere of the stars, and the earth moved in 8

circle about the sun.

These alternative cosmologies, particularly the first and last, are
remarkably like our modern views. We do believe today that the earth

is but one of a number of planets, circulating :.bout the sun, and tha

obscured the symmetry of the two- -sphere universe by suggesting .&ﬂ
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¢ sun is but one of a multitude of stars, some of which may have
eir own planets. But though some of these speculative suggestions
gave rise to significant minority traditions in antiquity, and though all
lem were a continuing source of intellectual stimulus to innovators
e Copernicus, they were not originally supported by the arguments
that now make us believe them, and in the absence of these arguments
| they were rejected by most philosophers and almost all astronomers in
the ancient world. In the Middle Ages they were ridiculed or ignored.
e reasons for the rejection were excellent. These alternative cosmolo-
es violate the first and most fundamental suggestions provided by
senses about the structure of the universe. Furthermore, this viola-
.u...om common sense is not compensated for by any increase in the
flectiveness with which they account for the appearances. At best they
o more economical, fruitful, or precise than the two-sphere uni-
verse, and they are a great deal harder to believe. It was difficult to
ke them seriously as explanations.

All of these alternative cosmologies take the motion of the earth
. premise, and all (except Heraclides' system) make the earth
ove as one of a number of heavenly bodies. But the first distinction
gested by the senses is that separating the earth and the heavens.
“earth is not patt of the heavens; it is the platform from which we
v-them. And the platform shares few or no apparent characteristics
the celestial bodies seen from it. The heavenly bodies seem bright
ats of light, the earth an immense nonluminous sphere of mud and
k. Little change is observed in the heavens: the stars are the same
ght after night and apparently have remained so throughout the
dany centuries- covered by ancient records. In contrast the earth is
ome of birth and change and destruction. Vegetation and animals
from week to week; civilizations rise and fall from century to
; legends attest the slower topographical changes produced on
..E.E\ flood and storm. It seems absurd to make the earth like
lestial bodies whose most prominent characteristic is that immutable
gularity never to be achieved on the corruptible earth.

,ﬁﬁ idea that the earth moves seems initially equally absurd. Our
nses tell us all we know of motion, and they indicate no motion for
¢ earth. Until it is reéducated, common sense tells us that, if the
irth is in motion, then the air, clouds, birds, and other objects not
attached to the earth must be left behind. A man jumping would de-
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scend to earth far from the point where his leap began, for the earth
would move beneath him while he was in the air. Rocks and wum.mmv
cows and men must be hurled from a rotating earth as a stone mhmm
from a rotating sling. Since none of these effects is mmmP. the earth is
at rest. Observation and reason have combined to prove it.

Today in the Western world only children argue this way, and
only children believe that the earth is at rest. At an early age the mcmmop.. |
ity of teachers, parents, and texts persuades myoB. gmm the earth is
really a planet and in motion; their common sense is Hmmmaomnmmw and
the arguments born from everyday experience lose their .mOnom. Bu
reéducation is essential — in its absence these arguments are immensel
persuasive —and the pedagogic authorities that we and our childre
accept were not available to the ancients. The Greeks o.nEE on}
rely on observation and reason, and neither produced evidence fo
the earth’s motion. Without the aid of telescopes or of elaborate
mathematical arguments that have no apparent relation to astronomy,
no effective evidence for a moving planetary earth can be produced
The observations available to the naked eye fit the two-sphere universe.
very well (remember the universe of the practical navigator mun.w sur
veyor), and there is no more natural explanation of them. It s no
hard to realize why the ancients believed in the go..mm&mwm universe
The problem is to discover why the conception was given up.

" THE PROBLEM
- OF THE PLANETS

Apparent Planetary Motion

2. If the sun and stars were the only celestial bodies visible to
naked eye, modern man might still accept the fundamental tenets
0 mu..m. two-sphere universe. Certainly he would have accepted them
until -the invention of the telescope, more than half a century after
o@mwi.ocm. death. There are, however, other prominent celestial
odies, particularly the Planets, and the astronomer’s interest in these
bodies is the principal source of the Copernican Revolution. Once
again we consider observations before dealing with interpretive ex-
planations. And once again the discussion of interpretations will con-
ontus with a new and fundamental problem about the anatomy of
fentific belief.
The term planet is derived from a Greek word meaning “wanderer,”
d it was employed until after Copernicus’ lifetime to distinguish
those celestial bodies that moved or “wandered” among the stars from
ose ‘whose relative positions were fixed. For the Greeks and their
uccessors the sun was one of the seven planets. The others were the
nu..goHoE%v Venus, Mars, Jupiter, and Saturn. The stars and these
even planets were the only bodies recognized as celestial in antiquity.
0 additional planets were discovered until 1781, long after the Coper-
an theory had been accepted. Comets, which were well known in
e ancient world, were not considered celestial bodies before the
pernican Revolution (Chapter 6).
All of the planets behave somewhat like the sun, though their mo-
-are uniformly more complex. All have a westward diurnal motion
th the stars, and all move gradually eastward among the stars until
ey return to approximately their original positions. Throughout their




