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Understanding (in) Newton’s Argument for UniversalGravitation

Steffen Ducheyrfe

Abstract In this essay, | attempt to assess Henk De RegDamahis Dieks recent pragmatic
and contextual account of scientific understandinghe basis of an important historical case-
study: understanding in Newton’s theory of univegavitation and Huygens’ reception of
universal gravitation. It will be shown that de Ragd Dieks’ CIT-criterion, which stipulates
that the appropriate combination of scientistsllskand intelligibility-enhancing theoretical
virtues is a condition for scientific understandirggtoo strong. On the basis of this case-study,
it will be shown that scientists can understandheathers’ positions qualitatively and
guantitatively, despite their endorsement of ddferworldviews and despite their convictions
as what counts as a proper explanation.
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1. Introduction: A Contextual Approach on Scientific Understanding

Recently, Henk W. de Regt and Dennis Dieks (200&jehcogently pointed out that a
philosophical analysis of scientific understandisgould not only accommodate our
contemporary scientific practice, but also accdanthe historical diversity of conceptions of
scientific understanding. Whereas many philosopbéssience seemed to have followed the
view of Carl G. Hempel, according to which “undarsiling” is too subjective to be treated
systematically (see: Trout 2002 and 2005), de Regt Dieks have argued for a pragmatic
and contextual approach intended to offer a gendmail non-trivial, characterisation of
scientific understanding. On their proposal, saentinderstanding igpistemically relevant
since it belongs to the general, i.e. epistemiosadf science (de Regt & Dieks 2005, p. 139).
Other epistemic aims of science include: productbknowledge supported by experience
and, more precisely, prediction and descriptionnafural phenomena. Besides obtaining
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predictions and descriptions of phenomena (i.epiecal adequacy), scientists typically seek
to acquireunderstandingof how observed phenomena are derived from a yhedrich
generates predictions and descriptions. A scientlieory is not merely a black box that
produces empirically adequate knowledge: it needset showrhow particular descriptions
and predictions are generated. Thus, theoretiead &nd principles by themselves will not do
the job: what is further required are “particul&ills of the user of this knowledge” (ibid., p.
142). The application of a theory to a natural eysis typicallynot an algorithmic process.
Having at one’s disposal the relevant scientifieatty is thus a necessary but not sufficient
condition for establishing the epistemic aims aésce.

While scientists agree on what the general ainscigice are, they differ on the details
and resources by which they seek to realize thess. &he actual establishment of the
general aims of science depends on contextualrfadte. on whether a scientist possesses the
appropriate skills to apply a theoretical tool —~thich he attributes certain positive values
(theoretical virtues) — to a set of phenomena kggtanto its intended domain. To acquire
scientific understanding, the right combination sfientists’ skills and intelligibility-
enhancing theoretical virtues is required. Note bwih are not entirely subjective since they
are acquired and assessed by a scientific comm(ibidy, p. 151).

Theories consist of general, abstract principles govern the behaviour of a large set
of phenomena; models are needed to apply theseaygmanciples to a number of different
cases (Morgan & Morrison 1999, p. 14). Consider devg second law of motion, for
instance. From the second law (or, in fact, fromtlalee) nothing much of interest follows
(Giere, 1988, p. 66). We need additional informafwovided by a model (e.g., a two body-
system, a simple pendulum, etc.) to actually regorea physical system. According to Ronald
N. Giere, the laws of mechanics are likgefieralschemas that need to be filled in with a
specific force function in order to carry informati about the world” (ibid., p. 76 [italics
added]). A scientist, therefore, needs to find walysupplementing additional information
which allows for the application of abstract thedry physical systems. Since model
construction is typically not a deductive procassyill demand considerable creativity and
ingenuity on behalf on the scientist to bridge glap between abstract theory and brute facts.

Scientific theories function as conceptual tooll®dy means of which we interpret
phenomena. Whether scientists are able to apigay to a given phenomenon will, besides
on their ability to apply this theory, depend ore iragmatic virtuesof a theory (e.g.,
simplicity, continuity, unifying power, causal emplation, visualization, etc.). Such virtues
“may contribute to the intelligibility of the theprthereby facilitating the use of theory in the
construction and application of models” (de Regbi&ks 2005, p. 142). Whether a theory is
considered (un-)intelligible will depend on the gmaatic virtues of the theory and on “such
contextual factors as the capacities, backgrourmvledge and background beliefs of the
scientists in [contextC” (ibid., p. 151). Intelligibility is a positive \ae projected onto a
theory by scientists (de Regt 2004, p. 103) in fiomcof a scientist’s background knowledge
and his skill to work with the theory. De Regt abDieks then provide a criterion for the
intelligibility of a theory:

Criterion of the Intelligibility of a Theory: A scientific theory T is intelligible for scientis(in
context C) if they can recognise qualitatively dweristic consequences of T without performing
exact calculations(De Regt & Dieks 2005, p. 151)

A theory provides understanding, if it is intelbdg, i.e. if it gives us an intuitive grasp of the
phenomenalfeforewe embark on detailed calculations” (ibid., pp24%3). De Regt and

2 |n private communication Henk De Regt has confiriteat this criterion is intended only to account the
first step in the process of understanding of athé19 May 2007, Leusden).



Dieks further note that “such calculations are sgbently motivated, and given direction,
through the understanding we already possess”. (ipid.53) and that analogous “to problem-
solving heuristics, the ‘intuitive’ recognition tiieoretical consequences requires conceptual
tools” (ibid., p. 155).

Rather than arguing against their views, | seeksuggest some modifications or
extensions to their original proposal on the baxfisan important historical case-study:
understanding in Newton’s theory of universal gwaion. Before turning to Newton’s
argument for universal gravitation proper, | staltiress two potentially controversial issues
in section 2: the causal status of centripetalé®r2.1) and Newton’s views @ctio in
distans (2.2). In section 3, | shall discuss the analytigart of Newton’s argument for
universal gravitation proper. In section 4, | shaKe stock of the implications of the historical
case-study at hand for de Regt and Dieks’ propbgalocussing on Christiaan Huygens’
reception of the theory of universal gravitation.

2. Newton: Preliminary Clarifications

Before turning to the analytical part of Newtonigament for universal gravitation, | shall
address two potentially controversial issues: (th&)nature of causation in tReincipia and
(2.2) Newton’s views o@actio in distans

2.1. Centripetal Forces as Causes

There is a “Janus-like ambiguity” to the centrahcepts in thePrincipia: force, attraction,
and gravity (McMullin 1990, p. 72). They appearkte “purely mathematical” as well as
causal. How can this ambiguity be explained? Hoevvae to make sense of this tension
inherent to Newton’s work? Despite Newton’s frequeausal talk in his published works
(see Ducheyne 2005a and 2006 for examplesRitineipia also seems to contain positivistic
sounding statements. In a comment to Definitiod Mwton warns his readers that he is not
“considering the physical causes and sites of &r€&irium causas & sedes physi¢as

Moreover, | use interchangeable and indiscrimiyatedrds signifying attraction, impulse, or any
sort of propensity toward a center, consideringé¢hforces not from a physical but only from a
mathematical point of viewl herefore let the reader beware of thinking thathmyrds of this kind

| am anywhere defining a species or mode of aadioa physical cause or reason, or that | am
attributing forces in a true and physical sensecemters(which are mathematical points) if |
happen to say that centers attract or that cehsars forces. (Newton 1999 [1726], p. 408 [italics
added], cfibid., p. 588)

In this passage Newton dispensed with an agenatasrpretation of attraction, where one
attributes real causal agency to temtreof a body. However, as | will argue in what follew
this statement should not be seen as a refusatdblesh causes and real forces, but rather as
a caveat not to consider the centres of bodie®iag lthe real physical seat of the attracting
force, and moreover, as a refusal to discoursetahewcause of gravitySituating the force

3 On CUL 3968, f. 584ca. 1712-1713], Newton wrote that is was his itiEmof writing the above quote was
to remain “silent about the cause of gravity, theceurring no experiments or phanomena 5Yyhe might
prove what was the cause thereof: And this he hbtindantly declared in his Principles neare thennag
thereof in these words; Virium causas et sedesi®®/gam non expenddnd a little after. Voces attractionis,
impulsus vel propensionis cujusque in centrum fedifnter & pro se mutuo promiscue usurpo, has vi@s
physice sed mathematice tantum considerando. Usanksat Lector ne per hujusmodi voces cogitet meispec
vel modum actionis, causamve aut rationem physal#ubi definire, vel centris (quae sunt puncta Matlatica)
vires vere et physice tribuere, si forte aut cettrhere aut vires centrarum esse dixXero.




of attracting at the centre of a sphere is a coewnemathematical operation to approximate
the overall force of an attracting spherical bodfich in fact results from each particle
constituting the body (see section 3), but it i$ twobe taken literally, i.e. one should not
“attribute force in a true and physical sense totexs”. Andrew Janiak has recently
concluded that “[g]ravity’ refers to whatever i§ ithat non-mechanically causes various
motions of bodies near the surface of the Eartlounfoceans, and of the heavenly bodies, in
such a way that distance and mass are the salgi#bles in their changes in states of
motion” (Janiak 2007, p. 143; Janiak 2008, pp. B34pp. 76-77). Although this is basically
correct, here | seek to elaborate on the sort n$al#ty involved. Before doing so, | would
like to stress that I. Bernard Cohen’s “Newtoniatyl&s is compatible with a causal
reasoning of thérincipia. Cohen states that, in commenting on Propositidis Book I,
Newton had demonstrated that a mathematically getser law of motion was shown by
mathematics to be equivalent to a setcafisal conditions of forces and motions (Cohen
1982, p. 28, cf. p. 37). Given that the laws of imotare valid, Newton was able to deduce
that the area law is caused by its necessary dhdiesat causal condition: a centripetal force
(ibid., p. 63). The “Newtonian Style” thus perfgcdllows reasoning from effects to causes.
Newton introduced a new causal entity, “universalgation”, which was completely
different from a mechanical notion of cause in tefdirect contact (Ducheyne, 2005a). He
did not, like many of his contemporaries (e.g.,bnez and Huygens) endorse the customary
form of causal explanation, namely mechanistic axalions (Newton 1999 [1726], p. 940).
By means of abstract physico-mathematics he was tabldemonstrate that the force of
gravity is thecauseof the celestial and terrestrial motions. The higv@volved in Newton’s
explanations baffled most of his contemporariaf€I2004, p. 439) and continues to do so.
Once Gottfried W. Leibniz had publicly criticisedeiNton for introducing ajualitas
occultd, i.e. gravity, into natural philosophy, Newton beeamcreasingly pressed to clarify
the kind of explanation he had offered in tRencipia and to clarify his method of
philosophizing from a methodological point of vidon the latter see: Shapiro 2004). The
crux of Newton’s solution for meeting this publidgticism lay in carefully distinguishing
between different “levels of causation”: phenomanra caused by proximate causes, which
are in their turn caused by remote causes. Hermeidw declared that “the main Business of
natural Philosophy is to argue from Phaenomenaowttfeigning Hypotheses, and to deduce
Causes from Effects, till we come to the very figstuse, which is certainly not mechanical”
(Newton 1979 [1730], p. 369). In manuscript matedating from around 1712-1713,
Newton was more precise: in natural philosophy @mgues “from Phgmo/mena &
Experiments, first| to the causes thereof, hened to the causes of those causes, & so on
till we come to the first cause” (CUL Add. Ms. 39@8586; cf. f. 27). In the Principia,
Newton had only provided explanations involving fhreximate causes of orbital motion

“ See Leibniz’ defence of a mechanical ether conpadebullae in his Hypothesis Physica Novd671) in:
Gerhardt (ed.) 1849-1863, VI, pp. 17-59, fisntamen de motuum coelestium ca$689), inibid., VI, pp.
144-187, and hi®e causa gravitatis, et defensio sententiae authdeiseris naturee legibus contra Cartesianos
(1690), inibid., VI, pp. 193-203. In an unpublished letter addedst® the editor oThe Memoirs of Literature
(ca. May 1712) Newton defended himself as follow&.¢ibniz’s critique: “Because they do not explgiavity

by a mechanical hypothesis, he charges them witkingat a supernatural thing, a miracle and a dicti
invented to support an ill-grounded opinion and pares their method of philosophy to that of Mr. de
Roberval’s Aristarchus, which is all one as to datbmantic [i.e. fictional]. They show that theisea universal
gravity and that all phenomena of the heavenstaetfect of it and with the cause of gravity tmegddle not
but leave it to be found out by them that can erpia whether mechanical or otherwise. [...] Andrifere if
any man should say that bodies attract one andher power whose cause is unknown to us, or byveepo
seated in the frame of nature by the will of Gadbyp a power seated in a substance in which badmge and
float without resistance and which has thereforevisoinertiae but acts by other laws than those that are
mechanical: | know not why he should be said toothice miracles and occult qualities and fictiom® ithe
world.” (Janiak (ed.) 2005, pp. 115-116).



(centripetal forces), while he deliberately negtelcfrom the remote causes (the cause of
gravity), or so | will argue. In the published GealeScholium, Newton famously wrote:

Thus far | have explained the phenomena of thedreagand of our sea by the force of gravity, but

I have not yet assigned a cause to gravity. Indéésiforce arises from some cause that penetrates
as far as the centers of the sun and planets withiminution of its power to act, and that acts not
in proportion to the quantity of the surfaces & grarticles on which it acts (as mechanical causes
are wont to do) but in proportion to the quantifysolid matter, and whose action is extended
everywhere to immense distances, always decreasitige squares of the distances. [...] And it is
enough that gravity really exits and acts accordmgertain laws that we have set forth and is
sufficient to explain all the motions of the healydvodies. (Newton 1999 [1726], p. 943)

Newton took the above statement to mean that hepnaded gravity as a primary or
proximate cause for the heavenly and terrestrialians, but that he did not succeed in
discovering a further secondary or remote causegfavity. Nevertheless, an explanation
referring exclusively to the primary cause (andleeting the secondary mechanism — if any —
causing it) was fully legitimate to his mind. In ClAdd. Ms 9597.2 (ca. 1712-1713), Newton
thought the consequences of not accepting suchidfaexplanations through: this would
imply — a view impossible for Newton to accept attthe only satisfactory explanations were
“causally complete”, i.e. that they fully explaitl aausal agents occurring in between the
observed phenomena and the ultimate cause:

Otherwise, altogether no phenomenon could rightlyekplained by its cause, unless the cause of
this cause and the cause of the prior cause wereet@xposed and so successively [and]
continuously until the primary cause is arrived(@UL Add. Ms. 9597.2.11, £."3

Newton thought that such “partial” explanations avperfectly legitimate, for he wrote:

And to understand this without knowing the causgralvity, is as good a progress in philosophy
as tounderstandthe frame of a clock & the dependence bimpeels upon one another without
knowing the cause of the gravity of the weight Whinoves the machine is in the philosophy of
clockwork, or theunderstandinghe frame of the bones & muscles by the contrgatindilating of
the muscles without knowing how the muscles ardraoted or dilated by the power df yind is
[in] the philosophy of animal motion. (Newton tcetkditor of Memoirs of Literature, after 5 May
1712, Turnbull e.a. (eds.) (1959-1977), V, p. 3@difs added])

In CUL Add. Ms 3965.9 (ca. 1712-1713), Newton egiflly articulated his views on
explanation by means of distinguishing between ijpnake and remote causes:

He who investigates the laws and effects of eleétrices with the same success and certainty will
greatly promote philosophy [i.e., natural philosgpleven if perhaps he does not know the cause
of these forces. First, the phenomena should berebd, then their proximate causes — and
afterward the causes of the causes — should betigagd, and finally it will be possible to come
down from the causes of the causes (establishgdhéyomena) to their effects, by arguing a priori.
Natural philosophy should be founded not on metajaiay opinions, but on its own principles and
[end of text] (Newton 1999 [1726], pp. 53-54)

® Author’s translation of: “Alias nullum omnino pha@menon. per causam suamrecte explicari posset nisi

causa—ejus hujus. causae, & causa—priotiausae prioris redderetur & sic deinceps usquedaa causam

primam deventum sit.”

® Cohen’s translation of: “Qui leges et effectus ivin electricarum pari successu et certitudine éruer

philosophiam multum promovebit, etsifortel causam harum Virium ignoraverit—NarRhaenomena
Lobservanda primo | spectanda—consderandalsunt, dein horum causae proximae, & postea causae
causarum—-ergendaruenda; ac tandem a caussupremis causarumper phaenomena stabilitis, agausas

eaus—phaenemeneeorum effectus, leemm—eausas—p#e;emasargumentando a prlorl descendere licebit. Et
mbBosophia




Natural philosophy proceeds from phenomena to prateé causes, then from proximate
causes to remote causes, and then finally — aipriofrom remote causes to proximate
causes. It is especially in this manuscript maltdhat Newton’s hierarchical account of
causal explanation is apparent.

In Propositions I-1l, Newton argued that a centi@bdorce is a necessary and sufficient
causal condition for the planarity of the orbit akedpler’'s area rule, i.e. he argued that the
areas of a body described by radii drawn to an wmgacentre of force lie in a fixed plane and
are proportional to the times (deductive directigrsufficient causg and, conversely, that a
body, which moves along a curved line described plane and by a radius drawn to a point
describes areas about that point that are propeaitim the times, is urged by a centripetal
force tending toward that point (deductive diregtitynecessary caugeProposition | states:

The areas which bodies made to move in orbits desdry radii drawn to an unmoving center of
forces lie in unmoving planes and are proportiottathe times(Newton 1999 [1726], p. 444)
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Figure 1. Original figure accompanying PropositibnReproduced from Newton, I. (1726).
Principia mathematica philosophiae naturallsondon: Guil. & Joh. Innys for the Royal Society,
p. 40. Courtesy of The Royal Society.

Its proof proceeds as follows (see figure 1). Figwton divided the time into equal parts.
Let, furthermorecC be parallel to BS and meet BC at C. In the fiatt of time a body
describes by its inherent force the straight liri A the second part of time the body would,
by Law I, go straight on te describing B, but, as it orbits around S (by hypothesis), it is
deflected from its original rectilinear inertialthaby a centripetal force acting along BS (by
Corollary £ to the laws of motion) and describes BC. Then bailbe found at C in the
same plane as triangle ASB. Since SB andfe parallel, triangle SBC will be equal toSB
(since both their height and base is equal) and tbhuSAB. Hence the body describes an
equal area in an equal amount of time. By similgument this can be extended to all
triangles of the polygon. Newton then argued thdahe number of triangles as well as their
width is increased infinitely (“augeatur jam num@r& minuatur latitudo triangulorum in
infinitum”) and, correspondingly, their ultimaterpaeter ADF will be curved (by Corollary 4
to Lemma Ill (Newton 1999 [1726], p. 434), a bodyretually drawn (“perpetud tetrahitur”)

naturalis non in opinionibus Metaphysicis, sed imé&piis propijs fundanda est; & haec [end of {exXCUL
Add. Ms. 3970, f. 109).

"“A priori” here means what comes first in the araé nature; “a posteriori” means what comes firsthe
order of knowing.

8 Which states: “A body acted on by [two] forcesimgtjointly describes the diagonal of a parallelogrin the
same time in which it would describe the sideséf forces were acting separately.” (Newton 1992¢],7p. 417).



back from the tangent of the curve by a centripfetiade towards S will describe equal areas
in equal times. In this way, Newton reduced a difooious motion along the sides of a
polygon is thus to a continuous motion along a dimodbital patt?

Let us now turn to Proposition II:

Every body that moves in some curved line desciibadplane and, by a radius drawn to a point,
either unmoving or moving uniformly forward withrectilinear motion, describes areas around
that point proportional to the times, is urged bgentripetal force tending toward that same point.
(Newton 1999 [1726], p. 446)

Proposition 1l, which Newton introduced for thesfitime in the initial revise obe motu
(Whiteside (ed.) 1967-1981, VI, pp. 124-127), anteuto stating that an orbiting body
describing equal areas in equal times necessamyires a centripetal force exerted on that
body. Thus, it sets out to demonstrate the convefderoposition I. The proof proceeds as
follows (again see figure 1). By Law | we know tleabody that moves in a curved line is
deflected from a rectilinear course by some forcting on it. Then, by Law Il, the force by
which the body is deflected from rectilinear coues®l in equal times is made to describe
around an immovable point S the equal minimally lstmangles SAB, SBC, SCD, etc. acts at
B along a line parallel toC, i.e. along the line BS; at place C, parallehglthe linedD, i.e.
along CS, etc. Therefore, it always acts alongslitending towards S — here Newton again
presupposed the equivalence between a continuaee fand its corresponding limit of
discontinuous impulsive forcé8By Corollary 5* this holds for both a one-body system at rest
or describing uniform and rectilinear motion. Prsjpions I-1I thus jointly establish that:

Centripetal force by which a body is to an unmovaantre of force is directeelxactlyto this
centre,if and only if that body describes equal areas, which lie ilxedfplane, in equal times
exactly

In Corollaries 2-3 to Proposition Ill, Newton shalvéhat an overall centripetal force
directedquam proximei.e. very nearly, to its attracting centre isecessary and sufficient

° Can, however, a continuous force be approximatedsba limit of discontinuous impulsive force ae time
interval shrinks to zero? This point has often bdebated. D.T. Whiteside and E.J. Aiton dismissed/alidity
(Whiteside 1991, p. 30; Aiton 1972, pp. 103-104)wdver, an adequate assessment of the situatiwot solely
contingent on whether we grant Newton’s assumptiar a continuous force can be approximated asnia df
discontinuous impulsive force: for even if we gragwton this, his limiting procedure does not provieat he
claimed it proved, namely thatl centripetal forces produce orbits that lie inx@di plane, as Pourciau has shown
(Pourciau 2003). First of all, Newton could notépéndently prove the impulse assumption and the dlaat
areas involved lie on the same plain (the onegsired to establish the other and this observatimids for any
polygonal approximation) (ibid., esp. the reconsginn of Newton’s proof on pp. 277-279). Thus, Newtould
only have established that the areas, which badede to move in orbits describe radii drawn to amaoving
center of forceand which lie in unmoving planes, are proportionalthe times. Furthermore, and even more
seriously, Newton’s arguments for Proposition lachg involves impulse motions and limits of impulsmtions;
however, the conclusion is supposed to be validiocentripetal forces (impulse and continuous oridsjvever,
Newton’s proof of Proposition | can be restoredriyoducing some additional conditions on the srhoess of a
specific curve (see ibid., pp. 291-295).

% proposition Il also required the assumption thatriesting deflections in the limit motion are diesl toward
the central point whenever every vertex of everlyganal motion has a resting deflection directedaa the
central point (Pourciau 2009, pp. 23-24). A resigreoof of Proposition Il can be found on ibid., g8-27.

M Which statesWhen bodies are enclosed in a given space, theionin relation to one another are the same
whether the space is at rest or whether it is mguiniformly straight forward without circular motid (Newton
1999 [1726], p. 423).



cause for Kepler's area rule to hajdam proximé? In the scholium to Proposition II, Newton
stated that:

A body can be urged by a centripetal force compedraf several forces. In this case the meaning
of the proposition is that the force which is compded of all the forces tends towards point S.
Further, if some force acts continually along @ lperpendicular to the surface described, it will
cause the body to deviate from the plane of itsanpbut it will neither increase nor decrease the
quantity of the surface-area described and is thereo be ignored in the compounding of forces.
(Newton 1999 [1726], pp. 447-448)

In Proposition 1ll, Newton argued thdge}very body that, by a radius drawn to the centéa
second body moving in any way whatever, descrilesutathat center areas that are
proportional to the times is urged by a force coommed of the centripetal force tending
toward that second body and of the whole accelegatorce by which that second body is
urged[in the same direction along a parallel line (Wside (ed.) (1967-1981), VI, p. 126,
footnote 77)]” (Newton 1999 [1726], p. 448). Itopf proceeds as follows:

Let the first body be L, and the second T; andddnpl. 6 of the law’) if each of the two bodies

is urged along parallel lines by a new force teatqual and opposite to the force by which body T
is urged, body L will continue to describe abouh& same areas as before; but the force by which
body T was urged will now be annulled by an equel apposite force, and therefore (by law 1)
body T, now left to itself, either will be at rest will move uniformly straight forward; and body
L, since the difference of the forces [i.e., thmaiing force] is urging it, will continue to de#ue
areas proportional to the times about T. Therefitre difference of the forces tends (by theor. 2)
toward the second body T as the center. (ibidd48)

Hence, as Newton concluded in Corollary 1, “if alypd., by a radius drawn to another body
T, describes areas proportional to the times, aonoh fthe total force (whether simple or
compounded of several forces according to coraf the laws) by which body L is urged
there is subtracted (according to the same corof.tBe laws) the total accelerative force by
which body T is urged, the whole remaining forcewdyich L is urged will tend toward body
T as center” (ibid.). On the basis of Corollaryogthie laws of motion, Newton indicated that
if a body is drawn equally and along parallel lineward a third body$, the area law would
hold exactly (cf. Case 1, Proposition LX\ibid., pp. 570-572). Suppose tHats placed at a
very large distance from andT. In this case, the force by whithis drawn toward the centre
of Scan be considered as being nearly parallel todheefby whichr is drawn towards. If,
furthermore, the force exerted Byis small in comparison to the force by whichs drawn
towardT, L will not describe equal areas in equal times dxdmit very nearly, fol. moves
slightly more swiftly near ‘conjunction’ or ‘oppd&n’ and more slowly near the
‘quadratures’. Corollaries 2-3 to Proposition IBt&blish that, if the areas are very nearly
proportional to the times, the remaining force weéhd toward bodyl very nearly, and
conversely. For, if the additional force only slighaccelerates or slows dowlris exact
description of equal times in equal periods arolind will be drawn towardl very nearly,
and conversely. Thus, Corollaries 2-3 to Propasitibjointly establish:

2|n fact, when working orDe Moty Newton already realised that the true motionscelestial bodies are
immensely complicated and far from being exactlyplédan. Simultaneously taking in account all causé
planetary motion “exceeds the force of any humamdin{Whiteside (ed.) (1967-1981), VI, p. 78).

13 Which states: If bodies are moving in any way whatsoever witlpees to one another and are urged by equal
accelerative forces along parallel lines, they wailll continue to move with respect to one anothehe same way
as they would if they were not acted by such forEes those forces, by acting equally (in propartio the
guantities of the bodies to be moved) and alonglfghidines, will (by law 2) move all the bodieswedly (with
respect to velocity), and so will never changertipeisitions and motions with respect to one anofhe&wton
1999 [1726], p. 423).



The overall centripetal force by which a body iawln towards a second body is directed to this
bodyvery nearlyif and only if that body describes equal areas in equal tiragsnearly

Corollaries 2-3, which are derived from theorygehce the inference of a centripetal force
tending quam proximetowards its attractive centre from described artbad arequam
proxime proportional to the times. In the scholium follogi Propositions I-1l1l, Newton
concluded:

Since the uniform description of areas indicatesdbnter towards which that force is directed by
which a body is most affected and by which it iawdn away from rectilinear motion and kept in
orbit, why should we not in what follows use unifodescription of areas as a criterion for a
center [quidni usurpemus in sequentibus aequabilezaram descriptionem ut indicem centri]
about which all orbital motion takes place in fepaces? (ibid., p. 449)

In Propositions I-1ll, Newton related phenomenaeéarule) to theory (centripetal force):
the area rule counted as a measure of the ceiadripete. In the way outlined above, Newton
argued that a centripetal force is a necessaryp{Biton II) and sufficient (Proposition I)
cause for the fixed plane property together with &inea law. Similarly, in Corollaries 2-3 to
Proposition lll, i.e. th&juam proximecounterparts of Propositions I-1l, Newton arguledt tan
overall centripetal force directed very nearly todgaa centre is a necessary and sufficient
cause of the area law holding very nearly.

The overarching question that Newton was addressingropositions I-Ill can be
summarized as followdVhat are, given the definitions and the laws ofiomst the necessary
and sufficient causes of the area ruld8 a way of reducing the risk of ‘wild speculation
Newton demanded that the causes of orbital motiaghbto be derivable from the laws of
motion, i.e. from principles that have already shdteir merit in natural-philosophical inquiry.
Newton, furthermore, demanded that the causes addamatural philosophy should not only
be shown to entail their effects, but also thas¢heffects are shown to be necessarily produced
by those very causes. Put differently, Newton negflithat there be a systematic dependency
between the theoretical parameters and the phereotheg serve to explain. This requirement
by itself surpasses a strict hypothetico-deduathethodology: the demand that a centripetal
force (or an overall centripetal force directedyveearly toward its centre of force) should be
both a necessary and sufficient cause for bodieg Iy a fixed plane and describing equal
areas in equal times exactly (or very nearly) igtarantee that such motion is produced by
(overall) centripetal forces and (overall) centtgddorces alone. Newton was able to guarantee
by the systematic dependency which he had deducmd theory (Corollaries 2-3 to
Proposition Ill) that bodies describing equal areagqual times very nearly are necessarily
produced by an overall centripetal force urgingséheodies very nearly towards a centre of
force. Instead of introducingd hoc explanations to account for such deviations, Nawto
required that deviations, including small deviatipshould be accounted for by theory as far as
possible.

In the demonstrative part of natural philosophywiten remained agnostic about the
further explanation and cause of these centripfgedes. Accordingly, he relied on a
counterfactual intuition of causation, which didt mequire Newton to provide details on the
further causes producing gravity: if no impresseatd acted upon a body, Keplerian motion
would not have occurred. Newton’s causal explanaitd celestial movement involves
counterfactual dependencand more preciselgounterfactual-nomological dependenbiote
in order to back up causal claims in the countéutsicsense, we need some theoretical
background premise that informs us what happens e putative causal factor is absent.
In the case of orbital motion, this information psovided by Newton’s first law: if a
centripetal does not act upon a body, then thisybetdl remain at rest or conserve its
rectilinear inertial motion. This shows that thegence or absence of the centripetal force has



a noticeable empirical difference. Non-inertial motcan thus be seen as evidence of a real
force. In essence, we are comparing the non-unifamd non-rectilinear which bodies
actually describe with the uniform rectilinear noots that these bodies would describe if they
were not acted upon by an external force. Newtok the statement that gravity exists and is
explanatory to mean that he had proved gravity gsiraary or proximate cause for the
heavenly and terrestrial motions, but that he dad succeed in discovering a further
secondary or remote cause for gravity. Neverthesexplanation referring exclusively to
the primary cause (and neglecting the secondanhamesm — if any — causing it) was fully
legitimate to his mind.

2.2. Newton on Action at a Distance

Here | shall argue that although Newton rejedecureanaction at a distance, i.e. although
he rejected the view that material bodies by tl&in nature directly act on each other
vacuowithout the mediation of gertium quid,which was ultimately non-mechanical, he did
not think that action at a distance was intringycahintelligible. The claim that the sun is the
immediate agent-cause of celestial motions wasnable for Newton since he explicitly
rejectedactio at distanswithout the mediation of somethie¢se which is not materialn a
letter to Richard Bentley on 25 February 1692/3ytd@ wrote:

It is inconceivable, that inanimate brute Mattérowdd, without the Mediation of something not
material**, operate upon, and affect other matter withoutualuContact, as it must be, if
Gravitation in the Sense &picurus be essential and inherent in it. And this is Reason why |
desired you not to ascribe innate Gravity to meatT@ravity should be innate, inherent and
essential to Matter, so that one body may act wwther at a distance thro’ a Vacuumithout
the Mediation of any thing elsby and through which their Action and Force maydonveyed
from one to another, is to me such an Absurditgt thbelieve no Man who has in philosophical
Matters a competent Faculty of thinking can evdrifdo it. (Cohen 1978, pp. 302-303 [italics
added]

Note that with the word “Mediation” Newton is refierg to God’s interaction, otherwise
Newton'’s clarification which immediately follows ah “whether this Agent be material or
immaterial, | have left to the Consideration of mRgaders” (ibid., p. 303) would be
nonsensical (Henry 2007, p. 21'8)0n the Epicurean account, gravity is an esseatidll
inherent property of particles. In another letteRichard Bentley, Newton stated clearly:

You sometimes speak of Gravity as essential andramt to Matter. Pray do not ascribe that
Notion to me; for the Cause of Gravity is what éfend not to know, and therefore would take
more Time to consider of it. (Cohen 1978, p. 298)

Such Epicurean view would be untenable for Newtmradcept since it would imply that
matter itself was self-propelling or self-activatirOn the contrary, Newton emphasized that

14 Cf. CUL Add. Ms. 3965, f. 269ca. 1693-1694], where Newton wrote: “Nam Planeta} fion [...] |petent se
mutua vi aliqua] gravitates neque ullo modo agent in se invicgsh mediante principio aliquo activo quod
utrumque intercedat, et per quod vis ab utroqualierum propagetut [italics added].

15 Given Newton’s addition “whether this Agent beterial or immaterial”, it seems that Newton, during the
first years after the publication of tiiincipia still left open the possibility that gravity wasoguced by an
extremely subtlenechanicalether. However, this would change shortly afteéd2U8. In material related to the
Classical Scholia (ca. 1694), Newton wrote: “[Hoedium ex mente veterum non erat corporeum cum carpo
universa ex essentia sua gravia esse dicerente a&tumos|ipsos vi seterna naturee suse absque aliorum
corporum impulse per spatia vacua in terram cafd@UL Add. Ms. 3965, f. 269. This change was rendered
explicit in the General Scholium to second editminthe Principia. The ethers Newton introduced irhe
Opticks(and related manuscript material) were clearly-m@thanical: they required non-material interactén
micro-level forces (see infra).
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matter itself is utterly passive and that it regaithe activity of certain non-mechanical
“Active Principles”. Bodies are passive and are atbby active principles, i.e. immaterial
agents: “[flor we meet very little Motion in the Wo, besides what is owing to these active
Principles” (Newton 1979 [1730], p. 399). In lindthvhis metaphysical and theological
outlook, he saw his theory as providing room fomn-imeechanical forces in nature and
bringing such forces to the fore was central to deve Principia project'® In his preface of
the Principia Newton declared that the basic difficulty of nalyphilosophy is “to discover
the forces of nature from the phenomena of motiangd then to demonstrate the other
phenomena from these forces” (ibid., p. 382). Ia theneral Scholium (1713) Newton
explicitly noted that “all these regular motiong[icelestial motions] do not have their origin
in mechanical causes, since comets go freely ip ®ecentric orbits and into all parts of the
heavens” (ibid., p. 940). Newton thus endorsedviee that non-material agents mediated
the gravitational attraction of material bodi@svacuo (ibid., p. 339, pp. 310-370). John
Henry adequately notes that the ethers Newtondotted to account to explain gravitation
were not mechanical since they “consisted of pagibeld apart from one another, and from
particles to other matter, by repulsive forces apeg between them” (Henry 1994, p. 123)
and that “the aether theories were not intenddaeta way of avoiding actions at a distance”
(ibid., p. 135} These points are indeed well takén.

The subtle answer to the conundrum of action atstantce is the following: Newton
denied that matter could gravitationally act aisdaathce according to its own nature (because
this would imply that matter would be innately satting, an option incompatible to
Newton’s metaphysical and theological views); hogrevNewton endorsed action at a
distance for the secondary mechanism producingityrdvecause he postulated an “elastick
ether” consisting of repellent particles actatga distanc€Newton 1999 [1726], p. 699). In a
nutshell: for metaphysical and theological reasde®/ton rejected action at a distance at a
macro-level but accepted it at a micro-level. Newtious had n@ priori objections against
actio in distang®

3. Newton’s Argument for Universal Gravitation

In this section, | bring to the fore the diversiby understanding provided by Newton’s
argument for universal gravitation. | shall do sofbcussing on the first Propositions (I-VIII)
from Book Il as in the third edition of therincipia mathematicg1727). Correspondingly, |

shall deal with the analytic part of Newton’s argamh for universal gravitation where the

6 Note that De Regt and Dieks discuss Newton'’s theairuniversal gravitation but — quite ironically —
mentioned that apparently “Newton had difficultyttwthe metaphysics now associated with Newtoniaorth
there was no room factio in distansn the corpuscularist worldview to which he adliérand that he “did not
accept it as a tool for scientific understandindg Regt & Dieks 2005, p. 161).

" Newton’s account of gravitation as being produegdthe elastick force” of mutually repellent smpérticles
occurs in Query 21 (Newton 1979 [1730], pp. 3503352

18 This observation is entirely correct, for if Newtdhought otherwise we would be lead to accept the
conclusion that Newton tried to explain action atistance at the macro-level away by reintrodudirag the
micro-level.

91n Janiak 2007, Janiak did not refer to Henry'skvdHe does so in Janiak 2008, p. 53, footnoteThiere
Henry's views are quickly dismissed on the basiaroexcerpt wherein Henry (incorrectly) wrote thedvity is
“a superaddednherent property” (Henry 1994, p. 141; note however, thatHenry, 2007 this mistake is
corrected). In any case, Henry’s slip should ndtai¢ us from the important points he made: that ether
theories did not originate in Newton's dissatisfattwith action at a distanqeer se and that Newton accepted
action at a distance in his optical work and in Wik on the cause of gravity. In his subsequestugision
(Janiak 2008, pp. 53-65), Janiak does not consliese two points.

% This conclusion was also reached in McMullin 1978144, footnote 13 and p. 151, footnote 210.
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statement of universal gravitation is derived. Skethetic part stretches out to the very end of
Book Il (Ducheyne 2005b).

3.1. Propositions I-1l: The Inference of Inverse-sgare Centripetal Forces Acting on the
Primary and Secondary Planets

Propositions | and Il of Book Ill underwent no siggant changes in any of therincipia’s
editions. In Proposition I, Newton inferred fromdPlomenoft I, which states that “[alhe
circumjovial planets, by radii drawn to the centdrJupiter, describe areas proportional to the
times, andb] their periodic times — the fixed stars being att¥es are as the 3/2 powers of
their distances from that centgiNewton 1999 [1726], p. 797), that “[dt]he forces by which
the circumjovial planets are continually drawn aw#@ym rectilinear motions and are
maintained in their respective orbits are directedhe center of Jupiter arjty’] are inversely
as the squares of the distances of their places timt center(ibid., p. 802) by Proposition II,
Book | — in case Kepler's area law is taken exaetlgr Proposition Ill, Book | — in case
Kepler's area law is takequam proxime- and Corollary 6 to Proposition #/of Book | —
which takes the harmonic law to hold exactly, retipely. The same procedure can be applied
for the circumsaturnian planets by Phenomenondithe same propositions of Book*I.

In Proposition 1l, Newton inferred from Phenomendnwhich states that “[a]t]he
primary planets, by radii drawn to the earth, dekerareas in no way proportional to the
time<® but, by radii drawn to the sun, traverse areaspgmtional to the time's(Newton, 1999
[1726], p. 801), and Phenomenon IV, which states ‘] [tjhe periodic times of the primary
planets and of either the sun about the earth erdhrth about the saf the fixed stars being
at rest — are as the 3/2 powers of their mean dista from the sur(ibid., p. 800), that “[§
[tlhe forces by which the primary planets are canally drawn away from rectilinear motions
and are maintained in their respective orbits aredted to the sun anfb’] are inversely as
the squares of their distances from its cehtasid., p. 802), by Proposition Il of Book | —
which takes the area law to hold exactly, and Campl6 to Proposition 1V, which takes the
harmonic law to hold exactly, respectively. Moregua the case of the primary planets the
inverse square law is proved “with the greatest®ass from the fact that the aphelia are at
rest’(ibid.), since the slightest departure (“aberrgtibdm an inverse square law would entail
motion in the aphelia (by Book I, Proposition Xt/

3.2. Propositions IlI-1V: The Inference of an Inverse-square Centripetal Force Acting on
the Moon

2L Newton's “phenomena” are inductive generalizatittased on a large number of singular astronomical
observations and their complex mathematical prangssiere | shall not further discuss how thesecastimical
observations were obtained. Instead | refer thdeetp Densmore 1995, pp. 242-282.

22| e., here, as in the rest of tRencipia, Newton considered relative motions.

% For the secondary planets Newton’s applicatiofofollary 6 is no surprise, since he assumes Heabtbits
of the circumjovial planets, e.g., do “not diffeensibly from circles concentric with Jupiter” (Nemt 1999
[1726], p. 797). Newton presupposes a circular @apration here.

4 While Newton came to accept the empirical validifyKepler's harmonic rule from quite early onyias only
shortly before the composition @fe motuthat Newton came to accept the area rule when Btdmsteed’s
astronomical observations indicated a fairly acucanfirmation of it (ca. 1684). See Whiteside 49#d 1970,
Russell 1964, Thoren 1974 and Wilson 1974 for frtfiscussion.

% Here Newton rejected geocentrism.

% At this point, Newton leaves open the possibitifythe Tychonic theory. It is only in Propositionl Xf Book
[l that Newton established that the sun is the wmm centre of gravity of all planets (Newton 199926], p.
817).

270n Newton’s apsidal precession theorem, see fumitve Valluri, Wilson & Harper 1997.
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In Proposition 1l Newton showed that “[t]he forbg which the moon is maintained in its orbit
is directed toward the earth and is inversely asstjuare of the distance of its places from the
center of the earth” (ibid.). The first part ofghproposition is established by Phenomendf, VI
which states that the moon by a radius drawn to ctreire of the earth describes areas
proportional to the times (ibid., p. 801), and Rrsigon Il or Proposition Il of Book | — the
area law for the moon holds exactly only in theesise of the sun’s disturbing gravitational
force of the sun on the moon. Because the moorsdii@ary satellite, Newton cannot use the
route via Corollary 6 to Proposition IV. The secqratt of Proposition Ill, however, follows
from the very slow motion of the moon’s apogee @hhis caused by the sun’s disturbing
force): “[flor that motion, which in each revolutias only three degrees and three minutes
forward [or in consequentia, i.e., in an easteiilgaion] can be ignored.” (ibid., pp. 802-
803)%° From Corollary 1 to Proposition XLV, Book I, it fows that the centripetal force by
which the moon is drawn to the earth is proportid@adahen-th power of the distance, wheme
equals (360/(360 $°))2 — 3 andp® is the moon’s apsidal motion in degrees. In cEsa 3°3
apsidal motionn equals (360/(360 + 3932 — 3, i.e. the centripetal force by which theanas
drawn to the earth is proportional to the ca. @ /BLpower of the distance (or, in Newton’s
phrasing, approximately as the inversgsgpower® of the distance) (ibid., p. 803). Thus: “the
proportion of the force to the distance is inverses a little greater than the second power of
the distance, but is 59 times closer to the square than to the cube” {iBfdn Corollary 2 to
Proposition XLV, Book I, it is shown that, if themtripetal force by which a body (the moon)
revolves in an ellipse varies inversely to the sgud the distance from the centre of another
body (the earth), the motion of the apsides (inreleg) that arises from the extraneous
centripetal force of a third body (the sun) candegrmined as follows — on the assumption
that the extraneous force is 375.35 times>febmn the inverse-square centripetal force by
which the body describes an ellipgg® = 180° \[(1 — (1/357.45))/(1 — 4(1/357.45)}}
180.7623° (i.ex 180°4344") (ibid., p. 545, p. 803 Since the moon when departing from the
upper apsis will arrive at the lower apsis by agudar motion of 180°484", it follows that in
each revolution the upper apsis will move forwattough 1°3128’. Since Newton
furthermore assumed that “[tlhe [advance of thejigpf the moon is about twice as swift”
(ibid., p. 545%* it follows that the extraneous force of the ssimoi the centripetal of the moon
as roughly 2/357.45 or as 1/%¢@% and that in each revolution the upper apsis willveno
forward through 3°56", a value that agreed nicely with the 3éi@rived from astronomical
observation (ibid. p. 803). The latter step corddim serious lacuna, however, for the

% |n commenting on Proposition VI, Newton noted: téally, the motion of the moon is somewhat pertdrbe
by the force of the sun, but in these phenomeray Inp attention to minute errors that are neglegil{Newton
1999 [1726], p. 801).

29 A translation more close to the original is: “whiim each revolution is only three degrees andethmiutes in
consequentia [i.e., in an easterly direction fodjar

* This is the value Newton had calculated in Corgltato Proposition XLV (Newton 1999 [1726], pp.28803,
p. 544).

L This force differs 4/243 from the inverse-squarepprtion and 239/243 from the inverse-cube praporBy
dividing the difference from the cube proportio892243, by the difference from the inverse-squacprtion,
4/243, we arrive at 59.

%2 Newton, first of all, decomposed the sun’s petingbforce on the moon into a radial and a transdadi
component. Given the mathematical properties dfreetbody system based on Proposition LXVI of Bbek
which takes the moon’s orbit to be circular — agchh application of Corollary 17 to Proposition LK\Book |
(cf. Proposition XXV, Book Il (Newton 1999 [1726f. 840)), Newton calculated the average valuehef t
radial component of the sun’s perturbing force tihaws the moon away from the earth — here he adistt
from the sun’s transversal component — is to theelacation of the moon to the earth as {(E)? i.e. as
Y((277"43" = 39,343 minutes)/(366"9™ = 525,969 minutes))?, which yields a ratio of tao 357.45 (Wilson
1989, p. 264).

% The computation based on Corollary 2 to Propasi¥tV, Book |, was added in the second edition.

% The line “Apsis Lunze est duplo velocior circitanas added in the third edition.
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assumption that the moon’s apsis moves twice asMas not derived from theory (Whiteside
1976, p. 320; Whiteside (ed.) (1967-1981), vol. pp, 508-510, footnote 1, and pp. 518-519,
footnote 26; Aoki 1992, p. 151, footnote 12; WilsB@00, pp. 155-172). Initially, Newton
seemed to think that the sun’s transverse radiapoment could account for the doubling of
the motion of the moon’s apsis; later, for reasamknown to us, he abandoned this
explanation and perhaps even considered non-gtiaviéh to account for the other half of the
moon’s apsidal motion factors (e.g. the earth’s me#ig force) (Smith 1999, p. 261).

The inverse-square character of the centripetakfarhich draws the moon to the earth is,
furthermore, established in Proposition 1V, whigmtains Newton’s famous moon test. The
moon test sets out to prove that the earth’s graxtends to the moon and varies inversely as
the square of the distance from the centre of HrtheRequired for the computation of the
moon test are two basic elements: the mean distah¢ee moon from the earth and the
moon’s period, i.e. 27 days, 7 hours, 43 minutes3@343 minutesy. For the mean moon-
earth distance different values were availablehat ttme. Newton noted that according to
(Ptolemy*® and) most astronomers the mean distance of thearfrom the earth is 59 earth
semi-diameters (all editions), according to Vemueland Huygend') 60 (all editions),
according to Copernicus g9(all editions), according to Kircher §2(first edition only),
according to Tycho 56 (all editions), and according to Street,6Qthird edition). In all
editions, Newton took 60 terrestrial semi-diametassthe value for the mean moon-earth
distance in the moon test (Newton 1999 [1726],()8° Suppose that the sun is at rest and
that the moon is deprived of all its motion andtedtll towards the earth with all that force by
which it is normally kept in orbit, then the moorillvall a distance of 151, Paris feef (=
15,083 Paris feet) or, as he added in the thirdoegi“more exactly 15 feet, 1 inch, angol
lines” (ibid.y** (~ 15.093 Paris feet) in one minute (by Corollarp ®toposition IV, Book I, or
Proposition XXXVI, Book ).

From what is given, the period of the moon is 39,8inutes (T, = 39,343 and the
circumference of the earth is 126,249,600 Paris(fae= 123,249,600 Paris feet). The earth’s
diameter () can be determined as followsg B Ce/n or De = (123,249,600 Paris feet)~
39,231,566.1481. Since the circumference of thememuals 60 earth circumferences, €

% This value remained unchanged in all editions.

% ptolemy’s name was added in the third edition.

3" Huygens’ name was added in the third edition.

38 With respect to Tycho's value, Newton observesit‘Bycho and all those who follow his table of esfiions,
by making the refractions of the sun and moon (elyticontrary to the nature of light) be greatarnhhose of
the fixed stars — in fact greater by about foufieg minutes — have increased the parallax of themby that
many minutes, that is, by about a twelfth or fiftgeof the whole parallax. Let that error by coteel; and the
distance will come to be roughly gPterrestrial semidiameter, close to the value tied been assigned by
others” (Newton 1999 [1726], pp. 803-804). In thistfedition Newton corrected Tycho’s value asdsuit in 61
terrestrial semi-diameters; in the second editiencbrrected Tycho's value as to result iny 6@errestrial
semidiameters.

% The average of the five values Newton providedhia third edition is ca. 60,047. In the first ealitj the
average is ca. 60,567 terrestrial semi-diameterghd second edition, it is ca. 59,958 terressgahi-diameters.
“0One Paris foot equals 1.066 English feet (Densmegs, p. 299).

“LIn the first edition Newton wrote 15, Paris feettout court in the second edition he wrote “pedum
Parisiensium 1f, circiter”. It is worth mentioning Shinko Aoki's oalusion on the accuracy of the moon test:
“Newton believed he had shown the inverse-squaretdabe more exactly verified than was in fact tiase. If
in the Moon-test an accuracy of one part in 6008 fiaplicitly] required, in Newton’s opinion, to pvide an
empirical basis for the structure of tiincipia, then Newton failed in his effort, because he ouktthe
calculations necessary for this purpose. He woaktthdone better to remain content with the accuodtsined
in the first edition of Proposition IV of Book llithis was reasonably given because the observatiata
Newton used were poorly determined. It would nenthave been necessary to consider sophisticatezttion
factors in verifying the inverse-square law; thesge superfluous, or it was at least prematurake them into
account.” (Aoki 1992, p. 169).
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60 x 123,249,600 Paris feet = 7,394,976,000 Pagt As Oy = Cu/zn, Du = (7,394,976,000
Paris feetit ~ 2,353,893,968.8919. As the moon in orbit traveB9%,976,000 Paris feet in a
period of 39,343 minutes, it follows that it wilravel through an orbital distance of
187,961.6704 Paris feet in one minute. Since frasnollary 9 to Proposition IV of Book I,
“the arc which a body, in revolving uniformly in @rcle with a given centripetal force,
describes in any time is a mean proportional betvtke diameter of the circle and the distance
through which the body would fall under the actafnthe same given force and in the same
time” (ibid., p. 451), it follows that the distanttee moon would traverse in a one minute fall to
the earth equals: (the distance the moon travensesbit in a one minute period)%D i.e.
(187,961.6704 Paris feet)?/2,353,893,968.8919 Feets: 15.009 Paris fedt.

However, this is not yet the final value Newtonaibéd. Recall that Newton’s initial
approximation abstracts from the influence of tha.sTherefore, Newton corrects the above
result with a factor that takes into account theom® acceleration toward the sun. The
obtained 15.009 Paris feet should be corrected b§81725 of that value (ibid., p. 803, p. 840).
The corrected valua’] is then established as follows:= (15.009 Paris feet x 1/178.725) +
15.009 Paris feet 15.093 Paris fedt Accordingly, “since in approaching the earth tfuate
is increased as the inverse square of the distanceso at the surface of the earth is 60% 60
times greater than at the moon, it follows thatodybfalling with that force, in our regions,
ought in the space of one minute to describe 60 x 65/,, Paris feet, or more exactly 15 feet,
1 inch, and 4 lines”® [~ 15.093 Paris feet]” (ibid., p. 804). Hence, inaipd of one second a
body at the surface of the earth falls 15.093 Fags*® Bodies falling near the earth traverse
almost exactly the same distance in an equal amoutime. Huygens had measured that
swinging bodies near the surface of the earth tsav&5 Paris feet, 1 inchydlines or 15.0956
Paris feet in one secofiiSince the value calculated from the moon testtmggens’ value
are very close, and since the moon would fall eghme direction as terrestrial bodies in free
fall, Newton concluded:

And therefore that force by which the moon is keporbit, in descending from the moon’s orbit to
the surface of the earth, comes out equal to theefof gravity here on earth [eequalis evadit vi
gravitatis apud nos], and so (by rules 1 arffli8)that very force which we generally call graviegt
illa ipsa vis quam nos gravitatem dicere solem(iisid.)

In other words: Newton, in his moon test, and Hunggan his pendulum experiments, had
measured the same force. As Howard Stein has shéamton’s inductive conclusion should
be read as Newton establishing that terrestriaidsodnd the moon are both subject to the
accelerative force of the earth which extends irdiaéctions (Stein 1970, pp. 267-268)n

the scholium added to Proposition IV in third eafitiof thePrincipia, Newton noted that “the
proof of this proposition can be treated more fuflysius explicari potest]” by means of a
thought-experiment (Newton 1999 [1726], p. 805)p@se that several moons revolve around

“2Here | have calculated this value from the rougsvidn suggested via Corollary 9 to Proposition f\Book I.
For the route via Proposition 36 of Book | using tlersed sine, see Spencer 2004, pp. 779-780.

3 0On the actual value given by Huygens and its déion, see Aoki 1996, p. 394.

**In opting for 60 earth semi-diameters as the meanh distance Newton made the computation to &s¢ b
advantage as to the numbers in terms of accurdcyMestfall 1973, p. 755). Nevertheless, the catieh
Newton established was quite strong: William L. ptar has correctly indicated that if we neglect from
Newton’s 1/178.25 correction and take each of theal distances cited in the third edition of #encipia
separately, Huygens’ value is still well within teeror bounds of 14.612—15.47 Paris feet (Harpé2a0p. 182).
51 “line” is a twelfth of an inch.

“® Since (60 x 60 x15, Paris feet)/(60s)? = 15, Paris feet/(1s)2.

“"In the first and second edition Newton gave,3$out courtParis feet for Huygens’ value.

8 On theregulae philosophandiee 4.3.

9 The same point holds for the accelerative forcthefprimary planets on their satellites, the aaragive force
of the sun, and the accelerative force of all bedigversally.
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the earth. Their periodic times will “by the argumheof induction [per argumentum
inductionis]” obey Kepler's law and therefore theantripetal forces will vary inversely as the
square of the distance. Suppose further that thedbof them would nearly touch the highest
mountains. It follows, by the previous computatitimat the gravities of this moon will be
nearly equal to the gravities on the tops of theumt@ins. Now, if the force by which the
lowest moon descends was different from gravity tallittle moon was also heavy toward
the earth, then it would — contrary to experiencather descend twice as fast by both forces
acting together or not at all. Therefore, Newtgpesged his conclusion:

Since both forces — namely those of heavy bodidgfarse of the moons — are directed toward the
center of the earth and similar to each other andle[similes et sequales], they will (by rules 1
and 2) have the same cause [eandem habebunt caisean)

3.3. Proposition V: From Centripetal Force to “Gravity”

Proposition V established that the circumjovialngs, the circumsaturnian planets and the
primary planets gravitate toward Jupiter, Saturd #re sun, respectively, and are “always
drawn back from rectilinear motions and kept invdurear orbits fetrahi semper a motibus
rectilineis, & in orbibus curvilineis retine}i (ibid.). The revolutions of the circumjovial
planets about Jupiterthe revolutions of the circumsaturnian planets aboutuBa and the
revolutions of the primary planets about the sane phenomena of the same kind as the
revolution of the moon about the earhd, therefore, by Rule Il “depend on causes ef th
same kind [a causis ejusdem generis dependengciedly since it has been proved that the
forces on which those revolutions depend are dicetdward the centers of Jupiter, Saturn,
and the sun, and decrease according to the saimendtlaw (in receding from Jupiter, Saturn,
and the sun) as the force of gravity (in recednogifthe earth)” (ibid., p. 806).

Since the primary and secondary planets are bamfighke same kind as Jupiter and
Saturn and since, by Law lll, every attraction istaal, Jupiter and Saturn will in their turn
gravitate toward their satellites, the earth wilhgtate toward the moon, and the sun will
gravitate toward the primary planets (Corollary)1in Corollary 2, Newton established that
the gravity that is directed towards every plaseinversely as the square of the distance of
places from the centre of the plafteln Corollary 3, which was added in the secondieuliof
thePrincipia, added “[a]nd hence Jupiter and Saturn near cohfum by attracting each other,
sensibly? perturb each other's motions, the sun perturbsitthar motions, and the sun and
moon perturb our sea, as will be explained in wibbws [ut in sequentibus explicabitur]”
(ibid., p. 806)° In the scholium following Proposition V, which wadded in the third edition
of thePrincipia, Newton wrote:

Hitherto we have called “centripetal” that forcewkich celestial bodies are kept in their orbits. |
is now established that this force is gravity, #merefore we shall call it gravity from now on. For
the cause of the centripetal force by which the misdkept in orbit ought to be extended [extendi
debet] to all the planets, by rules 1, 2, afd @bid., p. 806)

0 Corollary 1 was slightly different in the first iidn. The difference is, however, not relevanitar present
discussion.

*L Corollary 2 was identical in all editions.

°2|.B. Cohen pointed out that the effect Newton vasking for was too small to be detected with the
instruments available at the time (Newton 1999 gl/@. 211).

%3 Corollary 3 was added in the second edition anthieed unchanged in the third.

*Rule IV was added in the third edition of tReincipia: “In experimental philosophy, propositions gatliere
from phenomena by induction should be considereabdhi debent] either exactly or very nearly true
notwithstanding any contrary hypotheses, untilgteer phenomena make such propositions either maet or
liable to exceptions [accuratiores reddantur auteptionibus obnoxiae]. This rule should be followsl that
arguments based on induction may not be nullifietidtur] by hypotheses.” (Newton 1999 [1726], p6).
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Newton’s theory of universal gravitation as develdpn Book Ill was not only established by
means of the physico-mathematical machinery Newatmh developed in Book I, but also by
means of a set of methodological rdfeshich were to justify and underwrite the inductive
generalizations made in Book Ill. While Proposisohlll, Book I, offered criteria for the
inference ofinstancesof centripetal forces, the rules of philosophiziregulated further
inductive generalisations — once different instanmiecentripetal forces were inferred and once

further empirical data was provided.
RULE I.
No more causes of natural things should be admitied are both true and sufficient to explain
their phenomena.
As the philosophers say: Nature does nothing in,vand more causes are in vain when fewer
suffi)%e. For nature is simple and does not indutgéhe luxury of superfluous causes. (ibid., p.
794

This ruleprima facieexpresses the idea of causal minimalism: the nuwbeauses in natural
phenomena should not be inflated beyond necessitause nature operates economically.
Upon closer consideration, and more importantlyida also provides two desiderata that a
proper cause in natural philosophy should meeawse should not merely be explanatory, it
should also be true. Put differently, a true caslsauld not merely explain its effect; it should
also be shown that its observable effeetessarily follow$rom this very cause. Once this is
established, then, when its corresponding effeobserved, the cause can be inferred to exist.
On this reading, Rule | then asserts that causearsiio be necessary and sufficient of their
effects are to be kept minimal.

Rule Il is basically a corollary to Rule | (cf. @dque”):

RULE II.
Therefore, the causes assigned to natural effdctiseosame kind must be, so far as possible, the
same.
Examples are the cause of respiration in man aadtper of the falling of stones in Europe and
America, or of the light of a kitchen fire and thien, or of the reflection of light on our earth and
planets. (ibid., p. 795)

The formulation of Rule Il underwent some signifitahange: whereas Newton originally
wrote “ldeoque effectuum naturalium ejusdem generis easdaincausas,. in the second and
third edition he was more carefulldéoque effectuum naturalium ejusdem generis eaedem
assignandee sunt causee, quatenus fieri pbtékbyré e.a. (1972), vol. I, pp. 550-551
[underscores added]). Rule Il therefore licensesidientification of instances of causes of the
same kind which have been shown to be true andcwuff to explain their phenomena.
Obviously, Rule Il requires a criterion to decidbem causes are “of the same kind”, which
Newton does not explicitly give. However, it can teronstructed from Newton’s actual
applications of Rule II.

Let us now go back for a moment to a crucial stepléwton’s argument for universal
gravitation: the application of Law Il in Corolhard to Proposition V. Newton had illustrated
the law of action-reaction by means of two bodiégclv were interposed by a third body. The
guestion now was whether Law Ill could be legitietat applied to two gravitationally
interacting celestial bodies. This concern wasedhisy Roger Cotes, who in a letter to Newton
in 1712/13, wrote:

% See furthermore: Cohen 1966; Koyré 1965, chapter 6
*%In the second edition, Newton changed “sufficiuimfo “sufficiant” and added the sentence “Dicutifue
philosophi (...) potest per pauciora.” (Koyré, e.872, vol. Il, pp. 550-551).
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But in the first Corollary of the 5th [propositiaf Book I11] | meet with a difficulty, it lyes in
these word€et cum Attractio omnis mutua ditam persuaded they are true when the Attraction
may properly be so call'd, otherwise they may HeefaYou will understand my meaning by an
Example. Suppose two GlobAs& B placed at a distance from each other upon a Té&bthat
whilst A remains at redB is moved towards it by an invisible Hand. A byrstar who observes
this motion but not the cause of it, will say thatdoes certainly tend to the centre Af &
thereupon he may call the force of the invisiblenéighe Centripetal force &, or the Attraction

of A since ye effect appears the same as if it dig pubceed from a proper & real Attraction/Af
But then | think he cannot by virtue of the AxioAtfractio omnis mutua est] conclude contrary to
his Sense and Observation, that the Glalakes also move towards GloBe& will meet it at the
common centre of Gravity of both Bodies. (...) Fall this Objection be cleared | would not
undertake to answer any one who should assert Yodygpothesim fingeré think You seem
tacitly to make this Supposition that he Attractiieece resides in the Central Body. (Cotes to
Newton, 18 March 1712/13, Turnbull, e.a. (eds.p@9977), vol. V, p. 392)

According to Howard Stein’s diagnosis Newton wasitly introducing a hypothesis in
Corollary 1 to Proposition ¥:

The third law of motion does not tell us that wheareone body is urged by a force directed
towards a second, the second body experiencesuah fegce towards the first; it tells us, rather,
that whenever one body is acted ufyra second, the second body is subject to a fores o4l
magnitude and opposite direction. Therefore — pgtthe point in proper generality — what we
may legitimately conclude, from the propositiontteach body is a center of gravitational force
acting upon all bodies, is that for each b&lthere must be some body (or system of bodses)
which, exerting this force oB, is subject to the required equal and oppositeti@a (Stein 1990,
p. 217 [italics in original])

Cotes’ challenge to Newton consisted in raisingisisee whether Newton had actually shown
that the gravitational counterforce resideghe attracted body. Newton’s formal response to
Cotes’ worry is often quotetl.It is, however, the draft version of this letterhich varies
significantly from the letter Cotes received, tshtds more light on Newton’s tackle of the
matter. The significance of the draft lies in tletfthat it makes it clear that Newton did not
consider the application as a straightforward deédadrom Law III, but rather as an inductive
generalization guided by his rules of philosophy:

And when you come at the difficulty you mentiorthe first Corollary of the '®Proposition of the
third Book, wch lies in these word& cum Attractio omnis mutua sthe Objection you mention
may be proposed & answered in this manner. 1 Thatbiut an Hypothesis not founded upon any
one Observation. 2 That it is attended wth the mbsansequence descriég. 22, namely that a
body attracted by another body without mutuallyaating it would go to the other body and drive

" This has some truth to it, for Newton obviouslyt neeasure the equality of the active gravitatiaonaks and
the passive gravitational mass, a point forcefipde in Harper 2002b, pp. 92-94.

8 For the reader's convenience | provide the relewadract from the letter that Cotes received: H&]
Difficulty you mention wch lies in these words [Eim Attractio omnis mutua sit] is removed by coesiilg
that as in Geometry the word Hypothesis is notridkeso large a sense as to include Axiomes & Ratss; so
in experimental Philosophy it is not to be takersinlarge a sense as to include the first PringipteAxiomes
wch | call the laws of motion. These Principles deeluced from Phaenomena & made general by Inducticim
is the highest evidence that a Proposition can irateis philosophy. And the word Hypothesis iséhesed by
me to signify only such a Proposition as is hohasRomena nor deduced from any Phaenomena but assumed
supposed wthout experimental proof. Now the mug&ahutually equal attraction of bodies is a brandhhe
third Law of motion & how this branch is deducedrir Phaenomena you may see in the end of the Coesllaf
ye Laws of Motion, pag. 22. If a body attracts &eotbody contiguous to it & is not mutually attedtby the
other: the attracted body will drive the other lefit & both will go away together wth an accelechtmotion in
infinitum, as it were by a self moving principlegrdrary to ye first law of motion, whereas therents such
phanomena in all nature.” (Newton to Cotes, 28 Martl3, Turnbull, e.a. (eds.) (1959-1977), volpy, 396-
399, pp. 396-397).

% In the original “described” is preceded by-“atteh(CUL Add. Ms. 3984.14, f. .
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it away before it with an accelerated motion innitim, contrary to ye first law of Motion. And
such an absurd Hypothesis wch would disturb allirgatis not to be admitted in opposition to the
first & third Laws of motion wch are grownded upBhaenomena. For that all attraction is mutual
& mutually equal follows from both those laws. Onay suppose that bodies may by an unknown
power be perpetually accelerated & so reject theemetrability of matter. One may suppose that
God can create a penetrable body & so reject tipemstrability of matter. But to admitt of such
Hypotheses in opposition to ratioffaPropositions founded upon Phaenomena by Inducsida i
destroy all arguments taken from Phaenomena by tiwué. all Principles founded upon such
arguments. And therefore as | regard not Hypothesegplaining the Phenomena of nature so |
regard them not in opposition to arguments foundpdn Phaenomena by Induction or to
Principles setled upun such arguments. In arguimg any Principle or Proposition from
Phaenomena by Induction, Hypotheses are not to bsidared. The Argument holds good till
some Phaenomena can be produced against it. Thism&mgt holds good by the third Rule of
philosophizing. And if we break that Rule, we canaffirm any one general law of nature: we
cannot so much as affirm that all matter is impemé. Experimental Philosophy reduces
Phaenomena to general Rules & looks upon the Ralée tgeneral when they hold generally in
Phaenomena. It is not enough to object that a agnplaszenomenon may happen but to make a
legitimate objection, a contrary phenomenon musadieally produced. Hypothetical Philosophy
consists in imaginary explications of things & inrayy arguments for or against such
explications, or against arguments of ExperimeRtalosophers founded upon Induction. The first
sort Philosophy is followed by me, the latter tooam by Cartes, Leibnitz & some others. And the
mutual equality of Attraction (wch is a branch bétthird Law of motion) is backt by this further
argument that is if the attraction between two bedivas not mutual and mutually equall they
would not stay in rerum natura. The body wch is msti®ngly attracted would go to the other &
press upon it, & by the excess of its pressure badhild go away together with a motion
accelerated in infinitum. (...) Thus the Objectionhayou mention is not only a Hypothesis & on
that account to be excluded [from] experimentald3oiphy, but also introduces a principle of self
motion into bodies wch would disturbe the wholenfeaof nature, & in the general opinion of
mankind is as remote from the nature of mattengmnetrability fead penetrability] is recconed
to be. Experimental philosophy argues only from pbaeena, draws general conclusions from the
consent of phanomena, & looks upon the concluspmemeral when ye consent is general
without exception, tho the generality cannot be olesirated a priori. In Mathematicks all
Propositions not demonstrated mathematically ar@otheses, but some are admitted in as
Principles under the name of Axioms or Postulatekout being called Hypothesis. So in
experimental Philosophy its proper to distinguistog®sitions into Principles, Propositions &
Hypotheses, calling those Propositions wch are cdldrom Phaenomena by proper Arguments
& made general by Induction (the best way of argumPhilosophy for a general Proposition) &
those Hypotheses wch are not deduced from Phaendopgmaper arguments. But if any man will
take the word Hypothesis in a large sense, he i@ne it, if he pleases to the impenetrability of
matter the laws of motion & the Axioms of Geometeéor it is not worth the while to dispute
about the signification of a word. (Turnbull, e{ads.) (1959-1977), vol. V, pp. 398-399 (= CUL
Add. Ms. 3984.14, 1.'1)

Judging by the tone of the original draft, whiclifetis greatly from the succint and more
formal style of the letter as sent, Cotes’ remdr&ud hypothesim fingerenust have struck a

nerve with Newton. In the draft version of thistéet Newton basically gave three different
arguments that were to justify the application @wLlll in Corollary 1 to Proposition

Proposition V. First of all, he provided ar negativaargument — a point which he also made
in the letter as sent to Cotes, namely, if granatatlly interacting bodies did not attract each
other equally in opposite directions, “both would @way together with a motion accelerated
in infinitum”, which is an absurdity since it “irdduces a principle of self motion into bodies”
and “would disturbe the whole frame of nature”. Hmer, this argument, taken by itself,
offers no satisfactory answer to Cotes’ worry: iabhows is that, if the attracting force of
bodys was significantly unequal to the counteractingcéoof body, both would be set in a

uniformly accelerated and rectilinear motion, bg thequality of their interaction; it does not
show that the counteracting force residesthe attracted body. Newton’s two positive

% In the original “rational” is preceded by-“Pregisibid.).
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arguments are more to the point. Secondly, Newtmnt@d out that Law Ill was deduced
from phenomena and that the application of this IawCorollary 1 was the result of a
rendering general by induction by Rule Il (cf. ‘Berimental philosophy argues only from
phaenomena, draws general conclusions from the ebon$g@hanomena, & looks upon the
conclusion as general when ye consent is genetlhbuti exception, tho the generality cannot
be demonstrated a priori.”). Newton’s third arguiisnthe most convincing: forces exerted
by the invisible hand adduced by Cotes or forcester by the surrounding ether particles on
the attractedbody, are causes that are not deduced from phenomehgharefore cannot
have any force against arguments that are basedtind generalizations of causes properly
deduced from phenomena — here we find a strikinigipation of Rule IV. The point Newton
was making that proper causesyerae causaeshould have empirical support and be shown
to be true and sufficient of their effects (cf. Rul). Therefore, alternative causes not
established along these criteria are merely hypiotdect. ibid., Il, p. 400). Hence, Newton’s
words: “It is not enough to object that a contrahgenomenon may happbaot to make a
legitimate objection, a contrary phenomenon must dmtually produced. Newton’s
argument was then that, since no alternative foneesbeen established according to proper
natural-philosophical standarts and, furthermore, since the existence of a wmsist
yielding, i.e. mechanical, ether surrounding céédtodies was very doubtful, the attractive
counterforce can safely be assumed to residéhe attracted body. Although Newton’s
application of Law Ill in Corollary 1 of PropositioV was not a rigid deduction from
phenomena (and Newton was clearly aware of thiagpuld be licensed by his rules of
philosophizing and be considered as a legitimatkigtion generalization, until possible
exceptions are observéd.

3.4. Proposition VI: Weight-Mass Proportionality

The main text of Proposition VI, in which Newtontasished weight-mass proportionality,
remained virtually unaltered in all editions — innfamt additions and corrections occurred,
however, in its corollaries. Newton first estabidhweight-mass proportionality for terrestrial
bodies. The falling of bodies toward the earth saBlace in equal times, “at least on making an
adjustment for the inequality of the retardationtlod air” (Newton 1999 [1726], p. 806). By
means of pendulums Newton was able to determinedhality of the times more accurately.
He performed such pendulum tests using nine dittareaterials (gold, silver, lead, glass, sand,
common salt, wood, water and wheat):

| got two wooden boxes, round and equal. | fillate @f them with wood, and | suspended the
same weight of gold (as exactly as | could) in ¢keater of oscillation of the other. The boxes,
hanging by equal eleven-foot cords, made pendulexastly like each other with respect to to
their weight, shape and air resistance. Then, wilaced so close to each other [and set into
vibration], they kept swinging back and forth tdgat with equal oscillations for a very long time.
(...) And it was so for the rest of the materialstiase experiments, in bodies of the same weight,

1 This was the point Newton made in a letter to hab“For since celestial motions are more regiem if
they arose from vortices and observe other lawsnsoch so that vortices contribute not to the retiptabut to
the disturbance of the motions of planets and cenaeid since all phenomena of the heavens andeo$ah
follow precisely, so far as | am aware, from noghbbut gravity acting in accordance with the lawsaiided by
me; and since nature is very simdl@ave myself concluded that all other causes areet rejected and that the
heavens are to be stripped as far as may be ahatter, lest the motions of planets and comets be hindere
rendered irregular [ipse causas alias omnes aldhsajudicavi et caelos materia omni quantum fiesétli
privandos ne motus Planetarum et Cometarum imptadiaat reddantur irregulares].” (Newton to Leibni
October 1693, Turnbull, e.a. (eds.) (1959-1977))., Mo pp. 285-289, p. 287 [italics added]).

%2 In other words, Newton was clearly of the ampliathature of inductive generalizations.
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a difference of matter that would be even less thahousandth part of the whole could been
clearly noticed. (ibid., p. 807)

From Corollary 1 to Proposition XXIV of Book Il (ith., p. 700-701%, it follows thatmu/m::

Fra/ Frp, which was to be demonstrat&tiNewton then set out to establish mass-weight
proportionality for planets, “for there is no douhat the nature of gravity [natura gravitatis]
toward the planets is the same as toward the e&thRules II-1V) (ibid. p. 807). Newton
backed this claim up by several arguments. Frormthen test in Proposition 1V, it follows
that terrestrial bodies, “raised as far as thetasbithe moon and, together with the moon,
deprived of all motion, to be released so far aalldo the earth simultaneously”, will in equal
times describe equal spaces as the moon, so #iatgtiientity of matter is to the quantity of
matter of the moon as their weights are to the ktexd the moon (ibid.). As we know from
Proposition | of Book Ill, the accelerative force$ the satellites of Jupiter/Saturn vary
inversely as the square of the distance from thére®f Jupiter/Saturn. Accordingly, in falling
from equal heights in equal times they would déscequal spaces, so that their quantity of
matter is to the quantity of matter of the Jup&eaturn as their weights are to the weight of
Jupiter/Saturn (ibid.). The same argument holdgHerprimary planets. Furthermore, that the
weights of the primary and secondary planets aréhér quantities of matter follows by
Corollary 3 to Proposition LXV of Book | (ibid., p@07-808). For, if they were more or less
strongly attracted in proportion to their quantttiy matter, then by Corollary 2, Proposition
LXV their motions would be perturbed by the inediyabf attraction, which is not the ca&e.

In its final edition, Proposition VI was followed/llive corollaries. Corollaries 1-4 taken
jointly can be seen as a polemic blow at Descaktedex cosmology — Corollary 2 is in fact
the sole place in thrincipia where Descartes is mentioned by name. There, Nexgtoutted
the Cartesian explanation of gravity (Corollarieg)land the Cartesigslenum(Corollaries 2-

4). In Corollary 1, which remained identical in a@titions, Newton concluded that “the
weights of bodies do not depend on their forms @xtures [Hinc pondera corporum non
pendent ab eorum formis & texturis.]” (ibid., p.B0For”, as Newton continued, “if the
weights could be altered with the forms, they wobkl in equal matter, greater or less
according to the variety of forms, entirely comyrém experience” (ibid.). As a body’s gravity
is proportional to its quantity of matter, it remgiunchanged in case the same amount of mass
is preserved — irrespective of the body’s form. v@yatherefore does not act on a body’s
surface (Descartes’ claim), but on its quantityratter. In Corollary 2, Newton stated that alll
bodies universally that are on or near the eaitate toward the earth and the weights of all
bodies that are equally distant from the centrthefearth are proportional to their quantity of
matter. Moreover, gravity is “a quality of all bedi on which experiments can be made and
therefore by rule ¥ is to be affirmed of all bodies universally [Haest qualitas omnium in

% For a recent reconstruction of Newton’s experiraesgee Wilson 1999.

% Proposition XXIV of Book Il established that,/m, :: (Fmi X 2)/(Fm2 % t,2) obtains for swinging bodies. Since
the times are equal, we derirg/m, :: .,/ Fyo (Corollary 1).

%5 As Harper points out: “Absence of such orbitalgpiziation counts as a phenomenon measuring theitgopfa
ratios of mass to weight toward the Sun at equabdces.” (Harper 2002a, p. 189).

% In the second edition of tHerincipia, Rule Ill — which has often baffled interpretersvas introduced: Those
qualities of bodies that cannot be intended anditteth[i.e., qualities that cannot be increased atichinished]
[intendi & remitti nequeunt] and that belong [conpet] to all bodies on which experiments can be ensltbuld
be takef[habendae sunt] as qualities of all bodies univdgséNewton 1999 [1726], p. 795). At the end of the
text to Rule 1ll, Newton noted that gravity “diméhies as bodies recede from the earth” (ibid., §).7®may then
be objected that Newton seems to be contradictimgeif by claiming, on the one hand, that gravianicot be
increased and diminished (and therefore is a us@groperty), and, on the other hand, that graliityinishes as
a body recedes from the earth. However, the appaenradiction on Newton’s part easily disappearse we
consider relevant manuscript material (post-1718;1¥17): “All bodies here below are heavy towaytgarth in
proportion to the quantity of matter ineach of them. Their gravitylin proportion to their matteris not
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quibus experimenta instituere licet, & propterea pg. lll. de universis affirmanda est]”
ibid.).%” If you deny this, then either bodies are devoigrafvity or gravitate less in proportion
to their quantity of matter. Now,

If the aether or any other body whatever eitherevemtirely devoid of gravity or gravitated less in
proportion to the quantity of matter, then, sinaecprding to the opinion of Aristotle, Descartes,
and others) it does not differ from other bodiesegt in the form of its matter, it could by a
change of its form be transmuted by degrees inbmdy of the same conditions as those that
gravitate the most in proportion to the quantityhafir matter; and, on the other hand, the heaviest
bodies, through taking on by degrees the form ef dther body, could by degrees lose their
gravity. And accordingly the weights would depend on thengoof bodies and could be altered
with the forms, contrary to what has been provedarol. 1 (ibid., p. 809 [italics added])

In Corollary 3, Newton wrote that “[a]ll spaces aret equally full [Spatia omnia non sunt
sequaliter plena.]” (ibid. p. 816%.For if there were a fluid “with which the regiofi the earth
would be filled, because of the extreme densitysomatter,” its specific gravity “would not be
less than the specific gravity of quicksilver orgwld or of any other body with the greatest
density, and therefore neither gold nor any othaybcould descend in air” (ibid.). Newton
then added the suggestion that the ether couldirbinished indefinitely?® In Corollary 4,
which was added in the second edition of Brencipia and taken over in the third edition,
Newton provided yet another argument against the€ianplenum “If all the solid particles
of all bodies have the same density and cannotalefied without pores, there must be a
vacuum [Si omnes omnium corporum particulee soliteeegusdem densitatis, neque absque
poris rarefieri possint, vacuum datur.]” (ibid.)n ICorollary 5°, Newton differentiated
gravitational forces from magnetic ones — put ddfely: he showed that gravity and
magnetism are forces of a different species:

The force of gravity is of a different kind fromethmagnetic force [diversi est generis a vi
magnetica]. For magnetic attraction is not propwwi to the [quantity of] matter attracted. Some
bodies are attracted [by a magnet] more [than dp@rtion to their quantity of matter], and others
less, while most bodies are not attracted [by aneggt all]. And the magnetic force in one and
the same body can be intended and remitted [nereased and decreased] [vis magnetica in uno
& eodem corpore intendi potest et remitti] and @nstimes far greater in proportion to the
quantity of matter than the force of gravity; ahitforce, in receding from the magnet, decreases
not as the square but almost as the cube of thendis, as far as | have been able to tell from
certain rough observations [ex crassis quibusdaservationibus animadvertere potui]. (ibld.)

Magnetism is not a universal property, since it cdended and remitted. Neither are magnetic
forces proportional to the quantity of matter atteal, nor do they vary inversely proportional
to the distance.

intended or remittedin the same region of the earth by any variety fférms/ / & therefore it cannot be taken
away +-speak-of-bodies—equally-distant-frofregntre—of the—eartlf...)” (CUL Add. Ms. 3970, f. 243]italics
added], cf. f. 253. In order to get further understanding of the nieg of “qualities that cannot be intended or
remitted”, it is useful to contrast them with qtiak that can be intended and remitted. After pdiscussed the
“vertue or disposition” of Island Crystal to produdouble refraction, Newton noted: “And as magnetisay be
intended & remitted, & and is found only in the Mg & in iron: so this vertue of refracting the pendicular
rays is greater in Island Crystal less in Crysfalhe rock & is not yet found in other bodies.” (ClAdd. Ms.
3970, f. 258[post 1713, pre-1717]). Rule Il instructs us tosier such qualities as qualities that pertaialito
bodies universally.

" The argument based on Rule Ill as well as thereate to Aristotle and Descartes were added irs¢ioend
edition and remained unaltered in the third edition

% |n the first edition, the first sentence of Coaoyl 3 was “Itaque Vacuum necessarid datur.”.

% This final sentence to Corollary 4 was added engbcond edition and remained unchanged in the eiition.

O Corollary 5 in the second and third edition copas to Corollary 4 in the first edition.

" This corollary was identical in the second anddieiditions.
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3.5. Proposition VII-VIII: Universal Gravitation

Proposition VII, in which Newton argued for univaksgravitation, is one of the few
propositions of Book Il that is identical in aldi®ons of thePrincipia (ibid., pp. 810-811).
Thus far, Newton had demonstrated that all plagedsitate towards each other and that the
gravity toward any planet (taken by itself) variegersely as the square of the distance of the
places from the centre of that planet. By PropmsitiXIX of Book I, it follows that the gravity
towards all planets is proportional to their qugntf matter. Furthermore, since (1) all the
parts of a planet A are heavy towards planet Bii{&)gravity of each part is to the gravity of
the whole as the quantity of matter of that path®quantity of matter of the whole, and (3) to
every action there is an equal reaction (by Lawy ItIfollows that planet B will gravitate in
turn toward all the parts of A, and its gravityaoy one part will be to its gravity toward the
whole of the planet as the quantity of matter @it thart to the quantity of matter of the whole
(ibid., p. 811). Thus, as Newton continued in Clargl 1, the gravity toward the whole planet
arises from and is compounded of the gravity of thdividual parts (“Oritur igitur &
componitur gravitas in planetam totum ex gravitatpartes singulas.”’ From Corollary 3 to
Proposition LXXIV of Book | — which proves that, ibward each of the separate points of a
given (homogeneous) sphere there tend equal cetatriforces varying inversely proportional
to the square of the distances from those pointsprpuscle placed outside the sphere is
attracted by a force inversely proportional to sig@are of the distance of the corpuscle from
the centre of this sphere — it furthermore folldwat the gravity toward each of the individual
particles of a body is inversely as the squaréhefdistance of the places from those particles
(Corollary 2). In order to back-up his argument dioiversalgravitation Newton required the
demonstration that the overall inverse-square i force exerted by a body results from
the composition of each of the individual inverge@e centripetal forces of the particles
constituting that body. The upshot of the propostion the attractions of spherical surfaces is
that the inverse-square law would hold exactly pmrfect spheres with symmetrically
distributed densitie§’ By implication, if the inverse-square law does hold exactly, then the
body under consideration is either not perfectlyesical or it has no symmetrically distributed
density. In other words, any deviation from thedarse-square law is seen as a deviation from
perfect sphericity or symmetrical density distribat In this sense, the conditions under which
an exact mathematical relation would hold exacigdme informative about the physical
conditions that are producing deviations from tlkxaot mathematical solution: if the areas
described are not proportional to the times, ias the case that only one centripetal force is
urging a body exactly toward its centre of force, (out positively, an additional force is
affecting the situation); similarly, if the inversguare law does not hold exactly, it is not the
case that the body under consideration is perfesplyerical or has a symmetrical mass
distribution.

In Proposition VIII, Newton observed:

I was still not certain whether that proportiortleé inverse square obtained exactly in a totalforc
compounded of a number of forces, or only nearlydsiineret accurate in vi tota ex viribus

"2 Newton noted: “If anyone objects that by this lalivbodies on our earth would have to gravitateaivone
another, even though gravity of this kind is bymeans detected by our senses, my answer is thatygi@avard
these bodies is far smaller than what our sensdd detect, since such gravity is to the gravityded the whole
earth as [the quantity of matter in each of] thiesdies to the [quantity of matter in the] wholethdr(Newton
1999 [1726], p. 811).

3| refer to propositions of this type asicro inference-tickefsas they license conclusions about the inverse-
square centripetal forces of the micro-particlest ttonstitute a macroscopic body from the overaleise-
square centripetal force exerted by that body.
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pluribus composita, an vero quam proxime]. Foratild happen that a proportion which holds
exactly enough at very great distances [in majaribistantiis satis accurate obtineret] might be
markedly in error [notabiliter erraret] near thefane of the planet, because there the distances of
the particles may be unequal and their situatiassimilar [ob insequales particularum distantias
& situs dissimiles]. But at length, by means of bdo props. 75 and 76 and their corollaries [ibid.,
pp. 594-596], | discerned [intellexi] the truthtbk proposition dealt with here. (ibid., p. 811)

From these corollaries, it follows that the invessgiare proportion is preserved all the
way down to the surfaces of the attracting boddesa realtour de force in Corollary 1 to
Proposition VIII, Newton determined the proportiohthe weight force on bodies of equal
mass at equal distances from Jupiter, Saturn andatth, respectively, to the weight force on
bodies of equal mass at equal distances from thé&*su

3.6. Understanding Universal Gravitation
Newton’s argument for universal gravitation consaseveral intelligibility enhancing virtues:

- Propositions | and 1l: by Newton’s spelling out thie implications a Cartesian
vortex cosmology he rendered it intelligible thatahanical theories cannot
account for the celestial motions (negative aspent) that a non-mechanical
cause needs to be introduced in natural philosqjpogitive aspect) causal
explanation.

- Proposition IlI-V: by the moon-test he gave insighthe fact that the motion of
the moon, the motions of the primary and secongtagets, and the terrestrial
motions are produced by the same foramif(cation + convergence of
independently calculated theoretical paramelers

- Proposition VI: by applying the same argument pajtevhich stated that, when
acceleration is constant, mass-weight proportibnalbtains, to the primary and
secondary planets he made his readers understaat riass-weight
proportionality obtains in celestial motions as M@hification).

- Proposition VII-VIII: by mathematically showing than overall inverse-square
force of a body is composed by the mathematicahtpocomposing this
mathematical body, he made it clear that the inldial particles composing a
physical body result in an overall inverse-squared (de)compositioh

4. From Huygens to de Regt and Dieks

Among Newton’s contemporaries Christiaan Huygemslgwas one of th@rincipia’'s most
able readers: on the one hand, he was highly gkilemathematics, which enabled him to
grasp the technicalities of tirincipia (see, e.g.: Huygens 1888-1950, vol. XXI, pp. 408-42
and Huygens 1690, pp. 466-488), and, on the othedhhe had good physical insight
enabling him to devise aexperimentum cruci$or deciding between Newton’s theory of
universal gravity and his own mechanical theorgtematter> Huygens found the notion of

" See Garisto 1991, Newton 1999 [1726], pp. 217-28i,Cohen 1998 for the details.

S Huygens’ 1690 account of gravitation was a splésiortical account of gravitation which rejectedr@sian
vortices. Cf.: “[...] je voudrais bien scavoir si diepuis [i.e., since the publication of NewtoPsncipia in
1687] vous n'avez rien changé a vostre Theorigseque vous y faites entrer les Tourbillons de déis Cartes,
qui a mon avis sont superflus, si on admet le Systde Mr. Newton ou le mouvement des Planetes l&gip
par la pesanteur vers le Soleil etvla centrifuga qui se contrebalancent. Outre que ces Tourbil@adesiens
faisoient naitre plusieurs difficultés, comme vaesrez pas mes remarques et mesme sans elles ¥@aosiviez
pas lignorer.” (Huygens to Leibniz, 8 February 06#Huygens 1888-1950, vol. IX, p. 368, cf. Huygeas
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gravitationalattraction “absurd” (Huygens to Leibniz, 18 November 1690,yfens 1888-
1950, vol. IX, p. 538), i.e. unexplainable by angahanical principle (Huygens 1690, p. 471),
and at the outset of hidiscours de la cause de la pesanté690) he clarified why he
thought so:

Pour trouver une causetelligible de la Pesanteur, il faut voir comment il se petef en ne
supposant dans la nature que des corps qui soéstd’'une mesme matiere, dans lesquels on ne
considere aucune qualité ni aucune inclination apgrocher les uns vers les autres, mais
seulement des differentes grandeurs, figures, &vwaments; commendlisje il se peut faire que
plusieurs pourtant de ces corps tendent directemszatun mesme centre, & s’y tienent assemblez
a I'entour; qui est le plus ordinaire & le princigghenomene de ce que nous appelons pesanteur.
(Huygens 1690, p. 451 [italics added])

Correspondingly, Huygens explained gravity in medtel terms, i.e. in terms of direct
contact: when a body, which is immersed in a rgpigloving fluid consisting of small
particles contained in a spherical space so tlat particle of that fluid matter has a tendency
to move away from the centre, does not follow tineutar motion of the surrounding fluid or
moves more slowly than the surrounding fluid, illvee pushed by the surrounding fluid
towards the centre (Huygens 1690, pp. 452-462fuisdeermore Snelders 1989, pp. 212-215).
Although Huygens was genuinely impressed by physiathematical results of Newton’s
Principia (e.g. the inverse-square law and the derivatiodeglerian motion, the moon test,
etc.), he could not accept the idea that bodiesBoylian vacuum attracted one other:

Je n'ay donc rien contre Wis Centripetacomme Mr. Newton I'appelle, par la quelle il fpgser

les Planetes vers le Soleil, & la Lune vers la &emais j'en demeure d’accord sans difficulté:
parce que non seulement on scait par experiendeyqutelle maniere d’attraction ou d'impulsion
dans la nature, mais qu’'aussi elle s’explique parldix du mouvement, comme on a vi dans ce
que j'ay écrit cy dessus de la pesanteur. Carriempéche que la cause, de céftte Centripeta
vers le Soleil, ne soit semblable a celle qui peuss corps, qu’on appelle pesants, & descendre
vers la Terre. (Huygens 1690, p. 472)

Huygens devised amxperimentum crucisvhich was to settle the case between
Newton’s theory of universal gravitation and hisnogpherical-vortical explanation of gravity:
namely, to explain why a seconds pendulum is shodar the equator (i.e., to explain why in
the same amount of time a pendulum traverses pege st the equator than elsewhere on the
earth) — a difference that was first observed @anJeicher in 1672-1673 when he compared
the length of a seconds pendulum at Cayenne t@bRaris (Huygens to the Directors of the
East Indian CompanyDutcht Vereenigde Oost-Indische Compagnie], 24 April 8,68
Huygens 1888-1950, vol. IX, pp. 272-291; cf. Huygel690, pp. 462-471, pp. 476-484).
According to Huygens, it was the earth’s rotatiortree equator alone that reduced the net
effect of gravity and correspondingly he thoughattthe earth’s centrifugal forces at the
equator are sufficient to explain the differentddrs of the seconds-pendulums. Newton'’s
theory explained the difference as follows — on #&sumption that the earth is a
homogeneously dense, oblate, and fluid sphere,hwkiflattened by the centrifugal force of
the earth’s rotation. Surface gravity varies wdhtude from the combination of two effects:
(1) centrifugal effects by the earth’s rotation pl{2) the gravitational forces at the earth’s
surface arising from their composition out of iseisquare forces directed toward the

Leibniz, 11 July 1692, ibid., vol. X, p. 297, cfukbens to Leibniz, 12 January 1693, ibid., vol.pX385; for
Huygens’ reservations against Cartesianism, seggéhs to G. Meier, June 1691, ibid., vol. X, pp4-M5; cf.
Huygens 1690, pp. 472-473; cf. Snelders, 19892pH-219).
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particles in an oblate earth (Newton 1999 [1726], B21-832)"° By consequence, the
variation of surface gravity with latitude is largaccording to Newton’s theory than
according to Huygens'. In other words, measuring ¥ariations of surface gravity could
provide an answer to which gravitational theory wasrect. Collecting trustworthy data to
settle the matter turned a difficult matter fortbétuygens and Newton (Schliesser & Smith
forthcoming; Greenberg 1996) and it was only in #hghteenth century that the issue was
settled in favour of universal gravitation (Greerp&995). In any case, Newton understood
the significance of what Huygens was doing as &arclfrom the many changes Newton
incorporated in the second and third edition ofRnacipia.

There is a systematic lesson to be learned frosapisode in the history of science
which has implications for de Regt and Dieks prepas scientific understanding. Recall
that de Regt and Dieks claim that:

Not only skills of scientists but also propertidstiteories play a role in this dimension: whether
scientists are able to apply a theory to a paaicphenomenon depends both on their skills and on
the pragmatic virtues of the theory, e.g., viswaddibty or simplicity. These virtues may contribute
to the intelligibility of the theory, thereby faitdting the use of the theory in the constructiod a
application of models, and accordingly they conii#bto the achievement of the epistemic aims of
science.The appropriate combination of scientists’ skillsdaintelligibility-enhancing theoretical
virtues is a condition for scientific understandifde Regt and Dieks 2005, p. 142 [italics added])

Moreover, when commenting on the qualitative unieding provided by Boyle’s gas law,
they note:

It is important to note that the above reasoningsdeot involve any calculations. It is based on
general characteristics of the theoretical desonptof the gas. Its purpose is to give us
understandingf the phenomendeforewe embark on detailed calculations. Such calculatare
subsequently motivated, and given direction, thhotimp understanding we already possess. (ibid.,
pp. 152-153 [italics in original])

Because of his mechanicist assumptions Huygensifatkey element of Newton’s theory of
universal gravitation unintelligible: the very nmti of attraction. The notion of attraction did
not fit into his mechanical worldview and he theref considered explanations based on
attractive forces as illegitimate and absurd. Diesali this, Huygens had a profouagerative
understandingof Newton'’s theory, i.e. he had a genuine graswiodt Newton’s theory of
universal gravitation encompassed and of how cermmhs were to be derived from it. He
certainly was mathematically skilled enough to peaie into the specifics of Newton’s
propositions.

In the terminology of de Regt and Dieks, Huygend wibt ascribe to the appropriate
intelligibility-enhancing theoretical virtues to msider the theory of universal gravitation as
an intelligible theory. Must we therefore concluithat Huygens could not understand and
work with the theory of universal gravitation arne fpropositions of thBrincipia — for this is
exactly what they suggest when they write thatcigltions are subsequently motivated, and
given direction, through the understanding we alyepossess [i.e. the understanding
provided when a scientist qualifies a theory amalligible theory]™?

My answer is negative. As is particularly cleamfrdisexperimentum crucigduygens’
was able to grasp the content of Newton’s theomynd¥ersal gravitation, which states that all
bodies attract one another in void space in prapotb their mass and inversely proportional
to the distance from their centres, at a qualitakdvel, and, moreover, he was able to embark

| shall refrain from going into the technical distaof Newton’s propositions on the shape of theteavhich
often contained hidden steps and mathematicalteestiich Newton did not bother to spell out (Gresngb
2006).
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in detailed calculations derived from the theory wfiversal gravitation, to reason with
Newton’s gravitational models, and to render Nevgogualitative claims empirically
significant, despite his reservations against the idea of atioac Therefore, de Regt and
Dieks’ criterion that the appropriate combinatioh swientists’ skillsand intelligibility-
enhancing theoretical virtues is a condition folestific understanding is too strong, and,
moreover, contrary to what de Regt and Dieks cldhm, subsequent quantitative phase of
model construction needs not to be motivated byptlegious acceptance of the intelligibility
of a particular theory. The case of Newton-Huygemsws that, despite an unbalance between
the appropriate combination skills and intelligiigdenhancing theoretical virtues, Huygens
succeeded in getting both a qualitative and quativit understanding of universal gravitation
— and, vice versa, that Newton had a qualitative guantitative understanding of Huygens’
spherical vortex theory. Here we have a clear exanop two scientists, who endorsed
different worldviews and different criteria of whatounts as an adequate scientific
explanation, but who could nevertheless underseawh others’ theories both qualitatively
and quantitatively.

Let me put it another way. If de Regt and Diek#ecion was adequate, there would be
a deep incommensurability between Newton’s and ldogg gravitational theories: since
Newton and Huygens did not share the relevantligitglity-enhancing theoretical virtues,
both could not understand one another’s theoryitatiakly. Moreover, since de Regt and
Dieks further more assume that further quantitatimelerstanding requires that a theory
should be seen as intelligible in the first plasewton and Huygens could not understand
each others’ theories quantitatively. Given theuksion of thexperimentum cruciabove, |
hope to have made the case that Newton and Huygelhsinderstood each others’ positions
and that there was a genuine sense of communidagitveen the adherents of two different
theories’’ The moral is that scientists can understand ealcbrs) positions despite their
endorsement of different worldviews and despitér tbenvictions as what counts as a proper
explanation.
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