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COPERNICUS’ FIRST FRIENDS: PHYSICAL
COPERNICANISM FROM 1543 TO 1610

Katherine A. Tredwell and Peter Barker

Early assessments of the Copernican Revolution were hampered by the failure
to understand the nature of astronomy in the sixteenth century, as scholars
took statements made in praise of Copernicus to be implicit endorsements of
his heliocentric cosmology. Gradually this view has been supplanted by the ac-
knowledgement that many supposed partisans of Copernicus only endorsed
the use of his astronomical models for the calculation of apparent planetary
positions, while rejecting or remaining silent on the reality of heliocentrism.
A classic example of this shift in historiography concerns Erasmus Reinhold
(1511-1553), a professor of mathematics at the University of Wittenberg. Re-
inhold’s use of Copernican models in his Prutenic Tables (Tabulae prutenicae,
1551) has led to the mistaken belief that he sanctioned a Sun-centered cos-
mology as well. Careful reassessment of his published writings has revealed
that he commended certain aspects of Copernicus’ work, such as the elimi-
nation of the equant, but showed no interest in heliocentrism (Westman,
1975: pp. 174-178). Other supposed Copernicans, such as Robert Recorde
(c. 1510-1558), expressed some openness to the Earth’s motion but left no
clear indication of what they thought to be the true system of the world (Rus-
sell, 1972: pp. 189-191).

Between the publication of Copernicus’ epoch-making book On the Revo-
lutions of the Celestial Orbs (De revolutionibus orbium coelestium) in 1543 and the
year 1610, only a handful of individuals can be identified with certainty as
Copernicans, in the sense that they considered heliocentrism to be physically
real and not merely a calculational convenience. In this paper we discuss this
tiny group of true Copernicans and their reasons for believing that Coperni-
cus, not Ptolemy or Tycho Brahe, was correct. Most expressed their convic-
tions in terms familiar to their contemporaries. For instance, they thought of
the motions of the planets in terms of three-dimensional orbs or two-dimen-
sional circles which defined the direction to the planet for an observer on
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the Earth, measured from some fixed line of reference. They did not think
of planetary motions as continuous paths through space. Not until the sev-
enteenth century did Copernicanism in the modern sense begin to appear,
after the publications of Johannes Kepler’s New Astronomy (Astronomia nova,
1609) and Galileo Galilei’s Sidereal Messenger (Sidereus Nuncius, 1610) intro-
duced new factors to the cosmological debate.

We take as our starting point the list of Copernicans before 1600
identified by historian of science Robert S. Westman: Georg Joachim Rheti-
cus, Michael Maestlin, Christopher Rothmann, Johannes Kepler, Giordano
Bruno, Galileo Galilei, Thomas Digges, Thomas Harriot, Diego de Zuniga,
and Simon Stevin (Westman, 1980: p. 136 n. 6). Two other figures will also
be discussed in the paper. Gemma Frisius preferred the Copernican system
to its Ptolemaic rival as a description of the true arrangement of the world.
William Gilbert never endorsed heliocentrism explicitly, but he was favorably
inclined towards Copernicus and accepted that the Earth rotated daily on its
axis. He is included as a probable Copernican. One conspicuous absence is
Thomas Harriot, whose astronomical works were not published and today are
scattered among several manuscript collections. Possibly a very small number
of Copernicans in the period up to 1610 have not been identified, so our list
should not be regarded as exhaustive. However, the positions we discuss in
this paper reflect the beliefs of a majority of early heliocentrists. We begin at
the beginning, with the first followers of Copernicus.

1.

Georg Joachim Rheticus (1514-1574) was a professor of mathematics at
Wittenberg, then in Leipzig; later, he studied medicine in Prague and be-
came a physician in Cracow (Burmeister, 1967-68). In 1539, during a leave of
absence from his position at Wittenberg, Rheticus visited Copernicus at his
home in North Prussia. How much he had already heard of Copernicus is
uncertain, but once in Frauenberg he became persuaded that his host’s work
offered many advantages over Ptolemy. Quickly he wrote a nontechnical trea-
tise on the new astronomy, the First Account (Narratio prima, 1540), explaining
Copernicus’ models. This became the first printed description of Copernican
heliocentrism. Soon after, he supervised the process of publishing On the Rev-
olutions, but left the task to be finished by Andreas Osiander and Ioannes
Petreius so that he could move from Wittenberg to Leipzig (Barker and Gold-
stein, 2003).

The First Account described many features of Copernican astronomy.
Some, such as the new determination of the distances of the Sun and Moon
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from the Earth and the elimination of the equant, were compatible with geo-
centrism and therefore received positive attention from many sixteenth-cen-
tury astronomers (Rheticus, 1971/1540: pp. 133, 135). But today the book
is remembered chiefly for its identification of many advantages of heliocen-
trism over geocentrism. Its list may serve as a useful starting-point for our
discussion of sixteenth-century Copernicanism.

Rheticus gives many reasons for accepting Copernicus over geocentric
astronomy. Copernicus explains the motions of precession and the changing
obliquity of the ecliptic by the motion of the Earth. The changing apparent
eccentricity of the Sun appears in the eccentricity of the other planets. The
centers of the planetary deferents seem to be near the Sun. Mars, for in-
stance, has a parallax sometimes greater and sometimes less than the parallax
of the Sun, so the Earth cannot be its center of motion. All circles have their
own centers as their centers of motion, which eliminates the equant (though
this did not require heliocentrism as Rheticus implied). Copernicus uses ter-
restrial motion to explain many inequalities of motion, so that one motion
has multiple purposes. Geocentrism related many motions to the motion of
the Sun, but heliocentrism creates harmony by linking a variety of inequali-
ties to terrestrial motion as befits God’s skill as Creator. For example, Coper-
nicus explains, as Ptolemy cannot, why planetary stations and retrogradations
are linked to the Sun; they are illusions created by the annual motion of the
Earth on the Great Orb (Rheticus, 1971: 136-140 and passim).

Rheticus also pointed out that Copernicus eliminated the invention of
invisible spheres beyond the sphere of fixed stars (used by geocentrists to ex-
plain daily rotation and other motions) by attributing all motions to the Earth
instead. Furthermore, heliocentrism created a qualitative distance-velocity re-
lation in which the largest planetary spheres were slowest and the smallest
spheres were fastest (Rheticus, 1971: pp. 144-146). Finding a distance-veloc-
ity relationship may have motivated Copernicus to investigate heliocentrism
(Goldstein, 2002). The motion of the Earth explains the bounded elongation
of Mercury and Venus, and the motions of all planets in latitude. Rheticus
stressed two advantages that he evidently found most convincing. First, in con-
trast to daily rotation and other terrestrial motions which could be attributed
to the heavens, he could not see a way to reconcile precession to geocentrism.
Second, he was impressed that heliocentrism created a harmony of inter-
connected motions and cited harmony more frequently than did Copernicus
(Westman, 1975: p. 185). At the same time he stated in the First Account that
he would leave it to mathematicians and philosophers to determine which of
the two systems was correct. Rheticus did not write further in defense of helio-
centrism. Perhaps he concluded on further reflection that the advantages of
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Copernicanism did not prove beyond doubt that the Earth moved, though
this must remain speculation given the current state of evidence.

2.

Gemma Frisius (1508-55) began his career as a mathematical practition-
er, and made significant contributions to geography, but spent his later years
practicing and teaching medicine at Louvain (Kish, 1967; Lammens, 2002).
Gemma may have heard about Copernicus’ theories even before their publi-
cation . He was briefly a client of Johann Flaschbinder (known from the place
of his birth by the Latin name “Dantiscus”) who later became Bishop of Erm-
land and Copernicus’ superior. However, Gemma received a copy of the First
Account, probably in 1540, and later made extensive annotations in a copy of
On the Revolutions (Lammens, 2002: i: pp. 60—4 and ii, passim.).

In addition to praising Copernicus in letters written to Dantiscus in the
early 1540s, Gemma endorsed physical Copernicanism in a 1555 letter pub-
lished as a preface to an astronomical work by Ioannes Stadius (Gemma Fri-
sius, 1555). He notes the increased accuracy of Copernican calculations, for
example in determining the time of the equinox. Gemma then argues that
Copernicus can explain things that Ptolemy can only assume, for example
that the superior planets are always at the perigee of their epicycles (and
hence in the middle of a retrogression) when they are diametrically opposite
to the Sun in the sky. Gemma describes Copernicus’ result as a demonstra-
tion of the true causes of the phenomenon (Gemma Frisius, 1555: fol. a 2 v).
This is an unusual and strong claim. Although demonstration of the true
cause of a phenomenon, according to the standards established by Aristotle
in the Posterior Analytics, was an ideal in all areas of natural philosophy, this
standard was generally held to be unobtainable in astronomy (Barker and
Goldstein, 1998; Barker, 2000a, p. 80). Gemma not only asserts the physical
reality of Copernicus’ cosmic scheme but claims that it provides scientific
explanations of previously unexplained facts according to the highest stand-
ards accepted at the time.

3.

Most early readers of Copernicus with the mathematical competence to
appreciate his technical innovations nevertheless did not accept heliocen-
trism as a statement of physical reality. Reinhold, Rheticus’ senior colleague
at Wittenberg, figured prominently in the promotion of On the Revolutions
because he prepared the Prutenic Tables (1551) based on Copernican astro-
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nomical models. Yet he never advocated a Sun-centered system and the as-
pects of Copernicus in which he took an interest, such as his lunar theory, did
not require any motion of the Earth (Reinhold, 1542: fol. C 7 r). Reinhold
was one of a group of mathematicians at Wittenberg during the sixteenth
century who considered Copernican astronomy useful for the calculation of
apparent planetary positions but physically objectionable, an attitude West-
man has termed the “Wittenberg Interpretation of Copernicus” (Westman,
1975). Reinhold’s successor Caspar Peucer (1525-1602) wrote a textbook of
astronomy incorporating Copernicus’ determination of the distances of the
Sun and Moon as well as arguments upholding the centrality and immobility
of the Earth on mathematical, physical, and religious grounds (Peucer, 1569:
pp- 75-76, 100-107).

Reinhold and Peucer were among the students at Wittenberg who were
encouraged to study mathematics by Philip Melanchthon (1497-1560), a Lu-
theran reformer who saw the certainty of mathematical astronomy as an un-
ambiguous sign of providential design. Through his students, Melanchthon’s
influence was passed on to later generations of Lutheran mathematicians,
including Michael Maestlin and Tycho Brahe (1546-1601). Tycho, who stud-
ied briefly at Wittenberg and was acquainted with Peucer, transformed Co-
pernicus’ heliocentric system into the geostatic system called “T'ychonic”: the
Moon, Sun, and fixed stars circle the unmoving Earth, while the five planets
circle the moving Sun. His system incorporated many advantages of heliocen-
trism, such as the bounded elongations of the inferior planets, while avoiding
the difficulties of terrestrial motion. However, the distances of the celestial
bodies required that the deferents of the Sun and Mars overlap, which would
be impossible if the planets were carried by impenetrable orbs. Tycho over-
came this difficulty by arguing that the heavens were composed of a fluid
material, an idea that may have been suggested to him by a Copernican.

4.

Christopher Rothmann (born ca. 1560, d. before 1611) was educated,
like Rheticus, at Wittenberg, where he studied theology, mathematics and
astronomy. During the 1580s he served as mathematicus to Wilhelm IV, Land-
graf of Hesse (1532-92). At court in Kassel he assisted the Landgraf in a
program of systematic astronomical observation, corresponded with Tycho
Brahe and wrote several books which remained unpublished at his death
(Barker, 2000c). These included a handbook of astronomy in which he at-
tempts to reconcile scripture with the abolition of celestial spheres (Roth-
mann, 2003/1589), and a book on the comet of 1585, which may have per-
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suaded Brahe that the substance of the heavens was a fluid like air, through
which the planets moved themselves (Goldstein and Barker, 1995). His en-
dorsement of Copernicus occurs in correspondence published by Brahe in
1596, after Rothmann had visited Hven, and according to Brahe, recanted.
Recent evidence suggests that Rothmann endorsed a geo-heliocentric po-
sition, rather than heliocentrism, around 1590 (Barker, 2004). Rothmann
subsequently dropped out of sight and his final views are unknown, but, at
least in a letter dated October 1588, he asserts the truth of the Copernican
doctrine on the grounds that Copernicus not only shows that stations and
retrogradations occur in positions linked to the positions of the Sun, but also
shows why they occur there. In other words, Copernicus demonstrates, or
explains, features of planetary motion that are described but not explained
by Ptolemy. This is the same methodological argument for Copernicanism
made by Gemma Frisius.

5.

Michael Maestlin (1550-1631) studied mathematics and theology (Bark-
er, 2000b; Rosen, 1974). Save for a brief period as a pastor in Backnang
(1577-1580) and a professor at Heidelberg (1580-1584), he spent his life
teaching mathematics at Tiibingen. From the nova of 1572 and the comets of
1577 and 1580 he concluded that these phenomena were beyond the Moon,
contradicting the Aristotelian doctrine of an unchanging celestial realm. He
entertained heliocentrism in an early work on the nova but did not become
a committed Copernican until his work on the comet of 1577 (Westman,
1972). Maestlin calculated that the path of the comet would require it to pass
through celestial orbs in the Ptolemaic system, an impossibility according to
the reigning physics of the day. However, in the Copernican system the comet
would be located on its own orb in the gap between the spheres of Venus and
the Earth. He announced this discovery and his support of Copernicanism in
Observation and Demonstration of an Aethereal Comet (1578) and did similar work
on the comet of 1580 in Astronomical Consideration and Observation of an Aethe-
real Comet (Maestlin, 1578: pp. 38-39; Maestlin, 1581; Barker and Goldstein,
2001: pp. 93-95). In the classroom, Maestlin continued to teach old-fash-
ioned Ptolemaic astronomy including the use of equants, but he also taught
the Copernican system to some of his students (Methuen, 1996). In later edi-
tions of his textbook An Epitome of Astronomy (1610, 1624) he added a passage
ridiculing geocentrism and geoheliocentrism and upholding heliocentrism
as the best alternative (Tredwell, 2004).

When Kepler, Maestlin’s most famous student, published his first book
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Mpystery of the Cosmos (1596), Maestlin on his own initiative added two other
works to be included in the volume. One, an appendix written by Maestlin,
explicated the sizes of the orbs and distances of the planets according to
Copernican values. This appendix demonstrates his understanding that the
apparatus of orbs for each planet extended further than the inner and out-
er boundaries defined by the three-dimensional motion of the planet itself
(Grafton, 1973). Maestlin also added an extensively annotated new edition
of the First Account. In the commentary he calculated the distance that a star
must travel in a single second (1200 German miles) due to the daily rotation
of the heavens in a geocentric system. Maestlin argued that the incredibly
swift motion of such an immense sphere is far more absurd than the daily ro-
tation of the comparatively tiny Earth. In the 1621 edition, and in the supple-
ment to the Epitome mentioned above, he extended the argument to include
the Tychonic system. He also appealed to the power of an omnipotent God
to overcome objections to the Copernican system involving the size of the
sphere of fixed stars and the unused space between Saturn and the sphere of
stars (Tredwell, 2004).

6.

Simon Stevin (c.1548-c.1620) was a mathematical practitioner born at
Bruges in the Netherlands. After 1584 he served as mathematical tutor to
Maurice of Nassua, Prince of Orange. Stevin defended physical Copernican-
ism in the third book of his Mathematical Memoirs, composed to instruct the
prince in astronomy and cosmology, and published between 1605 and 1608.
Although this falls right at the end of our period, barely predating the pub-
lication of Kepler’s New Astronomy and Galileo’s Sidereal Messenger, the book
probably records opinions developed before 1600 while Stevin was instruct-
ing the prince.

Stevin’s main arguments for Copernicanism are by now familiar, al-
though he is unusually concerned with their physical interpretation.

Following Rheticus, and Brahe, Stevin believes that observations made at
two different times of the year may be used to directly establish the distance
to an outer planet, “for the distance between two positions which the Earth
has at different locations in its path serves us as the base of a triangle, whose
ratio to the sides is very perceptible, ...”(Stevin, 1961: p. 124,) Both Rheticus
and Tycho asserted that in the case of Mars such a measurement would dem-
onstrate that a geocentric system was untenable. Stevin merely concludes that
such measurements support the Copernican order of the world.

A major argument is the correlation between distances and velocities

149



KATHERINE A. TREDWELL AND PETER BARKER

that exists in Copernicus’ system but is absent in Ptolemy’s. The most striking
manifestation is the sphere of fixed stars, which being furthest from the cent-
er ought to move most slowly, but in Ptolemaic astronomy is made to move
most swiftly of all celestial spheres, revolving around the Earth in 24 hours:
“Itis more in accordance with reason to believe and to assume that this fastest
motion is to be assigned to the smallest circle, to wit, the circle of the Earth
in its place” (Stevin, 1961: p. 125, tr. Dikshoorn), that is its rotation about its
own axis. This, as we have seen, is a variant on Copernicus’ main argument
for his system, and similar arguments appear in Rheticus and Maestlin.

Like Copernicus, Stevin enumerates the resources of heliocentrism in
explaining the connection between the motions attributed to the planets’ ep-
icycles in Ptolemaic astronomy and the motion of the Sun, also showing, for
example, why outer planets are nearest the Earth at conjunction and furthest
at opposition (Stevin, 1961: p. 139). Initially he emphasizes the economy of
the Copernican model: the motion of the Earth eliminates the epicycles in
Ptolemy’s planetary models (Stevin, 1961: pp. 123-5). Stevin also suggests
that it is implausible to believe that the sphere of fixed stars moves in one di-
rection while all of the planets (at least in their proper motions) move in the
other. This arrangement, which offends natural reason, can again be avoided
by endowing the Earth with a daily rotation (Stevin, 1961: p. 125).

However, Stevin does not accept Copernicus’ system uncritically. In par-
ticular he rejects the alleged third motion of the Earth (the rotation by means
of which the axis maintains a fixed direction in space). An early adherent of
Gilbert, Stevin appeals to the ability of magnets to maintain their orientation
in space to explain this phenomenon, eliminating the need for a separate
third motion (Stevin, 1961: pp. 127-31).

7.

Thomas Digges (ca. 1546-1595) was the son of English mathematician
Leonard Digges (Johnson and Starkey, 1934; McIntyre, 2000). After his fa-
ther’s early death, Thomas Digges studied mathematics with John Dee. He
published several works on applied mathematics, including surveying, bal-
listics, and astronomy, some of which had been begun by his father. His ob-
servations of the 1572 nova appeared in The Wings or the Ladder of Mathematics
(Alae sev scalae mathematicae, 1573), a work that Tycho Brahe cited with some
approval, and like Brahe he concluded that the nova was supralunar. He spec-
ulated that its dimming was caused by the annual motion of the Earth and
rejected the possibility that the new star was physically dimming or shrinking
on the grounds that such a change would be contrary to physics. He also
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expressed the hope that parallax observations would decide between the Co-
pernican and Ptolemaic systems (Digges, 1573: fols. 2A 2 v-2A 3 v). Digges’
enthusiasm for Copernicus manifested itself in the Wings but he did not yet
commit himself fully.

In 1576, when Digges published a new edition of his father’s popular al-
manac A prognostication everlasting of righte good effecte, he appended two texts.
One, in which he listed the problems then current in navigation, has no di-
rect bearing on astronomy. The other text, a free translation of sections of
Book I of On the Revolutions, is entitled A Perfit description of the Caelestiall Orbes.
Digges translated those chapters explaining the arrangement of planets in a
heliocentric system and refuting philosophical arguments against terrestrial
motion. However, he believed that the surest proof of heliocentrism lay in
Copernicus’ mathematical demonstrations of planetary motion, which could
only be appreciated by mathematically skilled readers. Because only Coperni-
cus produced “true and certaine” effects, his system was based on true causes,
unlike the faulty geocentric system (Digges, 1576: fol. M 1 v).

Digges also stated as a certainty what Copernicus had diffidently men-
tioned as a possibility, namely the infinite extension of the sphere of fixed
stars (Digges, 1576: fol. N 4 r; cf. Copernicus, 1543: fol. 6 r). The removal
of the constraints of 24-hour rotation and outer invisible orbs which had ex-
plained precession and trepidation allowed the sphere of stars to become
fixed and of indefinite size. Despite his shift to a heliocentric, unbounded
universe, Digges retained elements of the traditional Ptolemaic-Aristotelian
cosmology. A diagram shows the Earth and other planets carried by orbs in a
heterogeneous cosmos, with a central Sun and an unchanging realm of non-
planetary stars. The Earth alone remained the “globe of mortalitye” opposed
to the eternal supralunar region, which was the dwelling place of angels and
“the elect.” (Digges, 1576: fol. 43 r).

8.

Diego de Zuniga (also known as Diego Rodriguez Arévalo) (1536-
ca. 1600) was a Spanish Augustinian who held the chair of Holy Scripture at
the University of OSuna during the 1570s and published widely in an attempt
to attract patronage from the papacy and the King of Spain. On leaving OSu-
na he made a clear endorsement of physical Copernicanism in a 1584 book,
and an equally clear dismissal of the doctrine in a later one (Broténs, 1995).

De Zuniga’s Commentaries on Job appeared at Toledo in 1584, and was
reprinted in Rome in 1591. As evidence in favor of Copernicus’ view he cites
improved accuracy in specifying planetary positions, and especially Coper-
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nicus’ explanation of the precession of the equinoxes and the length of the
year. He also claims that the Sun is known to be forty thousand stades closer
to the Earth than it was in ancient times. Ziniga goes on to reconcile Coper-
nicanism with the understanding of the Bible, using the common sixteenth-
century strategy of Accomodationism. The Bible, he suggests, is written in
the common speech, and is not, therefore, a reliable indication of the struc-
ture of the world revealed by learned investigation. Indeed the motion of the
Earth could be taken as evidence of “the marvellous power and wisdom of
God” who is able to maintain in motion such a heavy body (Zuniga, 1584: pp.
205-7; cf. Broténs, 1995: pp. 67-9).

Although Zuniga’s favorable tone is clear, it is perhaps significant
that none of the evidence he brings forward supports either axial rotation or
orbital motion unequivocally. The improved accuracy in specifying planetary
positions could be achieved using Copernicus’ mathematical models referred
to a central, stationary Earth, as Reinhold and his successors at Wittenberg ac-
tually did. Neither the precession of the equinoxes nor the definition of the
length of the year require the adoption of heliocentrism. The motions of the
equinoxes can be referred to the sphere of fixed stars, or ancillary spheres
enclosing it, although, as we have seen, some Copernicans, such as Rheticus,
considered this objectionable. Similarly, the length of the year corresponds
to a motion that can be attributed to a moving Sun leaving the Earth station-
ary. In a later work on motion, based on Aristotelian physics but employing
the concept of impetus, Ziiniga argues persuasively against physical Coperni-
canism.

In Philosophy, Part One (Philosophia prima pars), the first of a projected
trilogy which appeared at Toledo in 1596, Zuniga rejects both the axial rota-
tion and the annual motion of the Earth. Against axial rotation he uses stand-
ard Aristotelian arguments that falling objects, or objects thrown straight up-
ward, would show perceptible effects if the Earth were in motion. Addition-
ally, things in their natural element, such as birds and clouds, would be left
behind by a rotating Earth. Also, the Earth is mutable and might be damaged
by a daily rotation. The heavens are immutable and would suffer no similar
damage. It is therefore preferable to locate the daily rotation in a movement
of the heavens. The annual motion of the Earth is rejected on the curious
grounds that the Sun, rather than the Earth, is responsible for the seasons.
The only seeming vestige of Zuniga’s earlier position is his admission that the
size of the universe may be so great that it is impossible to say whether the
Earth or the Sun is at the center. (Brotons, 1995: pp. 72-4).

Brotons (1995) suggests that Ziiniga may have modified his position
on Copernicanism after early indications that the doctrines of heliostatism
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and the motion of the Earth might prove theologically problematic. Howev-
er, itis also notable that Zuniga never considers any detailed arguments from
the nature of planetary motion in Ptolemaic astronomy, such as the ability of
Copernicus to explain the size, location and duration of retrogradations, or
other advantages such as the abolition of the equant. By confining himself
almost exclusively to the relations between the Earth, Sun and fixed stars,
Zuniga’s claim that the universe is too large to be able to fix a center also
allows him to attribute any motion he desires to either a moving Sun (in
his 1584 book) or a stationary Earth (in his 1596 book). There is no indica-
tion that he saw Copernican astronomy as a pretext to criticize or abandon
Aristotelian physical principles. Quite the contrary, he seems to continue to
endorse one of the major current versions of Aristotle’s account of motion,
impetus theory. The 1596 rejection of Copernicanism may therefore also be
seen as the natural consequence of Ziiniga thinking through the cases of mo-
tion treated by Copernicus in terms of Zuniga’s own preferred account, and
finding in favor of a geocentric cosmos for physical rather than astronomical
reasons.

9.

Giordano Bruno (1548-1600), born Filippo Bruno of the Italian town of
Nola, took the name Giordano when he became a Dominican (Yates, 1970).
He left the monastery after questioning the Trinity, and became an itinerant
scholar who frequently moved to avoid trouble with authorities. From 1583
to 1585 he lived in England where he defended Copernicus against Oxford
scholars in a debate he later made famous in The Ash Wednesday Supper (La
cena de le ceneri, 1584,/1977). He wrote a number of other works touching on
cosmology; in this paper we shall focus on his remarks on Copernicus in On
Immensity and Innumerable Things, or On the Universe and the Worlds (De immenso
et innumerabilibus, seu de universo et mundis, 1591/1879-84). The recurring
theme of the infinite universe that first surfaced in the Oxford debate sug-
gests he was familiar with Digges’ work. In 1593 he was taken to the Inquisi-
tion at Rome, where he was eventually executed for heresy.

Bruno modified his admiration of Copernicus with the charge that
the latter neglected physics and gave a purely mathematical account of helio-
centrism. (Bruno, 1879-84: i.i p. 395; 1977: p. 395). He felt that an exact
mathematical description of celestial motion was impossible because material
bodies moved irregularly, not in perfect circles (Bruno, 1977: pp. 221-24).
As an atomist, Bruno rejected peripatetic physics according to which simple
bodies moved with simple motions; therefore, he denied that planets were
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carried by orbs in combinations of circular motions. Instead he divided mat-
ter into hot and cold bodies. Cold bodies such as the Earth necessarily circled
hot bodies such as the Sun in order to receive their warmth and generate life.
In contrast to Digges, Bruno advocated a homogeneous cosmology, with each
star another Sun accompanied by its own Earths (Granada, 1997). Our Sun
no longer occupied a special place, and other cold bodies were not necessar-
ily better than our Earth (Bruno, 1977: pp. 90-91).

Bruno’s emphasis on physics may correlate with limited mathematical
knowledge; he employed little mathematics in his writings and sometimes
miSunderstood technical aspects of Copernican astronomy. At the time of
the Ash Wednesday Supper, Bruno interpreted the cosmological diagram in
On the Revolutions as depicting both Earth and Moon on the circumference
of a single epicycle circling an empty central point, which he insisted was
necessary to explain the annual variation in distance of the Earth from the
Sun (Bruno, 1977: pp. 190-93). In On Immensity and Innumerable Things he
adopted the conventional view that placed the Moon on an epicycle centered
on the Earth. But he criticized Copernicus for placing Mercury and Venus
closer to the Sun than the Earth-Moon system was. Instead, Bruno located
Mercury on the same circle as the Earth but diametrically opposed to it, with
Venus circling it as another Moon in a Pythagorean “counter-Earth” system.
He then lapsed to the system of the Supper with the addition of Venus and
Mercury on the circumference of their own shared epicycle (Bruno, 1879-84:
ii pp. 395-98). The slightly less radical Immensity version of Copernicanism
loses the ability to explain the bounded elongation of Mercury (which should
always be in conjunction with the Sun) and the distance-velocity relationship
of the planets. In its most extreme version, it cannot explain the differing
bounded elongations and periods of Mercury and Venus or even the monthly
revolution of the Moon. Frances Yates concluded that for Bruno, the Coper-
nicus diagram was less a depiction of physical reality than a Hermetic “hiero-
glyph” (Yates, 1964: p. 241). Nonetheless he insisted on the importance of a
non-Aristotelian physics, with which heliocentrism seems to have been most
compatible.

10.

William Gilbert (1540-1603), an English physician who began practic-
ing medicine in London in the mid-1570s, was a prominent figure in English
magnetic studies (Pumfrey, 2000). His only two published works, On the Mag-
net (De magnete, 1600) and On the World (De mundo, published posthumously in
1651), place magnetism at the center of an alternate physics which is friendly
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to heliocentrism, although Gilbert never committed to Copernicanism in
print. On the Magnet, reported to have been finished in the 1580s, focused
on studies of the magnet, with cosmology limited to Book VI; On the World,
probably begun around the time On the Magnet was finished and still incom-
plete at Gilbert’s death, attempted to give an account of the world based on
magnetic forces (Gatti, 1999: pp. 86-87). According to Gilbert, the Earth
itself is a giant spherical magnet rotating daily on its axis by virtue of its mag-
netic nature. Like Maestlin and Stevin, he argued that the rotation of a small
body was more reasonable than the daily revolution of the entire heavens,
and he attempted to quantify its speed (Gilbert, 1958,/1600: pp. 318-27).
Unlike Maestlin, but like Bruno, he rejected solid celestial orbs as fictions
(Gilbert, 1651: pp. 147-58). The fixed stars lay at various distances from the
Earth, some indeed at distances beyond comprehension; because an infinite
body cannot move, he reasoned, both daily motion and precession must be
attributed to the Earth instead of to an indefinitely large starry realm or a
pretended ninth sphere.

In both books Gilbert openly endorsed terrestrial rotation but put off
the question of the reality of heliocentrism. While his private opinion can-
not be known with certainty, some Gilbert scholars regard him as a probable
Copernican (Freudenthal, 1983; Gatti, 1999: pp. 96-98). Gilbert’s magnetic
philosophy eradicated the terrestrial-celestial distinction because all bodies
were composed of the same fundamental matter, the magnetic element. The
Sun imparted motion to the five planets; there is no reason why it should not
cause the Earth to move in the same way. His diagram of the world, repro-
duced in On the World, shows the other planets on circles centered on the Sun.
No circle is present to indicate whether Earth goes around Sun or vice versa,
leaving open the option of a heliocentric or geoheliocentric system (Gilbert,
1651: p. 202). However, the stars freely scattered through space are centered
on the Sun, and in a Tychonic interpretation of the diagram the outer plan-
ets would intrude on the region of stars (Freudenthal, 1983: p. 32).

11.

The appearance of Kepler’s Mystery of the Cosmos in 1596 marks a change
in Copernican doctrine which is completed in the New Astronomy of 1609.
Although Kepler’s ideas are slow to spread, the version of Copernicanism
that he develops in these two works ultimately provides the foundation for
the modern form of the doctrine. These books also mark the transition to a
defense of Copernicanism based on factors extrinsic to astronomy. Although
Kepler succeeds in providing a predictive astronomy more accurate than any
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predecessor, he links the subject in new ways to both physics and theology
(Barker and Goldstein, 2001; Barker, 2002).

The Mystery of the Cosmos is the first book-length defense of Copernican-
ism to appear since On the Revolutions itself (Kepler 1981/1596). In the first
chapter Kepler rehearses the main arguments offered by previous Coperni-
cans. The new system can offer a causal explanation for the number, extent
and duration of retrogradations, as Kepler explains in detail with the aid of
diagrams. These are unusual in showing the Ptolemaic epicycles of the plan-
ets drawn to scale. Ptolemy never explains why the epicycle for Mars is vastly
larger than the epicycle for Jupiter, which in turn is larger than that for Sat-
urn. Copernicus offers a simple explanation for this scaling effect (in modern
terms we would say that each epicycle corresponds to the Earth’s orbit viewed
from the planet’s mean distance). The same considerations also explain the
Ptolemaic linkage between the planetary models and the position and mo-
tion of the mean Sun. Copernicus’ system is also economical; many motions
follow from the introduction of a very few orbs. And, as a student of Maestlin,
Kepler is aware that the motion of the comet of 1577 fitted into the Coperni-
can orb for Venus (and, by implication, could not be fitted into a Ptolemaic
or Aristotelian pattern of orbs). A final reason for preferring Copernicus’
system 1is that it is more plausible to attribute the daily motion to a small
body like the Earth than a large one like the sphere of fixed stars (Kepler,
1981: pp. 75-85). However, where most previous Copernicans continued to
accept the Aristotelian doctrine that planets are passively carried through
space by orbs in which they are embedded, Kepler rejects solid heavens for a
continuous fluid substance in which the spheres and orbs are no more than
geometrical boundaries.

Kepler’s main, and original, argument for Copernicanism occupies the
balance of the book. It is, simply put, that God employed the Platonic regular
solids exactly once each in establishing the plan of the world. As there are five
solids they may be used to define six circumscribed and inscribed orbs. This
immediately explains another fact Ptolemy is silent about: why there are six
planets. The most important demonstration, however, is that the geometrical
construction provided by the solids and their inscribed spheres defines the
distances between the planets and the Sun as they appear in Copernicus’
system, and not as they appear in Ptolemy’s. Kepler’s derivation is motivated
in part by the belief, common among Lutheran followers of Melanchthon,
that the world has been providentially ordered by God, and that the truths
of mathematics, and hence of astronomy, are certain because they are in-
scribed on the soul when it is created. Thus God has provided the means
to uncover and to understand his providential design, and this is just what
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Kepler believes he has done. The mystery of the universe is a sacred mystery.
The obvious secret is that the Divine plan uses the Platonic solids as scaffold-
ing. Behind that a further secret is implied — God is a Copernican. Kepler has
therefore provided the strongest possible argument for the compatibility of
the Copernican system with the Christian faith (Barker, 2000a; Barker and
Goldstein, 2001).

The argument of the Mysterium leaves certain questions open. It defines
the distances but does not explain the motions of the planets, and lacking
the solid spheres that carried planets in earlier cosmological schemes, it de-
mands an explanation for the causes of planetary motion. Kepler resolves all
these questions in the New Astronomy (1992/1609). In short order he shows
that a heliocentric “floating equant” model is more accurate in predicting
planetary longtitudes than either Ptolemy’s geocentric models, Copernicus’
original models based on the mean Sun, or the hybrid geo-heliocentric mod-
el recently introduced by Tycho Brahe. Kepler also shows that the planes of
planetary motions so defined coincide in the real Sun, and not the mean
Sun which formed the center of Copernicus’ system. Despite its relative suc-
cess, Kepler rejects the “floating equant” model in turn as inaccurate and
unphysical. He introduces a force, centered on the Sun but attenuating with
distance, that sweeps the planets around as the Sun rotates. Based on this
force he derives what we would now call the second law of planetary motion
(the area law) first in the case of eccentric circular motions, and finally in the
case of an ellipse. The ellipse is introduced specifically to accommodate data
on both the longitude of a planet and its distance from the Sun. The motions
on the ellipse is therefore a real physical motion in three-dimensional space
and may properly be called an “orbit” —a term Kepler introduces (Stevenson,
1994; Barker and Goldstein, 2001).

Although planets might be imagined to have three-dimensional paths in
earlier cosmic schemes, the astronomical theories associated with them, in-
cluding that of Copernicus, are concerned only to calculate the angular posi-
tion of planets with respect to some appropriate line of reference. Although it
is possible to calculate distances in Ptolemaic astronomy (Van Helden, 1985),
these items had never been combined to define a continuous track through
space specifying both the planet’s direction and distance at any moment. The
modern concept of planetary motion is just that planets move freely through
space, and that their orbits may be calculated to determine their positions.
This formulation of Copernican doctrine begins with Kepler, and ultimately
becomes canonical (through the work of Newton) despite being resisted by
other Copernicans like Galileo.

To put the comparison in its starkest form: Copernicus provided a helio-
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centric system in which the planets were embedded in spheres or orbs which
transported them through space. Copernicus’ planets performed epicyclic
motions but only their angular velocities, not their distances from the Sun
and from each other, played a role in calculating their positions as viewed
from the Earth. The reference point from which these motions began was not
the position of the Sun itself but an empty point, the mean Sun. Kepler not
only replaced circles by ellipses but more importantly replaced calculations
that specified only the direction to a planet with calculations that defined
an orbit, a path through space with both a definite direction and a definite
distance. He described a heliocentric system in which planetary orbits inter-
sected in the physical Sun, and planets moved freely through a fluid heaven
in response to a force coming from the Sun. It remained for Newton to clarify
the nature of this force in precise detail. Kepler, then, tied Copernicanism to
physical questions such as the precise role of the Sun in astronomical calcula-
tions and the forces that create or sustain planetary motion.

12,

Concurrent with Kepler’s intellectual revision of Copernicus came Gali-
leo’s introduction of significant new evidence in the cosmological debate of
the early seventeenth century. Galileo attended the University of Pisa but
never finished a degree, choosing to abandon the medical training his father
wanted for him in favor of continuing his mathematical studies privately. In
May of 1609 he was a professor of mathematics at the University of Padua
in the Venetian Republic when he learned of the recent invention of the
telescope by the Dutch lensmaker Hans Lipperhey. He began constructing
his own telescopes and soon learned how to make superior instruments with
greater magnifying power than available imports. Initially Galileo, like most
of his contemporaries, only thought of using the device for terrestrial obser-
vations. One telescope he gave to the Republic in exchange for a salary in-
crease and a lifetime position at the university, after demonstrating its utility
for naval and military reconnaissance. By November he had finished manu-
facturing an even better instrument, with which he began to make observa-
tions of the heavens (Van Helden, in Galileo, 1989).

Galileo’s first publication on his telescopic observations — indeed, the
very first work published on the telescope as an astronomical instrument
— was the Sidereal Messenger (1610), in which he describes his observations of
the Moon, the fixed stars, and the moons of Jupiter, and draws strongly pro-
Copernican conclusions. The Moon was the first subject of Galileo’s study.
Irregularities in the terminator led Galileo to conclude that the surface of
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the Moon itself was uneven. He interpreted the shifting patterns of light and
shadow as mountains receiving illumination while valleys remained in shad-
ow. Contrary to the Aristotelian doctrine of a perfect and immutable celestial
realm, the Moon was a flawed and Earthlike body. Galileo emphasized this
point by comparing its bright and dark regions to land and sea. He also noted
that the dark part of the cresent Moon in reality shone with a faint light vis-
ible to the naked eye, a phenomenon he identified as Earthshine. Although
it seems dark to its inhabitants, the Earth resembles a planet in its brightness
and ability to illuminate other bodies (Galilei, 1989/1610: pp. 39-57; Cohen,
1985: pp. 58-64).

Galileo made two important discoveries when he turned his telescope to
the fixed stars. Whereas the planets could be resolved into small disks, the
stars remained points, meaning that they were very distant. Although not
conclusive evidence, this supported heliocentrism, which required an enor-
mous universe to explain the lack of observed stellar parallax. He also discov-
ered many new stars invisible to the naked eye. Human senses were therefore
not infallible and the ancients did not know everything about the heavens.
The last discovery to make its way into the Sidereal Messenger was that Jupiter
has four moons of its own, named by Galileo the “Medicean stars” after his
patron Cosimo de Medici. The discovery removed one objection against Co-
pernicanism, namely that it required multiple centers of motion. The moons
circling Jupiter demonstrated that our Moon could also move around a mov-
ing Earth (Galilei, 1989: pp. 56-85; Cohen, 1985: pp. 64-65, 71-72).

Galileo continued to investigate the heavens with his telescope. In 1612
he entered into a debate with Christoph Scheiner over the interpretation of
what appeared to be dark spots on the Sun; Galileo’s side of the debate was
published by the Lincean Academy as History and Demonstrations Concerning
Sunspots and Their Phenomena (Istoria e dimonstrazioni intorno alle macchie solari,
1613). Scheiner identified them as small planets passing in front of the Sun,
while Galileo maintained that they were imperfections on the surface of the
Sun itself. Because the spots appeared, changed shape and size, moved with
respect to each other, and then disappeared, the Sun must be subject to gen-
eration and decay. In the letters Galileo also described the phases of Venus.
Through a telescope it became apparent that Venus goes through a complete
set of phases similar to the Moon, appearing nearly full when smallest and
crescent when largest. This is impossible in the Ptolemaic system, for Venus
would always lie below the Sun and would never become full; therefore, Ve-
nus must circle the Sun (Galilei, 1957/1613; Cohen, 1985: pp. 72-74).

In these two publications, Galileo represented his discoveries as over-
throwing Aristotle and upholding Copernicus. In reality, none of them con-
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tain irrefutable evidence for heliocentrism. His work on the Moon, the fixed
stars, and Sunspots attacked the terrestrial-celestial distinction and lessened
the difficulties of making the imperfect Earth a planet. The Jovian moons
provided irrefutable evidence for more than one center of motion, and the
phases of Venus removed one objection against Copernicus (whose system
required such phases), but both findings equally supported the Tychonic
system. Nevertheless, Galileo’s telescopic work was significant because it in-
creased the plausibility of the Copernican system while weakening the Ptole-
maic one.

13.

Our survey of physical Copernicans before 1610 has revealed a great dis-
tance between early and modern forms of Copernicanism. For the first Co-
pernicans, astronomy defined planetary motions in terms of angles viewed
from a moving Earth, not continuous paths through space. Many continued
to accept the mechanism that had explained planetary motion in pre-Coper-
nican astronomy, namely non-overlapping orbs or spheres carrying planets
around a fixed center. Copernicus himself continued to think in these terms.
Spheres appear in the work of Rheticus, Gemma Frisius, Stevin, Digges, and
Maestlin, while Ziiniga remains silent on the question of spheres in his writ-
ings on Copernicus. Only Rothmann, Bruno, Gilbert, Kepler and Galileo
clearly reject the existence of solid spheres. None of the five worked in the
period immediately after the publication of On the Revolutions, and the last
two are key figures in the transition to modern Copernicanism. Most impor-
tant, the abandonment of solid spheres was a necessary condition for the
emergence of modern Copernicanism in Kepler’s thought, since it allowed
him to envision planets freely moving through space in noncircular orbits.
The modern form of Copernicanism therefore presupposes non-Copernican
answers to the questions of the substance of the heavens and the physical
causes of planetary motion. However, rather than criticizing Copernicus for
getting the answers to these question wrong, it would be more accurate to say
that he simply did not raise them.

It is also worth noting, in passing, that reconciling religion and science
was not a major problem for Copernicans before 1610. Although Wittenberg
astronomers like Peucer had developed a canonical list of scriptural objec-
tions to Copernicanism by the early 1550s, both the Protestant Rothmann
and the Catholic Zuniga felt free to defend the compatibility of novel cosmo-
logical doctrines with the Bible, and both used the same strategy, Accomo-
dationism. Kepler also defended Copernicanism against Biblical criticisms.
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He also deployed Accomodationist arguments in the introduction to the New
Astronomy, and the whole of the Mystery of the Cosmos may be read as a religious
defense of Copernicanism, although it must be admitted that this particu-
lar attempt to reconcile heliocentrism and Christianity made few converts.
The entire situation began to change with the controversies that embroiled
Galileo leading up to the condemnation of 1616, although Zuniga’s 1596 re-
jection of Copernicanism may be an early indication that the climate within
parts of the Catholic church was already changing. However, the hardening
of Church opinion against Copernicanism must be understood primarily as
a rejection of Copernicanism as it existed in the period we have considered,
and not its later form. And it is apparent that none of the arguments offered
before Kepler and Galileo were strong enough to convince many people or
to shelter the new doctrine from theological sniping.

The first followers of Copernicus fall into two main groups. The larg-
er group consists of mathematicians: Rheticus, Gemma Frisius, Rothmann,
Maestlin, Stevin, and Digges. These authors articulated a coherent set of ar-
guments for adopting heliocentrism based on the technical parts of On the
Revolutions, though not every author presents all the arguments. We suggest
two pro-Copernican arguments as especially significant in understanding the
mathematical approach. First, Copernicus creates a relationship between the
velocity of a planet and its distance from the center of the world: outer plan-
ets are necessarily slower. Second, he can explain, for the first time, the posi-
tion, magnitude, and duration of retrogradations, which Ptolemy predicted
by arbitrarily tying the motion of a planet’s epicycle to the motion of the Sun.
Thus Copernicus provides a potential methodological advantage, because he
can explain these matters in a way that conforms to Aristotelian standards
for causal explanations where Ptolemy cannot. A much smaller group con-
sists of physicists: Zuniga, Bruno, and Gilbert. Bruno, as we have seen, failed
to understand even fundamental consequences of astronomical models and
contradicted the first mathematical argument. Gilbert showed little interest
in the mathematical arguments. The indecisiveness of these arguments is un-
derlined by the observation that not all early Copernicans retained their fa-
vorable opinion of his cosmology. Rothmann and Zuniga first accepted and
then rejected heliocentrism. Rheticus’ silence about the issue in later life
may indicate a retraction of his initial enthusiasm. Even Gilbert’s status as a
heliocentrist is marginal.

The situation changes with the entry of Kepler and Galileo into the cos-
mological debate. In contrast to earlier Copernicans, they use mathematics
primarily to make physical claims. (In the case of Galileo, this approach
becomes clearer in his later publications, which fall outside the scope of this
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paper.) Where Aristotelians had emphasized qualitative, causal demonstra-
tion, Kepler and Galileo turned to mathematical demonstration as the pre-
ferred methodology. After 1610 the two groups of early Copernicans, the
mathematicians and the physicists, are replaced by the new “mathematical
physicists” advocating a form of Copernicanism much more familiar to mod-
ern readers.

The work of Copernicus and his immediate followers is conceptually con-
sistent with Ptolemaic astronomy, and employs an equally consistent method-
ology and epistemology; however, the work of Kepler and Galileo, to which
this led, breaks with Ptolemy and introduces new epistemological themes.
Hence the work of Copernicus set in motion a train of events that led to a de-
cisive epistemological shift, but did not itself represent such a shift. There is
no abrupt adoption of Copernicus in the period immediately following 1543.
The real revolution is the replacement of the methods and goals of Ptolemaic
astronomy and Aristotelian physics with Copernicanism in its modern form,
which incorporates the conceptual structure of Kepler and the astronomical
evidence of Galileo. Such a version of Copernicanism is not available before
1610. Understanding the revolution requires careful analysis of the process
up to that point. Our study shows that the change in astronomy after the
publication of On the Revolutions constitutes a “revolution” as understood by
philosophy of science. However, it was not a single great event. The Coperni-
can Revolution was a protracted process consisting of many small steps, and
the changes within Copernicanism were almost as great as those separating
heliocentrism from geocentrism.
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