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Jochen Bittner, Peter Damerow, Jirgen Renn, Matthias Schemmel, and Matteo Valleriani

PREFACE

The four essays presented in this collection are based on talks given at the Eurosymposium Ga-
lileo 2001 in Tenerife. Authored by members of the Institute, they share the same approach

while dealing with different aspects of Galileo’s work.

We would also like to draw the reader’s attention to Raymond Fredette’s contribution to the

same conference, which is already a part of the preprint eries.

1 The essays have in the meantime been published in: MONTESINOS, J., SOLIS, CL4egts.3ampo di
filosofare: Eurosymposium Galileo 2001a Orotava: Fondacion Canaria Orotava de Historia de la Ciencia,
2001.

2 FREDETTE, RGalileo’s De Motu Antiquora: Notes for a Reappraisateprint of the Max Planck Institute
for the History of Science, Preprint 164, Berlin, 2001.
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Traces of an Invisible Giant:
Shared Knowledge in Galileo’s Unpublished
Treatises

Jochen Bittner, Peter Damerow, and Jirgen Renn

This paper discusses Galileo’s unpublished treatises related to his theory of motion of which we
find many traces in his extant manuscripts such as his notes on motion, manuscript 72 of the
Galilean collection in Florence. It may thus seem as if this paper focusses on an aspect of the
emergence of classical mechanics which is relevant only for those specialists interested in the
biographical origins of Galileo’s contributions. We shall argue, however, that a study of unpub-
lished manuscripts from the perspective of a historical epistemology reveals structures of the
development of scientific knowledge which tend to be obscured by focusing, as it is common,
only on published writings. Such focusing on published writings is, in fact, inherent in inter-
preting the development of scientific knowledge as resulting from individual contributions that

become effective only through publications.

The common concentration on published works is based on two precarious assumptions that

will be challenged in the following.

- First, it is usually assumed that the progress of scientific knowledge, in particular the emer-
gence of classical mechanics, is essentially determined by a sequence of events starting with
individual discoveries, disseminated by publications, and finally evaluated by the reception
of the scientific community.

- Second, it is usually assumed that it were specifically Galileo’s publications that represent
the birth of the classical theory of motion, essentially unburdening himself of the millenary
tradition of a mistaken natural philosophy.

We do not question the facts which can be put forward in order to justify such assumptions, but

the rationale of the argument itself.
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THE INVISIBLE HAND OF SHARED KNOWLEDGE

We will illustrate historical circumstances which may raise doubts whether such assumptions
can be considered as a sound base of historical research by a thought experiment. Let us hypo-
thetically assume that a scholar contemporary to Galileo pursued experiments with falling bod-
ies and discovered the law of fall as well as the parabolic shape of the projectile trajectory, that
he found the law of the inclined plane, directed the newly invented telescope to the heavens and
discovered the mountains on the moon, observed the moons of the planet Jupiter and the sun-
spots, that he calculated the orbits of heavenly bodies using methods and data of Kepler with
whom he corresponded, and that he composed extensive notes dealing with all these issues. In
short, let us assume that this man made essentially the same discoveries as Galileo and did his
research in precisely the same way with only one qualification: He never in his life published a
single line of it. Would we deny him credit for any contribution to the history of science just
because he did not influence the scientific community with any publication? Would we consider
such parallelism of developments as insignificant on account one of the two scholars not influ-

enceing the alleged normal chain of events from discovery, via publication to reception?

As a matter of fact, the above description refers to a real person, Thomas Harriot, whose work
closely resembles that of Galilédut how can the striking parallelism between the two scien-

tists be explained? Was there perhaps a secret “influence” which has so far escaped the scrutiny
of historians, or is there any other explanation? From the usual perspective, the development of
scientific knowledge is considered to be a process involving individual ideas, their reception by

a community, and the effect of the ideas of one individual on the other in terms of so-called “in-
fluences.” We will argue, on the other hand, that the often striking similarities in the work of
Galileo and his contemporaries can be explained by common structures of knowledge, common
challenges, and a similar social environment conditioning the communication of scientific in-

formation, rather than by the exchange of ideas embodied in publications.

1 For biographical information on Thomas Harriot, see [Shirley, J. W., 1983]. For a comparison between Gali-
leo’s and Harriot’s work on projectile motion, see the contribution by Matthias Schemmel in this preprint.
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This becomes particularly evident in the fate of Galileo’s unpublished writings. It turns out that,

in many cases, his writings remained unpublished not so much because he failed to succeed in
completing his ambitious projects of publication, but for other reasons. We argue that these
projects were, in fact, overturned by the development of shared knowledge. To use concepts in-
troduced by Yehuda Elkana, these projects were either superseded by the dynamics of bodies
of knowledge which Galileo shared with his contemporaries, or they were hampered by images
of knowledge, that is, by ideas about knowledge that are particularly susceptible to political as
well as biographical circumstancemdeed, the development of knowledge proceeded then, as

it does today, at a different pace from that of the production of publications.

GALILEO’ S UNPUBLISHED WRITINGS

Among the oldest unpublished writings of Galileo, a treatise on a hydrostatic balance has been
preserved, entitletla bilancettadating from 1586, A treatise on centers of gravity, entitled
Theoremata circa centrum gravitatis solidordrom 1587 originally also remained unpub-
lished and was only added as an appendix t®iseorsipublished half a century latéThese
treatises show him - like contemporaries such as Guidobaldo del Monte - as an avid follower of
Archimedes who had not only assiduously acquired the mathematical techniques of Archime-

dian mechanics but also shared the Archimedian interest in its practical applications.

When appointed as a professor at the university of Pisa in 1589 Galileo followed an entirely dif-
ferent patt? Probably from this time, several unwritten treatises dealing with questions of Ar-
istotle’s natural philosophy and logic are preserved, among them treatises &ditl@ghdo

De caelgDe elementisandDe demonstration®Had these treatises been published they would
have shown Galileo as a typical philosopher of his time, diligently studying and disseminating
the doctrines of contemporary Aristotelian natural philosophy, and not as the creator of a new

science of motion.

See [Elkana, Y., 1988].

See [Galilei, G., 1890-1909, I: 215ff.].

See [Galilei, G., 1890-1909, I: 187ff.] and [Galilei, G., 1890-1909, VIII: 313].

See [Wohlwill, E., 1993] and [Drake, S., 1978].

See [Galilei, G., 1890-1909, I: 22-177], [Wallace, A. W., 1992] and [Wallace, W. A., 1977].

o OB~ WDN
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Probably the most well known unpublished treatise of Galileo is his manuSeripiotu an-

tiquiora from around 1590.Actually the manuscript bundle thus labeled comprises several
more or less complete versions and notes for even more treatises.They document that he shared
the anti-Aristotelian ambitions of many of his contemporaries and that he, just as Benedetti or
Guidobaldo before him, grasped the opportunity to revise Aristotle’s theory of motion by refor-

mulating it as a theory of motion in media with the help of Archimedian hydrostatics.

After his move to Padua in 1592, Galileo, aside from his duties as a professor, engaged in quite
different activities such as giving private lessons and advising the Venetian republic on techni-
cal matters Such activities were typical of an engineer-scientist of that time. In the context of
these activities he wrote or planned several treatises that remained mostly unpublished but cir-
culated among his contemporaries, two treatises on fortification, a treatise on mechanics, enti-
tled Le meccanicheseveral versions of the manual for the use of his military compass,
eventually published only in view of a priority dispute, and finally a treatise on the sphere, en-

titled Trattato della sfera ovvero cosmograﬁ%

The contemporary discussion on Copernicanism confronted Galileo with various occasions to
express his changing views on the subject in writings that remained largely unpublished. These
writings ranged from anticopernican side-remarks in his treatise on the sphere, via refutations
of anticopernican arguments of philosopher colleagues starting as early as 1597, to planned or
actually written treatises on mechanical arguments interpreted as evidence in favor of the Co-
pernican systent: Among these arguments is an attempt to explain the tides along the model
of a swinging pendulum, an attempt which is documented by manuscripts comprising notes dat-
ing back as early as the 159@snd also an unpublished treatise of 1616, entidlisdorso del

flusso e reflusso del maté An attempt to explain the constitution of the planetary system along

7 See [Galilei, G., 1890-1909, I: 243-419], [Fredette, R., 1969], [Fredette, R., 2001], [Giusti, E., 1998].

8 See [Benedetti, G. B. d., 1585] and [del Monte, G., ca. 1587-1592, p. 41].

9 See the contribution by Matteo Valleriani in this preprint.

10 See [Galilei, G., 1890-1909, II: 7-191, 203-253, 335-510].

11 See [Galilei, G., 1890-1909, II: 193-202, 203-253].

12 See [Galilei, G., ca. 1602 - ca. 1637, folio 154 recto]. Galileo’s idea of a tidal theory is also documented in
notes from the year 1595 that are found in a notebook of Paolo Sarpi; see [Sarpi, P., 1996, 424-427], notes num-
ber 569, 570 and 571; see also the discussion in [Renn, J., et al., 2000].

13 See [Galilei, G., 1890-1909, V: 371-395].
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the model of projectile motion is documented by notes dating from arounc}‘_‘tﬁogeneral,
most of Galileo’s early treatises on Copernican issues remained unpublished or were merely cir-

culated in the form of letters.

Manuscripts and correspondence show that in the period of his most intense work on problems
of motion around 1602, Galileo focused on two key problems of potentially high practical im-
pact, ballistics and the pendulum. Evidently he planned to dedicate treatises to these subjects,
which, in spite of the tremendous work invested in them, remained unwrtBeveral years

later in 1610, he claimed to have almost completed a number of treatises, among them three
books offering an entirely new theory of motion which, however, probably did not exist or, at

least, remained unpublishé®.

In his position as a philosopher and mathematician at the Medici Court, which he took on in
1610, Galileo produced numerous scientific writings not intended for publication. Several of
these unpublished writings contain expositions of Galileo’s scientific achievements in the con-
text and for the purpose of technical applicatibhé. Galilean treatise has been preserved as

an appendix to a diplomatic note written in 1612 by the Grand Duke to the government of Spain
concerning free Tuscan access to the East Indies as well as the Westtdiescribes a
method for determining longitude on the basis of Galileo’s observations of the Jupiter satellites.
With several unpublished writings on hydraulics, among them a lengthy expertise on the regu-
lation of the river Bisenzio written in 1630, Galileo fulfilled his function as an expert advisor to

the Tuscan governmefr.

Galileo’s conclusive work of 1638, tiiEscorsi actually comprises only a fraction of his writ-
ings on motion and mechanics. While books on motion such as the one he had promised in 1610

were actually included in the form of fictive treatises, several other planned or written treatises

14 See [Galilei, G., ca. 1602 - ca. 1637, folios 134,135 and 146].

15 See [Hill, D. K., 1994].

16 See the letter to Belisario Vinta, May 7, 1610, [Galilei, G., 1890-1909, X: 348-353].
17 See e.g., [Galilei, G., 1890-1909, VIII: 571-587].

18 See [Galilei, G., 1890-1909, V: 415-425].

19 See [Galilei, G., 1890-1909, VI: 627-647].
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dealing with subjects such as percussion or the hanging chain remained unpublished. In spite of
unceasing attempts to cover all of this material in his definitive publication by adding ever new

chapters to it, th®iscorsithemselves were eventually published merely as a f8rso.

THE HERITAGE OF SHARED KNOWLEDGE

Even this brief survey of Galileo’s unpublished treatises makes it more evident than his few
strategically placed publications that his work was conditioned by an array of transmitted
knowledge systems which he shared with his contemporaries. They were moreover constrained
by controversial interpretations of their social status and their cultural meaning. The most obvi-
ous case is represented by the controversial cosmological models developed in the context of
the millenary tradition of astronomy, that is, the Ptolemaic, the Tychonic, and the Copernican
models of the mechanism of planetary motion. To come to another body of knowledge, Gali-
leo’s deductive theory of motion was evidently not unrelated to mechanics. It was, however, not
an immediate continuation of the tradition of deductive mechanical treatises. It rather copied the
Archimedeammodel of constructing deductive theories of physical phenomena. Both approach-
es were in any case shaped by the tradition of mathematical theory. Obviously the mathematical
tradition going back to antiquity did not only provide Galileo’s theory of motion with a model

for its deductive form but also with its most powerful instrument of the mathematical analysis
of space, Euclidean geometry. Furthermore, Galileo’s new science of motion shared its subject
with the dominating doctrines of the natural philosophy of the time, rooted in the ancient tradi-
tion of Aristotelian physics, elaborated, questioned, and in various ways revised by generations
of commentators of medieval scholastic Aristotelism. Last but not least, let us stress the signif-
icance of a further body of knowledge. Most important but often overlooked is the fact that Ga-
lileo’s theory of motion draws heavily on the knowledge accumulated in the handicraft and
engineering tradition which reaches even further back in history than any theoretical reflection

on it2!

20 See [Renn, J., et al., 2000].
21 See [Renn, J., et al., in preparation].
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The heritage thus only briefly outlined did obviously not consist of one homogenous body of
knowledge but rather of diverse strands of theoretical traditions based on partly incompatible
foundations whose mutual relations represented one of the intellectual challenges of the time.
This conflict-laden heritage was the basis for any conceptualization of motion in the early mod-
ern period and, at the same time, provided numerous obstacles against modifications endeav-

ored in order to meet new challenges.

In the following, we will discuss several examples of shared knowledge. They are taken from
Galileo’s unpublished treatises. From the point of view of historical epistemology we will ana-
lyze how the emergence and dissemination of his science of motion grew out of the shared

knowledge of the time.

EXAMPLE 1: INTUITIVE PHYSICSAND ARISTOTELISM

We first turn to Galileo’s relation to Aristotelian physics as it becomes particularly evident in
the light of his unpublished treatises. It is a common characteristic of Galileo and his contem-
poraries that their attitude towards Aristotelian physics was anything but simple. Based on their
familiarity with Galileo’s publications only, mid-nineteenth century historians of science have
coined an image of Galileo which characterizes him, in contrast to contemporary philosophers,
as an ardent defender of experience against Aristotelian dogmatism. When Favaro published
most of Galileo’s extant treatises it became clear that this image of Galileo was untenable. Nev-
ertheless this image was never in principle revised. Even today the fact that the young Galileo
composed a number of Aristotelian treatises is often considered as merely the excusable lapse
of an immature scientist. From our viewpoint, however, Galileo’s unpublished treatises suggest
that there is no principal difference between the attitudes of Galileo and of his contemporaries
towards Aristotle. In fact they provide a context for his published writings which makes clear
that Galileo shared with his contemporaries the adherence to essential assets of Aristotelian

physics and that he did so for good reasons.
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As a matter of fact certain types of physical knowledge predate any systematic theoretical treat-
ment. The most basic knowledge presupposed by physics is based on experiences acquired al-
most universally in any culture by human activities such as moving one’s body around or

handling objects under normal conditions characteristic of our natural environment on earth.

Although the fundamental notions of such physical knowledge are closely related to concepts
of classical mechanics, they do not correspond to its basic categories. Most of them turn out to
rather resemble the basic assumptions of Aristotelian physics, including its medieval elabora-
tion, as well as its early modern critique. Solid bodies usually need a force to be moved. This
force depends on the amount of motion to be produced; stronger forces can move greater bodies
and cause a greater motion. Once bodies are moving they have acquired a certain impetus that
makes them continue to move for some time before they come to rest. A moving body can itself
exert a force on objects which resist its motion. In order to stop a moving body, some counter-
acting force is required depending on the size of the body and the vividness of the motion. All
such experiences together constitute a sufficiently reliable basis for the prediction of the behav-
ior of bodies which are subjected to human activities in practical contexts, a system of knowl-
edge and beliefs that may be called, adopting a term from cognitive psychology, “intuitive

physics”.

Any attempt to create a theory of nature as general as Aristotelian physics has to start from this
basic body of knowledge, even if its goal is to revise the Aristotelian system. This explains why

Galileo, as has been pointed out already, in his early attempts to give a systematic account of
the physical knowledge of his time in the same way as his contemporaries combined an anti-
Aristotelian attitude with an adherence to basic Aristotelian assumptions. Such assumptions an-
chor, as we have extensively shown elsewhere, the conceptual framework even in what he con-

sidered a new science of motion in his definitive publicationDikeorsi®?

22 See [Damerow, P., et al., 1992], also for the following.

10



Traces of an Invisible Giant: Shared Knowledge in Galileo’s Unpublished Treatises

EXAMPLE 2: THEORETICAL KNOWLEDGE AND SCHOLASTICISM

A second strand of knowledge, not rooted in intuitive physics, was, nevertheless, also part of
the shared knowledge of the time because it was transmitted as a canon of theoretical knowledge
within the university tradition; it is represented by the sophisticated elaborations of Aristotelian
physics in the medieval scholastic tradition. None of the assumptions of this theoretical tradition
are as self-evident and irrefutable as the elements of Aristotelian theory rooted in intuitive phys-
ics. These assumptions were the issues of debates extending over centuries and were conse-

quently the natural starting points for creating new theories of motion in early modern times.

Historians who attempt to understand the spreading of these new theories in seventeenth century
Europe are confronted with a puzzle. The treatises of this time, as they were written by natural
philosophers such as Galileo, Descartes, Baliani, or Harriot, show a great variation with regard
to the phenomena considered, the basic axioms, or the deductive organization. Nevertheless,
these treatises also show a number of peculiar common features that cannot be explained by
their shared starting point in the core assumptions of Aristotelian theory rooted in intuitive phys-

ics.

For instance, they all conceptualize the phenomenon of acceleration, which plays quite different
roles in their individual versions of a new science, in terms of the same odd medieval concepts
incompatible with classical physics. In particular, accelerated motion is understood as a quality

that has an extension as well as an intension, characterized by changing degrees.

In order to to understand this puzzling commonality one can either search for direct influences
in individual biographies or search for general structures of knowledge at that time. When his-
torians of science focus on Galileo’s work and attempt to explain what they see as the sudden
appearance of the key concept of changing “degrees of velocity” in the course his work on a
science of motion, they usually search to identify the sources of this concept in specific influ-
ences occurring during his biography, for instance, in the form of books he must have read at a
particular time. They have thus, for instance, long been irritated by the fact that the fourteenth
century work of Oresme and of the Oxford calculatores, to which the notion of motion as a qual-
ity with changing degrees can be traced back, was essentially no longer read in the time of Ga-

lileo and could hence not figure as a possible source of his ideas on accelerated motion. When

11
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historians of science discuss the general state of ideas in the seventeenth century, they tend to
portray medieval Aristotelian scholasticism merely as the counter position against which Gali-
leo’s theory of motion gained its profile as a new science, neglecting the potential of Aristote-

lianism as a generic knowledge resource available to Galileo and his contemporaries.

Galileo’s unpublished commentaries on Aristotelian physics mentioned above make it not only
amply clear that he had thoroughly appropriated the immense knowledge accumulated in the
scholastic tradition of elaborating and commenting Aristotle but also that he had thus acquired

a resource of knowledge that provided essential assets of the new science of motion, assets such
as the conceptualization of acceleration in terms of the changing degrees of a quality. This con-
ceptualization was in fact part of the doctrine of intension and remission transmitted by the live-

ly scholastic tradition of the time, a tradition from which contemporary intellectuals could
hardly escape, whether they encountered it in the college of La Fleche, as was the case for Des-
cartes, or in the lecture notes of Jesuit professors of the Collegio Romano, as was the case for

Galileo?3

EXAMPLE 3: ARISTOTELISMAND ARCHIMEDEAN THEORY AS COEXISTING BODIES OF
KNOWLEDGE

Let us turn to our third example of how shared knowledge resources created common framing
conditions for Galileo and his contemporaries. This example serves to make evident that they
drew on shared bodies of knowledge not only separately from each other by exploiting their in-
dividual potentials but also tried to merge incompatible knowledge structures into a new unity.
A telling example for this type of theory construction is provided by the attempts of Galileo to
combine the Aristotelian theory of motion with Archimedean theory of buoyancy within a de-
ductive framework following the model of Euclid and Archimedes himself. Given that in Aris-
totelian theory motion is possible only as motion in a medium and that Archimedes gave a
precise account of how the medium affects a body submerged in it, any study of the velocity of
falling bodies had either to combine both theories in this point or to radically change basic as-

sumptions of either of them. This explains why not only Galileo but also contemporaries such

23 For Descartes see [Gaukroger, S., 1995], for Galileo see [Wallace, W. A., 1981].

12
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as Benedetti, Guidobaldo del Monte, Beeckman, or Harriot all advanced new theories of motion
of fall different in detail but in agreement on this pdihtn the case of Galileo we are able to
trace the development of such a theory through various stages. He started out by writing a dia-
logue that gave him the occasion to cautiously revise the Aristotelian theory by introducing pro-
ponents holding different positions without identifying himself with one of tfrofhis

attempt was followed by a more audacious treatment in the form of a scholastic treatise in which

he promoted a radical critique of Aristotle but essentially stuck to Aristotelian assun?ﬁtions.

Finally he conceived the project of a new science of motion based on this theory and to be for-
mulated following the model of a deductive treatment in the style of the subemzinderoso

e levi,attributed to Euclid and familiar to Galileo. But he obviously did not realize this project
since only an outline survived. The concise style of the planned treatise becomes evident even

when considering only a few of the issues covéfed.

Concerning the ratio of motions of the same mobiles in different media.
Concerning the ratio of the motions of different mobiles in the same medium.

Concerning the cause of the slowness and the speed of motion.

EXAMPLE 4: THEORETICAL KNOWLEDGE AND MECHANICS

Our fourth example introduces yet another body of knowledge relevant to the development and
reception of Galileo’s science of motion. Besides the uninterrupted Aristotelian tradition one
has to take into account that the sixteenth century saw the revival of another ancient tradition
namely that of deductive treatises specifically devoted to mechanics. This revival was closely
related to the growing practical importance of machine technology since the Renaissance. It was
based on a small number of treatises from antiquity and the Middle Ages which use the lever as

a mental model for interpreting mechanical phenonf@i@uidobaldo del Monte, under whose

24 See [Benedetti, G. B. d., 1585], [del Monte, G., ca. 1587-1592, p. 41], [Beeckmann, |., 1939] and, for Harriot,
BL Add MS 6788 folios 144-148.

25 See [Galilei, G., 1890-1909, I: 367-408].

26 See [Galilei, G., 1890-1909, I: 247-340].

27 See [Galilei, G., 1890-19009, I 418f.].

28 From Pseudo-Aristotle via Thabit ibn Qurra to Jordanus see [Aristotle, 1980] and [Clagett, M., et al., 1960].

13
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patronage Galileo achieved his positions in Pisa and later in Padua, published a comprehensive
compilation of this knowledge thus creating the most influential mechanical treatise of his
time 22 Galileo’s unpublished treatise on mechanics mentioned above which he composed after
his move to the Venetian republic, the technological center of that time, similarly represents an
appropriation of the ancient tradition of mechariftAt that time Galileo had reoriented his in-

terest from the critique of Aristotelian philosophy to the practical challenges of an engineer-sci-

entist.

Galileo’s unpublished treatise on mechanics is usually studied with the primary intention of
finding something innovative. This search has even been successful to a certain extent. From
the viewpoint of historical epistemology, however, this treatise deserves attention primarily for
another reason. It represents the basic structures of mechanical knowledge which Galileo shared
with his contemporaries, and which served them as a universal instrument for their theoretical

interpretation of the rapidly developing contemporary machine technology.

EXAMPLE 5: PRACTICAL KNOWLEDGE AND CHALLENGING OBJECTS

The opportunities and challenges offered by the new technology represent another shared
knowledge area, whose character was, however, much more diverse than that of the bodies of
knowledge transmitted by ancient traditions. It does not come as a surprise that Galileo, once
he had redirected his activities towards technical problems, became acquainted with technolo-
gies such as ballistics, shipbuilding, and fortification and that he prepared a couple of treatises
which seem to have nothing to do with the great discoveries he is usually praised for. Precisely
these treatises provide us with a key for understanding what type of knowledge triggered the
transformation of ancient mechanics into the theory of motion of classical physics. Galileo’s en-
gagement with this type of knowledge becomes particularily clear in the cases of ballistics and
of the pendulum. It was only his interest in ballistics which made Galileo realize the theoretical
implications of an experiment on projectile motion which he performed years before, as we

have shown elsewhe?étogether with Guidobaldo del Monte. Similarly, as Viviani reports, the

29 See [del Monte, G., 1577] and [del Monte, G., 1581].
30 See [Galilei, G., 1890-1909, II: 146-191].

14
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first reaction of Galileo after having discovered the isochronism of the pendulum was to explore
its usefulness for a technical context, that is, for the construction of the pulsilogium for time

measurement in mediciré.

In the case of ballistics it has to be pointed out that any theory of projectile motion advanced at
that time had to take into account the common knowledge of the practitioners of ballistics as
was transmitted not only by participation and oral transmission but also by numerous published
as well as unpublished military treatises. The knowledge of the artillerists based on their pro-
fessional experience included that the speed of a projectile increases with the force the explod-
ing powder exerts on it, that more projectile weight requires more force to reach the same
distance, that the distance of the shot depends on the angle, that there is an angle at which this
distance reaches a maximum and that there are angles at which flat and steep shots reach the
same distance though with different effetighis type of knowledge also provided a starting-

point for early modern engineer-scientists such as Leonardo, Tartaglia, Aquilone, Puchner, Har-
riot and last but not least Galileo. Among his papers he left the outline of an unwritten treatise
entitledParticular privileges of the artillery with respect to the other mechanical instruments,
probably dating back to the early Paduan yéérsillustrates the role of reflection on practi-
tioner's knowledge for the creation of a new theory of projectile motion by Galileo. Among the

issues Galileo intended to deal with in his planned treatise are topics such as:

If one operates with a greater force in a certain distance or from nearby.

Which line the ball describes in its [course].

In which elevation you shoot farthest and why.
That the ball in turning downwards in the vertical returns with the same forces and velocities as those

with which it went up

31 See [Renn, J., et al., 2000].

32 See Viviani, [Galilei, G., 1890-1909, XIX: 597-646] and [Drake, S., 1978].

33 See [Bittner, J., et al., in press].

34 See [Galilei, G., ca. 1602 - ca. 1637, folio 193 recto]. An electronic representation of Galileo’s notes on motion
is freely accessible from the website of the Max Planck Institute for the History of Science, http://www.mpiwg-
berlin.mpg.de.
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Given that such questions were at the center of interest for early modern engineers it could be
only a matter of time before all such questions had been more or less sufficiently embedded into

a coherent deductive theory of motion extending theoretical mechanics in the ancient tradition.

In the second case, the case of the pendulum, Galileo was confronted with a quite different type
of challenging object. There is ample evidence that Galileo realized early in his Paduan period
that theoretical mechanics as it was represented by Guidobaldo’s and his own treatises was un-
able to explain even such trivial insights as its isochronism not to mention the puzzling paral-
lelism between the law of fall and the dependence of the period of the pendulum on its length,
the law of the pendulum. A whole bunch of manuscript pages show that Galileo desperately
tried to derive the isochronism from traditional mechanics by approximating the circle de-
scribed by the descending pendulum by a series of inclined planes with diminishinﬁﬁepe.

lileo outlines the basic idea and describes the obstacles against its realization in the answer to a
lost letter of Guidobaldo del Monte, who was obviously skeptical with regard to Galileo’s at-
tempts to use Aristotelian dynamics for understanding phenomena such as the swinging of the

pendulum. He points out the difficulties posed by this particular challenging aﬁ)ject:

Until now | have demonstrated without transgressing the terms of mechanics; but | cannot manage
to demonstrate how the arcs [...] have been passed through in equal times and it is this that | am look-

ing for.

When Galileo finally published hidiscorsihe still lacked a satisfactory theory of the pendu-
lum. Since he did not manage to include his results on the pendulum within the deductive frame-
work of his theory of motion he evidently saw no other solution for making these results public
but to include them not within the fictive treatise presented iDtbeorsibut to casually men-

tion them in the dialogue parté He thus missed his last chance to place these results into the
records of published discoveries, although the solution to this problem would have been only a

small step within his theory.

35 See [Galilei, G., ca. 1602 - ca. 1637, folio 166 recto] and [Hill, D. K., 1994].
36 See the letter to Guidobaldo dal Monte, November 29, 1602, [Galilei, G., 1890-1909, X: 97-100]
37 For a treatment of the pendulum in Biiscorsisee e.g., [Galilei, G., 1890-1909, VIII: 139ff.].
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In fact, there is evidence that the story was not over yet. Shortly after Galileo’s publication of
theDiscorsiBaliani also published a theory of motion which, however, turned the problem up-
side dowrP® Baliani used as an axiom the law of the pendulum already known to him and de-
rived from it Galileo’s law of fall. A hitherto unknown letter of Galileo to Baliani, a draft of
which we identified among the notes of one of his disciples, contains a critique of Baliani’s
proof of the law of fall based on the law of the pendulum and proposes an improvement which,
read in reverse direction, immediately gives a proof of the law of the pendulum in the frame-
work of Galileo’s own theory? There can hence be no doubt that Galileo’s theory of motion
would have been able to include a theory of the pendulum if he had had the chance to compose

it after he read the treatise of Baliani.

EXAMPLE 6: SHARED IMAGES OF KNOWLEDGE AND THE CHALLENGE OF ASTRONOMY

Like mechanics, astronomy represents an ancient body of knowledge that received growing at-
tention in the early modern period due to its increased practical significance, in particular in the

context of the challenges for navigation posed by the discovery of new parts of the globe. At the
same time, astronomical knowledge was tidily interwoven with the dominating worldview em-

braced by the Church which comprised the geocentric cosmology of Aristotle and Ptolemy.

Since the nineteenth century, the clash between this worldview and Galileo’s defense of Coper-
nicanism has repeatedly been interpreted as Galileo’s systematic battle against an ancient dog-
ma in order to defend his new science of motion. But as Galileo’s unpublished treatises dealing
with astronomical issues amply illustrate, his encounters with Copernicanism were neither root-
ed in a strategically planned battle nor were they the consequence of a conversion experience
that made him a firm believer in the new world system. From the viewpoint of historical epis-
temology, they rather appear as the results of unavoidable encounters of an engineer-scientist

with the shared knowledge of his time. These encounters gave Galileo, as was the case with his

38 See [Baliani, G. B., 1638] and the revised and substantially extended edition [Baliani, G. B., 1646].

39 Ms. Gal. 74, folio 35 verso ff. Galileo intended to publish this proof in the second editioDifdbesias can
be inferred from a hand written marginal note in his copy of the first edition. See [Galilei, G., after 1638, folio
62 rect] (page 79 in the printed first edition).
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contemporaries, occasion to react to this knowledge in ways that were determined both by local
contexts and by the dominating image of astronomical knowledge as an underpinning of the rul-

ing worldview.

When Galileo wrote, for instance, his unpublished treatise on the sphere in the context of his
teaching activities, he did not even bother to discuss the Copernican é%teraven included

a defense of the geocentric world system by physical arguments although he declared himself
to Kepler in a letter of 1597 as a supporter of the new astronomical éﬂ?slﬂmdid so at the

same time as he gave, at the university of Padua, a course on the geocentric world system based
on the medieval treatise on the spH’@rAlso, he could not resist proving a philosopher col-
league wrong when the latter criticized the Copernican system with unsound arguments. It was
this academic rivalry that occasioned Galileo’s first treatise on Copernicanism, circulated only

in the form of a lettef3

However, the omnipresence of Aristotelian natural philosophy did not only account for the fact
that engineer-scientists of the time almost unavoidably encountered related astronomical issues.
Rather its embedding within the dominating worldview created boundary conditions that no at-
tempt at a new science of motion at this time could ignore. In particular, the fact that in Aristo-
telian natural philosophy terrestrial physics was an integral part of a global world view enforced
a cosmological meaning on every mechanical model of astronomical phenomena. This is true,
for instance, for an attempt by Galileo that we have been able to reconstruct from his manu-
scripts. In fact, he tried to explain the tides by using the swinging pendulum as a mental model
of the motion of the sea and by scaling-up the relation between the length of the pendulum and
its period to the dimensions of the diameter of the earth in order to determine the period of the
tides?* This is true also for his attempt to explain the periods of the planets in their orbits around
the sun taken from Kepler’s publication by using projectile motion as a mental model of the di-
vine creation of the planetary system and by scaling-up his experiments with free falling bodies
deflected into the horizontal to cosmic dimensithalthough both attempts failed to match

the observed data, he published these ideas Di#tegueand in theDiscorsi not, however,

40 See [Galilei, G., 1890-1909, II: 203-255].

41 See the letter to Johannes Kepler, August 4, 1597, [Galilei, G., 1890-1909, X: 67f.].
42 See [Galilei, G., 1890-1909, XIX: 120].

43 See the letter to Jacopo Mazzoni, May 30, 1597, [Galilei, G., 1890-1909, II: 193-202].
44 See [Galilei, G., ca. 1602 - ca. 1637, folio 154 recto].
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as the systematic treatises he probably had hoped to write originally but as grand visions sup-
porting the Copernican system, leaving out the details we know from his unpublished manu-

scripts?®

EXAMPLE 7: PATRONAGE AND THE SHARED SOCIAL STRUCTURESOF KNOWLEDGE

The last example of unpublished treatises discussed here is again of a quite different nature and
points to a framing condition of the development and reception of scientific knowledge in this
period that has been studied under the heading “Galileo Couttiat the end of 1630, Galileo
completed an expertise that he had written by request of the Tuscan government. It represents
an unpublished treatise on the regulation of the Bisenzio river in which Galileo mustered almost
the entire arsenal of his science of motion to cope with a technological challenge of Afs time.
The writings he composed as a courtier under the patronage of the Medici family make it clear
that the creation and dissemination of scientific knowledge in the early modern period is pro-
foundly shaped by a social organization quite different from later periods. Gestures such as the
appeal to the authority of princes, the exchange of gifts, here take the role of scientific creden-

tials obtained by the recognition of peers.

For instance, when Galileo negotiated for his position at the Florentine court, he felt pressed to
pretend that he could offer a cornucopia of unpublished treatises which in fact can only partly
be identified among his manuscripts, probably because much of what he announced was actu-

ally never written:

| also have some minor works on natural topics, kesono et vog®e visu et coloribudDe maris
esty De compositione continube animalium motibysand still others. | have also the intention to

write some books concerning the soldier, educating him not only in abstract, but by teaching [him]

45 See [Galilei, G., ca. 1602 - ca. 1637, folios 134,135 and 146]. For a detailed account of Galileo’s cosmogony
see the contribution by Jochen Biittner in this preprint.

46 See [Galilei, G., 1890-1909, VII: 44f., 53f.] and [Galilei, G., 1890-1909, VIII: 283ff.].

47 See [Biagioli, M., 1993].

48 See [Galilei, G., 1890-1909, VI: 627-647].
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by means of very good rules, all what is convenient to know and depends on Mathematics, like
knowledge of castrametations, regulations, fortifications, assaults and captures, taking plants away,

measuring with the sight, knowledge concerning artilleries, uses of various instrumefttts, etc.

However, it would mean to greatly underestimate the role of this social organization for early
modern science if its impact is only considered with regard to the images of science on which
the appreciation of scientific achievements by the ruling classes was based. Galileo’s writings
on hydraulics, such as his unpublished treatise on the regulation of the Bisenzio river show, that
the social context of the early modern engineer-scientists provided in fact the precondition for
the merging of bodies of knowledge such as practitioners knowledge about hydraulic engineer-
ing and scholastic theories on the dynamics of moving bodies whose traditions had been sepa-

rated over centuries by a gulf of social status.

THE IRRESISTIBLE SPREADOF SHARED KNOWLEDGE

Let us end as we began with a thought experiment. Let us assume that an early modern scientist
had made an important discovery such as, for instance, the parabolic shape of the projectile tra-
jectory, but that he hesitated to publish it because he consciously attempted to hide his discovery
hoping to eventually make a fortune from it. Would it simply be possible to hide it or would it
have been rediscovered by someone else or spread in spite of attempts to conceal it. As long as
we conceive of the dissemination of scientific knowledge in terms of a chain of discoveries,
their subsequent publication, and finally their reception, both events seem to be extremely un-
likely. Once again, our thought experiment turns out to correspond to a real story that makes it
possible to actually verify the outcome. It is the story of Galileo’s failed attempt to hide the dis-

covery of the parabolic trajectory for more than forty years.

When Bonaventura Cavalieri in 1632, shortly after the publication of Gali@alsgo, pub-
lished his book.o Specchio Ustorio overo Trattato delle Settioni Conmh@arabolic mirrors,

he sent Galileo a letter which contains the following informatfon:

49 See the letter to BelisarioVinta, May 7, 1610, [Galilei, G., 1890-1909, X: 348-353].
50 Bonaventura Cavalieri to Galileo, August 31, 1632, [Galilei, G., 1890-1909, XIV: 378].
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| have briefly touched the motion of projected bodies by showing that if the resistance of the air is
excluded it must take place along a parabola, provided that your principle of the motion of heavy
bodies is assumed that their acceleration corresponds to the increase of the odd numbers as they fol-
low each other from one onwards. | declare, however, that | have learned in great parts from you

what | touch upon in this matter, at the same time advancing myself a derivation of that principle.

This announcement shocked Galileo. In a letter written immediately afterwards to Cesare Mar-

sili, a common friend who lived like Cavalieri in Bologna, he complaﬁjred:

| have letters from Father Fra Buonaventura with the news that he had recently given to print a trea-
tise on the burning mirror in which, as he says, he has introduced on an appropriate occasion the the-
orem and the proof concerning the trajectory of projected bodies in which he explains that it is a
parabolic curve. | cannot hide from you, my dear Sir, that this news was anything but pleasant to me
because | see how the first fruits of a study of mine of more than forty years, imparted largely in con-
fidence to the said Father, should now be wrenched from me, and how the flower shall now be bro-
ken from the glory which | hoped to gain from such long-lasting efforts, since truly what first moved
me to speculate about motion was my intention of finding this path which, although once found is
not very hard to demonstrate, still I, who discovered it, know how much labor | spent in finding that

conclusion.

Galileo received an immediate answer from Cavaféri.

| add that | truly thought that you had already somewhere written about it, as | have not been in the
lucky situation to have seen all your works, and it has encouraged my belief that | realized how much
and how long this doctrine has been circulated already, because Oddi has told me already ten years
ago that you have performed experiments about that matter together v&imtﬁd@)baldo del Mon-

te, and that also has made me imprudent so that | have not written you earlier about it, since | be-
lieved, in fact, that you do in no way bother about it but would rather be content that one of your
disciples would show himself on such a favorable occasion as an adept of your doctrine of which he

confesses to have learned it from you.

He offered all kinds of options for a reconciliation and even proposed that he would finally

... burn all copies so that with them the reason is destroyed for which it is possible that | have given

disgust to my master Galileo so that he could say like Cesar to me “tu quoque, Brute fili”

51 Galileo to Cesare Marsili, September 11, 1632, [Galilei, G., 1890-1909, XIV: 386].
52 Bonaventura Cavalieri to Galileo, September 21, 1632, [Galilei, G., 1890-1909, XIV: 395]; see also the discus-
sion of this correspondence in [Wohlwill, E., 1899].
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In short: at a time when Galileo’s collaborators were using and spreading the knowledge of Ga-
lileo’s discovery, convincing themselves that it must have been long published, Galileo himself

still fought like a Don Quichote to keep it secret.

To sum up: Galileo was not the lonely hero he was considered to be in the nineteenth century.
From the viewpoint of historical epistemology Galileo was working on the basis of structured
bodies of physical knowledge which he shared with his contemporaries. This knowledge
opened up a field of standard applications to specific objects as well as to the construction of
global world models, and raised a number of open problems and alternative options for solving
them. His work was furthermore constrained by certain images of knowledge, in the sense of
controversial interpretations of the social status and the cultural meaning of these knowledge
systems. Within this epistemic cosmos, defining the space for the trajectories of individual sci-
entists, both common aims and tools of Galileo and his contemporaries, as well as the space of

alternative interpretations, were determined.

A reconstruction of the emergence and dissemination of a new theory of motion in early modern
Europe cannot really be successful as long as it is merely understood as the consequence of the
reception of the isolated discoveries of Galileo. If those who built on his achievements were
standing on the shoulders of a giant, this giant was represented not so much by these discoveries
but rather by the shared heritage of early modern Europe that made the pioneering achievements
of Galileo and his contemporaries meaningful in the first place. Such an understanding of sci-
entific progress requires analyzing not only sources in order to identify exceptional events
which can then be designated as “discoveries.” It rather makes it necessary to reconstruct the
bodies and images of knowledge representing what one might call “normal planning, reflecting,
and teaching activities.” From this perspective, the study of Galileo’s unpublished treatises doc-
umenting such activities may turn out to be even more revealing than any attempt to identify

singular discoveries in his published works.
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England’s Forgotten Galileo:
A View on Thomas Harriot's
Ballistic Parabolas

Matthias Schemmel

Galileo’s insight into the parabolic shape of projectile trajectories is commonly considered not

only as having provided a major turning point in the history of ballistics, but also as having con-

stituted a fundamental step towards the establishment of classical mechanics. In fact, from a

modern perspective, the parabolic trajectory is closely associated with three of the most funda-

mental principles of classical mechanics, the law of inertia, the law of fall, and the superposition

of motions without interference.

Figure 1: Construction of a projectile trajectory
in classical mechanics.

According to classical mechanics, the
projectile trajectory results from a
composition of two motions, an iner-
tial motion along the line of the shot,
and the accelerated motion of free fall
vertically downwards. Given the
knowledge of the laws governing these
two fundamental kinds of motion,

points on the trajectory can be geomet-

rically constructed by considering the distances traversed by the two motions in equal intervals

of time. Figure 1 illustrates such a construction. To represent the uniform inertial motion along

the line of the shot, equidistant points are plotted on the oblique line, marking the distances tra-

versed in equal intervals of time. From these points, the distances the mobile traverses in free

fall in the time that has passed since the beginning of the shot are measured vertically down-

wards. Since the space traversed in free fall grows quadratically in time, these distances in-
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crease according to the sequence of square numbers: 1, 4, 9, etc. The resulting points mark the
actual positions of the projectile after equal intervals of time. The trajectory, represented as a

dotted line in Figure 1, is drawn by joining these construction points smoothly.

This construction appears to be so immediately plausible that one is tempted to assume that
whoever conceives of the projectile trajectory as a parabola resulting from a composition of two
motions, must understand it in this way and hence also attain the insight into the law of inertia
and the law of fall underlying the construction. Accordingly, the fact that Galileo, in his late
work on mechanics, tHgiscorsi formulated a classical result, namely the parabolic trajectory,

is usually understood to imply that he was already working within the framework of classical
mechanics. Even evident deviations in his works from the reasoning expected according to clas-
sical physics are usually not understood as indicating that Galileo’s arguments were @aatually

rooted in the framework of that science.

An example of such a deviation is provided by a striking gap in the deductive structure of the
Discorsi the major work on mechanics of the mature Galileo, after all. Galileo derives the form
of the projectile trajectory only in the case of horizontal projection, by composing the horizontal
component with the vertical motion of fall—precisely according to the construction presented
above. For the case of oblique projection, however, hesjattsthat the resulting trajectory
would likewise be a parabola, without offering any proof for this statemerthe light of the

fact that, in classical mechanics, the trajectory of oblique projection follows from the same con-
struction as that for horizontal projection, this omission is hard to understand. In classical me-
chanics, the case of horizontal projection is, after all, merely a special case of the more general
class of projections in any direction. However, if one takes into account not only Galileo’s pub-
lished works but also the numerous unpublished manuscripts documenting his ongoing re-
search, one can indeed, as | shall illustrate in the following, identify clues illuminating why

oblique projection represented a problem for him.

1 Galileo [1968, Vol. VIII, p. 296] claims, but does not prove, that a bullet shot at a given angle would traverse
the reverse path of a bullet shot horizontally and hitting the ground at the same angle. The deficiency in Gali-
leo’s argument was already pointed out by Descartes [1964 ff., Vol Il, p. 387 (letter no. 146)] in his famous
critique of theDiscorsi and later discussed by Wohlwill [1884, pp. 111 f.].
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Figure 2 illustrates the construction of
a projectile trajectory for oblique mo-
tion as can be reconstructed from a

drawing found in Galileo’s manu-

scripts.2 In this representation the bul-

let is projected in the lower left corner.

After being projected it participates in

Figure 2: Construction of a projectile trajectory two motions. One is the motion along
based on an interpretation of f. 175v, Galileo MS 72.

the line of the shot, the other is the mo-

tion vertically downwards. The construction thus looks very similar to that of classical mechan-
ics (see Figure 1). There is, however, one major difference between Galileo’s construction and
that of classical mechanics: the motion along the line of the shot in Galileo’s construction is not
the uniform inertial motion of classical mechanics. Rather, this motion is decelerated. The spac-
es traversed along the oblique line in equal intervals of time decrease in such a way that the re-
sulting motion behaves like a reversed motion of fall. The motion along the line of the shot
therefore appears to be modeled in analogy to the motion along an inclined plane. From the per-
spective of classical mechanics this conception is fallacious. Only in the case of horizontal pro-
jection does the result coincide with that of classical mechanics, since in that case the inclination

of the plane is zero and no deceleration due to gravity otcurs.

Why did Galileo adhere to such a strange idea? Was he just infatuated with inclined planes as
others claimed he was with circles? And if so, was it then just a mere coincidence that Galileo
treated the case of horizontal projection correctly and thus hit upon what was to become a key

insight of classical mechanics?

2 Folio 175v of MS 72, Biblioteca Nazionale, Florence. Naylor [1980, pp. 557-561] was the first to interprete
this drawing as a theoretical analysis of oblique projection. Damerow, Freudenthal, McLaughlin, and Renn
[1992, pp. 206—-209] follow Naylor but offer a different reconstruction of the conceptions underlying the con-
struction. Here, | follow the interpretation given by the latter.

3 Another example for such a deviation of the reasoning on projectile motion in Galileo’s work from that expect-
ed according to classical mechanics points in the same direction. In the dialogue pddtsafdtwit is argued
that, due to the curvature of the earth’s surface, the line of the shot would actually have to be considered as
inclining even in the case of horizontal projection, so that the motion along this line cannot be uniform. Only
the smallness of this effect is mentioned in order to refute the objection [Galileo, G., 1968, Vol. VIIl,
pp. 274 f.]. See also [Wohlwill, E., 1884, pp. 112 f.].
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If one conceives of scientific ideas as being merely a product of individual thinking—great
ideas as the product of genius, and lousy ideas as the product of infatuations that may affect even
a genius—virtually no other explanation remains. However, if one takes into account the shared
knowledge on the basis of individual thinking, what at first sight appears to be merely the indi-
vidual blunder of a hero of science, may actually become plausible as an expression of a differ-
ently structured body of knowledge. From this perspective, the emergence of classical
mechanics would hence not have to be explained as being due to an accidental discovery, but
could be accounted for as the result of a transformation of the shared kowledge underlying also

Galileo’s thinking.

Are there any indications that Galileo’s apparently eccentric idea of constructing the trajectory
of oblique projection by means of an inclined plane is actually not just an individual idiosyn-
cracy but strongly suggested by the shared knowledge of his time, a knowledge possibly struc-
tured by other principles than those of classical physics? Evidently, this question cannot be
answered by looking at Galileo’s work alone, and has, accordingly, been neglected by Galileo
scholars. What did, in particular, early modern practitioners and theoreticians of artillery—Le-
onardo da Vinci, Giusto Aquilone, Paulus Puchner, Sebastian Mlnster, Daniel Santbech, Will-
iam Bourne, Niccolo Tartaglia, Alessandro Capobianco, Luys Collado, or Diego Uffano, to
name a few—think about projectile motion? Did they each have their distinct individual views,
or is it possible to recognize structural similarities in their conceptions, revealing a body of non-
classical shared knowledge? A systematic study of such similarities has hardly begun. Here, |
would like to offer a glimpse at the work on projectile motion of one such contemporary of Ga-
lileo, the English natural philosopher Thomas Harriot, using a reconstruction of his work from

the extant manuscripfs.

Harriot lived from 1560 to 1621. He filled more than 8000 manuscript pages with notes on var-
ious topics of contemporary mathematics, natural philosophy, and engineering, but did not pub-
lish any of his scientific achievements. Though Harriot eventually became familiar with
Galileo’s astronomical work through the latter’s publications, his work on ballistics has to be
regarded as independent of Galileo’s, no personal contact between the two being known, and

Harriot’'s work having been completed long before Galileo published on ballistics.

4 A comprehensive reconstruction of Harriot's work on ballistics is presently carried out by the author. This con-
tribution refers to a few preliminary results.
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Figure 3: Folio 67r, BL Add MS 6789.

One of the folios in Harriot's manuscripts bearing notes on ballistics is preserved as f. 67r, Add
MS 6789, in the British Library. On its upper part, there is a drawing of the curve reproduced

in Figure 3. Below this drawing Harriot noted:

The species of the line that is made upon the shot of poynt blanke is as is here described & is a pa-

rabola as of the upper randons.

The “shot of point blank” thereby denotes the horizontal shot, while with the “upper randons”
Harriot refers to the shots at an elevation above the horizontal. The trajectory is evidently con-
structed in the manner previously described, i.e. by composing motions traversed in equal in-
tervals of time. Along the horizontal, equal distances are marked, thus representing a uniform
motion. The lengths of the verticals obviously represent the motion of fall and grow quadrati-

cally as Harriot noted by writing down the numbers 1, 4, 9, and 16.

In short, Harriot’s construction and the accompanying text, which must have been composed
before 1621, the year of his de8tpcument his knowledge of the law of fall and of the para-
bolic shape of the projectile trajectory to the same extent as is known from Gaddiecossi

of 1638. In the light of this document alone, it would thus seem to be justified to consider Har-
riot the Galileo of England. Indeed, if only this single document were known, Harriot could be

credited as much as Galileo with the foundation of the classical theory of ballistics.

5 British Library Add MS 6789, f. 67r.
6 On the basis of Harriot's hand writing, Shirley [1983, p. 261] dates these notes to 1607.
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On closer inspection, however, it turns out that Harriot’s construction not only produces the
same insights but also displays the same weaknesses as Galileo’s expositinsodtse In

fact, it is only in the case of horizontal projection that the depicted parabola results from Harri-
ot’s construction. On this folio, at least, the parabolic shape of the trajectory for the case of ob-

lique projection is only claimed but not proven.

While Harriot did not publish on ballistics, he did leave us with many more manuscripts than
Galileo, allowing us to reconstruct how he thought about oblique projection. In particular, the
folio previously mentioned turns out not to be a disparate fragment, but rather part of a larger

group of folios dealing with projection at arbitrary angles. Let us take a look at another one.

The drawing on f. 64r, Add MS 6789, reproduced in Figure 4, illustrates a shot at an elevation
above the horizontal (here at an angle of about 53°). The dotted curved line represents the tra-
jectory, the oblique line tangent to it at its origin represents the line of the shot. From points on
this line in decreasing distances, lines are drawn vertically downwards. The distances marked
on these vertical lines from the line of the shot to the trajectory are of increasing length. Both,
the deceleration of the motion along the line of the shot, as well as the acceleration of the motion
along the vertical, obey a quadratic law. This suggests that also in Harriot's case, the motion
along the line of the shot was conceived in analogy to the motion along an inclined plane, just

as it has been the case in Galileo’s construction.

It thus seems that the use of the inclined plane in order to construct the trajectory of oblique pro-
jection was not an eccentric idea of Galileo, but rather a plausible option for anybody who, at
that time, attempted to obtain the projectile trajectory from the composition of the motion along

the line of the shot and the vertical motion of fall.

7 Lohne [1979, pp. 236 f.] interprets the deceleration along the oblique occuring in Harriot's trajectories as being
due to air resistance. Although Harriot did indeed consider motion through a medium to be decelerated accord-
ing to a quadratic law, this interpretation is untenable. As | will explain below, the deceleration of the oblique
motion depends on the angle of elevation in a specific way, supporting the interpretation in terms of the inclined
plane. In accordance with his understanding, Lohne interprets the drawing on f. 67r previously discussed, as
representing the trajectory for the case that air resistance is neglected [Lohne, J. A., 1964, p. 19], obviously ig-
noring the fact that the folios are related and the drawings on them illustrate the trajectory for different angles
of elevation.
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Figure 4: Folio 64r, BL Add MS 67389.

There is even stronger evidence to support the interpretation that Harriot’'s construction makes
use of the inclined plane. As one can easily see in Figure 4, there are further construction lines
drawn perpendicularly to the line of the shot, giving rise to triangular structures setting the dis-
tances traversed in the motion along the obligue in relation to those traversed along the vertical.
Without going into details of the construction, | would like to mention that these structures as-

sure that the motion along the oblique does indeed obey the law of the incline® plane.

31



Matthias Schemmel

———————————

\,

\
--c
\

\
[P U
v

______

Figure 5: Folio 216v, BL Add MS 6788.

Harriot did not only construct these curves, he also analysed their mathematical character, find-

ing that they are indeed parabo?aﬂowever, they are tilted at an angle depending on the ele-

vation of the shot® Furthermore, Harriot used the composition of motions involving the

inclined plane to solve problems that Galileo was also concerned with. In particular, like Gali-

8

10
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The law of the inclined plane states that the acceleration of a motion along the plansieguals times the ac-
celeration of free fall, where  denotes the angle of inclination. That this law holds in Harriot's construction
can be seen as follows. The distances marked on the line of the shot by the vertical lines decrease according to
the sequence of odd numbers, i.e. they are 11, 9, 7, 5, 3, and 1 units wide, so that a square law results when
adding them up from above (1, 4, 9, etc.). In addition to this first motion along the line of the shot, Harriot con-
siders a second one represented by the distances marked on the line of the shot by the lines perpendicular to the
latter. In comparison to the first motion, this second motion is doubly decelerated, i.e. the spaces traversed in
succeeding equal intervals of time are 10, 6, and 2 units, the double of the last three distances of the first motion.
Then the doubly decelerated motion proceeds downwards again, traversing the same distances in reverse order.
The difference of the spaces traversed by these two motions grows according to a square law as 1, 4, 9, etc., i.e.
exactly as the motion along an inclined plane. Now consider the right triangles having the line segment repre-
senting the differences of the spaces traversed by the two motions as one leg, a line segment perpendicular to
the line of the shot as the other, and a vertical line segment as the hypothenuse. The lower corners of these tri-
angles are taken to be points on the trajectory, i.e. the hypothenuses represent the spaces fallen in free fall. But
as they are as/sina  to the opposite legs representing the distances traversed along the inclined plane, where
o denotes the elevation angle, the law of the inclined plane is satisfied.

Besides many folios documenting Harriot's attempts at such a proof, f. 69r, BL Add MS 6789 bears the ultimate
proof. For a transcription of this folio, see [Lohne, J. A., 1979, pp. 258 f.].

The tilting angle is given byanp = sinasinB/(1+ sinza), where  denotes the elevation angle, see
[Lohne, J. A., 1979, p. 238].



England’s Forgotten Galileo: A View on Thomas Harriot's Ballistic Parabolas

leo, Harriot was interested in solving the “gunner’s question” of how the range of a shot depends
on the gun’s angle of elevation. Now, consistently applying the construction just explained to

shots at different angles, a plausible answer to the gunner’s problem may indeed be found.

Consider the drawing reproduced in Figure 5. There are five trajectories drawn at the angles of
15, 30, 45, 60 and 75 degrees. They differ in their appearance, particularly as regards the range
of a shot. At first sight it is not clear how these trajectories were obtained since no construction
lines are visible. On illuminating the folio with raking light, however, an abundance of construc-
tion lines carved into the paper but not drawn in ink become visible, some of which are redrawn
in Figure 6. On closer analysis these lines reveal that the basic construction principles for all

five trajectories are exactly those previously outlired.

Obviously, the construction also implies the existence of an elevation angle of maximum range.
Harriot was even able to calculate this angle, determining the maximum range to be at an ele-
vation of about 27°552

Not only has Harriot pursued this line of thought further than Galileo, enabling its various con-
sequences to be studied, Harriot's manuscripts also provide an insight into the origins of this

conception of projectile motion.

11 Although the resulting curves obey the same principles as those on f. 64r, BL Add MS 6789, their actual con-
struction is different. In Figure 6 there are four obliques representing the line of the shot for the respective ele-
vations and one vertical. The concentric circles divide these lines into equal sections. The intersection points
would thus represent a uniform motion. On the vertical line, the distances a body falls in a given time are mea-
sured from these intersection points downwards and marked with horizontal bars. From the first intersection
point beginning from below, the distance a body falls in one interval of time is measured, from the second point
that fallen in two intervals of time, and so on. Accordingly, these distances increase quadratically. The same
distances are also measured vertically downwards from the respective intersection points of the circles with the
obliques. From the endpoints of the vertical line segments thus obtained, a line is drawn perpendicular to the
respective line of the shot. The intersection point of this perpendicular with the line of the shot marks the posi-
tion the motion along the line of the shot reaches in the given time. From this point vertically downwards the
respective distance of fall is laid down. In this way the points on the trajectory are generated.

While in the construction on f. 64r, BL Add MS 6789, the vertical distances were adapted to the oblique ones
in order to satisfy the law of the inclined plane, here the oblique distances are adapted to the fixed vertical dis-
tances of fall, thus allowing for a comparison of the trajectories for shots at different angles.

12 British Library Add MS 6788, f. 165v.
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Figure 6: Folio 216v, BL Add MS 6788 (construction lines not drawn in ink are represeted as thin lines).
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Figure 7: Folio 4r, BL Add MS 6789.

Figure 7 shows a drawing from what probably represents an earlier period of Harriot’s occupa-
tion with projectile motion. While the basic idea of the composition of two motions is the same
as in the later constructions, neither the correct law of fall, nor the law of the inclined plane are
actually applied in the construction. The fact that even the motion along the horizontal is decel-
erated suggests that it is not the specific idea of an analogy to the inclined plane that constitutes

the basis for this construction. Rather, it appears to be the natural exhaustion of the violent mo-
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tion that leads to a deceleration along the line of the shot. When this violent motion has ceased,
only the natural motion remains and the projectile falls vertically downwards, as one can see in

Figure 7 in the case of the steepest shot.

This example may serve to illustrate what a more thorough analysis of numerous extant manu-
scripts amply confirms: that Harriot’'s constructions of trajectories, and in particular also his
construction with the help of an inclined plane, can be understood as specific implementations
of the Aristotelian dynamics of violent and natural motion. In fact, from this perspective, the
inclined plane allows to specify in a physically plausible and mathematically tractable way the

decrease of the violent motion and the way it depends on the angle of elevation.

As is well known, Galileo—even in hiBiscorsi—eontinues to make use of the concepts of vi-
olent and natural motion. While this is normally treated as nothing but a traditional way of
speaking, on the background of the analysis just given it becomes evident that this has deeper
implications: In fact, the deviations of Galileo’s arguments from classical mechanics become
understandable as the expression of a non-classical conceptual organization of knowledge that
surfaces in the use of this traditional terminology. The knowledge, which Galileo shared with
his contemporaries, is still rooted in the dynamical conceptions of Aristotle, but also comprises
the experiences accumulated by the practitioners of ballistics, for instance the insight that there

is an angle at which the shots obtain a maximum range.

The analysis of this shared knowledge cannot be covered by this limited contribution, whose
aim is to point to the existence of this knowledge, which becomes strikingly visible in the re-
markable similarities between the otherwise unrelated work of Harriot and Galileo. These sim-
ilarities can hardly be explained by the traditional paradigm of influence and reception but have

to be understood as the outcome of common challenges and shared means to address them. In
short, studying the science of Thomas Harriot also entails learning about the roots of Galileo’s

contributions to classical mechanics.

36



England’s Forgotten Galileo: A View on Thomas Harriot's Ballistic Parabolas

REFERENCES

DAMEROW, P., FREUDENTHAL, G., MACLAUGHLIN, P., and RENN, Exploring the
Limits of Preclassical Mechanichklew York: Springer, 1992.

DESCARTES, ROeuvres Complétamwuvelle présentation, Charles Adam and Paul Tannery
(eds.). 11 vols. Paris: Vrin, 1964 ff.

GALILEI, G. Le OpereNuovo ristampa della edizione nazionale 1890 - 1909. 20 vols. Firenze:
Barbera, 1968.

LOHNE, J. A. “Ballistikk og bevegelsesleere pa Galileis tkra fysikkens verde6 (1964):
17-20.

LOHNE, J. A. “Essays on Thomas Harriot. |I: Ballistic Parabolaschive for History of Exact
Science£0 (1979): 230-264.

NAYLOR, R. H. “Galileo’s Theory of Projectile Motionlsis 71 (1980): 550-70.
SHIRLEY, J. W.Thomas Harriot: A BiographyOxford: Clarendon Press, 1983.

WOHLWILL, E. “Die Entdeckung Des Beharrungsgesetzes (Il und Witschrift fir Volker-
psychologie und SprachwissenscHa&ft(1884): 70-135, 337-87.

37






A view on Galileo'Ricordi Autografi
Galileo Practitioner in Padua

Matteo Valleriani

INTRODUCTION!

When Galileo was in Padua, he gained significant theoretical results on the isochronism of the
pendulum, the theory of motion and the theory of solid bodies. And so, it is generally
acknowledged that this is the period in which he achieved many of his most important
theoretical discoveries. In this paper are presented the first results of research done in the

context of a Dissertation that focuses on this period of Galileo's life but on different aspects.

We have many documents that allow us to throw light on Galileo's work in Padua. One of the
most important documents is certainly the famous letter to Paolo Sarﬁ? of Ottober 1604.

This letter and the one to Guidobaldo del Monte from 1602, as well as the great theoretical
results achieved in this period, evoke the image of Galileo sitting down, alone, with the hand

put on his forehead, in a quiet room, pondering on his ambitious new theory of motion.

On the other hand, therefore, details of his life that do not fit in with this image. Consider, for
instance, his request for a patent for a lifting water machine, for the building of whose model
he borrowed money from Niccolo Contarini in 1601. Also, thanks to the statements of his
contemporaries, we know about his special skill in polishing lenses for telescopes, in the latest
period of his stay in Padua. Furthermore, we know from the first sentencelstoesi that

he often visited the Arsenal in Venice. There, he became aware of the practical problems related

1 This paper has been written at the Max Planck Institute for the History of Science, Berlin. | would like to thank
the Biblioteca Nazionale Centrale of Florence for the permission to publish an extract from the Manuscript
Gal. 26. Thanks also to David McGee for his encouragement during the preparation of the talk.
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to shipbuilding, which constituted the normal agenda of the work at the Arsenal. In fact, the
Proti, foremen of the Arsenal, necessarily faced the problem, later at the core of one of Galileo’s
two new sciences, namely that of the strength of materials, and this because of the need to
change some aspects of the design of the "large galleys", exactly in those years when Galileo
was in Padua. The two letters between Galileo and the Rhavveditoreat the Arsenal,

Giacomo Contarini, are, in fact, related to some of these proBlems.

These details suggest that it makes sense to investigate the context in which Galileo was
working during his time in Padua. Some points of this context are well known, but they are often
considered to be marginal with respect to his major achievements. In order to reconstruct this
context more extensively the first step is to analyze the environment in which he was working
and, therefore, also the work in his house. Although some details of this environment are well

known, a general and quantitative view of his work at home has not been given.

MANUSCRIPT

The text calledRicordi Autografirepresents what we would call a multi-column register for
Galileo's household. THeicordi Autografiare the result of a reconstruction made by Antonio
Favaro, whereas the real manuscripts, Manuscripts number 26 and 49, from wRotde

were taken out, include also many calculations for Medici satellites and some notes on Motion.
Moreover, the entries are ordered in groups and normally in chronological order, whereas these
groups are scattered on the original pages often without any order. Most of the entries refer to
the Paduan time and especially to the first years of the‘%ﬂhtury. However, since there are
similar entries for the earlier and later periods, until 1620, one can suppose that a large section

of these entries went lost.

2 For the relations between the first of Galileo’s two new sciences, that of the strength of materials, and the
practical knowledge of the foremen of the Venetian Arsenal, see Renn, Valleriani [2001].
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Figure 1: Ms. Gal. 26, 13r, Biblioteca Nazionale Centrale of Florence.

The analysis of thRicordi Autografiallows us to describe the two main activities at Galileo's
house - the workshop and the private lessons. | concentrate here on the period between 1602 and
1604, as delimited by the letter to Del Monte (Novembéhr, 2902) about the isochronism of

the pendulum, and that to Paolo Sarpi (Octobg‘r, 1604), where signs of the construction of

the theory of motion are present. We know that this is also the period in which Galileo

extensively worked on the folios constituting the now famous Manuscript 72 on Mechanics.
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Taking a glance at the Manuscript 26 in a general way, the first remarkable information
concerns the number of persons who were living there, the quantity of work which was being
done and the great amount of money circulating at Galileo's house. All of this is documented by

a large amount of entries regarding the general administration of the house.

WORKSHOP

Galileo's house also comprised a workshop. There Messer Marcantonio Mazzoleni, who lived

in the house together with his family, worked as a smith. With Galileo's words of'IlUl;ZQBQ:

Memory that, on the mentioned day, Mess. Marcantonio Mazzoleni, came to live in my house, in
order to work mathematical instruments for me and on my charge; and having obliged myself to
make all the expenditures for him, his wife, and his doughter, and, moreover to give him 6 ducati a

year, the money that he will receive from me will be annotated*here.

Studying how this and other workshops functioned, it is possible to learn not only about the
practical method used to manufacture instruments, but also abaltairesl knowledgéhat

also made Galileo's realization of experiments pos§ible.

In the workshop, Galileo achieved a quite systematic production of military and surveying
compasses of different kinds. The military compasses differed from each other with respect to
their materials, their size and their functionality. The workshop fabricated three kinds of
military compasses: a simple one with two points, one with four points and the military compass

with four bent points. Ordered from the lowest to the highest quality, the materials used were

3 Galilei [1602-1637]. For the electronic representation of the manuscript, see Galilei G., Biblioteca Nazionale
Centrale of Florence, Istituto e Museo di Storia della Scienza of Florence, Max Planck Institute for the History
of Science in Berlin (eds.), Galileo Galilei's Notes on Motion: Ms. Gal. 72; Folios 33 to 196; Electronic
Representation of the Manuscript, Max Planck Institute for the History of Science, http://www.mpiwg-
berlin.mpg.de/Galileo_Prototype/MAIN.HTM, and the Istituto e Museo di Storia della Scienza of Florence,
http://galileo.imss.firenze.it/ms72.

4 Galilei G, «Ricordi Autografi», in Favaro [1968, Vol. XIX, p. 131]: "Memoria come a di detto € venuto a stare
in casa mia Mess. Marcantonio Mazzoleni, per lavorare per me et a mie spese strumenti matematici; et
essendomi io obligato di far le spese a lui, sua donna et alla sua puttina, et di pit darli 6 ducati I'anno, qui a
presso saranno notati i danari che da me havera ricevuti."

5 For an extensive discussion about the conceghared knowledgesee Biittner, Damerow, and Renn in this
preprint. Concerning Galileo's skill in making instruments, see also Settle [1996].
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basin brass, Italian brass, German brass and silver. Points were of steel. In reference to the size
the military compasses are registered either as normal or as big. Normally Messer Marcantonio
and Galileo purchased the materials themselves. But sometimes also friends or relatives did so.
The material was ordinarily bought in form of plates and then sent to a foundry. Once the pieces
came back in the proper shapes and sizes, Mazzoleni completed them by refining and
assembling them. Unfortunately it is not clear who normally marked them because only one
entry of theRicordi is concerned with it. Often Galileo registered payments for finished
compasses. From his letter of the Novembd?, 11605 to Cristina di Lorena, to whom two
military compasses of silver had been promised, we know that Galileo was waiting for silver
blocks in order to mark them personally, whereas Messer Mazzoleni probably marked them

normally:

| am waiting that the two instruments of silver are sent to me, in order to be able to marke them and

to send them perfect bafk.

In the period taken into account here, 23 compasses were produced, of which one of silver and
two big. Most of them were sold to his private students. Besides military compasses the
workshop was producing also surveying compasses. But in this case it is documented that not
only Mazzoleni in the workshop was manufacturing them but also that Galileo purchased them
in Venice and in Florence. Surveying compasses were mostly sold to his private students as
well. Finally, the workshop also produced iron tools and parts of tools like screws, perpetual

screws and clamps.

PRIVATE LESSONS STUDENTS

The workshop with its variety of products was not an isolated commercial activity, independent
from Galileo’s intellectual pursuits. In fact, the instruments produced and sold in Galileo’s

household were only useful together with the knowledge of how to operate them. The

6 Galilei G, «Corrispondenzax, in Favaro [1968, Vol. X, p. 149]: "lo sto aspettando che mi siano mandati li due
strumenti d'argento, per poterli segnare et rimandare perfetti."
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transmission of this knowledge was, therefore, another essential activity, going on in Galileo’s
household and intimately related to the workshop. Private lessons were Galileo’s way of

transmitting this knowledge.

Galileo gave private lessons on a variety of themes. Their overarching topic was, as it turns out,
fortification. His students were often young persons from distinguished or, anyhow, rich
families who wanted to complete the curriculum at the University of Padua before starting their
military career as officers. At the time, taking private lessons was quite normal. They offered
the student the possibility of improving his knowledge of special topics in comparison with
what could be learned from attending the University lectures alone. In this sense, it was
perfectly normal that a student destined for a military career took private lessons on
Fortifications. Accordingly, fortifications and military Architecture formed a part of the shared

knowledge of many Engineers and Architects.

During this short period of two years, as many as 28 private students are registered in the
Ricordi, sixteen of whom also lived in his house as roomers either for the whole period or part
of it. At least one servant or friend also accompanied most of his roomers, so that the total

number of roomers documented during that period even increases to 33.
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Private students who were also roomers

Other private students

Schweinitz G. (+2)
Lazocski (+1)

Lentowicz M.

Bucau B. (+1)

Buc

Plesch M.

? Giovanni - from Lithuania
Ferrante (+1)

Ricques D.

Zator G. (+8)

Lesniowolski R.

Soell G. C.

Het B.

Montalban A. (+2)

Morelli Andrea (+1)
Caietano Giulio Cesare (+1)

Allfeldt (von) C.

Filippo d'Assia

Vinciguerra Coll'Alto

Reisener B.

Luzimburg

Noailles (de) F.

Batavilla

Reigesberg G

Dietrichstein (de) P.

+3 students whose names are unknown

Total: 33 persons

Total students: 28

Figure 2: Private students (November 29,1602-October 16, 1604). Friends and servants in brackets.
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By going through the Manuscript, it is easy to reconstruct that at least ten roomers were
simultaneously living in Galileo's house all the time. Taking servants and workers into account,
there were at least fifteen persons in Galileo's house permanently. Now, by considering also the
presence of the workshop and of all these students and roomers, it becomes immediately clear
that the image of Galileo, the lonely thinker, sitting down, alone, in a quiet room is probably

wrong.

PRIVATE LESSONS TOPICS

Entries regarding private lessons are, as a rule, labelled according to their topic. These topics
are: Geodesy, Mechanics, the Sphere, Perspective, Euclid, Arithmetics, Fortifications, and Use
of the Military Compass. Although lessons specifically labelled as Fortifications are only one
type among many others, a comparison with a traditional and most used treatises on
Fortifications of that time, for example, with that of Boniauto Lorini of 1688ggests that all

registered topics, taken together, constitute a rather typical treatise on fortification for that time.

Four of these different kinds of lessons were based on the treatises knbeviviasaniché

La Sfera ovvero Cosmografide Fortificaziont® andL'Uso del Compasso Militaté and the

entries for these lessons are registered exactly under these names. Furthermore, in 1603 a
copyist, Messer Silvestro, was also working at Galileo's house providing the private students

with handwritten copies of the treatises:

Nota delle scritture haute da Mess. Silvestro:

Fortificazioni, copie 2, per il S. Giovanui Svainitz et S. Lerbac
Item, copie 1 al S. Bucau

Item, copie 1 al S. Alfelt

Item, copie 1 al S. Staislao

7 Lorini [1609].

8 Galilei G, «Le Mecaniche», in Favaro [1968, Vol. Il, pp. 155-191].

9 Galilei G, «Trattato della sfera ovvero Cosmografia», in Favaro [1968, Vol. Il, pp. 211-255].

10 Galilei G, «Breve Instruzione all'Architettura militare, Trattato di fortificazione», in Favaro [1968, Vol. Il, pp.
17-1486].

11 Galilei G, «Del compasso geometrico e militare», in Favaro [1968, Vol. Il, pp. 343-424].
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Item, copie 1 al S. Niccolo Beatavil

Per una copia dell’'Uso del Compasso, data al S. Staislao

Per una copia dell’'Uso del Compasso, data al S. Beatavilla

Per una copia del detto Uso, data all'lll.mo et Ecc.mo S. Langravio

Per una delle dette copie, data ad un genti’homo todesco

Per una data al S. di Noaglijé's.
Although we have entries regarding handwritten copies of treatises only concerned with Mess.
Silvestro in 1603, there is nevertheless no reason to exclude that this was a normal procedure in
Galileo's house. Moreover, as we know from Favaro's analyses of four handwritten copies of
Galileo'sTrattato della SferaGalileo's students were able to copy for themselves Galileo's
treatises. This is the case, for instance, for Abbot Giugni's copy of this treatise. In 1604 Galileo

writes:

On October 28, Lord Abbot Giugni came with a priest and a servant dfhim.

If the hypothesis that Galileo’s teaching was characterized by an encompassing curriculum of
fortification is true, the most significant difference that distinguishes Galileo's curriculum
concerns the long and detailed explanation of the uses of mathematical instruments like the

compass for military purposes.

Reconstructing the curriculum of the course offered by Galileo, by means &idbedi
Autografi it becomes clear, in particular, that almost all of the students were taking lessons on
theUso del Compasso Militar& he possibility of obtaining such an instrument together with

its instructions was not easy at the time and, since in Galileo's house it was also possible to
obtain both the instrument and private instructions on its use, this must have been a great
opportunity for a student of Fortifications, who could also obtain a horoscope from Galileo into

the bargain.

12 Galilei G, «Ricordi Autografi», in Favaro [1968, Vol. XIX, pp. 166-167].

13 Galilei G, «Ricordi Autografi», in Favaro [1968, Vol. XIX, p. 163]: "A di 28 di Ottobre & venuto il S. Abate
Giugni, con suo prete et servitore." Cf. also Favaro A., «Avvertimento al Trattato della Sfera», in Favaro [1968,
Vol. Il, p. 206]; letters n. 119, Alessandro Sertini to Galileo, April 16 1609, n. 121, Galileo to Niccolo Giugni,
June 11, 1605, n. 134, Vincenzo Giugni to Galileo, January 21, 1606 in Galilei G, «Corrispondenza», in Favaro
[1968, Vol. X].

46



A view on Galileo's Ricordi Autografi. Galileo Practitioner in Padua

Most of the students alternated these lessons on the military compass with those specifically

based on the treatise called Fortificazionj like, for instance, Lord Alfelt, who in 1602

On December 10 has began again Fortifications and Instrdfhent.

Before these lessons many students took others on different topics. As mentioned above,
Galileo called one of these kinds of lessdmes Mecaniché® In fact many contemporary
treatises on fortification, such as that of Lorini, have a section dedicated to the same topic. It
thus becomes clear that Galileo’s treatiseMecanicheusually only considered in the context

of Galileo’s emerging science of motion, was actually part of a curriculum on fortifid&tion.

The topics of the other lessons are compatible with this interpretation. Galileo’s reading of
Euclid and Perspective, for instance, was oriented towards the practical needs of a military man
faced with challenges such as designing fortresses, aiming a cannon, and surveying a terrain.
Like every other treatise on fortification, Galileo’s taught how to divide lines and angles, how

to draw geometric figures, and how to apply some useful geometric theorems, and this also
referring to Albrecht Diiret’ Another topic taught by Galileo was the Sphere. For these lessons
there are many entries in tiRécordi. Most of the students of the Sphere were taking these
lessons after Mechanics and before starting Fortifications and Use of the Compass and some of
them are registered only for this topic. Finally we have one entry regarding lessons in Geodesy

and one for Arithmetics.

For the way the topics of the lessons are labelled and, more concretely, for the way in which
students learned, it is possible to conclude that all topics, apart from the main lessons in

Fortifications and Use of the Military Compass, were propaedeutic to the latter.

14 Galilei G, «Ricordi Autografi», in Favaro [1968, Vol. XIX, p. 152]:" A di X di Xmbre ha ricominciato
fortificazione et lo strumento il S. Alfelt."

15 A paradigmatic entry in thRicordi Autografifor the lessons called "mecaniche" is the following: in 1602, "A
di 5 di Marzo comincio le mecaniche il S. Marco pollacco, et il maiordomo del’lll.mo S. Lencischi et S. Donec";
in Galilei G, «Ricordi Autografi», in Favaro [1968, Vol. XIX, p. 151].

16 Problems related to the dating of the Manustepgilecanicheand that reveal the link between this Manuscript
and Galileo's course on Fortifications are described in Gatto R., «Sull'edizione criticaMiecanichedi
Galileo», in Montesinos, Solis, [2001, pp. 203-216].

17 Galilei G, «Breve Instruzione all'Architettura militare», in Favaro [1968, Vol. Il, p. 20].
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Figure 3: Galileo's private lessons: the core was represented by courses in Fortifications and Use of the Military
Compass. The students could take classes in one or more propaedeutic topics (the six external circles).

To sum up, Galileo's course was organized around Fortifications and the Use of the Military
Compass. These lessons were based on the trelatisas del Compasso Militarand Le
Fortificazioni. Other topics were offered to the student probably in form of propaedeutic lessons
such as those on Mechanics, Euclid, Perspective, Arithmetics, the Sphere and Geodesy. On
some of these subjects, students could buy treatises in form of handwritten copies or copy

Galileo's original treatises for themselves.

Obviously the teaching of these subjects must have been combined with and supported by an
introduction into the usage of the mathematical instruments produced and sold by Galileo’s
workshop. The fact that the students could learn all of this while staying in Galileo’s household
was certainly an advantage and effectively made this household resemble more a boarding

school for future officers than a scholarly studio.
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CONCLUSION

In conclusion, it is clear that the two main activities at Galileo's home - the workshop and the
private lessons - were absorbing a great amount of his time and this already without counting
the general administration of the household. Furthermore, the presence of the workshop finds a
full explanation only if related to the large number of private students on Fortifications. What
is more important is that the four treatiske MecanichgTrattato della sferale Fortificazioni
andL'Uso del Compasso Militareare related to each other as parts of a complete course, where
only the last of those, the one on the Military Compass, represents something new in
comparison with common treatises on Fortification of the time. In other words, the subjects of
Le MecanichgeTrattato della SferaandLe Fortificazioniperfectly fit in the shared knowledge

of military Architects of the time.

Finally, all this suggests that the image of Galileo, the lonely theoretician in Padua, is probably

not adequate and must be complemented by that of Geldegnere
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Galileo’s Cosmogony

Jochen Buttner

The early modern period saw the rapid development of two fundamental bodies of knowledge,
astronomy and mechanics. The integration of these two bodies of knowledge later resulted in
one of the most successful scientific theories, Newtonian classical mechanics. One of the first
major steps in this development was Galileo’s attempt to present a coherent world picture link-
ing Copernican astronomy with his new theory of motion, presented Diakegue of 1632.
Although this attempt fell, in hindsight, short of its ambitions, it does testify to the fertility of
integrating these two bodies of knowledge and has hence given rise to questions about which
of them was the driving force. Did Galileo develop a new mechanics as a strategic plot in order
to justify Copernican astronomy? Or did, on the contrary, his mechanical thinking necessitate
his adherence to Copernicanism? Consequently Galileo’s ambitious attempt, first published in
the Dialogue to join a key insight of his mechanics, the law of fall, with the most advanced
astronomical data in an attempt to explain the cosmogony of the planetary system appears to be

uniquely suited to discuss these questions.

In a short passage in tBealogueGalileo sketches this cosmogonical hypothesis and claims to
have based calculations on it that agree “truly wonderfully” with observatiSsyears later

in theDiscorsithe hypothesis is reiteratédhe existing manuscript evidence of Galileo’s work

on cosmogony has, however, received considerably less attention than the passages in the pub-

lished work.

1 See [Galilei, G., 1890-1909, VII: 44f., 53f.]; translations from [Galilei, G., 1967].
2 See [Galilei, G., 1890-1909, VIII: 283ff.]; translations from [Galilei, G., 1974].
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This paper presents some of the results of a new interpretation of six folio pages from a manu-
script comprising Galileo’s notes on motion which is preserved as Ms. Gal 72 in the Biblioteca
Nazionale Centrale in Florenédhe diagrams and calculations scattered over the pages pertain
to Galileo’s cosmogonical hypothesis. This paper will focus on showing that Galileo attempted
to prove the empirical adequacy of this hypothesis when his new science of motion was still in
its infancy and not yet sufficiently developed to tackle such a complex problem. Such a posi-
tioning of the work on the cosmogonical hypothesis to a time when Galileo probably was nei-
ther firmly committed to Copernicanism nor had a fully developed science of motion promises

to shed new light on the interrelations between his mechanical and astronomical thinking.

In theDialogueGalileo introduces an idea concerning the genesis of the planetary system, cred-
iting Plato with its authorship. According to this idea, the “divine Architect” created the sun and,
at a certain distance from it, the planets. The planets, according to their “assigned tendencies”,
then began to fall towards the sun in naturally accelerated motion. Upon reaching their predes-
tined orbits, their linear motions were diverted into circular motions by the “divine Mind”,
thereby retaining their acquired velocities. Galileo's spokesman Salviati raises the question of
whether all planets could have been created in the same place—referred to in the following as
the creation point—in order to account for the observed orbital velocities of the planets. After

a fairly detailed description of how this hypothesis would have to be tested, Galileo informs us
that he has carried out the required computations and that they agree “truly wonderfully” with
his observations. When the topic is brought up again six years lateDistioesi, Salviati once

more emphasizes that Galileo had done the computation and “found it to answer very closely to

the observations?.

These two passages in Galileo‘s major works provoked great interest among his contemporaries
and have also been discussed by historians of science. Intrigued by the obvious falsity of Gali-
leo's claim, first noticed by Mersenne in 1637 [Mersenne, M., 1637, pp. 103-107], historians
have tried to come to terms with the motives for Galileo’s insistence on his cosmogonical hy-

pothesis‘s. Interpretive attempts focused initially on reconstructing computations possibly made

3 See [Galilei, G., ca. 1602-1637]. An electronic representation of Galileo’s notes on motion is freely accessible
from the website of the Max Planck Institute for the History of Science, http://www.mpiwg-berlin.mpg.de.

4 This reiteration of the cosmogonical hypothesis with its clear copernican undertori2igtdnsiis especially
remarkable in the light of the fact that thescorsiwere published after Galileo’s trial—a trial that was itself
triggered by his engagement in Copernicanism.

52



Galileo’s Cosmogony

by Galileo that would justify his claim of empirical adequacy. This situation changed when
Stillman Drake in 1976 discovered that Galileo, in various calculations scattered over three fo-
lios of Ms. Gal 72, had used numbers taken from KepMysterium cosmographicu?nHe
successfully linked these calculations to Galileo's work on cosmogony and offered a prelimi-

nary interpretatior.

However, before turning to an interpretation of Galileo’s elaborations of his cosmogonical hy-
pothesis, two theorems that are essential for their understanding—the law of fall, and the so-
calleddouble distance rule-will be discussed. What is needed, in particular, idateof fall

in its geometrical omean proportionaform which can be found in tH&iscorsias the second

corollary to proposition Il on accelerated motion:

It is deduced, second, that if at the beginning of motion there are taken any two spaces whatever, run
through in any [two] times, the times will be to each other as either of these two spaces is to the mean

proportional space between the two given spﬁces.

The second theorem important for understanding Galileo’s work on cosmogonyd@utiie
distance rule Even though never explicitly formulated as a theorem irbikeorsi this rule

was one of Galileo’s earliest and most important conceptual ddis.double distance rule
states that a body whose motion is diverted into a uniform motion after fall through a certain

distance will, in the time it took it to fall, traverse in uniform motion twice the distance fallen.

5 A series of articles on Galileo’s cosmogony was published in the 1960s. The lively but short lived discussion
revolved essentially around the two questions “why did Galileo attribute his hypothesis to Plato?” and “why
was he so deeply committed to his hypothesis?”. The discussion can be reconstructed starting from [Cohen, I.
B., 1967].

6 See [Kepler, J., 1981], henceforth referred tdpsterium From a note of thanks sent back to Kepler we know
that Galileo had received a copy of Keplévigsteriumin 1597. See [Rosen, E., 1966] for an account of this
first contact between Galileo and Kepler.

7 For Drake’s initial account see [Drake, S., 1973]. Drake later admitted a misreading of an abbreviation that,
even though seemingly crucial to his interpretation, did not lead to its revision [Drake, S., 1978].

8 See [Galilei, G., 1974, pp. 170-171]. With A and B denoting the distances run through,ami T§ the re-
spective times of fall, the law of fall can (in modern notation) be expressed as TA: TB = A : mp(A|B). Here
mp(A|B) specifies the mean proportional between the distances A and B, synonymous with the geometric mean
of the two distances.

9 For a comprehensive account of tleeible distance ruland its role within the developing conceptual frame-
work of Galileo’s science of motion see [Damerow, P., et al., 1992].
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If Galileo’s cosmogonical hypothesis were correct it should be possible to derive essential fea-
tures of the planetary system with the help of these two theorems. Indeed, given the point from
which the divine creator drops the planets, their accelerated motion is determined by the law of
fall, while properties of their uniform orbital motion can be inferred with the help afcthkle

distance ruleBut how exactly did Galileo test his cosmogonical hypothesis? Three folios con-
taining material relevant to Galileo’s work on the cosmogonical hypothesis are readily identi-
fied by the appearance of the number 10759, the revolution time of Saturn in days as given by
Kepler in hisMysterium10 As will be shown, two of these, folios 134 and 135, document Gali-

leo’s first approach to testing his hypothé'§1'§.hey contain calculations and diagrams referring

to the same geometrical set-up and are hence interpreted here as belonging to the same ap-

proach.

On folio page 135 verso Galileo starts this first attempt by identifying a circle with a radius of
35 units and consequently a circumference of 220 units with Saturn’é%ﬁhn’d:ording to Ga-

lileo’s cosmogonical model there must beraation pointfrom which Saturn was originally
dropped and whose height has to be determined from the astronomical data found in Kepler’'s
book. The size of the orbit, fixed by Galileo’s assumption, together with the period of Saturn’s
revolution fully determine the planet’'s uniform motion along its orbit. As mentioned above, the

double distance rulenakes it possible to determine from an accelerated motion over a given

10 The orbital data used by Galileo in the cosmogonical calculations can be found in the last two chapters of Ke-
pler's Mysterium A detailed discussion of the approach Kepler took on the question of planetary motion in the
Mysteriumcan be omitted here, since it is essential only to Galileo’s second approach to the cosmogonical prob-
lem, in folio 146, which will not be discussed in this article. In the first approach to the problem, Galileo simply
used the revolution periods of the planets he found in a table in chapter 20Mgbtedum The exact amount
given for the period of Saturn in this table is 10,759 and twelve sixtieth days.

11 Folios 134 and 135 are physically connected and together form a larger sheet of paper. Both bear a double wa-
termark of the type crown/crossbow and can hence with high probability be attributed to Galileo’s Paduan pe-
riod. These two folios have been discussed in the literature. Stillman Drake dedicated a short paragraph to their
discussion without linking their content directly to Galileo’s cosmogony. Drake does not deal with the content
of folio 135 at all, while the content of the folio 134 is only touched upon briefly in a rather speculative para-
graph. Following up on Drake’s work Eric Meyer realized that the calculations on these two pages represent an
early approach by Galileo to testing his cosmogonical hypothesis but failed to give a satisfactory interpretation
because of a puzzle he had encountered but did not solve, see [Meyer, E., 1989].

12 This choice of a radius for Saturn’s orbit merely fixes the unit in which the cosmic distances are to be measured.
Since Galileo uses the numerical value 3 1/7 for Pi, a diameter of 7 naturally offers itself if one aims to arrive
at an even number for the circumference. Scaled by 10 this value represents a convenient choice for subsequent
calculations.
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space and time the distance traversed in the same time by a uniform motion resulting from a
deflection of the accelerated motion. What is actually needed in this case, however, is a reversal
of this procedure allowing to determine a distance of fall from a given uniform motion. It was
therefore plausible for Galileo to assume that Saturn, since it covers in its uniform orbital mo-
tion a distance of 220 units during its revolution time of 10759 12/60 days, has in the preceding

free fall covered in the same time half the distance, that is 110 units (Fig. 1).

creation point

T

orbit size 220 fall 110

revolution time 10759 1/5 time of fall 10759 1/5

reverse application of
double distance rule

>
L

Figure 1: Determination of the creation point from the orbital motion of Saturn.

As a next step Galileo tried to test the empirical adequacy of his hypothesis by determining the
motions of the inner planets resulting from a fall fromdteation pointwhose position he had
determined from Saturn’s motion. How can the motion of one of the inner planets be deter-
mined? If the size of the orbit is assumed to be known, the time it takes an inner planet to fall
from the givercreation pointo its orbit can be found with the help of the law of fall. After being
diverted into its orbit, the inner planet will, according todbable distance ruldraverse twice

the distance fallen in the time of the motion of fall. This distance will no longer, in contrast to
the case of Saturn, coincide with half the length of the orbit's circumference. Accordingly also
the revolution time of the planet will no longer coincide with the time of fall but it can be cal-
culated from the ratio between double the distance of fall and the length of the orbit. In short,
the determination of the period for an inner planet from its orbital geometry involves three steps,

first the application of the law of fall to the distance betweercttéation pointand the orbit,
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then an application of th@ouble distance ruléo the relation between the accelerated motion
of fall and the uniform orbital motion, and finally an application of a basic theorem on uniform

motion yielding the period of revolution (Fig. 2).

common point of origin

Saturn
inner planet

E time of motion determined by:

law of fall double distance rule theorem on uniform motion

Figure 2: Determination of the motion of an inner planet.

If the proportions yielded by these three steps are combined one arrives, by employing basic
proportional theory, at the proportion shown in Figure 3, henceforth referred tofiast thes-

mogonical proportion3

revolution times orbital geometry
(empirical data certain) (empirical data uncertain)
revolution time inner planet size of inner planet’s orbit
revolution time Saturn 2 x mean proportional of inner planet’s and
Saturn’s fall

Figure 3: First cosmogonical proportion used on folio page 135 verso.

As a matter of fact, thiérst cosmogonical proportioprovides Galileo with two alternatives for
testing whether the actual motion of the planets is in accordance with the cosmogonical hypoth-
esis. It can either be exploited to determine the planetary geometries from given periods or it

can be used to determine the periods from a given planetary geometry. If the hypothesis were
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adequate, the results of both approaches would coincide and yield the empirical data. Given the
fact that Galileo made these calculations at a time when the periods of the planets had been ob-
served with pretty high accuracy but little was known about the actual planetary geometry, he
reasonably chose the first approach, namely to determine the planetary geometry from the peri-
ods. However, this approach was hampered by a difficulty resulting from the fact that he could
not resolve thérst cosmogonical proportiofor one characteristic magnitude of the orbital ge-
ometry but rather had to rely on a laborious iteration procedure in order to determine such a

magnitude from the given periods and the given position afréetion point'#

On folio page 135 verso thHgst cosmogonical proportiors exploited to determine Jupiter’'s
planetary geometry from the periods of the planets given by Kepler. From a first guess of Jupi-
ter’s planetary geometry, a period for Jupiter is calculated. According to the result the geometry
is then varied until the period resulting for Jupiter is within an acceptable limit identical to the

one given by Keplet®

13 In this and in the following footnotes capital letters represent a quantity that is a time or a distance. A subscript-
ed letter further specifies the quantity as pertaining to one of the planets, where a subscripted S denotes Saturn,
a subscripted J Jupiter. Accordinglydnd T; represent the times of fall of Saturn and Jupiter over the respec-
tive distances of their orbits from tleeeation point Fs and . As a consequence of Galileo's earlier choice
Tgis identical to the period of Saturg. Ahen according to the law of fall TTg = mp(R|Fy) : Fs. According
to thedouble distance rul@upiter after being diverted in its orbit will cover;2f the time T. Then since in
uniform motion the times are in the same proportion as the distances coyefgdé®; : 2F;, where Q de-
notes the size of Jupiter’s orbit. Hence by compounding proportjoriz® (mp(Rg|F)) : Fs) X (Oy: 2F;) which
according to proportional theory is equivalent jo Ps= O;: 2mp(R|F;), thefirst cosmogonical proportian

14 Doubts concerning the precision of the sizes of the Copernican orbits could have been furthered by Galileo's
reading of chapter 18 of tiMysterium jn which Kepler elaborates on the disagreement between his theoretical
values and the sizes of the Coperican orbits as well as on the precision of astronomy in general. Yet Galileo
with the mathematical tools available to him could not exploifiteecosmogonical proportioto determine
O, from the given ratio of the revolution times directly. A complicated relation relates the size of Jupiter’s orbit
to the mean proportional of the distances of Saturn’s and Jupiter’s orbits froradtien point Consequently
Galileo can only determine @om a given mean proportional mg(F) in three steps. First;ks determined
from Fsand the mean proportional mg{F;) according to F= mp(Fs|F)? : Fs. In the next step the radius of
Jupiter’s orbit Ris calculated as the difference between the distance ofeéh&on pointfrom the center and
the distance fallen by Jupiter; Fhe size of Jupiter’s orbit is calculated from knowledge of the size of its radius
according to @= 2 x 3 1/7 x R Finally in a last step the resulting period of Jupiter is calculated according to
P;=0;: 2mp(RF;) X Ps, in conformity with thefirst cosmogonical proportion.
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One would expect that Galileo went through this procedure four times to determine the orbital
geometries of the other inner planets Mars, Earth, Venus and Mercury. Indeed on folio page 134
verso we find the calculations for Mars. But only at first glance do the calculations follow the
same scheme. A closer look reveals that in place dfrdteeosmogonical proportioGalileo

had used on folio page 135 verso, he here uses a modified proportion, in the following called
thesecond cosmogonical proporticio determine the orbital geometry of Mars from its period
(Fig. 4).

First cosmogonical proportion used on folio page 135 verso

revolution time inner planet orbit of inner planet
revolution time Saturn T 2 x mean proportional of inner planet’s and
Saturn’s fall

Second cosmogonical proportion used on folio page 134 verso

revolution time inner planet orbit of inner planet

revolution time Saturn 2 x fall of inner planet

Figure 4: Conflicting proportions used in the calculations for Jupiter and Mars.

As it turns out, thesecond cosmogonical proportias from Galileo’s perspective, just as jus-
tified as is the first. Instead of just using the law of fall andithéle distance ruldhe method

of calculation underlying this second proportion is based on a principle of his theory of motion
that is incorrect according to classical mechanics: the proportionality between the distance of
fall and the “degree of speed” it reaches at the end. From a famous letter written to Sarpi in Oc-
tober 1604, we know that Galileo at that time adhered to this principle of fall on which he hoped
to found his new scienc€.The use in the cosmogonical calculations of the principle mentioned

in this letter suggests to date the calculations previously discussed to a time period whose
boundaries are determined by the fact that Galileo is already using the law of fall while still em-

ploying his early erroneous principle of fall.

15 On folio page 135 verso Galileo applies the procedure to determine Jupiter’s pidodaPgiven mean pro-
portional mp(k|F;) described in the preceding footnote a full five times. The subsequent choices for the nu-
merical value of the mean proportional, 120, 116, 118, 119 and 119 1/4 result in the following periods for
Jupiter, 39[67], [6608], [5282], 45[xx] 44[59]. Digits not written down by Galileo are given in square brackets.
The final period calculated for Jupiter has to be compared to the actual period of 4333 days.

16 See the letter to Paolo Sarpi, October 16, 1604, [Galilei, G., 1890-1909, X: 115f].
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If this principle is applied to the case under consideration, the necessary calculations may be
simplified a bit, which possibly constitutes the reason why Galileo adopted this second method
— which from his point of view must have been equivalent to the first — to the determination of
the orbit of Mars. According to Galileo’s erroneous principle, the degrees of speed of Saturn
and an inner planet upon reaching their respective orbits are to each other in the same ratio as
the distances fallen. A proposition on uniform motion then allows one to determine the ratio of
times of the two uniform planetary motions covering orbits of different sizes with the different
speeds resulting from their fall. Since this reasoning yiekdstly thesecond cosmogonical
proportionused on folio page 134 verso, it becomes probable that Galileo‘s principle mentioned

in the letter to Sarpi constitutes indeed the basis for this calcuf&tion.

Ergo both cosmogonical proportions, even though contradictory from the perspective of classi-
cal physics, turn out to be justified within the framework of Galileo’s science of motion in a
particular stage of its development. But did Galileo realize this internal contradiction in his ap-
proach to the problem&t least not immediately, because the diagram he drew for the three or-
bits of Saturn, Jupiter, and Mars on the reverse of folio 134 contains a further orbit showing that
Galileo had carried out computations also for the earth without in any way revising his earlier

resultst®

17 Such a dating is in accordance with other proposed evidence for dating, especially with the conjecture that a
letter by Edmund Bruce written to Kepler in 1602 refers to Galileo’s work on cosmogony. It is however less
speculative and at the same time has the prospect of being refined as we learn more about the development of
Galileo’s science of motion.

18 With G\ and G\, representing the degrees of speed of Saturn and Mars upon reaching their orbits, the prin-
ciple that the degrees of speed grow in proportion to the distances fallen can be expressed as
GVg: GV = Fs: Ry. Together with Galileo’s common assumption that in the deflection of an accelerated mo-
tion into a uniform motion the ratio of the degrees of speed is preserved in the ratio of the speeds of the resulting
uniform motion, the proportion also holds for the orbital speegsW, = Fs: Fy. Since in uniform motion
with unequal speeds, the ratio of the times is compounded from the ratio of spaces and from the inverse ratio
of speeds and the size of Saturn’s orbit amounts to twice the distance fallen by Saturn the following proportion
holds R, : Ps= 0Oy : 2 Ry, thesecond cosmogonical proportiodust as before this proportion is exploited to
determine the size respectively the radius of Mar’s orbit.
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There is no indication whatsoever, whether, for the time being, Galileo judged his cosmogonical
calculations to be successful or not. What had been accomplished was, in any case, the calcula-
tion of orbits so that the planets would move in these orbits with the observed orbital periods.
However, a comparison of these calculated orbits with the sizes of the Copernican orbits used

in Kepler's book shows crude deviations.

While the implications of Galileo’s calculations for the understanding of cosmogony may have
been doubtful, these calculations probably had a profound impact on Galileo’s science of mo-
tion. Folio page 134 recto contains a diagram representing a motion of fall, interrupted at two
points to generate a uniform horizontal motion. This diagram represents, in a nutshell, the es-
sential mechanism of Galileo’s calculations based on three fundamental ingredients, the law of
fall, thedouble distance ruleand the erroneous proportionality between the degrees of speed
and the distances of fall. As is known from the analysis of other folio pages of Ms. Gal. 72, Ga-
lileo eventually realized and elaborated the internal contradiction between his erroneous princi-
ple and the law of fall on the basis of considering exactly the same di%%tn@eed, Galileo’s
refutation of his erroneous principle of fall has precisely the same structure as his cosmogonical
hypothesis, which also involves a comparison between different uniform motions generated by
a motion of fall, and may well have been triggered by the work on this hypothesis. In other
words, Galileo's elaboration of his theory of motion to include cosmogony may have had far-
reaching repercussions on its very foundations. The insight into the contradiction between the
law of fall and the early erroneous principle led to a conceptual revision of the foundations of
his theory of motion, requiring in particular a shift to a new principle of fall, according to which

the degrees of speed increase with the times fallen.

19 Meyer has pointed out that the radii of the three outermost of the four concentric circles on folio page 134 recto
are in the same ratio as the radii of Saturn Jupiter and Mars as resulting from Galileo’s considerations. Meyer
further claims that the scattered calculations on this page represent attempts to reduce the calculated ratios to a
series of simple ratios. The inner circle represents Earth’s orbit drawn to scale with a ratio resulting from a cal-
culation similar to the ones discussed. Whethefitsiecosmogonical proportioor thesecond cosmogonical
proportionhave been used in the determination of Earth’s radius cannot be established with certainty since both
approaches involve a break off of the calculation procedure when a satisfactory agreement with Earth’s actual
period of 365 days is reached.

20 These considerations are documented on folio page 152 recto. For a comprehensive interpretation see
[Damerow, P., et al., 1992, pp. 185-194].
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When Galileo returned to the problem of cosmogony for a second time after the revision of his
theory, he consequently had to modify his approach. His later approach, which will not be dis-
cussed here, avoided also other shortcomings of his first attempt. In fact, he now not only used
the correct proportionality between the degrees of speed and time, but also managed to repro-
duce with his model the planetary data, orbits as well as periods, for two planets, and he devel-
oped a more adequate method of calculatidaven though Galileo again did not achieve full
correspondence between Kepler's astronomical data and the results of the calculations based on
his own hypothesis, this second approach represented a far more adequate appropriation of the
problem to his science of motion. The relative success of the second approach may well have
constituted the background of Galileo's self-assured public statements on the cosmogonical hy-

pothesis.

Historians of science have extensively discussed the interrelations between Galileo's mechani-
cal thinking and his astronomical thinking. They have in particular tried to answer the question
of whether it was a fully developed Copernican program that shaped Galileo‘s science of motion
or whether it was only his theory of motion that led to the development of such a p?&gram.
The example presented in this paper implies, however, that the question is posed too narrowly.
The interpretation given shows that Galileo tried to integrate his new science of motion with
Copernican concepts already at an early stage, that is at a time when neither his science of mo-
tion nor his Copernican position were fully developed. As a matter of fact, in Galileo’s time, the
omnipresence of Aristotelian natural philosophy and the astronomical issues related to it created

boundary conditions that no attempt at a new science of motion could @r@aﬁleo‘s early

21 Asdiscussed above, Galileo, in his determination of the position of the creation point, had assumed that Saturn
had fallen from the creation point to its orbit in exactly its revolution period. While this condition may have
appeared natural in view of tdeuble distance ruldt actually turned out to be too restrictive. In fact, it fixes
the ratio between distances traversed and times consumed in free fall, in modern terms it fixes a constant of
acceleration. It is, on the other hand, exactly the freedom in this choice of the relation between distance fallen
and time consumed that allows Galileo in his second attempt at the problem to deterroieatite point
from the orbital data of two planets such that vice versa fall fronctléion pointyields the correct orbital
data for these two planets. | plan to include a more detailed study of Galileo’s work on cosmogony including
his second attempt documented on folio 146 in my dissertation project on the development of Galileo’s science
of motion.

22 See for example [McMullin, E., 1967].

23 For a more detailed account of this view of the interrelations of Galileo‘s mechanical and astronomical thinking
see the contribution by Buttner, Damerow and Renn in this preprint.
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attempt of an integration of his new science of motion with cosmological issues hence does not
bear the characteristics of a strategically planned step, but has rather to be interpreted as an un-
avoidable encounter that affected both, Galileo's understanding of cosmology and his theory of

motion.
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