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“Galileo’s mechanics returned to the dynamics efffall at every critical point, and attempted ltamminate the

whole of mechanics with its light.”

1. Introduction: The intelligibility of dynamics — the dynamics of intelligibility

In the present paper | will analyze Galileo’s coatius attempts to come to grips with the
dynamics of falling bodies. The central claim o faper is that Galileo’s famous thought experiment
on the speed of falling bodies played differentdmgually crucial roles in these attempts at diffiere
stages of his thinking. Before entering in the iedaanalyses intended to substantiate this clhim,
will first have to make clear what | take to beaiwed in the expressions “coming to grips with” and
“the dynamics of falling bodies.”

In a paper from 1993, Alan Gabbey urged us nostothe term “dynamics” too lightly when
considering the endeavours of sixteenth and sesetiteentury mathematicians and natural
philosophers. Not only was this term not in useleefts (idiosyncratic) introduction by Leibniz eth
disciplines of (mixed) mathematics and naturalgdophy were significantly differently structured so
as to make an uncritical adoption of the term vitkhmodern connotations potentially distorting. Put
more positively, paying attention to the inappramness of much of our modern disciplinary
taxonomies might pay off in providing us with thesgibility of understanding much better which
were the “mechanical problems that contemporargasatsaw as legitimate challengéghat |
nevertheless choose to speak of Galileo’s dynaamdshis dynamical thinking need not be opposed to
this. | don’'t want to assume that this was a pedgidelineated and pre-existing category — on the
contrary, one of the main strands running throdmg paper is the story of the gradual developmgnt b
which this category (not yet the term) could takepe through Galileo’s work. As will become clear,
it is as a result of his continuous involvementwhits thought experiment on falling bodies that
Galileo came to realize that if he wanted to un@ed its peculiar character he should distinguish
between the causal analysis of moving bodies amdies constrained to remain at rest. Yet he came
to realize this precisely because he was considesedthe beginning with such causal analyses of
motion. It is in the deliberately loose sense @kstigation into the causes of the characteristics
motion that | use the term dynamics throughout plaiser.

There is however more to be said about Galilea/slirement with dynamics as understood in
this loose sense. This has to do with the natutkiginvestigation, and hence the nature of Gaikle
realization that he should make such a distindietiveen moving bodies and bodies at rest if he
wanted taunderstandcertain facts about falling bodies: we need to@siselves what precisely is the

nature of the understanding that Galileo trieddioi@ve. This is of course a contentious issue which

! Westfall 1971, p. 7.
%2 Gabbey 1993, p. 145.



can only be settled through a detailed analysksott his pronouncements at different places in his
writings and the historical context in which he gwoed these writings. At this place | can do noanor
than give a rough sketch of what | take to be tlastrnonvincing view of the matter. The analyses in
the present paper will then provide some furthéstntiations of this preliminary sketch. As a
starting point, let me first bring in some philokagal background.

Philosophers of science in the second halve ofiteatieth century have been mainly
interested in an analysis of the structure of sifierexplanations, and tended to be rather criitica
about the notion of understanding which was ofte@nded to be too subjective to be of any real
interest This is not the time and place to enter into toali re-evaluation of these views, but let it
suffice to point out that any view on explanatias o account for the status of certain basic brute
facts which are apparently not in need of furthgi@nation and hence can serve as explanatory
bedrock for other phenomena. What | want to profhese is that we take seriously the idea that for
any broadly conceived explanatory framework (whethiee “scientific,” philosophical, or what may
you have) there is always something about the @redf explanations that is responsible for them
“making sense.” This feature comes especially éoftiheground in periods where competing
frameworks struggle for the right to speak abociaas of phenomena; periods where the allegation of
unintelligibility is often levelled in both direcns. In these circumstances it is clear that theesef
intelligibility is not merely a subjective feeliragcompanying explanations, but refers to a basjc wa
of going about in offering and receiving them. Asizavay which can be shared by a large group of
people and which most importantly can have a cleamative force.

Galileo’sDialogue concerning the two chief world systésnaf course a classic in the
polemic genre of undermining competing explanafoayneworks. As such it also provides us with a
revealing view of the basic sense of intelligilyilitnderlying Galileo’s alternative. The Galilean
Salviati's Socratic mode of questioning the Aristi@n Simplicio is always aimed at making the latte
accept a set of basic facts which then can be dusgainst his prior convictions. What is important
about this Socratic method is that in the end @lvgays Simplicichimselfwho makes the crucial
judgements; i.e. he is always led to facts whickehen incontestable character, albeit he might have

had to be taught to notice them. As Sagredo explaitim:

SAGR. ... | say to you that if one does not knowttiagh by himself, it is impossible for
anyone to make him know it. | can indeed pointtbirgs to you, things being neither true nor
false; but as for the true — that is, the necess$hay which cannot possibly be otherwise —
every man of ordinary intelligence either knowshiyself or it is impossible for him ever to

know it*

% See Hempel 1965, p. 413 for an exemplary andentfial statement of this view.
4 Cf. OpereVIl, p. 183. (Transl. from Galilei 2001 [1953], p33.)



Of immediate relevance for my purposes here iskb@ implication that Galileo wants his opponents
to seewhat(he claims that)he things in the world themselves sheivis only then that one is in the
right position to discuss natural phenomena. Is Wy he is installing a set of facts that needoeot
further explained and hence open up the possilafigxplaining further phenomena. What is most
important is not so much the existence of such,asthe grounds on which it is selected. Galileo
wants to reduce phenomena to shared experiencehb @ate close at hand and incontestable for “every
man of ordinary intelligence.” The notion of iniglbility that drives his investigations is that of
having explanations that are anchored in this kiridmiliar experiences.

There is of course much more to be said abouigbige, but let me move on to how this
connects with Galileo’s investigations in the causkthe characteristics of motion, i.e. his dynaahi
thinking. When | said in the beginning that | wamtanalyze Galileo’s continuous attempts to come to
grips with the dynamics of falling bodies, | amaeing to his attempts to render some of the
characteristics of free fall intelligible throudtet possibility of introducing shared experiencegmh
everybody can incontestably see the motive powertiral bodies at work. Experiences with Galileo
in a first instance sought in the behaviour of bedin a balance. This brings with it some important
consequences. Firstly, the far-reaching sugge#tiairthe things in the world themselves show their
essential characteristics most clearly in our wiapteracting with them. Secondly, the fact thada
experiences readily lend themselves to be integnatthin mathematical argumen®eter Machamer
recently introduced the notion of@odel of intelligibilityto capture the multiple functions of the
balance within Galileo’s thinking: “Its physical moreteness, mathematical describability, and
physical manipulability leading to experimental gibdities gave intelligibility and structure toeh
abstract concepts of the mechanical world pict@ifEiis notion is of course closely related to thedki
of analysis that | am proposing here, and the ptgsgper can hence be seen as an attempt to further
spell out how this model of intelligibility direaleGalileo’s investigations. There is however atfart
and novel element to my analysis, and that is tiwy ®f how this model at the same time also became
crucially transformed during the process.

It is of course one thing to have a model of iigdility which in principle would allow you
to anchor your explanations in shared and incaaitdesiexperiences, and another thing to put it
fruitfully to work. This supposes that these expecies can be seamlessly integrated within the
explanatory scheme, but the latter also has itsexigrencies that at times potentially drive it todsa
another road leaving a gap between scheme anddgmciences. This is the natural result of thé fac
that the scheme is always supposed to explairferelit and richer set of phenomena, and this & als
what happened in Galileo’s first attempts to comgrips with the dynamics of free fall. The firgtrp

of this paper is essentially devoted to laying liare kind of gap in Galileo’s attempted explangtor

®> Machamer 1998, p. 71.



scheme in his youthfube motu As will be seen, it is precisely in an attemptéwer up this gap that
Galileo introduces his thought experiment for tingt time. It hence is primarilintended to restore
intelligibility to his explanatory schemeather than to provide independent empirical icordtion
thereof® It is in this function that it will continue to @y a crucial role in Galileo’s dynamical thinking.
As is clear from some of his later writings, whigHl be analyzed in the second part of the paper,
Galileo remained deeply concerned with the conordtietween on the one hand mechanical
instruments such as the balance, and on the osimer the phenomenon of free fall; and it turns out
that it is exactly the thought experiment thatwakd him to mediate between both sets of phenomena.
It is through rethinking the thought experimentttha was able to uncover the crucial facts thaewer
responsible for the gap that — with hindsight — twadxist within his first attempts at natural
philosophy. When we find him re-presenting the titdwexperiment more than forty years after its
first introduction, he is precisely stressing tingbéguity it had first covered up, and apparently
enjoying the confusion it causes in unprepared m{sdch as those of his opponents). As will emerge
from my analysis, once Galileo has reached thistptiie thought experiment can truly start to
function as a new model of intelligibility, henceowing the balance to a different, more restricted
position within his dynamical thinking.

It is probably no accident that it was preciseth@ught experiment that lay behind much of
the dynamics of Galileo’s thinking. Its seeminghradoxical character still has the power to fageina
many people and the act of rethinking the thoughegament was probably stimulated by exactly this
paradoxical character — with as effect that in uellang the paradox Galileo was able to forge
profound changes in his conceptual framewdBkit the effect of this rethinking must remain redd
as long as we ignore the subtle but profound difiees that exist between the different presenttion
of his thought experiment, as has been done upwo As Winifred Wisan once aptly stated,
however, “Galileo ... lived long enough and maintaisafficient mental prowess to become in effect

his own best disciple® The fascinating creative process that lay beHieddevelopment of Galileo’s

® Galileo’s thought experiment has been the topisonfie recent philosophical debates, but these plyma
focussed on its epistemological status, and natwsch on its role within Galileo’s dynamical thinginKoyré
1968 and Westfall 1966, 1971 are among the fewoasitivho explicitly consider it from this perspeetias was
already done by Mach 1960 [1893], p. 251; howetherse authors also remain silent on the crucial ptayed
by Galileo’srethinkingof this thought experiment during different stagéhis career. That is, they assume that
Galileo could draw some important lessons fromtitioeight experiment, but they do not treat the doestow
Galileo came to see that it implied these lessons.

" Paolo Palmieri has recently stressed the impoc@gnitive role that paradoxes played for Galileath within
his own thinking and in the presentation of hisasléPalmieri 2005a). The present paper can alsedakas a
further confirmation of this claim.

8 Wisan 1984, p. 271.



dynamical thinking — a process that spans a perfiodore than fifty years — bears striking withess t
this fact.



PART | — Understanding weight as a dynamic factorAmbiguities

“...quanto tutti gli altri ingegni a quello di Archintl® siano inferiori, e quanta poca speranza posssare a
qualsisia di mai poter ritrovare cose a quelle dse simiglianti.”
[...how inferior all other minds are to Archimedesisdavhat small hope is left to anyone of ever disdog

things similar to his discoverie$.]

2. LaBilancetta: Understanding mixtures and transforming gravities

Archimedes jumping out his bathtub is one of thessges that have captured popular
imagination. Historians of science are of courselqto point out how this is part of a romanticized
image of science. It seems to have been no diffatathe end of the sixteenth century. The storg wa
well known throughout the renaissance, throughtimeerous editions of Vitrivius’'s books on
architectureé? and the image of Archimedes exposing the decefi®fjoldsmith must have appealed
enormously to mathematicians trying to secure thagial position. After all, it was only Archimedes
through his knowledge of the principles of hydrtis&a who had been able to protect the highest
authorities from being swindled by a mere artisdowever, the ones who were most self-conscious
about their status as having a privileged undedatgnof mechanical principles were prone to be
dismissive of Vitrivius's account. The method dttried by him to Archimedes falls short of the
certainty and exactness of which they were capalplé which they had learned from Archimedes
himself.

And so we find Galileo at age 22 tackling the penblof Hiero’s crown irLa Bilancetta a
short tract devoted solely to this probléhtde prides himself on having reinvented the tru¢hoe
that must have been used by Archimedes, havirthelkxactness required by the true mathematician.
His solution is based on a hydrostatic balancevice that had been used earlier to tackle this
problem* It is often claimed that the main interest of Galis manuscript lies in the technical
innovations proposed with respect to the balaned lisNevertheless, the theoretical treatment
offered of the balance provides us with an invaleigiicture of the young man attempting to gain full
mastery of Archimedean hydrostatics; a masterytieatoon will be trying to exploit in building a
natural philosophical treatment of motion on itsibaCrucial in this respect is the behaviour of

mixtures of pure metals that lies at the hearhefdolution to the crown problem. Of particular

° Opere,l, p. 216. (Transl. from Fermi and Bernardini 1961114.)

10 Clagett 1978, pp. 1066-1068, n.2 sketches thesiih of the work in the renaissanitgg., pp. 1066-1085 is
a useful account of the occurrences of the crowblpm during the renaissance.

1 Opere I, pp. 210-220.

12 Cf. Napolitani 1988, pp.163-164.

13 Cf. e.g. Drake 1978, p. 6; Wallace 1984, p. 221.



interest are Galileo’s peculiar handling of weightl specific weight, and his analysis of the efédct

a medium on a body’s weight.
a. Solving the crown problem

How can we detect whether a crown of a given weghilly made up of gold or of a mixture
of gold and silver; and if a mixture, in what profian? If we sink a body in water, it will loose igat
by an amount equal to the weight of an equal volofneater (by the 7 proposition of Archimedes’
first book on floating bodies). Hence, the smather difference between the specific weight of aainet
and that of water, the more the metal will suffénss of weight. It is this proportionally differen
behaviour that Galileo wishes to exploit in detarimg the proportion of two different metals in one
mixture. Take a sample of gold and one of silveziglt them both in air and subsequently in water.
By recording the weight-loss, one can determinadispective proportions in which gold and silver
are alleviated, and hence their specific weightsvMeigh the crown in air and water, and determine
the proportion in which it is alleviated. This lggbportion can be related to the earlier deterdhine
proportions for the pure metals, hence fixing thepprtion of gold and silver in the crown. Suchhs
broad outline of Galileo’s method, in which he sedmfollow the lines of earlier attempted soluton

to the crown problem. Here is Galileo’s own dedaim

Let us suspend a [piece of] metal on [one arm dilance of great precision, and on the other
arm a counterpoise weighing as much as the pieoeetdl in air. If we now immerse the
metal in water and leave the counterpoise in arpwist bring the said counterpoise closer to
the point of suspension [of the balance beam]deoto balance the metal. Let, for instance,
ab be the balance [beam] andts point of suspension; let a piece of some mmaduspended
atb and counterbalanced by the weightf we immerse the weiglitin water the weighd at
awill weigh more, and to make it the same we shdaidg it closer to the point of suspension
¢, for instance t@. As many times as the distareewill be greater than the distanae, that
many times will the metal weigh more than watett Wethen assume that weigdhis gold

and that when this is weighed in water, the coyised goes back te; then we do the same
with very pure silver and when we weigh it in watercounterpoise goes fnThis point will

be closer ta [than is€], as experience shows us, because silver is &gytthan gold. The
difference between the distangieand the distancae will be the same as the difference

between the gravity of gold and that of silver. Bute shall have a mixture of gold and silver

4 Most discussion’s of Galileo’s early work contgiassing references ta bilancetta but a detailed analysis
of Galileo’s actual proof procedure has not yetbg®vided. All more or less detailed exposition&alileo’s

method that | know of translate it into modern terand e.g. use algebraic methods.
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it is clear that because this mixture is in pdutesiit will weigh less than pure gold, and
because it is in part gold it will weigh more thaure silver. If therefore we weigh it in air
first, and if then we want the same counterpoidealance it when immersed in water, we
shall have to shift said counterpoise closer topthiat of suspensioathan the poing, which
is the mark for gold, and farther thrwhich is the mark for pure silver, and therefioneill
fall between the marksandf. From the proportion in which the distarefevill be divided we
shall accurately obtain the proportion of the twetats composing the mixture. So, for
instance, let us assume that the mixture of gottisdlmer is ab, balanced in air by, and that
this counterweight goes tpwhen the mixture is immersed in water. | now $at the gold

and silver that compose the mixture are in the samportion as the distancisandge ™

To our modern eyes, the absence of any expligtreete to the concept of specific weight is
conspicuous. At the same time, we easily intergiieo’s references to “gravity” as pertainingtto
After all, this is exactly what a hydrostatic batardoes: it measures differences in specific weight
And of course, if specific weights can be measuriero’s crown problem is solved. The absence of
the concept might seem even stranger when we mé@ccount that the term was used from the
Middle Ages on. However, there are good reasonthfsrabsenc& For one thing, Archimedes
himself never uses the concept — so if Galiledye@hnted to claim that he could provide the orain
method used by his paragon, he should be able vattout it. But more importantly, it is absent in
Archimedes for good reasons. Within the confinesladsical proportion theory, as expounded in
book five of Euclid’sElementsit is impossible to define the concept as the ratt weight to volume,
since ratios are only defined between magnitudéseo$ame kind’ There is no doubt that Galileo
always regarded the mathematical instrument ofgtagmal theory as regulative for his theorizing.
That he consciously tried to evade the conceppetific weight is further corroborated by the betht
introduction of it in the 1612 controversy on fliogt bodies. By that time he has discovered a flaw i
his earlier analysis of the relation between a banaly the medium in which it is immersed. It is oaty
this point, when no other routes are open to hiat, lhe explicitly define&gravita in ispecie” (which
immediately forces him to belabour an extensiokwélidean proportion theory, analogous with the

way in which he defines uniform speédi).will come back to this in Section 5. Let us fisee in

!> Opere,|, pp. 217-218. (Transl. from Fermi and Bernardi61, pp. 115-116.)

16 See Napolitani 1988 for much more on this issliepagh he pays surprisingly little attention toli@a’s
procedure irLa Bilancetta

7 Grattan-Guinness 1996 offers a short and usefiview of the status of ratios and proportions inith
Euclid’'s ElementsThere are some further potential problems wittottucing the concept of specific weight as
a quantity that can have a ratio, as explainedapdiitani 1988, pp. 190-196.

'8 This analogy is spelled out in detail in Napolita8B8.
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more detail how he tries to analyze the hydrostaiance within the framework set by classical
proportion theory.

When hanging a sample of gold from the balancett p (see fig. 1), and weighing it first in
air by hanging a counterweight at pantand then in water by readjusting the positiothef
counterweight until at poirg it anew equilibrates the sample, the law of tHar@e gives us for the
ratio of the weight of gold in air to its weightwater®

(gold : gold in water) ::gc: e0).

Since we know that the weight of gold in waterdsi@ to the difference of the weight of gold in air
and the weight of an equal volume of water, wetcamsform this proportion in the followirfg:

(gold : wategy) :: (ac: ae), (1)
where the subscript “gold” refers to the fact tivatare dealing with the weight of a volume of water
equal in volume to the sample of gold. Equivalemtyyhave:

(silver : watege,) :: (ac: af), (2)
with f the position of the counterweight when the sampkleer is immersed in water; and (again
with g the second position of the counterweight):

(mixture : watefixure) :: (@C: ag). 3)
Commenting on (1) and (2), Galileo claims thabltdws that the difference betweahandaeis the
same as the difference between the “gravity” ofigoid the one of silver. What can this mean, and
how does it follow?

It is clear that by “gravity,” Galileo can only beferring here to something like what we
would call specific weight. Nevertheless, he datisby measuring absolute weights, and applying the
law of the lever to these. The transformation frasolute to “specific” weight is made possible by
the physics of the situation, which seems to dentlaatthe volume of water is always equal to the
volume of the metal. Notwithstanding the fact twatare dealing with absolute weights in the first
ratios of proportions (1)-(3), these proportions aalid regardless of the volume of the weighed
bodies. This implies thagthysically speakingalileo can consider the volumes of water mentidned
proportions (1) and (2) to be equal to each oted, by then applying the ruéx aequafi* derive that
(gold : silver) :: &f : a€), or equivalentl§ that (gold - silver : silver) :af - ae: a€), where gravity
now must be understood as the weight of an uniinael of the metal.

Physically speaking, but not mathematically! Asitgaldoes not see weight as the product of

specific weight and volume, there are no volumehiim to cancel out in the mentioned proportions

191 follow the common practice of representing taéarofatob as @ : b) and the proportionality of two ratios
(a:b)and€:d)as@:b) :(c:d)

20 By the ruleconvertendavhich states that frona( b) :: (c : d) one can derivea(: a-b) :: (c: c - d).
ZLFrom@:b):: (d:e)and b:c):: (e:f) derive thatd: c) :: (d: ).

22 By the ruledividendowhich states that froma( b) :: (c : d) one can derivea(- b: b) :: (¢ - d: d).
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(which cancelling out, moreover, only makes sensmfan algebraic point of view — and proportion
theory is not algebra). And surely, the sampleadieighed are not presumed to be equal in volume
— as Galileo is attempting to reconstruct Archingdeasoning in solving the problem of Hiero’s
crown, this would not have made any sense: if thierae of the crown had been known, no
hydrostatics would have been needed to exposedaehterous artisan.

We find Galileo reaching his result by equivocatifigm the fact that the metal will always
be opposed by an equal volume of water, he goés mason as if this equal volume was a unit
volume. His terminology proved flexible enough tver up possible ambiguities. Most often
“gravity” stands for what we would call specificagity, but depending on the context it can alserref
to an absolute weight. Weight is most often usdthénactive sense as a verb, but sometimes it
indirectly refers to the measurement of specifiégive again depending on the context. As mentioned,
physically speaking he is justified in making thekéts from equal to unit volumes — and
undoubtedly he realized this. However, only a fearg later we will find him equivocating on
exactly the same point, yet this time without hguvine same means to justify it. But before we come
to that episode, let us return to Galileo’s underding of mixtures. This will prove crucial in his
attempt to cover up the problems caused by thavecation, through the introduction of his thought
experiment.

Starting from proportions (1)-(3) it is possiblederive the following two proportiorfs:

(gold : gold - mixture) ::dg: ag- ae),

(mixture - silver : silver) ::df - ag: ag),
which can be compoundéd:

(gold : gold - mixture) « (mixture - silver : sév) :: @f- ag: ag - asg.

Since the gravity of the mixture “has part of tilees” and “part of the gold”, the ratio (gold - riure

: gold) can be taken as a measure for the amousilvef contained in the mixture (assuming the
mixture to be homogenous); and equivalently forsdeond ratio on the left. From which the desired
conclusion follows. A mixture of two elements walways be “in between” these elements with

respect to its “gravity.”

b. Balancing mixtures and speeds

The hydrostatic balance and its schematic repragentfunction as a powerful embodiment

of Galileo’s knowledge about the relation betwew®a ‘gravities” of a mixture and its component

%3 By the rulesnvertendowhich states that froma( b) :: (c: d) one can derivel(; a) :: (d: c), together with
convertendanddividendo
%4 The symbol ‘*’ is used to denote a ratio compounafesio ratios, which is not to be confounded with

multiplication, although in the present case tteeilts are the same.
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elements. At the same time, the balance also embeadriich tradition of dynamical thinking about the
relation between weight, velocity, and mechaniéots. When these two aspects are put together a
very suggestive picture emerges.

Let us first have another look at figure 1. It éolls from Galileo’s analysis that the lengtes
af, andag, stand for respectively the distances at whichammmterweight must be hung to keep in
equilibrium a body with more gravity, with less gitgt, and a mixture of these (distances which can
be related in exact proportion to the gravitiesichlare the same whatever the volume of the badies)
Let us now have a look at figure 2, which illustsathe main tenets of one influential way of
understanding mechanical problems, which stretbhaek to the pseudo-Aristotelidvhechanical
problems(written probably around 3thC BC) and which Galilgill incorporate in hisMecaniche
(written at the end of the 1590%)Basic to this view was an understanding of thedéwhe lever
which crucially used the speeds of the bodies balance, and which was based on the geometrical
properties of the circle. A body hangingArcan be held in equilibrium by a lighter body hamgat
the pointB. For consider what would happen if the bodies watart to move: since they are
constrained by the balance they will move at tiheuenference of a circle; now, since they will aksay
have moved over distancA® andBE in an equal time, the lighter body, which will haneved a
over longer distance, will have travelled fastee ¥&n understand that bodies of different weight ca
give rise to the same mechanical effect (i.e. @giiuim), by seeing that they also differ with resp®
another crucial factor: speed, which can offsetdifferences in weight. To put it in a nutshell:
associated with all points on the arm of a balanrres a different speed.

Both figures show how multiple explanatory schemesembodied in one instrument: the
balance. If we now mentally conceive the superfmsibf these pictures, since both refer to the same
instrument, a suggestion emerges that maybe wasatabto resist. To put it in a nutshell: thera is
different speed associated with every differenp€tific”) gravity — and this speed is independent o
the volume of the bodies.

That the encounter with the hydrostatic balancee&ddproved to be very enlightening for
Galileo is testified by a fragment from the aborntiklogue version of his treatise on natural

philosophy known aBe motu

Now at last | can no longer avoid demonstratingestineorems to you. From the
comprehension of these theorems you will clearigenistand not only the answer to your
question, but also the ratio of the speed or sle&mé the motion of bodies both heavy and
light, as well as the ratio of the heaviness dnthgss of one and the same body weighed in
different media. All these theorems had to be destrated when I tried to find the true

%5 Eor a useful overview of this tradition, see Brob@v8.

14



reasoning by which, in a mixture of two metals,ap@ld indicate the exact amount of each

separate metaf,

3. Demotu: Attempts at an Archimedean natural philosophy

When writing theDiscorsiat the end of his life, Galileo compounded a folctemtaining his
“older notes on motion.” These were written immeeliaafter the completion dfa Bilancettaand
are generally considered to be Galileo’s firstytrafiginal ventures into natural philosopHy.
Although he no longer accepted many of its conolssiat the time of writing thBiscorsi, important
and noteworthy traces can be found in the firstthiayeof, among which the thought experiment.
Following Galileo’s own indication in the quote givat the end of Section 2, we can describe these
notes as the outcome of confronting the naturdbpbphical problem of motion equipped with newly
acquired Archimedean utensils. Let us have a lddkeafirst book of the only completed treatise

among these notes, the 23 chapter essay whichravesated by Israél E. Drabkin @ motior?®

a. The dynamics @e motu

The first chapter is a kind of a terminologicallprénary to the natural philosophical treatise,
but a highly significant one. In it, Galileo stiptés when we should call one body “heav{gravius)
than another: if it is measured to be heavier tharother in well-circumscribed circumstances —i.e
when the volume@moles)of both bodies are equal. This stipulation bettaysfacts: Galileo is
clearly conscious about the possible ambiguitiesosuding the use ajraveand its cognates; at the
same time, he still tries to evade the explicitddtiction of specific weight. Possible ambiguitzes
not resolved by defining specific weight, but bgimenting the use of “heavier.” He will continue to
reason with absolute — not specific — weights, inlidevays taken in relation to the volume. For most

purposes this reduces to the same, but, as willheclear, not for all.

%6 Opere I, p. 379. (Transl. from Drake and Drabkin 1969344.)

" There have been several discussions about the @xiertof composition of the fragments containethin
folder. Giusti 1998 is a recent assessment of tadadle evidence, which finds agreement with traeothat
was earlier proposed by Fredette 1969 and Drat$é0.1Depending on the order one follows, differdsating
for the individual fragments follows, but theregsneral agreement that they all must be dated eetd/886 and
1592.

8 Fredette 1969 has shown that this treatise censigtvo separate books, of which the first is dedo
completely to the role of gravity in natural motidnvill only take into account the revised versifrthis first
book where these revisions do touch directly orcirgral point that | am interested in; chaptef Bredette

1969 discusses the textual differences in detail.
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In the subsequent chapters, it becomes clear valtijeG opts for this stipulation. He prides
himself on the fact that he can provide a ratiof@lehe Aristotelian cosmological scheme, whereas
other authors could only posit it without furthational foundation. This rationale is based on the
geometric properties of a sphere, and on an atmneishception of matter (undoubtedly immediately
diminishing the attractiveness of his explanatmm@any contemporary eyes). If one body is heavier
than another, this means (according to Galiledgfsikdttion) that an equal volume of it weighs more
than the other. Following his atomistic conceptidmatter this implies that the heavier body camdai
a greater amount of matter in the same space;uivagntly, that heavier bodies contain the same
amount of matter in smaller spaces. Now considerafrthe essential properties of a sphere: that the
spaces become narrower as we approach the cemdriarger as we recede from the centre. Wouldn't
it then be a rational constitution if the heavynedmts should be placed near the centre of the cgsmo
and the light ones farther away? This explanatongme was probably suggested to Galileo by his
study of Archimedes’ treatise on floating bodiebjah always demonstrates its propositions
concerning equilibrium — whereby the lighter musiyson top of the heavier — for fluids and solids
placed on a sphere.

Not only does Galileo’s stipulation allow him take sense of the Aristotelian cosmological
scheme, it also allows him to infer the right dymasrfrom it. Herein we see the Archimedean import
become even more dominant, yet with the naturalanststill predetermined by natural places. Since
the natural places are the places of Archimedeaitilggum, natural motion will always be motion
towards such equilibrium. Extending this idea taiorothrough a medium, and keeping in mind that
we only have to consider equal volumes, Galileo tten prove that bodies lighter than the medium
do not descend whereas the heavier do. These @mmotdways of the following structure: (1)
suppose that situation X were an equilibrium st@pthis cannot be so, because of the natural
disposition, which is Y; (3) hence we have motiowards state Y. We hence see how the
Archimedean scheme immediatalyowsthe causes of natural motion. Once we have leamkxbk
at nature in this way, it is impossible not to netthe relevant structures. An important first step
rendering the phenomenon of free fall intelligitdehus already taken.

In adducing these proofs that heavy bodies movendmwd light ones move up (heavy and
light being understood relatively), Galileo cleyeeixploits the fluid character of media. The boaigtt
is immersed in the medium pushes downw@eabrsum permitagainst the part of the mediurasides
it! This becomes clear if we have a look at one dilées own pictures (see figure (3)). When the
bodyefis immersed in the medium, the level of the medisimecessarily raised: hence the befjyn
pushing downward, raises the part of the medsorfequal in volume)which is the part besides the
body. In addition to this, we also can see howdreeptualizes the situation in terms of two bodies
which are trying to raise the other, and at theesime resist being raised themselves. Both faets a

of course extremely suggestive of an analogy withlance, which Galileo then brings to the fore.
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That the introduction of the balance within Galiteoatural philosophical treatise, which up
to that point was modelled purely on hydrostaiig$ighly significant has of course already been
stressed many times. Among other things, it all@atileo to import common sense knowledge,
embodied in everyday experience with balances,thr@aatural philosophy he is attempting to
develop. That he also understands the importanti@sintroduction in these terms is withessed by

the words with which he introduces the analogy:

But the points set forth in these last two chaptarmot very well be further elucidated
mathematically; they require rather a physical arption (ninus adhuc mathematice, et
magis physice, declarari possinfor this reason | propose, to reduce the maitar
consideration of the balance, and to explain ttedagyy that holds between bodies that move
naturally and the weights of the balance. My aimidkser comprehension of the matters under

discussion, and a more precise understanding opatti@f my readers.

Let us see what suchngagis physicexplanation brings to light. In the case of bodiesa balance, no
one would doubt that the lighter body is movingh@gausat is lighter but that it nevertheless still has
weight. The relative definition of heavy/light isfice shown to be part of common sense knowledge.
Moreover, in a balance everyone readily sees tlaiomup and down are completely symmetrical
and have the same cause; thus, some further carssepiof the relative definition are laid bare
through the mediation of the balance. The incorpameof this insight caused Galileo considerable
trouble: there are hesitations on exactly this pairseveral places in his treatfé@.hese troubles are
further aggravated by the fact that we are alwaadidg with a “force — resistance” pair in the miode
Galileo is working with. This pushes one to consitlg even natural motion as a kind of forced
motion, and this brings Galileo close to crossimgthorders of what could be considered natural
philosophy at the time.

As a result of these problems, Galileo did not seddn developing a completely worked out
picture inDe Moty and these internal tensions were possibly amoaggasons for its abandonment
(together with the growing realisation of the imjamice of considering natural motion to be
accelerated and the impossibility of incorporatinig insight in an Archimedean framework).

Nevertheless, this explicit thematization of théahae as a model to understand natural phenomena

29 Opere I, p. 257. (Transl. from Galilei 1960, p. 20.)

% These hesitations are closely connected with at@onson Galileo’s science that remained operative
throughout all his writings: weight as a force devand is always a privileged kind of “natural” foraghich
cannot be assimilated to forces in general.

%1 Some more extended discussions of the tensioBs imotucan be found in Fredette 19¢@&ssimand
especially chapter 4 and the general conclusio@attuzzi 1979, pp. 175-197; and in Damerewal. 2004, pp.
141-157.
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introduces one of the most important instrumeniSalileo’s thinking, which he will continue to
exploit till the very last moments when expandingDiscorsishortly before his death. Yet, as we
will see in the second part of the present papethéat time its status as a model of intelligilyiltill
have undergone a profound modification.

After having introduced the analogy with the balnGalileo moves on to the central goal of
the first book oDe motu to establish guantitativedynamics which could replace Aristotlé*sThis
dynamics is obviously based on the Archimedeanmsehtbat had already provided the key element to
Galileo’s qualitative dynamics in the first chagtef De motu, but important aspects of the
Aristotelian tradition are also retained. Let m@gutwo unambiguous examples which illustrate both

aspects of Galileo’'s way of proceeding:

And first, in connection with upward motion, let sisow that, when solids lighter than water
are completely immersed in water, they are camui@sard with a forcetfnta vi measured by
the difference between the weight of a volume diewaqual to the volume of the submerged

body and the weight of the body itsejfanto ... gravior erjt*®

The Archimedean import is clear: the force upomdytis measured by the difference in “gravity”.
But when we have a look at the way in which spegdgelated to these forces, an Aristotelian aspect

becomes obvious as well:

If, for example, a piece of wood whose weigirayitag is 4 moves upward in water, and the
weight [gravitag of a volume of water equal to that of wood igt& wood will move with a

speed that we may represent &5 2.

We immediately see how the speeds function ascadfimeasure for the differences in “gravity”
between the body and the medium through whichritasing. Galileo thus retains the basic
Aristotelian idea that speeds and forces are ptmpal at the basis of his own quantitative dynamic
This is of course important, because otherwise tidldvhave had no way to put his model of
intelligibility to work.

The resulting scheme allows Galileo to escape some difficulties which he skilfully lays
bare in the original Aristotelian scheme, in whigeed was not only proportional with the weight of

the body, but also inversely proportional with tHensity” of the medium. This inverse

32 More correct would of course be: what he and nathgrs at that time took to be Aristotle’s quartitie
dynamics.

% Opere |, p. 269. (Transl. from Galilei 1960, p. 33.)

% Opere I, p. 270. (Transl. from Galilei, 1960, p. 34.)
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proportionality implies a number of paradoxes, sashhe impossibility of equilibrium. Since Galileo
contrary to Aristotle, and following Archimedesthis respect, sets force proportional to an aritiene
ratio (a difference) instead of a geometric ragi@yotient), he can easily avoid these paradoxes.
Moreover, this revision implies the possibilityrabtion in a void (for which the density is zero), a
fact which he stresses abundantly in the remaiofire first book of his treatise.

Both Raymond Fredette and Paolo Galluzzi havesstethat Galileo, upon revising the first
book of his treatise, discarded the chapter in whie introduced the balance analdyfredette
ascribes this primarily to the tensions arisingduse of the asymmetry between upward (forced) and
downward (natural) motions. Galluzzi, however, ssgather reason why Galileo might have judged
the balance analogy to be improper. He claims®siteo’s Archimedean explanation of the causes
for downward and upward motion is based upon tleeifip weights of the bodies and the media,
whereas the balance only measures absolute weigfgsan indeed easily see that these quantities
are dimensionally incommensurable, but it shouldlbar from Galileo’ treatment of the hydrostatic
balance irLa bilancettathat for him this distinction was not at all cleart. Remember that his
treatment of this balance also started from absali@tights and then implicitly transformed these in
specific weights. That something similar could loéhg on inDe motuis clear when we have another
look at the two last quoted passages. Both do feverucial fact about Galileo’s dynamical thinking
in De motu He is undeniably reasoning with thetual volume®f the moving bodies, and measuring
the force by the difference in (absolute) weighttf@sevolumes® But this means that also within
this hydrostatic context, a balance does indeedsurea body’s tendency to downward motion! This

direct identification is clearly illustrated by yatother quotation:

We are said to be weighed dovgrdvari] only when some weighppndu$ rests on us which
by its heavinesgyravitatd tends downward, while we must by our forgd fesist its further

downward movement; and it is that resistance whiettall being weighed dowgfavari].*’

% Fredette 1969, p. 272; Galluzzi 1979, p. 190.

% Further confirmation for this identification cae found in the second book B& motuWhen discussing the
possible cause of acceleration, Galileo first ctathat “we know definitely, from what was provedts
beginning of this bookifi primo libri], that speed and slowness are a consequence gifitvegid lightness.”
(Opere |, p. 318. Transl. from Galilei 1960, p. 88.) &nGalileo usegravitatem” this might still be taken as
ambiguous between absolute and “specific” weighhthess ~levitatem” — must obviously be read as relative,
as taught by the first chapter of the first bo@kalileo however immediately continues by asking tnduauld
cause the change in weight that is responsiblthéoacceleration, and he adds that “the naturalraridsic
weight of the body has surely not been diminisisétte neither its volume nor its density has bastinished.”
(Ibid.) It is clear that here the “naturalis et intriogenobilis gravitas” refers to an absolute weightit could
also be changed by a diminution of volume.

%" Opere |, p. 288. (Transl. from Galilei 1960, p. 54.)
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A body’s tendency to motion is thus responsibleitoexperienced weight, which is measured by the
force that is necessary to resist that motion. Agae see how fundamental the force-resistanceair
in Galileo’s thinking. Moreover, both this quotatiand the two earlier ones come from chapters
which are completely retained in the revised versibthe first book?® Galileo’s experience with
balances is hence still implicitly structuring Hignking, even after he has discarded the explicit
analogy with a balance. This justifies our consitethis model as really anchoring his dynamical
thinking to shared experiences that must providehe intelligibility of his explanatory scheme.

That Galileo is undeniably reasoning on actual nwg, and that he accordingly sets the force
equal to a difference in absolute weights might e@® a surprise to many, given that it is always
stated (as is done by Galluzzi) thabia motuGalileo sets the speed of a falling body proposido
the difference of the specific weights of body amedium® It is moreover undeniable that this is
indeed how we would interpret the actual propositrat he assigns to the speeds of different bodies
The central question to a satisfactory understandfrGalileo’sDe motuhence becomes: how and

why does he make this transition?

b. From equal volumes to unit volumes

Let me first quote a crucial passage in which @aliinakes exactly this transition:

In the case of bodies differing both in size andghvg if we take from the larger a part equal
[in size] to the smaller, we shall ... have two bsdigfering in weight, but not in size. And
the part [of the larger body] will, with the small&eep the same ratio [in the speed] of their
motions, as will the whole of the larger boéfpr ... in the case of bodies of the same
material, the part and the whole move with the sape=dlt is therefore clear that, if we
know the ratio of the speeds of those bodies tififar ebnly in weight, but not in size, we also

know the ratios of those that differ in every othery*

% See Fredette 1969, chapter 4.

¥ Wwisan 1978, p. 7, e.g. states that it follows fiGalileo’s natural philosophy that “natural’ motiés caused
by relative heaviness and lightness” and immedjiatdts between parentheses: “Galileo intends velati
density”. | propose that we be more careful witbridming intentions to Galileo and pay attentioritte actual
ambiguities with which his texts present us. Eversifédl, who is unusually careful in stating thatli@a
claims that the force of a body in a medium eqtras‘amount by which its weight exceeds that oégnal
volume of water”, also states on the same pageian Galileo said that speed in a void dependthertotal
weight of a bodyhe meantts specific weight”, without explaining how suattransition would be effected.
(Westfall 1971, p. 15; my emphases.)

“0Opere,l, p. 267. (Transl. from Galilei 1960, p. 31. Myghasis added.)
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Notwithstanding the fact that Galileo is reasormmgabsolute weights of equal volumks,claims
that he can always generalize his results by pditenthat these equal volumes were unit volumes
The clue to the transition from absolute to “spetiveights thus lies in the equality of the speedls
bodies of the same material. That Galileo trulytsttom absolute weights is made further clear by
the fact that he tries to justify this equalityspleeds precisely on the basis of an argumentrggarti
from the absolute weights of the bodies. This frtiestifies to the fact that it is the latter pradyp
that is really basic in Galileo’s thinking: a sédistory explanation is one which reduces an
explanandum to facts involving absolute weightshicl facts are presumable intelligible in
themselves through our shared experiences with.tAbsolute weight is hence undeniably the central
dynamical factor.

It is at the beginning of thé"&hapter, “in which it is shown that different beslimoving in
the same medium maintain a ratio [of their spedifdrent from that attributed to them by Aristqtle
that Gallileo tries to establish the equal speedbddies of the same material. He begins by asking
whether it wouldn’t be ridiculous to imagine a dir@roportionality between weight and speed, but
immediately goes on “to employ reasoning ... rathantexamples (for what we seek are the causes

of effects, and these causes are not given to esgrience)*! And this reasoning goes as follows:

Thus, if we imagine that the water on which a lgsgee of wood and a small piece of the
same wood are afloat, is gradually made succegdigéiter, so that finally the water becomes
lighter than the wood, and both pieces slowly begisink, who could ever say that the large
piece would sink first or more swiftly than the dhpéece? For, though the large piece of
wood is heavier than the small one, we must negk$ils consider the large piece in
connection with the large amount of water that setadbe raised by it, and the small piece of
wood in connection with the correspondingly smaibant of water. And since the volume of
water to be raised by the large piece of wood ismktp that of the wood itself, and similarly
with the small piece, those two quantities of watdrich are raised by the respective pieces of
wood, have the same ratio to each other in theighte as do their volumes ... —i.e., the same
ratio as that of the volumes of the large and thallspiece of wood. Therefore the ratio of the
weight of the large piece of wood to the weighthaf water that it tends to raise is equal to the
ratio of the weight of the small piece of woodhe tveight of the water that it tends to raise.
And the resistance of the large amount of watdrbelovercome by the large piece of wood
with the same ease as the resistance of the smallrat of water will be overcome by the

small piece of wood?

“ Opere,l, p. 263(Transl. from Galilei 1960, p. 27.)
“20pere |, p. 264. (Transl. from Galilei 1960, pp. 2728.
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It seems that Galileo is claiming that the equaksis follow from Archimedean considerations. But
this does not really make sense. What he actuedlygs is that Way/WmediumiS invariant for bodies of
the same material, but to conclude from this tlesice the speeds are equal implies that he would be
employing an Aristotelian geometric ratio (with tlesistance of the medium measured by its weight)
instead of the Archimedean arithmetic ratio whiehelxplicitly favours as the central dynamical
formula. Given Galileo’s dynamical scheme which wketched above, and the fact thag,MWhoay

- Whedium) Will @also be invariant, all that we can conclug¢hat for any two bodies of the same
material, there is a constant ratio between thedsgpef these bodies in void and in a medium. This
only implies that the speeds of these bodies anindihed in the same proportion by a medium, not
that they are the sari@Only upon the supposition that the speeds ofalids of the same material
would be the same in the void would the equalityheir speeds in a medium follow. But why would
these speeds in the void be the same? This in gdoNaws from his Archimedean-Aristotelian
dynamical scheme — it is even in explicit oppositio it. It seems that he is hence left withoutayw

of rendering this fact intelligible.

It is clear that the proportional alleviation eff@f a medium cannot account for the equal
speeds of bodies of the same material. Strictlpldpg, Galileo cannot make the transition from
absolute to specific weights. This raises the frrtfuestion: why does he nevertheless want to make
it? After all, he could as well have developedeotly which is strictly based on his Archimedean-
Aristotelian scheme, and set- Wiogy - Winedium

A first clue to a possible answer is given by @alihimself, when he raises empirical
objections against a direct proportionality betwspaed and weight which he dubs “ridiculous.”
Moreover, when he recounts his own developmertenl630’s, he will again stress these
considerations as the first to have raised hisisisspagainst Aristotle’s explanatiofi$in doing so,
he (implicitly) also dismisses the proportionaliith an alleviated weight, which however would be
less ridiculous (since the differences would belEmalt is nevertheless quite possible that he wa
convinced that also these differences in speeddmMoeitoo large to be empirically credible. Busit i
also true that in the sanD® moty he is quite willing to invokead hocexplanations to account for the
striking differences between the accelerated cherat the motion of all actually falling bodiesdan
the uniform character of the motion of his the@matmodels. In this case he did let his theoretical
model overrule the empirical observations. It sedmsthere must be a hidden motivation behind his

choice which cannot be traced back solely to itpianal plausibility.

“3This is easily seen when we translate the situationodern terms: that speeds proportional with Wody -
Winedium implies thaty ~(densityyq,— densityeqiun) X volume this implies that for bodies of the same material
but of different absolute weight, the speeds inealiom will be proportional with their respectivelnmes.

44 See Section 6.
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I submit that Galileo’s experience with the hydatie balance provides the most important
clue for understanding the tension in his dynanticaking inDe motu.lt is the hydrostatic balance
which had taught him that bodies of the same nadtare equally affected by a medium, regardless of
their volume. Moreover, as was already pointedhatend of Section 2, the properties of a balance
were closely linked with the “speeds” of the boddasanced by it. | believe that Galileo’s inconesigt
argument irDe motushould be seen as a failed attempt to mimic tigerbreasoning behind the

irrelevance of volume for a hydrostatic balancehwlie results now translated to speeds.

4. De motu: Introducing the thought experiment

“But we may reach this same conclusion by anottguraent.*® Such is Galileo’s own
introduction to his famous thought experimenbi& motu This other argument for the equality of the
natural speeds of bodies of the same materialdwasved much more attention than the confused
attempt based on the proportional alleviation eff@¢ the medium. This is undoubtedly due to a
fascination for the cleverness of the argumentjtbugy also result from the simple fact that this
argument does seem to reach its goal cogentlyekeatpat the argument is indeed unassailablet but i
remains to be pointed out that the premises arasiotnocent as they might look. We will see how
Galileo’s presentation of the thought experimewtvtes further indications of the far-reaching

repercussions of his earlier encounter with therdstatic balance.

a. A hidden assumption

Let us first consider Galileo’s own presentatiorhisf thought experiment.

Let us first make this assumption: if there are bedies of which one moves [in natural
motion] more swiftly than the other, a combinatafrthe two bodies will move more slowly
than that part which by itself moved more swiftiyt the combination will move more swiftly
than the part which by itself moved more slowly. ...

On the basis of this assumption, | argue as followm@oving that bodies of the same material
but of unequal volume move [in natural motion] witke same speed. Suppose there are two
bodies of the same material, the largand the smallelo, and suppose, if it is possible, as
asserted by our opponent, tllanoves [in natural motion] more swiftly thiinWe have, then,
two bodies of which one moves more swiftly. Therefaccording to our assumption, the
combination of the two bodies will move more slowan that part which by itself moved

more swiftly than the other. If, thea,andb are combined, the combination will move more

“>Opere I, p. 264. (Transl. from Galilei 1960, p. 28.)
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slowly thana alone. But the combination afandb is larger thara is alone. Therefore,
contrary to the assertion of our opponents, thgelabody will move more slowly than the

smaller. But this would be self-contradictdfy.

The argument inevitably leads to its conclusiordibs of the same material have the same speeds in
free fall. Following Gendler’'s neat reconstructisa can summarize the argumentative structure as
follows:*’ (1) natural speed is mediative (the natural spéedcombined body will fall between the
natural speeds of the component bodies); (2) wesghdditive (the weight of a combined body will be
the sum of the weights of the component bodies)c@€3) natural speed is not directly proportional
to weight; and, moreover the only way to hold oifltp— (3) simultaneously is by asserting that (4)
natural speed is independent of weight.

The crux of the argument seems to lie in premi¥e@he could wonder how Galileo can
claim to know that this is a valid assumption. isffipossible answer is provided by the followingeno
which he wrote in a margin in the original manuscriAristotle makes this same assumption in the
solution of the 2% Mechanical Problem.” Now, this is a little bit @fstretch on Galileo’s part. The
24" Mechanical Problem deals with the famous paraddxristotle’s wheel, not at all with the
natural speeds of falling bodies. The importatibthat assumption, in the context of the thought
experiment would require a much more substant@iment. It is not at all obvious that rolling
wheels and falling bodies partake in the same jplies. Moreover, if this assumption were accepted
only on Aristotle’s authority, then it might wellifiction in a reduction of the Aristotelian thedoyt
not in an argument which seeks to establish amaltive theory. For the conclusion (4) to hold
generally, independent grounds for accepting preifiiy must be present. Such grounds are provided

by Galileo, however:

Thus, if we consider two bodies, e.g., a piece @t and an inflated bladder, both moving
upward from deep water, but the wax more slowlyttiee bladder, our assumption is that if
both are combined, the combination will rise mdosvly than the bladder alone, and more
swiftly than the wax alone. Indeed it is quite aims. For who can doubt that the slowness of
the was will be diminished by the speed of the tadand, on the other hand, that the speed
of the bladder will be retarded by the slownesthefwax, and that some motion will result

intermediate between the slowness of the wax amdpked of the bladdé??

4 Opere I, pp. 264-265. (Transl. from Galilei 1960, 2829
4" Gendler 1998, p. 404.
“8 Opere,|, p. 265. (Transl. from Galilei 1960, 28-29.)
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The same argument is then repeated for a pieceod &nd an inflated bladder falling downward in
air. These are of course very revealing examples.fifst thing to notice is that they involve boglef
different material Now, since Galileo wants to conclude that foribedf the same material the speed
of fall is equal, it would have been clearly sedffiehting if he could have adduced empirical example
of this kind to illustrate his assumption. But thiso points toward the fact thatlileo considered his
assumption to be an empirical fact of the matpessibly following a theoretical principle, buirsly
recognizable without such a principle at hand. 8dbg the provenance of this empirical fact of the
matter is easily recognizable. Take two bodiesiféérnt material and compare their behaviour with
the behaviour of a mixture of these materials...

Once again we find Galileo translating the situatfLa bilancettaby having natural speeds
mirror the positions of the counterweight on thetmgtatic balance. These positions on the balance
arm had indeed undeniably shown that “specific Wi mediative. But this implies that the
proportionality of speed with “specific weight” éshidden assumption of his thought experiment. The
thought experiment thus accomplishes the transfioom&om absolute to “specific” weights by

presupposing the latter.

b. The dynamical conundrum

Once that the conclusion of the thought experinsergached, it becomes impossible to hold
on to a proportionality between speed and absalatght. However, this leaves Galileo without any
intelligible dynamics, as the balance is his payadcase of a situation in which the force of weight
can be immediately understood.Ua bilancettahe had been able to take these forces, as medsured
absolute weights, as the starting point for analysipecific weights, by exploiting the fact thayan
body is always opposed by an equal volume of watarhydrostatic balance. At this point he thus did
also not consider specific weights as giving riséotces directly. That he still holds on to thiglirect
relation inDe motuis clear if we remember that at several placesi(afready having presented the
thought experiment), Galileo does set speeds ptiopat to forces which are measured by differences
in absolute weights — differences which then catrdresformed into differences of “specific” weights
by pretending (on the basis of the thought expertjrtbat the results hold independently of the
volumes. But if we are not mistaken in imputingalileo a dynamics which still refers back to
experiences with absolute weights, then the commiusf the thought experiment must have presented
a potential conundrum for him.

The absence of an explicit concept of specific Weigmdoubtedly helped to mask the
dynamical problem. By not explicitly thematizingetdimensional differences within the
undifferentiated concept of “grave”, the conundmmght have seemed less pressing (and indeed
seems to have been largely ignored by most Gaitbolars). There was of course also the attempt at

explaining the equality of speeds by consideriregdlteviation effect of a medium, which might have
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eased Galileo’s mind at this point — provided heertht realize himself that he was being incoherent.
But it must anyway have been clear to him thatwhas insufficient. This can be judged from the fact
that after that he has established the possilafityotion in a void, he proclaims that the thought
experiment must also be valid in this situaffdiven that the argument is supposed to remain
precisely the same, it is clear that the effe¢dhefmedium can not be operative in reaching thetes
conclusion. This helps us to pinpoint more preyiseé gap that remains in Galileo’s dynamical
conceptualization of motion. As the transformatiwacedure which he used to such great effethin
bilancettacompletely breaks down in the void, he is lefthwiit any way to connect his mathematical
scheme with the shared experiences that had teesgsuntelligibility. What he offers instead igsh
thought experiment, which supposedly can provideafoequally incontestable experience that could
possibly anchor his explanatory scheme (albeibésthis, as we saw, by actually presupposing
further experiences which go back to phenomenavingdense media). That it is indeed supposed
to render the dynamics of free fall immediatehelligible is further proved by the following passag

which follows almost directly after the presentatimf the thought experiment:

And who, | ask, will not recognize the truth at end he looks at the matter simply and
naturally? For if we suppose that bodéesndb are equal and are very close to each other, all
will agree that they will move with equal speed.ddhwe imagine that they are joined
together while moving, why, I ask, will they doulbthee speed of their motion, as Aristotle

held, or increase their speed at4l?

The question is to the point, and it will be tharghg point for a successful solution of the costrum
in thepostils to Roccobut at this point it must remain a rhetorical sfuen. If a balance does indeed
measure a body’s tendency for downward motionepsatedly implied by Galileo iDe moty then
the only natural response to the question wouldub: not? This is not to deny that Galileo was
convinced that they do not: he clearly believed specific gravity provided a much better measure
for the speed of fall. But it is the argumentatstreicture oDe motuitself that leaves a gap at exactly
this point.

One might wonder whether it is really justifieddall this gap a “conundrum”, as there are no
clear signs that Galileo was puzzled by it in aigyificant respect® As far asDe motugoes, this
might be true, but as will become clear in the sedgoart of the present paper, at a later time &alil
indeed began to wonder about how to connect thavib@lir of the bodies in his thought experiment

with their behaviour on a balance. At this pointhaes clearly become aware of the gap that exists

“9Opere I, pp. 283-4.
0 Opere,|, p. 266. (Transl. from Galilei 1960, 30.)

*L | have to thank Paolo Palmieri for pushing mehis point.
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between his explanatory scheme and the basic expes that were first thought to render it
intelligible. If we would not be allowed to thinK this gap as a conundrum, we might hence loose the
means to understand the dynamics behind Galilaaikihg, as it seems that it really did trigger
Galileo’s rethinking of the thought experiment ifuadamental new way. As was already noticed,
once the gap is perceived as a conundrum, theatmueestion becomes why bodies of the same
material would have to move with the same spedhdrvoid. Indeed, in this situation the empirical
examples which were adduced by Galileo to justiyfirst premise of his thought experiment loose
their intuitive plausibility, which was based oretexperience with the behaviour of mixtures in éens
media. This shows that, although he does not reedange the argument itself, he would need some
other kind of justification for the mediative cheter of natural speeds. In the later presentatibtise
thought experiment (to be discussed in Sectionsd6/ain thepostils to Roccand in theDiscorsi,
exactly such a justification will be providesthich will be clearly dynamical in character. As will
see, once that he has provided the dynamicalipetiifn for the first premise, Galileo will also bea
better position to solve the conundrum raised leycitnclusion.

Recapitulating our long analysis D& moty Galileo’s thought experiment plays a crucial role
therein in at least two respects. It enables himase the transition from absolute to “specific’igle
as the relevant factor for the natural motion dibe, without having to define the latter expligitht
the same time, it covers up the fact that Galilgdis own standards misses a fully intelligible
dynamics for free fall. It is indeed clear thastlviansition from absolute to “specific” weight can
be based on the effect of a medium on the weighbdfes, while Galileo nowhere gives a hint of how
to understand “specific” weight as a primordial amenediately intelligible dynamical factor: the gnl
model which he possesses for understanding fosdb® ibalance which measures absolute weights;

and all his dynamical thinking is based on the itthed speeds are caused by such forces.

5. Discorso: The impotence of specific gravity as a dynamic fdor

Galileo never published or even circulated the rsaript ofDe motu We can hence safely conclude
that he was not convinced of the resulting natpidbsophy, whatever the precise reasons for his ow
dissatisfaction. However, throughout his careekdy returning to topics and concepts which were
already introduced withiBe motu We will have a brief look at another context ihigh he further
developed and articulated some aspects of his dgahthinking. The main reason for doing so is that
it will further corroborate my analysis of the angentative gap that is left De motu

In 1610 Galileo moved to Florence to become coathematician and philosopher of the
grand duke of Tuscany, where he almost immediditebame invested in a controversy on the reason
why bodies stay atop on water. In the course afeltiscussions he realized the need to define

specific gravity explicitly, an event which will finer clarify the status of this concept within his
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thinking. But before entering into this episodéasihecessary to briefly recapitulate some wellvkno

basic facts about Galileo’s conceptualization othamical effects.
a. Moment and absolute weight

In the most extended version of his mechanicakise,Le mecanichewritten sometime
during the 1590’s, Galileo after having explainkd subject matter of the treatise introduces afset

definitions for his basic concepts. The first isnediately very interesting:

We callheavines$gravita], then, that tendency to move naturally downwaltdch, in solid
bodies, is found to be caused by the greater setesbundance of matten@terid of which

they are constituted.

We see a clear return to weight taken absolutélyirglissolubly connected to a tendency for
downward motion. What is added here is the spetifia that the more matter a body contains, the
more heaviness and thus tendency for motion dowshvgart the real innovation of the mechanical

treatise is the next concept to be introduced:

Momentis the tendency to move downward caused not sdioypche heaviness of the
movable body as by the arrangement which diffeheatvy bodies have among themselves. ...
Thusmomenis that impetus to go downward composed of heagingosition, and of

anything else by which this tendency may be catsed.

This would prove to be a very fruitful concept, aiallows Galileo to give his mechanical treatise a
clear and powerful structuP& All machines work by having some force overconggeater

resistance, and the concept of moment would prafidelue to analyzing this kind of situation. A
body’s heaviness combined with other factors giigssto its moment, and its moment gives rise to
the dynamical effects the body might have. An asialgf the simple machines thus boils down to
finding out these other factors making up the bedagbment. The ones singled out as relevahein
mecanichare the relative positions of the bodies, and tleocity and distance of their motions
(distance and velocity are interchangeably on artza, where the weights always move in the same

time). Once the moments are found out, Galileoamarsider the machines as closed systems, obeying

2 Opere,ll, p. 159. (Transl. from Galilei 1960, p. 151.)

3 Opere,ll, p. 159. (Transl. from Galilei 1960, p. 151.)

> Galluzzi 1979 is the seminal study on the conoéptoment, and its pivotal role in the developmeaint
Galileo’s thinking.
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a conservation law for moment. The machines thedywe their useful effects by transforming the
moment of the working force into the one of thegtisg force.

To our purposes, one aspect of Galileo’s treatratite moment of a body is crucial: its
measurement. As witnessed by the expression “momsémat impetus to go downward,” moment is
intimately related with dynamical effects, yetdtdlways measured by a resisting counterweight
(which is completely unproblematic given Galiled&finition of heaviness as also a tendency to go
downward). If we e.g. consider Galileo’s analydisnotion on an inclined plane, we see that each
body’s impetus to go downward on such a plane iasmed by the weight of a body keeping it in
equilibrium, attached to it by a balance with bamhs, suspended above the plahe.

We can immediately learn two crucial facts aboalil€o’s dynamical thinking at this stage.
Firstly, dynamical effects are measured by staghts. The balance remains the one and only
instrument to understand force. The transition ftbmstatic measure to the dynamical effect is then
made by the principle that the addition of “an msible weight® is sufficient to set in motion a
weight that is held in equilibrium on a balanceanrinclined plane. Secondly, moment as the cause of
these dynamical effects arises from the modificatibabsolute weight. Although there is a clear
broadening of Galileo’s dynamical framework through introduction of “moment”, it is still
indissolubly tied to absolute weight. Specific waigppears impotent to cause any effects.

Paolo Galluzzi has stressed that Galileo is castiouemain silent on any link between
moment and the resulting speed$.émechanich&’ As the treatise is devoted to mechanics, and as
an investigation into precise measures of speedeetis outside its scope, it is hard to decidatwh
to make of such silence. Anyway, for my presenppses it is enough to notice that absolute weights
remain the paradigm cases of forces; and if Gafilessibly did no longer hold on unequivocally to a
proportionality between forces and speed (althoaghwe will see, there are passages in the later
Discourse on bodies.which suggest that he had not yet let go this)ideacertainly has not found a

way to make sense of any other possible connection.

% Galileo’s discussion of the inclined planelia mecanichés an expansion of an earlier discussion in the
second book obe motu As was already remarked by Dameretal. 2004, p. 147, n. 39, the presence of this
discussion in the latter work gives rise to anotheoherence, as the speed of the motion is mehsyréds
“moment” (a term not yet introduced e moty and hence is proportional with the body’s absoiugight
(modified by the inclination of the plane).

5 Opere II, p. 163.

*" Galluzzi 1978, p. 219. Galluzzi ascribes this imauto Galileo’s realization that any straightfordaelation
between moment and speed would be unable to actauhe acceleration along an inclined plane. uldadd
the dynamical conundrum &fe motuas a further problem that might have exercisedeaé mind at the time

of writing Le mechaniche.
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b. Moment and specific weight

That specific gravity cannot unproblematically ftion as a force emerges most clearly from
Galileo’sDiscourse on bodies that stay atop of water, oreriovtfrom 1612. Théiscoursewas an
outcome of Galileo’s involvement in a public dispebncerning the reason why ice floats on wter.
The opening sections of the work are of particultarest to us, since Galileo starts by reconsideri
the foundations of Archimedean hydrostatics. As p@isted out by William Shea, Galileo started a
first draft of the work by repeating the analyséfiaating, sinking, and rising of bodies in a meai
as they were already presentedim motu.Subsequently he discovered that these were ingiffic
because they are not generally applicable, a disgdthat forced him to belabour an original new
approach to hydrostatics.

The complication that arose for Galileo’s formeatment of hydrostatics is that he realized
that a body immersed in water is not always oppasean equal volume of water. (Just imagine the
case of a large body immersed in a very narrowelgsBhat this must have had profound implications
for Galileo’s understanding of hydrostatic phenomshould be clear from our discussions in Sections
2 and 3. This vitiated his strategy of transformdlifferences in absolute weights to differences in
(unconceptualized) “specific weights”. How couldfbethermore understand cases of equilibrium in
such situations — when the absolute weights oframearsed body and a much smaller amount of water
could differ greatly, although both being equatspecific weight"?

The first and foremost thing to notice is thatif®al presents this as an “admirable and almost
incredible evenf® which stands in need of an ingenious explanafthough he will go on to give,
for the first time, an explicit definition of spéiciweight (by stating that “the absolute weights o
solids have the compounded ratios of their speviéiights and their volume®¥}, he clearly does not
see it as immediately explanatory to claim thathlibdy and the medium have equal specific weight
Once again, we find further corroboration for thetfthat Galileo did not consider specific weighta
primordial explanatory factor. He nevertheless toaithtroduce it explicitly in thé®iscourse for
reasons that we will now briefly discuss.

Galileo’s explanation, which is ingenious indefed this admirable event is based on his
concept of mechanical moment. The general causqudfibrium is equality of moments, not equality
of absolute weights (which is only a special cdsth® former). The truly central model for

understanding natural phenomena is the balanceungljual arms, where we cageequilibrium

%8 For an account of the circumstances surroundiegtiblication of thd®iscourse see Biagioli 1993, chapter
3, which also contains interesting discussionsamnesother aspects of its contents.

%9 Shea 1972, pp. 18-20. Besides Shea 1972 and Bi2988, other extended analyses of this approacti,
Galileo’s path leading up to it, are Galluzzi 19pB. 227-246), and Palmieri 2005a.

0 Opere IV, p. 67. (Transl. from Drake 1981, p. 26.)

®1 Opere IV, p. 74. (Transl. from Drake 1981, p. 44.)

30



obtaining between bodies of different absolute Weigv/e already saw that one of the possible factors
making up a body’s moment is the speed of its moti@alileo will now also introduce this factor in
his discussion of hydrostatic phenomena by taking account the reciprocal motions of a body and
the medium in which it is immersed. To this endoh&ves some geometrical theorems relating the
volumes of the body and the medium with the patr evhich they respectively ascend and descend
when the body is raised by hydrostatic pressure. €am intuitively see that when a body that is
immersed in a very narrow vessel is expelled froenrhedium, the medium will descend over a
proportionally much larger distance than the bodlagcend, since the level of the medium will be
lowered considerably by the expulsion of the bdfithe proportion between the lengths over which
body and medium move are known, the proportion betwthe speeds is known as well, since both
motions take place in the same time. This theotegether with the explicit definition of specific
weight allows Galileo to analyse all cases of imgiaT, emersion, and floatation.

If the ratios of the specific weights of a body andhedium are given, the ratios of their
absolute weights can be compared with the ratidseaf volumes due to the definition of specific
weight. The ratios of the volumes then can be fomneed into a ratio of speeds due to the geometric
theorem. As a result, the ratios of absolute weighth be compared with the ratios of the speeds, an
hence the respective moments can be evaluatedtiftgsn equilibrium or disequilibrium). As an
extra pay-off, Galileo now can also give a quatititadetermination of the exact conditions of
equilibrium, i.e. how much of a floating body wlile immersed in the medium before it comes to a
rest.

Once again, we see that absolute weights remaiprtmordial dynamical factor through their
participation in a body’s momePttA body’s specific weight, on the other hand, meestpresses
some proportionality between this absolute weiglat the body’s volume. This proportion then
controls the specific proportion between the momeiithe body and the medium in which it is
immersed. Hence, specific weight can function kimd of measure for the behaviour of a body in a
medium, but it cannot be said to cause this beliawinany unproblematic way. And if we consider
the situation in a void, specific weight again ksd relevance. It is only when analyzing the
interaction between a body and a medium that ittions as a relevant concept, as witnessed by close
attention to Galileo’s explanatory scheme.

In the concluding section of tHaiscoursewe find Galileo writing that the “heaviness
[gravitd] of the medium must be compared with the heavioéfise moveable” and “that is the single,

true, proper, and absolute cause of swimming abogeing to the bottom * We are confronted

®2 Another way to state this would be that Galilemsiceptualization still starts from the balancéssodel of
intelligibility, but that he now has generalizedstmodel to include the case of an unequal arrmiala/A
similar move had already been made with his treatroEthe inclined plane.)

% Opere IV, pp. 139-140. (Transl. from Drake 1981, p. 194
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with an apparent return to the original Archimedsaheme where the concept of moment does not
occur. The extension of Galileo’s explanatory schevith that concept is indeed only needed in those
situations where the hydrostatic paradox can arseever, the preceding pages of the treatise give
the impression that Galileo might really have haelciic weights in mind when writing this sentence
— and many readers have understood him exactlynat’ He claims there that “it is not the greater
absolute heaviness, but greater specific heavittessis the cause of greater speed, nor doed afbal
wood weighing ten pounds descend more swiftly @@ of the same material that weighs ten
ounces.® The presence of this oldle motutheory in hisDiscoursetestifies that Galileo had not yet
found a way to fill in the gap introduced into higtural philosophy by the absence of any fully
intelligibly dynamics for natural motionAlthough the latter treatise is not focussed angtoblem of
explaining natural motion, the dynamical ideas \wtace introduced in it cannot help to make sense of
the equal speeds of bodies of the same materddebth when we consider the motion of bodies in a
medium that is not enclosed in a vessel, as isdke for natural motion, the speeds of the body and

the medium will always be equal, and the momenteé&eagain reduce to the absolute weights.

c. The extrapolation argument

The publication of Galileo’®iscoursewas followed by several published replies by
Aristotelian philosophers. Together with Benedé@sstelli, a former pupil, Galileo prepared a set of
answers to some of these, which were publishe®1%1They contain the typical scathing remarks
and repetitions of earlier arguments, but hiddetténtrain of one line of argument is presented a
remarkable new argume?itThis argument would have momentous consequencethdse are not
stressed at all in 1615. It is as if Galileo wasyed sure himself about what to do with the new
insight.

Drop a ball of ebony and one of lead into watere@iill observe that their speeds differ
considerably. Now let the same balls fall through@ne will observe that their speeds differ otdy
a very small degree. Hence we can conclude tlevéry likely that if we would further rarefy the
medium until we would reach a void, the speeds didel equal.

Galileo stresses that the conclusion is valicbfmties ofdifferentspecific gravity. Now, this

insight was of course destined to change his cdoapation of natural motion. | have argued thiat h

® Stillman Drake, e.g., adds in his translationftilewing note to the passage just quoted: “Galiteasidered
his three kinds of floating to have been reducea $ingle cause, the lesser specific weight oflttaing object
in comparison with water.” (Drake 1981, p. 231). &6o Wallace 1983, p. 619: “he feels that he has
successfully determined the true, natural, and amyncause of a body’s floating or sinking, namély specific
gravity relative to that of the medium in whichstimmersed.”

% Opere IV, p. 133. (Transl. from Drake 1981, p.180.)

% Opere, IV, p. 659.
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earliest attempts at developing a natural philogapére modelled to a large extent on hydrostatic
phenomena, even if he did not always succeed ilicéipdrawing out the analogy, since the role of
specific gravity had to remain ambiguous. This ajalty was seen most clearly for the situation of
fall through a void, for which hydrostatics coutdgossibly offer a fruitful model.

This new empirical argument might have helped @alib further realize that specific gravity
indeed could also not provide the central key tdewstanding natural motion. Nevertheless, it would
be almost a full twenty years before we find resasfithe fact that he had found a possible clwe to

new and fruitful understanding. These will be death in Part II.
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PART II — Understanding weight as a dynamic factor:Towards a resolution

“Surely | won't loose my head to such an extent,théile falling, | wouldn’t study the laws of freall.”®’

6. Postille a Rocco: Rethinking the thought experiment

Galileo worked on hi®ialogue concerning the two chief world systen@nly during the
1620’s, and finally saw them to press in 1633. Bispd throughout the work are allusions to the new
science of motion discovered by the “Academicidml many seventeenth century philosophers, this
was the only first hand knowledge they had of @alg work on natural motion. In one of these
digressions, Galileo has Salviati state that Atistavas mistaken in claiming that speed of fall is
proportional to the weight of the falling body. Hees not adduce any arguments for his statement,
except for the empirical implausibility of such postionality, but he does limit his remarks to lexli
of the same materiéf.

It is of course an understatement to claim thaCtiadoguesspurred some debate. One of the
philosophers who took up Galileo’s challenge aiatitto stand up in Aristotle’s defence was Antonio
Rocco, who in 1634 published tisercitationi filosofichén responsé’ Among the many things for
which he took Galileo to task was his ignorancéheftrue reasons behind the phenomenon of free
fall. As Galileo was not the man to let criticishat he considered misdirected easily pass, he @pa
some notes (never published during his lifetimeyirich he had his usual sarcastic fun with Rocco,
and in which he gave the arguments which he hattedrfrom hisDialogues.lt is at this point that he
finally faces the gap that he was left withDie motuHow can he understand weight as a dynamic

factor without thereby having to claim that speé&éath must be proportional with if?

a. Re-presenting the thought experiment

One of the remarkable things about Galilguistilsis their unusually direct style. Galileo

seems not so much to be trying to convince Rocetha he is rehearsing his arguments for himself.

%" The dadaist Hugo Ball, quoted in Safranski 199®#9p. 115.

% Opere VI, pp. 249-250.

%9 Rocco’sEsercitationiwere also reprinted by Favaro in his edition ofiBals works Opere VI, pp. 567-
712).

0| owe the suggestion that | should have a lodRalitleo’spostils to Roccdo Paolo Palmieri. Thegmstils
have up to now not received much attention; Drakesiates some passages inGidileo at work(Drake 1978,
pp. 361-367); and Shea 1972 and Galluzzi 1978 pagipg attention to some passages (see the regpecti
indexes), as does McMullin 1978, p. 226. Palmi@%b provides a first more detailed analysis ofépostils

(which are strictly speaking much more than mesijs).
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He moreover introduces the central and most infiegepart of his arguments by claiming that he will
now be presenting the reasons by which he convihoaself of the falsity of Aristotle’s teachings.
We always have to be careful with such autobiogcgbineconstructions, but they undeniably give an
invaluable insight in Galileo’s thinking at thisage — if not necessarily in his earlier thoughtstan
exercise in reconstruction forces him to think tlgie the problem again, consciously trying to unrave
the most central aspect of it, which could thenl lisaa natural and gradual dawning of insights ia$
if in this place he is practicing his favourite &tec questioning on himself.

First, Galileo claims, he “immediately felt repugica” in his intellect upon reading
Aristotle’s texts, for “how could it be that a botin times or twenty times heavier than the other
should fall downwards with ten times or twenty taritbe speed™ Taking this as his starting point,

he then “formed an axiom that could not be doubtednyone,” i.e.:

that any heavy bodygrpo gravéthat is descending has in its motion degreepeéd,
limited by nature and so predetermined, that ter aliem, by increasing the speed or
diminishing it, could not be done without usingleioce against it in order to retard it or to

prevent its abovementioned limited natural codfse.

This axiom will serve as a justification for thaicial premise of his thought experiment. It will be
remembered that in his initial presentation ofttieught experiment iDe motu this premise was
justified on grounds of the empirical plausibilafthe mediative character of natural speeds. @be f
that the new justification introduces explicitlyrdymical considerations already testifies to thé fac
that Galileo has gained confidence in his undedstanof the dynamics behind the thought
experiment.

Next, Galileo introduces not the full blown thotigixperiment, but the limited version for two
equal bodies that are falling with the same spkeDe motuthis version came after the general
thought experiment, and it served there to hideatisence of a fully intelligible dynamics behind th
thought experiment. Having now started by layingadynamical principle, Galileo will use the same
limited situation to show how this principle playst in the case of these falling bodies being tied
together. The interesting fact about this situatsotihat no one would doubt that two equal bods d
fall with the same speed. But if the body that ltssiiom their tying together would have a differen
speed, Galileo now asks “which one of them [origbadies] will be the one which, adding impetus
to the other, will double its speed”? WhereaB@&motu he rested content with claiming that such a

doubling of the speed would be unintelligible, B@ow trying to come to grips with this

" Opere VI, p. 731.
2Opere VII, p. 731.
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unintelligibility. Given his dynamical principlet is clear that at least in this situatioone of the
bodies will exercise a force on the other
After this preparatory stage, Galileo presentdlioeght experiment. Again conspicuous is the

explicitly dynamical formulation with which he de#ies the set-up:

Assume now, mister Rocco, that these assumpti@nsw, which | don't think you are able
to doubt. Thus, every descending weigitalvd has degrees of speed determined by nature,
and that those degrees cannot be increased ifyndblating its abovementioned natural
constitution. Consider the two moving bodAeshe major, andd, the minor, of which, if it is
possible Ais naturally faster anB less fast. Since, given the above, the naturadspéB can
only be increased by violence, if we would waniricrease it by attaching the fasfeto it, it
will be agreed that the speed of that bédyn violatingB, would diminish partially, since
there is no more reason that the bigger speddopferates in the minor speedRfthan that

the slowness dB reoperates in the velocity 8"

The reduction argument then follows as before.

Not only is the formulation of the thought experinted set-up explicitly dynamical, it also

betrays the origin of these dynamical ideas. laalyestressed how the balance model shaped Galileo’s

understanding of forces, and that one of the cefatcés about this model was the presence of force-
resistance pairs. This clearly surfaces in theggeesfust quoted, but even more importantly, itde/n
transformed into a true action-reaction pair (wHicm our vantage point is not strictly speaking th
same as the equilibrating forces on a balance,linth exert their force — actually their moment —
on a third body, the balance). If the faster boxigrs a force on the slower, the slower will als@én

to exert an opposite force on the faster. Thisieitpecognition of the presence of a reactiondeery
action, at least in this kind of situation, willgme to be of the utmost importance in shaping €l
further dynamical thinking.

True, in theDe motupresentation of the thought experiment Galileo &lagiady stated: “who
can doubt that the slowness of the wax will be digtied by the speed of the bladder, and, on the
other hand, that the speed of the bladder willdt@rded by the slowness of the w4xNonetheless,
the explicit insight that this mutual retardatiordaacceleration is the effect of interacting forises

conspicuously missing.Most importantly, he does not think through itsgible consequences for

3 Opere VI, p. 732.

" Opere,l, p. 265. (Transl. from Galilei 1960, p. 29.)

5t is perfectly possible (and | tend to believer) that at the time dde moty Galileo understood the effect of
combining the wax with the bladder (and vice vepakly in terms of the effect on their “specifigfavity (in
perfect analogy with what happens with the alloi#he king’s crown), which is then only indirectigflected in

the speeds.
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what happens in the thought experiment — as idi¢esby the different treatment of the case of the
two equal bricks. Considerations of empirical amwitive plausibility seem to do most of the work i
this early version. The true innovation of fhestilslies in the attempt to uncover the grounds behind

these judgements.

b. Resolving the dynamical conundrum

Immediately after the formal presentation of theutpht experiment follows the most
interesting passage of tpestils— and, | would add, one of the most fascinatinggdeof writing ever

produced by Galileo. I will hence quote in full:

These are mathematical advances, mister Rocco. afeegonsequences that, as far as | can
ascertain, were not expected by you. And since teartain that you persist in believing that
once the gravity i\ is increased by the addition Bf its velocity should also increase, if not
proportionally to the weighipesq as you required up to now with Aristotle, thereatst in
some way; how much would it not surprise you ifduldd show you that the addition Bf

does not increase the gravityAfvith one hair, nor would the addition of a thous&'sl
increase it, and that given that is doesn’t grow@ight jpesd, by consequence its speed
doesn’t grow either, thus making you touch with yown hand how you are totally misled in
this matter! So you will say: how could it be trihat, A andB being two pieces of lead, the
one put on top of the other, it will not increategravity? And | would add that everBifwas
made of cork the weighpgsg will increase, and | agree with you in admittithagit A, placed
on a scale, will weighgeserd more with the addition dB, even if it was not of cork, but a
flake of cotton wool or one leaf of flax; andAfwould weigh pesasska hundred pounds, and
B an ounce of plumes, on the scale their compouridweibh [peserd a hundred pounds and
one ounce. Yet to take advantage of this experisneference to what we are concerned
with is a useless and irrelevant matter. But atraty, mister Rocco, if you put the palm of
one hand under a cannonball weighing a hundredd00 libbre di pesph which is
suspended and supported by a rope, and you wolydarch it, tell me whether you would
feel weighed downdggravarvi? | know that you will answer no, for its weiglptesq is
supported by a rope, and its descending is enfimglyented. When the rope is cut, and you
would interdict this effect by the strength of y@rm, you would indeed feel a burden
[gravarvi] on your hand, which [hand] should do the jobha tope by prohibiting to the ball
its natural descent. But when you would not opgbseeball which has been let free, but you
would give in to its impetus by lowering the hanidhvwhe same speed at which the ball would
descend, tell me anew if you, apart from touchtngould feel yourself weighed down by its

weight [dal suo peso gravarjA It is absolutely necessary to reply that thisasthe case,
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because you don’t offer any resistance to the prg$sremurd of that weight pesqg.
Conclude now from this clear and brief reasonimg;esit is not possible to define being
weighed downdggravatq if not as that opposition to a weighing body tlsatlescending, that
by the addition and superimposition of the aboveinaed bricks the one to the other, which
even you will allow to be descending with equaloeity because they are the same, the

gravity of the one is not increased by the oth@nd, also the velocity is not increasgd.

“Yet to take advantage of this experience in refeeeto what we are concerned with is a useless and
irrelevant matter.”In this one sentence is contained the resolutidgheoconundrum. In one master
stroke Galileo restructures the whole of his natpindlosophy. To put it in a nutshelly asking Rocco
to imagine using a falling balance, he shows itgpplicability as a model for a very central clads o
natural phenomend he balance hence loses the centrality which itdladys had within his
philosophy. He now urges us that if we want to usi@dad the dynamics of falling bodies, we should
not be misled by what happens on a balance!

The way Galileo establishes this limitation of liedel of intelligibility merits closer
attention. The most important step in his atteriptsonvince Rocco (and himself, | would suggest)
occurs when he substitutes the hand and arm fgertheously assumed balance. This substitution
enables him to physically grasp the absence abmegaction pairs in the case of the falling bodg a
the hand moving down with the same speeds. Inda&alybody can feel this for himself — even the
illustrious signor Rocco could do so. We are hemiteessing the introduction of a new set of shared
experiences, possibly allowing for a better un@erding of the phenomenon of free fall. Experience,
which as Galileo himself adds, need not be confindtie sense of sight, but which the senses of
hearing and touch can also perfectly h&vEellingly, we still find Galileo exploiting the pisical
concreteness and manipulability of his old modeht#lligibility (features singled out by Machamer
as essential to its functioning), even in overcapnita own limitations. The hand and arm are
moreover easily assimilated to a second body fabilong with the first body. And in the absence of
any interaction, it then makes no sense to speaittdahe falling bodies weighing more or less. This
latter conclusion is of course justified throughk tiaim that “it is not possible to define beingigied
down if not as that opposition to a weighing boldgttis descending.” At first sight it might seematth
Galileo is reversing to some kind of subjectiveimmbf weight by placing this stipulation at the
centre of his explanatiori8Yet on this interpretation we would lose sighttté essentially interactive
aspect of the action of the force of weight whiehidlaying bare here. His terminology makes clear

that he is interested in the two sides of thisraatgon: there is no “pesare” of the body withd t

® Opere VI, pp. 732-733.
"Opere VI, p. 724.
"8 palmieri 2005b, p. 232, n. 26, speaks of a “psyopical’ definition of weight”.
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experience of being burdened (“aggravato”), whickurn finds its origin in the counter-force we bav
to keep on exerting on the body. Galileo is herde # extract something fundamental about the
property of weight from our way of experiencingatbody’s gravity gives rise to “peso” only if it is
opposed by a continually (re)acting resisting force

Already inDe moty Galileo had given the following definition:

We are said to be weighed dovgrdvari] only when some weighppndu$ rests on us which
by its heavinesgyravitatd tends downward, while we must by our forgd fesist its further

downward movement; and it is that resistance whiettall being weighed dowigfavari].”

It is important to ask why this definition had radteady in this early work led up to the conclusion
which are now shown to follow from it. In the figgtace it is important to note that Galileo had
introduced this definition of being weighed dowrDia motuto back up his claim that elements have
no weight in their own place. Now, since such elet®migimply do not tend downward anymore when
they are in their natural place, this situationagsiderably more straightforward than when one is
dealing with falling bodies. These do have a teogdar downward motion, and the balance hence
seemed eminently applicable. The balance itselema@r serves to hide the necessary action-reaction
pairs in the measurement of weight. After all, seemingly crucial elements for such measurements
are the weight and counterweight and their respeclistances from the fulcrum. The physical role of
the fulcrum itself is often passed over in sileraithough it is precisely the fixed nature of thedr
which enables the measurement. The counterweigholy resist the downward motion of the
weight because the fulcrum introduces a reactiorefon the combined action of both weights into
the system. (If the bodies weren’t continually weigy down on the fixed point this reaction force
would not arise, and the system would simply fallvd.) Yet, the confusion easily arises that itis t
counterweight which plays the resistive role of gineen definition, which would make the non-sense
of using a falling balance less obvious. In thispext it is suggestive to note, as has been done by
Paolo Palmieri, that iDe motuGalileo had presented the two equal bricks asmépfidjacent to each
other, while in thepostilshe is considering bricks which are put upon eahkr8® This seems to be
exactly what is needed to bring the interactiverati@r of weighing down to the fore, whereas the

former presentation was still very much tied toithage of a balanc®.

" Opere,l, p. 288. (Transl. from Galilei 1960, p. 54.)

8 palmieri 2005b, p. 232.

81 Guided by this image it might even have appeassiithe two falling bodies were keeping each other
equilibrium, hence mutually weighing down on eatieo — this is the kind of image which Galileo will
repudiate in the fragment on the law of the lewgfierred to in the next paragraph. This is moreqvecisely the
image which clearly guided Bennedetti in presenkiizgversion of the thought experiment, since tggests

that four equal bodies fall down with the same dpethe body that is composed by their conjundiEcause
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That Galileo brought precisely these features édfticus of his attention after having
rethought his thought experiment is testified iadogue fragment which was probably intended for
inclusion in either the first or the second editafrtheDiscorsi, but which remained in manuscript
form.® In this fragment, Galileo expresses doubts abimitbnclusiveness of the pseudo-Aristotelian
proof method for the law of the lever (he had alsvaignificantly refrained from granting it the stat
of a demonstration in his writings). Instead hesdfa more satisfactory proof; a proof which howeve
is not the Archimedean proof that was given by alboth in hisdMecanicheand in the second day
of theDiscorsi(presumably because Galileo sought a more ph{ssigapealing proof). If one puts
two weights on a balance, and then let it go freielyill fall perpendicularly along the line coneteng
the common centre of gravity of the two weightshwitie centre of heavy things. But if we fix the
balance in this common centre of gravity, theré gl no motion and the balance will be in
equilibrium (and if this fulcrum does not coincidéth the centre of gravity, the arms of the balance
will respectively move up and down). Now, this pgra@s not original with Galileo, as it faithfully
recapitulates the teachings of Guidobaldo del M@nithout mentioning the latteff.However, the
fact that we find Galileo reversing to exactly tkisd of explanation is significant. In tlizalogue
concerning the two chief world systeaisl633, he had still presented the pseudo-Aesitnt proof
method without any sign of dissatisfaction (buthattie usual caution in not calling it a demonsbrati
but referring to its confirmation by many experirteefcon molte esperien?e®* But now, after
having rethought his thought experiment, he apprenmes to prefer an explanation which
explicitly singles out the necessity of a fixedciwim. To put it a little bit more suggestive: haan
method of proof is designed to show that a fallia¢pnce is no longer an instrument for the
measurement of weight.

That it is furthermore precisely the interactiveext which is still missing at the time be
motuis proved by a passage in which Galileo seemstrecclose to the insights which he reached
only here in theostils In offering an explanation of the accidental éedion of free fall, he had
already stressed the fact that when a “stonerisshain someone’s hand, we must not say that in tha
case the holder of the stone is impressing no fopom it. Indeed, since the stone presses downward
with its own weight, it must be impelled upwardthg hand with a force exactly equal, neither larger

nor smaller.® Yet when the stone is let go, the force of thedh@mains for some time with it,

the separated bodies will together be ablequilibratethe body composed of thediring their falt cf. his
Resolutio..from 1553 (translated in Drake and Drabkin 1968, especially pp. 150-151).

8 Opere VIII, pp. 438-440.

8 Cf. Van Dyck 200+ for Guidobaldo’s mechanics; MitiH 995, p. 150-151, points out the similarityvoe¢n
Guidobaldo’s and Galileo’s treatments, yet in ghtliy different context. Drake and Drabkin 1969eoff
translations of large parts of Guidobaldbiber mechanicorum.

8 Opere VII, pp. 241-242

8 Opere 1, 320. (Transl. from Galilei 1960, p. 91.)
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although continually diminishing in strength. A f@ages earlier, Galileo had moreover already
explained how we should conceptualize such impcegsee. The body in which it is impressed
retains its natural and intrinsic weight, but is@sies a preternatural lightness “in the same way as
when it is placed in media heavier than itséifNow, the first book already made abundantly clear
how we should model this effect of a medium. Theaidf impressed lightness thus actually becomes
an attempt to have the balance model transfémtedhe body. To put the situation graphically:
Galileo imagines the body during its fall as iisittontinually in a balance with as counterweidat t
impressed force which is gradually diminishing, siag the body to become heavier in fall and
speeding up. He had not yet freed himself fromfaéiang balance; and the resisting force was indeed
assimilated to a counterweight.

As a result of his deconstruction of the balancel@h@as applicable to falling bodies), Galileo
can now uphold seemingly conflicting theses. Weiglindeed a force, and if a body has more matter
(and hence more gravity), it exerts a greater ftitaé can be measured using a balance. Exerting mor
force does moreover result in an increase of spked yet, speed of free fall can be independent of
gravity, the reason being that falling bodies domexessarily weigh down more by the addition of
more matter — or to say the same thing, that thtimedded matter exerts an extra force on the body
which would cause it to speed up.

Galileo surely also had felt the uneasiness thabra@ must feel who is first confronted with
this insight. After all, as was already repeatedymed in his earlier writingsveight as measured by
a balance is caused by the body’s gravity, whichtisndency to move naturally downward. In his
postils to Rocc@salileo stresses that this still holds tfheut he also warns Rocco that it does not
necessarily follow that this greater tendency caasgreater speed, only that the body “has to tend
more downwards® It is true that Galileo does not give an expléiplanation of how wehould
understand the precise link between this tendendytlze resulting speed, but we will see in Sections
7 and 8 that there are some clear hints in histi#ét@ughts on natural motion — starting from the
insights contained in thep®astils and reflecting the lasting influence of the thiougxperiment in his
thinking.

One other thing of importance that is presentatiépostilsis the extrapolation argument
establishing that in a void all bodies, regardiesheir material, will have the same speeds df Y&k
saw that Galileo had already experimentally esthblil this fact in the period 1612-1615, but itrig/o
at this point that it becomes integrated in a beoahtural philosophical scheme. This incorporatson

of course highly significant. It is only at thisipbthat the seemingly paradoxical fact can start t

% Opere|, pp. 311-312. (Transl. from Galilei 1960, p. 81.)
8" Opere VI, pp. 722, 725.
8 Opere VI, p. 722.
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become intelligible. As we saw, the instrument varedlowed Galileo to make this situation

intelligible was the thought experiment.

7. Discorsi: Presenting the thought experiment

Almost immediately after his fateful encounter witle Roman inquisition that followed upon
the publication of th®ialogug Galileo began preparing a work in which he wduidlly expound
his theory of motion. The work, which would go t@gs in 1638 as tHeiscourses and mathematical
demonstrations concerning two new sciences pergitd mechanics and local motiomgs
essentially a continuation of many earlier resessan both natural motion and the strength of
materials.

As we saw, at the time of composing iscorsi, Galileo also wrote down hjgostils to
Roccg so it is not surprising to find much of its camtereappearing in the bo8kHowever, there are
also some minor, but relevant changes in the ptasen. In the first part of this section, | wileb
mainly interested in laying bare the argumentasivategy used by Galileo in the part of the filgy d
of theDiscorsiwhere he presents the thought experiment. Ingékeparts, | will take up in turn

Galileo’s treatment of the effect of a medium, ahthe accelerated character of free fall.

a. From the model to the world

The first of the four days of tHeiscorsiis a collection of discussions on miscellaneopict
These discussions take place between three &epliciq standing in for the Aristotelian
philosopherSagredothe intelligent and open minded lay-man (ofteggasting theses that Galileo
had defended earlier, but had by now discarded)Satviati the spokesman of Galileo. Their
discussions introduce many of the themes to béstlga the next days and, most importantly, lay
some of the necessary groundwork — with respeittegaynamics of free fall, the paradoxes involving
infinities, and the nature of matt®rAmong these are the passages that introduce dlglth
experiment and the extrapolation argument.

In arguing that in a void the speed of fall is ddoaall bodies, Galileo prepares the ground
for his science of local motion, which he will pees in the third and the fourth days of the bodkisT

independence from the kind of matter guaranteesiheersality of that science, and delimits itstru

8 It is interesting to note that also many of thegaaes on infinity in the first day of tBéscorsiwere already
contained in thespostils which hence provide a fairly extensive sketckthefdiscussions in this first day.

% That the first day provides some of the necessamyrgiwork with respect to the treatment of freifathe
third and fourth day has been forcefully stresse€lavelin 1968; for the paradoxes involving infies, see e.g.
Galluzzi 1978; and for the link with the second dayugh its treatment of matter, see Biener 2004.
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domain of application: the void. Galileo also giasintriguing argument to show that this science
will still be valid for actually occurring instansef motion, i.e. motion in a mediuth.

The context within the first day in which thessalissions arise is worth mentioning. In
discussing the constitution of all matter, Salv&tone point invokes the possible existence ads0i
From here on the discussion is diverted to a d&onon Aristotle’s proof of the impossibility of
void, which turns around the presumed impossibditynotion in a void. This allows Galileo to have
Salviati expose the errors in Aristotle’s philosgi local motion. As an alternative, Galileo’s own
philosophical scheme will be proposed, which ndy @tlows for motion in a void, but which even
makes this the central case to be consideredhk this not unimportant not to forget this occamsan
which Galileo introduces his discussions of Ariltgtand his own schemes. This restricts Galileo in
that he cannot start his arguments by considenaegase of fall in a void, since he first has tdkena
plausible that such a case is not unthinkable.

Galileo’s refutation of Aristotle’s teachings areé fall follows almost exactly the more than
forty years old lead dbe motu He first attacks the idea that the speed ofigghroportional to the
weight of the bodies by stating that such propasility is simply ridiculous, since empirically wiid
implausible. Thereupon follows the thought experitnexplicitly restricted to bodies of the same
specific gravity. After a few preliminary remarks the effect of impediments (which are much more
extensively discussed further on in the discussiotise first day — see section 7.b of the present
paper), responsible for the observed differencepaeds, Galileo then introduces his arguments
against the second Aristotelian claim: that spdddlbis inversely proportional with the resistanof
the medium, and hence that the absence of altaasis would imply an instantaneous, and thus
unthinkable motion. These arguments are modellathagn somée motuarguments, but this time
Galileo does not explicitly state and defend themdmedean scheme which lay behind them. As a
result his argument for the possibility of motiona void is less perspicuous as it was in theegarli
unpublished treatise. It seems that he was muclke m@rested in immediately introducing the
following step in his line of arguments: the exwkgtion argument for the equality of speeds of fial
all kinds of bodies in a void. Once this is establish@alileo then goes on to show how to understand
the proportionally different behaviour of bodiesdifferent material when falling in a medium.

The presentation of the thought experiment itsaetfearly modelled on the earlier
recapitulation in th@ostils to Roccdlt is however no longer preceded by the limiteguanent for
two equal bodies. Apparently, Galileo nhow had bee@m confident in his understanding that he no
longer thought that he needed this preliminaryasgitun, which had served him so well to unravel the
conundrum. The argument itself is also presentedtighter form, apparently the result of a congsio
rewriting, but the crucial premise on the medidyivif natural speeds is again introduced on thesbas

of exactly the same explicitly dynamical considienag.

°1| have analysed some aspects of this argumenttaeegy and its implications in Van Dyck 2005.
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After the presentation of the reductio argumenrbfes a discussion between Simplicio and
Salviati, which Galileo uses to convey the sameiatunessage as in his earlier reprimand against
Rocco. The presentation is again much more streathlithereby loosing some of its earlier

forcefulness, but there is an interesting novetiuier which | have emphasized in the text:

SIMP. | find myself in a tangle, because it stppaars to me that the smaller stone added to
the larger adds weighpgsg to it; and by adding weight, | don’t see whylitosild not add
speed to it, or at least not diminish its speeid in

SALV. Here you commit another error, Simplicio, base it is not true that the smaller stone
adds weightpesq to the larger.

SIMP. Well, that indeed is quite beyond my compredien.

SALV. It will not be beyond it a bit, when | haveante you see the equivocation in which you
are flounderingNote that one must distinguish heavy bodggayi] put in motion from the
same bodies in a state of reAtlarge stone placed in a balance acquires wémggqg with

the placement on it of another stone, and not tirdy;, but even the addition of a coil of hemp
will make it weigh pesai more by the six or seven ounces that the hempghgdpeserd. But

if you let the stone fall freely from a height witie hemp tied to it, do you believe that in this
motion the hemp would weigh ogrpviti soprd the stone, and thus necessarily speed up its
motion? Or do you believe it would retard this lartly sustaining the stone?

We feel weight $entiamo gravitardgion our shoulders when we try to oppose the mdtiai
the burdening weighpesd would make; but if we descended with the samedpeéth which
such a heavy body would naturally fall, how woutiiyhave it press and weigh on gsditi
soprd? Do you not see that this would be like tryindance someone who was running
ahead with as much speed as that of his pursuerpe? Infer, then, that in free and natural
fall the smaller stone does not weigh upoar] gravita soprathe larger, and hence does not

increase the weighpgsg as it does at rest.

First notice the complete reversal with respecthéoearlier presentation of the thought experinent
De motu There the reductio argument was immediately ¥odld by the (rhetorical) question: why
would the bodies change speed on being tied togethere we are confronted with the opposite
question: why wouldn’t they? But most importantlye question is now followed up with an answer.
It seems that it is only now, when he is in theifpms to dismantle the paradox, that Galileo ddees
bring it into the open. Now he can play his favigrgumentative game of first completely

destabilizing his opponents’ prior convictions bgkimg them admit what they seemingly have to

%2 Opere VIII, p. 108. (Transl. from Galilei 1974, pp. B.)
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deny, followed upon by the presentation of his @ltarnative view which enables him to restore
coherence in at least the reader’s mind (if noojy@onent’s).

The innovation with respect to the treatment indbstils to Roccas subtle but of the utmost
importance’® Whereas in the earlier exposition, Galileo meméymed that the balance could not be
used to measure the weight of falling bodies, hg se@es a distinctiowithin these bodies themselves.
That is, he explicitly moves from a limitation imet model to an essential difference in the target
systemWewould say: either a body’s weight is used in agedieg it, or in pressing down on the
balance which resists its motion, but it cannobdth things simultaneously. We will see in the next
part of this section how we can impute to Galilemsthing rather similar on the basis of his treame
of fall in a dense medium.

At this point, we thus witness how a peculiar featof a model of intelligibility (its
inapplicability) is transferred to the world. THeature can now become one of the immediate
characteristics that the things in the world “shtbemselves;” i.e. it provides new bedrock for
judgements of intelligibility. Of course, one fitlsas to be taught to see (or feel) this fact —gho
thinking through the thought experiment — but oage has learned to notice it, it becomes one of
these incontestable experiences that can backplaretions of more complicated phenomena. This is
of course not to deny that learning how to exglui fact in explaining further phenomena takesta |
of hard work, which it finally would take someonktioe stature of Newton to fully accomplish. Yet,
we will see in section 8 how Galileo himself alrgadade some preliminary but promising attempts in

this direction.

b. Understanding the effect of a dense medium

After having presented the thought experiment asdlaim that in a voi@ll bodies would
fall with the same speeds, Galileo goes on to éxplaay we do not observe this equality in dense
media. The explanatory scheme is immediately reicapie: the primary effect of a medium is to

subtract from the weight of an immersed body, felfg Archimedean hydrostatié$The re-

% Another innovation introduced in tiscorsiis the example of the lance, which seems to opeBalileo’s
insight in action-reaction to a more general treattof impact. Interestingly enough, Galileo indésdes up
the very same example later in the fourth day wieediscusses the differences in impact of progstil
depending on the state and characteristics (elastinelastic) of the thing struck. At the sanmegj this
treatment clearly shows the limitations of Galieahderstanding of the generality of action-react#s in this
context he remains almost completely (but only a@ailent on the effect that he impact has onntiegion of
the projectile itself. Qpere VIII, p. 291.)

% Galileo nowhere explicitly differentiates betwemmyancy and a medium’s frictional effect. Nevelehs,
Clavelin 1968, pp. 331-353 (especially pp. 342-343y claimed that it is possible to discern a caite

distinction between these effects in Galileo’stiment of them. In the present paper, | will notttydecide the
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emergence of this framework within tBbéscorsiraises some problems for Galileo, which he nowhere
explicitly tackles, but which he tries to circumvém his presentation.

The guiding idea behind Galileo’s explanationimge. Assuming the empirically suggested
equality of speeds in a void, the alleviation effgfca medium serves as a measure for the way in
which this speed is affected by the medium. Thg amlovation with respect tbe motuthus seems
to be the assumption of equal speeds in a voidanitmoreover be noticed that alreadpamotu
Galileo had stressed that only in a void we ardinfgavith the truly natural motioft But why would
the ratio between a body’s weight and an equalmelof the medium’s weight serve as a measure for
the way the body’s speed is affected, if this sgeewbt caused by the body’s weight in the firstgel?
How can Galileo justify this reappearance of weight dynamic factor after having discarded its
role? TheDe motuexplanation of the effect of a medium sits uncorafiole within theDiscorsi®®

It is very improbable that Galileo would not hawaticed the tension within his discussions in
the first day. That he nevertheless extensivelgudises this analysis of the medium’s effect testifo
the fact that he must have been satisfied witaripirical plausibility. In introducing this analgde

moreover briefly touches on this problematic issue:

If we then assume the principle that in a mediumesistance exists at all to speed of motion,
whether because it is a void or for any other reaso that the speeds of all moveables would
be equal, we can very consistently assign thegatiepeeds of like and unlike moveables, in
the same and in different filled (and thereforestest) mediums. This we shall do by
considering the extent to which the heavingsayitd] of the medium detracts from the
heavinessdravitd) of the moveable, whicheaviness is the instrument by which the moveable
makes its waydriving aside the parts of the mediuNuo such action occuis the void, and

therefore no difference in speed is derived froffedént heaviness.

The description is suggestive, but a little tooptiyto impute to Galileo a definite solution teeth

tension. Yet, if we remember how he made intellgibe non-operativeness of absolute weight in

hard question whether this is truly possible arstified. | will rather take a necessary first stewards a
satisfactory answer: to ascertain the differertustéwith respect to the earliBe motutreatment) that attaches
to the buoyancy effect after Galileo reached his naderstanding of weight as a dynamic factor tghou
rethinking the thought experiment.

% “W]e may assert beyond any doubt that only invthigl can the true and natural ratios of velocitiesur.”
Opere |, p. 296. (Transl. from Galilei 1960, p. 6.)

% The tension was already eloquently summarized s®@rhuis 1922, p. 233 (my translation): “by sabting
the upward pressure, the effect of the medium kas kaken into account; it is now as if we werdragea
void, but with a lighter body. But this is supposedall as fast as the heavier...”

" Opere VIII, p. 119. (Transl. from Galilei 1974, p. 78ly emphasis added.)
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free fall, we can see how this is already consimgihis attempts at such a solution. It is entirely
coherent to assume that weight again becomes oeedtthe moment that a body encounters a
medium in its fall, since the parts of the medium @ rest and hence truly resistivehere is
something for the body at which it can weigh ddfvn

The remaining puzzle resides in the fact thatshisuld have an effect at the body’s speed.
This does suggest that whatever it is that is dgjper&n giving a body its downward motion, it is
somehow intimately related to weight without beidgntical with it. Either it is giving a body its
downward motion (and in such a way that all bodéeive the same speeds), or it is giving it weight
by which it can push aside the parts of the mediarthe latter case, the fact that it gives theybod

weight also implies that it gives the body lesg#®tiownward motion.

The medium ... opposes that transverse motion notwv ledts, and now with greater
resistance, according as it must be slowly or $nifpened to give passage to the moveable
... . This means some retardation and diminuatiadhenacquisition of new degrees of

speed...%

Apparently, a body can also be at rest and in maiahe same time. The distinction between moving
bodies and bodies at rest is only an absolutendigtin when we neglect the presence of a resisting

medium. But this latter conclusion remains unsaitheDiscorsi

c. Understanding the accelerated character of fedke

One striking fact about Galileo’s presentationhia first day remains to be mentioned: the
almost casual treatment of the accelerated charaictese fall. It is true that when treating the
frictional effect of a medium he cleverly explditgs acceleration, but the overall impression is
undeniably that Galileo seems more concerned aheuact that in a void all bodies have the same
speeds, i.e. that there is no direct correlatiawéen (specific) weight and natural motion, tharishe
about the accelerated character of that motion.

It is important to remind ourselves of the facttthiam the beginning Galileo was presented
with different challenges in his attempts at depi#lg a new science of motion. In discussibeg motu

in Section 3, we limited our attention to the fiostok in which Galileo tried to conceptualize to&er

% Damerowet al. 2004, pp. 269-70, claim that Galileo simply takesr the oldeDe motutheory with the
addition of the proposition that in a vacuum altiies fall with the same speed — implying that hisainical
thinking has remained basically unchanged in batvilkee two treatises. It is clear that | cannot pteech a
conclusion.

% Opere VIII, p. 119. (Transl. from Galilei 1974, p. 78.)
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of gravity in free fall. The most important problémwhich the second book was devoted, was
explaining the apparently accelerated charactéeeffall. The fact of acceleration clearly creates
important tensions within Galileo’s hydrostatic regdvhich seems to have only room for uniform
motions. The specifics of his ingenious solutio&motuneed not concern us here. It is only
important to realize that the tension is createthieydictum that causes and effects must be
proportional. That a body’s speed changes duritigralmotion whereas its weight remains constant
hence further complicated Galileo’s attempt at ust@deding weight as a dynamic factor; i.e. it is
another fact that sits very uneasily with his aradimodel of intelligibility.

Of course, by the time of tHgiscorsi, Galileo had abandoned his hydrostatic model e fr
fall, and he was strongly convinced of the fact tieleration was an essential characteristic of
natural motion. This conviction seems to have baainly the result of the discovery that he could
give an exact mathematical description of this kration, coupled with the internal problems which
anyway had already threatened his original naphlébdsophical scheme. Winifred Wisan and Paolo
Galluzzi have shown how Galileo at first tried toree to grips with this acceleration through the
exploitation of his understanding of motion on adlined plané® Such an attempt had appeared
destined to fail however, because it seemed tltatuild not accommodate the fact that this
acceleration should be independent of weight. Bytitne of theDiscorsihe had not come up with a
satisfactory understanding of acceleration, aisééims to be accepted there without further ado as a

basis fact of nature:

A heavy body has from nature an intrinsic principlenoving toward the common center of
heavy objects (that is, of our terrestrial glob&hva continually accelerated movement, and
always equally accelerated, so that in equal titthese are added equal new momenta and

degrees of spe€ed!

In the introductory discussions of the third daglil@o moreover has Salviati famously declare that
“for the present, it suffices our Author that wedenstand him to want us to investigate and
demonstrate some attributes of a motion so acdtete(whatever be the cause of its
acceleration)...®? That Galileo truly saw this only valid “for thegsent,” and always remained
concerned about providing causal analyses of rigthemomena — albeit possibly changing the
criteria about what counts as a successful anabyses by now been sufficiently argued by many

writers. | will hence not repeat these arguments & This is further corroborated by the fragments

10 \Wisan 1974, pp. 222-229; Galluzzi 1978, especizhigpter 4 of the second part.
191 Operg VI, p. 118. (Transl. from Galilei 1974, p. 77.)

192 Opere VIII, p. 202. (Transl. from Galilei 1974, p. 159.

103 Cf. e.g. Machamer 1978 and Wallace 1983.
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to be discussed in the next section that posttat®iscorsiand where Galileo explicitly engages in
such causal analysis. And it is also proven byfdlethat Galileo tried to indicate that his consta

acceleration need not be in contradiction withgheportionality between cause and effect.

When | consider that a stone, which falls from sdmight starting from rest, constantly
acquires new increments of velocity, why shouldt Ioelieve that these additions are made in
the simplest and easiest manner of all? The mogeahiains the same, as does the principle
of motion. Why should the other factors not remeguially constant? You will say: the
velocity then remains the same. Not at all! Thed@astablish that the velocity is not constant,
and that the motion is not uniform.is necessary then to place the identdyif you prefer

the uniformity and simplicity, not in the velocibutin the increments of the velogithat is,

in the acceleratiot*

The constant effect shows in the accelerationimtite velocity of natural motion. The constantsau
somehow lies in the falling body and is connectéti the effect as a “principle of motion”. That the
cause lies in the falling body irrevocably bringattind the body’s matter — certainly if we takeoint
account Galileo’s scorn for explanations througbctdt” properties. And at the beginning lad
mecanichealileo had already defined a body’s weight tahaesed by its mattéf> Again, there
seems to be “something” about the body that is begponsible for its natural motion downward and
for its weight — but as the thought experimentimasow taught, without being simply identifiable
with the latter.

Both the accelerated character of free fall andritexaction with a dense medium inevitably
bring a question to the fore that was left unansdday the thought experiment: granted that it is
intelligible that natural motion is not determinegweight, it is only natural to further inquiretdn
what it is thatdoesdetermine its character. At first sight the thougkperiment could not offer any
further help on this score. It had anyway alwaysnbgresented without taking into account
acceleration. Yet in the next section we will sea/fit played a role in Galileo’s final efforts, which
he came close to a satisfactory understandingeoplienomenon of free fall. At this point, the thiolug
experiment has hence taken over the role of thenbalas a model of intelligibility directing Gabile
dynamical thinking, by drawing particular facts abthe relation between weight, free fall, and

equilibrium to his attention.

1% Opere,ll, p. 262. (Transl. from Westfall 1971, p. 5. Myghasis.) This is a passage from a first drafhef t
third day of theDiscorsi which is commonly dated around 1609.
195 Opere |1, p. 159. (Also cited in section 5a of the mespaper.)
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8. Intorno a due nuove scienze: Unifying “statics” and “dynamics”

At the closing sections of tHaiscorsi, Galileo repeats a promise which he had already
expressed earlier in the fourth day: that he vidbaliscuss the phenomenon of percussion, by waich
moving weight exerts a much greater power on asigtance than does a body which is merely
weighing dowr”® On this topic, Galileo admits, through the intediaey voice of Salviati, to have
“long remained in ... shadows”, and only “after he& ls@ent thousands of hours during his life in
theorizing and philosophizing about this, he hatvad at some ideas very distant from our first
conceptions™®’ Galileo however never was able to complete thgepted fifth day of théiscorsiin
which he would live up to that promise, but amorgrhanuscripts are contained a dialogue which
was intended to that end as well as some furthiessran the topit®®

That these attempts to come to grips with the pireamon of percussion in part postdate the
publication of theDiscorsiimplies that Galileo could tackle the problem sitay from the dynamical
insights which he had already reached withingbstils to Roccand the first day of thBiscorsi As
we will see, by bringing together the problemstedan these works with the problem of percussion,
he was able to come very close to a more or lésgagaory solution to the remaining puzzles within
his understanding of free fall. These leads wottler&ards be further taken up by Evangelista
Torricelli, who had assisted Galileo in the finabmths of his life. In the first two subsectionsyill
first offer a summary of an important conclusioattbalileo reaches in his notes on percussion, and
then provide a new interpretation of how this cas@n became integrated in Galileo’s attempts at
developing a satisfactory dynamics for free fadlthe third subsection, | will finally show how wan

see the thought experiment still driving these atigations.

a. Measuring the force of percussion

The first traces of Galileo’s involvement with theblem of percussion date from the time of
Le mecaniché®® When he comes back to the problem at the endsdiféj he still tries to subsume it
under his analysis of the mechanical machinesgbutas announced in the fourth day the results
reached thus are considerably distant from theseditempts). This implies that he tries to unerd

the mechanism by which the force of the weighteftbody is multiplied so that it can give rise to

1% Opere VIII, pp. 292-293, 312-313.

197 Opere VIII, p. 293. (Transl. from Galilei 1974, p. 232.

198 See Drake 1978 (chapters 20, 21) for the histociceumstances surrounding both the announcenreht a
non-delivery of the fifth day.

199 Galileo’s theory of percussion has not receivedhmattention in the literature. Yet both Westf&ir1
(chapter 1) and Galluzzi 1979 (chapter 7 of th@sdgart) contain very useful and insightful distass, as do
Moscovici 1967 and de Gandt 1987 who both alsoudisd orricelli’s exposition of this theory.
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potentially useful effects by means of the conadftnechanicaljnomentit can be remembered from
Section 5 that a body’s moment expresses its tayden downward motion, and that it arises from its
heaviness combined with either its relative posifi@ith respect to the fulcrum of a lever), or wiith
velocity.It is clear that in the case of percussion velogiily be the relevant parameter.

The main part of the dialogue on percussion ctssighe exposition of several possible ways
of measuring the moment of percussion of a falbingy.The recurring theme during these
discussions is thiafinity of this moment. One proposal is to take as meaherstatic weight that
drives a pole as far in the ground as does the bfapercussant body. Galileo explicitly uses the
term “dead weight” for this measuring body whiclemgies through its heaviness alone. The problem
with this proposal is that the measure is depenadetihe resistance of the pole — the more resifttant
is, the proportionally heavier the dead weight nlagsto have the same effect as the falling body, Ye
although this procedure is not appropriate as fotmimeasure of the moment of percussion, it
already teaches Galileo something important. lb@dythas fallen on the pole and driven it a certain
distance in the ground, and if we then let it fghin on the pole, its second blow will drive ill st
further in the ground (although a smaller distantle same is obviously not true of the dead weight
it operates by pressing, which effect can not lmeiaeilated once the pole has been driven a certain
distance. No matter how long it will lie on toptbE pole, its effect is already completely exhadiste
This implies that the effects of percussion and dead weight are truly incomparable. Any resistanc
which is not infinite will always give way to a moof a percussant body, which thus can be said to
have an infinite moment.

Another proposal to measure the moment of perenssito use a system consisting of two
weights connected by a rope over a pulley, one lwéying on an inclined plane, the other hanging
freely along the vertical side of the plane. Byihef the free body fall over a certain distanceluint
pulls the other body through the rope, the moméits @ercussion can be measured by determining
the distance over which the resisting weight is etbon the inclined plane. The necessary conclusion
is again that any weight will be lifted by a faljibody, since the counterweight is initially attresd
thus has a moment which is zero compared to thiweomoving body.

Both instances make clear that the infinity of tl@ment of percussion is actually the result of
the incommensurability of the effect of a fallingdy with the effect of a dead weight. This
incommensurability can be understood by considetiegole played by time. As was already clear
from the case with the dead weight pressing ompthe, the effect of its moment is exhausted in a
single instant. The same is obviously not trueheffalling body, which can accumulate its moments

of gravity before actually hitting the pa!®.In one of the fragments attached to the dialogeefind

119 The possibility of such accumulation is a belatedsequence of Galileo’s initial choice to concelitea
moment as theombinationof the effects of weight and speed; i.e., momenbismerely a restriction that is

placed on the effect of a constrained weight batething that adds to its effect. The former possjbdould
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the following summary of the situation by Galiledhere he discusses the differences between a body

that presses against another and a body thatsttike

...the one that moves [a thing] by pressing withatikieg, and the other that acts by striking.
The mover that operates without impact moves ombsestance which is less, though [it may
be] only insensibly [less], than the poweirfu] of the pressing heaviness; but that will move
it through an infinite distance, accompanying ways with its same force. That which moves
by striking moves any resistance, thought [this in@yimmense; but [moves it only] through
a limited distance.

Hence | consider these two propositions true: tthajpercussent moves an infinite resistance
through a finite and limited interval, while theegsing [force] moves a finite and limited
resistance through an infinite interval; henceh percussent, the interval is proportionable,
and not the resistance, while to the pressing ¢fiottte resistance, and not the interval [is
proportionable]. These things make me doubt whellagrredo’s question has an answer, as
one that seeks to equate things that are incommasisufor such | believe are the actions of
percussion and of pressifig.(EN VIII, 343)

Hence, time is a potential measure for the momepércussion, but (static) weight is not, whereas

weight is a measure for the moment exercised byitgralone, but time is not.

b. Moment of gravity and acceleration

The intimate relationship between moment of paicusand time is a conclusion of
potentially great momenit? Galileo in his definition of naturally acceleratetion had already
proclaimed that since “the closest affinity holddvileen time and motion,” the uniformity of
acceleration had to be understood as the factithahy equal times, equal additions of swiftness a
added on.*2Obviously, Galileo also reflected on the relatiuipsbetween his analysis of the moment
of percussion and his earlier work on naturallyede@ted motion. In another note appended to the

dialogue on percussion, we find the following pagssa

also have sufficed to make sense of the pseuddefelmn “proof”’ of the law of the lever as givamlie
mechanichgbut it would have excluded the possibility oflurding percussion as a mechanical effect.

1 operg VI, p. 343. (Transl. from Galilei 1974, pp. 33®4.)

112 hespite my different conclusion, for the followihgm much indebted to the discussions in Gallagzi9.
113 Opere,VIII, pp. 197-198. (Transl. from Galilei 1974, p54.)
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The moment of a body in the act of percussion thing but a composite and aggregate of
infinitely many momenta, each of them equal onla t&ingle moment, either internal and
naturalper se as is that moment of its own absolute weigiayita assolutawhich it

eternally exercises when placed on any resistadhy,bmr else extrinsic and violent, as is that
moment of the moving power. Such momenta go accaiingl during the time of [naturally
accelerated] motion of the heavy body from instaribstant with equal increments, and are
stored therein, in exactly the way that the spdexdfalling body goes increasing; for as in the
infinitely many instants of a time, however sharhieavy body goes ever passing through new
and equal degrees of speed, always retaining tapdgred in the previously elapsed time, so
also in the moveable those momenta (either natunablent, conferred on it by nature or by

art) go conserving themselves and compounding frstant to instant, etc¢?

As has been stressed by Paolo Galluzzi, Galilgairef here from explicitly stating that we are
dealing with a direct causal relationship betwdsnaccumulation of the momenta (which must be
here understood as momenta of gravity, as indidayedalileo himself) and the acceleration of the
motion!* He “merely” points out a striking analogy betwdmih phenomena. According to Galluzzi
this must be attributed to the independence ofla@@n from weight — how could this fact have
possible been squared with such a causal relafwhsh

Since the notes we are discussing here are arherigst of Galileo’s life, it is possible that he
had no time left to think this problem through, avak forced to end with the cautionary tone that is
discerned by Galluzzi. Given his earlier analydath® thought experiment, he nevertheless hadhell t
elements at his disposition to come up with a smutt was already concluded there that addingaext
matter does not press on a falling body, and tiexefore no extra speeds are added — althoughasuch
body with greater gravity will have to “tend morewthwards”. Seeing the thought experimental
situation through the mechanical conceptual appanahich Galileo has been exploiting in his
analysis of percussion, it is clear that this ertedterdoesadd moment of gravity. This extra moment
will then also be accumulated during the time df fand it is indeed undeniable that a heavier body
will have a greater moment of percussion at the finmeets a resistance. What remains is the
guestion why the greater moment of gravity haefiisct in a greater percussion, but not in a greate
increment of speed. That Galileo knew how to untdersthis, is evidenced by the following
fragment, again from the notes appended to thegli@ on percussion. | will quote a long part, to

give a taste of Galileo’s knack of extracting plkgsinsight from everyday phenomena.

114 Opere,VIII, p. 344. (Transl. from Galilei 1974, p. 304.)
15 Galluzzi 1979, p. 403.
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He who shuts the bronze door of San Giovanni wilirt vain to close them with one single
push; but with a continual impulse he goes impressn that very heavy movable body such
a force forzg that when it comes to strike and knock againstjimb, it makes the whole
church tremble. From this one sees how there isdagged in moveables — and the more, the
heavier piu gravi these are — and how there is multiplied and caeskin them the force
[forza that has been communicated to them over some time

A similar effect is seen in a great bell, whicl@t set in strong and impetuous motion with a
single pull of its rope, nor with four, or six [psl, but [is] with a great many. These being
long repeated, the final [pulls] add forderfd] to that acquired from the preceding pulls; and
the thicker and the heaviagrpive the bell shall be, the more fordelza) and impetus it
acquires, this being communicated to it in a lortgee and by a larger number of pulls than
are required for a small bell, into which impetsis@adily put, but from which it is also readily
taken away, this [small bell] not drinking in, sodpeak, as much forcfofza) as the larger

onelt®

If we are allowed to translate this insight to tase of falling bodies, we finally reach a complete
coherent understanding of the phenomenon of filkelfee body’s gravity is continually pulling the
body down, adding increments of speeds, yet theiéetne body, the stronger the pulls shall have to
be. More matter adds more moment, but not moredss@gce now there is also more matter that must
be put in motiort!” Are we allowed to translate this insight? | woulde that Galileo was moving
towards a position in which this made perfectlysseHave another look at the previously cited
fragment in which the analogy between the accunmnaif momenta of gravity and increments of
speeds was expounded, and notice how Galileods olethe fact that it is indifferent whether these
momenta are natural or violent. This reading ighierr confirmed by another fragment which was
dictated by the by then blind Galileo’s to Vivianiwhich he compares the action of gravity in naltur
motion with the wind which moves a bdat.

Further indirect proof is provided by the fact tkelileo was not as reluctant as suggested by

Galluzzi to consider the continuous action of theamanta of gravity as the cause of the acceleration

116 Opere VIII, p. 345-346. (Transl. from Galilei 1974, pp05-306.) A comparable passage, also dealing with
the sounding of a great bell is found in the fitay of theDiscorsi(Opere,VIll, p. 141).

117 Westfall 1966, pp. 77-78, n. 13, also cites arfragt from the first day of thBiscorsiwhere Galileo in
discussing the frequency of vibrations of stringtes the following: “Here note that the heavinesthe
moveable is more resistant to speed than is itkrless” {E qui notisi come alla velocita del moto piu resisa
gravita del mobile che la grosezza”). Opedll, p. 146. (Transl. from Galilei 1974, p. 103.)

118 Opere VIII, pp. 441-442. Galluzzi also cites this fragm as evidence for the fact that Galileo in the en
came close to the kind of view just expounded is plaragraph. He also cites from writings of Todli@nd

Baliani a similar view is expressed. (Galluzzi 19@p. 323-326.)
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in free fall. On introducing the system with theotaonnected bodies on an inclined plane as a way to
measure the moment of percussion, Galileo alsoiderssa special case: what happens if the bodies
have the same weight? The body moving along thicaeérs in free fall until it snaps the cord. Alig
point the weights of both bodies cancel out, ardcthmbined system has a speed conferred to it by
the moment of percussion of the first body. Givest there now is equilibrium of forces, this speed
will be equably conserved. Significantly, Galileonself explicitly likens this situation to what
happens on a perfectly horizontal plafeEven more suggestive, he then adds the following

explanation for this situation, linking it with tleeceleration which gave the percussion its moment:

Now it is evident that this degree of speed will go on increasing whets cause of increase
is taken away, thibeing the weightdravitd of the descending body itselbr its weight
[gravitd] no longer acts when its propensity to descendkisn away by the repugnance to

rising of its companion of equal weighmdsg.*?°

A similar view is also contained in the fragmentand Galileo compared the action of gravity with the
wind blowing in the sail of a boat: in both cases motive force acts to add extra speed on a body
which is already in motion due to the earlier actid the force — the accelerated character is thus
explained as the joint effect of a constant fonoe e conservation of motion, both linked with a
uniform flow of time.

If we take all this together, the following pictuemerges: at every instant of time the body’s
gravity gives rise to a moment of gravity, whichitsturn gives the body a degree of speed — which
will be independent of the particular strengthlo$ tmoment. Both these momenta and degrees of
speed are conserved during the next instants ef tiespectively explaining the percussive effedt an
the natural acceleration. This also provides arrditive explanation for Galileo’s reluctance about
claiming a direct causal relationship between teumulation of momenta of gravity and the degrees
of speed, which merely were said to increase irséime way. To claim such a direct causal
relationship would indeed be too hasty, sincewsald not take into account the independent
conservation of momenta and speeds — or to pifférently, this would ignore the crucial role
played by timeYet, this does not preclude that each individnaiment is the cause of each individual

degree of speed.

119 A discussion of Galileo’s proto-inertial princigies outside the scope of the present paper, Hatailed
analysis thereof would again have to stress Ga&ileamphasis on shared and familiar experiences.
120 Opere VIII, p. 337. (Transl. from Galilei 1974, p. 297.
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c. A new model of intelligibility

It is clear that the foregoing attribution of thedeas to Galileo is in part a reconstruction on
the basis of what may seem rather scant informaliba main reason for doing so lies in the intimate
link of these ideas with the lessons learned froenthought experiment. Without taking the latt¢oin
account as a natural source for the further devedoy of Galileo’s dynamical thinking, these latest
ideas might indeed appear as a loose set of fragmyeinsights:?*

There are a few places where we can most cleatbctthe influence of the way Galileo
rethought his thought experiment in his attemptastwertain the moment of percussion. In at least tw
passages in his dialogue on percussion, therdiiget return to the analysis of weight that he had
attempted in hipostils to RoccoAt one point he describes an attempt to measenaipsion
involving a balance with at one end a counterweigta at the other end a bucket filled with water,
under which was hung another empty bucket. The uppeket was then pierced with a hole, and the
idea was that the percussive effect of the wataldcithen be ascertained through the extra
counterweight that had to be added. Yet a comjmicatrises because the water, while it is in the ai

in between both buckets,

does not weighrjon gravitd at all against either upper or lower bucket. Bgéinst the upper,
for the parts of water are not attached togetleethay cannot exert forcéaf forzg and draw
down on those above, as would some viscous liguich as pitch or lime, for example. Nor
[does it weigh] against the lower [bucket], becatimefalling water goes with continually
accelerated motion, so its upper parts cannot waagin [gravitare] or press against its lower
ones. Hence it follows that all the water contaiimethe jet is as if it were not in the

balance"??

It is noteworthy that by now Galileo explicitly sfses that it is the relative acceleration that is
importance rather than the speeds, a fact whichnementioned in thpostils(where acceleration
remained completely out of the picture — althougtil€o consciously seems to have left ample room
for its introduction by always using “degrees oéeg”). In a second passage Galileo repeats the
example of the ball and hand moving down with taes speed

The effect of the thought experiment is much np@evasive, however: it does not just
provide a few striking exampleis offers a new way of thinking about weight itséltie use of active

language is conspicuous throughout the notes augsion. Galileo continually speaks about a body

121 As implied by Westfall 1971, p. 39; Wisan 1984286.
122 Opere VIII, 324-325. (Transl. from Galilei 1974, p. 285
123 Opere VIII, 331. (Transl. from Galilei 1974, p. 292.)
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exertingits gravity (“essercitasse sua gravitdf and about theperationof its gravity (“operando
colla gravita®®®). This is obviously linked with his central goa&. measuring theffectof percussion.
But is seems that he had now found a way of moahgpd towards this goal, precisely because he
had realized that he had to conceptualize a bathesl weight (“peso”) as an effect as wé&liThis
moreover immediately paved the way for a reintegnadf this weight in Galileo’s still developing
dynamical scheme which he is exploring in thesesioh percussion. It was only a small conceptual
step from the realization that the measurementedfiit is only possible if there is a continually re
acting force to the point where we find Galileo ifly speaking of a body’s “moment of its own
absolute weightdravita assoluthwhich it eternally exercises when placed on asjstant body™?’
The thought experiment thus had already providddeBawith the necessary basis to conceive of a
body’s weight peculiar non-relation with time. Eydrody has its gravity, which at every moment of
time generates a moment of gravity. Either this miohof gravity is opposed by a resisting force
which arises because the body presses which itssmipoom another body, or a degree of speed is
generated?® If the resisting body remained in place, becatisesomehow fixed, all the continuously
arising momenta of gravity will in their turn berdmuously annihilated. If the body is not opposéd
all, the continuously arising momenta will causgnaversal uniformly accelerated motion as
explained in the previous sectitf.

By consciously separating the behaviour of heawdidsoconstrained to remain at rest and
bodies in free motion, Galileo hence effectivelpaated what we would call the domains of statics

and dynamics¥® His treatment of these domains moreover shows stmetural similarities with our

124 Opere VIII, 325. (Transl. from Galilei 1974, p. 285.)

125 Opere VIII, 325. (Transl. from Galilei 1974, p. 286.)

126 As already indicated there is short sectiohérmecanichevhich deals with percussion, but in it Galileo did
not reach any interesting results. Torricelli alssalibes some early experiments of Galileo, whiklid in
Padua, but which again were unable to lead to aaynbiguous conclusions (cf. Moscovici 1967, pp.-438).
127 Opere,VIII, p. 344. (Transl. from Galilei 1974, p. 304.)

128 The latter generation is hence an action withaegation. This is another example of the limitetlraof
Galileo’s action-reaction principle (see also supre 93). This is of course again connected @Glileo’s
conceptualization of gravity as internal to a boallgereas Newton'’s gravitational force will have an
unproblematic reaction in the attraction of theleay the falling body. (It is somewhat impreciegéefer to the
moment of gravity as a force internal to the badyce in its pressing and percussion it has anmadtaction on
other bodies — however when its effect is the amtulivf a degree of speed its action remains intemnd devoid
of reaction.)

129 As is often the case with Galileo, he is not efficonsistent in his terminology, but one canaéairly
general attempt to use “peso” exclusively for wiiatwould call static weight, and “gravita” for thaderlying
dynamical cause.

1301t must always be kept in mind that for Galiley diody is always under the influence of the fort#soown

internal gravity.

57



classical understanding of them. It is probablyamidental that the element which allowed him to
effect this separation has a classical countempdtewton’s third law. Yet we should of course not
forget the essential differences between Galilaagerstanding and a modern one. He might have
separated what we can recognize as statics ananiyisbut he had “dynamicizedll motion. Even
“inertial motion” is essentially an effect of a sja kind of dynamical situation$® Paradoxically,
Galileo who is often hauled as the father of mod@mematics, couldn’t conceive of kinematics
strictly speaking. Motion remained unthinkable fiim in the absence of all forces. Moreover, even if
he approached some kind of inertial ideas in Imialfconceptualization of free fall, the only resiste
against acquiring new degrees of speed that hel ¢himk of was a body’s weight (again due to the
identification of gravity as something internalltodies).

On the other side of the historiographical spectrone could also recognize some traces of
the medieval impetus theories in Galileo’s indeamidonservation of the accumulated momenta
responsible for the force of percussion. Yet morpdrtant than what remains of the older views, is
what has changed in the meantime. InDeésmotuexplanation of the accidental acceleration of b&die
in free fall, Galileo had already explicitly cont¢ealized the force which is impressed on a body by
someone or something preventing its motion as @ice lightness. We have also seen how in his
notes on percussion Galileo still conceptualizdifically impressed momenta as commensurable to
the internal and natural momenta of gravity. Bunbw he concept of moment has replaced the
concept of heaviness/lightness. This has enablétkG#o see static weight as an effect of somethin
more fundamental. “Statics” is hence no longeriasis of all his thinking; it is only the special
situation in which the natural momenta are oppdsed resisting force. Natural motion can be
understood “dynamically” within its own right, witime appropriately being the determining factor
that sets apart dynamics from statics. That itmannderstood within its own right testifies to thet
that Galileo has by now found a way of offering neaontestable experiences which can anchor his
explanatory scheme. Once the thought experimentalght us to look at the world in the right way,
the things themselves indeed show us that we shitistiiguish between bodies constrained to remain
at rest and bodies in free motion. At this pointaae start conceiving of Galileo’s treatment okfre

fall as providing a model of intelligibility in itewn right, exactly as Newton will do.

31 This is due to the fact that “inertial states” andy thinkable for Galileo in the presence of fareein
complete opposition to the classical viewpoint.@d lying on a perfectly horizontal plane is indifént to
motion according to Galileo, not because therenartorces, but precisely because its moment ofigyras/
offset by the force eternally exerted on it by fene. This is of course due to Galileo’s convictioat gravity
is something internal to matter, responsible iténdency toward downward motion. The examplaetwo
connected bodies (see section 8.b) also showsvitrah Galileo’s thinking inertial motion must noecessarily

be restricted to horizontal motion, as long asdtee the right kind of opposing forces.
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