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PREFACE

IT is my aim in the following pages to present a short
account of the astronomer Copernicus, and of the historic
book in which he laid the foundations of the heliocentric
theory of the planetary motions. | hope that the work
may appeal, not only to students of the history of
astronomy, but also to the wider class of readers who are
interested in Copernicus as one of the makers of modern
thought.

The plan of the book is as follows. By way of introduction
to the work of Copernicus, it has been necessary to sum-
marize the development of planetary theories from Baby-
lonian times down to his day. This is done in Chapter |.
Chapter 11 contains a concise biography of Copernicus,
with some account of his instruments and of the results
of the critical examination of his manuscripts. With
Chapter | | | we begin the exposition of Copernicus epoch-
making work, the De Revolutionibus. This occupies the rest
of the book, except for a short Epilogue on the establish-
ment of the heliocentric theory, and several supplementary
Notes. The De Revolutionibus has been studied compara-
tively with Ptolemy's Almagest, and | have inserted
numerous references to the latter in order to bring out
the close connection between the two works.

| owe a deep debt of gratitude to my former teachers.
Professor A. Wolf, and the late Professor L. N. G. Filon,
for their advice and encouragement, and for the pains they
have taken in reading critically through the typescript.
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My thanks are also due to Professor H. E. Butler, of
University College, for his expert advice on the translation
of certain Latin passaages. The responsibility for any un-
corrected errors or omissons is, however, solely mine.

AA.

June 1938
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NOTE

IN the present work numerous references will have to be
made to various passages in Copernicus' book De Revolu-
tionihus, and in Ptolemy's Almagest. Such references to a
given Book and Chapter of the De Revolutionihus will, in
general, simply beindicated thus (111, 15); referencesto a
given Book and Chapter of the AlImagest, thus (Aim., X | , 7);
and cross-references to a given Chapter and Article of this
book thus (Chapter |, 82 supra), or (Chapter 1V, 83, infra).






CHAPTER |

PLANETARY THEORIES BEFORE COPERNICUS

OF all the age-long problems which have prompted human
inquiry, there is none whose progressive elucidation has
contributed more to the enlargement of scientific insight
than that of tracing regularity in the motions of the heavenly
bodies. In this immemorial quest,ior the secrets of cosmic
order, the name of Copernicus stands for a criss and a
revaluation, but not for a discontinuity. For the problem
upon which he expended half a lifetime of intellectual
labour was, even in his day, already of ancient standing;
moreover, the technique which he employed, and much of
the data upon which he relied, in his attempt to devise a
new solution for it, and many of the preconceptions with
which he approached his task, were an inheritance from
antiquity. Unless, then, we know something of the history
of astronomy in the ages before Copernicus, we shall scarcely
follow his arguments and calculations, nor judge his achieve-
ments aright. In this opening chapter, therefore, we shall
briefly review such antecedent developments of the science,
in Antiquity, in Islam, and in mediaeval Christendom, as
are relevant to our purpose, so as to provide the reader
with the historical and technical information necessary for
the understanding of what follows.

8i. ANTIQUITY
The recorded history of astronomy down to the seven-
teenth ocentuary is occuiped, not so much with discoveries
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of previoudy unknown phenomena, as with a sies of
attempts to sysematize and to interpret certain facts whose
earliest recognition lies altogether beyond the horizon of
history. The ancient and mediaeval sysems of astronomy
were concerned with cdegtial phenpmena which had been
congpicuous to unaided Human perception from of old. For
ages the gars had been observed to form permanent groups,
or Congdlations, whedling in hourly and ssasonal ssquences
aooss the vault of the night sky. The Moon had ben
watched, waxing and waning on her monthly circuit through
the central belt of the congédlations, and the Sun, varying
his daily course, and risng and setting with different sars,
according to the ssason of the year. The periods assodated
with these bodies formed the bads of calendarsfor regulating
the repetition of the agricultural operations and ritual acts
of primitive communities Less congpicuous than Sun or
Moon, but still disinguished from the stars ance prehistoric
times, were the planets, circulating dowly and erratically
through the congdlations. Add to these such occasonal
gectades as edipses, and the vigtations of comets, and
we have before us practically all the phenomena with which
adronomers were concerned throughout the whole period
covered by this chapter. Several of the earliest higtoric
civilizations possessad a consderably developed knowledge
of these basc cdegial phenomena, and of the periodicities
connected with them. But the highet standard of refine-
ment in this reppect ssams to have been attained by the
Babylonians, whose achievements mogt directly and appre-
ciably influenced the Gresks in ther task of egtablishing
agdronomy as a sience
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In Babylonia the priets were wont to observe the
heavens assduoudy, for the purposes of regulating ther
lunar calendar, and of drawing omens from all striking
celestial or atmospheric phenomena. The temples were the
observatories and the archives where recorded observations
were presrved; and, through the stormy centuries of
Babylonian history, the temple schodls were able to develop
elaborate sysemsof star-lore, Snceinvader sgenerally spared
the national shrines of the old gods of the land. During the
pagt century, a growing light has been shed on the astrono-
mical achievements of the Babylonians, by the decipherment
of clay tablets upon which their observations and calcu-
lations were recorded. Babylonian astronomy seams to have
pased through three main dages in its development,
though these phasss overlapped one another, and the dates
at which they were reached are still partly matters of
controversy. In the earliet dage, observations were, for
the mog part, indiscriminate, and lacked numerical pre-
dson, the phenomena being treated merdy as portents of
impending national crises etc.; the next sage (well estab-
lished by the eighth century B.C.) was characterized by
dated records, with numerical spedfications and estimates
of the periods of recurrent cdestial phenomena, leading, in
the two centuries preceding the Chrigtian era, to the highest
level of Babylonian astronomical attainment, represented
by the condruction of ephemerides serving to predict
ceegtial phenomena for years in advance.

The Babylonians attached especial dgnificance to the
movements of the seven "planets” namely, the Sun, the
Moon, and the bodies to which (following the Romans) we
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give the names of Mercury, Venus, Mars, Jupiter, and
Saturn, and which we dass as planets in the modern snse
of the term. They asodated, or identified, their chief gods
with these bodies. The planetary phenomena to which they
paid particular attention were (i) the heliacal risings and
settings of a planet, when it was observed to rise before
aunrige for the firg time, or to st after sunst for the last
time (occasons which marked the limits of its period of
extinction in the Sun'srays); (ii) the stationary points where
a planet's course among the congdlations was arrested and
reversed; (iii) oppositions, when the planet was in the
opposte quarter of the ky to the Sun; (iv) conjunctions,
when the planets appeared to pass dose to one ancther, or
to bright gars, and (v) edipsss of the Sun or Moon. The
phenomenon of stationary points calls for some further
explanation, because of the complications which it neces
Stated in planetary theories until the time of Copernicus
The Sun and Moon, in their periodic circuits round the
heavens, travel continuoudy through the congdlations
from wes by south to eadt; but the apparent motions of
the five planets are more complicated. For example, if the
planet Mars be obsrved in the southern sky night after
night for some wesks, it will, in general, be found to be
dowly moving from wes to eas in relation to the back-
ground of gars. (Such motion is, of coursg, to be distinguished
from the planet's apparent diurnal revolution about the
Earth which it shares with the gars) At fairly regular
intervals, however (about 780 days for Mars), the planet's
easgward motion is arrested (its apparent path showing a
stationary point) and reversad, and Mars moves from east
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to west through an arc of retrogression of about 15° before
resuming its normal eastward motion. The same is true of
the planets Jupiter and Saturn, though their arcs of retro-
gresson are less considerable; while the planets Mercury
and Venus have the additional peculiarity that the angular
distance of each from the Sun never exceeds a moderate
limiting value (about 25° for Mercury and 45° for Venus).

From at least the beginning of the fourth century BX.
the Babylonians were in the habit of defining the apparent
positions of the planets in the sky by reference to a series
of bright stars distributed fairly regularly round that belt
of the heavens in which all the planets move, and which
(following the Greeks) we term the Zodiac. The place of a
planet was defined by specifying its angular separation from
the standard star nearest to it. A scale of angujar measure-
ment was afforded by the division of the Zodiac into twelve
equal parts, (the Signs of the Zodiac), with further sub-
divisions, and the system was gradually developed to admit
of such measurements being made both along the Zodiac
and at right angles to it. This system eventually led to the
conception of the ecliptic—the great circle of the celestial
sphere traversed by the Sun in his annual circuit through
the constellations. Thus, by the second century B.C., the
celestial longitudes and latitudes of the planets, and of other
celestial bodies, were being defined by reference to the
circle of the ecliptic, much as we define the geographical
longitudes and latitudes of places on the Earth by reference
totheterrestrial equator.

By diligent observations, continued over several centuries,

the Babylonians were able to arrive at remarkably accurate
B
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esimates of the principal time-periods assodated with the
heavenly bodies—the year, the several kinds of months,
the sidereal period of each planet (in which, on the average,
the planet peforms a complete circuit of the heavens
relatively to thebackground of stars), and itssynodic period
(the time for a complete circuit relatively to the Sun).
By the ssoond century B.C. the Babylonians had arrived at
an egimate of the (Sdereal) year, 365 days 6 hours, 13
minutes, 43-4 soonds representing an error of only about
four and a half minutes in excess of the modern estimate
for that age (Kugler: Sternkunde und Sterndienst in Babel,
Vol. ||, p. 8). And already about the fourth century B.C.
they had discovered that lunar edipsss form ssquences
which recur periodically at intervals of about eighteen years
In their intricate ephemerides of the Sun, Moon, and planets,
the Babylonians made allowance for the principal periodic
non-unifor mities observable in the apparent mations of thee
bodies through the congdlations. It is difficult, in a few
words, to give any idea of the refinement and complexity
of their methods Tables for showing the dates of successve
new moons (sscond century B.C.) included columns of cor-
rections for the yearly inequality in the Sun's motion, and
for the monthly inequality in the Moon's motion; the
amounts of the corrections for successve months oscillated
in a regular manner between maximum and minimum
values. As regards the remaining five planets, the Baby-
lonians took account, not only of the dement of inequality
in the motion of each which depends upon its postion in
relation to the Sun (and which we now know to be due to
the Earth's mation), but also of the further dement, com-
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plicating the first, which depends upon the planet's position
in the Zodiac (and which reaults from the planet's éliptic
motion). They represented this latter inequality by assgning
to the planet, as it moved round the Zodiac, a successon
of different rates of angular motion, which varied between
maximum and minimum values and recurred in the appro-
priate period.

It is unlikely that the Babylonians ever arrived at any
clear-cut, objective conception of the congtitution of the
Universe as a whole, such as we encounter in Gresk philo-
sophy. It is possble, however, to piece together a composite
picture of the cosmoogy which mugt have formed the
background of Babylonian thought, at least throughout the
higoric period. The Earth was conceved to be roughly
circular in contour, risng towards the centre to form a
huge mountain, and resting upon a great ocean which
girdled the land with a moat of sea; beyond this roe a
circular mountain wall, forming the boundary of the world,
and supporting the hemispherical vault of heaven, or firma-
ment. The heavenly bodies ssam to have ben regarded as
moving fredy through gace

We find a sysgem of coamology dosdy resembling that of
the Babylonians in the earlies extant Greek literature—the
poems of Homer and Hesod. And, throughout the period
of their intellectual development, the Greeks continued to
draw upon the agronomical knowledge of the older civili-
zations around them to an extent which is receving ever
increasing recognition nowadays. But they tranformed this
knowledge into a sdence capable of progressve develop-
ment, by virtue of their conception of Nature as an orderly
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system whose congtitution and phenomena were not to be
attributed to supernatural agendes but Wereto berationally
deduced as consquences of the inherent properties of the
one or more primary substances of which the entire Universe
was held to be composed. This transformation was initiated
by certain sthods of philosophers which flourished in the
sixth and fifth centuries before Christ, among the outposts
of early Greek civilization in AdaMinor and southern Italy.
On the one hand, the lonian natur al philosophers, discarding
mythology, daborated a sucoesson of naturaligtic, if some-
what crude and speculative, cosmological sysems, in which
the Earth generally figured as a disc, or a vortical conden-
sation, floating at the centre of the Universe. On the other
hand, Pythagoras and his followers, in their search for
gmple mathematical principles underlying the apparent
complexity of Nature, enriched asronomy with conceptions
degtined to regulate its whole subsequent development.

Begdes edablishing a naturaligtic attitude towards the
problems of the Universe, the pre-Socratic Greek philo-
ophers made several special contributions to the sock of
agronomical facts and ideas. Thus, Anaximenes conception
of the dars as fixed to a rotating crystal sphere, perssed
from the sixth century B.C. down to the age of Galile. To
Pythagor as himsdlf (sixth century B.C.) iscredibly attributed
the earlies declaration that the Earth is a here regting
at the centre of a gpherical universe, and not a floating disc
as the lonians taught. Pythagoras ssams aso to have been
aware (probably following the Babyloniansin this) that the
complicated apparent motion of the Sun in the course of
the year is to all appearance, made up of two smple
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mations—(i) the motion common to all the heavenly bodies
whereby they appear to revolve about an axis through the
Earth once in a day, and (ii) a motion peculiar to the Sun,
in a contrary direction to thefirst motion, and taking place
about a different axis, in the gace of one year. The first
of these mations would account for the daily risng and
setting of the Sun; the ssoond would account for the Sun's
annual circuit among the congtdlations and for the seasonal
fluctuations in his risng and setting points and in his
meridian altitude. This analydsseems a to have ben
extended by Pythagoras (though with less dligibility) to
the apparent motions of the Moon and planets, it gave rise
to the idea that the complicated movements of the heavenly
bodies could all be resolved into uniform circular motions.
This doctrine was etablished by the authority of Plato,
Aristotle, and Ptolemy; as we shall s it still dominated
agronomy in the time of Copernicus two thousand years
after Pythagoras, and it was firg formally abandoned by
Kepler at the beginning of the seventeenth century. By the
end of the fifth century B.C., the Pythagorean school had
evolved the remarkable sysem of cosmology assodated with
the name of Philolaus. To thishypothess Copernicusdirected
espeda attention, for it was the earlies historic sysem to
digplace the Earth from the centre of the Universe, and to
& it in revolution about the centre like any other planet.
According to Philolaus, the finite ohere within which the
Universe was contained had fire at its centre and fire at its
cdrcumference. It was divided by concentric spheres into
three layers. The outermost of these contained the dars.
The intermediate layer contained the five planets, the Sun,
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and the Moon, in order of approach to the Central Fire,
about which these bodies all revolved in drdes in the
several periods of their circuits round the heavens. Lastly,
within the gphere which formed the core of the Universe,
wasthe Earth, which itself revolved daily about the Central
Fire, turning towards it the hemigphere oppodte to that
inhabited by mankind who, in consaquence could never
behold the Fire. By making the Earth revolve, as described,
in a planeinclined to that in which the other planets moved,
Philolaus was able to account, not only for the rigngs and
sttings of the heavenly bodies but also for all seasonal
phenomena now attributed to the inclination of the Earth's
eguator to the ecliptic.

The somewhat fanciful sygem of Philolaus never estab-
lished itsdlf; but the primitive Pythagorean cosmology lived
on in the natural philosophy of Plato (427-347 B.C.), who
concaved the Universe as a rotating sphere in the midst
of a boundless void, and the Earth as a stationary sphere
in the midgt of the Universe. Under picturesque allegories
in the Timaeus and the Republic, it is easy to recognize
Plato's expressons of the principle that the motion of each
of the saven planets is compounded of two uniform revolu-
tions about the Earth which take place about different axes
and in oppodte snses and one of which is common to all
the heavenly bodies. It was obvious, however, that this
ample Pythagorean conception of a planet's motion took
no account of the recurrent retrogressions of the planets, to
which we have already alluded, or of their departures from
the ecliptic. It was probably with a view to remedying this
defect in the current theory, that, according to Smplicius,
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Plato set the astronomers of his time the general problem
of adequately representing the observed movements of the
heavenly bodies by combinations of uniform circular motions
having a common centre in the Earth.

This problem was taken up, early in the fourth century
B.C., by Eudoxus of Cnidos, a pupil of Plato, and one of
the greatest mathematicians of antiquity. Eudoxus regarded
each planet as attached to the equator of an ideal sphere,
which rotated uniformly about two opposite poles, with the
Earth at its centre. The poles of t|2s sphere were embedded
in the surface of a second sphere, external to the first, but
concentric with it, and itself in uniform rotation about an
axis inclined at a constant angle to that of the first. This
second sphere was similarly related to a third one, and
s0 on. Eudoxus* problem was then to choose, for each
planet, a particular combination of these spheres, having
such axes and periods of rotation that the superposition of
their motions would make a point on the equator of the
innermost sphere move about the common centre with a
motion similar to that with which the planet in question
was observed to move about the Earth. The system of each
planet had one sphere whose function it was to impart the
diurnal motion about the polar axis of the heavens common
to all heavenly bodies. In the system of the Moon, there was
a second sphere whose rotation corresponded to the monthly
eastward revolution of the Moon in the plane of its orbit,
and a third sphere which provided for the dow westward
regression of the line of nodes in which that orbit intersects
the ecliptic. (That the Moon's path was inclined to the
ecliptic, intersecting it at two nodes, was proved by the
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fact that edipses do not take place at every new and full
moon; and these nodes near which all edipses occur, were
found to revolve round the ecliptic from east to west.) An
analogous group of three pheaes was postulated for the
Sun, which was mistakenly believed to deviate, like the
Moon, from the ecliptic. In the application of his theory
to the mations of the five planets, Eudoxus was able to
give a fair representation of the characterigtic motion of a
planet among the congdlations. In addition to two spheres
respectively conferring upon the planet its diurnal revolu-
tion, and a uniform easward revolution in its own Sdereal
period (as in the smple Pythagorean theory), Eudoxus
introduced two further gpheres—the first of these rotating
about an axis lying in the plane of the ecliptic, and the
seoond, about an axis inclined at a congant angle to that
of the fird, in the same period (the synodic period of the
planet, s= p. 18), but in the opposte snse of rotation.
The dfect of imparting theee two mations to the planet
would be to make it desxcribe about its mean postion a
curve like a figure eight lying on its sde. This motion,
when superimposed upon the uniform eastward motion
already posssssd by the planet, would give rise to such
periodic retrogressons as are actually observed, provided
the inclination of the axes of the two last-mentioned pheres
were suitably chosn. The departures of the planets from
the plane of the ecliptic involved in Eudoxus® hypothess,
however, had no relation to the motions in latitude which
areactually observed; and the hypothesswas not applicable,
in its original form, to the planet Mars, whoe arcs of
retrogression are more condderable than those of the more
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distant planets. Nor did the sysem of Eudoxus take account
of the dfects now known to arise from the eccentricity of
planetary orbits, which, in the casee of the Sun's apparent
motion, produces the inequality of the four sssons Some
of these defects were removed by Eudoxus immediate suc-
cesrs but one fundamental objection againg the whole
theory remained: it took no account of variations in the
digances of the heavenly bodies from the Earth, such as
are uggesed by variations in the brightnesses of the planets,
and by the occurrence, sometimes, ef total, and sometimes
of annular, solar edipses which proves that the reative
digances from us of the Sun and Moon are liable to vary.
The pheres of Eudoxus, however, determined the pattern
of Arigotlés cosmological sysem, whose main outlines and
regulative physical principles retained, down to the age of
Copernicus, an authority altogether disproportionate to their
value.

Aristotle (384-322 B.c) conceved the physcal Universe
as a finite phere, embracing all that exigs At its centre
was the Earth, a sationary sphere, around which the res
of the Universe was built up symmetrically in concentric
spherical shdls About the central mass of earth lay sucoes
gve layers predominantly occupied by water, air, and fire
respectivey, which completdy filled the region comprised
within the gphere carrying the Moon. The remainder of the
Universe, to the outermogst gphere carrying the fixed dars,
was occupied by the successve sysems of planetary soheres
which Arigtotle regarded as physically real and in mutual
contact, each phere transmitting its motion to the one next
within it. The Moon's sphere was supposed to separate two
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fundamentally different regions of the Universe. Within
this gohere, all things were composed of the four dements,
earth, water, air, and fire, which were congtantly undergoing
transformation one into another, in virtue of their common
subgratum of formless primary matter, so that the sub-
lunary region was characterized by incessant generation,
change and decay. Beyond the Moon's sphere, however,
the celegtial bodies and their carrying-spheres were all com-
posed of an incorruptible fifth ement, or aether, capable of
undergoing only change of place. This doctrine of the
immutability of the superlunary realm was still current in
the sixteenth century. It was reluctantly abandoned in the
sventeenth century, when comets and "new sars' had
been definitely admitted to be celestial phenomena, while
the digtinction between terrestrial and celegtial matter was
only conclusvely abolished after the devedopment of gec-
trum analyssin the nineteenth century. Arigtotle' sdichotomy
between demental and cdegtial bodies involved a funda-
mental difference in their natural modes of motion. It was
upon histheory of motion that Aristotle basad his arguments
for retaining the Earth as a gationary mass at the centre
of the Universe; but we shall deal with these argumentslater
in connection with Copernicus attempts to refute them
(eeChapter | 1 1 ,83infra).

Among the pupils of Plato and Aristotle in the fourth
century B.C., Heraclides of Pontus must be mentioned here.
For he taught that the apparent diurnal revolution of the
heavens was actually due to an axial rotation of the Earth
in the oppogte direction. This hypothess is alo attributed
by certain dasscal writers to Ecphantus and Hicetas, both
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Pythagoreans of Syracuse (dates unknown, but probably
anterior to Aristotle), to whom Caopernicus alludes in his
book. The relation of thee men to Heraclides is obscure
It is suggesed by Heath that Ecphantus may have been
introduced by Heraclides as a typical Pythagorean into one
of hislogt dialogues, to serve as a mouthpiece for the writer's
own opinions. The ascription of the hypothess to Hicetas
may be due to a smilar confuson. Heraclides also correctly
explained the curious property of Mercury and Venus,
whereby each appears alternately eas and west of the Sun,
and never recedes far from it. He suggeted that these
planets revolved in drdes about the Sun as centre, while
the Sun revolved in a larger circle about the Earth. This
limited heliocentric sysem (wrongly attributed by the Latin
commentator Macrobius to the Egyptians, and hence some-
times known as the "Egyptian Sysgem") was probably
extended (by whom is unknown), during the century follow-
ing Heraclides, to indude Mars, Jupiter, and Saturn, so
that all the five planets would thus be supposad to revolve
about the Sun while the Sun revolved about the Earth.
(In this sysem, the superior planets would be neares to
the Earth when in opposition to the Sun, which would
explain why, in fact, they appear brightest in that situation.)
This would have marked an important sep towards the
Copernican scheme and, early in the third century B.C.,
Arigarchus of Samos actually anticipated the full Coper-
nican sysem in its broad outlines. That is to say, he put
forward the hypothesss that the sphere of stars was motion-
less so that its apparent daily revolution was due to a
diurnal rotation of the Earth; that the Sun was at rest at
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the centre of the phere of fixed gars, that the Earth and
planets dexribed crdes about the Sun as centre, and
that the radius of the gphere of sars was s incomparably
greater than that of the Earth'sorbit, that no corregponding
apparent motion was produced in the gars. The hypotheses
of Arigtarchus, however, were generally rgected as impious
and contrary to sound physical principles. Moreover, such
undeveloped speculations had soon to compete with the
carefully articulated sysemsof the Alexandrian asronomers,
where inequalities in the apparent mations of the Sun and
planets were represented with steadily increasng numerical
accuracy. Thee sydems were conceved on the geocentric
hypothesis, and their success did much to egablish it.

The devdopment of orthodox planetary theories for a
century or S0 after Heraclides, is obscure We have already
mentioned the possibility that his hypothess was extended
from the inferior to the superior planets during the third
century B.C. In such a sysem, the digtinction between thee
two dases of planets would be that the cirde desribed
about the Sun by an inferior planet would be smaller than
the crcle dexcribed by the Sun about the Earth, while that
decribed about the Sun by a superior planet would be
larger than the Sun'scircle, and would embrace the Earth.
It was probably by generalizing these two alter native kinds
of motion of a planet about the Earth, that the Gresks
arrived at two geometrical devices which were to be exten-
svely employed, for representing such mation, in all plane-
tary theories down to the time of Kepler. As we shall
repeatedly encounter thesedevicesin our study of Copernicus
we mugt now explain their nature once for all (see Fig. i:
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no account is taken, in this explanation, of the diurnal
motion common to all the heavenly bodies).

For the sake of completeness, we begin with the ideally
simplified planetary system of Pythagoras and Plato, in

(i)

(i) T (iv)

FIG. |

which a planet P described a circle at a uniform rate about
the Earth E at the centre (Fig. 1, i). Thiswas devdoped, as
we have seen, into the gpheres of Eudoxus, which were
merely combinations of such geocentric circular motions,
and in which no account was taken of variations in the
digances of the planets from the Earth. From the third
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century B.C. onwards, however, such variations in the dis-
tance, aswell asin the rate of apparent mation, of a planet,
were represented in either of two ways. In thefirst of these
(Fig. i, ii) the planet P was conceived as uniformly describ-
ing a circle (called a movable eccentric) about a centre C,
which itsdf meanwhile described a circle about the Earth E.
This sysem was mogt obvioudy suited to represent the
motions of the superior planets, the point C (which might
be identified with the Sun) revolving about the Earth from
west to eadt in one year, relatively to the sars. The planet P
performed a complete circuit round the Earth from west to
eas (relatively to the sars) in its Sdereal period. But the
Greeks regarded the planet's circle APA' as being carried
round E by the motion of C, asif it were a material circle
attached to the moving line ACA'; and they reckoned the
motion of the planet on this circle, not in relation to the
gars, but from the moving point A (apogee) where it was
farthest from the Earth. Hence, in order just to complete a
circuit about the Earth from west to east in its sidereal
period, the planet had to be supposed to travel in a retro-
grade direction (from east to west) on its circle, completing
a revolution, relatively to A, in its synodic period. A par-
ticular case of (ii) was occasonally employed in which C was
stationary, and the line AA' pressrved a fixed direction
relatively to the stars, while the planet P revolved uniformly
about C from west to ead in its sidereal period (Fig. i, iii).
Lastly, the planet P could be supposed uniformly to desribe
a small circle (called an epicycle) about a centre C which
itself meanwhile described a larger circle (the deferent)
about the Earth E (Fig. i, iv). By suitably proportioning
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the radii of such combinations of circles, and assigning the
appropriate periods to them, it was possible to give afairly
correct geometrical representation of the retrogressions and
other characteristic phenomena of the planetary motions.
Accordingto Ptolemy (Alm., X I 1, 1), Apollonius of Perga
(fl. c. 230 B.C), the "great geometer" of Antiquity, was
acquainted with the systems both of movable eccentrics,
and of epicycles, and he understood their mathematical
properties. Now, on Heraclides hypothesis, Mercury and
Venus described epicycles about tkte Sun (which described
adeferent about the Earth), while, in the supposed extension
of this hypothesis, Mars, Jupiter, and Saturn described
movable eccentrics about the Sun, which occupied the point C
in Fig. 1,ii (though by the end of the third century B.c.,
these sysems had been generdlized, so as to make the
planets, and the Sun itself, revolve about imaginary points).
This gave a heliocentric system, so far as the planets were
concerned, and it might soon have been developed into the
Copernican system (it probably was the means by which
Aristarchus was enabled to take that step), especidly as
the year figured in each separate planetary theory, and was
evidently afundamentally important period. But the planets
appeared to fall into two dasses, according as they described
eccentricsor epicycles; and it was known to Apolloniusthat
any eccentric system can be transformed into an epicyclic
system, and vice versa, by interchanging the radii of the
two circles, and transforming the respective periods accord-
ing to definite rules (sse Note 1). Consequently, during the
centuries between Apollonius and Ptolemy, the eccentrics
of the superior planets gave place to epicycles the centres
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of whose deferents revolved about the Earth. The reason
for this preference was presumably the apparent gain in
simplicity involved in the application of the same device
(the epicycle) to both superior and inferior planets. But the
Sun and the year no longer figured in all the planetary
theories (for in accordance with the above-mentioned con-
vention, the period of revolution in the epicycle was the
synodic period of the planet), and the chance of progressing
to a heliocentric system was lost for the time being.

The only astronomer known to have made important
contributions to the development of planetary theories
during the four centuries from Apollonius to Ptolemy, was
Hipparchus of Rhodes (fl. c. 150 B.c.). All the important
works of Hipparchus are lost, and his achievements, chiefly
known to us through the Almagest, cannot always be dis-
tinguished with certainty from those of the Babylonians
(of whose recorded observations he made considerable use),
or even from those of Ptolemy himself.

In order to account for the apparent motion of the Sun
in the Zodiac, with the annually recurring fluctuation in its
rate, Hipparchus supposed the Sun S to revolve on a fixed
eccentric circle uniformly about the stationary centre C,
which was displaced some distance from the stationary
Earth E (Fig. 2; cp. Fig. 1,iii). From a knowledge of the
approximate durations of Spring and Summer, and of the
length of the year, he was able to calculate the constants of
the Sun's orbit, viz. the eccentricity (the ratio CE : CA),
and thedirection, inrelation to the equinoctial and solstitial
points, of the apse-line AA" joining the Sun's perigee A and
his apogee A'. Ptolemy adopted this representation of the
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Sun's motion, and Copernicus retained it as a means of
accounting for the principal solar inequality. Hipparchus
sought, less successfully, to represent the inequality in the
Moon's motion by assuming the satellite to describe an
epicycle which was carried round upon a deferent inter-
secting the ecliptic in regressing nodes (cp. p. 23); so far
as the five planets were concerned, Hipparchus merely
classified and supplemented
existing observations of
these bodies, thus preparing
the way for Ptolemy three
centuries later. Hipparchus' & Al

reputed discovery of the EC
precession of the equinoxes,
his star-catalogue, and his
attempt to determine the
FIG. 2

distances of the Sun and
Moon, will be referred to later, at the point where they
become relevant to our account of Copernicus.

The Babylonians seem to have made allowance (as already
noted) not only for the inequality in a planet's motion which
gives rise to the retrogressions, and which recurs in the
planet's synodic period, but also for the inequality which
depends upon the planet's position in the Zodiac, and which
recurs in very nearly its sidereal period. Hipparchus was
apparently aware of this twofold inequality (Aim., |1 X, 2).
and he supposed that, in order to represent it, combinations
of eccentrics and epicycles would be required. A solution
of this problem which survived, in its broad outlines,
for fourteen centuries, was the essential contribution
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to planetary theory made by Ptolemy of Alexandria
(fl. c. A.D. 150).

Ptolemy's mode of represnting the mations of Venus
and of the three superior planets was, essentially, as follows
(Fig. 3): The planet P dexribed from weg to eas an epi-
cyde whose centre C dexribed in the same snse a deferent
whose gationary centre, O, was eccentric to the Earth, E.
The point C was concaved to
move with uniform angular
velocity, not about the centre

P o' O (as in previous planetary
(s) theories), nor even about the
E Earth E, but about a point 0’

lying in EO produced, and
ch that EO' = 2.EO. The
motion attributed to Mercury
was condgderably more com-
plicated ; and there were eaborate shemes for representing
the mations of the planets in latitude.

Ptolemy's lunar theory may be summarized as follows
(Fig. 4): The Moon was supposad to move on an epicyde M N,
whose centre A moved from wed to eas on an eccentric
deferent, whase centre F, in turn, revolved from eas to
wes about the Earth E, thewhadelyingin the plane ABCD
of the Moon's apparent motion. To an chsarver at E, the
oppodte mations of A and F were equal relatively to the
line AC joining Earth and Sun. Thus the epicyde was at
apogee on the ecoentric at the times of new and of full
moon, and at perigee at the time of half-moon. Thistheory
(to which some further refinements were added) made

FIG.3
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allowance for a periodic fluctuation in the eccentricity of
the Moon's orbit whoe efedts ssam to have been firg
clearly diginguished by Ptolemy, and which is now known
astheevection (s Chapter V, 8§ 1linfra).

Ptolemy's lunar and planetary theory completed the
achievement of Gresk and Alexandrian astronomy, whose
roots lay desp in the ancient
civilizations of the East. He
wrought the whole into the
comprehensve, logical sysem -
of agronomy st forth in a
treatise, the MAOHMATIKH Y
ZYNTAEIZ now commonly 8 \i?/
known as the Almagest." The
authority of this work (which
was completed about A.D. 145)
was solidly on the dde of
the geocentric theory, and it
dominated all the devdopments of astronomy with which
we are here concerned, down to the sixteenth century,
when the book srved as a quarry from which Copernicus
extracted many of the data and geometrical methods which
he employed in his effort to subvert that authority.

The devdopments in cosmoogy and planetary theory
during the fourteen centuries from Ptolemy to Copernicus

M

D

Cc
FIG. 4

1 So called after the Arabic title, Al-majisti, which was formed
dther by prefixing the article al to the Gregk adjective upeyiorn
(oreatest) applied to the Syntaxis, or, more probably, according to
Sarton (History of Science, 1, p. 562) from an artificial contraction of
thewords meydan ewrragec (great Collection) by which thework
was known to the commentators.
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were relatively unimportant when compared with those of
the saven centuries between Pythagoras and Ptolemy, and
they may be dealt with more briefly. A suoccesson of com-
mentators and compilers kept alive the tradition of Alex-
andrian agronomy for several centuries after the death of
Ptolemy. But even such activities ceasad almog entirely in
Chrigendom about the beginning of the sixth century, when
the Athenian sthods of philosophy were dossd by the
Emperor Justinian.

82. THE MIDDLE AGES

A remarkable revival of the asronomical knowledge and
activities of dasscal Antiquity occurred during the Middle
Ages in the countries under Idam. On ther conquering
mar ch westward through Egypt, and easward to the Indus,
the Arabs came into contact both with what remained of
Alexandrian culture, and with Hélenic ideas originally
implanted in the Middle Eagt by the conquets of Alexander
the Great. As the wave of Mudim expanson reached its
limits, the Arabs fell under these influences, and saentific
puruits flourished at their courts and academies from the
eighth century to about the thirteenth century, at Bagdad,
in Egypt, and in Moorish Spain. Scholarly Arab potentates
had Gresk and Hindu stentific workstrandated into Arabic
(induding Ptadlemy's Syntaxis about 820); and they founded
obsrvatories, where important asronomical congants were
redetermined, Sar-catalogues were compiled, and tables of
planetary mations were computed.

As to how the mations of the planets should be repre-
snted, the judgment of Mudim philosophers was divided
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between the two traditions respectively assodated with the
names of Aristotle and of Ptolemy. The complicated motions
attributed by Ptolemy to the planets were clearly incon-
sgent with the physical principles of planetary motion laid
down by Aristotle. Whether the acceptance of Ptolemaic
agronomy necessarily involved the rgection of Aristotdian
physcs however, depended upon what kind of status was
to be assgned to planetary hypothesss such as those in
the Almagest. Upon this quegtion Mudim philosophers
showed a difference of opinion* which had already arisen
among the late Alexandrian writers, and which (as we shall
s6) was to reappear in the schods of Chrigendom. Some
of them congdered, with Averroes, that a planetary hypo-
thess should conform to the physical laws of motion of
ceegial bodies they adhered to the teachings of Aristotle,
and they rgected the Ptolemaic sygem altogether. Among
these was the Spanish agronomer al-Bitrugi (twelfth cen-
tury), who propossd a sysem of homocentric planetary
ghees in which some allowance was made for the pre-
cesson of the equinoxes, it proved a serious rival to the
Ptolemaic sysem, and later gained condderable acceptance
in northern Europe. Other thinkers regarded planetary
hypotheses as mere artifices for sysematizing the observed
moations of the planets, and for computing tables to predict
their future motions, they recognized the inadequacy of
the conception of homocentric pheres for this purpose and
they accordingly adopted the Ptolemaic sysem. Others,
again, sought to resolve the conflict by showing that Aris
totle's words would bear interpretation in a snse broad
enough to comprehend all that Ptolemy had postulated
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concerning the planetary motions. Several of the Arab
distiples of Ptolemy tried to give a physcal dgnificance
to the details of his sysem by substituting hypothetical,
material mechaniams for the purey geometrical sthemes
of the Almagest, as indeed, Ptolemy himsdf had sought to

do in one of his later works,
Yrobéoers vaiv mhavwudvaw

(Planetary Hypotheses). They supposed each planet to turn
upon an epicycdic ghere in the intergpace between the
concentric spherical surfaces of two aethereal solids which
themsdves did fredy over other solids The interspace was
eccentric to the Earth, and the solids were endowed with
uch rotations as to provide for the various phenomena of
the planets mations. One of the greatest of the Arab astrono-
mers, al-Battani (ninth and tenth centuries), upon redeter-
mining the dements of the Qun's apparent orbit, noticed
that the longitude of its apogee differed appreciably from
that given by Ptolemy, so that he is generally regarded as
the discoverer of the progressve motion of the Sun's apsss
upon the edliptic.

Despite centuries of concentration upon the details of
the Ptolemaic planetary sysem, however, the Mudims made
no dggnificant improvements in principle upon it. They
lacked the mathematical genius and the critical faculty of
the Greeks and, under the influence of Neo-Platonist
writings (some of them falsdy ascribed to Aristotle), ther
‘natural philosophers became involved in fantastic specula-
tions concerning the hierarchy of Inteligences which were
upposd to animate the succesve planetary spheres
However, they left many recorded observations which were
utilized by sucosding asronomers, including Copernicus.



PLANETARY THEORIES BEFORE COPERNICUS 39

They transmitted to the West our system of numerals,
and the conceptions of the sine and of other trigonometrical
functions. Above all, it was the Muslims who kept alive
the tradition of ancient science and philosophy, and who
preserved many of the texts in which it was enshrined,
during the period of intellectual stagnation in Europe.
About the eleventh century this tradition began to be
communicated to western Christendom, where it produced
a considerable widening of the intellectual horizon. The
converson of the Roman Empire to nominal Christianity
in the fourth century had been followed by the irruption
of the Barbarians;, the tradition of ancient science was
submerged, and the civilization which arose on the ruins
of the Western Empire mostly derived its ideas about the
Universe from the teachings of the Church. The earlier
ecclesiastical writers had sought to harmonize the cosmology
of the Schools with the words of Scripture (allegoricaly
interpreted where necessary). But, with their rise to power,
the leaders of the Church showed a growing intolerance of
the doctrines of classica science, so that, from about the
fourth to the sixth centuries, even the spherical form of
the Earth was frequently denied, and the structure of the
Universe was sometimes concelved as analogous to that
of the Tabernacle of Moses. In the eighth century, however,
Bede gave an elementary account of the planetary motions,
based upon the particulars in Pliny's Natural History. The
scientific knowledge available in the West at this period
was, in fact, practically limited to what could be gleaned
from the writings of the Fathers of the Church, and from
Pliny's book; and it was embodied in a successon of encydo-
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paedias and commentaries. By the end of the ninth century,
Chrigtian stholars had become acquainted, through the
Latin writings of certain Neo-Platonist commentators, with
the cosmaological ideas of Plato's Timaeus (whose influence
upon* mediaeval Chrigtian thought remained almost un-
challenged down to the twelfth century), and with the
planetary hypothess of Heraclides of Pontus (8 | supra),
alusons to which occur throughout mediaeval literature
down to the time of Copernicus

From about A.D. 1000 the influence of Mudim sdence
began to be fdt in western Chrigendom. During the twelfth
century, Latin trandations were made from the Arabic
versgons of some of the chigf sdentific and philosophical
works of Antiquity. Thee dasics included Ptolemy's
Almagest (trandated from the Arabic by Gerard of Cremona
in 1175), and the physical and astronomical works of Aris-
totle. (A direct trandation of the Almagest from the Greek
had been made about 1160, but it never became widely
known.) Following the discovery of the astronomical sygems
of Aristotle, of Ptolemy, and of al-Bitrugi, the old contro-
versy over the satus of planetary hypotheses and the rival
cdlaims of these sysems to represent physcal reality, was
renewed in the shods of wesern Chrigendom. It figures
largely in the writings of the great scholagtic Doctors of the
thirteenth century,—Albertus Magnus, who favoured the
Ptolemaic theory, and Roger Bacon and St. Thomas Aquinas,
who admitted that the sysem of eccentrics and epicydes
agred best with the facts of observation, while consdous
that it was incompatible with the physical principles which
alone stidied the reason, and who awaited some solution
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of the problem which should be acceptable in all respects.
These philosophers, however, dealt with astronomical topics
from a purely formal standpoint, without introducing any
new facts or principles of scientific value. By the end of the
thirteenth century, the homocentric systems of astronomy
had been almost entirely superseded by the Ptolemaic
theory (usually conceived, at thisperiod, in terms of material
mechanisms constraining the motions of the planets); this
was especially so in the University of Paris, where a group
of astronomers revived the practice of observation as a
means of testing the available planetary tables—the Toleian
Tables, edited by al-Zarqgali (c. 1080), which at this period
were yielding place to the Alfonsine Tables (1272), con-
structed under the patronage of King Alfonso X of Castile.
(I'n Italy, however, a last attempt was made, by Fracastoro,
less than ten years before the publication of Copernicus
book, to represent the planetary motions by means of an
elaborate combination of spheres) The natural philosophy
of Aristotle was also criticized, from the rdigious standpoint,
as teaching, or implying, doctrines which conflicted with
Jewish, Muslim, and Christian orthodoxy alike. Its study
was even prohibited, though ineffectively, in Paris at the
beginning of the thirteenth century. St. Thomas Aquinas
(d. 1274), however, harmonized as much as possble of the
doctrines of Aristotle and his Muslim commentators, with
Christian theology, to form a type of philosophy against
whose conservative authority Copernicus, and the other
pioneers of modern science, had later to contend.

The disorders of the Hundred Years' War and the Papal
Schism brought about the eclipse of the Parisian School of
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astronomers. In the fifteenth century, however, there
occurred a remarkable revival of astronomical studies,
chiefly associated with the Italian and German Universities,
which was part of the wider movement of the Renaissance.
It was stimulated by the recovery and widespread study of
the cdassics of ancient science and philosophy in their
original Greek, instead of in corrupt translations; by the
invention of printing, which made possible the rapid multi-
plication of copies of these works, and the easy diffusion
of new ideas; and by the demands of ocean navigators, in
an age of competitive exploration and trade, for the nautical
instruments and tables which they required on their voyages.
This revival culminated in the achievements of Copernicus,
and with it we reach the end of the period covered by this
introductory survey.



CHAPTER 11

THE LIFE-STORY OF COPERNICUS

BEFORE proceeding to discuss the contents of the historic
book which was to bring the agelong supremacy of the
Ptolemaic system to an end, we shall endeavour to give
some account of the life-history of its author. The genera-
tions immediately following Copernicus allowed many
precious memorials of him to perish, and the reconstruc-
tion of the great astronomer's career and intellectual develop-
ment effected by the laborious researches of the past century
still lacks completeness. For the substance of the following
biographical sketch, we shall rely principally upon the
elabor ate studies of Prowe and Birkenmajer.

§i. BIRTH AND PARENTAGE

The astronomer whom we know as Nicolaus Copernicus
devised that appellation for himsdf, according to the
scholarly custom of his day, by latinizing both his Christian
name of Niklas, and the family surname, which was vari-
oudy spelt in contemporary records, but which seems to
occur most frequently in the form Koppernigk. He employed
the Latin form only in his learned publications, and occa-
sionally in letters and inscriptions; for ordinary official pur-
poses he wrote his name Coppernic. He usually doubled the
p; and this may perhaps be regarded as the more correct
speling. But in the last few years of his life, he seems to
have preferred to spell his Latin name with a single p\ this
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isthegpdling found in the De Revolutionibus, and preserved
through all the editions of that book; it is, moreover, that
which has usually been adopted by English writers, and it
will beretained in the present work.

Copernicus was born on February 19, 1473, at Thorn, on
the Vistula, in a house till identified by tradition. The town,
which is now in Poland, had bean founded in the thirteenth
century by the Teutonic Knights to form an outpost of the
independent state which they had carved out for themsdves
by their conques of the heathen Prussans During the
fourteenth century Thorn had flourished as a port of the
Hanseatic League, and an entrepdt for the trade of western
Europewith Poland; but, by theend of the fifteenth century,
the town had lot much of its former prosperity through
the rivalry of Danzig, and the frequent hodtilities between
Poland and the Teutonic Knights. Shortly before the birth
of Copernicus the rebdlious subjects of the now decadent
Order made common cause with the Poles the Knights lost
their indgpendence and much of ther territory, and Thorn
passd, with West Prussa, under the suzerainty of the King
of Poland.

The adronomer's father, who also bore the name Niklas
Koppernigk, was a well-to-do merchant of Cracow (then the
chief town of Poland), who migrated, not later than 1458,
to Thorn, where he proppeed and became a magidrate.
Little dse is known about him, and his nationality has bemn
a matter of keen controversy between German and Polish
writers, all anxious to claim his illustrious son as a felow-
countryman. The fact that Cracow, as well as Thorn, was
founded by Germans and that in the fifteenth century the
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populations (and especialy the wealthier dases) of both
towns were preponderantly German, makes it inherently
probable that Copernicus was of German blood. Prowe has
shown that, while the family name occurs both at Cracow
and at Thorn in legal records dating back to the end of the
fourteenth century, there is some documentary support for
the view that the asronomer's ancestors originally came
from Slesa, where the name may once have betokened
ome connection with the copper-mining industry. The
prevalent spelling of the name with a double a as has some
bearing upon the controversy, snce there is normally no
doubling of consonants in Polish.

Shortly after settling at Thorn, Niklas Koppernigk
married Barbara Watzelrode, the daughter of a wealthy
Thorn merchant beonging to an esablished German family
from which the town had drawn many of its coundillors and
magigrates. There were four children by the marriage, of
whom Niklas, the future astronomer, was the younges. He
had a brother, Andreas, later the companion of his foreign
travels and gudies and two ssters—Katharina, who married
amerchant of Cracow, and Barbara, who became a nun.

§2. YOUTHFUL STUDIES AND TRAVELS

When Niklas was ten years of age his father died, and the
children were adopted by their maternal unde, Lucas Watzel-
rode (1447-1512), a man of srong character, who, after a
diginguished academic carexr in Italy had entered the
Church, and was now well on his way to a bishopric. Lucas
sent his nephew to sthod at Thorn, and thence, in 1491, to
the University of Cracow, which, at that period, enjoyed a
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reputation second to none among the northern Universities.
A brilliant school of mathematics and astronomy had been
built up at Cracow by Albert Brudzewski, with whom Coper-
nicus was almost certainly brought into personal touch
during his years of residence there. Although adhering to
the Ptolemaic system in his published works, Brudzewski
was a man of liberal sympathies. He was on friendly terms
with leaders of the new humanistic movement, which,
emanating from Italy, had already begun at Cracow to
challenge the traditional scholastic discipline, and to pro-
duce such cleavages in the University as occasionally led
to street fighting between rival student factions. It was
probably at the Polish University that Copernicus became
accustomed to the use of astronomical instruments, and to
the practice of observing the heavens.

After spending probably three years at Cracow, Coper-
nicus returned home. His uncle had been, since 1489, the
Bishop of Ermland (or Varmia), one of the four dioceses
into which Prussia had been divided. It formed a little
principality enjoying a large measure of independence, the
Bishop's paace being situated at Heilsberg, and the Cathe-
dral at Frauenburg on the coast. Bishop Lucas was anxious
to provide for his nephew's future by securing his election
to a canonry of Frauenburg Cathedral. The first attempt
proved unsuccessful, and the young astronomer was given
permission to resume his University studies, this time in
Italy. Setting out in 1496, he made his way across the Alps
to Bologna, and for the next four years he studied there in
the school of law for which the city had long been famous
I'n 1498 he was joined by his brother Andreas, who had been
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with him at Cracow. They were both enrolled in the Natio
Germanorum—the most considerable of all the "nations" into
which foreign students were organized at Bologna. The
two young men seemto havejoined freely in the student life
of the city, and upon at least one occasion they were obliged
to appea urgently for funds to an emissary from Erm-
land, who happened to be within reach. While at Bologna,
Copernicus came into close persona touch with Domenico
Maria da Novara (1454-1504), the Professor of Astronomy
there; it is possible that he even lodged in Novara's house.
Novara was a brilliant teacher, and a critically minded
observer. He believed (mistakenly) that he had discovered
a systematic increase, snce the time of Ptolemy, in the
latitudes of severa places in southern Europe, which he
attributed to a progressive displacement of the pole of the
heavens. He was aso one of those who detected the diminu-
tion that had occurred in the obliquity of the ecliptic snce
ancient times. These considerations disposed Novara to sit
rather lightly to the accepted system of astronomy. More-
over, he was one of the leaders in arevival of Platonism
which was just then sweeping over southern Europe. In
the spirit of this movement he would strive to conceive
the constitution of the Universe in terms of simple mathe-
matical relations; and unfettered converse with such a man
must have encouraged Copernicus in any plans which he
might already have framed for the reform of astronomy
aong similar lines. Novara and Copernicus observed the
heavens together while they had opportunity, the younger
man being, according to Rheticus, "not so much a pupil as
a hdper and witness of the observations' (Narratio Prima).
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The earliet observation of his own which Copernicus
explicitly utilized in his book (an occultation of Aldebaran
by theMoon, DeRev., | V, 27) bdongsto this Bologna period.
Copernicus did not graduate at Bologna. In the spring of
1500 he went to Rome to be present at the Easter cdebra-
tions of that great Jubilee Year, and he remained for a
whole twelvemonth in the city, teaching mathematics
privately; to this period, also, bdongs an observation of a
lunar edipse which he subsequently employed in construct-
ing hislunar theory (DeRev., |V, 14).

About 1497 Copernicus had been dected a Canon of
Frauenburg in his absence his brother had sscured smilar
preferment in 1499. Like many ecdedadics of his day,
Copernicus appears to have entered the srvice of the
Church from temporal motives, and never to have procesded
beyond the vows necessary for his admisson to the Chapter.
In the summea of 1501 the two young men returned to
Ermland to crave further leave of absence s0 that they
might continue their gudiesin Italy. Thiswas granted, and
Copernicus st out for Padua, where he completed his legal
dudies. It was at about this period, and probably at Padua,
that Copernicus learned Greek; he thereby gained direct
aoosss to the works of Plato, and to the other Greek writings
from which he later claimed to have derived inspiration.
Copernicus did not graduate at Padua, but went on to
Ferraratotakehisdoctoratein Canon Law in 1503. Return-
ing to Padua, he embarked on the study of medicine, which
was mostly taught in those days out of the works of authori-
ties such as Galen and Avicenna, with occasonal dissctions
toillustrate these It was not unusual, at that period, for a
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churchman to learn something of the healing art, though he
was expected to eschew surgery, Copernicus probably did not
graduate in medicine, and, by the beginning of 1506, his years
of study abroad were ended, and he was back in Ermland.
Just as Copernicus was at last settling down to his official
duties at Frauenburg, however, he was bidden to take up
his residence at the Bishop's palace, some forty miles away,
to act as medical adviser to his uncle, whose health was
uncertain. His next six years, until Lucas Watzelrode's
death in 1512, were accordingly ,spent in the stately castle
of Heilsberg. It was most probably here that Copernicus
began to give a definite literary form to the new system of
cosmology whose elaboration was to preoccupy him during
the remaining thirty years of his life. The first fruit of this
activity was the short synopsis of the new planetary system,
in its earlier form, given by Copernicus in his manuscript
Commentariolus (see Note | 11), if we follow Birkenmajer in
assigning its composition to 1512 or earlier, as against the
much later date previously adopted by Curtze. It was during
these years at Heilsberg, too, that Copernicus became
acquainted at first hand with the intricacies of Ermland
politics. The little principality was hard put to it to main-
tain its independence against two overbearing and mutually
hostile neighbours—Poland, and the Teutonic Knights
(whose territory surrounded it on three sides). To the Bishop
fell also the delicate task of mediating between the German
population of West Prussia, which aspired to complete
national freedom, and the Poles, who were bent upon in-
corporating the province in their kingdom. Copernicus

accompanied, or represented, his uncle on a number of diplo-
D
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matic missons While staying at Cracow in 1509, he took
the opportunity to sscure the publication of his own Latin
trandation of the Gresk Episles of the Byzantine poet
Theophylactus Smocatta. This verson, which Copernicus
dedicated to his uncle, was the only book he ever published
apart from his great work on agronomy. It was on the
return journey from another vist of the Bishop and his
nephew to Cracow, three years later, that Lucas Watzelrode
was overtaken by mortal illness he was carried to Thorn,
his birthplace, and there he died, at the end of March 1512,
With the death of his protector, Copernicus attendance at
Hellsberg came to an end, and he returned to Frauenburg.
In later years, however, he was not infrequently summoned
to the palace to give medical advice and treatment to the
ederly and ailing Bishops who successvdy occupied the
= there is d a credible tradition that the poor of the
digrict were allowed to benefit by his skill. Two years before
his death, Copernicus was hastily summoned to Konigsberg
by the Duke of Prussa to attend one of his counsdlors who
had fallen dangeroudy ill. He returned to Frauenburg after
about a month's absence, leaving the patient out of danger.
A number of Copernicus medical books have been preserved,
together with redpeswritten in hisown hand on margins and
fly-leaves, they givetheimpresson that, in mattersof physc,
Copernicus followed the accepted authorities, and applied
the cusomary remedies, of his day.

83. THE CANON OF FRAUENBURG

Frauenburg Cathedral, about which the life of Copernicus
was henceforward to revolve, gands on a low hill overlooking
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the Frisches Haff, afresh-water lagoon opening into the Gulf
of Danzig. It was fortified against the perils of those dis-
ordered times by a surrounding wall; and a long-standing
tradition claims the three-storeyed tower which forms the
north-west corner of the enclosure, as the astronomer's old
abode. Severd of his new companions were natives of Thorn,
who would be personally known to him. He was tragically
deprived, however, of the society of his brother Andress,
who, shortly after his return from Italy, developed an in-
curable disease, probably leprosy, and was forced to retire
from his cathedral duties; after vainly seeking relief abroad,
he died, not later than 1519.

It was at Frauenburg that Copernicus made nearly all
those observations of his own which he utilized in the
numerical determination of the elements of his planetary
theory. Hisbook contai nstwenty-seven of hisown recorded
observations; but if to these we add those written on
the fly-leaves and margins of books, etc., the total
amounts to more than double that number. Of his activities
and resources as an observer, relatively little is known. His
instrumental equipment at Frauenburg seems to have been
of a modest order. The instruments whose construction and
use he describes in his book are those of Ptolemy and his
successors. There is, in the first place, an account of a device
for determining the meridian altitude of the Sim {De Rev.,
[1,2; cp. Aim, |, 10). It consisted of a square slab of stone
or metal, one of whose faces was made exactly plane. Upon
this face, with one of the upper comers as centre, there was
engraved a quadrant of a circle, which was divided into
degress and minutes of arc. A short cylindrical style was
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attached at the geometrical centre of the quadrant, and at
right angles to its plane. The quadrant was st up in the
plane of the meridian, and the shadow of the style cast at
noon upon the graduated arc indicated the Sun's meridian
altitude. This instrument was suited to determine the in-
clination of the ecliptic to the cdettial equator—an angle
given by half the difference between the meridian altitudes
of the Sun at the summer and winter soldices respectively.
Copernicus ssams to have possesssed such an instrument,
and to have employed it to determine this angle, which he
found to have suffered a diminution dnce Ptolemy's day
(DeRev., loc. cit.). Copernicus aso explains the congruction
and use of the Ptolemaic adrolabe (De Rev., | |, 14; cp.
Aim., V, 1); this was a combination of concentric metal
rings which were made respectively to coincide with the
planes of the principal drdes of the celestial phere The
direction of a cdegtial body could be referred to graduations
on thex rings with the aid of movable indices, and its
cdegtial co-ordinates (eg. longitude and latitude) could thus
be determined. The instrument chiefly employed by Coper-
nicus in his own observations, however, was of the type
known as a triquetrum, which he called, after Ptolemy, an
instrumentutn parallacticum (De Rev., 1V, 15; cp. Aim., V,
12), and which he employed to measure altitudes of the
heavenly bodies This insrument, which, according to
Gasendi, he congructed with his own hands, conssed of
three graduated pine-wood rulers (Fig. 5); one of these, AB,
was fixed in a vertical pogtion, and it had, at its upper
end, a pin A about which the ssoond ruler, AC, was free
to turn in a vertical plane. This ssoond ruler carried two
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gghts, and it could be directed accuratey towards any
ceegtial body whose angular digance from the zenith (or
elevation above the horizon) was required. On these two
rulers, and at equal digances from the pin A, were two
other pins, B and C. About B the third graduated ruler,

l’”
A
D ;
¢
AI

FIG. 5

BD, was free to turn; it was longer than the other two, and
at each divison it had a perforation into which the pin C
could be inserted. It thus served as a aosspiece to hold
the two rulers AB, AC at any required angle with each
other. The length of this crosspiece intercepted between B
and C wasthe chord of the angle BAC which theline of sight
CA made with the vertical; this angle could be deduced
from thelength of BC with the aid of a Table of Chords (see
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Note | 1); it gave the zenith-distance of the object towards
which the line of sights was directed. To facilitate the
calculation, thelengths AB, AC, were each divided into 1,000
units, and the cross-piece was made long enough to contain
at least 1,414 (= 1,000 2) of these units, so that all values
of the angle BAC up to 90° could be measured, to a certain
degree of approximation. The triquetrum of Copernicus was
preserved at Frauenburg for some forty years after the
astronomer's death; it was then given to Tycho Brahe, who
valued it highly; but its subsequent fate is unknown (see
J.L.E.Dreyer: Tycho Brahe, Edinburgh, 1890, pp. 103,125).
Copernicus never excelled as an observer, and he does not
seem to have claimed for his results any high degree of
refinement. " | f only | can be correct to ten minutes of arc,"
he once said to his disciple Rheticus, "1 shall be no les
elated than Pythagoras is said to have been when he dis-
covered the law of the right-angled triangle" (Rheticus:
Ephemerides Novae, p. 6).

In 1514 Copernicus was invited by the Lateran Council
to assig in a proposed attempt to reform the calendar,
which had become deranged, with the lapse of centuries,
partly through the over-estimate of the mean length of the
civil year in the Julian reform, and partly through the
inaccuracy of the relation assumed to hold between the
lengths of the lunar month and the tropical year. Copernicus
pointed out, however, that any attempt at reform would
be nugatory unless the motions of the Sun and Moon were
first precisdy ascertained; but he promised to keep the
problem in mind; herefersto it at the end of the Preface of
his book of 1543 as partly justifying his efforts to refashion
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astronomy, and, indeed, the improved tables based upon
the Copernican theory paved the way for Gregory's reform
later in the sixteenth century.

During the early years at Frauenburg, his part in the
ordinary duties of the little community left Copernicus
ample leisure for pursuits of a more philosophical character.
But his wide experience of the world, and the knowledge of
affairs which he had acquired while in attendance upon his
uncle, marked the young canon out for duties of especid
responsibility. Accordingly, in November 1516, he was
appointed to administer the temporal and spiritual affairs
of some outlying estates belonging to the Chapter. He held
this commission for three years, and, subsequently, for a
further haf-year (1520-21). During this period he lived at
Allenstein Castle, only occasionaly visiting Frauenburg to
e hisold friends and to make isolated celestial observations.
His term of office fell a a time of growing difficulty and
danger for the whole of Ermland. The war-clouds were
gathering between Poland and East Prussia; they broke, at
the end of 1519, in a campaign of pillage in which the little
principality suffered severely from the plundering bands of
the Teutonic Knights. Heilsberg was bombarded; Frauen-
burg had to repel araid; and Copernicus, at Allenstein, was,
for a time, threatened by the forces of the Order. The hour
of crisis revealed remarkable qualities of leadership and
resourcefulness in Copernicus. He had to undertake excep-
tional responsibilities during the dispersal of the Chapter to
various places of refuge; when the armigice of 1521 had
brought largescale hodilities to an end, he was active in
restling the deserted Allenstein estates, and it fell to him
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to draw up a memorial on the wrongs suffered by Ermland
inthewar, and to present it at the peace conference.

About this period the debasement of the Prussian coinage,
which had been aggravated by the war, was giving rise to
much inconvenience and hardship. Copernicus gave this
matter very earnest attention. His anaysis of the causes and
evil conseguences of such debasement, and his recommenda:
tions for remedying it, were st forth in 1522 in a memo-
randum, written in German, which he subsequently revised,
and drew up in Latin, for presentation to the Prussian
Landtag of 1528. He urged that the minting of coins should
be a State monopoly, instead of each city or district having
its own currency; that the quantity of money in circulation
should be controlled; that in each denomination the coins
should contain not less than a certain weight of precious
metal apiece (though this might be alloyed to give the coins
bulk and hardness), and that the old coinage should be
withdrawn when the new was issued, in order to prevent the
good new coins from being bought up and melted down.
Transitional hardships attending the fulfilment of contracts
based on the old currency, would have to be sympathetically
considered. These recommendations of Copernicus were made
the bass of legidlation. Under more favourable conditions
he might have rendered his country services as distinguished
as those of Newton at the Mint; but the obstructive tactics

. of interested powers prevented any effective action for the
time being.

About the same period Caopernicus circulated copies of
an open letter to his friend Bernhard Wapowski, sverdy
criticizing the gpeculations of a certain Niirnberg asronomer,
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Johann Werner, who had sought to revive the old hypo-
theds that the equinoctial points oscillate dowly about their
mean pogtions (e Chapter |V, §2infra).

In 1523 Copernicus was appointed Administrator-General
of the diocese during a sx months interregnum between
two Bishops. Thereafter, however, his more arduous duties
and responghilities gradually passed into the hands of
younger men. By now the political background had become
less alarming, the Grand Mager of the Teutonic Knights
having agread to become a hereditary secular duke under
the suzerainty of the King of Poland. On the other hand,
the agronomer's later years were somewhat troubled by the
advent of an unsympathetic Bishaop, by the dometic dissen-
dons of the Chapter and its digputes with the King of
Poland over the right to dect Bishops and especialy by
the unrex and deavage accompanying the sread of
Lutheran doctrines from Germany, and the attempts to
repress these. Judging by the tone of a polemical book pub-
lished in 1525, at Copernicus ingtigation, by his old friend
Tiedemann Giex a fdlow-member of the Chapter, Coper-
nicus ssEms to have been orthodox in his oppogtion to
Luther, but anxious to resdlve the conflict in a conciliatory
spirit, and to avoid the disruption of the Church.

In the soring of 1539 Copernicus received an unexpected
vigt from a young German scholar, Georg Joachim von
Lauchen (1514-76), who had adopted the appdlation
Rheticus after the old Roman name Rhaetia of the district
of hisbirth. Rheticus was a pratege of Mdanchthon, and,
although only twenty-five years old, he was already a Pro-
fessor of Mathematics at the Protestant University of
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Wittenberg. He explained that his interest had been
awakened by what he had heard of the doctrines of Coper-
nicus, and that a keen desre to know more about them had
brought him all the way to Frauenburg. Rheticus was
cordially received by the asronomer, who gave him every
assgance in magering the intricacies of the new sysem
of coamology, both by permitting him to consult the manu-
sript in which it was st forth, and by way of personal
explanation. Rheticus had promised to send details of the
Copernican sysem to his old teacher, Johann Schoner, the
Nurnberg agronomer, should his misson to Frauenburg
ucceed. After some ten weeks of study and discusson of
Copernicus manuscript, Rheticus drew up an account of
its contents and addressd it to Schoner; it was published,
with the approval of Copernicus at Danzig, in 1540, under
thetitleNarratio Primadelibrisrevolutionum. Thiswasthe
earlies explicit account of the Copernican sysem to be
published (for a short summary of itscontents, sseNotel 1 1).
Rheticus spent over two years staying at Frauenburg, or
travelling about the district. He made many acquaintances,
among them Copernicus old and trusted friend Tiedemann
Giese, now Bishop of Kulm. The prolonged visit of Rheticus
to Copernicus was not without peril to both of them. For
Rheticus had come from a sronghold of Protestantism into
the jurisdiction of a Bishop notorious for his sern measures
againg heretics, and he had been weoomed by a man whose
opinionswereat that time more obnoxioustothe Wittenberg
authorities than to orthodox Catholics Nevertheess,
Rheticuslingered in Prussa until theautumn of 1541, when
he left to resume his duties at Wittenberg. He took back
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with him atranscript of the two chapters of the De Revolu-
tionibus (1,13 and 14) which deal with the dements of plane
and spherical trigonometry (mostly collected and generalized
from the Almagest), and he published them (separately from
the main work) at Wittenberg in 1542, under the title De
lateribuset angulistriangulorumturn planorumrectilineorum,
turn sphaericorum libellus, etc. Rheticus further sought to
express his gratitude to his hog and ingructor by the gift
of a number of recently printed books on mathematics and
agronomy; thee included the-first Gresk edition of
Ptolemy's Almagest (Bade, 1538). They formed a notable
addition to the little private library which Copernicus
bequeathed to the Cathedral at his death; these books were
later removed to Sveden by Gugavus Adolphus, and many
of them are now preserved at Upsala.

In the Preface to his great work of 1543, Copernicus
alludes to the urgent exhortations of Tiedemann Giexe and
other friends that he should publish the manuscript which
he had kept under periodical revison for some thirty years
("in quartum novennium"). The gist of his teachings had
become generally known among scholars through the circula-
tion of the Commentariolus. Thislittletract probably served
to provide the material for a lecture on the Copernican
sygem which was delivered in 1533 to Pope Clement VI |
and his court, by the papal secretary, Johann Widmanstad,
in the gardens of the Vatican. Thislecture prompted Cardinal
Schonberg, who, as nuncio in Poland and Prussa, had met
Copernicus years before, to write to the asronomer from
Rome in 1536, strongly urging him to make the full details
known to the learned world, and, in any ca to snd
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particulars to the Cardinal himsdf, at the latter's expense
Copernicus had reason to be well pleased with the laudatory
tone of this letter, coming from such a quarter; and it
appears in the place of honour in his book. (Fame of a
different sort came to him through a satirical play saged at
Elbing, a few miles from Frauenburg, which poked fun at
the gar-gazing ecdesadic and his extraordinary opinions.)
Moved by the perssent entreaties of his friends, by the
youthful enthusasm of Rheticus (whose Narratio had ful-
filled a usgful preparatory purpose), and, perhaps by the
sne that hisown life was drawing towards its dose, Coper-
nicus at length consented to the publication of his book.
He entrusted the manuscript to Giee, who snt it to
Rheticus, probably in accordance with a provisonal arrange-
ment already made during the young Protestant's visit to
Prussa The work was printed at Nurnberg, and was pub-
lished early in 1543.

During the winter, however, Copernicus had been over-
taken by sious illness. A paralytic stroke supervened,
leaving no hope of his recovery. For weeks he lay awaiting
thefinal summons. At length, on May 24, 1543, an advance
copy of the newly published book was brought to him. He
saw and handled his completed work, and some hours later

pased away.

§4. THE COMPOSITION AND PUBLICATION OF THE De
Revolutionibus

While the external facts concerning the life-history of
Copernicus can be traced in some detail, we are aimost
entirely without information asto the motives and influences
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which may have prompted him to undertake the reforma-
tion of Astronomy, and as to any transitional stages through
which his planetary theory may have passed before it
reached the form in which it is presented in the De Revolu-
tionibus. The elaborate investigations of Dr. L. A. Birken-
majer (see Bibliography) have, however, thrown much light,
both upon the sources of information which Copernicus
utilized, and upon the gradual development of his technique.
Birkenmajer has made a critical examination of the original
manuscript of the De Revolutionibur, and of the notes written
in Copernicus own hand which have been found in some of
the books formerly in his possesson, as well as of other
relevant material. From the results of his researches it
appears that Copernicus acquired his copies of several
fundamental works on mathematics and astronomy while
he was still a student at Cracow (c. 1491-94); these included
the Alfonsine Tables, and the Tabulae Directionum of Regio-
montanus. The manuscript notes of Copernicus in the former
book appear to date back to the Cracow period of his career,
and they include calculations apparently relating to the
heliocentric planetary scheme presented in the Commen-
tariolus. This would seem to sugges that Copernicus took
the first seps in the construction of his system some time
before his departure for Italy. The numerical data for the
Commentariolus seem all to have been derived from the
Alfonsine Tables. The chief sources of information employed
in the composition of the De Revolutionibus, however, were
the Epitome in Almagestum (1496) of Purbach and Regio-
montanus, and the Latin translation of the Almagest by
Gerard of Cremona (Chapter |, 82 supra), published at
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Venice in 1515. The Greek edition of the Aimagest (Basdl,
1538), which Copernicus received as a present from Rheticus
shortly before his death, came too late to be of any use to
him in the elaboration of his system.

The original manuscript of the De Revolutionibus affords
evidence that the heliocentric theory underwent a gradual
development in the mind of Copernicus, as regardsits precise
form; moreover, it warrants inferences as to what the
dages of this development were, and when they were
reached. During the three centuries following the publica-
tion of the book, the manuscript passed from hand to hand;
it ceased to be recognized for what it was, and all trace of
it had been lost when, in the middle of the nineteenth
century, it was fortunately discovered in a nobleman's
library at Prague. The manuscript is not simply a fair copy
written out after Copernicus had put the last touches to
his masterpiece; it is a heterogeneous document, embodying
numerous and extensive alterations, insertions, and cancella-
tions, evidently made at various dates. It has been the aim
of critics to anadyse the fina text, and the suppressed
passages, into successve layers, as it were, and to assign to
each of these an approximate period of composition, based
upon the dated observations embodied therein, or upon
other, moreindirect, evidence. The manuscript was examined
by Curtze for the purpose of establishing the text of the
1873 edition; later it was scrutinized more minutely by L. A.
Birkenmajer and A. Czuczynski, who took account of the
variations in the characteristics of the handwriting, and in
the quality of the paper and ink employed. Curtze formed
the opinion that the manuscript had undergone two
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successive recensions. The second of these was presumably
not completed before 1529, as thefinal version contained par-
ticulars of an observation madein that year (see Introduction
to edition of 1873). Birkenmajer assigned the two revisions
of the manuscript to the periods 1515-19 and 1523-32
respectively; and he thought that probably some finishing
touches were applied about 1540, during Rheticus' visit.
Among the cancelled passages of the manuscript he found
traces of a geometrical theory of the planetary motions in
longitude, differing slightly from that set forth in the pub-
lished work. It evidently corresponded to an early stage in
the elaboration of the Copernican system; and it is of interest
to note that it is this earlier form of the theory that is out-
lined in the Comtnentariolus (see Note | I 1). Birkenmajer was
convinced that the editors of 1873 had misread the manu-
script in a number of places, and, further, that some of the
textual alterations previously attributed to Copernicus had
in fact been made by another hand, in time, however, for
them to be followed by the printers of the 1543 edition. He
also compared the manuscript of the De Revolutionibus with
that of the unpublished and long-lost commentary on
Copernicus by Erasmus Reinhold, which he discovered at
Berlin, and he came to the conclusion that Reinhold must
have seen Copernicus manuscript before it went to press,
and that it was probably he who interfered with the text.
There are also remarkable discrepancies between the manu-
script and the printed edition of 1543. The manuscript
doubtless called for some editorial attention before it could
be sent to the press. For it nowhere bears the name of its
author, and it is untitled; internal evidence suggests that
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Copernicus intended to entitle it De Revolutionibus smply.
The divergences of the printed text from the manuscript
are, however, 0 condderable and arbitrary as to suggest
to the editors of 1873 that the Niirnberg printers did not
work from the manuscript, but from a transcript made by
omeone acquainted with agronomy, who sought to im-
prove the syle, and did not scruple to make unauthorized
additions and omissons It may be that Reinhold was the
sribe There were, however, other exceptional circum-
dances attending the firs appearance of the De Revolu-
tionibus, aswemus now relate.

Thetask of printing and publishing Copernicus book was
entrused by Rheticus to his friend Johann Petrgus of
Nurnberg. Rheticus ssams to have intended to s the book
through the press himsdf, but, before the work had pro-
gesed very far, he was obliged to leave Nurnberg for
Leipzig. He handed over the task of supervison to Andreas
Odander, alocal L utheran theologian and mathematician of
ome note. Ogander had previoudy had some correspond-
ence with Copernicus, portions of which were subsequently
published by Kepler. It ssams that Copernicus inquired
(July 1, 1%40) whether it would be possble for him to
publish his theory of the Earth's motion without exciting
hodtilecriticism. Odander replied (April 20, 1541): ' T or my
part, | have always felt about hypotheses that they are not
articles of faith, but bases of calculation, so that, even if
they befalse it mattersnot o long asthey exactly represnt
the phenomena of the [cdegial] mations ... It would
therefore ssam an excdlent thing for you to touch alittle on
this point in the Preface. For you would thus render more
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complacent the Aristotelians and theologians whose contra-
diction you fear" (Kepler's Apologia Tychonis contra Ursum).
Copernicus, who had a very different notion of an astro-
nomical theory (see Chapter |11, 85 infra), ignored this
advice. But, aswe have seen, atrain of circumstances placed
Osiander in control of the final stages of the publication of
the book; and he took advantage of the situation to insert,
in the most prominent position, a brief Preface such as he
had counselled Copernicus to prepare. Scholars will doubt-
less be shocked (writes Osiande4*by the unsettling hypo-
thesis of the Earth's motion set forth in this book. They
should remember, however, that the astronomer is not con-
cerned with the true causes of celestial motions. He is
therefore free to adopt any hypothesis which may enable
him to give a geometrical representation of the motions that
have been observed in the past, and to predict the motions
that will occur in the future. Such an hypothesis need not
be true or even probable; it is sufficient that it should lead
to results in agreement with the facts of observation, and
be the simplest hypothesis capable of so doing. Osiander's
Praefatiuncula, as Gassendi called it, probably represented
a well-meaning effort to disarm criticism, and to ensure
a favourable reception for the book; and it seems to have
succeeded in its object. It is anonymous, but it can scarcely
be called a forgery, since it does not purport to be by Coper-
nicus, towhom it refersin the third person, and in laudatory
terms. Its authorship early became known to one or two,
but was first revealed to the learned world in general by
Kepler (Apologia Tychonis contra Ursum, cap. |; Ed. Frisch,
Vol. I, p. 245. Also Astronomia Nova: Aucior Ramo, on the
s
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verso of the title-page; Ed. Frisch, Vol. I |1, p. 136). To
Odander aso would ssem to be duethe " blurb™ on thetitle-
page of the De Revolutionibus, bidding thepublic™ buy, read,
and enjoy" the book.

Of the later editions of the De Revolutionibus, those of
1566, 1617, and 1854 (s Bibliography) followed the
printed text of 1543. The Sacular-Ausgabe of 1873, however,
which was published in celebration of the fourth centenary
of the birth of Copernicus, was based for the first time upon
acritical sudy of the original manuscript.



CHAPTER I11

THE MOBILITY OF THE EARTH

THE ancient Eastern peoples, whose culture formed the
matrix of Greek intellectual development, conceived the
Earth as a stationary platform having a central or otherwise
privileged position in the Universe. Similarly, in the archaic
Greek cosmologies the Earth figured as a central, motionless
body having the form of a disc, cylindrical frustum or
sphere, which floated on the primeval ocean or hovered in
the abyss. And, in fact, it was the conception of the Earth
as a motionless sphere, poised symmetrically at the centre
of sphere-shaped space, which the ancients finally embraced,
and which they imposed upon mediaeval thought. True, there
were not wanting in Hellas bold thinkers who deliberately
allowed for the possibility of the Earth's being neither
stationary nor central in space, and who partly realized how
the construction of planetary hypotheses might thereby be
simplified. Speculative progress along these lines might have
led, and indeed, with Aristarchus did momentarily attain,
to a completely heliocentric system. But it was prematurely
arrested by a combination of factors, among which must be
included (i) the reluctance of naive common sense to believe
in a motion of the Earth not directly perceptible; (ii) the
influence of religious conservatism, anxious to claim a unique
and privileged status for man's abode, and successively
manifested in Greek, Muslim, and Christian circles;
(iii) the growing authority of Aristotle, whose philosophical
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arguments were solidly in support of the geocentric theory;
and (iv) the relative excdlence of the planetary tables con-
sructed by Ptolemy and his sucoessors from the standpoint
of that theory. Thusit wasthat the conception of the Earth
as mationless and centrally stuated prevailed throughout
the Middle Ages The gradual supersssson of the geocentric
theory in the sixteenth and seventeenth centuries dates
from the appearance of Copernicus great work of 1543, It
will be our task, in this and the three following chapters,
to explain what is of mog dgnificance in the contents of
that remarkable book.

8§1. THE SCOPE AND PLAN OF THE "DE REVOLUTIONIBUS"

The whole contents and arrangement of Copernicus book
De Revolutionibus had better be indicated briefly at the
outset. The body of the work falls into sx Books, each
subdivided into a number of chapters. In Book |, Copernicus
ssforth hisgeneral argumentsfor bdieving in the mobility
of the Earth, and for subgtituting the heiocentric for the
geocentric point of view; he sketches the hdiocentric
arrangement of the solar sysem in broad outlines, and he
gives the modern explanation of the seasons The Book
condudes with some dementary plane and spherical trigo-
nometry, including a Table of Chords or, more precisdy, of
gnes (3= Note | ). Book |1 deals with spherical astronomy
(definitions of the drdes of the cdedtial ghere trans
formation of co-ordinates etc.), and treats of problems
connected with the risng and setting of the Sun and of
other heavenly bodies. As the treatment of such diurnal
phenomena is independent of rival physcal theories as to
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their causation, no part of this Book will again concern us
except the star-catalogue with which it condudes Coming
down now to detailed geometrical schemes of the motions
in the solar sysem, Copernicus treats of the Earth's several
motions, and the dements of its orbit, in Book |1 11. In
Book IV he deals with the theory of the Moon's motions,
and with the determination of the digances of the Sun and
Moon. In Book V, the longest and the mog vital of the six,
he investigates the mations in longitude of the five planets,
and the gzes of their orbitsin relation to that of the Earth.
In Book VI the mations of the planets in latitude are
conddered.

We shall proceed now to a more detailed study of the
sgnificant portions of Copernicus book. In the present
chapter we shall examine his grounds for questioning, and
his arguments for finally rgecting, the accepted verdict of
authority on thematter of the Earth'sstatusin the Universe.

§. THE APOLOGIA OF COPERNICUS

When Copernicus had at last consnted to the publication
of his manuscript, he took the bold course of dedicating the
work to the reigning Pope, the scholarly Paul 11| . In the
Dedicatory Preface he daims for his speculations the Popés
interest and protection, giving some account of how they
firg took shape He admits that he has long hestated to
publish his book for fear of the censure which its doctrine
of the Earth's motion might incur; but his friends have at
last prevailed upon him to commit it to the pres The
inadequacy of the planetary theories so far proposed, and
the great diversity existing among them, mug be his chief
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excuses for adding yet another to their number. The theories
which traced their descent from the homocentric spheres of
Eudoxus might, he thought, be in accordance with sound
physical principles; but there ssemed no prospect of their
ever affording a precise representation of the planetary
phenomena. The rival theories, which had developed from
the eccentrics and epicycles of the Alexandrian astronomers,
yielded tables of practical value; but they admitted much
that was contrary to sound physics, and the Universe, as
conceived on such lines, was a monstrosity. Copernicus
relates how, in his disappointment at such a condition of
things, he turned to the ancient philosophers to se what
alternative theories they might have proposed. He found
that Cicero attributed a belief in the motion of the Earth
to one Hicetas, and that similar statements were made by
Plutarch about Philolaus, Ecphantus, and Heraclides of
Pontus. We have already noted the opinions ascribed to
these men in antiquity, and we shall consder later the
passages to which Copernicus here alludes, and the part
that they may have played in the development of his own
ideas (e § 6 infra). Whether Copernicus really derived his
inspiration from these classc passages, or whether he merely
guoted them for the sake of the impression which they would
produce upon his readers, we cannot be certain. At all
events he makes them the point of departure for his own
exploration of the problem:

"Taking occason thence" he writes, "1 too began to
reflect upon the Earth's capacity for motion. And though
the idea appeared absurd, yet | knew that others before me
had been allowed freedom to imagine what circles they
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pleased in order to represent the phenomena of the heavenly
bodies | therefore deemed that it would readily be granted
to me a0 to try whether, by assuming the Earth to have
a certain motion, representations more valid than those of
others could be found for the revolution of the heavenly
Ppheres

"And 0, having assumed those mations which | attribute
to the Earth farther on in the book, I found at length, by
much long-continued application, that, if the mations of the
remaining planets bereferred to the revolution of the Earth,
and be calculated according to the period of each planet,
then not only would the planetary phenomena follow as a
consquence, but the order of successon and the dimensons
of the planets, and of all the pheres and the heaven itsdf,
would be so bound together that in no part could anything
be trangposed without the disordering of the other parts
and of the entire Universe."

S0 Copernicus commends his book to the Pope, whose
authority and scholarly fame will surey protect it from the
bite of calumny. As for the detraction of those unskilled in
mathematics, he will disregard it: Mathemata Mathematicis
scribuntur (Mathematics arewritten for mathematicians).

83. THE NEW ASTRONOMY AND THE OLD PHYSICS

Copernicus follows the practice of Ptolemy, and of other
old writers on astronomy, by beginning his treatise with a
number of general physical propodtions relating to the
Earth and to the Universe as a whole. In the first four
chapters of the De Revolutionisms he kegps dose to the
correponding introductory portions of the Almagest. Thus
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we read that the Universe is spherical, for the form of the
sphere is the most perfect and capacious, and so forth
(I, 1; cp. Aim, |, 2). The Earth dso is a sphere, if we
neglect surface irregularities (1, 2). The reasons here adduced
are the sound ones of Almagest, |, 3: anyone travelling
northward sees a proportionate increase in the elevation of
the north pole of the heavens above the horizon; a given
eclipse appears later in the day to dwellersin the East than
to those in the West, and departing ships seam to sink
gradually below the horizon. The ocean fills up the depres-
gons in the Earth's surface; land and water posess the
same centre of gravity, so asto cast upon the eclipsed Moon
aninvariably circular shadow (1, 3; cp. Aristotle: De Caelo,
|1, 14). Chapter 4 brings Copernicus to a cardinal doctrine
of classca astronomy: that the motions of the heavenly
bodies are uniform, eternal, and circular or compounded of
circular motions. This doctrine, which was probably of
Pythagorean origin, was supported by the authority of
Aristotle {De Cadlo, I, 2, 3,and | | , 6), and Ptolemy gaveit
hisformal assent [Aim., I | |, 3), thoiigh Copernicus consdered
him to have departed from it in practice in admitting that
the centre of an epicycle might move non-uniformly about
the centre of its deferent (eg. in Aim., 1 X, 5). Copernicus
regards circular motion of the planets as done compatible
with the regular recurrences which we observe in their
phenomena. "For it is the circle done which can bring back
again what has already taken place” (1, 4). True, a planet
does not gppear to move uniformly, and its distance from
us ssams to vary. A heavenly body, however, cannot move
in a gingle circle at a variable rate, for this would argue



THE MOBILITY OF THE EARTH 73

variableness in the motive force, or s in the body moved,
and the mind recoils alike from either explanation. Hence
we must attribute the planetary inequalities either to the
multiplicity of the component motions affecting the planets,
or dse to the Earth's being displaced from the common
centre of those motions.

How, then, isthe Earth related, in respect of its position
and possible motion, to the rest of the Universe? Previous
writers, says Copernicus, havegenerally assumed, almost as
a foregone conclusion, that the Earth is at rest at the centre
of the Universe; but the matter is not beyond dispute.
"For every apparent change of position is due, either to a
motion of the object observed, or to a motion of the observer,
or to unequal changesin the positions of both. ... If, then,
a certain motion be assigned to the Earth, it will appear as
a similar but oppositely directed motion affecting all things
exterior to the Earth, asif we were passing them by" (I, 5).
Now the daily rotation of the heavens is a motion affecting
everything exterior to the Earth, and " if you will allow that
the heavens have no part in this motion, but that the Earth
turns from west to eadt, then, so far as pertains to the
apparent rising and setting of the Sun, Moon, and stars, you
will find, if you think carefully, that these things occur in
thisway" (I, 5). Next, concerning the position of the Earth
in the Universe, Copernicus finds it almost universally held
that the Earth is at the centre. But " if someone states that
the Earth does not occupy the centre of the Universe, but
nevertheless does not admit that its displacement is so great
as to be comparable with the sphere of fixed stars, though
appreciable and obvious in comparison with the spheres of



74 COPERNICUS

the Sun and of the other planets; if then he supposes that
the motion of those planets will therefore appear non-
uniform, being referred to a centre other than the centre of
the Earth, he will perchance be able to offer a not unfitting
explanation of this non-uniform apparent motion" (I, 5).
That is, the planetary inequalities might reasonably be
explained by supposing the Earth to be displaced from the
centre of the planetary motions by an amount comparable
with the distances of the planets, but incomparably less
than the distance of the fixed stars. Such a displacement
must indeed be negligible compared with the dimensions of
the Universe, for the horizon divides the Zodiac and the
celestial sphere into two equal parts (I, 6; cp. Aim, |, 5).
It does not follow, however, that the Earth must be at rest
at the centre; rather it appears incredible that a Universe
so immense should revolve in twenty-four hours, while its
least part, the Earth, remains at rest.

Copernicus next addresses himsdlf (1, 7) to the arguments
based on mechanical grounds which the ancients had
directed against all theories involving the motion of the
Earth, or its displacement from the centre of the Universe.
To understand the objections of this type which Coperni-
cus had to overcome it is necessary to revert for a
moment to the cosmological ideas of Aristotle (Chapter I,
§ 1 supra).

In the Aristotelian system the elementary bodies con-
stituting the Earth and filling the whole region within the
Moon's sphere differed from the aethereal bodies forming the
surrounding heavens, not only in their substance, but also
in their natural modes of motion. Thus it was supposed that,
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while elementary bodies moved naturally in straight lines,
outwards from the centre of the Universe, or inwards
towards the centre, celestial bodies revolved eternaly in
circles round the centre. These celestial motions were sup-
posed to be maintained by virtue of an incorporea "unmoved
mover," or by a plurality of such movers, inspiring the
goheres to an activity represented by their uniform rotation.
The rectilinear motions of the terrestrial elements, on the
other hand, were attributed to a sifting agency of space
itself, whereby these eements were relegated by "natural
motions" to their "natural places" i.e. to the layers in
which they were respectively supposed to congregate. Such
laws of motion were not derived from intelligent experi-
mentation, but were suggested by mere appearances, support
for them being sought in plausible deductions from very
generd statements about the supposed nature of things
(many of them little more than popular maxims), or some-
times even from the etymology of the terms employed.
Thus, in this matter of natural motions, Aristotle lays it
down (De Caelo, I, 2) that every motion must be either
rectilinear or circular, or compounded of the two, and that
the most excellent motion is that which can go on unaltered
for ever. Now rectilinear motion cannot be indefinitely
maintained in afinite universe without sooner or later being
stopped at the boundary of that universe; it is hence inferior
to circular motion, which can be so maintained. But the
natural motion of each terrestrial element is manifestly
rectilinear—fire and air move straight upwards, earth and
water straight downwards. Hence there must be some
superior element to which circular motion is natural, and
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this is readily identified with the aether composing the
heavens, and the heavenly bodies.

Now Copernicus so far belonged to his age as not to find
any fault with mechanical principles of this sort, which
indeed were not effectively challenged until about a century
after his death. His concern was only to rebut Aristotle's
and Ptolemy's application of such principles to prove that
the Earth must be at rest. For his own part, he employs
closely similar, and to a modern mind equally artificial and
worthless, mechanical arguments, to prove that the Earth
is more probably in motion. We may summarize as follows
the typical mechanical arguments with which Copernicus
particularly sets himself to deal.

(i) A simple substance possesses a single natural motion,
directed towards, away from, or round, the centre of the Uni-
verse. Earth and water have rectilinear downward motions;
air and fire have rectilinear upward motions. If the Earth
performed a daily rotation, this principle of simple natural
motions would be violated (cp. Aristotle: De Caelo, I, 2).

(ii) Heavy bod