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Copernicus ond the Modern Mind

The Copernican Revolution was a revolution in ideas, a trans-
formation in man’s conception of the universe amd of his own relation
to it. Again and again this episode in the history ol Henaissance thought
has been proclaimed an epochal turning point in the intellectual
development of Western man. Yet the Revolution turned upon the
most obscure and recondite minutiae of astronomical research. How
can it have had such significance? What does the phrase "Copernican
Revolution™ mean?

In 1543, Nicholas Copernicus proposed to increase the accuracy and
simplicity of astronomical theory by transferring to the sun many
astronomical functions previously attributed to the carth. Before his
proposal the earth had been the fixed center about which astronomers
computed the motions of stars and planets. A century later the sun
hal, at least in astronomy, replaced the earth as the center of planetary
maotions, and the earth had lost its unique astronomical status, becom-
ing one of @ number of moving planets. Many of modern astronomy’s
principal achievements depend wpon this transposition. A reform in
the fundamental concepts of astronomy is thercfore the first of the
Copernican Revolution’s meanings.

Astronomical reform is not, however, the Revolution's only mean-
ing. Other radical alterations in man's understanding of nature mpidf}'
followed the publication of Copernicus’ De Recolutionibus in 1543,
Many of these innovations, which culminated a century and a half
later in the Newtonian conception of the universe, were unanticipated
by-products of Copernicus’ astronomical theory, Copernicus suggested
the earth's motion in an effort to improve the techniques used in pre-
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sitions of celestial bodies. For other sciences

dicting the astronomical po .
1 new problems, and until these were solved

his suggestion simply raisec ' ‘ , :
the astronomer’s concept of the universe was incompatible with that

of other scientists. During the seventeenth centurv, 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 seientific revolution science won the great
new role that it has since ph\ycd 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 fromn medieval to modern Western so-
ciety, because they seemed to affect man’s relation to the universe and
to God. Initiated as a narrowlv technical, highly mathematical revision
of classical astronomy, the Copernican theory became one focus for the
tremendous controversies in religion, in philomphy, and in social theory,
which, during the two centurics following the discovery of America,
set the tenor of the modern mind. Men who believed that their terres-
trial home was only a planet cirenlating blindly about one of an infinity
of stars evaluated their place in the cosmic scheme quite differently
than had their predecessors who saw the carth as the unigue 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 wil

once we have examined the m
the ancient world, our viewpoi
of the ancient astronomical tr
for a radical break with th

difficult it is ¢ i .
difflont ¥ .o restrict the scope of an established scientific concept
0 gl€ science or even to the sciences as a group. Therefore, in

I be verv nearly our only concern. But
ain astronomical theories developed in
nt will shift. In analyzing the strengths
adition and in exploring the requisites
at tradition, we shall gradually discover how
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Chapters 3 and 4 we shall be less concerned with astronomy itself
than with the inteliectual and, more briefly, the social and economic
milien within which astronomy was practiced. These chapters will
deal primarilv with the extra-astronomical implications — for science,
for religion, and for daily life —of a time-honored astronomical con-
ceptua] scheme. They will show how a change in the conceptions of
mathematical astronomy could have revolutionary consequences.
Finally, in the last three chapters, when we turn to Copernicus’ work,
its reception, and its contribution to a new scientific conception of the
universe, we shall deal with all these strands at once. Only the battle
that 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.

Becanse of its technical and historical outcome, the Copernican
Revolution is among the most fascinating episodes in the entire history
of science. But it has an additional significance which transcends its
specific subject: it illustrates a process that today we badly need to
understand. Contemporarv 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
stars, 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 succes-
sors, other notions ahout the structure of the universe were used to
explain the phenomena that man observed in the heavens. These older
astronomical theories differed radically from the ones we now hold, but
mast of them received in their day the same resolute credence that we
now give our own. Furthermore, they were believed for the same
reasons: they provided plausible answers to the questions that scemed
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 reed 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 discover
the origins of some modern scicutific coneopts and the way in which
thev supplanted the concepts of an earlier age, we are more likely to
evalnate intelligently their chances for survival. This book deals pri-
miarily with astronomical concepts, but they are much like those em-
ploved in many other sciences, and by scrutinizing their development
we can learm something of scientifie 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 century,
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 may
emerge further radical reorientations of Western thought. Freud him-
self emphasized the parallel effects of Copernicus’ discovery that the
earth was merely a planet and his own discovery that the unconscious
controlled much of human behavior. Whether we 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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cosmology. If we want to know the shape of the universe, the earth’s
position in it, or the relation of the earth to the sun and the sun to the
stars, we ask the astronomer or perhaps the physicist. They have made
detailed quantitative observations of the heavens and the earth; their
knowledge of the universe is guaranteed by the accuracy with which
they predict its behavior. Our evervday conception of the universe, our
popular cosmology, is one product of their painstaking researches.
But this close association of astronomy and cosmology is both tempo-
rally and geographically local. Every civilization and culture of which
we have records has had an answer for the question, “What is the
structure of the universe?” But only the Western civilizations which
descend from Hellenie Greece have paid much attention to the ap-
pearance of the heavens in arriving at that answer. The drive to con-
struct cosmologies is far older and more primitive than the urge to
make systematic observations of the heavens. Furthermore, the primi-
tive form of the cosmological drive is particularly informative because
it highlights features obscured in the more technical and abstract
cosmologics that are familiar today.

Though primitive conceptions of the universe display considerable
substantive 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
provide an enclosure for the earth, and they are peopled with and
moved by mythical figures whose rank in the spiritual hierarchy
usually increases with their distance from the immediate terrestrial
environment, For example, in one principal form of Egyptian cos-
mology the earth was pictured as an elongated platter. The platter’s
long dimension paralleled the Nile; its flat bottom was the alluvial
basin to which ancient Egyptian civilization was restricted; and its
curved and rippled rim was the mountains bounding the terrestrial
world. Above the platter-earth was air, itself a god, supporting an
mverted platter-dome which was the skies. The terrestrial platter in its
turn was supported by water, another god, and the water rested upon
a third platter which bounded the universe symmetrically from below.

Clearly several of the main structural features of this universe were
suggested by the world that the Egyptian knew: he did live in an
clongated platter bounded by water in the only direction in which he
had explored it; the sky, viewed on a clear day or night, did and does
look dome-shaped; a symmetric lower boundary for the universe was
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the obvious choice fu the absence of relevant observations. Astronomi-
cal appearances were not ignored. but they were treated with less
precision and more mvth, The sun was Ra the principal Egyvptiun god.
supplied with fwo boats, one for his daily jeurney through the an and
a sccond for his nocturual tiip 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 circampolar 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
WOre rare.

Fragments of cosmologies similar to the Egvptian can be found in
all those andient civilizations, like India and Babvlonia, of which we
have records. Other crude cosmologies characterize the contemporary
primitive societies im'cstig:ltcd by the modern a‘m‘rhmpo]ogist Ap-
parently all such sketches of the structure of the universe fulfill a basic
psyechological need: they provide a stage for man's dailv activities and
the activities of his gods. By explaining the physical relation between
man’s habitat and the rest of nature, thev integrate the universe for
man and make him feel at home in it. Man does not exist for long
without inventing a cosmology, because a cosmology can provide him
with a world-view which permeates and gives meaning to his every
action, practical and spiritual.

Though the psvehological needs satisfied by a cosmology seem
relatively uniform. the cosmologios capable of fulfilling these needs
have varied tremendouslv from one society or eivilization to another.
None of the primitive cosmologies referred to ahove will now satisty
our demand for a world-view, because we are members of a civilization
that has set additional standards which a cosmology must meet in order
to be believed, We will not. for example, credit a cosmology that cm-
plovs gods to explain the evervday behavior of the physical world; in
recent centuries, at Teast, we have insisted npon more vearly mechanical
(?xplmmtions. Even more nmportant, we now demund that o ,enti\;f:u;ml'y
cosmology account for niany of the observed derails of nature’s be-
havior. Primitive cosmologicos are onlv schematic sketches against
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which the play of nature takes place; very little of the play is in-
corpomt(‘d into the cosmology. The sun god, Ra, travels in his boat
across the heavens each day, but there is nothing in Egvptian cosmology
to explain either the regular recurrence of his journey or the seasonal
variation of his boat’s route. Only in onr own Western civilization has
the explanation of such details been considered a function of cosmology.
No other civilization, ancient or modern, has made a similar demand.

The requirement that a cosmology sapply both a psychologically
satistving world-view and an explanation of observed phenomena like
the daily: change in the position of sunrise has vastly incrcased the
power of cosmologic thought. It has channeled the universul com-
pulsion for at-homeness i the universe into an unprecedented drive
for the discovery of scientific explanations. Many of the most charac-
teristic achievements of Western civilization depend upon this com-
bination of demands imposed npon cosimologic thought. But the com-
bination has not always been a congenial one. It has forced modern
puu to delegate the construction of cosmologies to specialists, primarily
to astronomers, who know the multitude of detailed observations that
modern cosmologies must satisfy to be believed. And since observation
is a two-edged sword which may either confinn or conflict with a
cosmology, the consequences of this delegation can be devastating.
The astronomer may on occasions destroy. for reasons lving {-ntirely
within his speciaity, a world-view that had previously made the uni-
verse meaningful for the members of a whole civilization, specialist
and nonspecinlist alike,

Something very much like this happened during the Copernican
Revolution. To understand it we must therefore become something of
speeialists onrselves, In particular, we must get to know the principal
observations, all of them accessible to the naked eve, upen which de-
pend the two main scientific cosmologies of the West. the Ptolemaic
and the Copernican. No single panoramic view of the heavens will
suffice. Seen on a clear night, the skies speak first to the poctic, not
to the scientific, imagination. No one who views the night skv can
(:lm}}sngo Shakespeare’s vision of the stars as "night’s candles” or
Midton's image of the Milky Way as “a broad and ample road, whose
dust is gold, and pavement stars.” But these deseriptions are the ones
cinbadied i primitive cosmologics. Thev provide no evidence relevant
to the astronemer’s questions: How far away is the Milky Way, the
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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's? Questions like these demand systematic, detailed, and quantita-
tive obscrvations 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 frst 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 millenniwmn s.c. { perhaps very
much before ), the Babylonians and the Egyptians had begun systematic
observations of the motion of the sun. For this purpose they devel-
oped a primitive sundial consisting of a measured stick, the gnomon,
projecting vertically from a smooth flat section of ground. Since the
apparent position of the sun, the tip of the gnomon, and the tip of its
shadow lie along a straight line at cach instant of a clear day, measure-
ments of the length and direction of the shadow completely determine
the direction of the sun. When the shadow is short, the sun is high in
the skv; 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 svstematize and quantify a vast amount of common but vague
knowledge about the daily and annual variation of the sun’s position.
In antiquity such observations harnesser] the snn as a time reckoner
and calendar keeper, applications that provided one important motive
for continuing and refining the observational techniques.

Both the length and the direction of a gnomon’s shadow vary
slowly and continuously during the course of any one day. The shadow
is longest at sunrise and sunset, at which times it points in roughly
opposite directions. During the daylight hours the shadow moves
gradually through a symmetric fan-shaped figure which, in most of
the locations accosmble to ancient observers, is much like one of those
shown in Figure 1. As the diagram indicates, the shape of the fan is
different on diffcrent days, but it has one very significant fixed feature.
At the instant of cach day when the gnomon’s shadow is shortest, it
always points in the same direction. This simple regularity provides
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two fundamental frames of reference for all further astronomical meas-
urements. The permancnt direction assumed by the shortest shadow
each dav defines due north, from which the other compass points fol-
Jow: the instant at which the shadow becomes shortest defines a refer-
enee pomt in time, local noon; and the interval between two successive
locul noons defines a fundamental time unit, the apparent solar day.
During the first millermiun B.C, the Babvloniuns, Egyptians, Grecks,
i Romans used primitive terrestrial timekeepers, partlculdrly water
clocks, fu order to subdivide the solar day into smaller intervals from
which our modern units of time — hour, minute, and second — descend.®
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Figure 1. The daily motion of the gnomon’s shadow at various scasons in
iniddle-northern Iotitudes, At sunrise and supset the shadow steetches maomen-
taidy to infinite distance where its end “joins” the broken line in the diagram.
Between sunrise and sunset the end of the shadow moves slowly along the broken
line; at noon the shadow always points due north.

The compass points and the time units defined by the sun’s daily
riotion provide a basis for describing the changes in that motion from
dav to day. Suarise always occurs somewhere in the cust and sunset
in the west, but the position of sunrise, the length of the gnomon’s
roon shadow, and the number of davlight hours vary from day to day
with the changing scasons (Figure 2). The winter solstice is the day
{ Dccember 22 on the modern calendar) when the sun rises and sets
farthest to the south of the due east and west points on the horizon.
On this day there are fewer hours of daylight and the gnomon’s noon

shadow is longer than on any other. After the winter solstice the points

* For astronomical purposes the stars provide a more convenient time reckoner
than the sun But, on 2 Lune seide deternsiued by the stars, the length of the
[;»mnt solar day varies by almest a minute at different scasons of the vear.

*mt;,L ancient astronomers were aware of this sl ight but significant ir regn]antv

f apparent solar tine, we shall ignore it here. The cause of this variation and its
cilvet upon the definition of a lime scale are discussed in Section 1 of the Technjeal
Appendix.
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at which the sun rises and sets grudtm”}' move north together along
the horizon, and the noon shadows grow shorter. On the vernal equinox
{(March 21) the sun rises and scts most nearly due cast and woest:
nights and days are then of cqual length. As more davs pass. the sun-
rise and sunset points continue to move northward and the number
of daylight hours increases until the summer solstice { fime 223, when
the sun rises and sets farthest to the north, This is the time when day-
light lasts longest and when the gnomon’s noon shadow is shortest.
After the summer solstice, the sunrise point again moves south. and the
nights grow longer. At the antumnal equinox (September 23} the sun
oncee ng'dil] rises and sets almost due east and west; then it continues
south until the winter solstice recurs.
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Fignre 2. Belation between the position of sunrise, the sun’s noon elevation,
and the seasonal variation of the gnomon’s shadow.

As the modern names of the solstices and equinnxes indicate. the
motion of sunrise back and forth along the horizon carresponds to
the cvele of the scasons. Mosk ancient peoples therefore believed that
the sun controlled the seasons. Thev simultancously venerated the sun
as a g()d and observed it as a calendar keeper, a practical indicator
of the passage of the seasons upon which their agricultural activities
depended. Prehistoric remains, like the mysterious structure of giant
stones at Stonchenge, England. testify to the antiquity and the strength
of this double interest in the sun. Stonehenge was an important temple
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Jaboriously constructed from huge stones, some almost thirty tons in
weight, by the people of an early Stone Age civilization. It was almost
certainly also a crude sort of observatory. The stones were so ar-
ranged that an observer at the center of the array saw the sun rise
over a specially placed stone, called the “Friar’s Heel,” on the ancient
midsummer day, the summer solstice.

The length of the cycle of the seasons — the interval between one
vernal equinox and the next — defines the basic calendar unit, the year,
just as the sun’s daily motion defines the day. But the year is a far
more difficult unit to measure than the day, and the demand for useful
long-tenn calendars has therefore presented astronomers with a con-
tinuing problem whose prominence during the sixteenth century played
a direct role in the Copernican Revolution. The earliest solar calendars
of antiquity were based upon a year of 360 days, a neat round number
that nicely fitted the sexagesimal number system of the Babylonians. But
the cycle of the seasons occupies more than 360 days, so that the “New
Year's Day” of these early solar calendars gradually crept around the
cycle of the seasons from winter, to fall, to summer, to spring. The
calendar was scarcely useful over long periods of time, because im-
portant seasonal events, like the flooding of the Nile in Egypt, occurred
at later and later dates in successive years. To keep the solar calendar
in step with the seasons, the Egyptians therefore added five extra days,
a holiday season, to their original year.

There is, however, no integral numnber of days in the cycle of
the scasons. The year of 365 days is also too short, and after 40 years
the Egyptian calendar was ten days out of step with the seasons.
Thercfore, when Julius Caesar reformed the calendar with technical
assistance from Egyptian astronomers, he based his new calendar upon
a year 365K days in length; three years of 365 days were followed by one
of 366. This calendar, the Julian, was used throughout Europe from
Its introduction in 45 B.c. until after the death of Copernicus. But the
seasonal year is actually 11 minutes and 14 seconds shorter than 365%
days, so that by Copernicus’ lifetime the date of the vernal equinox
had moved backward from March 21 to March 11. The resulting de-
mand for calendar reform (see Chapters 4 and 5) provided one im-
portant motive for the reform of astronomy itself, and the reform that
gave the Western world its modern calendar followed the publication
of the De Revolutionibus by only thirty-nine years, In the new calendar,
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imposed upon large areas of Christian Europe by Pope Gregory XIlI
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 lcap years in the Julian calendar, had just
365 days in the Gregorian, and 2100 will again be a normal year of
365 days.

All the obscrvations discussed above show the sun approximately
as it would appear to au astronomer in middle-northern latitudes, an
area that includes Greece, Mesopotamia, and northern Egypt, the re-
gions in which almost all ancient observations were made. But within
this area there is a considerable quantitative variation in certain aspects
of the sun’s behavior, and in the southernmost parts of Egypt there is
a qualitative change as well. Knowledge of these changes also played
a part in the construction of ancient astronomical theories. No varia-
tions are observed as an observer moves cast or west. But toward the
south the noon shadow of the gnomon is shorter and the noon sun
higher in the skv than they would be on the same day in the north.
Similarly, though the length of the whole day remains constant, the
difference between the lengths of daytime and nighttime is smaller in
the southern portion of middle-northern latitudes. Also, in this region
the sun does not swing quite so far north and south along the horizon
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Figure 3. The daily motion of the gnomon’s shadow at various seasons in the

northern torrid zoue.
4

during the course of the year. None of these variations alters the
qualitative descriptions supplied above. But, if an observer has moved
far into southern Egvpt during the summer, he will sce the noon
shadow of the gnomon grow shorter day by day until at last it vanishes
entirely and then reappears pointing to the south. In the southernmost
parts of Egvpt the annual behavior of the gnomon’s shadow is that
shown in Figure 3. Journeys still farther south or much farther north
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will produce other anomalies in the observed motions of the sun. But
these were not observed in antiquity. We shall not discuss them until
we deal with the astronomical theories that made it possible to pre-
dict them even before they were observed (pp. 33 1f).

The Stars

The motions of the stars are much simpler and more regular
than the sun’s. Their regularity is not, however, so easily recognized
because systematic examination of the night sky requires the ability
to select individual stars for repeated study wherever in the heavens
they appear. In the modern world this ability, which can be acquired
only by long practice, is quite rare. Few people now spend much
time out of doors at night, and, when they do, their view of the heavens
is frequently obscured by tall buildings and street lighting. Besides,
observation of the heavens no longer has a direct role in the life of the
average man. But in antiquity the stars were an immediate part of the
normal man’s environment, and celestial bodies served a universal
function as time reckoners and calendar keepers. Under these circum-
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; lf‘fgure‘& The constellation Ursa Major in the northern skies. Notice the
armh.ar Big Dipper whose handle forms the bear’s tail. The North Star is the
pr?mment star directly over the bear’s right ear in the picture. It lies almost on
a line joining the last two stars in the Dipper’s bowl.
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stanves the ability to identify stars at a ghnm‘ was relatively common.
Long before the beginning of recorded history men whose jobs guve
them a continning view ot the night sky had mentally wrranged the
stars into constellations, groaps of neighboring stars that could be
scen and recognized as a fixed pattern. To find an mdividual star
amidst the profusion of the heavens, an observer would first locate
the familiar star pattern within which it occurred and then pick the
mdividual star from the pattern.

Many of the constellations used by modern astronomers are named
after mythological figures of antiquity, Some can be traced to Baby-
jonian cuneiform tablets, a few as old as 3000 s.c. Though modern
astronomyv has modified their definitions, the major consteltations are
among our oldest traceable inheritances. How these gronps were first
picked out is, however, still uncertain, Few people can “see”a bear in the
stars of the constellation Ursa Major (Figure 4); other constellations
present similar problems in visualization; the stars may therefore origi-
nally have been grouped for convenicnce and named arhitrarily. But, if
so, they were very strangely grouped. The ancient constellations have
very frregular boundaries, and they occupy areas of quite different
size in the sky. They are not convenient choices, which is one reason
why modern astronomers have altered their boundaries. Probably the
ancient shepherd or navigator, staring at the heavens hour after hour,
really did “see” his familiar mythological characters traced in the stars,
just as we sometimes “see” faces in clouds or the outlines of trees. The
experiments of modern Gestalt psychology demonstrate a universal
need to discover familiar patterns in apparently random groupings, a
need that underlies the well-known “ink-blot”™ or Rohrschach tests,
I we knew more about their historical origip, the constellations might
provide useful information about the mental characteristics of the
prehistoric socicties that first traced them.

Learning the constellations is like gaining familiarity with a map
and has the same purpose: the constellations make it easier to find
one’s wav around the skv. Knowing the constellations, a man can read-
ily find a comet reported to be “in Cvgnus” {the Swan); he would
altnost 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 alwavs in motion. Since they all
move together, preserving their patterns and their relative positions,
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the wotion does not destrov their usefulness. A star in Cyenus will
alwayvs be in Cvgnng, and Crgnus will alwavs be the some distance
fram Ursa Major.® But neither Cvgnus nor Ursa Major remains for
Joug at the same position in the skv. They behave like cities on a map
p(tS!‘('\’i to a rotating ph«‘mograph record. '

Both the fixed relative positions and the motions of the stars are
Hustrated in Figare 5, which shows the location and orientation of
the Big Dipper (part of Ursa Muajor) in the northern <kvoat three
times diring a single night. The pattern of seven stars in the Dipper
is the sanmie at cach 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
diugrams would show similar permanent geometric relations among
the 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 verv nearly station-
arv, Curcful observation shows that it is not, in fact, quite stationary
during any night, but there is another point in the heavens, now less
than 1° away from the North Star, which has precisely the properties
attributed to that star in Figure 5. This point is known as the north
celestial pole. An observer at a given location in northern latitudes
can abways find it, hour after hour and night after night, at the sume
fived! distance above the due-north point on his horizon. A straight
stick clamped so that it points toward the pole will continue to point
towurd the pole as the stars move. Simultaneously, however, the coles-
tial pole behaves as a star. That is, the pole retains its geometric rela-
tions to the stars over long periods of time.t Since the pole is a fixed

? “Pistance” here means “angular distance,” that is, the number of degrees
between two }mes pointing from the observer’s eve to the two celestial U'hj’m'is
whose scparation is to be measured. This is the ouly sort of distance that astrono-
Toers can measure directly, that is, without making caleulations based upon some
theory about the structure of the universe,
| " Observations made many years apart show that the pele’s position amoug
tlw stars is very slowly changing (about 1° in 180 years)., We shall neglect this
S’J\‘_V’ motion, which is part of an effect known as the precession of the equinexes,
;mh, Scction 2 of the Technical Appendix. Though the ancients were aware of it
2y the m':(‘. of the second century B.c., precession played a secondary vole in the
C!g!liitrmpon of their astronomical theories, and it does vot alter the short-term
Observations described above, There has always been a north celestial pole at the

dmf,‘dlstam(, above the duc-north point on the horizon, but the same stars have
not abways been near it,
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point for each terrestrial observer and since the stars do not change
their distance from this peint as they move, every star seems to travel
along the arc of a circle whose center is the celestial pole. Figure 5
shows a part of this circular motion for the stars in the Dipper.

The concentric circles traced by the circumpolar motions of the
stars are known us their diurnal or daily circles. and the stars revolve
in these circles at a rate just over 137 per hour. No star completes a
full circle between sunset and sunrise, but a man observing the
northern skies during a single clear night can follow stars near the
pole through approximately a scmicircle, and on the next night he
can find them again moving along the same circles at the same rate,
Furthermore, he will find themn at just the positions they would have
reached if they had continued their steady revolutions throughout the
intervening day. Since antiquity, most observers equipped to recog-
nize these regularities have naturally assumed that the stars exist and
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 36 minutes. A star that is
directly below the pole at 9:00 o'clock on the evening of October 2
will return to the same position at 8:56 on the evening of October

[Re]
(o8]

4

* 5:00AM.

POLE
STAR

Figure 5. Successive positions of the Big Dipper at four-hour intervals on a
night in late October,
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and at 8:52 on October 25. By the end of the vear it will be reaching
its position below the pole before sunset and will therefore not b;
visible in that position at all,

In middlenorthern latitudes the celestiul pole is approximately
43" above the northernmost point on the horizon, {The clevation of
the pole is precisely equal to the observer's angle of latitude — that
is ene wav latitude is measured.) Therefore stars that lie within 45°
of the pole, or whatever the elevation at the obscrver’s location mav be,
can never fall below the horizon and must be visible at any h()ur# of a
clear night. These wee the circumpolar stars, “those that k;m\\' no de-
striction,” in the words of the ancient Egyptian cosmologists. They are
also the only stars whose motion is casily recognized as circular.
Stars farther from the poles also travel along diurnal circles, but
part of cach cirele is hidden below the horizon {Figure 6). Therefore
such stars can sometimes be seen rising or sctting, appearing above or
disappearing below the horizon; they are not always visible throughout
the night. The farther from the pole such a star is, the less of its
dinrnal civcle is above the horizon and the more difficult it is to recog-
nize the visible portion of its path as part of a circle. For example, a
star that rises due east is visible on only half of its diurnal circle. It
travels very nearly the same path that the sun takes near one of the
cquinoses, rising along a slant line up and to the south (Figure 7a),
reaching its maximum height at a point over the right shoulder of
an ohserver looking east, and finally setting due west along a line
sl;mting downward and to the north. Stars still farther from the pole
appeir only briefly over the southern horizon. Near the due-south
point they set very soon after they rise, and they never get very far
above the harizon (Figure 7b). Since during almost half the year
th(“'\’ rise and set during daylight, there are many nights when they
donot appear at all.

These qualitative features of the night sky are common to the entire
area within which ancient astronomical observations were made, but
the de&;(tription has glossed over significant quantitative differences.
As an observer travels soutly, the elevation of the pole above the north-
ern horizon decreases approximately 17 for every 69 miles of southward
motion. The stars continue to move in dinrnal circles about the pole,
but since the pole is closer to the horizon, some stars that were cir-
Cumpolar in the north are seen rising and setting by an observer
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farther south. Stars that rise und set due cast and west continue to
appear and disappear at the same points on the horizon, but toward
the south theyv appear to move along a line more nearly perpendicular
to the horizon, and they reach their maximum elevation more nearly

DUE Al
NORTH V.

Figure 6. A set of the short circular arcs described by tvpical stars in the
northern sky during a two-hour period. The heavy circle tangent to the horizon
separates the circumpolar stars from these that rise and set.

Star trails like these can actually be recorded by pointing a fixed camera at
the celestial pole and leaving the shutter open as the heavens tarn. Each addi-
tional hour’s exposure adds 15° to the length of every track. Notice, however,
that the clevated camera angle introduces a deceptive distortion. If the pole is
45° above the horizon (a typical elevation in middle-northern latitudes), then a
star that appears at the very top of the heavy eircle is actually directly above the
observer’s head. Recognizing the distortion due to camera angle makes it possible
to relate the star trails in this diagram to those shown more schematically in
Figures 7a and b.
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over the observer’s head. The appearance of the southern sky changes
more strikinglv. As the pole declines toward the northern horizon, stars
in the southern sky, because they remain at the same zmgular distance
from the pole, rise to greater heights over the southern horizon. A star
that barely rises above the horizon when seen from the north will
rise higher and be seen for longer when observed from farther south.
A southern observer will still see stars that barely peck above the
southernmost point on his horizon, but these will be stars that the
northern stargazer never sees at all. As an observer moves south, he
secs fewer and fewer circumpolar stars — stars that are visible through-

DUE SOUTH

(b)

) Figure 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
t}}e horizon during a two-hour period. In these diagrams, however, the “camera” is
irected 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 simultancously. 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, §, W, encloses the portion of the sky
that is visible to an observer in middle-northern latitudes at 9:00
a’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 4n 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 midnight
on October 23 inside of the horizon line. The positions of all bright
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Figure 8. A circumpolar star map containing all the major stars ever visible to
an observer at approximately 45° northern latitude. The cross at the geometric
center of the map indicates the position of the celestial pole.

If the map is held horizontally overhead with its face toward the ground
and 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 latitudes at 9:00
o'clock on the evening of October 23. The stars within the solid line bounding
the horizon-window are the ones that the ohserver can see; those outside the line
are helow the horizon on this day at this hour. Stars that lie within the horizon-
window near the point N on the map will be seen just over the due-north point on
the physical horizon {notice the Liipper}; those near the east point, E, will be
just rising in the east; and so on. To find the position of stars at a later hour on
October 23, the horizon-window should be imagined stationary and the circular
map should be rotated behind it, counterclockwise about the pole, 15° for each
hour after 9:00 ¥.st. This motion leaves the pole stationary but carries stars up
over the eastern horizon and down behind the western one. To find the positions
of stars at 9:00 p.ar. on a later day the map should be rotated clockwise beliind
the stationary horizon-window, 1° for each day after October 23. Combining these
two 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 ecliptie, the
Sun’s apparent path through the stars {sce p- 23). The box that encloses a portion
of the ecliptic in the upper right-hand quadrant of the map contains the region of
the 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 way. A movable
star map equippcd with a fixed horizon-window, like that in Figure §,
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 among the
stars. For example, as the ancients knew, the sun’s motion takes 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. The
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 tife and horizon position of the sunset,
measure the time between sunset and the first appearance of the stars,
and then locate the sun on a 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 cvenings 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 17 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 mayv conveniently
be analvzed by regarding the sun as a body that moves slowlv among
the stars from day to day. If, for some particular day, the position
of the sun awnong the stars is specified, then, on that day, the sun’s
motion will be almost exactly the diurnal motion of a star in the
corresponding position on the map. Both will move like points on the
rotating map, rising in the east along a line slanting upward and to
the south and later setting in the west. One month later the sun will
again have the diurnal motion of a star, but now it will move very
nearly like a star 30° away fromn the position of the star whose motion
it copied a month earlier. During the intervening month the sun
has 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
a circle about the pole of the heavens, but it has not behaved like
quite the same star on two successive days.

If the sun’s position is plotted on a star map day after day and the
points marking its successive positions in the evening are connected
together. a smooth curve is produced which rejoins itself at the end
of a vear. This is the curve, called the ccli'p.tic', that is indicated by
the 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
the heavens by the common diurnal motion of the stars, the sun is
carried along with it, rising and setting like a star located at a point
somewhere on the line. But simultaneously the sun is moving slowly
around the ecliptic, occupving a slightlv different position each day,
hour, or minute. Thus the complex helical motion of the sun can be
analyzed as the result of two much simpler motions. The total apparent
motion of the snn is composed of its diurnal motion {the westward
circle due to the coumterclockwise motion of the whole map) and a
simultaneous slow eastward motion (clockwise about the pole on the
map ) along the ecliptic.

Analyzed 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. 1f he walks in a direction opposite
to that of the platformi’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 annual
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 scts as far to the north as SS,
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 cach map rotation.
The center of the sun must pass through them on September 23 and
March 21 r eSpectively, just as it must f)ass through WS§, the point on
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the 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 uscful defini-
tion. Thev are points on a stur map or in the sky. Together with the
Co;-l-cspmlding dates (or instunts, since the sun's center passes instan-
taneously through each point), thesc labeled positions on the ccliptic
specify the direction and approximate rate of the sun’s annual motion.
Given these labels and others like them, a man who knows how to
simulate the diurnal motion by rotating a star map can determine the
hours and positions of sunrise and sunset and the raximum height
of the sun on every dav of the year.

The solstices and the cquinoxes are not the only positions on the
ecliptic to receive standard labels. Drawn on a star map, the ecliptic
passes through a group of particularly prominent constellations, known
as the signs of the zodiac. By a convention dating from remote an-
tiquity these signs divide the ecliptic into twelve segments of equal
length. To sav that the sun is “in” a particular constellation is to specify
approximately its position on the ecliptic, which, in turn, specifies the
season of the year. The annual journey of the sun through the twelve
signs scems to control the cycle of the seasons, an observation that is
one root of the science or pseudo science of astrology with which we
shall deal further in Chaper 3.

The Birth of Scientific Cosmology — The Two-Sphere Universe

The observations described in the last three sections are an
important part of the data used by ancient astronomers in analyzing
the structure of the universe. Yet, in themselves, these observations
provide no direct structural information. They tell nothing about the
composition of the heavenly bodies or their distance; they give no ex-
plicit information about the size, position, or shape of the earth.
Though the method of reporting the observations has disguised the
fact, 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
as casily be caused by a motion of the lorizon as by a motion of the
heavcnly body. Terms like sunsct, sunrise, and diurnal motion of a
star 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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1)1~a‘t;1ti(>n is so nuatural that it can scarcely be kept out of the vocabu-
lary with which the observations are discussed, it does o bevond
the content of the ohservations themselves, Two astronomers Cun ;i(free
pertectly ubout the results of observation and vet disaeree shu?ply
about questions like the reality of the niotion of ihe smrs.v

Observations like those discussed above are thercfore onlv clues
to a przzle for which the theories invented by astronomers are t(;nmtive
solutions. The clues are in some sense objective, given by nature; the
mumncerical result of this sort of observation depcklllds very little L,upon
the imagination or personality of the observer (’tlmug’r{ the wayv in
which the data are arranged mayv ). But the theories or concq;tual
sgh:mcs derived from these observations do depend upon the imagina-
tionr of scientists. Thev are subjective through and through. 7[‘]1@1‘(37()re
observations like those discussed in the preceding scct?ons could be;
collected und put ju systematic form by men whose beliefs about the
:stmcture of the universe resembled those of the ancient Egvptians.
The observations in thewselves have no dircet comnologiru-f conse-
quences; they need not be, and for many millennia were no; taken very
scriously in the construction of cosmologies. The tradition tllat detailea
astronomical observations supply the principal clues for cosmologicéxl
thought is, in its essentials, native to Western civilization. It seems to
be one of the most significant and characteristic novelties that web 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., Anaximancer of }»Iﬂetusc}tzmght: 7
et / L@ ey emit flames at some point from small open-
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Astronomically these conceptions are far in advance of the Egvp-
tians’. The gods 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 scem extremely rudimentary. the problems
had to be raised before thev 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 mechanisims for cclipses
and for the annual wandering of the sun (the latter accounted for by
the oblique position of the sun’s eircle) are less successful, but they are
at least begun. Astronomy has started to play a major role in cosmologi-
cal thought.

Not all the Greck philosophers and astronomers agreed with
Anaximander, Some of his contemporaries and successors advanced
other theories, but they advanced them for the same problems and they
emploved the same technigues in arriving at solutions. For us it is the
problems and techniques that are important. The competing theories
need not be traced; morcover, thev cannot be traced completely, for
the historical records are too incomplete to permit more than conjec-
ture about the evolution of the carliest Greek conceptions of the uni-
verse, Only in the fourth century B.C. do the records become approxi-
mately reliuble, and by that time, as the result of a long evolutionary
process, a large measure of agreement about cosmological essentials
had been reached. For most Greek astronomers and philosophers,
from the fourth century on, the earth was a tiny sphere suspended
stationary at the geometric center of a much larger rotating sphere
which carried the stars. The sun moved in the vast space between the
carth and the sphere of the stars, Outside of the outer sphere there was
nothing at all —no space, no matter, nothing, This was not, in an-
tiquity, the only theory of the universe, but it is the onc that gained
most adherents, and it is a developed version of this theory that the
medieval and modern world inherited from the ancients.

This is what I shall henceforth call the “two-sphere universe,” con-
sisting of an interior sphere for man and an exterior sphere for the
stars. The phrase is, of conrse, an anachronism. As we shall see in
the next chapter, all those philosophers and astronomers who believed
in the terrestrial and celestial spheres also postulated some additional
cosmological deviee to carry the sun, moon, and planets around in the
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