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of known accuracy place a limit upon the maximum radius of the
earth’s orbit. If the size of the earth’s orbit is known (and it can, in
theory, be determined by Aristarchus’ technique for measuring the
earth-sun distance ), then observations of known accuracy place a limit
upon the minimum size of the sphere of the stars. For example, if the
distance between the earth and sun is, as indicated by Aristarchus’
measurement described in the Technical Appendix, equal to 764 earth
diameters (1528 earth radii) and if observations are known to be
accurate within 0.1°, then the radius of the sphere of the stars must
be at least 1000 times the radius of the earth’s orbit or at least 1,528,000
earth radii.

Our example is a useful one, because, though Copernicus’ obser-
vations were not quite this accurate, those made by his immediate
successor, Brahe, were if anything slightly more accurate than 0.1°.
Ours is a representative estimate of the minimum size of the sphere
of the stars by a sixteenth-century Copernican. In principle, there is
nothing absurd about the result, for in the sixteenth and seventeenth
centuries there was no direct way of determining the distance to the
sphere of the stars. Its radius might have been more than 1,500,000
earth radii. But if it were that large —and Copernicanism demanded
that it should be — then a real break with traditional cosmology must
be admitted. Al Fargani, for example, had estimated the radius of the
sphere as 20,110 earth radii, more than seventy-five times smaller than
the Copernican estimate. The Copernican universe must be vastly
larger than that of traditional cosmology. Its volume is at least 400,000
times as great. There is an immense amount of space between the
sphere of Saturn and the sphere of the stars. The neat functional co-
herence of the nesting spheres of the traditional universe has been
violated, though Copernicus seems to remain sublimely unaware of

the break.

Copernican Astronomy — The Sun

Copernicus’ argument permits an orbital motion of the earth
in a vastly expanded universe, but the point is academic unless the
orbital motion can be shown to be compatible with the observed
motions of the sun and other planets. It is to those motions that
Copernicus turns in Chapters 10 and 11 of his First Book. We may
best begin with an expanded paraphrase of Chapter 11, in which
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Copernicus describes the orbital motion of the earth and considers its
effect upon the apparent position of the sun. For the moment assume,
as shown in Figure 28, that the centers of the universe, the sun, and
the earth’s orbit all coincide. In the diagram the plane of the ecliptic
is viewed from a position near the north celestial pole; the sphere of the
stars is stationary; the earth travels regularly eastward in its orbit
once in a year; and it simultaneously spins eastward on its axis once
in every 23 hours 56 minutes. Provided that the earth’s orbit is much
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Figure 28. As the earth moves in its Copernican orbit from E: to E the

apparent position of the central sun, S, seen against the sphere of the stars shifts
from S, to S..

smaller than the sphere of the stars, the axial rotation of the earth
will account precisely for the diurnal circles of the sun, moon, and
planets, as well as for those of the stars, because from any position
in the earth’s orbit all of these bodies must be seen against the sphere
of the stars and must seem to move with it as the earth rotates.

In the diagram the earth is shown in two positions which it occupies
thirty days apart. In each position the sun is viewed against the sphere
of the stars, and both apparent positions of the sun must lie on the
ecliptic, which is now defined as the line in which the plane of the
earth’s motion (a plane that includes the sun) intersects the sphere.
But as the earth has moved eastward from position E; to position
E; in the diagram, the sun has apparently moved eastward along the
ecliptic from position S; to position S,. Copernicus’ theory therefore
predicts just the same eastward annual motion of the sun along the
ecliptic as the Ptolemaic theory. It also predicts, as we shall discover
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immediately, the same seasonal variation of the height of the sun in
the sky.

Figure 29 shows the earth’s orbit viewed from a point in the celes-
tial sphere slightly north of the autumnal equinox. The earth is
drawn at the four positions occupied successively at the vernal equinox,
the summer solstice, the autumnal equinox, and the winter solstice. In
all four of these positions, as throughout its motion, the earth’s axis
remains parallel to an imaginary line passing through the sun and
tilted 23%° from a perpendicular to the plane of the ecliptic. Two
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Figure 29. The earth’s annual motion around its Copernican orbit. At all times
the earth’s axis stays parallel to itself or to the stationary line drawn through the
sun. As a result an observer O at noon in middle-northern latitudes finds the sun
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 local 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
completely diagnosed from Figure 29. In practice, however, it is
simpler to revert to the Ptolemaic explanation. Since in every season
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the sun appears to occupy the same position among the stars in the
Copernican as in the Ptolemaic system, it must rise and set with the
same stars in both systems. The correlation of the seasons with the
apparent position of the sun along the ecliptic cannot be affected by
the transition. With respect to the apparent motions of the sun and
stars the two systems are equivalent, and the Ptolemaic is simpler.

The last diagram also reveals two other interesting features of Co-
pernicus’ system. Since it is the rotation of the earth that produces the
diurnal 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
earth’s axis never does point to quite the same positions on the celes-
tial sphere from one year’s end to the next. According to the Coperni-
can theory the extension of the earth’s axis traces, during the course of
a year, two small circles on the sphere of the stars, one around the
north celestial pole and one around the south. To an observer on the
earth the center of the diurnal circles of the stars should itself seem
to move in a small circle about the celestial pole once each year. Or,
to put the same point in a way more closely related to observation, each
of the stars should seem slightly to change its position on the sphere of
the stars (or with respect to the observed pole of the sphere) during
the course of a year.

This apparent motion, which cannot be seen with the naked eye
and which was not even seen with telescopes until 1838, is known as

Figure 30. The annual parallax of a star. Because the line between a terrestrial
observer and a fixed star does not stay quite parallel to itself as the earth moves

in its orbit, the star’s apparent position on the stellar sphere should shift by an
angle p during an interval of six months.
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the parallactic motion. Because two lines drawn to a star from dia-
metrically opposite points on the earth’s orbit are not qu.ite parallel
(Figure 30), the apparent angular position of the star viewed from
the earth should be different at different seasons. But if the distance to
the star is very much greater than the distance across the earth’s
orbit, then the angle of parallax, p in Figure 30, will be very, very
small, and the change in the apparent position of the star will not
be appreciable. The parallactic motion is not apparent only because
the stars are so very far away relative to the dimensions of the earth’s
orbit. The situation is precisely equivalent to the one we discussed
above when considering why the earth’s motion did not seem to
change the intersection of the horizon plane and the sphere of the
stars. In fact, we are dealing with the same problem. But the present
version of the problem is a more important one, because near the
horizon it is very difficult to make the precise measurements of stellar
position required to discover whether the horizon bisects the stellar
sphere. Unlike the rising and setting of the equinoxes, discussed above,
the search for parallactic motions need not be restricted to the horizon.
Parallax therefore provides a much more sensitive observational check
upon the minimum size of the sphere of the stars relative to the size
of the earth’s orbit than is provided by the position of the horizon,
and the Copernican estimates of the sphere’s size given above ought
really to have been derived from a discussion of parallax.

The second point illuminated by considering Figure 29 is not
about the skies at all but about Copernicus. We described the orbital
motion illustrated in the diagram as a single motion by which the
earth’s center is carried in a circle about the sun while its axis re-
mains always parallel to a fixed line through the sun. Copernicus de-
scribes the same physical motion as consisting of two simultaneous
mathematical motions. That is why he gives the earth a total of three
circular motions. And the reasons for his description give another sig-
nificant illustration of the extent to which his thought was bound to
the traditional patterns of Aristotelian thought. For him the earth
is a planet which is carried about the central sun by a sphere just
like the one that used to carry the sun about the central earth. If the
earth were firmly fixed in a sphere, its axis would not always stay
parallel to the same line through the sun; it would instead be carried
about by the sphere’s rotation and would occupy the positions shown
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in Figure 31a. After the earth had revolved 180° about the sun, the
earth’s axis would still be tilted 23%° away from the perpendicular
but in a direction opposite to that in which it had begun. To undo
this change in the direction of the axis, caused by the rotation of the
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Figure 31. Copernicus’ “second” and “third” motions. The second motion, that
of a planet fixed in a rotating sun-centered sphere, is shown in (a). This motion
does not keep the earth’s axis parallel to itself, so that the conical third motion
shown in (b) is required to bring the axis back into line.

sphere that carries the earth, Copernicus requires a third circular
motion, this one applied to the axis of the earth only and shown in
Figure 31b. It is a conical motion, which carries the north end of the

axis once westward each year, and thus just compensates for the effect
on the earth’s axis of the orbital motion.

Copernican Astronomy — The Planets

So far the conceptual scheme developed by Copernicus is
just as effective as Ptolemy’s, but it is surely no more so, and it seems
a good deal more cumbersome. It is only when the planets are added
to Copernicus’ universe that any real basis for his innovation becomes
apparent. Consider, for example, the explanation of retrograde motion
to which Copernicus alluded without discussion at the end of Chap-
ter 5 in his introductory First Book. In the Ptolemaic system the retro-
grade motion of each planet is accounted for by placing the planet
on a major epicycle whose center is, in turn, carried about the earth
by the planet’s deferent. The combined motion of these two circles
Produces the characteristic looped patterns discussed in Chapter 3.
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In Copernicus” system no major epicycles are required, The retrograde
or westward motion of a planet among the stars is only an apparent
motion, produced, like the apparent motion of the sun around the
ecliptic, by the orbital motion of the earth. According to Ccpernicus
the motion that Ptolemy had explained with major epicycles was
really the motion of the earth, attributed to the planets by a terrestrial
observer who thought himself stationary.
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*Figure 32. The Copernican explanation of retrograde motion for (a) superior
planets and (b) inferior planets. In each diagram the earth moves steadily on its
orbit from E, to E: and the planet moves from P, to Ps. Simultaneously the planet’s
apparent position against the stellar sphere shifts eastward from 1 to 7, but as the
two planets pass there is a brief westward retrogression from 3 to 5.

The basis of Copernicus™ contention is illustrated and clarified by
Figures 32a and 32b. Successive apparent positions of a moving su-
perior planet viewed from a moving earth against the fixed back-
ground provided by the stellar sphere are shown in the first diagram;
the second shows successive apparent positions of an inferior planet.
Only the orbital motions are indicated; the earth’s diurnal rotation,
which produces the rapid apparent westward motion of the sun, planets,
and stars together, is omitted. In both diagrams successive positions
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of the earth in its sun-centered circular orbit are indicated by the
points Eq, E,, . . ., Eq; the corresponding consecutive positions of the
planets are marked Py, P, . . ., Py; and the corresponding apparent
positions of the planet, discovered by extending a line from the earth
through the planet until it intersects the stellar sphere, are labeled
1,2, ..., 7. In each case the more central planet moves more rapidly
in its orbit. Inspection of the diagram indicates that the apparent
motion of the planet among the stars is normal (eastward) from 1
to 2 and from 2 to 3; then the planet appears to retrogress (move west-
ward) from 3 to 4 and from 4 to 5; and finally it reverses its motion
again and moves normally from 5 to 6 and from 6 to 7. As the earth
completes the balance of its orbit, the planet continues in normal
motion, moving eastward most rapidly when it lies diametrically
across the sun from the earth.

Therefore, in Copernicus’ system, planets viewed from the earth
should appear to move eastward most of the time; they retrogress
only when the earth, in its more rapid orbital motion, overtakes them
(superior planets) or when they overtake the earth (inferior planets).
Retrograde motion can occur only when the earth is nearest to the
planet whose motion is observed, and this is in accord with observa-
tions. Superior planets, at least, are most brilliant when they move
westward. The first major irregularity of planetary motion has been
explained qualitatively without the use of epicycles.

Figure 33 indicates how Copernicus’ proposal accounts for a sec-
ond major irregularity of the planetary motions — the discrepancy
between the times required for successive trips of a planet around the
ecliptic. In the diagram it is assumed that the earth completes 11 east-
ward trips about its orbit while the planet, in this case a superior planet,
travels eastward through its orbit once. Suppose that at the start of the
series of observations the earth is at E; and the planet at P. The planet
is then in the middle of a retrogression and appears silhouetted against
the stationary stellar sphere at 1. When the planet has completed one
revolution in its orbit and returned to P, the earth has made 1% trips
around its orbit and reached E,. The planet therefore is seen at 2,
west of position 1 at which it started. It has not yet completed a full
journey around the ecliptic, and its first full trip will therefore con-
sume more time than the planet required to revolve once in its orbit.

As the planet makes its second trip about its orbit, the earth again
makes 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 silhouetted
at 3, to the east of position 2. It has completed more than one journey
around the ecliptic while moving only once through its orbit, and its
second journey around the ecliptic was therefore a very rapid one.
After a third revolution the planet is again at P, but it appears at
position 4, east of 3, and its journey around the ecliptic was therefore
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Figure 33. The Copernican explanation of variations in the time required for a
superior planet to complete successive journeys around the ecliptic. While the
planet moves once eastward around its orbit from P to P, the earth makes 1Y east-
ward revolutions from E; to Ej and on to Es. During this interval the apparent posi-
tion of the planct among the stars moves eastward from 1 to 2, slightly less than a
full trip. During the planet’s next revolution the earth moves from Es to Es and on
to E3, so that its apparent position among the stars shifts from 2 to 1 and on to 1
again, slightly more than one full trip around the ecliptic.

again a fast one. After a fourth revolution in its orbit the planet again
appears at 1, west of 4, and its final trip was therefore slow. The planet
has completed four trips about its orbit and four trips around the
ecliptic at the same instant. The average time required by a superior
planet to circle the ecliptic is therefore identical with the planet’s
orbital period. But the time required for an individual trip may be
considerably greater or considerably less than the average. A similar

argument will account for the similar irregularities of an inferior
planet’s motion.

Retrograde motion and the variation of the time required to circle
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the ecliptic are the two gross planetary irregularities which in an-
tiquity had led astronomers to employ epicycles and deferents in
treating the problem of the planets. Copernicus’ system explains these
same gross irregularities, and it does so without resorting to epicycles,
or at least to major epicycles. To gain even an approximate and
qualitative account of the planetary motions Hipparchus and Ptolemy
had required twelve circles — one each for the sun and moon, and
two each for the five remaining “wanderers.” Copernicus achieved
the same qualitative account of the apparent planetary motions with
only seven circles. He needed only one sun-centered circle for each
of the six known planets — Mercury, Venus, Earth, Mars, Jupiter,
and Saturn — and one additional earth-centered circle for the moon.
To an astronomer concerned only with a qualitative account of the
planetary motions, Copernicus’ system must seem the more eco-
nomical.

But this apparent economy of the Copernican system, though it
is a propaganda victory that the proponents of the new astronomy
rarely failed to emphasize, is largely an illusion. We have not yet
begun to deal with the full complexity of Copernicus’ planetary
astronomy. The seven-circle system presented in the First Book of
the De Revolutionibus, and in many modern elementary accounts of
the Copernican system, is a wonderfully economical system, but it
does not work. It will not predict the position of planets with an
accuracy comparable to that supplied by Ptolemy’s system. Its ac-
curacy is comparable to that of a simplified twelve-circle version of
Ptolemy’s system — Copernicus can give a more economical qualita-
tive account of the planetary motions than Ptolemy. But to gain a
reasonably good quantitative account of the alteration of planetary
position Ptolemy had been compelled to complicate the fundamental
twelve-circle system with minor epicycles, eccentrics, and equants,
and to get comparable results from his basic seven-circle system
Copernicus, too, was forced to use minor epicycles and eccentrics.
His full system was little if any less cambersome than Ptolemy’s had
been. Both employed over thirty circles; there was little to choose
between them in economy. Nor could the two systems be distin-
guished by their accuracy. When Copernicus had finished adding
circles, his cumbersome sun-centered system gave results as accurate
as Ptolemy’s, but it did not give more accurate results. Copernicus
did not solve the problem of the planets.
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The full Copernican system is described in the latter books of the
De Revolutionibus. Fortunately we need only illustrate the sorts of
complexities there developed. Copernicus’ system was not, for ex-
ample, really a sun-centered system at all. To account for the in-
creased rate at which the sun travels through the signs of the zodiac
during the winter, Copernicus made the earth’s circular orbit eccen-
tric, displacing its center from the sun’s. To account for other irregu-
larities, indicated by ancient and contemporary observations of the
sun’s motion, he kept this displaced center in motion. The center of
the earth’s eccentric was placed upon a second circle whose motion
continually varied the extent and direction of the earth’s eccentricity.
The final system employed to compute the earth’s motion is repre-
sented approximately in Figure 34a. In the diagram, § is the sun,
fixed in space‘; the point O, which itself moves slowly about the sun,
is the center of a slowly rotating circle that carries the moving center

O of the earth’s eccentric; E is the earth itself.
Similar complexities were necessitated by the observed motions of

the other heavenly bodies. For the moon Copernicus used a total of
three circles, the first centered on the moving earth, the second cen-
tered on the moving circumference of the first, and the third on the
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Figure 34. Copernicus’ account of the motion of (a) the earth and (b) Mars.
In (a) the sun is at S, and the earth, E, revolves on a circle whose center, Og, re-
volves slowly about a point O, which in turn revolves on a sun-centered circle. In
(b) Mars is placed on an epicycle revolving on a deferent whose center, Oy, main-
tains a fixed geometric relation to the moving center O¢ of the earth’s orbit.
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circumference of the second. For Mars and most of the other planets
he employed a system much like that illustrated in Figure 34b. The
center of Mars’s orbit, Oy, is displaced from the center of the earth’s
orbit, Oy, and is moved with it; the planet itself is placed at M, not
on the eccentric but on an epicycle, which rotates eastward in the
same direction and with the same period as the eccentric. Nor do the
complexities end here. Still other devices, fully equivalent to Ptolemy’s,
were required to account for the north and south deviations of each
planet from the ecliptic.

Even this brief sketch of the complex system of interlocking circles
employed by Copernicus to compute planetary position indicates the
third great incongruity of the De Revolutionibus and the immense
irony of Copernicus’ lifework. The preface to the De Revolutionibus
opens with a forceful indictment of Ptolemaic astronomy for its in-
accuracy, complexity, and inconsistency, yet before Copernicus’ text
closes, it has convicted itself of exactly the same shortcomings.
Copernicus’ system is neither simpler nor more accurate than Ptolemy’s.
And the methods that Copernicus employed in constructing it seem
just as little likely as the methods of Ptolemy to produce a single
consistent solution of the problem of the planets. The De Revolu-
tionibus itself is not consistent with the single surviving early version
of the system, described by Copernicus in the early manuscript Com-
mentariolus. Even Copernicus could not derive from his hypothesis
a single and unique combination of interlocking circles, and his
successors did not do so. Those features of the ancient tradition which
had led Copernicus to attempt a radical innovation were not elimi-
nated by that innovation. Copernicus had rejected the Ptolemaic
tradition because of his discovery that “the Mathematicians are in-
consistent in these [astronomical] investigations” and because “if
their hypotheses were not misleading, all inferences based thereon
might surely be verified.” A new Copernicus could have turned the
identical arguments against him.

The Harmony of the Copernican System

Judged on purely practical grounds, Copernicus’ new plane-
tary system was a failure; it was neither more accurate nor significantly
simpler than its Ptolemaic predecessors. But historically the new sys-
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tem was a great success; the De Revolutionibus did convince a few
of Copernicus’ successors that sun-centered astronomy held the key
to the problem of the planets, and these men finally provided the
simple and accurate solution that Copernicus had sought. We shall
examine their work in the next chapter, but first we must try to dis-
cover why they became Copernicans — in the absence of increased
economy or precision, what reasons were there for transposing the
earth and the sun? The answer to this question is not easily dis-
entangled from the technical details that fill the De Revolutionibus,
because, as Copernicus himself recognized, the real appeal of sun-
centered astronomy was aesthetic rather than pragmatic. To astrono-
mers the initial choice between Copernicus’ system and Ptolemy’s
could only be a matter of taste, and matters of taste are the most
difficult of all to define or debate. Yet, as the Copernican Revolution
itself indicates, matters of taste are not negligible. The ear equipped
to discern geometric harmony could detect a new neatness and co-
herence in the sun-centered astronomy of Copernicus, and if that
neatness and coherence had not been recognized, there might have
been no Revolution.

We have already examined one of the aesthetic advantages of
Copernicus’ system. It explains the principal qualitative features of
the planetary motions without using epicycles. Retrograde motion,
in particular, is transformed to a natural and immediate consequence
of the geometry of sun-centered orbits. But only astronomers who
valued qualitative neatness far more than quantitative accuracy (and
there were a few — Galileo among them) could consider this a con-
vincing argument in the face of the complex system of epicycles and
eccentrics elaborated in the De Revolutionibus. Fortunately there were
other, less ephemeral, arguments for the new system. For example,
it gives a simpler and far more natural account than Ptolemy’s of
the motions of the inferior planets. Mercury and Venus never get very
far from the sun, and Ptolemaic astronomy accounts for this observa-
tion by tying the deferents of Mercury, Venus, and the sun together
so that the center of the epicycle of each inferior planet always lies
on a straight line between the earth and the sun (Figure 35a). This
alignment of the centers of the epicycles is an “extra” device, an ad
hoc addition to the geometry of earth-centered astronomy, and there
is no need for such an assumption in Copernicus’ system. When, as in
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Figure 35b, the orbit of a planet lies entirely within the earth’s orbit
there is no way in which the planet can appear far from the sun.’
Maximum elongation will occur when, as in the diagram, the line
from the earth to the planet is tangent to the planet’s orbit and the
angle SPE is a right angle. Therefore the angle of elongation, SEP,
is the largest angle by which the inferior planet can deviate fr(;m the:

sun. The basic geometry of the system fully accounts for the way in
which Mercury and Venus are bound to the sun.

1(&

(a) (b)

'F'lgure 35. Limited elongation of inferior planets explained in (a) the Ptole-
maic and (b) the Copernican systems. In the Ptolemaic system the angle be-
tween 'the sun, S, and the planet, P, must be restricted by keeping the center of
the epicycle on the line between the earth and the sun. In the Copernican system,

Wlth the Planets or blt entllely Contamed y no su restriction is
b the €. rth
a; S, o] Ch st 1

Copernican geometry illuminates another even more important
aspect of the behavior of the inferior planets, namely, the order of
their orbits. In the Ptolemaic system the planets were arranged in
earth-centered orbits so that the average distance between a planet
and the earth increased with the time required for the planet to
traverse the ecliptic. The device worked well for the superior planets
and for the moon, but Mercury, Venus, and the sun all require 1 year
for an average journey around the ecliptic, and the order of their
orbits had therefore always been a source of debate. In the Copernican
system there is no place for similar debate; no two planets have the
same orbital period. The moon is no longer involved in the problem,
for it travels about the earth rather than about the central sun. The
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himself particularly emphasizes. In the Ptolemaic system the deferent
and epicycle of any one planet can be shrunk or expanded at will
without affecting either the sizes of the other planetary orbits or the
position at which the planet, viewed from a central earth, appears
against the stars. The order of the orbits may be determined by assum-
ing a relation between size of orbit and orbital period. In addition, the
relative dimensions of the orbits may be worked out with the aid of
the further assumption, discussed in Chapter 3, that the minimum dis-
tance of one planet from the earth is just equal to the maximum dis-
tance between the earth and the next interior planet. But though both
of these seem natural assumptions, neither is necessary. The Ptolemaic
system could predict the same apparent positions for the planets with-
out making use of either. In the Ptolemaic system the appearances are
not dependent upon the order or the sizes of the planetary orbits.
There is no similar freedom in the Copernican system. If all the
planets revolve in approximately circular orbits about the sun, then
both the order and the relative sizes of the orbits can be determined
directly from observation without additional assumptions. Any change
in order or even in relative size of the orbits will upset the whole
system. For example, Figure 36a shows, an inferior planet, P, viewed
from the earth at the time when it reaches its maximum elongation
from the sun. The orbit is assumed circular, and the angle SPE must
therefore be a right angle when the angle of elongation, SEP, reaches
its maximum value. The planet, the sun, and the earth form a right
triangle one of whose acute angles, SEP, can be directly measured.
But knowledge of one acute angle of a right triangle determines the
ratio of the lengths of the sides of that triangle. Therefore the ratio
of the radius of the inferior planet’s orbit, SP, to the radius of the earth’s
orbit, SE, can be computed from the measured value of the angle SEP.
The relative sizes of the earth’s orbit and the orbits of both inferior
planets can be discovered from observation.

An equivalent determination can be made for a superior planet,
though the techniques are more complex. One possible technique is
illustrated in Figure 36b. Suppose that at some determined instant
of time the sun, the earth, and the planet all lie on the straight line
SEP; this is the orientation in which the planet lies diametrically
across the ecliptic from the sun and is in the middle of a retrograde
motion. Since the earth traverses its orbit more rapidly than any su-



176 THE COPERNICAN REVOLUTION

(a) (b)

Figure 36. Determining the relative dimensions of orbits in the Copernican

system: (a) for an inferior planet; (b) for a superior planet.

perior planet, there must be some later i.nstant of time, v’vhe'rtlh tl:; eartj
at E’ and the planet at P’ will form a right angle SE'P" wi . elsue;
and since SE’P’ is the angle between the sun and t.he supeno; P a.n
viewed from the earth, it can be directly determlnec‘1 ?nd the tll'{l):
required to achieve it can be measured. T}.le angle I;ZSE ;an I'IOW be
determined, for it must bear the same ratio to 360° as t edtlmeth )
quired by the earth to move from E to E’ bears to the 3’65 a};)s d:;
the earth requires to complete its orbit. The angle.a PSI;) Cta}il (;anet
termined in just the same way, since the time regmred y . (;a IEJ pet
to complete its orbit is already known, and the time occipxeth yalrth
planet in going from P to P’ is the same as that needed 1yP’SeEte e
to go from E to E’. With PSP’ and ESE’ known, t.he ang e R
be found by subtraction. Then we again have a right tnancig. e, : thé
with one acute angle, P’'SE’, known, and the .ratlo c,>f the ra 1usf ) e
planet’s orbit, SP’, to that of the 1earth’s orbit, SE’, can therefore
i ust as for an inferior planet.
dege;mtlenc(;igites like this the (El)istances to all the planets }clan be
determined in terms of the distance between t}'le earth anc.l t efsu}rll,
or in terms of any unit, like the stade, in whlch'the radius o .t e
earth’s orbit has been measured. Now, for the first tlfne, as Copclelrmtcus
says in his prefatory letter, “the orders and magmtuc}es -of all s ari
and spheres . . . become so bound together that nothmg in an}fz p'ar
thereof could be moved from its place without produtimg con usu})ln
of all the other parts and of the universe as a whole.” Because the
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relative dimensions of the planetary orbits are a direct consequence
of the first geometric premises of sun-centered astronomy, the new
astronomy has for Copernicus a naturalness and coherence that were
lacking in the older earth-centered version. The structure of the
heavens can be derived from Copernicus’ system with fewer extra-
neous or ad hoc assumptions like plenitude. That is the new and
aesthetic harmony which Copernicus emphasizes and illustrates so
fully in the tenth chapter of his introductory First Book, to which
we now turn, having first learned enough about the new system (as

Copernicus’ lay readers had not) to understand what he is talking
about.

10. Of the Order of the Heavenly Bodies.

No one doubts that the Sphere of the Fixed Stars is the most distant of
visible things. As for the order of the planets, the early Philosophers wished
to determine it from the magnitude of their revolutions. They adduce the
fact that of objects moving with equal speed, those farther distant seem
to move more slowly (as is proved in Euclid’s Optics). They think that
the Moon describes her path in the shortest time because, being nearest to
the Earth, she revolves in the smallest circle. Farthest they place Saturn,
who in the longest time describes the greatest circuit. Nearer than he is
Jupiter, and then Mars.

Opinions differ as to Venus and Mercury which, unlike the others, do
not altogether leave the Sun. Some place them beyond the Sun, as Plato in
Timaeus; others nearer than the Sun, as Ptolemy and many of the moderns.
Alpetragius [a twelfth-century Moslem astronomer] makes Venus nearer
and Mercury farther than the Sun. If we agree with Plato in thinking that
the planets are themselves dark bodies that do but reflect light from the
Sun, it must follow, that if ~earer than the Sun, on account of their prox-
imity to him they would appear as half or partial circles; for they would
generally reflect such light as they receive upwards, that is toward the Sun,
as with the waxing or waning Moon. [See the discussion of the phases of
Venus in the next chapter. Neither this effect nor the following is dis-
tinctly visible without the telescope.] Some think that since no eclipse
even proportional to their size is ever caused by these planets, they can
never be between us and the Sun. ... [Copernicus proceeds to note
many difficulties in the arguments usually used to determine the relative
order of the sun and the inferior planets. Then he continues:]

Unconvincing too is Ptolemy’s proof that the Sun moves between those
bodies that do and those that do not recede from him completely [that is,
between the superior planets which can assume any angle of elongation
and the inferior planets whose maximum elongation is limited]. Con-



178 THE COPERNICAN REVOLUTION

sideration of the case of the Moon, which does so recede, exposes its false-
ness. Again, what cause can be alleged, by those who place Venus nearer
than the Sun, and Mercury next, or in some other order? Why should not
these planets also follow separate paths, distinct from that of the Sun, as
do the other planets [whose deferents are not tied to the sun’s]? And this
might be said even if their relative swiftness and slowness did not belie
their alleged order. Either then the Earth cannot be the center to which
the order of the planets and their Spheres is related, or certainly their
relative order is not observed, nor does it appear why a higher position
should be assigned to Saturn than to Jupiter, or any other planet.

Therefore 1 think we must seriously consider the ingenious view held
by Martianus Capella [a Roman encyclopedist of the fifth century who
recorded a theory of the inferior planets probably first suggested by
Heraclides] . . . and certain other Latins, that Venus and Mercury do
not go round the Earth like the other planets but run their courses with
the Sun as center, and so do not depart from him farther than the con-
vexity of their Spheres allows. . . . What else can they mean than that
the center of these Spheres is near the Sun? So certainly the circle of Mer-
cury must be within that of Venus, which, it is agreed, is more than twice
as great.

We may now extend this hypothesis to bring Saturn, Jupiter and Mars
also into relation with this center, making their Spheres great enough to
contain those of Venus and Mercury and the Earth. . . . These outer
planets are always nearer to the Earth about the time of their evening
rising, that is, when they are in oppasition to the Sun, and the Earth be-
tween them and the Sun. They are more distant from the Earth at the
time of their evening setting, when they are in conjunction with the Sun
and the Sun between them and the Earth. These indications prove that
their center pertains rather to the Sun than to the Earth, and that this is
the same center as that to which the revolutions of Venus and Mercury
are related.

* [Copernicus’ remarks do not actually “prove” a thing. The Ptolemaic
system explains these phenomena as completely as the Copernican, but the
Copernican explanation is again more natural, for, like the Copernican ex-
planation of the limited elongation of the inferior planets, it depends only
on the geometry of a sun-centered astronomical system, not on the particu-
lar orbital periods assigned to the planets. Copernicus’ remarks will be
clarified by reference to Figure 32a. A superior planet retrogresses when
the earth overtakes it, and under these circumstances it must be simul-
taneously closest to the earth and across the ecliptic from the sun. In the
Ptolemaic system a retrogressing superior planet must be closer to the
earth than at any other time, and it is in fact also across the sky from
the sun. But it is only across the sky from the sun because the rates of
rotation of its deferent and epicycle have particular values that happen to
put the planet back in opposition to the sun whenever the epicycle brings
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the.planet ba.ck close to the central earth. If, in the Ptolemaic system, the
plfrlod of eplcycle or fleferent were quantitatively slightly different, then
the qualltatlve regularlty that puts a retrogressing superior planet yacross
the sky fror(rill the sfunhwould not occur. In the Copernican system it must
occur regardless of the particul i i
e e particular rates at which the planets revolve in
Bu;) since all these [Spheres] have one center it is necessary that the
s;f)ace ?tween the convex side of Venus’s Sphere and the concave side
o I\/{)zirss must'a.lso be viewed as a Sphere concentric with the others
capable ‘of receiving the Earth with her satellite the Moon and whatever
1; contained within the Sphere of the Moon ~ for we must not separate
:he i\/[t(;on from th1<13 Earth, the former being beyond all doubt nearest to
e latter, especially as in that space we fi i
fhe atier, o5 p nd suitable and ample room
}:Ne there.fore assert that the center of the Earth, carrying the Moon’s
path, passes In a great circuit among the other planets in an annual revolu-
:ﬁ)n ro;lmd the Sun; th:’it near the Sun is the center of the Universe; and
i a:t whereas the Sun is at rest, any apparent motion of the Sun can be
lf ter explalr}ed by motion of the Earth. Yet so great is the Universe that
t '()Eg};l the. distance of the Earth from the Sun is not insignificant compared
:r;r ts'e sxztlat O'f any othﬁer planetary path, in accordance with the ratios of
izes, it is insignificant compared with the di
e e S p e distances of the Sphere
I think it easier to believe this than to confuse the issue by assuming
3 va‘s;’ number of Spheres, which those who keep Earth at the center must
ﬂo. e thus rather follow Nature, who producing nothing vain or super-
uous often ‘prefers to endow one cause with many effects. Though these
:ﬁzwse are1 dlfﬁctgt,llc%ltgary to expectation, and certainly unusual, yet in
sequel we shall, God willing, make th ’
e poquel we ¢ g em abundantly clear at least to
.Ccll\‘ren'the above view — and there is none more reasonable — that the
pfen}? ic times are ProPortional to the sizes of the Spheres, then the order
0f t]f Spheres, beginning from the most distant is as follows. Most distant
;)h all is t'he SPhere of the Fixed Stars, containing all things, and being
) erefore itself immovable. It represents that to which the motion and posi-
;t)noi)f. all t.he other bodies must be referred . . . . Next is the planet Saturn
thv ving in 30 years. Next comes Jupiter, moving in a 12-year circuit’-
‘ n::l all\dg‘s,;lrtl.l: g[otzstlx;ouéxdhin 2 years. The fourth place is held by the’
ion [of the Sphere] in which the Earth is i
. contained, togeth
with the Sphere of the Moon as on an epicycle. Venus, wh P
9 months, is in the fifth place, and sixth is M . L ose petiod. s
the space of 50 duys ) is Mercury, who goes round in
In the middle of all sits S
un ent i i
could we place this luminary in e:n};rcl))lzg; . thtlS m(ESt ! pomple
e : any r position from which he can
e at once? He is rightly called the Lamp, the Mind, the
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Ruler of the Universe; Hermes Trismegistus names him the Visible God,
Sophocles’ Electra calls him the All-seeing. So the Sun sits as upon a royal
throne ruling his children the planets which circle round him. The Earth
has the Moon at her service. As Aristotle says, in his On [the Generation
of] Animals, the Moon has the closest relationship with the Earth. Mean-
while the Earth conceives by the Sun, and becomes pregnant with an
annual rebirth,

So we find underlying this ordination an admirable symmetry in the
Universe, and a clear bond of harmony in the motion and magnitude of
the Spheres such as can be discovered in no other wise. For here we may
observe why the progression and retrogression appear greater for Jupiter
than Saturn, and less than for Mars, but again greater for Venus than for
Mercury [a glance at Figure 32 will show that the closer the orbit of a
planet is to the orbit of the earth, the larger the apparent retrograde
motion of that planet must be —an additional harmony of Copernicus’
system]; and why such oscillation appears more frequently in Saturn than
in Jupiter, but less frequently in Mars and Venus than in Mercury [the
earth will lap a slowly moving superior planet more frequently than it laps
a rapid one, and conversely for an inferior planet]; moreover why Saturn,
Jupiter and Mars are nearer to the Earth at opposition to the Sun than
when they are lost in or emerge from the Sun’s rays. Particularly Mars,
when he shines all night [and is therefore in opposition], appears to rival
Jupiter in magnitude, being only distinguishable by his ruddy color; other-
wise he is scarce equal to a star of the second magnitude, and can be
recognized only when his movements are carefully followed. All these
phenomena proceed from the same cause, namely Earth’s motion,

That there are no such phenomena for the fixed stars proves their
immeasurable distance, because of which the outer sphere’s [apparent]
annual motion or its [parallactic] image is invisible to the eyes. For every
visible object has a certain distance beyond which it can no more be seen,
as is proved in optics. The twinkling of the stars, also, shows that there is
still a vast distance between the farthest of the planets, Saturn, and the
Sphere of the Fixed Stars [for if the stars were very near Saturn, they
should shine as he does], and it is chiefly by this indication that they are
distinguished from the planets. Further, there must necessarily be a great
difference between moving and non-moving bodies. So great is this divine
work of the Great and Noble Creator!

Throughout this crucially important tenth chapter Copernicus’
emphasis is upon the “admirable symmetry” and the “clear bond of
harmony in the motion and magnitude of the Spheres” that a sun-
centered geometry imparts to the appearances of the heavens. If the
sun is the center, then an inferior planet cannot possibly appear far
from the sun; if the sun is the center, then a superior planet must be
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in opposition to the sun when it is closest to the earth; and so on and
on. It is through arguments like these that Copernicus seeks to per-
suade his contemporaries of the validity of his new approach. Each
argument cites an aspect of the appearances that can be explained by
either the Ptolemaic or the Copernican system, and each then pro-
ceeds to point out how much more harmonious, coherent, and natural
the Copernican explanation is. There are a great many such argu-
ments. The sum of the evidence drawn from harmony is nothing if
not impressive.

But it may well be nothing. “Harmony” seems a strange basis on
which to argue for the earth’s motion, particularly since the harmony
is so obscured by the complex multitude of circles that make up the
full Copernican system. Copernicus’ arguments are not pragmatic.
They appeal, if at all, not to the utilitarian sense of the practicing
astronomer but to his aesthetic sense and to that alone. They had
no appeal to laymen, who, even when they understood the arguments,
were unwilling to substitute minor celestial harmonies for major ter-
restrial discord. They did not necessarily appeal to astronomers, for
the harmonies to which Copernicus’ arguments pointed did not enable
the astronomer to perform his job better. New harmonies did not
increase accuracy or simplicity. Therefore they could and did appeal
primarily to that limited and perhaps irrational subgroup of mathe-
matical astronomers whose Neoplatonic ear for mathematical har-
monies could not be obstructed by page after page of complex mathe-
matics leading finally to numerical predictions scarcely better than
those they had known before. Fortunately, as we shall discover in
the next chapter, there were a few such astronomers. Their work is
also an essential ingredient of the Copernican Revolution.

Revolution by Degrees

Because he was the first fully to develop an astronomical
system based upon the motion of the earth, Copernicus is frequently
called the first modern astronomer. But, as the text of the De Revolu-
tionibus indicates, an equally persuasive case might be made for
calling him the last great Ptolemaic astronomer. Ptolemaic astronomy
meant far more than astronomy predicated on a stationary earth, and
it is only with respect to the position and motion of the earth that
Copernicus broke with the Ptolemaic tradition. The cosmological
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frame in which his astronomy was embedded, his physics, terrestrial
and celestial, and even the mathematical devices that he employed
to make his system give adequate predictions are all in the tradition
established by ancient and medieval scientists.

Though historians have occasionally grown livid arguing whether
Copernicus is really the last of the ancient or the first of the modern
astronomers, the debate is in principle absurd. Copernicus is neither
an ancient nor a modern but rather a Renaissance astronomer in whose
work the two traditions merge. To ask whether his work is really
ancient or modern is rather like asking whether the bend in an other-
wise straight road belongs to the section of road that precedes the
bend or to the portion that comes after it. From the bend both sections
of the road are visible, and its continuity is apparent. But viewed
from a point before the bend, the road seems to run straight to the
bend and then to disappear; the bend seems the last point in a straight
road. And viewed from a point in the next section, after the bend,
the road appears to begin at the bend from which it runs straight on.
The bend belongs equally to both sections, or it belongs to neither.
It marks a turning point in the direction of the road’s progress, just
as the De Revolutionibus marks a shift in the direction in which astro-
nomical thought developed.

To this point in this chapter we have emphasized primarily the
ties between the De Revolutionibus and the earlier astronomical and
cosmological tradition. We have minimized, as Copernicus himself
does, the extent of the Copernican innovation, because we have been
concerned to discover how a potentially destructive innovation could
be produced by the tradition that it was ultimately to destroy. But, as
we shall soon discover, this is not the only legitimate way to view the
De Revolutionibus, and it is not the view taken by most later Coper-
nicans. For Copernicus’ sixteenth- and seventeenth-century followers,
the primary importance of the De Revolutionibus derived from its
single novel concept, the planetary earth, and from the novel astro-
nomical consequences, the new harmonies, which Copernicus had
derived from that concept. To them Copernicanism meant the three-
fold motion of the earth and, initially, that alone. The traditional con-
ceptions with which Copernicus had clothed his innovation were not
to his followers essential elements of his work, simply because, as
traditional elements, they were not Copernicus’ contribution to sci-
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ence. It was not because of its traditional elements that people
quarreled about the De Revolutionibus.

That is why the De Revolutionibus could be the starting point for
a new astronomical and cosmological tradition as well as the culmina-
tion of an old one. Those whom Copernicus converted to the concept
of a moving earth began their research from the point at which
Copernicus had stopped. Their starting point was the earth’s motion,
which was all they necessarily took from Copernicus, and the prob-
lems to which they devoted themselves were not the problems of the
old astronomy, which had occupied Copernicus, but the problems
of the new sun-centered astronomy, which they discovered in the
De Revolutionibus. Copernicus presented them with a set of problems
that neither he nor his predecessors had had to face. In the pursuit
of those problems the Copernican Revolution was completed, and a
new astronomical tradition, deriving from the De Revolutionibus, was
founded. Modern astronomy looks back to the De Revolutionibus as
Copernicus had looked back to Hipparchus and Ptolemy.

Major upheavals in the fundamental concepts of science occur by
degrees. The work of a single individual may play a pre&minent role
in such a conceptual revolution, but if it does, it achieves preéminence
either because, like the De Revolutionibus, it initiates revolution by
a small innovation which presents science with new problems, or
because, like Newton’s Principia, it terminates revolution by inte-
grating concepts derived from many sources. The extent of the inno-
vation that any individual can produce is necessarily limited, for
each individual must employ in his research the tools that he acquires
from a traditional education, and he cannot in his own lifetime replace
them all. It seems therefore that many of the elements in the De
Revolutionibus which, in the earlier parts of this chapter, we pointed
to as incongruities are not really incongruities at all. The De Revolu-
tionibus seems incongruous only to those who expect to find the entire
Copernican Revolution in the work which gives that revolution its
name, and such an expectation derives from a misunderstanding of
the way in which new patterns of scientific thought are produced.
The limitations of the De Revolutionibus might better be regarded
as essential and typical characteristics of any revolution-making work.

Most of the apparent incongruities in the De Revolutionibus re-
flect the personality of its author, and Copernicus’ peisonality seems
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entirely appropriate to his seminal role in the development of astron-
omy. Copernicus was a dedicated specialist. He belonged to the
revived Hellenistic tradition of mathematical astronomy which em-
phasized the mathematical problem of the planets at the expense of
cosmology. For his Hellenistic predecessors the physical incongruity
of an epicycle had not been an important drawback of the Ptolemaic
system, and Copernicus displayed a similar indifference to cosmo-
logical detail when he failed to note the incongruities of a moving
earth in an otherwise traditional universe. For him, mathematical and
celestial detail came first; he wore blinders that kept his gaze focused
upon the mathematical harmonies of the heavens. To anyone who did
not share his specialty Copernicus’ view of the universe was narrow
and his sense of values distorted.

But an excessive concern with the heavens and a distorted sense
of values may be essential characteristics of the man who inaugurated
the revolution in astronomy and cosmology. The blinders that re-
stricted Copernicus’ gaze to the heavens may have been functional.
They made him so perturbed by discrepancies of a few degrees in
astronomical prediction that in an attempt to resolve them he could
embrace a cosmological heresy, the earth’s motion. They gave him
an eye so absorbed with geometrical harmony that he could adhere
to his heresy for its harmony alone, even when it had failed to solve
the problem that had led him to it. And they helped him evade the
nonastronomical consequences of his innovation, consequences that
led men of less restricted vision to reject his innovation as absurd.

Above all, Copernicus’ dedication to the celestial motions is re-
spensible for the painstaking detail with which he explored the mathe-
matical consequences of the earth’s motion and fitted those conse-
quences to an existing knowledge of the heavens. That detailed
technical study is Copernicus’ real contribution. Both before and after
Copernicus there were cosmologists more radical than he, men who
with broad brush strokes sketched an infinite and multipopulated
universe. But none of them produced work resembling the later books
of the De Revolutionibus, and it is these books which, by showing
for the first time that the astronomer’s job could be done, and done
more harmoniously, from a moving earth, provided a stable base from
which to launch a new astronomical tradition. Had Copernicus’ cos-
mological First Book appeared alone, the Copernican Revolution would
and should be known by someone else’s name.

THE ASSIMILATION OF

COPERNICAN ASTRONOMY

The Reception of Copernicus’ Work

Copernicus died in 1543, the year in which the De Revolu-
tionibus was published, and tradition tells us that he received the
first printed copy of his life’s work on his deathbed. The book had to
fight its battles without further help from its author. But for those
battles Copernicus had constructed an almost ideal weapon. He had
made the book unreadable to all but the erudite astronomers of his
day. Outside of the astronomical world the De Revolutionibus created
initially very little stir. By the time large-scale lay and clerical opposi-
tion developed, most of the best European astronomers, to whom
the book was directed, had found one or another of Copernicus’
mathematical techniques indispensable. It was then impossible to
suppress the work completely, particularly because it was in a printed
book and not, like Oresme’s work or Buridan’s, in a manuscript.
Whether intentionally or not, the final victory of the De Revolu-
tionibus was achieved by infiltration.

For two decades before the publication of his principal work
Copernicus had been widely recognized as one of Europe’s leading
astronomers. Reports about his research, including his new hypothesis,
had circulated since about 1515. The publication of the De Revolu-
tionibus was eagerly awaited. When it appeared, Copernicus’ con-
temporaries may have been skeptical of its main hypothesis and
disappointed in the complexity of its astronomical theory, but they
were nevertheless forced to recognize Copernicus’ book as the first
European astronomical text that could rival the Almagest in depth
and completeness. Many advanced astronomical texts written during
the fifty years after Copernicus’ death referred to him as a “second



