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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 tre(las,.
cows and men must be hurled from a rotating ea}rth as a stone ﬂle.s 2
from a rotating sling. Since none of these effects is seen,‘ the earth is
at rest. Observation and reason have combined to prove 1t..
Today in the Western world only children argue this way, ;:nd
only children believe that the earth is at rest. At an early age the aut 01: THE PROBLEM
parents, and texts persuades them that the earth i
d in motion; their common sense is reéducated; an OF THE PLANETS

the arguments born from everyday experience lose their ilforce. B'Iil
reéducation is essential — in its absence these arguments are immense

ive — ogic authorities that we and our childre
Persuiswi,re a:ll:t t::airizgﬁag t% the ancients. The Greeks could onl _ If the sun and stars were the only celestial bodies visible to
accept w

and neither produced evidence for e naked eye, modern man might still accept the fundamental tenets
f the two-sphere universe. Certainly he would have accepted them
ntil the invention of the telescope, more than half a century after

ity of teachers,
really a planet an

Apparent Planetary Motion

rely on observation and reason, ..
the earth’s motion. Without the aid of telescopes or of elaborate.

e no apparent relation to astronom

i at hav : | .
maﬂl;m:it\lrzai\iil;n::?;rt moving planetary earth can be produce pernicus death. There are, however, other prominent celestial
no effec

The observations available to the naked eye fit the two-sphere universe "o'df'es, Particulal:ly .the planets, and the astroml)mer’s interes.t in these
very well {(remember the universe of the practical navigator and sur- les is the I?rlnmpal source of the Cope.rmcan. Re.volution.' Once
y ) e natural explanation of them. It is not gain we consider observations before dealing with interpretive ex-
\:ygrt)’ ?:Si::e;i;st}?;) :E)lz:ents believed in the two-sphere univers lanations. And once again the discussion of interpretations will con-
ar 0

. . t us with a new and fundamental problem about the anatomy of
: i hv the conception was given up. on
The problem is to discover why P & ntific belief.

The term planet is derived from a Greek word meaning “wanderer,”
it was employed until after Copernicus’ lifetime to distinguish
hose celestial bodies that moved or “wandered” among the stars from
se whose relative positions were fixed. For the Greeks and their
cessors the sun was one of the seven planets. The others were the
on, Mercury, Venus, Mars, Jupiter, and Saturn. The stars and these
en planets were the only bodies recognized as celestial in antiquity.
additional planets were discovered until 1781, long after the Coper-
an theory had been accepted. Comets, which were well known in
- 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-
ns are uniformly more complex. All have a westward diurnal motion
h the stars, and all move gradually eastward among the stars until
y return to approximately their original positions. Throughout their
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motions the planets stay near the ecliptic, sometimes wandering nort But at this point the simple obvious lupar unit proved intractable.
of it, sometimes south, but very seldom leaving the band of the zodiac Successive new moons may be separated by intervals of either 29 or
an imaginary strip in the sky extending for 8° on either side of th days, and only a complex mathematical theory, demanding genera-
ecliptic. At this point the resemblance between planets ends, and th tions of systematic observation and study, can determine the length
study of planetary irregularities begins. of a specified future month. Other difficulties derive from the incom-
The moon travels around the ecliptic faster and less steadily tha mensurable lengths of the average lunar and solar cycles. Most soci-
the sun. On the average it completes one journey through the zodiac: eties { but not all, for pure lunar calendars are still used in parts of
in 27% days, but the time required for any single journey may differ the Middle East) must adjust their calendars to the sun-governed an-
from the average by as much as 7 hours. In addition, the appearanc nual climatic variation, and for this purpose some systematic method
of the moon’s disk changes markedly as it moves. At new moon its dis for inserting an occasional thirteenth month into a basic year of 12
is completely invisible or very dim; then a thin bright crescent appear lunar months (354 days) must be devised. These seem to have been
which gradually waxes until, about a week after new moon, a semi t_he first difficult technical problems encountered by ancient astronomy.
circular sector is visible, About 2 weeks after new moon the full cir More than any others, they are responsible for the birth of quantita-
cular disk appears; then the cycle of phases is reversed, and the moo tive planetary observation and theory, The Babylonian astronomers who
gradually wanes, reaching new moon again about 1 month after the ﬁnally solved these difficulties between the eighth and third centuries
preceding new moon. The cycle of phases is recurrent, like the moon’ B.C., a period during most of which Greek science was still in its in-
journey through the signs of the zodiac, but the two lunar cycles ar fancy, accurnulated much of the fundamental data subsequently incor-
significantly out of step. New moon recurs after an average interval o Porated into the developed structure of the two-sphere universe,
29% days (individual cycles may differ by as much as ¥ day from thi Unlike the moon and sun, the remaining five planets appear as
average }, and, since this is 2 days longer than the period of an averag mere points of light in the heavens. The untrained naked- -eye observer
journey around the zodiac, the position of successive new moons mus can dlstmgulsh them from stars with assurance only by a series of
gradually move eastward through the constellations, If new moo observations that discloses their gradual motion around the ecliptic.
occurs at the position of the vernal equinox one month, the moon w111 Usually the planets move eastward through the constellations: this is
still be waning when it returns to the vernal equinox 274 days late their so-called “normal motion.” On the average, both Mercury and
New moon does not recur for about 2 days more, by which time th Venus require 1 year for each complete circuit of the zodiac; the length
moon has moved almost 30° east from the equinox. Of Mars’s cycle averages 687 days; Jupiter’s average period is 12 years;
Because they are easily visible and conveniently spaced, the moon and Saturn’s is 29 years. But in all cases the time required for any single
phases provided the oldest of all calendar units. Primitive forms o journey may be quite different from the average period. Even when
both the week and the month appear in a Babylonian calendar fro moving eastward through the stars, a planet does not continue at a
the third millennium B.c., a calendar in which each month began wi uniform rate.
the first appearance of the crescent moon and was subdivided at th Nor is its motion uniformly eastward, The normal motion of all
7th, 14th, and 21st days by the recurrent “quarters” of the moon’s cycle planets except the sun and moon is occasionally interrupted by brief
At the dawn of civilization men must have counted new moons an ntervals of westward or “retrograde” motion. Compare Mars retro-
quarters to measure time intervals, and as civilization progressed the gressing in the constellation Taurus, shown in Figure 15, with the
repeatedly attempted to organize these fundamental units into a ¢ normal motion of the sun through Taurus, shown in Figure 9 (p. 22).
herent long-term calendar — one that would permit the compilation of Mars enters the diagram in normal (eastward) motion, but as its
historical records and the preparation of contracts to be honored at a motion continues, the planet gradually slows until at last it reverses
specified future date, . ts direction and begins to move westward, in retrograde, Other planets
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behave in much the same way, each one repeating the interlude of moving sun; for a time they move eastward with the sun, then retro-
retrograde motion after a fixed length of time. Mercury briefly reverses ress across its disk, and finally reverse themselves to overtake the
its motion through the stars once every 116 days, and Venus retro- un once more. When to the east of the sun, either of these inferior
gresses every 584 days. Mars, Jupiter, and Saturn show retrograde lanets appears as an “evening star,” becoming visible shortly after
motion every 780, 399, and 378 days, respectively. unset and then rapidly following the sun below the horizon. After
etrogressing westward across the sun’s disk, the planet becomes a
‘morning star,” rising shortly before dawn and disappearing in the
rilliant light of sunrise, But in between, when close to the sun,
either Mercury nor Venus can be seen at all. Therefore, until their
motion was analyzed with respect to the sphere of the stars, neither
TAURUS f the inferior planets was recognized as the same celestial body
when it appeared as a morning and as an evening star, For millenniums
Venus had one name when it rose in the east shortly before dawn and
nother when, weeks later, it again became visible just over the west-
n horizon shortly after sunset,

. Unlike Mercury and Venus, the superior planets, Mars, Jupiter,
nd Saturn, are not restricted to the same part of the sky as the sun.
Sometimes they are very close to or “in conjunction” with it; at other
imes they are 180° across the sky or “in opposition” to the sun; be-
tween these times they assume all the intermediate positions. But
hough their positions are unrestricted, their behavior does depend
upon their relation to the sun. Superior planets retrogress only when

" hey are in opposition. Also, when in retrograde motion across the sky
Figure 15. Mars retrogressing in Aries and Taurus. The section of sky is the

same as that shown in Figure 9 and in the box on the star map of Figure 8. The fom the. s"_m’ superior .Pllanets aPE"ear brlghter than at .any other
broken line is the ecliptic and the solid Kne the path of the planet. Note that ime. This increased brilliance, which has usually been interpreted

Mars does ot stay on the ecliptic and that, though its over-all motion i eastw?rd at least since the fourth century B.C.) as indicating a decrease in the
among the stars, there is a period from the middle of June to early August durm.g- Jlanet’s distance from the earth, is particularly striking in the case of
which it moves to the west. The retrogressions of Mars are always of approxi: z . ] ] . L
mately this form and duration, but they do not always occur on the same date Mars. Normally a relatively inconspicuous planet, Mars in opposition
or in the same part of the sky. will frequently outshine every celestial body in the night sky except
. : he moon and Venus.

In their gradual eastward motions interrupted by periodic westward - Interest in the five wandering stars is by no means so ancient as a
retrogressions, the five wandering stars behave quite similarly. But oncern with the sun and moon, presumably because the wandering
there is an additional characteristic of their motion which divides them tars had no obvious practical bearing upon the lives of ancient peoples.
into two groups; this is the correlation between their position and the Yet observations of the appearance and disappearance of Venus were
sun’s. Mercury and Venus, the two so-called inferior planets, never ecorded in Mesopotamia as early as 1900 B.c., probably as omens,
get very far from the sun, Mercury is always found within 28° of the sortents of the future, like the signs to be read in the entrails of sacri-
sun’s moving disk, and Venus’s maximum “elongation” is 45°. Botlf icial sheep, These scattered observations presage the much later de-
planets move in a continuous slow shuttle, back and forth across the elopment of systematic astrology, a means of forecasting whose inti-




50 THE COPERNICAN REVOLUTION: rHE PROBLEM OF THE PLANETS SI'III
fnate relation to the development of planet.ary astronomy is conm_dered Like the other planets, it might be either inside, on, or perhaps even
in the next chapter. The same concern with omens clearly motivated utside the sphere of the stars. But though the two-sphere universe
the more systematic and complete records of echp:?es, retrograde mo- ails to specify the shape or location of the planetary orbits, it does
tions, and other strlkmg planetary phe‘nomena compiled by Babylonian make certain choices of position and orbit more plausible than others,
observers after the middle of the eighth century B.c. Ptolemy, the nd it therefore at once guides and restricts the astronomer’s approach
dean of ancient astronomers, later complained that even these records '0 the problem of the planets. That problem was set by the results of
were fragmenta.ry,' but frigmentary or not they provided the first data observation, but, from the fourth century B.c., it was pursued in the
capable of specifying the full-scale problem of the planets as that prob- onceptual climate of two-sphere cosmology. Both observation and
lem was to develop in Greece after the fourth century B.C. heory made essential contributions to it
The problem of the planets is partially specified by the description Within a two-sphere cosmology, for example, the planetary orbits
of the planetary motions sketched in t}.1e preceding pages. HOV.V e hould if possible preserve and extend the fundamental symmetry em-
the complex and variable planetary motions to be reduced to a simple odied in the first two spheres. Ideally the orbits should therefore be
and recqrrent order? Why do the .planets retroglress,pand how account arth-centered circles, and the planets should revolve in these circles
for the irregular rate of even their normal motions? These questions ith the same regularity that is exemplified in the rotation of the stellar.
indicate the direction of most astronomical research during the two here. The ideal does not quit £ b ,
illenniums from the time of Plato to the time of Copernicus. But be- prore. ey 0 com rm fo observation. As we shall
mi s o He y s é’ . ‘o see presently, an earth-centered circular orbit located in the plane of
cause it is almost entirely qualitative, the preceding description of the the ecliptic provides a good account of the sun’s annual motion, and a

planets does not specify the problem fully. It states a simplified prob- similar circle can give an approximate account of the somewhat less
lem and in some respects a misleading one. As we shall shortly see,

qualitatively adequate planetary theories are easily invented: the de-
scription above can be reduced to order in several ways. The astrono-
mer’s problem, on the other hand, is by no means simple. He must
explain not merely the existence of an intermittent westward motion
superimposed upon an over-all eastward motion through the stars, but
also the precise position that each planet occupies among the stars

on different days, months, and years over a long period of time. The in the rate or direction of a planet’s motion — indicated that the planet
real problem of the planets, the one that leads at last to the Copernican itself had deviated from its natural circular orbit, to which it \Pivould
Revolution, is the quantitative problem described in lengthy tables again return. On this analysis the problem of ,the planets became
which specify in degrees and minutes of arc the varying position of simply that of explaining the observed deviation from average motion
every planet. through the stars in terms of a corresponding deviation of each planet
om its single circular orbit,

We shall examine some of the ancient explanations of these devia-
tions in the next three sections, but first notice, as the ancients also did,
how far it is possible to proceed by neglecting the planetary irregulari-
es and assuming simply that all orbits are at least approximately
ircular. Almost certainly, in the two-sphere universe, the planets move
the region between the earth and the stars, The stellar sphere itself
was often viewed as the outer boundary of the universe, so that the

explanation of the gross irrégularities, like retrogression, observed in
he motions of the other five wandering “stars,” Nevertheless, astrono-
ers who believed in the two-sphere universe could, and for centuries
id, think that earth-centered circles were the natural orbits for
lanets. Such orbits at least accounted for the over-all average east-
ard motions. Observed deviations from the average motion — changes

The Location of the Planets

The two-sphere universe, as developed in the last chapter;
provided no explicit information about the. positions or motions of the
seven planets. Even the sun’s location was not discussed. To appear
“at” the vernal equinox (or any other point on the stellar sphere) the
sun need merely be somewhere on a line stretching from the observer’s
eye to or through the appropriate point in the background of stars.
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planets could not be outside it; the difference hetween planetary and - struggle on against the course of the firmament, are accomplishing an orbit
stellar motions indicated that the planets were probably not located on on paths of their own; but, owing to the revolu:cion of the II:eaveng they arle
the sphere, but in some intermediate region where they were affected swept back as it goes round every day.t ’
by some influence that was inactive at the stellar sphere; the whole"
argument gained force from the detail visible on the face of the moon, _:3
presumptive evidence that one planet, at least, must be nearer than the'
stars. Ancient astronomers, therefore, laid out the planetary orbits in
that vast and previously empty space between the earth and the sphere
of the stars. By the end of the fourth century p.c., the two-sphere uni
verse was filling up. Later it was to become crowded. '
Once the general location and shape of their orbits were known, it-
proved possible to make a plausible and satisfying guess about the
order in which the planets were arranged. Planets like Saturn and .
Jupiter, whose eastward motion was slow and whose total motion
therefore, very nearly kept pace with the stars, were supposed to b
close to the stellar sphere and far from the earth. The moon, on th
other hand, which loses over 12° a day in its race with the stars, mus
be closer to the stationary surface of the earth. Some ancient philo
ophers seem to have justified this hypothetical arrangement by im
agining that the planets floated in a gigantic aethereal vortex, whose
outer surface moved rapidly with the sphere of the stars and whos
interior was at rest at the earth’s surface. Any planet caught in such
vortex would lose more ground with respect to the stellar sphere if
were closer to the earth, Other philosophers reached the same con
clusion by a different sort of argument, later recorded, at least in i
essentials, by the Roman architect Vitruvius (first century ».c.).
analyzing the differences between the intervals required by differen
planets for trips about the ecliptic, Vitruvius suggested an illuminatin

Before the end of the fourth century B.C., arguments like the above
had led to an image of the universe similar to the one sketched in
Figure 16; diagrams like this, or their verbal equivalents, remained
current in elementary books on astronomy or cosmology until the early
seventeenth century, long after Copernicus’ death. The earth is at the
center of the stellar sphere, which bounds the universe; immediately
inside this outer sphere is the orbit of Saturn, the planet that takes

longest to move around the zodiac; next comes Jupiter and then Mars,

{URNA
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analogy: - Figure 16, Approximate planetary orbits in the two-sphere universe. The

. : utermost circle j i i -
Place seven ants on a wheel such as potters use, having made seven cha : circle is a cross section of the stellar sphere in the plane of the ecliptic.

nels on the wheel about the center, increasing successively in circum :

ference; and suppose those ants obliged to make a circuit in these channe [0 this point the order is unambiguous: the planets are arranged, from

while th(? whefsl is turned in the opposite direction. In spite of havin the outside, in the order of d ecreasing orbital period; the same tech

to move in a direction contrary to that of the wheel, the ants must nece iquo places the lunar orbit closest to th h B + ) ech-
sest to the earth, But the remaining

sarily complete their journeys in the opposite direction, and that ant whic
is nearest the center must finish its circuit sooner, while the ant that is goin hree planets present a problem; the sun, Venus, and Mercury all com-

round at the outer edge of the disk of the wheel must, on account of th __1‘:'3te their journeys about the earth in the same average time, 1 year,
size of its eircuit, be much slower in completing its course, even though it nd their order therefore cannot be determined by the device applied

moving just as quickly as the other. In the same way, these stars, whic he other planets, There was, in fact, much disagreement about their
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order during antiquity. Until the second centur’y B.C. mO?t astro.nomers.. ‘ability to specify some linear dimensions of the celestial re gions, im-
placed the sun’s orbit just outside t’he moon’s, Venus’s outside the’ ‘measurably increased the hold of the two-sphere conceptual scheme
sun’s, then Mercury’s, and then Mars’s. After that date, however, th ‘upon the minds of both astronomers and laymen.
order shown in the diagram — moon, Mercury, Venus, sun, Mars, etc. : These achievements do not, however, touch upon the fundamental
became increasingly popular, In particular, it was adopted by Ptolemy,: . problem posed by the continuous irregularity of planetary motion, and
and his authority imposed it upon most of his successors. We shall ‘this problem provides the pivot upon which the Copernican Revolution
therefore take this order as standard throughout the early chapter ‘ultimately turns. Like so many other problems of ancient astronomy, it
of this book. Lai - 16 is still de. It v E ‘seems first to have emerged during the fourth century B.c., when the
AS‘ a Str‘fCt“'ra diagram Xigure 10 is st very crude. It gives no two-sphere universe, by explaining diurnal motion, enabled Greek
meaningful indication of relative dimensions of the various orbits, and astronomers to isolate the residual planctary irregularities for the first
it ma;:es 1110 attemPtt_tO Prforlide fo.r the Obssr;?ddgﬁligzagialri:iiird f_:time. During the following five centuries successive attempts to explain
ies. But the conception of the untverse embodied I ; & ac ‘these irregularities produced several planetary theories of unprece-
two important functions in the subsequent development o astronomy- ‘dented accuracy and power. But these attempts also constitute the
and cosmol.ogy. In _the first place, the diagram contains most of the ‘most abstruse and mathematical part of ancient astronomy, and they
structural information about the earth-centered universe that ew are therefore usually omitted from books like this. Though a simpli
be;ff‘me coxtnm(fm kr-lovzledtgen amoni; n?ﬁi}iﬁ(’zoi:ﬁ' tu’i‘ileinf\;rthex; :_ﬁed préeis of ancient planetary theory seems a minimal requisite for
ac utavemen ts 0 antclien | ZS rcl:) fDmY, 2;’" en“; derstand. A Th ‘an understanding of the Copernican Revolution, a few readers may
ment, were too mathematical 10r most faymen 10 unde ) ‘ 13 . prefer to skim the next three sections (particularly the first, in which
next two chapters indicate more fully, the most influential cosmologies. the technical presentation is especially compact), picking up the

developed in antiquity and the M;ddi:e Ages did not fo Ow ancie narrative again with the discussion of scientific belief that closes this
astronomy very far beyond this point. Astronomy mow becom chapter

esoteric; its further development does not provide man with a home.
In addition, the structural diagram in Figure 16 is, despite i
crudity, an immensely powerful tool in astronomical research. F
many purpeses it proved both economical and fruitful. For exampl
during the fourth century B.Cc, the concepts embodied in the diagras
provided a complete qualitative explanation of both the phases of th
moon and lunar eclipses; during the fourth and third centuries thes
same concepts led to a series of relatively accurate determinations
the circumference of the earth; and during the second century B
they provided the basis for a brilliantly conceived estimate of the size
and distances of the sun and moon. These explanations and measur
ments, particularly the last, typify the immense ingenuity and pow
of the ancient astronomical tradition. They are, however, here relegate
to the Technical Appendix (Sections 3 and 4), because they were Ti
affected by the change in astronomical theory during the Copernica
Revolution. Nevertheless, they are relevant to the Revolution. Thi
ability of the developed two-sphere universe to explain and ultimatel
to predict prominent celestial phenomena like eclipses, as well as i

The Theory of Homocentric Spheres

: The philosopher Plato, whose searching questions dominated
-so much of subsequent Greek thought, seems to have been the first to
enunciate the problem of the planets, too. Early in the fourth century
B.C. Plato is said to have asked: “What are the uniform and ordered
‘movements by the assumption of which the apparent movements of
the planets can be accounted for?” 2 and the first answer to this ques-
tion was provided by his onetime pupil Eudoxus {¢.408 — ¢.355 B.c.}.
In Eudoxus’ planetary system each planet was placed upon the inner
sphere of a group of two or more interconnected, concentric spheres
hose simultaneous rotation about different axes produced the ob-
erved motion of the planet. Figure 17a shows a cross section of two
uch interlocked spheres whose common center is the earth and whose
‘points of contact are the ends of the slanted axis of the inner sphere,
hich serve as pivots. The outer sphere is the sphere of the stars, or
t least it has the same motion as that sphere; its axis passes through
he north and south celestial poles, and it rotates westward about this
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axis once in 23 hours 56 minutes. The inner sphere’s axis makes contact
with the outer sphere at two diametrically opposite points 23%° away
from the north and south celestial poles; therefore the equator of the
inner sphere, viewed from the earth, always falls on the ecliptic of the
sphere of the stars, regardless of the rotation of the two spheres.

If the sun is now placed at a point on the equator of the inner
sphere and that sphere is turned slowly eastward about its axis once in
a year while the outer sphere turns about its axis once a day, the sum

of the two motions will reproduce the observed motion of the sun, The
outer sphere produces the observed westward diurnal motion of rising

and setting; the inner sphere produces the slower annual eastward

motion of the sun, around the ecliptic. Similarly, if one eastward rota- -

tion of the inner sphere occurs every 27% days and if the moon is

placed on the equator of this sphere, then the motion of this inner .
sphere must produce the average motion of the moon around the
ecliptic, The north and south deviations of the moon from the ecliptic

and some of the irregularities in the time required by the moon for

successive journeys can be approximated by adding one more very
slowly moving sphere to the system. Eudoxus also used (though un-'
necessarily) a third sphere to describe the motion of the sun, so that -

six spheres were required to treat the moon and sun together.

The spheres shown in Figure 17¢ were known as homocentric -
spheres, because they have a common center, the earth. Two or three *
such spheres can approximately represent the total motion of the sun'.
and of the moon, but they cannot account for the retrograde motions

of the planets, and Eudoxus’ greatest genius as a geometer was dis
played in the modification of the system that he introduced in treating

the apparent behavior of the remaining five planets. For each of these

he used a total of four spheres, sketched in cross section in Figure 17b
The two outer spheres move just like the spheres of Figure 17a:
the outer sphere has the diurnal motion of the sphere of the stars and
the second sphere (counting from the outside) turns eastward once
in the average time required by the planet to complete a journey
around the ecliptic. (Jupiter’s second sphere, for example, turns once
in 12 years.) The third sphere is in contact with the second sphere at
two diametrically opposite points on the ecliptic (the equator of the
second sphere), and the axis of the fourth or innermost sphere is

fastened to the third sphere at an angle that depends upon the
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Suppose now that the two outer spheres are held stationary and
.':that the two innermost spheres rotate in opposite directions, each
:completmg one axial rotation in the interval that separates two suc-

233 N N
< -
C. <
S S
{a) (b)

Figure 17, Homocentric spheres, In the a
; . two-sphere system (&) the outermost
phere produces the diurnal rotation, and the inner spher); moves the planet (sun

cessinla retrogressions of the planet (399 days for Jupiter). An observer
watching the motion of the planet against the temporarily station

.econd sphere will see it move slowly in a figure eight, both of whzz
loops are bisected by the ecliptic. This is the motion sketched in Figure
18; the planet passes slowly around the loops from positions 1 E) 2
>+« ., spending equal times between each numbere(i
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Now allow the second sphere to rotate eastward, carrying the two - ause 2ll homocentric systems have one severe drawback which in
rotating inner spheres with it, and sﬁppose that the total motion of the ' ntiquity led to their early demise. Since Eudoxus™ theory places cach
planet is observed against the background of stars on the first sphere lanet on a sphere concentric with the earth, the distance between a
again held temporarily stationary. At all times the planet is moved: lanet and the earth cannot vary. But planets appear brighter, and
eastward by the motion of the second sphere, and half of the time herefore seem closer to the earth, when they retrogress. During an-

(while it moves from 1 to 5 in Figure 18) the planet receives an addi iquity the homocentric system was frequently criticized for its failure
o explain this variation in planetary brilliance, and the system was

EASTWARD bandoned by most astronomers almost as soon as a more adequate
xplanation of the appearances was proposed.

But though short-lived as a significant astronomical device, homo-
entric spheres play a major role in the development of astronomical
nd cosmological thought, By a historical accident the century during
hich they seemed to provide the most promising explanation of
spheres. In the full four-sphere system this looped motion is combined with th lanetar?f motion en’fbraced most of the: lifetime of the Greek }?hlloso—
steady eastward motion of the second sphere, a motion that by itself would carry her Aristotle, Who incorporated them in the most comprehensive, de-
the planet around the ecliptic at a uniform rate. When the looped motion is’ ailed, and influential cosmology developed in the ancient world. No
added, the total motion of the planet varies in rate and is no longer confined t.o : omparably complete cosmology ever incorporated the mathematical

the ecliptic. While the planet moves from 1 to 5 on the loop, its total motion . , . . .
more rapid than the average eastward motion gemerated by the second sphere ystem of epicycles and deferents which, in the centuries after Aris-

while the planet moves back from § to 1 on the loop, its eastward motion is slower: @ﬂe’s death, was employed to explain planetary motion, The concep-
than that produced by the second sphere, and when if gets near 3, it may actually fon that planets are set in rotating spherical shells concentric with the
move westward, in retrograde. arth remained an accepted portion of cosmological thought until early

tional eastward motion from the two inner spheres so that its net. n the seventeenth century. Even the writings of Copernicus show
motion is eastward and even more rapid than that of the second sphere . mportant vestiges of this conception. In the title of Copernicus’ great
alone, But during the other half of the time (as the planet moves from vork, De Revolutionibus Orbium Caelestium, the “orbs” or spheres are
5 to 1 in Figure 18) the eastward motion of the second sphere is op ot the planets themselves but rather the concentric spherical shells in
posed by a westward motion due to the two inner spheres, and, whe which the planets and the stars are set.

this westward motion is most rapid (near 7 in Figure 18), the ne
motion of the planet against the sphere of the stars may actually be t
the west, in the retrograde direction. This is just the characteristic o The origin of the device that replaced homocentric spheres in
observed planetary motions that Eudoxus was striving to reproduc: xplaining the details of planetary motion is unknown, but its features
in his model. vere early investigated and developed by two Greek astronomers and

A system of four interlocked homocentric spheres approximates th nathematicians, Apollonius and Hipparchus, whose work spans the
retrograde motion of Jupiter, and a second set of four spheres can ac veriod from the middle of the third century to the end of the second
count for the motion of Saturn. For each of the three remainin; entury B.C. In its simplest form (Figure 19¢) the new mathematical
planets, five spheres are needed (an extension provided by Eudoxu mechanism for the planets consists of a small circle, the epicycle, which
successor Callippus around 330 B.c.), and analysis of the resultini otates uniformly about a point on the circumference of a second rotat-
motions becomes correspondingly more complex. Fortunately, we nee ng circle, the deferent. The planet, P, is located on the epicycle, and
not pursue these complex combinations of rotating spheres further, be he center of the deferent coincides with the center of the earth.

. EcuPTic

Figure 18. The looped motion generated by the two innermost homocentric

Epicycles and Deferents
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The epicycle-deferent system is intended to explain only motio .
with respect to the sphere of the stars, Both the epicycle and the defer-.
ent in Figure 192 are drawn on the plane of the ecliptic, so that the:
rotation of the stellar sphere carries the entire diagram (except the

central earth) through one rotation per day and thus produces th

diurnal motion of the planet. If the epicycle and deferent of the figure

were stationary and did not have an additional motion of their own, th
planet would be fixed in the plane of the ecliptic and would therefor

have the motion of a zodiacal star, a westward circle executed once in::'
every 23 hours 56 minutes. From now on, whenever reference is made
to the motion of the deferent or the epicycle, it is the additional motion:’

of these circles in the plane of the ecliptic that is meant. The diurna

rotation of the sphere and of the plane of the ecliptic will be taken for

granted.

Suppose, for example, that the deferent rotates eastward once in -
year and that the sun is placed on the deferent at the position no
occupied by the center of the epicycle, the epicycle itself being
moved. Then the rotation of the deferent carries the sun through it
annual journey around the ecliptic, and the sun’s motion has bee
analyzed, at least approximately, in terms of the motion of a singll
deferent in the plane of the ecliptic. This is the technique taken fo
granted in the explanation of average planetary motions in Figure 16

Now imagine that the sun is removed and the epicycle is returne
to its position on the deferent. If the epicycle rotates just three time:
around its moving center while the deferent rotates once and if the twq
circles rotate in the same direction, then the total motion of the plane
within the sphere of the stars produced by the combined motions o
the epicycle and the deferent is just the looped curve shown in Figure
19b. When the rotation of the epicycle carries the planet outside of the
deferent, the motions of both the epicycle and the deferent combine to
move the planet to the east. But when the motion of the epicycle places
the planet well inside the deferent, the epicycle carries the planet west:
ward, in opposition to the motion of the deferent. Therefore, when the
planet is closest to the earth, the two motions may combine to produce
a net westward or retrograde motion. In F igure 195 the planet retro:
gresses whenever it is on the interior part of one of the small loops;
everywhere else the planet moves normally toward the east, but at'a
variable rate.

{E PROBLEM OF THE PLANETS

he ecliptic. Thus as the planet moves from position 1 to 2 in Figures
_Qb and 19c, the observer sees it move along the ecliptic toward the
ast. As the planet approaches position 2, it appears to move more
Jowly, stopping momentarily at 2 and then moving westward along the
cliptic as it travels from 2 towards 3. Finally the westward journey of
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- Figure 19, The basic epicycle-deferent system. A typical deferent and epicycle

shown in (a); the looped motion that they generate in the plane of the ecliptic

._l_Iustltated in (b); the third diagram {c) shows a portion (1-2-3-4) of the
:It.)tmn in (b} as it is seen by an observer on the central earth, E,

~ A system of one epicycle and one deferent therefore carries a planet
round the ecliptic in an interval that, on the average, exactly equals
e time required for one revolution of the deferent. The eastward
otion is, however, interrupted and the planet temporarily moves west-




62 THE COPERNICAN REVOLUTION.

HE PROBLEM OF THE PLANETS 63

ward at regular intervals equal to the time required for one revolution :
of the epicycle. The rates of revolution of the epicycle and deferent’
may be adjusted to fit the observations for any planet, yielding just.
that intermittent eastward motion among the stars which planets are
observed to have, Furthermore, the epicycle-deferent system repro--
duces one other important qualitative feature of the appearances: a-
planet can retrogress only when its motion brings it nearest to the earth .
and that is the position in which the planet should and does appear-
brightest. Its great simplicity plus this novel explanation of varying -
planetary brilliance are the primary causes for the new system’s victory
over the older system of homocentric spheres. _

The epicycle-deferent system described by Figure 19 incorporates
one special simplification that is not characteristic of the motion of any-
planet. The epicycle is made to revolve exactly three times for eac
revolution of the deferent. Therefore, whenever the deferent complete
one revolution, the epicycle returns the planet to the same position it
occupied at the beginning of the revolution; the retrograde loop
always occur at the same places; and the planet always requires th
same amount of time to complete its trip around the ecliptic. Whe
designed to fit the observations of real planets, however, epicycle
deferent systems never perform in quite this manner. For example
Mercury is observed to require an average of 1 year to complete
jowrney around the ecliptic, and it retrogresses once every 116 days
Therefore Mercury’s epicycle must revolve just over three times whil
the deferent turns once; the epicycle completes three revolutions in 34
days which is less than the year required for a rotation of the deferent

Figure 20a shows the path of a planet carried through one tri
around the ecliptic by an epicycle that turns slightly more than thre:
times for each rotation of its deferent. The planet starts in the midd}
of a retrograde loop and completes its third full loop before the defer:
ent completes its first full rotation; the planet therefore average
slightly more than three retrograde loops in each trip around the
ecliptic. If the motion of Figure 20¢ were continued through a secont
trip, the new set of retrograde loops would fall slightly to the west ©
those generated during the first trip. Retrograde motion would no
occur at the same position in the zodiac on successive trips, and this:i
characteristic of the observed progress of planets along the ecliptic.
Figure 20b indicates a second characteristic of the motion gen:

ated by an epicycle that does not revolve an integral number of times
in each revolution of the deferent. The planet at P in the figure is at
the position closest to the earth, the position from which the journey of

igure 20a began. After one revolution of the deferent, the epicycle
will have turned slightly more than three times, and the planet will
have arrived at position P, so that it now appears to the west of its

{a) (b} {c)

Figure 20. Motion generated by an epicycle and deferent when the epicycle
urns slightly more than three times for each revohuttion of the deferent. The
planet’s path during a single complete journey through the stars is shown in {a).
This journey requires more than one revolution of the deferent, as indicated by
b), which shows the planet’s position at the beginning (P} and the end (P')
the deferent’s first full revolution, Diagram (c) shows the planet’s position at

beginning and end of a later revolution of the deferent, one that carmries the
olanet more than once around the ecliptic,

rting point. The deferent must turn eastward through more than a
gle revolution to carry the planet fully around the ecliptic; the cor-
esponding trip through the constellations therefore requires more time
n the average. Others, however, require less. After several more
olutions of the deferent, each ending with the planet still farther
rom the earth, the planet might start a new journey from the new
osition P in Figure 20c. One more revolution of the deferent would
arry the planet to P, a point to the east of P Since this revolution of
deferent carries the planet through more than one trip around the
iptic, this journey is 2 particularly rapid one. F igures 20b and 20c
cpresent very nearly the extreme values of the time required for a
rmey around the ecliptic; intermediate trips consume intermediate
ounts of time; on the average, a journey around the ecliptic re-
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quires the same time as a rotation of the deferent. But the epicycle:
deferent system allows for deviations from one trip to the next, Once
again it provides an economical explanation of an observed irregularity
of the planetary motions.

To describe the motions of all the planets a separate epicycle:
deferent system must be designed for each. The motion of the sun and
moon can be treated approximately by a deferent alone, for these
planets do not retrogress, The sun’s deferent turns once a year; the
moon’s revolves once in 27% days. The epicycle-deferent system for
Mercury is much like the one discussed above; the deferent turns once:
a year and the epicycle once in 116 days. By utilizing the observations
recorded early in this chapter, we could design similar systems for
other planets. Most of these would yield looped plunetary paths like
the one shown in Figure 20a. If the epicycle is larger relative to the
deferent, the size of the loops is increased. If the epicycle turns
" more quickly relative to the speed of the deferent, then there are more
loops included in one journey around the ecliptic. There are approxi-
mately eleven loops in each trip made by Jupiter, and approximately
twenty-eight in each by Saturn. In short, by appropriate variations fn
the relative sizes and the speeds of the epicycle and the deferent, thi
system of compounded circular motions can be adjusted to fit a '
proximately an immense variety of planetary motions. A properly d
signed combination of circles will even give a good qualitative account
of the immense irregularities in the motion of an atypical planet li
Venus ( Figure 21). :

n account of the main planetary motions, permitted the observational
olation of smaller irregularities. This is the first example of the con-

{a) (b)

Figure 21. (a) A one-epicycle one-deferent system for Venus and (b) the
tion that it generates in the plane of the ecliptic.

n (2}, notice the following characteristics of the design: The deferent rotates
ce in a year, so that if the eenter of the epieycle is once aligned with the
a_.rth, Ef and the center of the syn, S, it will stay in alignment forever, and

mus will never appear very far from the sun. The angles SEP” and SEP™ are the
argest angles that can appear between the sun and Venus, and the condition that
hese angles of maxirmm elongation be 45° completely determines the relative

es of the epicycle and deferent, The epicycle rotates once in 584 days, so that
Venuf starts at P, close to the sun, it will arrive at P’ {maximum elongation as
evening star) after 219 days (3/8 revolution); at P after 292 days {1/2 revo-
}; and at P (maximum elongation as a morning star) after 385 days (5/8

Ptolemaic Astronomy

The discussion of the previous section illustrates the pow
and versatility of the epicycle-deferent system as a method for orderin
and predicting the motions of the planets. But this is only the first ste
Once the system was available to account for the most striking irreg
larities of planetary motion — retrogression and the irregular amoun
of time consumed in successive journeys around the ecliptic — it b
came clear that there were still other, though very much smaller, 1
regularities to be considered. he'e

Just as the two-sphere model provided a precise mechanism f
the diurnal motions, thus permitting detailed study of the princip
planetary irregularities, so the epicycle-deferent system, by providin

: sF:cond diagram shows the path along which Venus is carried by the
ving '01.rcles sketched in {a). Here P is the starting point, as in the first dia-

P is Venus's position at maximum eastward elongation (219 days); P” is
anet’s location midway through a retrograde loop (292 days); and P is its
on at maximum westward elongation (365 days). Venus’s first journey around
chpt}c ends at p after 406 days (note the great length} and includes one
ogression and two maximum elongations. Its next trip {p to p’ to p”) requires
' 295 days and includes none of these characteristic phenomena. At p* Venus

gain closest to the sun, a position reached after one complete revolution of the
the way Venus does behavel

vele (584 days). This is, at least qualitatively,
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cept’s fruitfulness. When the motion predicted by a one-epicycle one major epicycle of the sort describe
deferent system is compared with the observed motion of an individ sun on a deferent that rotates unifor
ual planet, it turns out that the planet is not always seen at quite th not give a quantitatively precise a
position on the ecliptic where the geometry of the model says j shown by a reéxamination of the
should be. Venus does not, if observed precisely, always attain it listed in Chapter 1, the sun takes a
maximum deviation of 45° fram the sun; the intervals between suc vernal equinox to the autumnal e
cessive retrogressions of a single planet are not always quite the same it does to move back from the au
and nene of the planets, except the sun, stays on the ecliptic through (
out its motion. The one-epicycle one-deferent system was not, there during the winter than summer
fore, the final answer to the problem of the planets. It was only a very by a fixed point on a uniformly
promising start and one that lent itself to both immediate and long: i =zt in which the earth i
continued development. During the seventeen centuries that separate otating deferent circle and in
Hipparchus from Copernicus all the most creative practitioners of utummal equinoxes on the sp
technical astronomy endeavored to invent some new set of minor ashes VE and AE. Uniform ro
geometric modifications that would make the basic one-epicycle one: , from VE to AE in the same ti
deferent technique precisely fit the observed motion of the planets, and thig corresponds o

In antiquity the greatest of these attempts was made around A.p, - Suppose, however, that th
150 by the astronomer Ptolemy. Because his work displaced that of his laced on a small epicycle th
predecessors and because all of his successors, including Copernicus, nt rotates once eastward, i
modelled their work upon his, the whole series of attempts for which are shown in Figuie 295, Tt ;
Ptolemy provides the archetype is now usually known as Ptolemaic ent’s rotation does not carry
astronomy. That phrase, “Ptolemaic astronomy,” refers to a traditional 'f'?md that the winter half of t
approach to the problem of the planets rather than to any one of th distance from AE to VE. S
particular putative solutions suggested by Ptolemy himself, his pred time spent by the sun in the
cessors, or his successors. Fach of the particular individual solution
and especially Ptolemy’s, has an intense interest, both technical and 58
historical, but both the particular solutions and their historical inte s
relationships are too complex to be considered here. Instead of a
tempting a general developmental account of the various Ptolema ~ve ae~(})
planetary systems, we shall therefore simply survey the main sorts _
modification to which the basic epicycle-deferent system was subjecte
at various times between its first invention three centuries before Chri ws
and its rejection by the followers of Copernicus. ' (o

Though their mostc in'lportant. application i.s to the c?mpl'?x motiol  Figure 2. Functions of a minos epicycle. Tn (a) th .
of the planets, the principal ancient and medieval modifications of th rth-centered deferent, requires th € sun, moved by a single
epicycle-deferent system are most simply described in their occasiof
applications to the apparently simpler motions of the sun and mooa
The sun, for example, does not retrogress, so its motion does not requi > minor epicycle revolves at twice

67



68 THE COPERNICAN REVOLUTION HE PROBLEM OF THE PLANETS
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the time spent in the other half of the ecliptic between AE and V. ecliptic. If it had appeared fastest near the summer solstice on one trip,
If the radius of the little epicycle is 0.03 the radius of the deferent, the it would have passed the summer solstice before gaining its gl‘eatest’
difference in the time spent by the sun in the winter and the summer :épeed on the next trip. Other variations of this sort can be produced
halves of the ecliptic will be the required 6 days. : atwill.

The epicycle employed in the preceding discussion to correct a - Uses of the minor epicycle are not limited to the nonretrogressing
minor irregularity of the sun’s motion is relatively small, and it pro- planets, the sun and moon. A minor epicycle can be placed upon a
duces no retrograde loops. Its function is therefore quite different from ;'_inajor epicycle and used in the prediction of the more elaborate plane-
that of the larger epicycles considered in the last section, and, though tary motions; in fact, planetary motions provided the minor epicycle’s
Ptolemaic astronomers never did so, it will prove convenient to keep main astronomical application, One such application, an epicycle on
these two functions apart. Henceforth we shall use the term “major an epicycle on a deferent, is shown in Figure 23a. If the major
epicycle” for the large epicycles nsed to produce the qualitative ap- epicycle turns eight times eastward and the minor epicycle once west-
pearance of retrograde motion and the term “minor epicycle” for the ward during one rotation of the deferent, then the path within the
additional circles used to eliminate small quantitative discrepancies sphere of the stars described by the planet is that shown in F igure 23b
between theory and observation. All versions of the Ptolemaic system; It has eight normal retrograde loops, but these are somewhat more
both before and after Ptolemy, had just five major epicycles, and it is densely clustered in the half of the ecliptic between the vernal equinox
these with which Copernicus’ reform did away. In contrast, the number and the autumnal equinox than in the half between the autumnal and
of minor epicycles and similar devices needed to account for small vernal equinox. If the rate of rotation of the minor epicycle is now
quantitative discrepancies depended only on the precision of the avail:
able observations and on the accuracy of the predictions demanded _
from the system. The number of minor epicycles employed in the - QY
various versions of Ptolemaic astronomy therefore varied greatly from) ‘
one version to the next. Systems employing half a dozen to a dozen
minor epicycles were not uncommon in antiquity and the Renaissance;
for by an appropriate choice of the size and speed of minor epicycles
almost any sort of small irregularity could be explained away. That is
why, as we shall see, Copernicus’ astronomical system was so nearly as
complex as Ptolemy’s. Though his reform eliminated major epicycles;
Copernicus was as dependent upon minor epicycles as his predecessors:
One sort of irregularity was treated with the aid of a minor epicycle

(Cl) (b}

in Figure 22b; another sort is shown in Figure 22¢. There the minor -mlzig%]“rs; ii‘ é’n) ei;ifé’:l: 5';3 aﬂh'_aPiCyc]e on a deferent ( a) and a typical path
epicycle rotates twice westward while the deferent moves once eas e path has been sghowna r?ajoixz;rfglsit:zlsftirl?uc::)ftﬁmgowtldec'l e qox simplicity,
ward. Combining the two rotations results in a total motion (broken the motion of real planets. 7 & situation that does mat ocour
line in the figure) along a flattened circle. A planet moving on this

curve moves faster and spends less time in the vicinity of the summ _ oubled,‘ the path described by the planet is flattened as in Figure 22¢.
and winter solstices than it does near the two equinoxes. If the epicycle :'T}'lese dif:lgrams begin to suggest the complexities of the paths that
had turned slightly less than twice while the deferent rotated once, inor epicycles can produce.

then the positions on the ecliptic at which the planet’s apparent speed _Nor 1:5 a minor epicycle the only device available for correcting
was greatest would have change d on successive trips around th inor dlscrepancies between one-epicycle one-deferent systems and
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otive for his rejection of the Ptolemaic system and his search for a
radically new method of computation. Copernicus used epicycles and
centrics like those employed by his ancient predecessors, but he did
t use equants, and he felt that their absence from his system was
e of its greatest advantages and one of the most forceful arguments
for its truth.
- One form of equant, designed, for simplicity of illustration, to
count for the previously discussed irregularity in the sun’s motion,
shown in Figure 25. The center of the sun’s deferent coincides as
fore with the center of the earth, E, but the deferent’s rate of rotation
now required to be uniform not with respect to its geometric center
 but with respect to an equant point, A, displaced in this case toward
e summer solstice. That is, the angle @ subtended at the equant point
by the sun and the summer solstice is required to change at a
nstant rate. If the angle increases by 30° in one month, then it must
crease by 30° in every month of the same length. In the figure the
n is shown at the vernal equinox, VE. To reach the autumnal equinox,
£, it must complete a semicircle, which will change the angle @ by
ore than 180°, and to return from AE to VE it must complete a second
micircle, which will change a by less than 180°. Since every 180°
increase in @ requires the same amount of time, the sun must take longer
go from VE to AE than it requires for the return journey from AE
VE. Therefore, viewed from the equant point A, the sun travels at
Jirregular rate, fastest near the winter solstice and slowest near the
mmer solstice.
 That is the defining feature of the equant. The rate of rotation of a
sferent or some other planetary circle is required to be uniform, not
ith respect to its own geometric center, but with respect to an equant
int displaced from that center. Observed from the geometric center
ts deferent, the planet seems to move at an irregular rate or to
obble, Because of the wobble, Copernicus felt that the equant was
a legitimate device for application to astronomy. For him the ap-
nt irregularities of the rotation were violations of the uniform
cular symmetry that made the system of epicycles, deferents, and
ntrics so plausible and attractive. Since the equant was normally
ied to eccentrics and since similar devices occasionally made the
icycle wobble as well, it is not hard to imagine how Copernicus
ight have considered this aspect of Ptolemaic astronomy monstrous.

the observed behavior of the planets. A glance at Figure 22h indicates
that the effect there produced by a minor epicycle that rotates west:
ward once as the deferent turns through a single eastward rotation can
equally well be achieved by a single deferent whose center is displaced::
from the center of the earth. Such a displaced circle, known to ancient
astronomers as an eccentric, is shown in Figure 24a. If the distance

]
ws
(a) {o) {c)

Fizure 24. An eccentric (&), an eccentric on a deferent (b), and an eccent
on an eccentric (o).

between the earth, E, and the center of the eccentrie, O, is about 0.03.
the radius of the eccentrie, this displaced circle will account for the §
extra days that the sun spends between the vernal and autumnagl
equinoxes. That is the particular device that Ptolemy used in his o .
account of the sun. Other values of the distance EO, employed in co
junction with one or more epicycles, will account for other min
planetary irregularities. Additional effects may be obtained by placing
the center of the eccentric on a small deferent (Figure 24b), or on
second smaller eccentric (Figure 24¢). These two devices can be show.
to be geometrically fully equivalent to a minor epicycle on a deferes
and a minor epicycle on an eccentric, respectively, and most Ptolema
astronomers used these small central circles in preference to min
epicycles. In all cases one or more epicycles may be added, and any::
all of these circles may be tilted into different planes to account f
the north and south deviations of the planets from the ecliptic. :
One maore device, the equant, was developed in antiquity to aid:
the reconciliation of the theory of epicycles with the results of accura
observation. This device is of particular importance because Coper
cus’ aesthetic objections to it (Chapter 5) provided one essent
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The mathematical devices sketched in the preceding pages were nts of ancient astronom "

not all developed at a stroke or by Ptolemy. Apollonius, in the thirg reatise to give a complete d);mgz‘si thz g o
A » NG quantitative accoun

t of all the

century B.C., knew both major epicycles (Figure 19a) and eccentricg elestial motions, Iig results w.
with moving centers (Figure 24b), During the following centu'ry };'at after PtoIemy’s death the ere ;10 good and jts methods gg powerfyy]
Hipparchus added minor epicycles and a more general theory of 0 increase the accuracy or SI;I'O I'GI'n of the Planets took a new form
eccentrics to the arsenal of astronomical weapons. In addition he iccessors added epicycles to ;np lelty of Planetary theory Ptolemy’s.
combined these devices to provide the first quantitatively adequa ploiting all the jmm ense Versp:?])'mles and eccentrics to eccentricg
account of the irregularities in the motions of the sun and mox éhniQue_ But they seldom or atlity of the fundamenta] Ptol emaic’
Ptolemy himself added the equant, and during the thirteen centur never sought fundamenta] modificationg
between his time and that of Copernicus, first Moslem and then Eu :
pean astronomers employed still other combinations of circles — rrangement of existing elements What particy]

: parttcular combination of de.

cluding the epicycle on an epicycle (Figure 23a) and the eccents
on an eccentric (Figure 24c) —to account for additional planetary lanetary motions with th.
ALy € greatest simplicity and .,
Precision?

irregularities.
) s problem proposed by Hipparchus, Ptolemy, and

t ’
0 searching for a new approach to the problem of the e

planets and

|
s 1
plex mathematica] Systems

Figure 25. The equant. The sun, 8, moves on the earth-centered circle bu't:' tial battle bet
irregular rate determined by the condition that the angle o vary uniforml etween COpernic'uS and the astronomers of
. 'S O

The Anatomy of Scientific Belief

But Ptolemy’s contribution is the outstanding one, and this. &
For its subtlety, flexibility

technique of resolving the problem of the planets is approp
known by his name, because it was Ptolemy who first put foge
particular set of compounded circles to account, not merely for
motions of the sun and moon, but for the observed quantitative
larities and irregularities in the apparent motions of all the’
planets. His Almagest, the book that epitomizes the greatest achi

le- ) complexit
cie-deferent techmque sketched in th(f‘ twloy,przgjd'power the
ing sections

0 parallel in the hj
Story Of scie: . .
developed £, nce until quite recent i
mes.
; P orm the system of compounded circles W:S n its
5 an gs.
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motion, variation of brightness, alteration in the time required
successive journeys around the ecliptic —and it did so simply an
a stroke. But it also disclosed some residual secondary irregularitie
Some of these were explained away by the more elaborate system':'
compounded circles developed by Hipparchus, but still the theory dj
not quite match the results of observation. Even Ptolemy’s com
combination of deferents, eccentrics, epicycles, and equants did'n
precisely reconcile theory and observation, and Ptolemy’s was neith

the most complex nor the last version of the system. Ptolemy’s man
successors, first in the Moslem world and then in medieval Europ examined the functi
) unctions of a conceptual sch
éme: we now ask

took up the problem where he had left it and sought in vain for th w a2 smoothly functioning sch i
solution that had evaded him. Copernicus was still grappling with se, can be replaced. Exargni:; 3:; eiozi'(: otfhfh:a;g tWO'SPherE’ uni-
3 enomenon first,

same problem.
There are many variations of the Ptolemaic system besides: th

one that Ptolemy himself embodied in the Almagest, and some of the
achieved considerable accuracy in predicting planetary positions
the accuracy was invariably achieved at the price of complexit
the addition of new minor epicycles or equivalent devices —and
creased complexity gave only a better approximation to planetary
tion, not finality. No version of the system everﬁquite withstoo
test of additional refined chservations, and this failure, combined w
the total disappearance of the conceptual economy that had m
cruder versions of the two-sphere universe so convincing, ultima
led to the Copernican Revolution. _
But the Revolution was an incredibly long time coming. For alni
1800 years, from the time of Apollonius and Hipparchus until the
of Copernicus, the conception of compounded circular orbits within
earth-centered universe dominated every technically developed att
upon the problem of the planets, and there were a great many-s
attacks before Copernicus’. Despite its slight but recognized inaccut
and its striking lack of economy (contrast the earlier two-sphere
verse described in Chapter 1), the developed Ptolemaic system:
an immense life span, and the longevity of this magnificent but cle:
imperfect system poses a pair of closely related puzzles: How did
two-sphere universe and the associated epicycle-deferent plane
theory gain so tight a grip upon the imagination of the astronom
And, once gained, how was the psychological grip of this traditio
approach to a traditional problem released? Or to put the same q

These are questions about the history of a particular set of ideas
as history they will be considered at some length below. But the):
also more generally concerned with the nature and structure of

st by_returning b.rieﬂy to the abstract logical and psychological cate-
ries introduced in the penultimate section of the first chapter. We

se ;Iternatives differ in their predictions about phenomena not in-
__udg on th? list. Both the Copernican and the Newtonian systems
:-account or naked—eye stellar and solar observations just as ade-

esides. But these alternatives agree principally about observatio
at a\.re already been made, They do not give identical accounts n;
.ossﬂﬂe observations, The Copernican system, for example diffeo
the tw?-sphere universe in predicting an apparent annEal,motioIz
fa stars, in (.iemanding a much larger diameter for the stellar sphere
;ln suggesting (though not to Copernicus) a new sort of soll)ution,
- t<:ahproblem of the pIanets.. It is because of differences like these
1 }t:r? are man‘y others besides ) that a scientist must believe in his
r;:wne 81:1 h(; ljlelftit}llst it‘ as a guide to fruitful investigations of the
° 1'. y o he clilﬁ‘erent alternatives can conceivably repre-
-reality, and the scientist exploring new territory must feel confi
it that hej has chosen that one or the closest of the available ap;:;i:
h-cl:jato Jlf; But.the scientist pays a price for this commitment tg g’
ticul ra e’rnatxve: he may make mistakes, A single observation in
ipatible with his theory demonstrates that he has been employi -
wrong theory all along. His conceptual scheme must th bP s
ed and replaced. o be aban-
That, in outline, is the logical structure of a scientific revolution. A
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conceptual scheme, believed because it is economical, fruittul, an le in research, and made certain sorts of innovations difficult
cosmologically satisfying, finally leads to results that are incompatib] ceive and mo;e difficult to accept? We have alread dSeaI:: :i:l leqts(:
with observation; belief must then be su{'rende.red and a new theo'.' \plicitly, with the strictly astronomical aspects of thisy pr obh,am B;th
adopted; after this the process starts again. It is a useful outline, b the two-sphere universe and the associated epicycle-deferent tecl-;ni ue
cause the incompatibility of theory and observation is the ultimat e initially highly economical and fruitful; their frst -
source of every revolution in the sciences. But historically the proce; emed to guarantee the fundamental soundr;ess of the Successlels-
of revolution is never, and could not possibly be, so simple as the logic rely only minor modifications would be required to make t;g?;;iﬁe’
outline indicates. As we have alrf?ady begun to discover, observation; ical predictions correspond with observation, A conviction of thi;
never absolutely incompatible with a conceptual SCh_eme‘ : sort is difficult to break, particularly once it has been embodied in the
To Copernicus the behavior of the planets was incompatible wit practice of a whole generation of astronomers who transmit it to their
the two-sphere universe; he felt that in adding more and more circl siicoessors through their teaching and writing, This is the band-wa
his predecessors had simply been patching and stretching the Ptols offect in the realm of scientific ideas. & gon
maic system to force its conformity with observations; and he believe The band-wagon effect is not, however, the whole explanati £
that the very necessity for such patching and stretching was clear ev he strength of the astronomical tradition ‘and in tryin 1:0 conllo?e:t)e
dence that a radically new approach was imperatively required. By the explanation we shall be temporarily fed away fromg astrono:ﬁical
Copernicus’ predecessors, to whom exactly the same sorts of instn sroblems altogether. The two-sphere universe provided a fruitful guide
ments and observations were available, had evaluated the same situ 5 the sclution of problems outside as well as inside astronom Bguthe
tion quite differently. What to Copernicus was stretching and patc} end of the fourth century B.C. it had been applied not only. tc): the
ing was to them a natural process of adaptation and extension, muc roblem of the planets, but also to terrestrial problems, like tlfe fall of
like the process which at an earlier date had been employed to inco  leaf and the flight of an arrow, and to spiritual prt;blems like the
porate the motion of the sun into a two-sphere universe designed in elation of man to his gods. If the two-sphere universe, and a’rticularl
itially for the earth and stars. Copernicus’ predecessors had little doub hie conception of a central and stable earth, then sez;med It)he indubi}-r
that the system would ultimately be made to work. able starting point of all astronomical res’earch this was primaril
In short, though scientists undoubtedly do abandon a conceptu secause the astronomer could no longer upset the’two-s herepuniver d
scheme when it seems in irreconcilable conflict with observation, t_h sithout overturning physics and religion as well Fundgmental a trse
emphasis on logical incompatibility disguises an essential prob]em omical concepts had become strands in a far lar.er fabric of tho . hot-
What is it that transforms an apparently temporary discrepancy inb nd the nonastronomical strands could be as img ortant as the .: %r ,
an inescapable conflict? How can a conceptual scheme that one ge:: omical in binding the imagination of astronomeprs The stor ofstl?(;
eration admiringly describes as subtle, flexible, and complex becom opernican Revolation is not, therefore, simply a St(.) of astr)(;p
for a later generation merely obscure, ambiguous, and cumbersome nd the skies, ’ ' 4 " omers
Why do scientists hold to theories despite discrepancies, and, havin
held to them, why do they give them up? These are problems in th:
anatomy of scientific belief. They are the primary concern of the ne;
two chapters, which set the stage for the Copernican Revolution propé
Our immediate problem, however, is the analysis of the grip &
erted upon men’s minds by the ancient tradition of astronomical r
search. How could this tradition provide a set of mental grooves th

guided the astronomical imagination, limited the conceptions avai
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 But the technical obscurity of the De Revolutionibus, though it
ust be recognized at the start, is neither the most difﬁc,ult nog the
ost important sort of problem inherent in Copernicus’ work, The
rincipal difficulties of the De Revolutionibus and the ones th;lt we
ay not evade arise rather from the apparent incompatibility between
at text and its role in the development of astronomy. In its conse-
quences the De Revolutionibus is undoubtedly a revolutionary work
m it derive a fundamental]y new approach to planetary astronom ‘
. first accurate and simple solution of the problem of the Ianet):
and ultimately, with other fibers added to the pattern, a nfw cos-’
mology. But, to any reader aware of this outcome, the De’ Revolutioni-
hus itself must be a constant puzzle and paradox, for, measured in
erms of its consequences, it is a relatively staid, sober, ,and unrevolu-
ionary work. Most of the essential elements by which we know the
_opernican Revolution — easy and accurate computations of planetar
osition, the abolition of epicycles and eccentrics, the dissolution 0);
e spheres, the sun a star, the infinite expansion of the universe —
ese and many others are not to be found anywhere in Copernicus’
cork. In every respect except the earth’s motion the De Revolutioni-
us scems more closely akin to the works of ancient and medieval
:-tronomers and cosmologists than to the writings of the succeedin
enerations who based their work upon Copernicus” and who madg
xplicit the radical consequences that even its author had not seen i
is work. )
- The significance of the De Revolutionibus lies, then, less in what
says itself than in what it caused others to say. The book gave rise
tn a revolution that it had scarcely enunciated, It is a revolution-makin
ther than a revolutionary text. Such texts are a relatively frequen%
d extremely significant phenomenon in the development of scientific
th'o.ught. They may be described as texts that shift the direction in
hich scientific thought develops; a revolution—making work is at once
he -culmination of a past tradition and the source of a novel future
ch’tion. As a whole the De Revolutionibus stands almost entirel
thin an ancient astronomical and cosmological tradition; yet withii
ts generally classical framework are to be found a few nov:alties which
hifted the direction of scientific thought in wavs unforeseen by its
thor and which gave rise to a rapid and comi)lete break With'. the
cient tradition. Viewed in a perspective provided by the his;cor)f of

COPERNICUS’ INNOVATION

Copernicus and the Revolution

The publication of Copernicus’ De Revolutionibus Orbiu
Caelestium in 1543 inaugurates the upheaval in astronomical and cos
mological thought that we call the Copernican Revolution. To th
point we have dealt only with the background of that Revolution, se
ting the stage upon which the Revolution occurred. Now we turn t
the Revolution itself, dealing first, in this chapter, with Copernicu
contributions to it. So far as possible we shall discover those contribu
tions in Copernicus’ own words, drawn from the De Revolutionibu
the book that presented the new astronomy to the world. Almost im
mediately we shall encounter difficulties and incongruities upon whose
resolution depends our understanding of the Copernican Revolutio
or, since that Revolution is in many respects typical, of any othe
major conceptual upheaval in the sciences.

The De Revolutionibus is for us a problem text. Some of its prob
lems derive simply from the intrinsic difficulties of its subject matte
All but the introductory First Book is too mathematical to be rea
with understanding by anyone except a technically proficient astron
mer. We must deal with its essential technical contributions in rel
tively nonmathematical paraphrase, much like that employed in trea
ing the Almagest, and we shall by-pass in this process certain of th
essential problems that the De Revolutionibus presented to its six
teenth-century readers. Had Copernicus propounded the new astrol
omy in the simplified form to which we shall frequently resort in th
chapter, its reception might have been quite different. Opposition t
a more comprehensible work might, for example, have been marshalé
sooner. Our first problem is therefore the barrier which a lack
technical proficiency places between us and the central books of th

work that inaugurated the Revolution.
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P_ernicus’ work the revolutionary conception of the earth’s motion
itially an anomalous by-product of a proficient and devoted astron-
s attempt to reform the techniques employed in computing
etary position. That is the first significant incongruity of the De
volutionibus, the disproportion between the objective that moti-
ted Copernicus’ innovation and the innovation itself. It can be dis-
red almost at the start of the prefatory letter that Copernicus
fxed to the De Revolutionibus in order to sketch the motive, the
wree, and the nature of his scientific achievement.!

astronomy, the De Revolutionibus has a dual nature, It is at o
ancient and modern, conservative and radical. Therefore its signg
cance can be discovered only by looking simultaneously to its pa
and to its future, to the tradition from which it derived and to

tradition which derives from it, _
That double view of a single work is the principal problem of
chapter. What is the relation of Copernicus to the ancient astron
cal tradition within which he was educated? More precisely, wh
aspects of that tradition led him to believe that some astronomnii
innovation was essential, that certain aspects of ancient cosmology TO THE MOST HOLY LORD, POPE PAUL I

and astronomy must be rejected? And, having resolved to break The Proface of Nicholas Copernicus to the
an old tradition, to what extent was he still necessarily bound by Books of the Revolutions

as the only source of those intellectual and observational tools I may well presume, most Holy Father, that certain people, as soon as
quired for the practice of astronomy? Again, what is Copernicus’ re y hear that in this book about the Revolutions of the Spheres of the Uni-
tion to the tradition of modern planetary astronomy and cosmolog erse I ascribe movement to the. earthly globe, will cry out that, holding
Given the limitations imposed by the training and tools of classi uch views, I should at once be hissed off the stage. For I am not so pleased

T . . . - my own work that T should fail duly to weigh the judgment which
astronomy, what creative innovations could his work contain? H ers may pass thereon; and though I know that the speculations of a

could those innovations, which ultimately produced a radically _ __.éW osopher are far removed from the judgment of the multitude — for his
astronomy and cosmology, be embedded initially in a predominantl s to seek truth in all things as far as God has permitted human reason
classical frame? And how could those novelties be recognized a o do—yet I hold that opinions which are quite erroneous should be

i bl and their corollaries voided.
adoptted bt}f hl; :}?: izislogzﬁﬁﬁzies E;‘(ihee?)lse Bevolutionibus or of Thinking therefore within myself that to ascribe movement to the Earth
symptomatic o

e L et ust indeed seem an absurd performance on my part to those who know
scientific work which, though born within one tradition of scienti at many centuries have consented to the establishment of the contrary

thought, is the source of a new tradition that ultimately destroys. dgment, namely that the Earth is placed immovably as the central point
Parent.‘ ' he middle of the Universe, I hesitated long whether, on the one hand,

: ould give to the light these my Commentaries written to prove the
Motives for Innovation — Copernicus’ Preface afth’s motion, or whether, on the other hand, it were better to follow

: . h 1 f Furcpeans wh example of the Pythagoreans and others who were wont to impast their
Copernicus is among that small group ot Hurop ailosophic mysteries only to intimates and friends, and then not in writing

first revived the full Hellenistic tradition of technical mathemafica by word of mouth, as the letter of Lysis to Hipparchus witnesses. [This
astronomy which in antiquity had culminated in the work of PtoI'e. etter, which Copernicus had at one time intended to include in the De
The De Revolutionibus was modeled on the Almagest, and it w Revolutionibus, describes the Pythagorean and Neoplatonic injunction against
directed almost exclusively to that small group of contempor 5 aling Bah.ll'(;l’s secrets t;ﬁthose whol are not ‘in‘itia’fes f’f a rnysticz}l cult,
astronomers equipped to read Ptolemy’s treatise. With Copernicus:w e:_erelnc‘; tl(\)l i I(?{:e e_xem% 1es C‘;P‘fmlﬁijus 1Pa:hcﬁpat10n mI the Re}u‘gsmnce
return for the first time to the sort of technical astronomical probler viva' of Neoplalonism ciscussed in the last chapter.] In my judgment

- ey did so not, as some would have it through jealousy of sharing their
with which we last dealt in Chapter 3 when examining the develo etrines, but as fearing lest these so noble and hardly won discoveries of

Ptolemaic system. In fact we return to the same problem. The _ ¢ learned should be despised by such as either care not to study aught
Revolutionibus was written to solve the problem of the planets, whic ve for gain, or —if by the encouragement and example of others they are
Copernicus felt, Ptolemy and his successors had left unsolve imulated to philosophic liberal pursuits — yet by reason of the dullness of
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their wits are in the company of philosophers as drones among bees. I
flecting thus, the thought of the scorn which I had to fear on account of th

novelty and incongruity of my theory, well-nigh induced me to aban:'df

ns [like the use of the equant] which seem to violate the first principle
{ uniformity in motion. Nor have they been able thereby to discern or
ce the principal thing—na;nely the shape of the Universe and the
g gt . Qhangeable symmetry of its parts. With them it is as though an artist
These misgivings and actual protests have been overcome by my .fr1en: re tq gather the hands, feet, head and other members for his images

.. Lono of whom] often urged and even importuned me to publish th m diverse moé.lels, each. part excellently drawn, but not related to a
work which T had kept in store not for nine years only, but to a fourth peri ingle body, and since they in no way match each other, the result would be
of nine years, . . . They urged that I should not, on account of my fe onster ra.a.t.her than man, So in the course of their exposition, which the
rofuse any longer to contribute the fruits of my labors to the common a ‘a;her'nat.lcmns call their system, . . . we find that they have either omitted
vantage of those interested in mathematics. They insisted that, though mdlsper}sable detail or introduced something foreign and wholly
theory of the Earth’s movement might at first seem strange, yet it.wm_i_ "e_le?rant. Th]s_ woul'd of a surety not have been so had they followed fixed
appear admirable and acceptable when the publication of my elucidato i clples;. for if their hypot.heses were not misleading, all inferences based
ereon might be surely verified, Though my present assertions are obscure,

comments should dispel the mists of paradox. Yielding then to their p'__ tereon .
suasion I at last peymitted my friends to publish that work which they ha ey will be made clear in dus course.

=

so long demanded. ) ) :
That T allow the publication of these my studies may surprise yo An honest appraisal of contemporary astronomy, says Copernious

Holiness the less in that, having been at such travail to attain them, _I hagd ows that the earth-

already not scrupled to commit to writing my thoughts upon the motion ¢ 0 lose. Th h C.e.ntered appl.‘oach to the prob.lem of the planets

the Earth, [Some years before the publication of the De Revolutionibiss opeless. e traditional techniques of Ptolemaic astronomy have

Copernicus had circulated among his friends 2 short manuscript called t t and will not solve that problem; instead they have produced a

Commentariolus, describing an earlier version of his sun-centered astro nster; there must, he concludes, be a fundamental error in the basic

omy. A second advance report of Copernicus” major f W()ﬂl(,S 4%‘3 gam neepts of traditional planetary astronomy. For the first time a tech-
; fons i : i and aga : .

P”;”;}i’)]’ goper;m*“s SEUdde::’ ihZZEEZEVZaquEP;aZI?on lzf the Earth go cally competent astronomer had rejected the time-honored scientific

in . ow 1 came to dare » © e .\ i - . .

trary to the received opinion of the Mathematicians and indeed contra ition for xjeasons mtex.'nal to his science, and this professional aware-

to the impression of the senses, is what your Holiness will rather expect 55 of technical fallacy maugurated the Copernican Revolution, A felt

hear. So I should like your Holiness to know that I was induced to th'} | cessity was the mother of Copernicus’ invention, But the feeling of

of a method of computing the motions of the spheres by nf)thmg elb:e th necessity was a new one. The astronomical tradition had not previ-

the kqowledge that the Mathematicians are inconsistent in these 1n}r§s ﬂusly seemed monstrous, By C opernicus’ time a metarnorphosis had
ations. : ; & PR "1 .

& For, first, the mathematicians are so unsure of the movements of curred, and Copernicus preface brllhantly describes the felt causes

Sun and Moon that they cannot even explain or observe the constant length fhﬂt tran.sform.ation.
of the seasonal year, Secondly, in determining the motions of these a -Copernicus and his contemporaries inberited not only the Alma-

of the other five planets, they use neither the same principles and hYI?Uth_"f st but also the astronomies of many Islamic and a few European
nor the same demonstrations of the apparent motions and rev(gugons[ .-b stronomers who had criticized and modified Ptolemy’s syster. These
some use only homocentric 01r'cles [the Arls'toteh_an sy.stem, erive he men to whom Co pernicus refers as “the mathematicians” One
Aristotle from Eudoxus and Callippus, and revived in Europe shortly bef o d added btracted a f i

Copernicus’ death by the Italian astronomers Fracastoro and Amici], whil ;X or subtracted a tew small c?rcles; another had employed
others [employ] eccentrics and epicycles. Yet even by these means they .PIC)’CIB to account for a planetary irregularity that Ptolemy had
not completely attain their ends. Those who have relied on homocentri ginally treated with an eccentric; still another had invented a means
though they have proven that some different motions can be compountf_ nknown to Ptolemy of accounting for small deviations from the
therefrom, have not thereby been able.fuﬂy tOh GStaghSl} ZSYSten:ri‘:_};mh otion predicted by a one-epicycle one-deferent system; others had,
agrees with the phenomena. Those again who have devised eccen h new measurements, altered the rates at which the compounded

tems, though they appear to have well-nigh established the seeming mo ! €
by calculations agreeable to their assumptions, have yet made many adm cles of Ptolemy’s system rotated, There was no longer one Ptolemaic
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system, but a dozen or more, and the number was multiplying rapi sconstrued during the process of transmission. No simple planetary
with the multiplication of technically proficient astronomers. All th sstem — Ptolemy’s, Copernicus’, Kepler’s, or Newton’s — could have
systems were modeled on the system of the Almagest, and all w _;’jced to order the data that Renaissance astronomers thought they
therefore “Ptolemaic.” But because there were so many variant gy ad to explain, The complexity of the problem presented by Renais-
tems, the adjective “Ptolemaic” had lost much of its meaning, . anice data transcended that of the heavens themselves. Copernicus
astronomical tradition had become diffuse; it no longer fully specifie 45 himself a victim of the data that had originally aided him in
the techniques that an astronomer might employ in computing plane ejecting the Ptolemaic system. His own system would have given far
tary position, and it could not therefore specify the results that- ter results if he had been ag skeptical about his predecessors” ob-
would obtain from his computations. Equivocations like these deprive rvations as he was about their mathematical systems.
the astronomical tradition of its principal source of internal strength Diffuseness and continued inaccuracy — these are the two prin-
Copernicus’ monster has other faces. None of the “Ptolemaic” Bk pal characteristics of the monster described by Copernicus. In so
tems which Copernicus knew gave results that quite coincided wit as the Copernican Revolution depended upon explicit changes
good naked-eye observations. They were no worse than Ptolemy’s r : in the astronomical tradition itself, these are its major sources,
sults, but they were also no better. After thirteen centuries of fruit]je_‘s ut they are not the only ones. We may also ask why Copernicus was
resecarch a perceptive astronomer might well wonder, as Ptole le to recognize the monster. Some of the tradition’s apparent meta-
could not have, whether further attempts within the same trad orphosis must have heen in the eye of the beholder, for the tradition
could conceivably be successful. Besides, the centuries that had intes id been diffuse and inaccurate before. In fact we have already con-
vened between Ptolemy and Copernicus had magnified the errors [ ered this question. Copernicus’ awareness of monstrosity depended
the traditional approach, thus providing an additional source of dis on that larger climate of philosophical and scientific opinion whose
content. The motions of a system of epicycles and deferents are no _ngsis and nature were described in the last chapter. From the state
unlike those of the hands of a clock, and the apparent error of a cloc f contemporary astronomy a man without Copernicus’ Neoplatonic
increases with the passage of time, If a clock loses, say, 1 second pe as might have concluded merely that the problem of the planets
decade, its error may not be apparent at the end of a year or the en uld have no solution that was simultaneously simple and precise.
of ten. But the error can scarcely be evaded after a millenium, whe imilarly, an astronomer unacquainted with the tradition of scholastic
it will have increased to almost 2 minutes. Since Copernicus and -his ':t__ip‘l'sm might have been unable to develop parallel criticisms for
contemporaries possessed astronomical data extending over a time spa s own field. These and other novelties developed in the last chapter
thirteen centuries longer than that covered by Ptolemy’s data, the main currents of Copernicus’ time. Though he seems unaware of
could impose a far more sensitive check upon their systems. The e, Copernicus was carried by these philosophical currents, as his
were necessarily more aware of the errors inherent in the ancier ontemporaries were unwittingly carried by the motion of the earth.
approach, . pernicus’ work remains incomprehensible unless viewed in its rela-
The passage of time also presented the sixteenth-century astrono '(.’ to both the internal state of astronomy and the larger intellectual
mer with a counterfeit problem which ironically was even more effet Ilmate of the age. Both together produced the monster.
tive than the real motion of the planets in fostering recognition iscontent with a recognized monster was, however, only the first
the errors in the Ptolemaic method. Many of the data inherited by ep toward the Copernican Revolution. Next came a search whose
Copernicus and his colleagues were bad data which placed the plane'_ eginnings are described in the- remaining portions of Copernicus’
and stars in positions that they had never occupied. Some of th refatory letter: _
erroneous records had been collected by poor observers; others ha I pondered long upon this uncertainty of mathematical tradition in estab-

once been based upon good observations but had been miscopied o hing the motions of the system of the spheres. At last I began to chafe
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that philosophers could by no means agree on any one certain theor g to bear in support of my judgment. But that learned and unlearned
the mechanism of the Universe, wrought for us by a supremely good: ike may sece that I shrink not from any man’s criticism, it is to your Holi-
orderly Creator, though in other respects they investigated with meticuly ‘rather than anyone else that I have chosen to dedicate these studies
care the minutest points relating to its circles. [Note how Copernicus equg ine, since in this remote corner of Earth in which I live you are re-
“orderly” with “mathematically neat,” an aspect of his Neoplatonism rded as the most eminent by virtue alike of the dignity of your Office and
which any good Aristotelian would have vehemently dissented. There jour love of letters and science. You by your influence and judgment
other sorts of orderliness.] I therefore took pains to read again the work readily hold the slanderers from biting, though the proverb hath it that
all the philosophers on whom I could lay hand to seek out whether . cre is no remedy against a sycophant’s tooth. It may fall out, too, that
of them had ever supposed that the motions of the spheres were other ~ babblers, ignorant of mathematics, may claim a right to pronounce a
those demanded by the mathematical schools. I found first in Cicero. th dgment on my work, by reason of a certain passage of Scripture basely
Hicetas [of Syracuse, fifth century B.c.] had realized that the Earth move _ wisted to suit their purpose. Should any such venture to criticize and carp
Afterwards I found in Plutarch that certain others had held the like op -my project, I make no account of them; I consider their judgment cash
I think fit here to add Plutarch’s own words, to make them accessibl id utterly despise it. I well know that even Lactantius, a writer in othe;
all: : ays distinguished but in no sense a mathematician, discourses in a most
“The rest hold the Earth to be stationary, but Philolaus the Pythagorean dish fashion touching the shape of the Earth, ridiculing even those who
{ffth century B.c.] says that she moves around the [central] fire o stated the Earth to be a sphere. Thus my supporters need not be
obligue circle like the Sun and Moon. Heraclides of Pontus and Ecphanl muzed if some people of like sort ridicule me too,
the Pythagorean [fourth century ».c.] also make the Earth to move; Mathematics are for mathematicians, and they, if I be not wholly de-
indeed through space but by rotating round her own center as a whe_' ived, will hold that these my labors contribute somewhat even to the
an axle from West to Fast.” ommonwealth of the Church, of which your Holiness is now Prince. For
Taking advantage of this I too began to think of the mobility of H long since, under Leo X, the question of correcting the ecclesiastical
Earth; and though the opinion seemed absurd, yet knowing now that oth \ ndar was debated in the Council of the Lateran. It was left undecided
before me had been granted freedom to imagine such circles as they ch r the sole cause that the lengths of the years and months and the motions
to explain the phenomena of the stars, I considered that I also m he Sun and Moon were not held to have been yet determined with
easily be allowed to try whether, by assuming some motion of the E sufficient exactness. From that time on I have given thought to their more
sounder explanations than theirs for the revolution of the celestial sphe rate observation, by the advice of that eminent man Paul, Lord Bishop
might so be discovered. of Sempronia, sometime in charge of that business of the calendar. What
Thus assuming motions, which in my work 1 aseribe to the Earth sults 1 have achieved therein, I leave to the judgment of learned mathe-
long and frequent observations I have at last discovered that, if the mo aticlans and of your Holiness in particular. And now, not to seem to promise
of the rest of the planets be brought into relation with the circulatio ur Holiness more than I can perform with regard to the usefulness of the
the Earth and be reckoned in proportion to the circles of each planet, ork, I pass to my appointed task.
only do their phenomena presently ensue, but the orders and magnitu . .
of all stars and spheres, nay the heavens themselves, become so boun Mathematics are for mathematicians.” There is the first essential
gether that nothing in any part thereof could be moved from its Place v congruity of the De Revolutionibus. Though few aspects of West-
out producing confusion of all t}Te otherhparfs rimd aft thte‘kT:Inlvggéz;Zm 1 thought were long unaffected by the consequences of Copernicus’
whole, . . . [Copernicus here peints to the single most striking L k, that work itself was narrowly technical and professional. It was

between his system and Ptolemy’s. In the Copernican system it is no lom " cal ol
possible to shrink or expand the orbit of any one planet at will, hold cmatical planetary astronomy, not cosmology or philosophy,

the others fixed. Observation for the first time can determine the order:; at. Copernicus found monstrous, and it was the reform of mathe-
the relative dimensions of all the planetary orbits without resort to: atical astronomy that alone compelled him to move the earth. If his
hypothesis of space-filling spheres, We shall discuss the point more f _ contemporaries were to follow him, they would have to learn to under-
when we compare Copernicus’ system with Ptolemy’s. ] d his detailed mathematical arguments about planetary position,

1 doubt not that gifted and learned mathematicians will agree wi :
if they are willing to comprehend and appreciate, not superficially: d they Would.have to take. these abstruse arguments more seriously
thoroughly, according to the demands of this science, such reasoning ! the first evidence of their senses. The Copernican Revolution was

=
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not primarily a revolution in the mathematical techniques e'mlploye'; ad af least .to make it possible for his contemporaries to congejye
to compute planetary position, but it began as one. In recog.mzmg th garth’s motion; he had 'tO show that the CONSCQUENCes of the
need for and in developing these new techniques, Copernlct}s mad on were not so d.evastatlng as they were com.m(?nly SU_PPOSed_'.to
his single original contribution to the Revolution that bears his nam: Therefore Copernicus (?pened the De Revolutionibus with g hon-

Copernicus was not the first to suggest the earth’s motion, and k ical sketch ?f .the universe tlllat he had const‘ructed to house. a
did not claim to have rediscovered the idea for himself. In his prefac oving earth. His introductory First Book was directed to laymen,
he cites most of the ancient authorities who had argned that the eart it included all t.he arguments t.hat he.tl-lought he could make
was in motion. In an earlier manuscript he even refers to Aristarchy . sible to those without astronomical tra‘znu‘ng.
whose sun-centered universe very, closely resembles his own. Althoug] Those arguments are profoundly unconvimeing. Excel.)t when they
he fails, as was customary during the Remaissance, to mention h e‘rive. f‘rom mthematlcal analyses that Copernicus fallc.ed to ma'ke
more immediate predecessors who had believed that the earth licit in the First .Book, they were rfot new, and they did n'ot quite
or could be in motion, he must have known some of their work. He ma form to 'the details of the astronomical system t.hat Coperl?lcus was
not, for example, have known of Oresme’s contributions, but he deyelop in the later bt?oks. Only a man who, like Copernicus, had
probably at least heard of the very influential treatise in which th_ th reasons for supposing that t}.le 'earth mf)ved 001‘11{1 have taken
fifteenth-century Cardinal, Nicholas of Cusa, derived the motion g ¢ First Boo'k of the Pe Hevol?:twmbus entirely seriously.
the earth from the plurality of worlds in an unbounded Neoplato i _.ut the F-'lrst Bocrk is not Px?lmportrimt. Its. very weak'nes§es fore-
universe. The earth’s motion had never been a popular concept, | dow the incredulity and ridicule with which Coperm.cus system
by the sixteenth century it was scarcely unprecedented. What was un onld be. greet:sd by those who could not follow the detailed mathe-
precedented was the mathematical system that Copernicus built upo jeal flzscussvlon of the subse.quent books. Its repeated depende.nce
the earth’s motion. With the possible exception of Aristarchus, Cop i AI‘ISt'Ot(:BhaIl and scholastic concept? and- ]‘aWS show. h(.)w little
nicus was the first to realize that the earth’s motion might solve. a n-.'Cop'ermcus was able to transcrlsm.i hl.s tran‘nng and h?s times ex-
existing astronomical problem or indeed a scientific problem of . in hx.s own na'n.row field of_spema]lza'hon. Fmally,‘ the incomplete-
sort. Even including Aristarchus, he was the first to develop a detaile n.d' incongruities of the Fxrst.]?ook illustrate again the (.:oherence
account of the astronomical consequences of the earth’s motion. G ; ditional cosrinology and trac'!xtlonal z:tstronomy. Copernfcus,- who

icus” mathematics distinguish him from his predecessors, and . led to re?rolut-lor.i by ast-ronomlcal motives only and who mev1t.ably
szr:ll(rll part because of the mathematics that his work inaugurate ed. to restrict his innovation to astronomy, could not evade entirely

luti theirs had not destructive cosmological consequences of the earth’s motion.
revolution as . :

BOOK ONE

Copernicus’ Physics and Cosmology 1. That the Universe is Spherical.

For Copernicus the motion of the earth was a by-product

the problem of the planets. He learned of the earth’s motion by ﬁer because that figure is the most perfect, as not being articulated
amining the celestial motions, and, because the celestial motions ole and complete in itself; or because it is the most capacious and
to hi ga transcendent importance, he was little concerned about. refore best suited for that which is to contain and preserve all things
0 nmm » :

difficulties that his innovation would present to normal men wh Il solids with a given surface the sphere has the greatest volume]; or
ifficulties

| C icus could Tio ecause all the perfect parts of jt, namely, Sun, Moon and Stars,
concerns were predominantly terrestrial. But Copernicu 0 formed; or because all things tend to assume this shape, as is seen

quite ignore the problems that the earth’s motion raised for thios ase of drops of water and liquid bodies in general if freely formed.
whose sense of values was less exclusively astronomical than his o ne doubts that such a shape has been assigned to the heavenly bodies.
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9. That the Earth also is Spherical. hus we know now that the Earth is inhabited to a greater longitude than
The Earth also is spherical, since on all sides it inclines {or falls] towa _ This will more evidently appear if we add the islands found in our own
the center. . . . As we pass from any point northward, _the North P ¢ under the Princes of Spain and Portugal, particularly America, a
of the daily rotation gradually rises, while the other pole su'lks correspon nd named 'after the Captain who discovered it and, on account of itg
ingly and more stars near the North Pole cease to set, w‘hﬂe certain s; __gxplored size, reckoned as another Majuland — besides many other islands
in the South do not rise. . . . Further, the change in altitude of the pél therto unknown. We thus wonder the less at the so-called Antipodes or
is always proportional to the distance traversed on the Earth, whiclll cotli _tmhthones [the inhabitants of the other hemisphere]. For geometrical
not be save on a spherical figure. Hence the Earth must be finite 3 gument c%emands that the Mainland of Americs on account of its position
spherical. . . . [Copernicus concludes the chapter with a few more ar ¢ diametrically opposite to the Ganges basin in India. . . ,
ments for the earth’s sphericity typical of the classical sources that we ha

already examined. ] 4. That the Motion of the H eavenly Bodies is Uniform, Circular,

and Perpetual, or Composed of Circular Motions.

- We I;DW notehthat t}(;e motion of heavenly bodies is circular. Rotation
natural to a sphere and by that very act is its sh .
The waters spread around the Earth form the seas and fill the Tow we deal with thle)z simplest ki);d of bod);, whlesreitsl neailtfe: Jg;rgisrf:‘imgFggriig
declivities. The volume of the waters must be less than thf:lf: of -the Ea}’_t}_l "'gy be discerned nor, if it rotate ever in the same place, may the one be
else they would swallow up the land (since both, by tht?ll‘ weight, pr tinguished from the other, ’
toward the same center), Thus, for the safety of living things, stretch Because there are a multitude of spheres, many motions occur, Most
the Earth are left uncovered, and also numerous islands wid'ely scatter dent to sense is the diurnal rotation . . .,marking day and nig.ht. B
Nay, what is a continent, and indeed the whole of the Mainland, but motion the whole Universe, save Earth alone, is thought to glide fron{
vast island? . . . - t to West, This is the common measure of all motions, since Time i
[Copernicus wishes, in this chapter, to show both that the terrestr umbered in days. Next we see other revolutions inncst:)ntlzst:,3 a’ilr;lte\:rtesre;f
globe is predominantly made of earth and that water an'd eartb togeth ith this daily motion and opposing it from West to East, Such opposiné
are required to make the globe a sphere. Presumably h‘? 18 ‘OO‘““S ahgad tions are those of Sun and Moon and the fve planets. . . .
Earth breaks up less easily than water when moved; motion of a solid gl - But these bodies exhibit various differences in their motion. First their
is more plausible than of a liquid one. Again, Copernicus will finally sa es are not that of the diurnal rotation, but of the Zodiac, which is oblique
that the earth moves naturally in circles because it is a sphere (see C_h. ereto, Secondly, they do not move uniformly even in ,their own orlgts-
ter 8 of his First Book, below}. He therefore needs to show that both eart are not Sun and Moon found now slower, now swifter in their coursesi;
and water are essential to the composition of the sphere, in order that urther, at times the five planets become st,ationary at one point and an-
will participate together in the sphere’s natural m(.)tion. The passage 13 ther and even go backward, . . , urthermore, sometimes they approach
particular interest, because in documenting his view of the structure: ¢ rth, being then in Perigee, while at other times receding they are in
the earth Copernicus displays his acquaintance with the recent voyage Jogee.
of discovery and with the corrections that must consequently be made . Nevertheless, despite these irregularities, we must conclude that the
Ptolemy’s geographical writings. For example, he says: : motions of these bodies are ever circular or compounded of circles. For the
If the terrestrial globe were predominantly water,] the dePth of (?cga_ egularities themselves are subject to a definite law and recur 'at stated
would constantly increase from the shore outwards, and so neltl}er islan nes, and this could not happen if the motions were not circular, for a
nor rock nor anything of the nature of land would be met by saﬂo.rs, h cle alone can thus restore the Place of a body as it was. So with tixe Sun
far soever they ventured. Yet, we know that between the Egyptian s lich, by a compounding of circular motions, brings ever again the chang-
and the Arabian Gulf, well-nigh in the middle of the great land-mass, 15 days and nights and the four seasons of the year. Now therein it mu%t
passage barely 15 stades wide. On the other hand, in his Cosmograph that divers motions are conjoined, since a simple celestial body cannot
Ptolemy would have it that the habitable land extends to the middle cin ve irregularly in a single circle. For such irregularity must come of un-
[of the earth, that is, through a hemisphere extending 180° eastwaf‘d 10 evenness either in the moving force (whether inherent or acquired) or in
the Canary Islands] with a terra incognita beyond where modern dlSCf)V form of the revolving body. Both these alike the mind abhors regarding
has added Cathay and a very exteusive region as far as 60° of longitu most perfectly disposed bodies,

3. How Earth, with the Water on it, forms one Sphere.
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It is then generally agreed that the motions of Sun, Moon, and Plan
do but seem irregular either by reason of the divers directions of th
axes of revolution, or else by reason that Earth is not the center of
circles in which they revolve, so that to us on Earth the displacements.
these bodies [along their orbits] seem greater when they are near [t
oarth] than when they are more remote (as is demonstrated in optics [or
everyday observation — boats or carriages always seem to move by mo
quickly when they are closer]). Thus, equal [angular] motions of a sphe
viewed from different distances, will seem to cover different distances. ich the rotation of the Heavens is seen. If then some motion of Earth be
equal times. It is therefore above all needful to observe carefully the re umed it will be reproduced in external bodies, which will seem to move in
tion of the Earth toward the Heavens, lest, searching out the things: opposite direction,
high, we should pass by those nearer at hand, and mistakenly ascribe eart Consider first the diurnal rotation. By it the whole Universe, save Earth
qualities to hoavenly bodies. * ' ne and its contents, appears to move very swiftly. Yet grant that Farth

, . P olves from West to East, and you will find, if you ponder it, that my con-
Copernicus here provides the fullest and most forceful version tha jon is right. Tt is the vault of Heaven that contains all things, and why

we have yet examined of the traditional argument for restricting. th hould not motion be attributed rather to the contained than to the con-
motions of celestial bodies to circles. Only a uniform circular motion r, to the located than the locater? The latter view was certainly that of
or a combination of such motions, can, he thinks, account for the regu eraclides and Ecphantus the Pythagorean and Hicetas of Syracuse (ac-
lar recurrence of all celestial phenomena at fixed intervals of time: § ding to Cil?er?)- All of them made the Earth ratate in the midst ?f the
far every one of Copernicus’ arguments is Aristotelian or scholas verse, believing that the Stars set owing to the Earth coming in the

Tt s - - ) ay, and rise again when it has passed on.
and his universe is indistinguishable from that of traditional cosmoloy 1t this [possibility of the carth’s motion] is admitted, then a problem mo

In some respects be is even more Aristotelian than many of his prﬁ'd grave arises about the Earth’s position, even though almost everyone
cessors and contemporaries. He will not, for example, consent to th hitherto held that the Earth is at the center of the Universe. [Indeed, if

violation of the uniform and symmetric motion of a sphere that is m earth can move at all, it may have more than a simple axial motion about
‘center of the Universe. It may move away from the center altogether,

there are some good astronomical reasons for supposing that it does.]
. : : h
The radical Copernicus has so far shown himself a thoroughgo - grant that Earth is not at the exact center but at a distance from it

conservative. But he cannot postpone the introduction of the earth hich, while small compared [with the distance] to the starry sphere, is yet
motion any longer. He must now take account of his break with trad siderable compared with [the distances to] the spheres of the Sun and
tion. And strangely enough, it is in the break that Copernicus show other planets. Then calculate the consequent variations in their seeming
his dependence on the tradition most clearly. In dissent he still' ¥ ions, assuming these {H,IOinHS] to be really uniform and about some

] ible an Aristotelian. Beginning in the 8 nter other than the Earth’s. One may then perbaps adduce a reasonable
mains as nearly as possivle 8 se for the irregularity of these variable motions, And indeed since the
chapter, below, and culminating in the general discussion of moti

lanets are seen at varying distances from the Earth, the center of Earth
in the eighth and ninth chapters, Copernicus suggests that becau urely not the center of their circles. Nor is it certain whether the Planets

the earth is a sphere, like the celestial bodies, it too must participa ove toward and away from Earth, or Earth toward and away from them.

in the compounded circular motions which, he says, are natural to is therefore justifiable to hold that the Earth has another motion in addi-

on to the diurnal rotation, That the Earth, besides rotating, wanders with

veral motions and is indeed a Planet, is a view attributed to Philolaus

5. Whether Circular Motion belongs to the Earth; 1o Pythagorean., no mean mathematician, and one whom Plato is said to
and concerning its position. ave sought out in Italy,

Since it has been shown that Earth is spherical, we now consid Copernicus is here pointing to the most immediate advantage for
whether her motion is conformable to her shape and her position in:t stronomers of the concept of a moving earth. If the earth moves in

erse. Without these we cannot construct a proper theory of the heavenly
omena. Now authorities agree that Earth holds firm her place at the
ter of the Universe, and they regard the contrary as unthinkable, nay as
urd. Yet if we examine more closely it will be seen that this question is
o settled, and needs wider consideration.

‘A seeming change of place may come of movement either of object or
erver, or again of unequal movements of the two (for between equal
parallel motions no movement is perceptible)., Now it is Earth from

plicit in the use of an equant.

sphere.
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an orbital circle around the center as well as spinning on its axis, | it, they would all rush together to the center if not stopped at the surface.

at least qualitatively, the retrograde motions and the different tiy w those things which move towards the center must, on reaching it, re-

required for a planet’s successive journeys around the ecliptic ca in at rest, Much more then will the whole Earth remain at rest at the

explained without the use of epicycles. In Copernicus’ system nter of the Universe. Receiving all falling bodies, it will remain immov-
. it ight.

major irregularities of the planetary motions are only apparent. V. le by its own weig

nother argument is based on the supposed nature of motion. Aristot]
from a moving earth a planet that in fact moved regularly would appe B w ;

ays that motion of a single and simple body is simple. A simple motion may
to move irregularly. For this reason, Copernicus feels, we should ¢ either straight, or circular. Again a straight motion may be either up or

lieve in the orbital motion of the earth. But, strangely enough, in wn. So every simple motion must be either toward the center, namely
parts of his work accessible to the lay reader, Copernicus n Wﬂwaff*» or away fro{n the center, name.ly “Pf’mrd’ or round t.he center,
demonstrates this point any more clearly than he has above. Nor dg namely circular. [That is, according to Aristotelian and scholastic physics,
he demonstrate the other astronomical advantages that he cites ] tural motions, the only motions that can occur without an external push,

5 re caused by the nature of the body that is in motion, The natural motion of
where. He asks the nonmathematical reader to take them for granté ch of the simple bodies (the five elements — earth, water, air, fire, and

though they are not difficult to demonstrate qualitatively, Only: jether) must itself be simple, because it is a consequence of a simple or
g 4 q 4 y p q £ P

the later books of the De Revolutionibus does he let the real adva cntary nature. Aﬂd,_ﬁ“all){, there are only three (geometrically) simple

tages of his system show, and since he there deals, not with retrogf motions within the spherical universe: up, down, circularly about the center.]

. e . it is a property only of the h 1 t
motions in general, but with the abstruse quantitative details of t W it Is a property only e heavy elements carth and water to move

. . T wnward, that is, to seek the center. But the light elements air and fire move
retrograde motions of each individual planet, only the astronomical ward away from the center. Therefore we must ascribe rectilinear motion

initiate were able to discover what the earlier references to astr these four elements. The celestial bodies however have circular motion.
nomical advantages meant. Copernicus’ abscurity may have been ¢ far Aristotle.

liberate, for he had previously referred with some approval to 4 If then, says Ptolemy, Earth moves at least with a diurnal rotation, the
Pythagorean tradition which dictated withhol ding nature’s seci ult must be the reverse of that described above. For the motion must be

X . , excessive rapidity, since in 24 hours it must impart a complete rotation
from those not previously purified by the study of mathf.amatlcs (a the Earth. Now things rotating very rapidly resist cohesion or, if united,
by other more mystical rites). In any case, the obscurity helps ¢ apt to disperse, unless firmly held together. Ptolemy therefore says that
plain the way in which his work was received. ' rth would have been dissipated long ago, and (which is the height of

In the next two sections we shall consider the astronomical o urdity) would have destroyed the Heavens themselves; and certainly all
sequences of the earth’s motion in detail, but we must first comple ng creat.u res and other heavy bodies free to move c?um nat have re-
c L, 1 sketch of vhysi d ) Omitting f '.t' ed on its surface, but must have been shaken off. Neither could falling

opernicus general sketch ol physics and cosmology. Umitting for:. ects reach their appointed place vertically beneath, since in the mean-
moment Chapter 6, Of the Vastness of the Heavens compared wi

time the Earth would have moved swiftly from under them. Moreover
the Size of the Earth, we proceed to the central chapters in whi uds and everything in the air would continually move westward. [Note

Copernicus, having asked indulgent readers to assume that astron t Copernicus has considerably elaborated Ptolemy’s original argument,
cal arguments necessitate the earth’s motion around the center, oted on p. 85. It is by no means clear that Ptolemy would have gone this
tempts to make that motion physically reasonable. 1

: 8. The Insufficiency of these Arguments, and their Refutation.
7. Why the Ancients believed that the Earth is af rest, 1
like a Center, in the Middle of the Universe. ‘For these and like reasons, they say that Earth surely rests at the center

the Universe. Now if one should say that the Earth moves, that is as
ch as to say that the motion is natural, not violent [or due to an external
1; and things which happen according to nature produce the opposite

The ancient Philosophers tried by divers . . . metheds to prove Ear
fixed in the midst of the Universe. The most powerful argument was dray

from'the doctrine of the hea‘vy and the' light. For, they argue, Ea{'th i_s ffeots to those which occur by violence. Things subjected to any force or
heaviest element, and all things of weight move towards it, tending to: npetus, gradual or sudden, must be disintegrated, and cannot long exist.
center. Hence since the Earth is spherical, and heavy things move vertica it natural processes being adapted to their purpose work smoothly, [That
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is, if the earth moves at all, it does so because it is of the nature of ej tion will be some sort of spiral, like the motion of a bug that crawls
to move, and a natural motion cannot be disruptive.] aight toward the center of a rotating potter’s wheel.}

Idle therefore is the fear of Ptolemy that Earth and all thereon woy That the motion of a simple body must be simple is true then primarily
be disintegrated by a natural rotation, a thing far different from an artific circular motion, and only so long as the simple body rests in its own
act. Should he not fear even more for the Universe, whose motion must: ural place and state. In that state no motion save cireular is possible, for
as much more rapid as the Heavens are greater than the Farth? Have the h motion is wholly self-contained and similar to being at rest. But if
Heavens become so vast because of their vehement motion, and would tha bjects move or are moved from their natural place rectilinear motion super-
collapse if they stood still? If this were so the Heavens must be of infin enes. Now it is inconsistent with the whole order and form of the Universe
size, For the more they expand by the force of their motion, the more rap 1at it should be outside its own place. Therefore there is no rectilinear
will become the motion because of the ever increasing distance to be otion save of objects out of their right place, nor is such motion natural to
versed in 24 hours. And in turn, as the motion waxes, must the immensi erfect objects, since by such a motion] they would be separated from
of the Heavens wax. Thus velocity and size would increase each the other ie whole to which they belong and thus would destroy its unity. . . .
to infinity. . . . Copernicus’ argument shows how quickly the traditional distinction be-

They say too that outside the Heavens is no body, no space, nay not een the terrestrial and the celestial regions must disappear when the
even void, in fact absolutely nothing, and therefore no room for the Heaven arth becomes a planet, for he is here simply applying a traditional argu-
to expand [as we have suggested above that they would], Yet surely it i ent about celestial bodies to the earth. Circular motion, whether simple
strange that something can be held by nothing. Perhaps indeed it will compound, is the nearest thing to rest. It can be natural to the earth
easler to understand this nothingness outside the Heavens if we assumg st as it has always been natural to the heavens, because it cannot disrupt
them to be infinite, and bounded internally only by their concavity, so tha the observed unity and regularity of the universe. Linear motion, on the
everything, however great, is contained in them, while the Heavens remain other hand, cannot be natural to any object that has achieved its own place,
immovable. . . . . r linear motion is disruptive and a natural motion that destroys the uni-

Let us then leave to Natural Philosophers the question whether the verse is absurd.]

Universe be finite or no, holding only to this that Earth is finite and sphe Further, we conceive immobility to be nobler and more. divine than
cal. Why then hesitate to grant Earth that power of motion natural to its change and inconstancy, which latter is thus more appropriate to Earth
[spherical] shaPe, rather than suppose a gliding round of the whole uni: _han to the Universe. Would it not then seem absurd to ascribe motion to
verse, whose limits are unknown and unknowable? And why not grant that _that which contains or locates, and not rather to that contained and located,
the diurnal rotation is only apparent in the Heavens but real in the Earth? namely the Earth?

It is but as the saying of Aeneas in Virgil — “We sail forth from the harbor, . Lastly, since the planets approach and recede from the Earth, both
and lands and cities retire.” As the ship floats along in the calm, all external their motion round the center, which is held [by Aristotelians] to be the
things seem to have the motion that is really that of the ship, while those Earth, and also their motion outward and jnward are the motion of one
within the ship feel that they and all its contents are at rest. ' body. [And this violates the very laws from which Aristotelians derive the

It may be asked what of the clouds and other objects suspended in t r_:entral position of the earth, for according to these laws the planets should
air, or sinking and rising in it? Surely not only the Earth, with the water on have orfly a single motion.] Therefore we must accept this motion round the
it, moves thus, but also a quantity of air and all things so associated with (_:ent.er in a more general sense, and must be satisfied provided that every
the Earth. Perhaps the contiguous air contains an admixture of earthy or motion has a proper center. From all these considerations it is more probable
watery matter and so follows the same natural law as the Earth, or perhap th'at the Earth moves than that it remains at rest. This is especially the case
the air acquires motion from the perpetually rotating Earth by propinquity with the diurnal rotation, as being particularly 2 property of the Earth.
and absence of resistance. . . :

We must admit the possibility of a double motion of objects which fall 9. Whethgr n;lomniihaﬂ (;:w Motion. can be qttnbuted to the
and rise in the Universe, namely the resultant of rectilinear and circular _ arth, and of the center of the Universe.
motion. [This is the analysis advocated earlier by Oresme.] Thus heavy Since then there is no reason why the Earth should not possess the
falling objects, being specially earthy, must doubtless retain the nature of power of motion, we must consider whether in fact it has more motions
the whole to which they belong. . . . [Therefore a stone, for example, when han one, so as to be reckoned as a Planet.
removed from the earth will continue to move circularly with the earth Th_at Earth is not the center of all revolutions is proved by the appar-
and will simultanecusly fall rectilinearly toward the earth’s surface. Its net ntly frregular motions of the planets and the variations in their distances
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from the Earth. These would be unintelligible if they moved in circles co making, but they are not really his problems; he might have avoided
centric with Earth. Since, therefore, there are more centers than one [tha hem altogether if he could. But the inad:a uacies of C voide ,
a center for all the orbital motions, a center of the earth itself, and perhapg ysics do illustrate the way in which th . oo ommiens
others besides], we may discuss whether the center of the Universe is or mical innovation ¢ y e (fonsequences of his astro-
is not the Eartl’s center of gravity. : ‘ ! n rarllscend the astronomical problem from which
Now it seems to me gravity is but a natural inclination, bestowed on'the € IHD-OVatlon' was derived, and they do show how little the author
parts of bodies by the Creator so as to combine the parts in the form f f the innovation was himself able to assimilate the Revolution born
a sphere and thus contribute to their unity and integrity. And we may om his work, The moving earth is an anomaly in a classical Aris:
believe this property present even in the Sun, Moon, and Planets, so tha telian universe, but the universe of the De Revolutionibus i s
thereby they retain their spherical form notwithstanding their various paths \ every Tespect that COPEmI'Cus can " ont ?S 18 Cl.assmal
If, therefore, the Earth also has other motions, these must necessar "'otion of the earth, As h . make seexln compatible with the
resemble the many outside [planetary] motions having a yearly period [sinc . - As he says himself, the motion of the sun has sim-
the earth now seems like a planet in so many other respects]. For if ply been transferred to the earth. The sun is not yet a star but the
nique central body about which the universe is constructed; it in-

transfer the motion of the Sun to the Earth, taking the Sun to be at rest
erits the old functions of the earth and some new ones hesides. As

then morning and evening risings and settings of Stars will be unaffect:
while the stationary points, retrogressions, and progressions of the Planet e shall soon discover, Copernicus’ universe is still finite, and co
i 3 11~

are due not to their own motions, but to that of the Earth, which th - : .
appearances reflect. Finally we shall place the Sun himself at the center ¢ cen;nc neslt)mgd s.pheres still move all planets, even though they can
the Universe, All this is suggested by the systematic procession of eve .onger e driven by the outer sphere, which is now at rest. All
and the harmony of the whole Universe, if only we face the facts, as they motions must be compounded of circles; moving the earth does not
say, “with both eyes open.” en enable Copernicus to dispense with epicycles. The Copernican

Revolution, as we know it, is scarcely to be found in the De Revoly-

In these last three chapters we have Copernicus’ theory of motion, tionibus and that is the second essential incongruity of the text

a conceptual scheme that he designed to permit his transposing th
earth and sun without tearing apart an essentially Aristotelian u
verse in the process. According to Copernicus’ physics all matter
celestial and terrestrial, aggregates naturally into spheres, and 't
spheres then rotate of their own nature. A bit of matter separated fr
its natural position will continue to rotate with its sphere, simultane
ously returning to its natural place by a rectilinear motion. It is
singularly incongruous theory (as Chapter 6 will demonstrate in mor
detail ), and, in all but its most incongruous portions, it is a relativ 1
unoriginal one. Copernicus may possibly have reinvented it for hi
self, but most of the essential elements in both his criticism of Aristotl
and his theory of motion can be found in earlier scholastic writers, par
ticularly in Oresme. Only when applied to Oresme’s more limi
problem, they are less implausible. .
Failure to provide an adequate physical basis for the earth’s mot
does not discredit Copernicus. He did not conceive or accept ‘th
earth’s motion for reasons drawn from physics. The physical a
cosmological problem treated so crudely in the First Book are of

Copernican Astronomy — The Two Spheres

._ We have not quite finished with Copernicus’ First Book.
But Chapters 10 and 11, which immediately follow the last section
juoted above, deal with more nearly astronomical matters, and we
hall consider them in the context of an astronomical discussi’on which
ces beyond the arguments that Copernicus made accessible for Ia
eaders. We shall again turn briefly to Copernicus’ text in a ]ate)xj
ection, but first we shall try to discover why astronomers might have
en more impressed than laymen with Copernicus’ proposal. That
an scarcely be discovered anywhere in the First Book.
(.Jopernicus endowed the earth with three simultaneous cireular
otions: a diurnal axial rotation, an annual orbital motion, and an
;l__lnual conical motion of the axis. The eastward diurnal rc;tation is
he one that accounts for the apparent diurnal circles traced by the
5, sun, moon, and planets. If the earth is situated at the center of
1 sphere of the stars, and rotates eastward daily about an axis through
own north and south poles, then all objects that are stétionary or
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nearly stationary with respect to the sphere of the stars will seem erge along the eastern rim of the horizon and travel overhead to
travel westward in circular arcs above the horizon, arcs just like the; e western horizon in the same circular paths.

in which the celestial bodies are observed to move in any short perig To this point we have kept the spinning earth at the center of
of time. . o stationary sphere of the stars; we have, that is, considered the

If Copernicus’ or Oresme’s arguments to this effect are obscur del of the universe suggested by Heraclides and developed by
refer again to the star trails shown in Figures 6 and 7 (ppL 18 and 19. Oresme. This is only the first step toward a Copernican universe, how-
Those tracks could be produced either by a circular motion of th er, and the next one is both more radical and more difficult. As
stars in front of a fixed observer (Ptolemy’s explanation) or by: :Pernicus peints out in the portion of Chapter 5 already quoted, if
rotation of the observer in front of fixed stars (Copernicus’ expla ve are prepared to admit the possibility of the earth’s motion at all,
tion). Or examine the new two-sphere universe shown in Figure 26, we must be prepared to consider not only a motion at the center, but

lso a motion of the earth away from the center. In fact, says Co-
ernicus, a moving earth need not be at the center. It need only be
atively near the center, and as long as it stays close enough to the
enter it may move about at will without affecting the apparent mo-
ns of the stars. This was a difficult conclusion for his astronomically
ined colleagues to accept because, in contrast to the conception of
e earth’s immobility, which derives only from common sense and
from terrestrial physics, the notion of the earth’s central position can
pparently be derived directly from astronomical observation. Ceo-
micus’ conception of a noncentral earth therefore seemed initially
:conﬂict with the immediate consequences of pure astronomical ob-
ation, and it was to avoid this conflict, or a closely related one
, ‘ which we shall consider at the end of the next section, that Copernicus
Figure 26. A rotating earth at the center of a fixed stellar sphere. In co was forced to increase vastly the size of the sphere of the stars and

paring this diagram with Figure 11, notice that here the horizon plane must : : : :
turned with the earth, so that its geometric relation to the moving observer o take a first step toward the conception of an infinite universe elab-

stays fixed. ated by his successors. Copernicus’ discussion of the earth’s position
curs in Chapter 6 of his First Book. Here we shall need a clearer
simplified copy of the drawing that we first used in discussing th d more comprehensive version.

motions of stars in the two-sphere universe (F igure 11, p. 31) exce The earth’s central position within the sphere of the stars can appar-
that in the new version the poles are shown for the earth, not £ tly be derived from the observation that the horizon of any ter-
the celestial sphere, and the direction of rotation has been reverse estrial observer bisects the stellar sphere. The vernal equinox and
When we first used a diagram like this, we held the earth, the o _the: autumnal equinox are, for example, two diametrically opposite
server, and the horizon plane fixed, and we turned the sphere of th oints on the sphere of the stars, for they are defined as the intersections
stars westward. Now we must hold the outer sphere fixed and spin of two great circles on the sphere, the equator and the ecliptic. Observa-
the earth, observer, and horizon plane together eastward. An observ shows that whenever one of these points is just rising over the
sitting at the center of the horizon plane and moving with it will n¢ horizon on the east, the other is just setting in the west. The same is
be able to tell, at least from anything he can see in the skies, an ue of any other pair of diametrically opposite points on the sphere:
difference between the two cases. In both he will see stars and plane enever one rises, the other sets. Apparently these observations can

NORTH CELESTIAL
POLE
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be explained only if, as shown in Figure 26 or the earlier Figur gse would conflict with observation) or that it must be precisely
the horizon plane is drawn through the center of the sphere of the center, because observation can never say that, for example,
stars so that it, too, will intersect the sphere in a great circle. If vernal equinox rises exactly as the autumnal equinox sets. Crude
only if the horizon plane intersects the sphere of the stars in a gr .ed-eye observations will show that when the vernal equinox is
circle will diametrically opposite points on the sphere always rise setting, the autumnal equinox is within a degree or so of the hori-
set at the same moment. Refined naked-eye observation (appropriately corrected for
But all horizon planes must also be drawn tangent to the sphe tmospheric refraction and for the irregularities of any actual hori-
cal earth. (We have avoided this construction in Figures 26 an, | 3 might show that when the winter solstice has just reached the
only because we have there shown the earth immensely exaggerate stern horizon, the summer solstice is within 6 (or 0.1°) of the
size.) Therefore the observer must himself be at, or very nearl : tern horizon, But no naked-eye observation will do much better.
the center of the sphere of the sfars. The entire surface of the ten can show only that thé horizon very nearly bisects the sphere and
trial sphere itself must be at or very nearly at the center; the ea iat all terrestrial observers must therefore be very close to the center
must be very small, almost a point, and it must be centrally loca_t_ the universe. Just how nearly the horizon bisects the sphere and
If, as in Figure 27, the earth (represented by the inner concen how close to the center terrestrial observers must be depends upon
accuracy of observation.
For example, if we know from observation that whenever one
Istice lies on the horizon, the other is no more than 0.1° away from
horizon, then no terrestrial observer may ever be farther from the
ter of the sphere of the stars than a distance which is 0.001 the radius
at sphere. Or if observation tells us (and few naked-eye observa-
s are even approximately this good) that with one solstice on the
izon the other is no more than 0.01° away from the horizon, then
inner sphere of Figure 27 may have a radius no larger than 0.0001
radius of the outer sphere, and the entire earth must again lie
ewhere within the inner circle at all times. If the earth moved
tside the inner circle, then the horizon plane would fail to bisect
Figure 27. If the earth’s diameter is appreciable compared with that o th _$p.here of the st.ars by more Fhan 0.01°, and oulr hyp othetical ob-
spherﬂf the. stars or if the earth is appreciably displaced from the center - atio.ns'would dls.cover t.he d1sorepanfzy, but w1th‘-the earth ‘an?/—
horizon plane does not bisect the stellar sphere, : here inside of the inner circle, the horizon plane will seem, within
limits of observation, to bisect the sphere.
That is Copernicus’ argument, Observation only forces us to keep
earth somewhere inside of a small sphere concentric with the
re of the stars. Within that inner sphere the earth may move
y without violating the appearances. In particular, the earth may
> an orbital motion about the center or about the central sun, pro-
d that its orbit never carries it too far away from the center, And
far” means only “too far relative to the radius of the outer
re.” If the radius of the outer sphere is known, then observations

circle} were quite large with respect to the sphere of the stars or.
the earth (now represented by the black dot) were small but displace
from the center, then the horizon plane would not seem to bisect th
sphere of the stars, and diametrically opposite points on the sph
would not rise and set together. '
As developed here the argument itself makes clear the weakn
exploited by Copernicus. Observation does not show that the e
must be a point (if it did, even the Aristotelian and Ptolemaic u
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of known accuracy place a limit upon the maximum radius of nicus describes the orbital motion of the earth and considers its
earth’s orbit. If the size of the carth’s orbit is known (and it g t upon the apparent position of the sun. For t.he moment assume,
theory, be determined by Aristarchus’ technique for measuring ' own in Figure 28, that the centers of the universe, the sun, -an.d
earth-sun distance ), then observations of known accuracy place _earth’s orbit all coincide. In the diagram the plane of the ecliptic
upon the minimum size of the sphere of the stars, For example; j swed from a position near the north celestial pole; the sl?he{:e of thfa
distance between the earth and sun is, as indicated by Aristarch s stationary; the earth travels regularly eastward in 1t:s' orbit
measurement described in the Technical Appendix, equal to 764 eay in a year; and it simultaneously spins eastward ’on its axis once
diameters (1528 earth radii} and if observations are known. t very 23 hours 56 minutes, Provided that the earth’s orbit is much
accurate within 0.1°, then the radius of the sphere of the stars m
be at Jeast 1000 times the radius of the earth’s orbit or at least 1,528
earth radii. :
Our example is a useful one, because, though Copernicus’ obs
vations were not quite this accurate, those made by his immed; _
successor, Brahe, were if anything slightly more accurate than - Si
Ours is a representative estimate of the minimum size of the sp
of the stars by a sixteenth-century Copernican. In principle, there
nothing absurd about the result, for in the sixteenth and seventeer
centuries there was no direct way of determining the distance to t
sphere of the stars, Its radius might have been more than 1,500,
earth radii. But if it were that large — and Copernicanism demand
that it should be — then a real break with traditional cosmology m
be admitted. Al Fargani, for example, had estimated the radius of: the
sphere as 20,110 earth radii, more than seventy-five times smaller th , ,
t}IZe Copernican estimate, The Copernican u);u'verse must be vastly aller than the .sphere of the ftars, thf’ axial ro;clauon of the eartg
larger than that of traditional cosmology. Its volume is at least 400,000 will- account precisely for the diurnal circles of t fe sunl, meom, .ta.n
times as great. There is an immense amount of space between the mets, as ’Well as for those of thfe stars, because rom antjlfl ]?‘031111on
sphere of Saturn and the sphere of the stars. The neat functional ¢ the earth’s orbit all of these bodies n.nustl be seen aga;lst e sphere
herence of the nesting spheres of the traditional universe has be the stars‘and must seem FO move ‘_"’lth 1t as .ﬂ_’e earth‘ Il'i”f:tes' o
violated, though Copernicus seems to remain sublimely unaware ‘d In the diagram the earth 18 s‘hown in two P':_’Sltlorls Which 1t oceupies
the break. - rty days apart. In each position the sun is viewed against the sphere
the stars, and both apparent positions of the sun must lie on the
Copernican Astronomy — The Sun iptic, which is now defined as the line in which the plane of the
Copernicus’ argument permits an orbital motion of the earth rth’s motion (a plane that includes the sun) ithfarsects the spl.le‘re.
in a vastly expanded universe, but the point is academic unless the ut as the earth has moved eastward from position E, to position
orbital motion can be shown to he compatible with the observed E; in the diagram, the sun has apparently move'd e?stward along the
motions of the sun and other planets. It is to those motions thal cliptic from position Sy to position S,. COBGIHICUS theory therefore
Copernicus turns in Chapters 10 and 11 of his First Book. We may edicts just the same eastward annual mot1‘on of the sun an.ng the
best begin with an expanded paraphrase of Chapter 11, in which cliptic as the Ptolemaic theory. It also predicts, as we shall discover

EQSTWARD

STATIONARY
STELLAR
SPHERE

EARTH'S
ORBIT

'Figure 28. As the earth moves in its Copernican orbit from E. to E, the
parent position of the central sun, 5, seen against the sphere of the stars shifts
m S to Se.
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immediately, the same seasonal variation of the height of the sun appears to occupy the same position among the stars in the
the sky. : ernican as in the Ptolemaic system, it must rise and set with the

Figure 29 shows the earth’s orbit viewed from a point in the ¢ ¢ stars in both systems. The correlation of the seasons with the
tial sphere slightly north of the autumnal! equinox. The earth parent position of the sun along the ecliptic cannot be affected by
drawn at the four positions occupied successively at the vernal equ o transition, With respect to the apparent motions of the sun and
the summer solstice, the autumnal equinox, and the winter solstic _ gars the two systems are equivalent, and the Ptolemaic is simpler.
all four of these positions, as throughout its motion, the earth’s The last diagram also reveals two other interesting features of Co-
remains parallel to an imaginary line passing through the sun icus’ system. Since it is the rotation of the earth that produces the

tilted 23%° from a perpendicular to the plane of the ecliptic. Ty jurnal circles of the stars, the earth’s axis must point to the center of
: those circles in the celestial sphere. But, as the diagram indicates, the

VERNAL : tth’s axis never does point to quite the same positions on the celes-
EQUINOX - al 'sphere from one year’s end to the next. According to the Coperni-
an theory the extension of the earth’s axis traces, during the course of
year, two small circles on the sphere of the stars, one around the
orth celestial pole and one around the south. To an observer on the
_ arth the center of the diurnal circles of the stars should itself seem
SUMMER [ move in a small circle about the celestial pole once each year. Or,
SOLSTICE \» put the same point in a way more closely related to observation, each
the stars should seem slightly to change its position on the sphere of
e stars (or with respect to the observed pole of the sphere) during
he course of a year.

_This apparent motion, which cannot be seen with the naked eye
286“{\1&6\'}?L nd which was not even seen with telescopes until 1838, is known as

Figure 29. The earth’s annual motion around its Copernican orbit. At afl tim
the earth’s axis stays parallel to itself or to the stationary line drawn through
sun. As a result an observer O at noon in middle-northern latitudes finds the s
much more nearly overhead at the summer than at the winter solstice.

little arrows in the diagram show the position of a terrestrial observer
in middle-northern latitudes at lccal noon on June 22 and December 22
the two solstices. Lines from the sun to the earth (not shown in the
diagram) indicate the direction of the rays of the noon sun, which
is clearly more nearly over the observer’s head during the summer
solstice than during the winter solstice. A similar construction deter-
mines the sun’s elevation at the equinoxes and at intermediate seasons

The seasonal variation of the sun’s elevation can therefore be b_sFlgu.'re 30. The annual parallax of a sta.r. Because the '}ine between a terrestrial
erver and a fixed star does not stay quite parallel to itsclf as the earth moves

completely diagnosed from Figure 29. In practice, however, it is its orbit, the star’s apparent position on the stellar sphere should shift by an
simpler to revert to the Ptolemaic explanation. Since in every scason ngle p during an interval of six months.
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gure 3la. After the earth had revolved 180° about the sun, the
’s. axis would still be tilted 23%° away from the perpendicular
n a direction opposite to that in which it had begun. To undo
hange in the direction of the axis, caused by the rotation of the

the parallactic motion. Because two lines drawn to a star from__
metrically opposite points on the earth’s orbit are not quite pary
(Figure 30), the apparent angular position of the star viewed fy
the earth should be different at different seasons. But if the distancg
the star is very much greater than the distance across the ear
orbit, then the angle of parallax, p in Figure 30, will be very,-
small, and the change in the apparent position of the star will
be appreciable. The parallactic motion is not apparent only beca
the stars are so very far away relative to the dimensions of the eartly’
orbit. The situation is precisely equivalent to the one we discus
above when considering why the earth’s motion did not see
change the intersection of the horizon plane and the sphere of th
stars, In fact, we are dealing with the same problem. But the pres
version of the problem is a more important one, because nearth
horizon it is very difficult to make the precise measurements of stell
position required to discover whether the horizon bisects the stell;
sphere, Unlike the rising and setting of the equinoxes, discussed aboy
the search for parallactic motions need not be restricted to the horizoj
Parallax therefore provides a much more sensitive observational ch
upon the minimum size of the sphere of the stars relative to the
of the earth’s orbit than is provided by the position of the horizo
and the Copernican estimates of the spheres size given above oug
really to have been derived from a discussion of parallax.

The second point illuminated by considering Figure 29 is ni
about the skies at all but about Copernicus. We described the orbit
motion illustrated in the diagram as a single motion by which th
earth’s center is carried in a circle about the sun while its axis
mains always parallel to a fixed line through the sun. Copernicus’d
scribes the same physical motion as consisting of two simultaneo
mathematical motions. That is why he gives the earth a total of thr
circular motions, And the reasons for his description give another 'si
nificant illustration of the extent to which his thought was bound
the traditional patterns of Aristotelian thought, For him the e
is 'a planet which is carried about the central sun by a spherej
like the one that used to carry the sun about the central earth. I the
earth were firmly fixed in a sphere, its axis would not always
parallel to the same line through the sun; it would instead be carr
about by the sphere’s rotation and would occupy the positions sho

MOTION OF NORTH
END OF AXIS

CENTER OF EARTH

(a) {b)

jgure 31. Copernicus’ “second™ and “third” motions. The second motion, that
planet fixed in a rotating sun-centered sphere, is shown in {a). This motion
ot keep the earth’s axis paralle]l to itself, so that the conical third motion
wn in (b) is required to bring the axis back into line.

here that carries the earth, Copernicus requires a third circular
ion, this one applied to the axis of the earth only and shown in
gure 31b. It is a conical motion, which carries the north end of the
once westward each year, and thus just compensates for the effect
he earth’s axis of the orbital motion.

Copernican Astronomy — The Planets

So far the conceptual scheme developed by Copernicus is
t as effective as Ptolemy’s, but it is surely no more so, and it seems
ood deal more cumbersome. It is only when the planets are added
opernicus’ universe that any real basis for his innovation becomes
arent. Consider, for example, the explanation of retrograde motion
shich Copernicus alluded without discussion at the end of Chap-
in his introductory First Book. In the Ptolemaic system the retro-
ade motion of each planet is accounted for by placing the planet
L .ajor epicycle whose center is, in turn, carried about the earth
he planet’s deferent. The combined motion of these two circles
luces the characteristic looped patterns discussed in Chapter 3.
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In Copernicus’ system no major epicycles are required. The retrogy e earth in its sun-centered circular orbit are indicated by the
or westward motion of a planet among the stars is only an appa nts E1, Ez, . . ., Eq; the corresponding consecutive positions of the
motion, produced, like the apparent motion of the sun around ets are marked Py, Py, . . ., Pr; and the corresponding apparent
ecliptic, by the orbital motion of the earth. According to Copern sitions of the planet, discovered by extending a line from the earth
the motion that Ptolemy had explained with major epicycles. ugh the planet until it intersects the stellar sphere, are labeled
really the motion of the earth, attributed to the planets by a terres ‘ » 7. In each case the more central planet moves more rapidly
observer who thought himself stationary. g ts orblt. Inspection of the diagram indicates that the apparent
on of the planet among the stars is normal (eastward) from 1
9.and from 2 to 3; then the planet appears to retrogress (move west-
SPHERE ' ) from 3 to 4 and from 4 to 5; and finally it reverses its motion
OF STARS in and moves normally from 5 to 6 and from 6 to 7. As the earth
mpletes the balance of its orbit, the planet continues in normal
tion, moving eastward most rapidly when it lies diametrically
oss the sun from the earth.
Therefore, in Copernicus’ system, planets viewed from the earth
uld appear to move eastward most of the time; they retrogress
nly when the earth, in its more rapid orbital motion, overtakes them
uperior planets) or when they overtake the earth (inferior planets).
trograde motion can occur only when the earth is nearest to the.
_ net whose motion is observed, and this is in accord with observa-
SUPERIOR | o ns. Superior planets, at least, are most brilliant when they move
e TS stward, The first major irregularity of planetary motion has been
lained qualitatively without the use of epicycles.
EARTH'S 2 Fe : Figure 33 indicates how Copernicus’ proposal accounts for a sec-
d major irregularity of the planetary motions — the discrepancy
(a) ' tween the times required for successive trips of a planet around the
Figure 32. The Copernican explanation of retrograde motion for (a) supe iptic. In the diagram it is assumed that the earth completes 114 east-

plancts and (b) inferior planets. In each diagram the earth moves steadily on vard tri its orbit while the planet, in this case a superior planet
orbit from E, to Er and the planet moves from P: to Pr. Simultaneously the plan vard t ps ahout its p ? P P ?

apparent position against the stellar sphere shifts eastward from 1 to 7, but as th :Vels eastward through its orbit once. SuppOSe that at the start of the
two planets pass there is a brief westward retrogression from 3 to 5. ies of observations the earth is at E; and the planet at P. The planet

then in the middle of a retrogression and appears silbouetted against
The basis of Copernicus’ contention is illustrated and clarified t he stationary stellar sphere at 1. When the planet has completed one
Figures 32a and 32b. Successive apparent positions of a moving volution in its orbit and returned to P, the earth has made 1% trips
perior planet viewed from a moving earth against the fixed back ound its orbit and reached E:. The planet therefore is seen at 2,
ground provided by the stellar sphere are shown in the first diagram est of position 1 at which it started. It has not yet completed a full
the second shows successive apparent positions of an inferior plan irney around the ecliptic, and its first full trip will therefore con-
Only the orbital motions are indicated; the earth’s diurnal rotatior me more time than the planet required to revolve once in its orbit.
which produces the rapid apparent westward motion of the sun, plane
and stars together, is omitted. In both diagrams successive position

/ EARTH'S'
ORBIT

As the planet makes its second trip about its orbit, the earth again
akes more than one orbital revolution and reaches E; when the
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planet has returned to P again. This time the planet is seen silh cliptic are the two gross planetary irregularities which in an-
at 3, to the east of position 2. It has completed more than one ]0 had led astronomers to employ epicycles and deferents in
around the ecliptic while moving only once through its orbit, sating the problem of the planets. Copernicus’ system explains these
second journey around the ecliptic was therefore a very rapid gross irregularities, and it does so without resorting to epicycles,
After a third revolution the planet is again at P, but it appe: at: least to major epicycles. To gain even an approximate and
position 4, east of 3, and its journey around the ecliptic was the Jitative account of the planetary motions Hipparchus and Ptolemy
: required twelve circles —one each for the sun and moon, and
4 L3 2 SPHERE gach for the five remaining “wanderers.” Copernicus achieved
MSTARS ame qualitative account of the apparent planetary motions with
: seven circles. He needed only one sun-centered circle for each
the six known planets — Mercury, Venus, Earth, Mars, Jupiter,
Saturn — and one additional earth-centered circle for the moon.
n astronomer concerned only with a qualitative account of the
Itary motions, Copernicus’ system must seem the more eco-
cal.
But this apparent economy of the Copernican system, though it
propaganda victory that the proponents of the new astronomy
failed to emphasize, is largely an illusion. We have not yet
n to deal with the full complexity of Copernicus’ planetary
onomy. The seven-circle system presented in the First Book of
De Revolutionibus, and in many modern elementary accounts of

) ] ] o . R opernican system, is 2 wonderfully economical system, but it
Figure 83. The Copernican explanation of variations in the time required not work, It will not predict the position of planets with an
superior planet to complete successive journeys around the ecliptic. While

planet moves once eastward around its orbit from P to P, the earth makes 14 'e; acy comparable to that SuPPlied by Pto}emy,s system. Its ac-
ward revolutions from E; to E; and on to Eg, During this interval the apparent y is comparable to that of a simpliﬁed twelve-circle version of
tion 0? the planet among the stars moves eastward from 1 to 2, slightly less tb emy’s system — Copernicus can give a more economical qualita-
full trip. During the planet’s next revolution the earth moves from Eg to Ep an £ th 1 . h 1 .
to Eg, so that its apparent position among the stars shifts from 2 to 1 and on account of the planetary motions than Pto emy. But to gam a
again, slightly more than one full trip around the ecliptic. sonably good quantitative account of the alteration of planetary
: on Ptolemy had been compelled to complicate the fundamental
again a fast one, After a fourth revolution in its orbit the planet ag elve-circle system with minor epicycles, eccentrics, and equants,
appears at 1, west of 4, and its final trip was therefore slow. The pl to get comparable results from his basic seven-circle system

has completed four trips about its orbit and four trips around ernicus, too, was forced to use minor epicycles and eccentrics.

planet to circle the ecliptic is therefore identical with the pla n. Both employed over thirty circles; there was little to choose
orbital period. But the time required for an individual trip ma cen them in economy. Nor could the two systems be distin-
considerably greater or considerably less than the average. A si hed by their accuracy. When Copernicus had finished adding
lé_ss, his cumbersome sun-centered system gave results as accurate
Ptolemy’s, but it did not give more accurate results. Copernicus
Tot solve the problem of the planets.

argument will account for the similar irregularities of an infe
planet’s motion. '
Retrograde motion and the variation of the time required to ¢

ecliptic at the same instant. The average time required by a super full system was little if any less cumbersome than Ptolemy’s had
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The full Copernican system is described in the latter books umference of the second. For Mars and most of the other planets
De Revolutionibus. Fortunately we need only illustrate the so mployed a system much like that illustrated in Figure 34b. The
complexities there developed. Copernicus’ system was not, fg or of Mars’s orbit, Oy, is displaced from the center of the earth’s
ample, really a sun-centered system at all. To account for th t, Or, and is moved with it; the planet itself is placed at M, not
creased rate at which the sun travels through the signs of the:zg the eccentric but on an epicycle, which rotates eastward in the
during the winter, Copernicus made the earth’s circular orbit eg e direction and with the same period as the eccentric. Nor do the
trie, displacing its center from the sun’s. To account for other irre plexities end here. Still other devices, fully equivalent to Ptolemy’s,
larities, indicated by ancient and contemporary observations o ¢. required to account for the north and south deviations of each
sun’s motion, he kept this displaced center in motion. The cente; et from the ecliptic.
the earth’s eccentric was placed upon a second circle whose m ~ Fven this brief sketch of the complex system of interlocking circles
continually varied the extent and direction of the earth’s eccentric ployed by Copernicus to compute planetary position indicates the
The final system employed to compute the earth’s motion is r great incongruity of the De Revolutionibus and the immense
sented approximately in Figure 34a. In the diagram, S is the ny of Copernicus’ lifework. The preface to the De Revolutionibus
fixed in space; the point O, which itself moves slowly about the ns with a forceful indictment of Ptolemaic astronomy for its in-
is the center of a slowly rotating circle that carries the moving. ce racy, complexity, and inconsistency, yet before Copernicus’ text
Op of the earth’s eccentric; E is the earth itself. : sés, it has comvicted itself of exactly the same shortcomings,

Similar complexities were necessitated by the observed motion pernicus’ system is neither simpler nor more accurate than Ptolemy’s.
the other heavenly bodies. For the moon Copernicus used a tota | the methods that Copernicus employed in constructing it seem
three CiI'C]ES, the first centered on the moving earth, the second as I]_ttle ]]_ke]_y as the methods of Ptolemy to Produce a sing]_e
tered on the moving circumference of the first, and the third o sistent solution of the problem of the planets. The De Revolu-
ibus itself is not consistent with the single surviving early version
the system, described by Copernicus in the early manuscript Com-
ntariolus. Even Copernicus could not derive from his hypothesis
ingle and unique combination of interlocking circles, and his
cessors did not do so. Those features of the ancient tradition which
led Copernicus to attempt a radical innovation were not elimi-
ed by that innovation. Copernicus had rejected the Ptolemaic
ition because of his discovery that “the Mathematicians are in-
sistent in these [astronomical] investigations” and because “if
ir hypotheses were not misleading, all inferences based thereon
ht surely be verified” A new Copernicus could have turned the
ntical arguments against him.

The Harmony of the Copernican System

Figure 34, Copernicus’ account of the motion of (&) the earth and (b). M ) .
In {a) the sun is at §, and the earth, E, revolves on a circle whose center, Oz, ]udged on purely practlcal grounds, Copermcus new Plane-

volves slowly about a point O, which in turn revolves on a sun-centered circl. ; system was a failure; it was neither more accurate nor signiﬁcantly

{b) Mars is placed on an epicycle revolving on a deferent whose centfzr, Ou; j)ler than its Ptolemaic pre decessors. But hist()rically the now sys-
tains a fixed geometric relation to the moving center O of the earth’s orbit: .
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tem was a great success; the De Revolutionibus did convince a _ ure 35b, the orbit of a planet lies entirely within the earth’s orbit,
of Copernicus’ successors that sun-centered astronomy held the re is no way in which the planet can appear far from the sun.
to the problem of the planets, and these men finally provided ximum elongation will occur when, as in the diagram, the line
simple and accurate solution that Copernicus had sought. We vom the earth to the planet is tangent to the planet’s orbit and the
examine their work in the next chapter, but first we must try to'd igle SPE is a right angle. Therefore the angle of elongation, SEP,
cover why they became Copernicans —in the absence of increa he largest angle by which the inferior planet can deviate from the
economy or precision, what reasons were there for transposing:ih . The basic geometry of the system fully accounts for the way in

earth and the sun? The answer to this question is not easily di ‘hich Mercury and Venus are bound to the sun.
entangled from the technical details that §ll the De Revolutioniby
because, as Copernicus himself recognized, the real appeal of s
centered astronomy was aesthetic rather than pragmatic. To astro
mers the injtial choice between Copernicus’ system and Ptole
could only be a matter of taste, and matters of taste are the mo;
difficult of all to define or debate. Yet, as the Copernican Revolutis
itself indicates, matters of taste are not negligible. The ear equippe
to discern geometric harmony could detect a new neatness and ¢
herence in the sun-centered astronomy of Copernicus, and if th
neatness and coherence had not been recognized, there might has
been no Revolution, v
We have already examined one of the aesthetic advantages (a) (b)
Copernicus’ system. It explains the principal quadlitative features igure 35. Limited elongation of inferior planets explained in (a) the Ptole-
the planetary motions without using epicycles. Retrograde mot aic and (b) the Copernican systems. In the Plolemaic system the angle be-
in particular, is transformed to a natural and immediate consequen tli:ir;a it:l;i lzugr,l f},]ea?iietlii ta{:gﬁt,thl;, eI:rl;iif l:l»:edr:ﬁtrictedlbyt}i:eeging tl}e center of
of the geometry of sun-centered orbits. But only.astronomersw th the planet’s orbit entirely contained aby th: S;le:th'rs!, nz szgﬁri;i:isgzien;
valued qualitative neatness far more than quantitative accuracy (ar ;
there were a few — Galileo among them) could consider this a ¢
vincing argument in the face of the complex system of epicycles: Copernican geometry illuminates another even more important
eccentrics elaborated in the De Revolutionibus. Fortunately there W pect of the behavior of the inferior planets, namely, the order of
other, less ephemeral, arguments for the new system. For examp ir orbits. In the Ptolemaic system the planets were arranged in
it gives a simpler and far more natural account than Ptolemy’ :__th-centered orbits so that the average distance between a planet
the motions of the inferior planets. Mercury and Venus never get Vel d the earth increased with the time required for the planet to.
far from the sun, and Ptolemaic astronomy accounts for this obsery werse the ecliptic. The device worked well for the superior planets
tion by tying the deferents of Mercury, Venus, and the sun togeth d for the moon, but Mercury, Venus, and the sun all require 1 year
so that the center of the epicycle of each inferior planet always_"ll or an average journey around the ecliptic, and the order of their
on a straight line between the earth and the sun {Figure 35a). Th bits had therefore always been a source of debate. In the Copernican
alignment of the centers of the epicycles is an “extra” device, an stem there is no place for similar debate; no two planets have the
hoc addition to the geometry of earth-centered astronomy, and the me orbital period. The moon is no longer involved in the problem,
is no need for such an assumption in Copernicus’ system. When, a ‘it travels about the earth rather than about the central sun. The
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superior planets, Mars, Jupiter, and Saturn, preserve their ol elf particularly emphasizes. In the Ptolemaic system the deferent
N N ) . i

about the new center, because their orbital periods are the sa d epicycle f’f any one plafaet can be shrunk or expande.d at will
the average lengths of time they need to circle the ecliptic. The &g j f_n}t affectn.}g either the 51ze§ of the other planetary orbits or the
bit lies inside of Mars’s, since the earth’s orbital period, 1'y on at which the planet, viewed from a central earth, appoars
orbit fies In s 687 davys ,It only remains to place Mercury an inst the stars. The order of the orbits may be determined by assum-
less than Mars's ays d Y for the first time, uniquelj relation between size of orbit and orbital period. In addition, the
in the system, and their order is, ’ tive dimensions of the orbits may be worked out with the aid of
mined. urther assumption, discussed in Chapter 3, that the minimum dis-

\ i n to retrogress : ? ? .

This can be 'seen as follmgs. Vezll:‘) 1za1;n°b‘: shacrved gonl ce of one planet from the earth is just equal to the maximum dis-
584 days, and since retrograde motio be the time Venus o ce between the earth and the next interior planet. But though both
Venus passes the earth, 581‘1: fiays must be iet of the sun N;-l. hese seem natural assumptions, neither is necessary. The Ptolemaic
to lap the earth once in their common circu '

g 3 1219 4 _ em could predict the same apparent positions for the planets with-
584 days the earth has traversed its Orbe%EIE% (= 113—§€)m t::;e;;‘%;nce making use of either. In the Ptolemaic system the appearances are
nus has lapped the earth once during this interval, i ‘dependent upon the order or the sizes of the planetary orbits.

its orbit 2218( =419) times in just 584 days. But a planet that G _ There is 1o similar freedom in the Copernican system. If all the

. S — . N . . 2

orbit 942 times in 584 days must require 584 X 32 (=225) detys to ets revolve in approximately circular orbits about the sun, then
its orbit once. Therefore, since Venus's period, 225 days, is les ..fh the order and the relative sizes of the orbits can be determined
earth’s, Venus's orbit must be inside the earth’s, and there is no ctly from observation without additional assumptions. Any change
biguity. A similar calculation places Mercury’s orbit inside Venus'$ . rder or even in relative size of the orbits will upset the whole
closest to the sun. Since Mercury retrogresses, and therefore lap: em. For example, Figure 36a shows, an inferior planet, P, viewed

\ lete its orbit just 1118 (=481, the carth at the time when it reaches its maximum elongation
earth, every 116 days, it must complete I ] 365\ 865 Hr .
in 116 days. Therefore it will complete its orbit just once in 116 X3 n the sun. The orbit is assumed circular, and the angle SPE must
in o ys. Tts orbital period of 88 days is the shortest of all, and efore be a right angle when the angle of elongation, SEP, reaches
(=88) a)t(}Sx. . : P t‘; the sun - maximum value. The planet, the sun, and the earth form a right
therefore the planet closest to the sun.

d the sun-centered planetary orbits with ngle one of whose acute angles, SEP, can be directly measured.
So éar we hav; Erd;fzﬂem:izuas-tronomersptO order carth-cei knowledge of one acute angle of a right triangle determines the
evice use . . 4 . ,
san‘fe ¥ : the conter of the universe take lon Ho of tl.le Iength§ of 'the 51des’of th.at triangle The.refore the rah,o
orbits: planets farther from hat the size of the orbit inore e radius of the inferior planet’s orbit, SP, to the radius of the carth’s
circle the center. The assumption that the size o

i . bit, SE, can be computed from the measured value of the angle SEP,
with. orbital period can be applied more fully n t‘he. (?;Pﬁm::;z' e relative sizes of the earth’s orbit and the orbits of both inferior
in the Ptolemaic system, but in both systems it is initially .

- . anets can be discovered from observation.
It séems matural that planets should behave this way, like Vit ‘An equivalent determination can be made for a superior planet,
ants on a wheel, but there is no necessity that they do so. ?erha}f gh the techniques are more complex, One possible technique is
assumption is entirely gratuitous, and the Planets,‘excep ting Th ustrated in Figure 36b. Suppose that at some determined instant
and moon, whose distances can be directly determined, have an me the sun, the earth, and the planet all lie on the straight line
order.

. th P; this is the orientation in which the planet lies diametrically

The response to this suggested reorder.ing constitutes ar;o e: ross the ecliptic from the sun and is in the middle of a retrograde
important difference between the Copernlf:an .'.md the Pto gma. tion. Since the carth fraverses 15 orbit pns iy e ograde
tems, and one which, as we discovered in his preface, Cope
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ative dimensions of the planetary orbits are a direct consequence
‘the first geometric premises of sun-centered astronomy, the new
ronomy has for Copernicus a naturalness and coherence that were
king in the older earth-centered version. The structure of the
avens can be derived from Copernicus’ system with fewer extra-
pus or ad hoc assumptions like plenitude. That is the new and
thetic harmony which Copernicus emphasizes and illustrates so
ly in the tenth chapter of his introductory First Book, to which
- now turn, having first learned enough about the new system (as
Iﬁernicus’ lay readers had not) to understand what he is talking

(a) {b} : out.

Figure 36. Determining the relative dimensions of orbits in the Coperni 10. Of the Order of the Heavenly Bodies,
system: (a) for an inferior planet; {b) for a superior planet.
o one doubts that the Sphere of the Fixed Stars is the most distant of

erior planet, there must be some later instant of time when the ear ble things. As for the order of the planets, the early Philosophers wished
P £ J d th’ lanet at P’ will form a right angle SE'P’ with the s determine it from the magnitude of their revolutions. They adduce the
::] d sitxr::e SI;II’:; is the angle between the sun and the superior plas that of objects moving with equal speed, those farther distant seem

. ) . the & ove more slowly (as is proved in Yuclid’s Optics). They think that
viewed from the earthi, it can be directly determined and the oon describes her path in the shortest time because, being nearest to

required to achieve it can be measured. The angle ESE” can 1.10 : arth, she revolves in the smallest circle. Farthest they place Saturn,
determined, for it must bear the same ratio to 360° as the time. in the longest time describes the greatest circuit. Nearer than he is
qujred by the carth to move from E to E’ bears to the 365 dayS'.. er, a}nd th{.en Mars. _ . .
the earth requires to complete its orbit. The angle PSP’ can be. nions differ as to Venus and Mercury which, unlike the others, qo
. s h ay, since the time required by the pla Itogether leave the Sun. Some place them beyond the Sun, as Flato in
termined in just the same way, - ied b eus; others nearer than the Sun, as Ptolemy and many of the moderns.
to complete its orbit is already known, and the time DZC‘LP h v ragius [a twelfth-century Moslem astronomer] makes Venus nearer
planet in going from P to P’ is the same as that needed by t’ © Mercury farther than the Sun.'If we agree with Plato in thinking that
to go from E to E'. With PSP’ and ESE’ known, the angle PSE lanets are themselves dark bodies that do but reflect light from the
be found by subtraction. Then we again have a right triangle, SE t must follow, that if ~earer than the Sun, on account of their prox-

ith one acute angle, P'SE’, known and the ratio of the radius o to him they would appear as half or partial circles; for they would
w1 > > »

. . » . E’, can therefore _élly reflect such light as they receive upwards, that is toward the Sun,
planet’s orbit, SF, to tha:;f .the f artlt‘ls orbit, 5 th the waxing or waning Moon. [See the discussion of the phases of
determined just as for an inferior planet.

j ‘ : » w0 all the planets can in' .the next chapter. Neither this effect nor the f?llowing is ‘dis-

By techniques like this the distances to P . y visible without the telescope.] Some think that since no eclipse
determined in terms of the distance between _the earth and the proportional to their size is ever caused by these planets, they can
or in terms of any unit, like the stade, in which the radius o be between us and the Sun, . . . [Copernicus proceeds to note
earth’s orbit has been measured. Now, for the first time, as Copet flﬂtilculhes in dth:-ii ax:glfln.l'ents lusu?IlyTt;lsed hto detsrmme the relative
says in his prefatory letter, “the orders and magnitudes of all ie sun and the inferior planets. Then he continues: ]

. nconvineing too is Ptolemy’s proof that the Sun moves between those
an
and spheres . . . become so bound together that nothing in any that do and those that do not recede from him completely [that is,

thereof could be moved from its place without produ(,:,ing con cen the superior planets which can assume any angle of elongation
of all the other parts and of the universe as 2 whole.” Becaus ¢ inferior planets whose maximum elongation is limited]. Con-

¥,
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sideration of the case of the Moon, which does so recede, exposes it lanet back close to the central earth, If, in the Ptolemaic system, the
ness. Again, what cause can be alleged, by those who place Venus . d of epicycle or deferent were uantitatively slightly different, then
than the Sun, and Mercury next, or in some other order? Why sho ; qua!itafive regularity that puts a retrogressing superior planet across
these planets also follow separate paths, distinct from that of the’ from the sun would not occur. In the Copernican system it must
do the other planets [whose deferents are not tied to the sun’s]? A : regardless of the particular rates at which the planets revolve in
might be said even if their relative swiftness and slowness did ng ‘orbits.]
their alleged order. Either then the Earth cannot be the center to .'ut since all these [Spheres] have one center it is necessary that the
the order of the planets and their Spheres is related, or certainl _‘ . between the convex side of Venuss Sphere and the concave side
relative order is not observed, nor does it appear why a higher po . ars’s must also be viewed as a Sphere concentric with the others,
should be assigned to Saturn than to Jupiter, or any other planet. . __.oable of receiving the Earth with her satellite the Moon and whatever
Therefore I think we must seriously consider the ingenious view ' ntained within the Sphere of the Moon — for we must not separate
by Martianus Capella [a Roman encyclopedist of the fifth century e Moon from the Earth, the former being beyond all doubt nearest to
recorded a theory of the inferior planets probably first sugges ' atter, especially as in that space we find suitable and ample room
Heraclides] . . . and certain other Latins, that Venus and Mercu . the Moon.
not go round the Farth like the other planets but run their courses. ' e therefore assert that the center of the Earth, carrying the Moon’s
the'Sun as efanter, and so do not depart from him farther than t}_;e 5 passes in a great eircuit among the other planets in an annual revolu-
vexity of their Spheres allows. . - What else can they mean tha;} round the Sun; that near the Sun is the center of the Universe; and
the center of these Spheres is near the Sun? So certainly the circle of whereas the Sun is at rest, any apparent motion of the Sun can be
cury must be within that of Venus, which, it is agreed, is more tha ter explained by motion of the Earth. Yet so great is the Universe that
as great. ‘ . _ 2 igh the distance of the Earth from the Sun is not insignificant compared
V‘:fe may now oxtend this hypothesis to bring Saturn, Jupiter and. b the size of any other planetary path, in accordance with the ratios of
also into relation with this center, making their Spheres great enou  sizes, it is insignificant compared with the distances of the Sphere
contain those of Venus and Mercury and the Earth. . . . These e Fixed Stars.
p.la}nets are .always nearer to the Earth ebout the time of their even think it easier to believe this than to confuse the issue by assuming
rising, that is, when they are in oppesition to the Sun, and the Eart ast number of Spheres, which those who keep Earth at the center must
tween them' and t.he Sun.. They are more distant from the Earth We thus rather follow Nature, who producing nothing vain or super-
time of their evening setting, when they are in conjunction with th s often prefers to endow one cause with many effects. Though these
and‘ the Sun betv?een them and the Earth. These indications prove ¢ are difficult, contrary to expectation, and certainly unusual, yet in
their center pertains rather to the Sun than to the Earth, and that. | 'equel we shall, God willing, make them abundantly clear at least to
the same center as that to which the revolutions of Venus and Me ~thematicians.
are related.
[Copernicus’ remarks do not actually “prove” a thing. The Ptol
system explains these phenomena as completely as the Copernican, b

iven the above view -- and there is none more reasonable — that the
dic times are proportional to the sizes of the Spheres, then the order
. . . ) - e Spheres, beginning from the most distant s as follows. Most distant
Copen.ucan expla:llat}on is again more natural, for, like the Cogerm_c_:_ 1 is the Sphere of the Fixed Stars, containing all things, and being
planation of the limited elongation of the inferior planets, it depends fore itself immovable, It represents that to which the motion and posi-
on the geometry of a sun-centered astronomical system, not on the pa of all the other hodies must be refexred . , . . Nextis the planet Saturn,
lar orbital periods assigned to the planets. Copernicus’ remarks w. ving in 30 years. Next comes Jupiter, moving in a 12-year eircuit;
clarified by reference to Figure 324. A superior planet retrogresses: Mars, who goes round in 2 years. The fourth place is held by the
the earth overtakes it, and under these circumstances it must be. al revolution [of the Sphere] in which the Earth is contained together
taneously closest to the earth and across the ecliptic from the sun. I _ with the Sphere of the Moon as on an epicycle, Venus whose, eriod is
Ptolemaic system a retrogressing superior planet must be closer t nths, is in the fifth place, and sixth Fi's {/Ier'cu W’ho oes I;ound in
earth than at any other time, and it is in fact also across the sky pace, of 80 davys, ’ R4 g

the sun. But it is only across the sky from the sun because the ra 1 the middle of all sits Sun enthroned. In this most beautiful temple
rotation of its deferent and epicycle have particular values that happel ld we place this luminary in any better position from which he can
put the planet back in opposition to the sun whenever the epicycle br - Mlminate the whole at onceP He is rightly called the Lamp, the Mind, the
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Ruler of the Universe; Hermes Trismegistus names him the Visible POSiﬁon to the sun when it is closest to the earth; and so on and
Sophocles’ Electra calls him the All-seeing. So the Sun sits as upon'a [t is through arguments like these that Copernicus seeks to per-
throne ruling his children the planets which circle round him. The g e his contemporaries of the validity of his new approach. Each
has the Moon at her service. As Aristotle says, in his On [the Gengry ment cites an aspect of the appearances that can be explained by
of] Animals, the Moon has the closest relationship with the Earth ¢r the Ptolemaic or the Copernican system, and each then pro-

hile the Earth i t d € . .
;vm;fal erirtf conceives by the Sun, and becomes pregnant wi s to point out how much more harmonious, coherent, and natural

So we find underlying this ordination an admirable symmetry Copernican explanation is. There are a great many such argu-
Universe, and a clear bond of harmony in the motion and magnitug ts, The sum of the evidence drawn from harmony is nothing if
the Spheres such as can be discovered in no other wise. For here we ot impressive.
observe why the progression and retrogression appear greater for' Jiy ut it may well be nothing. “Harmony” scems a strange basis on
than Saturn, and less than for Mars, but again greater for Venus th h to argue for the earth’s motion, particularly since the harmony

Mercury [a glance at Figure 32 will show that the closer the orbj . .
planet is to the orbit of the earth, the larger the apparent retrog obscured by the complex multitude of circles that make up the

motion of that planet must be —an additional harmony of Copern Copernican system. Copernicus’ arguments are not pragmatic.
system]; and why such oscillation appears more frequently in Saturn: y appeal, if at all, not to the utilitarian sense of the practicing
in Jupiter, but less frequently in Mars and Venus than in Mercury' nomer but to his aesthetic sense and to that alone. They had
earth will lap a slowly moving superior planet more frequently than it ppeal to laymen, who, even when they understood the arguments,
a rapid one, and conversely for an inferior planet]; moreover why Sa s unwilling to substitute minor celestial harmonies for major ter-

Jupiter and Mars are nearer to the Earth at opposition to the Sun: . . R
when they are lost in or emerge from the Sun’s rays. Particularly M I discord, They did not necessarily appeal to astronomers, for

when he shines all night [and is therefore in opposition], appears t harmonies to which Copernicus’ arguments pointed did not enable
Jupiter in magpitude, being only distinguishable by his ruddy color; o astronomer to perform his job better. New harmonies did not
wise he is scarce equal to a star of the second magnitude, and ca: rease accuracy or simplicity. Therefore they could and did appeal
recognized only when his movements are carefully fo}lowed.. All:the arily to that limited and perhaps irrational subgroup of mathe-
phenomena proceed from the same cause, namely Earth’s motion, : cal astronomers whose Neoplatonic ear for mathematical har-

That there are no such phenomena for the fixed stars prov
immeasurable distance, becanse of which the outer sphere’s [appar es could not be obstructed by page after page of complex mathe-

annual motion or its [parallactic] image is invisible to the eyes. For'e cs leading finally to numerical predictions scarcely better than
visible object has a certain distance beyond which it can no more be's ose they had known before. Fortunately, as we shall discover in
as is proved in optics. The twinkling of the stars, also, shows that the next chapter, there were a few such astronomers. Their work is

still a vast dlstar}ce between the. farthest of the planets, Saturn, and an essential ingredient of the Copernican Revolution.
Sphere of the Fixed Stars [for if the stars were very near Satum

should shine as he does], and it is chiefty by this indication that they
distinguished from the planets. Further, there must necessarily be a-
difference between moving and non-moving bodies, So great is this di Because he was the first fully to develop an astronomical

work of the Great and Noble Creator! m based upon the motion of the earth, Copernicus is frequently
d the first modern astronomer. But, as the text of the De Revolu-
bus indicates, an equally persuasive case might be made for
lhng him the last great Ptolemaic astronomer, Ptolemaic astronomy
nt far more than astronomy predicated on a stationary earth, and
s:only with respect to the position and motion of the earth that
pernicus broke with the Ptolemaic tradition. The cosmological

Revolution by Degrees

Throughout this crucially important tenth chapter Copern
emphasis is upon the “admirable symmetry” and the “clear bon
harmony in the motion and magnitude of the Spheres” that a-
centered geometry imparts to the appearances of the heavens. It
sun is the center, then an inferior planet cannot possibly appea
from the sun; if the sun is the center, then a superior planet mus
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frame in which his astronomy was embedded, his physics, terres It was not because of its traditional elements that people
and celestial, and even the mathematical devices that he emplb‘_ sreled about the De Revolutionibus.
to make his system give adequate predictions are all in the tradit That is why the De Revolutionibus could be the starting point for
established by ancient and medieval scientists. _ow astronomical and cosmological tradition as well as the culmina-
Though historians have occasionally grown livid arguing wh f an old one. Those whom Copernicus converted to the concept
Copernicus is really the last of the ancient or the first of the mo'd_: moving earth began their research from the point at which
astronomers, the debate is in principle absurd. Copernicus is nejt <nernicus had stopped. Their starting point was the earth’s motion,
an ancient nor a modern but rather a Renaissance astronomer in wh <h was all they necessarily took from Copernicus, and the prob-
work the two traditions merge. To ask whether his work is res to which they devoted themselves were not the problems of the
ancient or modern is rather like asking whether the bend in an oth ‘astronomy, which had occupied Copernicus, but the problems
wise straight road belongs to the section of road that precede the new sun-centered astronomy, which they discovered in the
bend or to the portion that comes after it. From the bend both secﬁ Revolutionibus. Copernicus presented them with a set of problems
of the road are visible, and its continuity is apparent. But vies t-neither he nor his predecessors had had to face. In the pursuit
from a point before the bend, the road seems to run straight t those problems the Copernican Revolution was completed, and a
bend and then te disappear; the bend seems the last point in a strai » astronomical tradition, deriving from the De Revolutionibus, was
road. And viewed from a point in the next section, after the _ben* nded. Modern astronomy looks back to the De Revolutionibus as
the road appears to begin at the bend from which it runs straigh ppernicus had looked back to Hipparchus and Ptolemy.
The bend belongs equally to both sections, or it belongs to neithe Major upheavals in the fundamental concepts of science occur by
It marks a turning point in the direction of the road’s progress,’j egrees. The work of a single individual may play a preéminent role
as the De Revolutionibus marks a shift in the direction in which as uch a cunceptual revolution, but if it does, it achieves preéminence
nomical thought developed. er because, like the De Revolutionibus, it initiates revolution by
To this point in this chapter we have emphasized pnmanl mall innovation which presents science with new problems, or
ties between the De Revolutionibus and the earlier astronomical: an ause, like Newton’s Principia, it terminates revolution by inte-
cosmological tradition. We have minimized, as Copernicus himse ﬁng concepts derived from many sources. The extent of the inno-
does, the extent of the Copernican innovation, because we have bc_e jon that any individual can produce is necessarily limited, for
concerned to discover how a potentially destructive innovation coul h individual must employ in his research the tools that he acquires
be produced by the tradition that it was ultimately to destroy. But om a traditional education, and he cannot in his own lifetime replace
we shall soon discover, this is not the only legitimate way to view th iem all, It seems therefore that many of the elements in the De
De Revolutionibus, and it is not the view taken by most later Cop olutionibus which, in the earlier parts of this chapter, we pointed
nicans, For Copernicus’ sixteenth- and seventeenth-century follow a5 incongruities are not really incongruities at all. The De Revolu-
the primary importance of the De Revolutionibus derived from ibus seems incongruous only to those who expect to find the entire
single novel concept, the planetary earth, and from the novel astr opernican Revolution in the work which gives that revolution its
nomical consequences, the new harmonies, which Copernicus _ ame, and such an expectation derives from a misunderstanding of
derived from that concept. To them Copernicanism meant the thr ¢ way in which new patterns of scientific thought are produced.
fold motion of the earth and, initially, that alone. The traditional cg e Nmitations of the De Revolutionibus might better be regarded
ceptions with which Copernicus had clothed his innovation were essential and typical characteristics of any revolution-making work.
to his followers essential elements of his work, simply because; Most of the apparent incongruities in the De Revolutionibus re-
traditional elements, they were not Copernicus™ contribution to t the personality of its author, and Copernicus’ personality seems
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entirely appropriate to his seminal role in the development of as
omy. Copernicus was a dedicated specialist. He belonged to
revived Hellenistic tradition of mathematical astronomy which gy 6
phasized the mathematical problem of the planets at the expens
cosmology. For his Hellenistic predecessors the physical incongry
of an epicycle had not been an important drawback of the Ptole:
system, and Copernicus displayed a similar indifference to co THE ASSIMILATION OF
logical detail when he failed to note the incongruities of a mo .
earth in an otherwise traditional universe. For him, mathematical ; - COPERNICAN ASTRONOMY
celestial detail came first; he wore blinders that kept his gaze focus
upon the mathematical harmonies of the heavens. To anyone who
not share his specialty Copernicus’ view of the universe was na
and his sense of values distorted, Copernicus died in 1543, the year in which the De Revolu-
But an excessive concern with the heavens and a distorted se onibus was published, and tradition tells us that he received the
of values may be essential characteristics of the man who inaugura st printed copy of his life’s work on his deathbed. The book had to
the revolution in astronomy and cosmology. The blinders that . ght its battles without further help from its author. But for those
stricted Copernicus’ gaze to the heavens may have been functio attles Copernicus had constructed an almost ideal weapon, He had
They made him so perturbed by discrepancies of a few degrees ade the book unreadable to 2ll but the erudite astronomers of his
astronomical prediction that in an attempt to resolve them he cop ay. Outside of the astronomical world the De Revolutionibus created
embrace a cosmological heresy, the earth’s motion. They gave:} itially very little stir. By the time large-scale lay and clerical opposi-
an eye so absorbed with geometrical harmony that he could adh on developed, most of the best Kuropean astronomers, to whom
to his heresy for its harmony alone, even when it had failed to st e book was directed, had found one or another of Copernicus’
the problem that had led him to it. And they helped him evade: athematical techniques indispensable. It was then impossible to
nonastronomical consequences of his innovation, consequences t ppress the work completely, particularly because it was in a printed
led men of less restricted vision to reject his innovation as absurd ok and not, like Oresme’s work or Buridan’s, in a manuscript.
Above all, Copernicus’ dedication to the celestial motions is hether intentionally or not, the final victory of the De Revolu-
sponsible for the painstaking detail with which he explored the mathe onibus was achieved by infiltration,
‘matical consequences of the earth’s motion and fitted those con For two decades before the publication of his principal work
quences to an existing knowledge of the heavens. That detai spernicus had been widely recognized as one of Europe’s leading
technical study is Copernicus’ real contribution. Both before and af tronomers, Reports about his research, including his new hypothesis,
Copernicus there were cosmologists more radical than he, men wh d circulated since about 1515. The publication of the De Revolu-
with broad brush strokes sketched an infinite and multipopula nibus was eagerly awaited. When it appeared, Copernicus’ con-
universe. But none of them produced work resembling the later bo mporaries may have been skeptical of its main hypothesis and
of the De Revolutionibys, and it is these books which, by showi sappointed in the complexity of its astronomical theory, but they
for the first time that the astronomer’s job could be done, and d ere nevertheless forced to recognize Copernicus’ book as the first
more harmoniously, from a moving earth, provided a stable base fr ropean astronomical text that could rival the Almagest in depth
which to launch a new astronomical tradition. Had Copernicus™ d completeness. Many advanced astronomical texts written during
mological First Book appeared alone, the Copernican Revolution wo e fifty years after Copernicus’ death referred to him as a “second
and should be known by someone else’s name. :

The Reception of Copernicus’ Work




