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Galileo and
the Concept of Inertia

The origin of the law of inertia, and Galileo's role ir.1 it, ilnvolve
questions more intricate than is generally supposed, bemg still sub-
jects of study and debate today. And there are few questions more
fascinating in the whole history of physics. One need on.iy try to
conceive of a science of physics without the concept of inertia in
order to perceive that the introduction of this fundamental notion
must have produced a revolution in physical thought as profound
as any that have occurred since. One can then hardly fail to wonder
who it was that introduced this idea, and how it came to occut t:o
him. I shall try to indicate roughly the part that Galiteo played in
this great revolution in physical thought. o .
Newton implied in his Principia that Galileo, being in posses-
sion of the first two laws of motion, thereby discovered thai': tht:
descent of falling bodies varied as the square of th.'e elaps.ed time.
Historically, and biographically with regard to Galileo, th1§ remarl'<
feaves much to be desired, though it is interesting autobiographi-
cally; that is, as a clue to Newton’s own soutce of the con-cept of
inertia and to his method of thought. Because Newton easily per-
ceived that the law of free fall followed directly from a c0rrf:ct
undersranding of his first two laws together with the assum_pnon
that gravity exerted a constant force, it was natwal for him to
assume that his great Ttalian predecessor had actually made theSje
discoveries in that orderly fashion. In point of fact, however, Gz.ii{-
feo arrived at the law of free fall long before he gave any explicit

statement of his restricted law of inertia, and though he was first -

to recognize the true physical significance of acceleration, he never
did formulate the force law. With Galileo's law of free fall, as
with Kepler's laws of planetary motion, Newton was able to pro-

duce mathematical derivations and demonstrations of results that
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his predecessors had derived only from long study of sometimes
chaotic observational data, assisted by flashes of insight rather than
by mathematical or even logical deduction, It is interesting that
Galileo had already perceived this to be the normal order of events
in science; in reference to one of Aristotle’s ideas and its proof, he
wrote:

I think it certain that he first obtained this by means of

his senses, by experiments and ohservations . . . and afterwards
sought means of proving it. This is what is usually done in the
demonstrative sciences. . . . You may be sure that Pythagoras,

long before he discovered the proof for which he sacrificed a
hecatomb, was suge that in a right triangle the square on the
hypotennse was equal to the squares on the other two sides.
The certainty of a conclusion assists not a little in the discovery
of its proof.?

The historical question is whether and to what extent Galileo
is entitled to credit for the anticipation of Newton'’s first law of
motion, Technical priority for the first complete statement of the
[aw of inertia belongs to Descartes, who published it in 1644, two
years after Galileo’s death, supported by a philosophical argument.
But if Galileo never stated the law in its general form, it was im-
plicit in his derivation of the parabolic trajectory of a projectile,
and it was clearly stated in a restricted form (for motion in the
horizontal plane) many times in his works. A modern physicist
reading Galileo’s writings would share the puzzlement—I might
say the frustration—experienced by Ernst Mach a century ago,
when he searched those works in vain for the general statement
that (he felt) ought to be found there. It would become evident
to him, as it did to Newton and Mach, that Galileo was in posses-
sion of the law of inertia, but he would not then be able to satisfy
those historians who demand a clear and complete statement, pref-
erably in print, as a condition of priority.

To physicists, if not to historians, it is ironical that this par-
ticular law should be credited to Descartes, whose physics on the
whole operated to impede the line of scientific progress begun by
Galileo and continued by Newton. They both possessed in a high
degree one special faculty that Descartes Jacked; that is, the faculty
of thinking correctly about physical problems as such, and not
always confusing them with related mathematical or philosophical
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problems. It is a faculty rare enough still, though much more fre-
quently encountered today than it was in Galileo's time, if only
because nowadays we all cope with mechanical devices from child-
hood on. In Galileo’s day, thinking was not continually brought to
bear in this (or any other} way on mere physical processes. There
were of course skilled technicians, craftsmen, and engineers, but
their impressive achievements had been derived rather from the
accumulation of practice and tradition than by the deductive solu-
tion of physical problems. Thinkers as a class, then comprising
roughly the university population, were concerned mainly with
medicine, law, theology, and philosophy. Formal instruction in
physics consisted largely in the exposition of Aristotle.

A cardinal tenet of Aristotle’s physics was that any moving
body must have a mover other than itself, and since this notion also
appeals to experience and common sense, it stood as a formidable
obstacle to the discovery of the principle of inertia. It was difficult,
of course, to explain under Aristotle’s rule the continuance of mo-
tion in objects pushed or thrown. The first man to override that
rule and to suggest that a force might be impressed on a body, and
endure in it for some time without an outside mover, was probably
Hipparchus. This idea was developed and advocated by Johannes
Philoponus, a brilliant sixth-century commentator oh Aristote.
During the Middle Ages a few daring philosophets developed this
thesis further into the concept of imperus, largely in opposition to
antiperistasis, an idea mentioned (though not clearly accepted) in
two forms by Aristotle. This was the view that the separate mover
for a projectile is the medium through which it travels. Aristotle
preferred the form in which it is supposed that the mover of the
object imparts to the medium the power of continuing its motion.
In the other form, the argument was this: As a body moves, it
tends to create a vacuum in its wake; since natute abhors a vacoum,
the surrounding medium rushes in, striking the object from behind
and thus impelling it further. It is casy to see why the theory of
impetus gained ground against that of antiperistasis—which was
ridiculed by Galileo, incidentally, in virtually the same manner as
that which we should employ today. After his time litrle more was
heard of it, or of the medieval impetus theories that had never
entirely succeeded in displacing it. )

From the end of the nineteenth century until recent years,
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historians of science tended to regard Galileo’s inertial concept as a
n.atur?l and logical outgrowth of medieval impetus theory. That
view Is now undergoing review and modification, thanks to a more
careful analysis of the actual writings of medieval philosophers, as
well as to the complete accessibility of Galileo’s own papers ’in-
cluding his long unpublished eatrly studies on motion and ’me-
cha_nics. Indeed, if inertia were nothing more than a simple and
logllcal outgrowth of impetus theoty, developed and debated over a
period of several centuries by astute philosophers, then this out-
growth might be expected to have developed much earlier in the
game as a way out of various difficulties inherent in impetus theory
that conservative Aristotelians had always been quick to point out

The belief that inertia grew naturally out of an earlier theory was;
plausible, as we shall see, but turns out to have been historically
unsound. It s at best a half-truth, and as Mark Twain said, a half-

truth is like a half-brick; it is more effective than the who,le thing

bCCal}S€ it carries further. I shall try to put matters in a new per-

spective by explaining the sense in which impetus theory opened

a road for acceptance of the law of inertia, though it did not

thereby suggest that law, and by indicating the steps that Galileo

actually took in arriving at his concept of inertia, which went

along a quite different road. ’

Aristotle’s idea that every motion requires a moving force
and ceases when that force stops acting, appeals to common sensé
becagse it is roughly borne out by experience. In most cases the
relatively short persistence of motion in an object after the pro-
pelling action has ceased is not nearly so impressive as the effort
Fequired to set or even t keep the object in motion. Perhaps that
is why many philosophers did not feel the need of any stronger
force to account for it than some fanciful action of the medivm.
But. there were other continued motions which could not be ex-
plained in that way at all; for example, that of a grindstone. This
not only persisted in free rotation for a long time, but strongly
resisted efforts to stop it, and in such cases no explanation in terms
of a Push from air rushing into any vacated space could apply.
That inturn suggested that circular motions might be exceptions
to Aristotle’s dictum, an idea that firred in rather well with his
gfeneral scheme of things in which perfection and a variety of spe-
cial physical properties were attributed to circles and circular mo-
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tions of various kinds. This scheme had helped Aristotle to explain
the motion of the heavenly bodies. For him, the earth was at abso- |
lute rest in the center of the universe, and th‘e only mot:ior;s ap-r
propriate to earthly bodies were straight motions up an o?fn.
Circular motion, being perfect, beionged. naturaﬂy' to the per G.Ci
heavenly bodies, To the fixed stars, Aristotle ass1gned' a specia
source of motion called the Prime Mover. In 'later umei; some
attempt was made to explain their regular rotation by agg og(yi to
the grindstone, since the stars had then come to be consi ea:eh as
embedded in a solid transparent crystalline sphere. Tllfaus, without
great violence to Aristotelian orthodoxy, the conservation of angu-
lar momentum could be conceived as a natural phenm:nenon in
which Aristotle’s outside mover might be rfepiaced by an nnpresseci
force, which normally wasted away with time or thr(.)ugh extern.a;Li
resistance. In the special case of the stars, loss of_ n?onon could sti
be offset by action of the Prime Move_r, ot eliminated by postu-
lating the absence of resistance to motton in the heavens, as was
eral phifosophers.
fone \i))gh?f: the irictestpAristotelians continued to oppose any pos-
tulation of impressed forces, more enterprising p%nlosopk.}ers went
on to extend this concept to the case of projectile m{')uo% under
the general name of imperus. Loss of im'pfetus by pro';ecn es1 was
tikened to other familiar phenomena requiring no sp_ec:{al exp I:na-
tion, such as the diminution of sound in a bell after it is sm;c- , of
of heat in a kettle after it is removed from the fire, and this ac-

corded with a further important rule of Aristotle_s that nothing
violent can be perperual. Hence to the extent that impetus theory

paved the way for eventual acceptance of the idea that motion

might be perpetually conserved, it rested on a philosophical basis .
that inhibited the taking of that ultimate step. Not onl'y wasban _.
indefinitely enduring impressed force unnecessary to experience, ut
it was ruled out in theory by Aristotle; and to rec.oncﬂe a theoty . .
with Aristotle’s opinions was at that time just as n:}port?nt as to
reconcile it with experience. Thus impetus theory, given its philo-

sophical context, did not lead on to inertial physics; rathe‘r, 1;
precluded the need for that so long as physical judgments remaine

itati ts. -
qualitative and were not replaced by quantitative measuremen

; : ey 8
And that brings us to the time of Galileo.
Tt should be remarked in passing that no fundamental revolu-
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tion in science takes place until the way has been paved, usually
by vague or incorrect notions, for the acceptrance of a radically new
idea. Hence the new idea, when it comes, is very likely to have the
appearance of a natural extension of the old ones. That is why it
was perfectly plausible for historians of science to suppose, when
medieval impetus theory was first brought to their attention, that
the inertial concept had originally arisen as a natural outgrowth of
that theory. And indeed, it might have arisen so, in 2 different
philosophical context. But the actual road to the first announce.
ment of the inertial principle, through its first physical application,
was not the same road at all as the one which had led people o a
point at which they would be able to accept the new idea of in-
delibly impressed motion as the limiting case of lingering impressed
motion.
The most objective summary of the relation of medieval im-
petus theory to inertia in the sense of modern physics has been
given by Miss Annaliese Maier, as follows:

Thus the situation around 16oc was that impetus theory
was taken over by the official scholastic philosaphy as such. That
of course does not mean that there were not isolated supporters
of the Aristotelian theory; nor, ot the other hand, does it mean
that orthodox philosophy on its part stood against imperus
theory and forbade it. And here it was expressly contrasted
with the Aristotelian view and exhibited jn the earhier way.
Among those who still clung thus to impetus theory in the
sixteentch. century, and who for the rest opposed those who bore
the Aristotelian stamp, belong Telesio, . . . Bruno, . . . Benedetti,

- and finally Galileo. For them, impetus theory was mainly a
polemic point against Aristotelianism. Fr was this group alone
that Duhem tock into consideration, and those who follow his
view. The result was naturally 2 not entirely accurate picture of
the factual historical situation. Impetus theary at the end of the
sixteenth century was seen as a resumption of the great revolu-
tion in thought of the fonrteenth century, that was just having
its full weight and full influence against Aristotelianism; and
it was further thought that the new mechanics had developed in

a straight line out of that impetus theory, But that is not how
things happened !

Miss Maier goes on to say that whereas in impetus theory each
motion impresses an inhering moving force on the body moved,
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the inertial concept sees in uniform motion, as in rest, a state that
is conserved so long as it is undisturbed; whereas according to
impetus theory the moved body has an inclination to return to rest
and thus opposes the inhering force, according to the inertial con-
cept the inclination in the case of uniform motion is to continue
with no resistance on the part of the body; and whereas impetus
theory would allow for an acting force in circular as well as
straight motion, the inertial concept postulates only a continuance
of the latter. This last point, she says, is of secondary importance;
the essential differences between the concepts of impetus and inertia
are the two first named, for these are in direct conflict with the
Aristotelian principle that everything moved requites some mover;
“and this contradiction is so sharp that the new thought could
develop not out of the old, but only againss it.”

We may safely take Miss Maier’s summary as definitive with
respect to the historical aspect of the relation between impetus
theory and the inertial concept. Grounded as it is on the most
thorough analysis of the writings of the scholastics and of modern
students of this problem, it comes as a welcome conclusion to a
series of controversies that related rather to the theory of history
than to the ostensible subject matter, and it s unlikely to be seri-
ously modified by further investigations. But as to Miss Maier’s
comments on the conceptual or philosophical aspects of the matter,
though I thoroughly agree with them, it must be admitted that they
are by their nature less apt to receive universal acceptance. The late
Professor Alexandre Koyré, for instance, took quite a different posi-
tion; and though his main writings on the subject preceded those
of Miss Maier, [ do not believe that he was inclined to modify them
after hers appeared. Here, for example, is an indication of his fun-
damental difference of opinion:

Now, . . . if Galileo’s dynamics is, at its deepest base,
Archimedean and founded entirely on the potion of weighe, it
follows that Galileo could not formulate the principle of inertia.
And he never did, In fact, in order to be able to do so—that is,
in order to be able to affirm the eternal persistence not at all
of movement in general, but of rectilinear movement; in order
to be able to consider z body left to itself and deveid of all
support as remaining at rest or continuing to move # 4 Strasght

Line and not in a curved line—he would have had to be able to
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conceive the motion of fall not as natural motion at all but on
the contrary . . . as caused by an external force. ’

'I.'hus, throughout the Didlogue, impetus is found identi-

ﬁe‘d with moment, with movement, with speed . . . successive
glides fof meaning} that insensibly lead the reader t‘o conceive
of t'he paradox of motion consetving itself all alone in the
moving body; of a speed “indelibly” impressed on the body in
motion,
' In principle, the privileged situation of circular movement
is destroyed; it is movement as such that is conserved, and not
circular motion. In principle; but, in fact, the Dialoéue never
goes 50 far. And as was said, we never glide, nor ever will, to
thc? principle of inertia. Never; no more in the Two I\’Tew
Sciences .than in the Dialogue, does Galileo affirm the eternal
conservation of rectilinear motion.$

Clearly, to Professor Koyré it would by no means be accept-
able to say that the third of Miss Maier's distinctions between im-
petus. theory and the inertial concept is of secondary importance;
for %'nm, the limitation of the inertial concept 1o uniform rectﬂinea;
mOtiO.I‘.tS was every bit as important as the recognition of continu-
ance in a.st‘ate of rest or motion by a body otherwise undisturbed
Now, opinions will always differ concerning the aspects of any‘
concept which are to be considered essential and those which are
seconc%ary or subordinate. My opinion, like Miss Maier's, is that the
essential aspect of the. concept of inertia is that of moti:m and rest
as states of a body which are indifferently conserved. If the dis-
agreement ended there, all would be well. But Professor Koyré
Went on to argue at length that because Galileo asserted that trul
straight motions are impossible in nature, only circular motionz
could for him be really perpetuated, and hence that the inertial
concept was inextricably linked in Galileo’s own mind with privi-
leged circular motions. The prevalence of this view is llustrated b
the following passage from a work by Professor E. J. Dijksterhuig

Th.e sit?ation is thus as follows: according to the Galilean
law of inertia proper, a particle that is free from exterpal in-
ﬂuences_ (note that gravity is not included among them) per-
severes in a circular motion having the centre of the earth for
its centre. Over short distances this motion is considered recti-
linear; subsequently the Limitation to short distances is forgotren,
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and it is said that the particle would continue .its recﬁhneali
motion indefinitely on a horizontal plane surface 1f.n0 externa
factors interfered. Thus whae might be caile.d the circular view
of inertia of Galileo gradually developed into ':the conception
that was formulated in the first law of Newton.

The imputation to Galileo of a view 1n wh.ich a!_l inertial
motions are essentially circular, rather than one in wh;c}cll some
cases of inertial motion are illustrated by bodies supporte .onh'a
smooth sphere concentric with the e_arth, seems to me ;gong,e Ste ;i
aspect of the question is discussed in the final essayl.) [ G:e 5;0 in
problem is that of reconstructing tl‘}e steps takefu yf alile ;
arriving at the views he held concerning conservation .0 1¥10t10n v |
an cxamination of all his writings. If my _reconstruct_lon is. ;Orte;t,
it has very different implications for the history of scf:xence ;) ai : e
prevailing opinion as expressed by meessogs Koy.re ar.id Ilns ef—
huis. For the first clue to conservation .of motion in Gali eo’s
thought had nothing to do with the question of projectile monlc]:g,
and circularity entered into it because of angular momentum rather

than translatory motion.

During his first years as professor at the University of PISIa,.
Galileo wrote a treatise on motion that he intended to publish. In

that treatise, which survives in manuscript, he .attacked:lAns;otle
boldly, often in favor of ideas origin?.ted by medieval 1phl fos;p er::
He opposed various Aristotelian notions about the role f: tde Iile p
dium, including that of antiperistasis, but at the outset he adop

3 i3] 1 M ”» o
the Aristotelian division of all motions into “natural ancllﬁ xcflloifent _
motions. This concept was, however, somewhat modified from .

Aristotle’s in the definition adopted by Galileo for the dichotomys;-

he said, “There is natural motion when bodies, as they mc;ve, :
’ . - en :
approach their natural places, and forced or violent motion w

. 98
they recede from their natural places.

Without going into detail, Aristotle’s physics may be described

as a theory of natural places, high for light b'ndies (fire and i:;r)-’
Jow for heavy bodies (earth and water). Bodies were sup%aosc; to
seek these natural places by an occult property mh.erent in them..
Galileo dissented from this view; for him, all bodies were hegy
bodies and differed only in density, so all tended to 'approach ¢: :
center of the universe, which at that time was for him the cente; :

of the earth.
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But as he pursued this idea in his treatise on motion, he came
to question whether all motions were either natural or violent, He
perceived that a body might be moving, and yet be neither ap-
proaching nor receding from the center of the earth; and he rea-
soned that any body rotating on that center itself would be moving
neither naturally nor violently—in contradiction of Aristotle, who
allowed no third possibility except “mixed” motion. Galileo weit
on to show that any rotating homogeneous sphere, wherever situ-
ated, would also have this un—Aristotelian kind of motion (assum-
ing no friction of its axis with its support), since for every part of
that sphere which was approaching the center of the earth at a
given moment, an equal part would be receding from it; thus the
sphere as a whole would be moving, but neither naturally nor
violently. Others before Galileo had pursued similar reasoning.
But Galileo arrived in this way at the idea that there was a third
kind of motion which was not a mere mixture of the other kinds,
as his predecessors had supposed.

This recognition of a special kind of motion was Galileo's
first essential step toward the concept of inertia. For in the same
treatise, analyzing the force required to maintain 2 body in equi-
librium on an inclined plane, Galileo concluded that horizontal
motion of a body on the earth’s surface would similagly be neither
nataral nor violent, in the sense of Aristotle, and in a note added
to this section he said that this should be called a nextral motion.,
He then went on to prove that, in theory at least, any heavy body
could be moved on a horizontal plane by a force smaller than that
required to move any body upward on any other plane, however
gently inclined, but he was careful to add that:

Our proofs, as we said before, must be understood ‘of
bodies freed from all external resistance. But since it is perhaps
impossible to find such bodies in the realm of matter, one who
performs an experiment on the subject should not be surprised if
it fails; that is, if a massive sphere, even on a horizontal plane,
cannot be moved by a minimum force. For in addition to the
causes already mentioned, there is the fact that no plane can be
actually parallel to the horizon, since the surface of the earth
is spherical. . . . And since a plane touches a sphere in only
one point, if we move away from that point, we shall have to be
moving upward. So there is good reason why it will ot be pos-
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sible to move a (massive) sphere from that point with an
arbitrarily small force?

“The manuscript treatise from which this is quoted was written
about 1590, but Galileo did not publish it. He was dissatisfied with
it for various reasons; principally, in my opinion, because he had
tried in this treatise to account for the observed speeds of bodies
along inclined planes by a formula for their equilibrium conditions,
and in this he had not succeeded, by reason of a tisconception of
accelerated motion which is irrelevant to the subject of the present
study. But in the process he had found a new approach to physics
in his concept of a “neutral” motion. It is important to note that
the origin of this concept was in no way related to impetus theory,
with which Galileo was petfectly satisfied at the time, as shown
in his chapter on projectiles. :

In 1592 Galileo moved to the University of Padua, where he
continued or resumed his observations of motion on inclined planes
and in the pendulum. Here he wrote 2 little treatise on mechanics
for his private pupils, which he also left unpublished. Dealing with '
the inclined plane in this new work, he wrote:

On a perfectly horizontal surface, a ball would remain in-
different and questioning berween motion and rest, so that any
the least force would be sufficient to move it, just as any lirtde
resistance, even that of the surrounding air, would be capable
of holding it still. From this we may take the following con-
clusion as an indubitable axiom: That heavy bodies, all externial
and accidental impediments being removed, can be moved in the
hotizontal plane by any minimal force!® '

From these two propositions, written not later than 1600,
Galileo can hardly have failed to deduce the corollary that hori-
sontal motion would continue perpervally if unimpeded. This
second essential step in his progress toward the principle of inertia
was not explicitly stated until several years later. Yet Galileo must
have been teaching it in his private classes, for one of his pupils,
Benedetto Castelli, who had left Padua some time before, wrote
w0 Galileo in 1607 mentioning “your doctrine that although to

start motion a mover is necessary, yet to continue it the absence of

opposition is sufficient.”! ) .
Galileo’s ideas on these matters were probably not widely
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?cnowx} until 1613. In that year he published a book on sunspots
in which he argued (among other things) for the sun’s axial rota-
tion, and as a preliminary to that argument he wrote:

I have observed that physical bodies have an inclination
_toward some motios, as heavy bodies downward, which motion
is exercised by them through an intrinsic proper,ty and without
need of a special external mover, whegever they are not impeded
by some obstacle. And to some other motion they have a
repugnance, as the same heavy bodies to motion upward, where-
fore they never move in that manner unless thrown ;iolenfl
upw?rd.by an external mover. Finally, to some movements th ;
are indifferent, as are heavy bodies to horizontal motion Z
which they have neither inclination . . . nor repugnance j”md
therefore, all external impediments being removed, a hea . bod
on a spherical surface concentric with the earth ,wiil b‘;yindifSj
ferenlr to rest of to movement toward any part of the hotizon
And it will remain in that state in which it has once been laced'.
that xs,.if placed in a state of rest, it will conserve that: I:md i;
pigcec.! in movement toward the west, for example, it wiil main-
tain. itself in that movement. Thus a ship . . ’ having once
recel.ved some impetus through the tranquil sea Wouldg move
cont.mgally around our globe without ever stoppiné LLLif all
extrinsic impediments could be removed.12 R

. In my opinion the essential core of the inertial concept lies in
the ideas, explicitly stated above, of a body's indifference to motion
or to rest and its continuance in the state it is once given. This idea
s, 1':0 the best of my knowledge, original with Galﬂeo' It is not
derived from, or even compatible with, impetus theo.ry which
assumed a natural tendency of every body to come to res; 18 It is
no.tevaorthy that this first published statement of a true conse‘rvation
prmcq.)le was used by Galileo to support an argument for the con-
ser‘vation of angular momentum, in this case by the sun, as de
scribed previously. He seems always to have continued to a’ssociatf;
the‘ phenomena of inertia and of conservation of rotatory motion
wh_ich has led most historians to believe that Galileo’s inertia haci
a c1‘rcuiar quality. In my opinion, the association had quite another
basis; namely, the linkage in Galileo's mind of these two phe-
nomena by the unifying concept of a “neutral” motion whichphad
first ted him to an inertial principle.

=
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Statements relating to inerta in Galileo's later books, the
Dialogue of 1632 and the Two New Sciences of 1638, are more
elaborate than the above but are essentially repetitions of it. His
argument always proceeds from a consideration of motion on in-
clined planes to the limiting case of the horizontal plane, where
motion once imparted would be perpetual, barring external obsta-
cles or forces. The Dialogue is of particular interest for a long sec-
tion dealing with the motion of a projectile, in which it is made
clear that this motion would be rectilinear if it were not for the
immediate commencement of the action of the body’s weight, draw-
ing it downward as soon as it is left without support. But Galileo
never gave a statement of the law of inertia in the form and gen-
erality which we accept today. That was done by Descartes shortly
after Galileo’s death, -

Because of the fundamental significance of the inertial concept
to the later development of celestial mechanics, I should like to
stress its importance in Galileo’s arguments in favor of the Coper-
nican theory and to mention some implications that have been
drawn from that use of it. A strong objection 1o Copetnicus in
those days was that if the earth sotated at the rate of a thousand
miles an hour, then any body separated from the earth, such as a
bied or a cannonball or an object falling freely from a high place,
would be rapidly displaced westward from an observer stationed
on the earth. Copernicus had offered as a possible explanation for

the absence of such effects some natural tendency of terrestrial
bodies to share in the earth’s motion wherever they were. But this
was not widely accepted, and to Galileo it was no better than those
“occult properties” invoked as explanations by the very philoso-
phers against whom he contended. In the Dislogue he replaced
this explanation by giving numerous examples of inertial motion,
such as that of a ball dropped by a rider on horseback, and he
refuted the idea that an object dropped from the mast of a moving
ship would strike the deck farther astern than on a ship at rest.
These arguments, based on observations that anyone could dupli-
cate and supported by correct physical reasoning, did much to gain
a fair hearing for the Copernican system from his contemporaries.

But here arises the problem in assigning Galileo’s precise role
in the discovery of the inertial principle. In the Didlogne Galileo
sometimes spoke as though the inertial motions of bodies leaving
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the earth’s surface were itself circular, causing historians to question
whether he himself fully uaderstood the rectilinear character of
trat?slatory motion. Some have gone so far as to say that Galileo
behevted the planetary motions to be perpetuated by a sort of cir-
calar ‘mer.tia. Leaving those views for the final essay, I wish here
to point out the primarily strategic character of the passages from
which they derive their only support.

‘ Passages on projectile motion in the Diglogue' and the deri-
vation of the parabolic trajectory in the Two New Sciences™ show
that Galileo as a physicist treated inertial motions as rectilinear
Nevertheless, Galileo as a propagandist, when writing the Dm
Z?gue, stated that rectilinear motion cannot be perpetual; though
circular motion may be. In the same book he ascribed som,e special
properties almost metaphysically to circles and circular motions,

The passages in question occur mainly in the opening section
of the book entitled Didlogue on the Two Chief World Systems
lftolemaic and Copernican, and they should be construed in th{;
hg].nt of the purpose for which that book was written. It was not
written to teach physics or astronomy, but to wezken resistance to
the ‘Copemican theory, and it was very effective in doing so. For
Galileo was not only an outstanding scientist, but also a ﬁrs;:-rate
poifemicist and a writer of exceptional literary skill and psycho-
logxca% ‘insight. He knew when he wrote the Dislogue that strong
opposition could be expected from the professors of philosophy
most of them convinced Aristotelians. It was for that reason I,
believe, that in the opening section of his book he deiiberat:al
conceded (or appeared to concede) to the philosophers everythiny
hr.i possibly could without compromising his one objective. This 1%
st.dl the best way to proceed if you wish to espouse an ur-lpopulaf
view. Accordingly, when I read the metaphysical praise of circles
in the Diglogne, I do not conclude with most historians that its
author was unable to break the spell of ancient traditions; rather
I 'st'rongly suspect an ulterior purpose in those passages. 'f'his sus:
p1c1c3n.is confirmed when I read his other books and his voluminous
surv1-vmg correspondence and find nowhere else any trace of meta-
%)hysms about circles. On the contrary, Galileo often scoffs at such
ideas; thus in his Assayer, published in 1623, he expressly denied
that any geometrical form is prior or superior to any other, let
alone that any shape is perfect, as Aristotle had claimed for’ the
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circle.!® Tt is not likely that he had changed that opinjon by 1632,
as he was nearly sixty years of age before he published it in 1623.

All that Galileo wanted to accomplish in the Dialogue was to
induce his readers to accept the ideas set forth by Copernicus, and
Copernicus had placed the planets, including the earth, in circular
otbits around the sun. Galileo probably knew better, having read
at least the preface of Keplet's Astronomia Nova, from which he
gained acquaintance with Kepler’s tidal theory. But it was hard
enough for him to get acceptance in Italy of any motion for the
earth, and for his immediate purpose it would have been fatal to
argue for an elliptical orbit. It was far better strategy for him to
ennoble the circle, using arguments extracted from Aristotle him-
self, and to argue that circular motion was as suitable to the earth
as to the heavens, if he wanted to win over or even neutralize any
philosophers. And I can see in my mind’s eye some of them starting
to read the Dialogue for no other purpose than to find and answer
hostile arguments against Aristotle, and then in the first forty or
fifty pages finding themselves so much at home as to wonder
whether there might not be some merit in the other ideas of so
sound a writer.

That, in my opinion, is precisely what Galileo was up to when
he composed those opening pages, balancing his adverse criticisms
of Aristotle’s physics with approving extracts from his metaphysics
about circles. Galileo certainly did not state or believe that the
celestial motions would perpetuate themselves merely by being cir-
calar in form, but this does not mean that he was averse from
letting the philosophers believe that if they wished to. If Galileo
had held such an opinion, he would not have hesitated to declare
it; 1 see little point in looking for hidden beliefs behind the words
of a man who spent his last years under arrest for disdaining to
conceal his convictions. And the fact is that in the Didogue itself,
Galileo declared that he had no opinion about the cause of the
planetary motions, but went on to say that if anyone could tell
him the cause of gravitation, he could then give a causc for those
motions. '

The amusing thing is that in saying that no rectilinear motion
can be perpetual, Galileo was on sounder ground than are many of
those who now criticize his having said it. Galileo’s modern critics
seem still blissfully unaware that in the last fifty years a question
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has arisen about the meaning, the nature, and even the existence
of s.traig.ht %ines in the physical universe, Perhaps the general law
?f inertia. is tautological; perhaps it is our only definition of
straight motion.” Certainly it has lost the absolute physical char-
acter with which those critics still invest it. Nor do Galileo’s critics
seem to realize that physicists now question the infinite extent of
the universe, an attribute which would be a necessary condition
f’f “perpetual straight motion” in the sense in which Galileo denied
its possibility. For Galileo has been criticized both for his fajlure
to declare the universe to be infinite, and for his denial of the
possibility of perpetual straight motion—as if such views destroved
the modernity of his physics, ’
Galileo formulated at most a resiricted law of inertia appli-
cable only to terrestrial bodies. Perhaps this too is a tributé to his
modernity as a physicist, for there is an advantage in refusing to
genetalize beyond the reach of your available experimental evi-
dence. Thar advantage is that four hundred years later your re-
stricted statement will still be true, while the specuiatior;s of your
more daring colleagues may have gone out of date. Galileo’s re-
stricted law of inertia, applying only to heavy bodies near the sur-
face .of the earth, was in a sense all that was needed or justified in
physics up to the time of Newton’s discovery of the law of uni-
versal gravitation. Any specufation by Galileo about the behavior
ctf bodies in interstellar space would at his time have been essen-
tially meaningless metaphysics—the very sort of philosophizing
that he had undertaken to replace with a science of physics. With
the advent of Newtonian gravitation, inertia was freed from the
terfestrial bonds imposed on it by Galileo and purged of the specu-
lative character given to it by Descartes; for the first time, inertia
became a universal law of physics. o
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13
The Case agamst

“‘Crrcutlar Inertia”

Nearly all scholars presently hold that Galileo attributed to inertial
motions an essentially circular form. This view was developed in a
particularly interesting way by Alexandre Koyré.! Tt has wide im-
plications both with regard to Galileo's physical conceptions and
their supposed medieval roots.

Over the years, largely in the course of reconsidering the
relevant passages in Galileo's Dislogue when revising the notes to
successive editions of that work in English translation, I greatly
modified my original support for the prevailing view. After ar-
riving at 2 new view as to the origins of Galileo’s inertial ideas,
set forth in the previous study, I would have withdrawn my support
entirely from the general belief, had it not been for the existence
of one passage in which Galileo appeared to have unequivocally
assumed the persistence of uniform circular motion in an unsup-
ported body moving near the earth, Despite the fact that Galileo
styled that passage a bizzarria and stated clearly that he did not
believe it to hold precisely for actual bodies, its presence deterred
me from going against the almost unjversal opinion of other stu-
dents of Galileo. 7 o

Now, however, I believe that the passage represents a purely
geometrical speculation, unconnected with projectile motions of
any kind. Tt therefore seems to me time to reexamine the whole
basis on which Galileo is believed to have scen circularity as an
essential component in inertial motions. Before proceeding to that
examination, I shall set forth briefly my interpretation of the
bizzarria and explain why others have so long looked ar jt dif-
ferently.?

In the Didlogne Galileo introduced a discussion concerning
the probable shape of the path of a body falling from the top of

234
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a tower to its base as seen by an imaginary observer who did not
share in the earth’s diurnal rotation. He believed that the body
would move nearly along a semicircle, of which the diameter
would be the line from the top of the tower to the center of the
earth.® This opinion was opposed by Marin Mersenne five years
fater in his Harmonie Universelle. Mersenne was struck by an
absurdity that seemed to be implied. Assuming a diurnal rotation
every twenty-four hours, the body would reach the center of the
earth in exactly six hours. Yet Galileo had argued elsewhere in the
Dialogue that a body would fall from the moon to the earth in
less than four hours.* How, then, could he believe that a stone
would require six hours to reach the center of the earth from a
point close to its surface? .

Mersenne's argument was based on a certain plausible interpre-
tation of Galileo’s diagram without close attention to the accom-
panying text. The diagram s simple and striking; a glance at it
strongly tempts one to think of a heavy body descending from the
top of the tower to the center of the earth, rather than just to its
surface. Mersenne, and later critics, have accordingly been con-
cerned with the question: “What would be the path of a body
falling from a tower situated on a rotating and transparent earth,
tunneled to its center from the base of the tower, as scen by a
distant motionless observer who could watch the whole descent?”
This was not Galileo’s question, although the interpretation was
not unreasonable, considering only Galileo’s diagram, which was
this:

CFGH

B F
E

A

Fig. r1. Diagram shown in Galileo’s Dialogue. The center of the
earth is at A
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The question Galileo was discussing was stated thus: “What
may one believe with regard to the line described by a heavy body
falling from the top of a tower to its base?”™ In his reply, Galileo
first introduced the concept of uniform acceleration, but postponed
discussion of the law of falling bodies to a later section of the
Dialogus. Returning to the question, he again phrased it in the
same way: “In the meantime, let us get back to the line described
by the body falling from the top of the tower to its base”® The
words, “to its base,” show that no further generalization was in-
tended.

Admitdng thac the diagram strongly suggests fall to the cen-
ter, the manner of its construction as described in his text shows
that Galileo considered the fall to be over when the body reached
the base of the tower. The semicircle CIA was first constructed.
Then successive positions of the tower were marked off and joined
to the center of the earth. Finally, the positions of the falling body
were identified with these intersections, which stop at the point I,
It was only the arc CI that the text discussed, Using dotred lines

for construction lines, the diagram would normally be drawn today
in this manner:

' Fig. 12. Galileo's diagram redrawn to distinguish construction
lines from lines referred to in his demonstration.

Albert Einstein pointed out to me many years ago another
puzzle implied in the usual interpretation of this passage which
seems to have escaped discussion, Why did Galileo make the fall-
ing bedy stop at the center of the eatth, when by his own law of
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acceleration it should be going most swiftly? .Else?vhere in Yhe
Dialogue, Galileo himself had discussed the contnuation of monm:
past the center if a body were dropped through a tunneled fiarth.
Clearly, if Galileo never intended to discuss any motion of
the stone beyond that which it would have from the top of the
cower to its base, the puzzles mentioned by both Mersenne and
Einstein simply vanish. Neither the six-hour des_cen,t nor the s§dde.n
stoppage at the center have any basis in Gajl,ﬂeos .text. Th.lls did
say that the body “tends to end at the center, that.1ts path “must
tend to terminate at the center,” agd that “such .mo'non te.nds_ even-
tually to terminate at the center,” but there is no. simple mdicamlr)e,
present or future, to suggest that the center is supposed to be
reached.® Reference to the center was necessary in order to deter-
mine the path of the body above the earth’s surface, but‘played no
further role in the discussion. .
The specific assignment of a uniform circular component in
the short descent of this unsupported body (greatly e}.(aggerated. in
any diagram) served only the necessities of a geome'tmc speculaﬁlon
about an apparent path. It was based not on 2 physical assumption,
but on the observed fact that a body falling from a tower grazes
its side. Tt had to do not with any physical account of 2 projectile
trajectory, but only with the analysis of an optical appearance from
a point separated from the earth. o o
Let us now turn to the analysis of circularity in Gal.lleo 5 1de-a
of inertia, as set forth by Alexandre Koyré in the third of his
Erudes, called Galilée e la loi d'inerrie® The ﬁ.rst forty-four pages
of that study are devoted to a statement of physical pr(_)blems intro-
duced by the Copernican theory, the proposed solutions to them
offered by Copernicus, Bruno, Brahe, and Kepler, and the argu-
ments that were brought against these solutions: Then, b('efore ex:
amining Galileo’s Dialogue and its anti—Aristotehan_polemlc, Koyré
devotes four or five pages to a statement of his thesis. There follow
some cighty pages of interpretation and Cj:)rr.m‘;ent on selected g‘a:—
sages of the Dialogue, by which the thesis 15 ably supported. ce1
balance of the monograph, except for two paradoxes presente
immediately after the above sections, will not cc?nc.ern us here.
Now, in 2 work of the above structure, it is tmportant to be
clear about the basis on which the thesis is put forward., for the
appearance of invincible solidity of the whole structure is largely
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achieved by the interpretation of passages chosen to illustrate the
thesis. Koyré’s general position is stated in these words, which will

be translated sentence by sentence as each point is examined in this
study.

Le probleme central qui préoccupe Galilée d Pise est celus
de la persistance du monvement. Oy, il ost clair que lorsqetil étndie
le cas du monvement (de rotation) d'une sphéve placée au centre
du monde, ainsi que celui d'wne sphéve placée en debors de ce
centre, il a en vue la sitnation créde par la doctrine copernicienne;
la sphére marmoréenne dont il analyse les monvements représente,
sans nil donte la terre; et ser mowvements somt cemx de Iy terre,

Mais le résultar anguel il aboutit—en contradiction, dail-
lewrs, avec les prémisses essensielles de la physigue de limpetus—
nous vévéle dune manidre éclatanse les difficultés, et la somrce
des difficultés, que recomtraient sur lemr chemin la physique et
Pastronomie nonvelles.

En effer, le résultat auquel aboutit Vanalyse galiléenne, c'est
la persistance naturelle, om, plus exactment, la sitwation pre-
vildgiée du mowvement circulairel®

“The central problem with which Galileo was preoccupied at
Pisa is that of the persistence of movement.”

We can judge Galileo’s interests at Pisa objectively only by
his own writings while he was there—theorems on centers of
gravity, the Bilancetta, and De motu. In the first two, his precccu-
pation was with the extension of the work of Archimedes beyond
the two books written by the Greek mathematician that relate to
mechanics. The first half of De mozn concerns the application of
the principle of Archimedes to a refutation of Aristotle’s laws of
falling bodies. That constitutes the most important patt of De
motn. Chapters 8, 10, 11, 12, and 13 all contain in their titles the
phrase “in opposition to Aristotle,” or words to that effect. Chapter
14 comprises the important section on motion on inclined planes;
chapter 15 resumes the proofs in opposition to Aristotle. In none
of these is the question of persistence of motion discussed; not even
in chapter 14, where it is proved that motion on the horizontal
plane can be produced by a minimal force. In chapter 16 the
question is raised whether the rotation of a sphere sitvated at the
center of the universe wounld be perpetual or not, but the answer
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is postponed and never taken up again. At the end of the same
chapter it is intimated that a nonhomogeneous sphere sitnated
outside the center of the universe cannot rotate perpetually, but
again a promise of future explanation is not carried out. It is only
in chapter 17, when Galileo comes to the subject of projectiles,
that persistence of motion becomes a topic of discussion, Here
Galileo adopts the accepted theory of a wasting impressed force
in refutation of Aristotle. Circular motion is not a central question;
in a single brief reference to rotatory motion, Galileo says only
that it would last a long time, not that it is inherently perpetual.
The rest of De motu has nothing to say about persistence of motion
as such.

What preoccupied Galileo at Pisa was not the persistence of
motion, as Koyré asserted. Even at Padua that is" not a question
on which Galileo left anything written. His Mechanics, composed
there, contains a passage that implies persistence of motion on the
horizontal plane, but only in an aside and only by implication.
There is evidence that Galileo had developed that implication in
lectures or conversations before 1607, but it was only in 1613,
after he had returned to Florence, that he clearly stated an opinjon
on persistence of motion. What really preoccupied Galiteo at Pisa
was not the persistence of motion, but the refutation of Aristotle’s
physics. All this is evident from the structure of De wmofwn, its
chapter headings, its textual criticisms of Aristotle, and its general
polemic rone.

“Now, # is clear that when he studies the case of movement
(votation) of a sphere placed @ the center of the universe, as of
that of a sphere placed outside thar center, he bas in view the situa-
vion created by the Copernican docirine; the marble spheve whose
maovements be analyses represents, without any donbt, the earth, its
movements are those of the earsh.”

Not only is this not clear; it is in a way self-contradictory. If
Galileo had been a Copernican at the time he wrote De motn, he
would not have placed the earth at the center of the universe, even
metaphorically, What is clear is that in bhis anti-Aristotelian De
motn, he wished to destroy even Aristotle’s fundamental division of
all motions into natural and violent motions. To do this, he showed
that certain bodies might be in movement without their motion
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being either patural or violent. It is possible that Galileo, while
still at Pisa, was already interested in the Copernican implications,
bur it is by no means clear that he was. In De motz there is no
reference, even in passing, to any astronomical topic except to the
argument of some philosophers that the addition of a single star
to the heavens would slow down or stop them. Answering this,
Galileo treated the fixed stars as in daily circular rotation, without
even a parenthetical remark to indicate that others (or he himself)
believed that the fixed stars might not be in motion at all.

“But the result at which he arrived—in comtradiction, more-
over, with the essential premises of the physics of impetus—reveals
to ws in a siviking way the difficulties, and the source of the diffi-
culties, in the path of the new physics and the new astronomy.”

The result to which Koyré here alludes is made clear in his
next sentence, discussed below. It is, as will be shown, ar least
partly not Galileo’s result at all. Whether it, or Galileo’s own
result, was in contradiction with the premises of impetus physics,
Galileo certainly did not see any contradiction berween the two
at the time he wrote De motu. For in that work, Galileo not only
adopted impetus physics for projectiles, but also gave a proof that
impetus must waste away, and used this in his explanation of the
phenomenon of an injtial temporary acceleration in free fall. He
saw no contradiction between a wasting impetus and his logical
analysis of rotations, set forth in the same hook, nor is there evi-
dence that he saw any connection between that analysis and as-
tronomy. For such a connection we have only Koyré's conjecture.

“In fact, the vesult to which the Galilean analysis led is the
natural persistence, or more precisely the privileged character, of
circular movensent.”

This is the thesis put forth by Koyré and adopted by most
historians of science after him. Koyré appears to consider the
result attributed to Galileo as one already reached at Pisa (though
aboutit may refer to some later time). The passages of De motu
cited by Koyré in his footnote here do not assert anything about
the persistence of circular motion, nor do they deal with real physi-
cal spheres; still less do they assert that circular movements have
any privileged character, In the same footnote, Koyré invites us to

Rt
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compare a passage in Galileo’s Mechanics, a work composed at
Padua after the Pisan period. It is the passage already mentioned
above, which still did not assert, though it did imply, the persis-
tence of motion on horizontal planes.

Koyré next reviews Galileo’s analysis of the motion of a py-
pothetical sphere located at the center of the universe, as a motion
neither natural nor violent, adding: “But the case of the sphere
located at the center of the world is far from being unique; in
truth, all circular movement (about the center) is such a move-
ment that is neither natural nor violent.”** This is where trouble
truly begins. Galileo made no such assertion, which would include
the case of circulation around the center of the universe, as well
as the case of the rotation of a sphere Jocated there. No circula-
tions, and not even all rotations, are said by Galileo to be “neither
natural or violent,” Yet it is upon circulations (not miere rota-
tions) that the whole question of “circular inertia” has been n%ad.e
to hinge. I shall return to this point shortly. First, hov'vever,rit' is
important to note that Koyré's thesis attributes to Galileo a i1ff:-
long constancy to this principle: “Cércular movement acmfpafes in
physical reality an absolusely privileged position. . . . That is the

Galilean situmtion. It is almost the same at Pisa, at Padua, and

at Florence/?

Now in fact, circular motion of any kind occupies only a
small part of De motz. One chapter is dedicated to it, a}nd' that
chapter deals hardly at all with physical reality; it is principally
concerned with imaginary marble spheres, introduced for the pur-
pose of showing that instances of motion can be adduced that will
not fit into Aristotle’s classifications of natural and violent. Part
of one paragraph, discussing homogenous spheres rotating else-
where than at the center of the universe, rematks that such
spheres must be supported and will therefore be subjected to fr'ic-
tional resistance. That is the only case in which physical reality
appears, and such circular motion is most certainly n.ot given a
privileged position there, Heterogenous spheres, moving just as
circularly, would not continue to move forever according to Qah—
Ieo. In another chapter, discussing projectiles, antiperistasis is re-
futed by a paragraph concerning grindstones. These are the sole
discussions of circular motion, which is not given a privileged
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position in De moru at all; it is merely seen to require separate
discussion,

That Galifeo held any single unifying view, virtnally the
same at Pisa, at Padua, and at Flotence, is an inference for which
no factual evidence exists. Growth and change characterized his
thought; witness the evolution of his view of acceleration. As
to circular motion, it is not a principal topic in any of Galileo’s
published books before 1632, nor in any of his letters. (The
persistence of motion is not a principal topic either, though it
was discussed in one paragraph of the Letters on Sunspots.) In
The Assayer, Galileo denied circular orbits to comets and ridi-
culed the idea that any shape (particularly the circle) had any
ptiority over any other; none, said Galileo, had patents of nobility,
and none were absolutely perfect; perfection had to do with the
intended use, and not the form.?® So it is gratuitous, if not haz-
ardous, to assume that when Galileo composed the Dislogue he
had spent a lifetime ruminating over the persistence and absolute
privilege of circular motion in the world of physical reality.

The underlying philosophical preoccupation attributed to
Galileo by Koyré is equally unsupported by SULVIvIng correspon-
dence. Galileo’s letters are as devoid of metaphysical discussions
as they are of encomiums on the marvels of the circle. Only after
he was blind and had published his last book do we find him
debating (with Fortunio Liceti) on any abstract principles. Since
in that debate he sided with Aristotle, his final position can
hardly be called a lifelong unifying philosophical view.

With the philosophical interpretation of passages from the
Dialogne, conducted in the light of Koyré’s thesis, we are not
here concerned. Quite different interpretations are capable of being
made on other assumptions, and Koyrés interpretation does not
easily apply to certain other passages. Let us therefore pass on
to the problem with which Koyré was left as he turned to discuss
the successors of Galileo. He asks:

If, as we believe has been shown, Galileo did not formulate
the principle of inertia, how is it that his successors and pupils
could think they found it in his works? And another [problem]:
if, as we believe we have equally shown, Galileo not only did
fnot conceive, but even could not conceive inertial movement
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in a straight line, how did it come abour-—or better, how was
it brought about—that this concept, before which the mind of
a Galileo was halted, could appear easy, obvious, and self-evident
to his pupils and successors? 1%

Let us try to resolve the paradoxes seen by Koyré. And first,
let us remove from them the exaggeration inherent in the state-
ment above; that is, that these things have been shown. If it were
indeed shown, in the sense of being demonstrated, that Galileo
did not conceive or formulate, and could not have conceived
or formulated the idea of continued and undiminished rectilinear
motion, then Koyré's paradoxes would have to be admitted. As
things stand, however, we may for the present take Koyré’s
position not as something demonstrated, but only as one of several
plausible hypotheses. In that case the paradoxes named‘ give way
to ordinary questions, questions that may serve as the basis for
further fruitful research. These questions would be, for example:

“If Galileo could and did conceive of the possibility of con-
tinued and undiminished rectilinear motion, why did he not formu-
late that conception as a physical law in unequivocal terms? And
since he did not so formulate it, whatever his reasons, how did i
come about that his pupils and successors not only adopted it as
a matter of course, but treated it as something derived from Gali-
leo’s own work?”

An answer to these questions should be sought in Galileo’s
own works, not in general philosophical and historical princi-
ples such as those to which Koyré appealed in support of his
attempted demonstrations—demonstrations which led him only
to paradoxes. Charming as paradoxes are to the philosopher, they

are dead ends to the historian, who deals rather in real problems.-

That Galileo could and did conceive of the possibility of
continued uniform rectilinear motion is made evident at various
places in the Dialogne and the Two New Sciences. The treatment
of these in Koyré's monograph is unsatisfactory; he neglects to
mention certain relevant passages inn the Diglogne, and he explains
away others in the Two New Sciences by an argument that proves
only Galileo’s denial of the fact, and not any denial of (or failure
to recognize) the possibility, of rectilinear inertia. Thus Koyré
correctly says, of the celebrated passage in the Two New Sciences
deriving the parabolic trajectory, that continued uniform motion
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in the horizontal plane is not, for Galileo, rectilinear motion at
all; fundamentally it is circular motion, for the horizontal plane
is not a mathematical plane, but the surface of a sphere concentric
with the earth. This argument shows, not that Galileo overlooked
the possibility of rectilinear inertia, but merely that he avoided
any assertion of its existence in fact. Since it does not exist expeti-
mentally, that is quite cotrect. The possibility is here neither
affirmed nor denied; for its recognition, we must look elsewhere.

A single instance will suffice to show that Galileo recognized
the possibility of rectilinear inertia. The clearest and best example,
as well as the most important, is the existence of the discussion in
the Second Day of the Dislogne in which Galileo replies to the
argument that rotation of the earth would cast off objects resting
on its surface. In preparation for his argument, Galileo estab-
lished this physical proposition:

“The circular motion of the projector impresses an impetus
upon the projectile to move, when they scparate, along the straight
line tangent to the circle of motion at the point of separation . . .
and the projectile would continue to move along that line if it
wete not inclined downward by its own weight, from which fact
the line of motion derives its curvature.”™® Thus there would be
no curving of the line in the absence of gravity. The ensuing dis-

“cussion assumes that the rectilinear motion, if it could continue,

would be uniform, and this conception is confirmed by Galileo’s
diagram, in which equal times are laid off along the tangent. The
case of a projectile impelled by a cannon had been previously dis-
cussed and summed up in a postil: “Projectiles continue their
motion along a straight line which follows the direction of the
motion that they had together with the thing projecting them
while they were connected with it.”?® Here, as elsewhere, Galileo
does not assert that an actual cannon ever 5 at rest, or that the
absolute path of the ball would ever actually be straight, but the
possibility of a straight path is pointed out by the statement.
On the other hand, the real existence of “circular inertia,”
in the sense of an indelibly impressed impetus to follow the
diurnal rotation of the earth, is excluded for Galileo by his argu-
ment against extrusion.'” Serious consideration of such an impetus
is in effect denied by Galileo’s casual treatment of the Copernican
suggestion that terrestrial rotation is natural for the earthly ob-
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jects.'® Had Galileo considered it a face that every body resting
on the earth is indelibly impressed with a circular motion identical
with that rotation, his entire complicated mathematical argument
could have been avoided, and in its place we should have had
merely a reiteration of the Copernican position. The highly tech-
nical demonstration that Galileo attempted in explanation of the
quiescence of detached bodies resting on a rotating earth could
serve little purpose for himself, and still less for his readers, if
he believed literally in “circular inertia.” It is therefore signifi-
cant that Galileo did not repeat and endorse the Copernican “cie-
cular inertia” argument, but put his analysis of tangential and cen-
tral forces in place of it. There is simply no reason that Galileo
should ever have worked out this demonstration in the first place
if his own conviction was carried by “circular inertia.”

Here, however, an interesting point arises. At several places
in the Dialogue, pasticularly in connection with the fall of a
weight from a tower or a ship’s mast, the body is said by Galileo
to follow in its descent the circle swept out by the tower in con-
sequence of its diurnal motion, or of the ship in consequence of
its own motion. This is indeed “circular inertia,” and it is utilized
in several places; for example: “Now as to that stone which is
on top of the mast; does it not move, carried by the ship, both of
them going along the circumference of a circle about its center?
And consequently is there not in it an ineradicable meotion, all ex-
ternal impediments being removed? And is this motion not as fast
as that of the ship?”*®

If we had to decide which of the two different conceptions
Galileo himself held as an inner conviction—that is, whether the
ineradicable motion impressed on a beavy body is the uniform
rectilinear motion of which he spoke in connection with cannon-
balls and stones flung from whirling slings, or the circular motion
about the carth shared with the ship’s mast from which a stonc
is dropped—there is at Jeast one strong hint to be gained from
the discussions in which those two different ideas occur in the
Dialogne. In the frst-named case, whether the original motion
is rectilinear (cannon shot) or circular {whirled object), Galileo
always adds a comment to the effect that the object would con-
tinue along the straight line if it were not immediately drawn
down by its own weight, as in the passage cited above. But in
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the ship-mast or related examples, in which a circular motion is
shared by the object with the whole earth, or is imparted to it
solely because of the earth’s spherical shape, Galileo never adds
an analogous statement that the body would continue along that
(circular} line if it were free of weight,

In short, Galileo does not say positively anywhere that a
heavy body near the earth would continue in circular motion if
deprived of support, in any circumstances, whether dropped from
a ship’s mast or rolled off the end of a level place; but he does
say positively in several places that such a body would continue
any rectilinear motion imparted to it were it not for the downward
action of its weight.

Wherever it appears that Galileo asserts the continuance of
a circular motion for terrestrial bodies, the motion is of a char-
acter that is indistinguishable from rectilinear motion by reason
of the huge size of the earth. It has become customary to sup-
pose him to have been thinking: “and yet, of course, the motion
really #s circular, though we can’t see that it is.” If that were the
case, one would expect him to have made this specific qualification
for the cannonball and for missiles flung from slings; but that
is the exact reverse of what he did do. We may equally well
suppose him to have been thinking, "but the circular character
of the ship-mast motion or of the actual horizontal plane is merely
accidental, resulting only from the fact that the earth happens to
be round”; and then all his statements concerning terrestrial inertia
would be consistent and rather easy to explain. The prevailing
preference among historians of science for believing Galileo incon-
sistent and paradoxical on this matter is guided not so much by
necessity as by a belief that the history of science receives more
light thereby, ‘

The discussion of semicircular fall in the Diglogre does not
include any consideration of inertia in its physical aspect. The
continuation of motion there is introduced as a mathematical
assumption rather than an observed fact and is used for the pur-
pose of a geometrical speculation about an apparent path rather
than for a physical analysis of any projectile motion. Granting
for the sake of argument that it involves inertia, this case corre-
sponds to the ship-mast type of circular motion and hence to a
path indistinguishable by observation from a straight line for the
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amount of arc under consideration. To justify the treatment of
such arcs as straight lines, Galileo appealed throughout his life—
from the unpublished De mosz of 1590 to the final Two New
Sciences of 1638—to the treatment by Archimedes of the pans
of balance as hanging by parallel lines, though in fact they con-
verge toward the center of the earth. That is why, in my opinion,
it is wrong to suppose that Galileo considered the curvarure of
the earth as introducing an essemsial circular property into all
imparted motions near that surface. Rather, his consistent lifelong
statements show that he took Archimedes as his model in the
treatment of physical problems, ignoring inconsequential discrep-
ancies in the choice of physical postulates for his mathematical
deductions. _

There are also other grounds for believing that Galileo’s
references in the Dislogue to an ineradicable circular ‘impetus
or ineradicable rectilinear inertia give rise to merely apparent,
and not real, inconsistencies. Considering the order in which the
references occur, and their relative simplicity and complexity, there
is some reason to suppose that Galileo used the less involved
{Copernican) assumption of natural rotation earlier in the Dig-
loguwe, to lead his readers easily along, and the more refined
assumption of tangential motion when the argument became more

precise. That view is supported by the many instances in which

he treated the earth’s spherical surface as an approximation to
the horizontal plane. It is also supported by considerations of
style, since a precise statement of the tangential character of con-
served motion would necessarily have been clumsy in his early
illustrations as compared with the expressions used. On the whole,
it is more plausible that Galileo personally considered rectilinear
motion as essentially true for terrestrial bodies.

But we do not really have to decide for one view or the
other; if anything, we should avoid a final decision. What we
must recognize is that Galileo’s discussion leaves openr the possi-

bility of either circular or rectilinear continuation of uniform

motion in the case of free fall (a “natural” motion), whereas he
unambiguously specifies rectilinear continuation for the “violent”

component in the motion of cannonballs and terrestrial objects

released from slings or flung from rapidly rotating wheels.
This point becomes still more significant when we turn from
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the behavior of heavy bodies on or near the earth’s surface (ter-
restrial physics) to Galileo's cosmological speculations (celestial
physics). I paraphrase Galileo’s thought thus: “For terrestrial
physics (the physics of heavy bodies), the ineradicable tendency
of terrestrial projectiles is to follow the line of the cannon, or the
tangent to the circle of the sling, but the acrual motion cannot
be rectilinear because the body has weight. The essential motion
of a terrestrial body is one thing; its accidental path is another.
Where we cannot distinguish them, we do not have to decide
between them as in the case of point-blank shots or of falling
bodies sharing the earth’s diurnal motion, where the straight tan-
gent and the circular arc do not differ by an inch in a thousand
yards.” But where the distinction is clear, the essential rectilinearity
is easily recognizable: “When the stone escapes from the stick,
what is its motion? Does it continue to follow its previous circle,
or does it go along some other line?—It certainly does not go
on moving around. . . . It is necessarily along a straight line, so
far as the adventitious impulse is concerned.”?

These and similar passages answer the question whether
Galileo could perceive the possibility of continued uniform rec-
tilinear motion for terrestrial (heavy) bodies, and explain why
his pupils and successors treated the principle of inertia as a part
of his work, even though he did not formulate it clearly and
unambiguously. For a possible answer to the question why he did
ot do so, we must look also at his cosmological specularions. It
is evident that his failure to formulate the inertial law cannot
have been, as Koyré supposed, an inherent incapability of per-
ceiving its possibility. Something else made Galileo reluctant to
generalize it for the entire universe. Our principal (if not our
only) source of knowledge concerning Galileo’s cosmological
speculations is the First Day of the Didlogue, and particularly
its opening section. Having begun with Aristotle’s position, Galileo
has his spokesman (Salviati) agree with Aristotle, supplying addi-
tional arguments in favor of the Aristotelian position up to a cer-
tain crucial point. But where Aristotle deduces the motions of
the heavens from the perfection of the circle, Salviati introduces
instead the postulate that the universe is perfectly orderly. From
this he deduces that it is impossible for integral world-bodies (the
planets and their satellites) to move in straight lines: for in that
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way the cosmic order would perpetually change. This postulate
does not commit Galileo with respect to tersestrial objects. Cosmic
order, on the other hand, can be preserved only if the heavenly
bodies are at rest or in circular motion. Only that motion, he says,
is capable of true uniformity; straight motion is either accelerated,
decelerated, or infinite, the first two being nonuniform and the
last being inadmissible in an ordered universe,

It is here that Galileo introduces his “Platonic concept” of
cosmogony: the planets, having been created at a certain place,
were moved with straight accelerated motion until each had received
its assigned speed, at which point its motion was converted from a
straight to a circular path by God, who willed that the planet
keep that same velocity perpetually thereafter” On the basis
of this cosmogony and its attendant arguments, it is widely held
today that Galileo attributed the motions of the planets in their
orbits to “citcular inertia.” That, however, contradicts several clear
statements by Galileo himself; moreover, it implies certain beliefs
on his part that he cannot have held if he was even a competent,
let alone a gifred physicist and astronomer.

First, we must note that in this passage Galileo attributes
the continuance of the planets in their orbits to the will of Ged,
and pot to any physical principle whatever. Much later in the
Dialogne, he expressly denies that he (or anyone else) knows by
what principle the planets are moved.” Equally important is his
refusal to grant that the universe has a center: “We do not know
where that may be, or whether it exists at all. Even if it exists, it
is but an imaginary point; a nothing without any quality.”® Now,
Galileo’s entire understanding of perpetual uniform movement,
wherever it is expressed in his writings, consists always in the
body’s path being such as not to approach or to recede from some
center toward which it has a natural tendency to move. For ordi-
nary heavy bodies, this is the center of the earth. Only by the most
tenuous arguments, and in contradiction of Galileo’s own words,
can a case be made that he believed the planetary circulations to
be analogous to such motions, For it cannot be seriously argued
that Galileo believed the actual planetary motions to be literally
perfectly circular around the sun as a common <center. No com-
petent astronomer since Aristotle had believed in homocentric
orbits, with the possible exception of Fracastoro. Certainly no
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Ptolemaic or Tychonian, let alone Copernican, believed in mathe-
matically concentric paths for the planetary bodies themselves.
Galileo was no great theoretical astronomer, but he certainly was
awate of the classic problems of planetary orbits, variously solved
by eccentrics, epicycles, ovals, and ultimately by ellipses.

If anyone wishes to contend that Galileo was actually so ill-
informed as to believe that some set of perfect concentric circles—
centered, moreover, about an occupied point—would fit the actual
observed motions of planets, and that the “Platonic concept” of
the Dialogue presents us with his mature astronomical convictions,
then “circular inertia” demands further that Galileo must have
believed those circular motions to be absolutely uniform. But in
the Fourth Day of the Dialogne, Galileo argued that the circuits
of the sun, the earth, and the moon are not uniform in speed.?
Hence the attribution to Galileo of a belief in planetary motion
by reason of “circular inertia,” meaning by that absolutely uni-
form motion in perfect circles, can be maintzined only at the price
of rejecting his own words and his astronomical competence, or
supposing him to have been so devout a Platonist as to hold to a
cosmology refuted by his own perceptions.

We have now reviewed sorne of the factual weaknesses behind
Koyré’s thesis, and some of the needless difficulties to which i
gives rise, If we abandon his interpretation of “circular inertia”
as the unifying principle of Galileo’s physics and his astronomy—
as the unchanging core of his work at Pisa, Padua, and Florence—
what interpretation shall we put in its place? To this question I
wish to reply only tentatively, putting forth possibilities rather
than conclusions.

The contradictions (or seeming contradictions) in the Dig-
logue are better resolved by paying very close attention to Galileo’s
exact words than by postulating some unifying conception behind
them in Galileo’s own mind and then saying in effect: “When
he said this, he really meant thus-and-so.” Perhaps he did not
attempt to explain everything by one principle. Let me give an
example,

When Galileo had occasion to speak of a supported body
moving along a terrestrial horizontal plane, he usually went to the
trouble of pointing out that since no true geometrical plane existed
on a spherical surface, the so-called horizontal plane of our experi-
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ence is really a portion of the sphere. Yet when he argued that
a projectile released from a whicling sling tended to move along
the straight line tangent at the point of separation, he did not add
that the line was not really straight, but must share in the citcu-
larity of its previous path, or in that of the diurnal rotation, or
anything of the sort. This hardly supports the view that he thought
always of circularity and could not conceive of uniform rectilinear
inertial movements. The fact that such movements are made non-
uniform by air resistance and are curved by downward action of
weight has nothing to do with their essential character, and Galileo
was perfectly clear about that.

On the other hand, when he spoke of free fall along a
tower or the mast of a ship, he plainly said on several occasions
that the true path was a compounding of the straight motion
toward the earth’s center and the general circular terrestrial motion
shared by the object before the commencement of its descent. This
equally destroys any claim that Galileo really always had in mind
a straight tangential motion, It may be that he had such an idea
in mind, though he did not adduce it in every case for reasons
of style; but there is no more evidence that he always thought of
observed terrestrial inertial movements as essentially straight than
that he always thought of them as essentially circular. If we pay
strict attention to Galileo’s own words, we shall have to say that
he invoked no unifying principle for all cases of inertial movement.

It does not mecessarily follow, however, that Galileo was
inconsistent in the matter. If there is some element common to.
all the cases in which he specified an essentially straight inertial
movement, and some other element common to all the cases in
which 2 motion is spoken of as essentially circular, then the
apparent inconsistency might vanish as thoroughly as did any
supposed unifying principle.

Now it appears to me that Galileo is pretty consistent in

applying the idea of essential circularity to instances in which

the motion is a “natural” one in his sense; that is, a motion
induced by an innate tendency of the body to move when it is
set free. The idea of essential rectilinearity, on the other hand,
he applied most specifically to instances of “violent” motion—
cannonballs and projectiles thrown by slings. One may say that
even in this he is not entirely consistent, for his long discussion
of bodies that ought to be flung from the earth by its rotation is
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an apparent exception. Such bodies are not subjected to an external
force, yet they are treated as projectiles from slings would be
treated; that is, as potentially moving along the tangent in a
straight line. Whether the exception is real or apparent may be
argued. Galileo’s question was how such objects would move if
they moved at all, and that question he treated on the analogy of
the sling, or wheel, adding that the central tendency, lacking in the
fatter, prevented detachment from the earth.

In short, I doubt on the one hand that Galileo had a unifying
principle in this matter, and on the other hand that he was vague
and inconsistent about it. On one point he was quite definite and
consistent, though we have made it hard for ourselves to see this,
Tangible terrestrial objects subject to observation, to which an
external impulse was imparted either by a straight push or by
release from whirling, conserved the received impetus in the form
of uniform rectilinear motion. Stated several times in the Didlogue,
usually together with the idea of composition of independent
motions, this conception was applied again in the Two New Sci-
ences, and it was understood and adopted by Galileo’s pupils and
successors. He seems to me to be equally consistent in attribut-
ing essential circularity to terrestrial objects in “natural” motion
only, where it happens that an observer could nor actually dis-
tinguish the tangential from a very slightly arcal path.

It remains a question whether Galileo had an wlterior pur-
pose if he made the distinction suggested above, and whether it
had anything to do with a belief on his part about the planetary
orbits. It seems to me not unlikely that he did have a reason, but
one that had nothing to do with any cosmology. This reason was
that for Galileo, heavy bodies on or near the earth strove by an
innate tendency to reach its center (or rather, to reach the com-
mon center of gravity of all such bodies); and this they would
never reach by the parabolic trajectories implied by rectilinear
inertia, though they would reach it along a suitably chosen cit-
cular arc.*® In other words, violent motion could be permitted to
disturb natural order, while natural motion could not. If Galileo
took such a view, his sceming vacillation between inertia and
“circular inertia” in the Dislogne would be reasonably explicable
without recourse to a unifying principle on the one hand, or the
charge of inconsistency on the other,

Galileo’s cosmological speculations, which occur almost en-
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tirely near the beginning of the Dialogue, are usually interpreted
as evidence that Galileo Dbelieved in an extension of “circular
inertia” to the planets. It has already been pointed out that, taken
literally, this not only implies an extraordinarily poor knowledge
on his part of the actual planetary orbits and the speeds of planets
in them, but also contradicts various statements and denijals of
his own. In the preceding study I have set forth my view concern-
ing the motivation for Galileo’s cosmological speculations, giving
attention to their polemic value in the Dislogue and remarking
on the absence of similar passages in Galileo's voluminous corre-
spondence. The fascination with circles that Koyré makes funda-
mental to the understanding of Galileo’s physics is not evidenced
by lifelong metaphysical speculations—as is, for example, Kepler's
fascination with musical harmonies in the universe. _

it is also worth pointing out that in the Didlogue itself, Gali-
leo ridicules the Peripatetic insistence on a mathematical perfec-
tion of sphericity for the heavenly bodies,?® and he cheerfully
admits that perhaps no perfectly spherical body can be formed
of actual matter® This, for Galileo, does not invalidate mathe-
matical reasoning about physics; it merely cautions the calculator
to adjust his accounts as necessary.”® Such things militate against
the belief that Galileo was spellbound by circular perfection.

It is in that light, I think, that we should interpretr such
cosmological statements as: "I therefore conclude that only cir-
cular motion can naturally suit bodies which are integral parts
of the universe as constituted in the best arrangement.”?® Koyré
and his followers (indeed, some of his critics as well) want us
to believe that this proves Galileo to have believed in his heart
that absolutely perfect uniform circular motions carried the planets
around the sun. Taken literally, this would require him to have
been alone among all the astronomers after Aristotle to believe
that all observed positions of the planets were compatible with
a single set of uniform rotations about a fixed center. For in the
passage just cited, Galileo does not say “circular motions,” as if to
allow epicyclic paths made up of combined circular motions; he
requires “circular motion” to preserve order,

Against the prevailing view, which would make Galileo
ignorant or scornful of actual observation, we may read his phrase
“circular motion” as meaning no more than “circulation”; that is,
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recurrent motion over a closed path. That is perfectly consistent
with his manner of arriving at the proposition, which is deduced
from the orderliness of the cosmos. It is also consistent with his
customary good sense and with his obvious motive in the First
Day, which was to prepare a basis for attributing to the earth
a circulation about the sun.

The impropriety of Koyré's thesis as a basis for judging
Galileo’s beliefs about planetary motions seems to me to be con-
clusively shown by Galileo’s mature rejection of the quest for
causes in physics—the very attitude for which Descartes most
criticized Galileo. To offer “sympathy,” “antipathy,” or any other
occult quality in explanation of a physical effect was repugnant
to Galileo. It was this kind of “causation” that he criticized in
Kepler's theory of the tides. In the Dialogue he reproved Simplicio
for offering “gravity” as a cause of the fall of bodies, in a pas-
sage that overtly rejected all purely verbal attempts to assign
causes to planctary motions®® If the phrase “circular inertia” had
existed at Galileo’s time in the vague sense in which it is offered
today as Galileo’s own explanation of celestial motions, T cannot
doubt that Galileo would have . laughingly included it with the
“informing spirits” and “guiding intelligences” that he ridiculed
as explanations in this very passage.

It is fairly evident to me that Galileo did not offer a com-
plete system of the universe, We need not construct one for him.
It is a violation of Galileo’s entire approach to physics to rep-
resent as his inper thought the completion of a system on the
basis of a false principle of circular inertia—or any other unifying
principle, true or false. None of his pupils or followers wrote a
word to suggest that Galiteo ever adhered to or taught such a doc-
trine; none of his critics noted and condemned “circular inertia”
or praised it and condemned those passages in the Dizlogue that
clearly contradict it. If the term “circular inertia” had been pre-
sented to him and he had been asked whether that was his ex-
planation of planetary motions, I think he would have replied:

The introduction of such a phrase is in no way superior
to the “influences” and other terms employed by philosophers as
a cloak for the cotrect reply, which would be, “I do not know.”
That reply is as much more tolerable than the other, as candid
hogesty is more beautiful than deceitful duplicity.?*
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