
The Axioms of Newtonian (Meta)physics
I. Introduction

This paper is a close examination of the Axioms, or Laws of Motion, along with some of the Definitions and propositions, in Newton’s Principia.
 This examination shows that there is an extraordinarily complex and difficult conceptual entanglement in which the most basic elements of Newtonian physics are all involved. A thorough attempt will be made to lay bare, in detail, all the main issues in this entanglement. My general aim in doing so is to clarify the ways in which mathematics, physics, and metaphysics are closely interwoven in the Principia.
II. The Definition of Mass

A quick point of entry into the heart of the matter is the very first definition of the Principia, the definition of mass or quantity of matter.
 The importance of the notion of mass is clearly indicated by the position of its definition. To better appreciate this importance, we need only to realize that (1) certain crucial definitions (especially Defs. 2, 8) and Law II, and the propositions that in turn depend on them, are essentially dependent on it, and (2) the system of the world propounded in Book III of the Principia is all about real, massive bodies. It is not an exaggeration to say that without the notion of mass Newtonian physics as we know it could not even be formulated.

But this centrally important quantity is not really defined in Def. 1 at all! The definition is circular, because it defines mass in terms of density and volume, while density presumably can only be defined as mass per volume. Newton simply gives no independent definition of density. As a result, the notion of mass is left only vaguely intuitive—mass is the amount of ‘stuff’ there is in a body—and lacks fundamental conceptual clarity. This is of course astonishing given the dimensions of Newton’s undertaking and the extent to which his undertaking depends on this basic notion. Moreover, this fundamental unclarity about mass is only aggravated by the equally fundamental unclarity in the other basic notion of Newtonian physics – force. (As we shall see, the unclarity in the one concept is inextricably coupled with the unclarity in the other.) To better appreciate the depth and pervasiveness of the issues involved, it will be helpful to quickly work up a sense of conceptual crisis here.


Because mass is so ill-defined, it has no mathematically precise measure. Consequently, the quantity of motion and the motive quantity of force, both of whose definitions involve mass (Defs. 2, 8, respectively), are also ill-defined and have no mathematically precise measure either. Worse, Law II, which is to govern the basic dynamic relation between change in the quantity of motion and impressed external force, is consequently also ill-formulated and has no well-defined platform—i.e. massive bodies—of application. The entire edifice of Newtonian physics threatens to crumble with its murky foundations.


A dim light of hope remains. It is the last sentences of the explanatory addendum to Def. 1:

It [i.e. mass] is apprehended through an individual body’s weight. For it is found by experiments with pendula carried out with the greatest accuracy to be proportional to weight, as will be shown later. (p. 3)

To one’s agony, however, it is only in II.24, long after the definitions and axioms, that Newton finally honors this promissory note of ‘apprehending’ mass by pendulum experiments. Doubtless this ‘apprehension’ merits the closest examination.

The pivotal conceptual importance of II.24 is that it establishes an independent measure, via the measurable quantities weight and time, on the quantity of matter. It enunciates:

The quantities of matter in pendulous bodies whose centers of oscillation are equally distant from the center of suspension are in the ratio compounded of the ratio of the weights and the duplicate ratio of the times of oscillation in a vacuum. (p. 317)

That is to say,
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, where m is the mass of the body, W its weight, and T its pendulous period. I shall concentrate on the conceptual significance of this proposition and skip the details of its proof (even though some steps in it are intriguingly subtle).

What this proposition establishes, in essence, is that one can measure the mass of a body by determining its phenomenological weight and its pendulous period.
 Both weight and time are measurable quantities, and II.24 makes it possible to determine the otherwise unobservable mass through these observables. This is the first—and, as far as I know, only—mathematically precise measure on mass that Newton gives, a measure that has now outgrown its vague, intuitive, and circular definition at the beginning of the Principia.

Since there is apparently a sense in which II.24 furnishes a badly needed foundation for the central notion of mass, we must now closely consider this possible foundation. Clearly, mass is ‘apprehended’, or perhaps even ‘defined’, operationally here. One might thus be tempted to give II.24 a positivist, perhaps even operationalist, interpretation. But I think such temptation should be resisted. This is not just because the labels are anachronistic, but more importantly because it is quite clear overall that in Newton’s ontology matter is absolutely basic and hence cannot be reduced—i.e. de-ontologized—to empirically ascertainable operations. The quantity of matter of a body may be ‘apprehended’ by its weight and pendulous period, but that is not to say that the massive body is, in its intrinsic quality,
 nothing over and above a certain combination of its weight and pendulous period. After all, for Newton mass is a universal, intrinsic quality of matter that does not “suffer intensification and remission” (Rule 3) whereas phenomenological weight clearly does (e.g. II.24.7).
 Whether the de-substantializing tendency of the positivist has genuine philosophical merit I shall not discuss here, but it seems clear that in II.24 Newton takes himself to be only measuring mass rather than defining it, which he probably takes himself to have done at the very beginning of the Principia.

What does II.24 really give us, then? How good is the foundation, if it does provide one? I submit that it does not—and Newton does not intend it to—provide any ontological foundation for mass per se but only the conditions for the possibility of ‘apprehending’ it. What II.24 does is establish a mathematically precise experimental procedure for measuring mass. It gives us a positive, quantitative ‘fix’ on mass, but it sooths no ontological anxiety about this quantity itself. Despite the mathematical determinacy that II.24 gives to it, mass remains ontologically radically undetermined.

This can be seen in the very proof of II.24, in which Law II is indispensably employed. But Law II, as noted above, is fundamentally ill-formulated without a prior, ontologically clear and robust definition of mass. This is another reason why Newton cannot be interpreted as giving a definition (operationalistically or otherwise) to mass in II.24, because in that case he would be defining mass through a procedure that already involves, through Law II, the very notion itself. We see clearly here how deeply and inextricably mass is entangled with own laws.


It will be instructive to see if, in connection with II.24, one could ‘excavate’ Newtonian mass from this conceptual mire and if so, how. I think the only way to do this, which would also save Law II itself from the same mire, is to treat Law II as an implicit definition of mass. (This is of course not Newton’s intention.) This is possible because the “motive force” acting on the pendulous body is its own phenomenological weight, a perfectly well-defined observable, and mass could be then defined (implicitly through Law II) as, e.g., the resistance to acceleration by that weight. However, although this would give both mass and Law II a breath of air in their conceptual mire in the case of II.24, further reflection quickly shows that this is no general rescue for them. This is because, alas, Newtonian force in general, and attractive centripetal force in particular, is not well-defined and lacks a mathematically precise measure independent of a mathematically precise measure of mass. (I shall come back to this in the next section, especially III.C.) Because Law II is meant to be a universal law governing the motion of bodies under any force whatsoever, this means the proposed rescue could only be a local, limited operation and cannot disentangle mass from its laws in all generality, which however is the intended scope of Newtonian physics. We are still deep in the mire.

Nonetheless, it remains a clear and deeply thought-provoking fact that, despite the lack of fundamental clarity on the ontology of matter (or perhaps even because of it?), Newton has made a very definite and concrete advance with proposition II.24. What is the nature of this advance? It is, I submit, essentially mathematical (as opposed to ontological), since this proposition makes it possible to quantify, or mathematize, matter without having to grasp its ‘nature’ or ‘essence’ beforehand. – The principles of natural philosophy are mathematical. (With a Whiggish eye on the history of science, one is here left to wonder if, after all, the great success of this Newtonian mathematization of nature vindicates Plato’s insight, wild as it surely is, that the material world is ultimately made of geometrical entities.)

III. Mass and Force

We have now gained a better sense of how deep the Newtonian physics of mass goes – so deep that it is in fact a (meta)physics. In a strong sense, the entire Newtonian (meta)physics just is a (meta)physics of mass or matter. But we are still very far from reaching the bottom of this (meta)physics – if there is one. Despite the conceptual mire about mass (Section II) from which we have not rescued ourselves, however, let us press on and try to fathom the bottom of this (meta)physics of matter by examining mass in connection with Newtonian forces. In light of the deep entanglement of mass with its own laws (in particular Law II which essentially involves force), this approach holds the promise of gaining clarity on both mass and force at once. Before trying to kill these two biggest birds in the Newtonian ontological aviary, however, let me first fetch my stone. Let me, that is, introduce a distinction that is of cardinal importance in Newton and deep relevance to our endeavor. This is the distinction between mass qua passive (inertial mass) and mass qua active (gravitational mass).

We begin by observing that the mass on which II.24 establishes a measure is a passive mass – the pendulous body is being acted upon by its weight, which is the “motive force” (p. 318). This selfsame mass, however, is turned, via I.69, into active mass and established there as a measure of the absolute attractive force of a body, i.e. as a measure of the intrinsic efficacy of its causal power (Def. 6, I.69, Scholium after I.69).
 Clearly, this proposition (I.69) connects force and mass on a very deep level, and we must carefully examine it in order to clarify the complex and difficult relationship between these two basic categories in Newton.
III.A. The One-Force-Assumption

Before doing so, however, it is necessary to first take a detour back to the definitions – more specifically to Defs. 6-8, where the “absolute”, “accelerative”, and “motive” quantities of centripetal force are defined, respectively.
 Newton also comments:

For the sake of brevity, these quantities of force may respectively be called motive forces, accelerative forces, and absolute forces, and for the sake of distinction, may be said to trace their origins respectively to the bodies seeking the center, to the places of the bodies, and to the center of the forces. (p. 6)

Using the anachronistic terms in the modern formulation of Law II—f, m, a—one can paraphrase Newton as follows. The absolute force, which is a measure of the causal efficacy of the central source of the force (Def. 6), is the f; the accelerative force, which is just acceleration (Def. 7), is the a; and the motive force, which is “the [quantity of] motion [generated] in a given time” (Def. 8), is the product ma. Three important observations on these forces are now in order.


First, clearly the accelerative force is, in spite of its name, purely kinematic whereas the absolute and motive forces are dynamic. Second, the absolute and motive forces are related to each other as cause and effect, respectively. The absolute force, like the magnetic one, emanates from its center where the active causal agent is (Def. 6), while the motive force is the effect on the body, the causal patient, which suffers the action of the absolute force (Def. 8). Third and most importantly, Newton treats, without argument, these three quantities as quantities of one and the same force (despite the fact that the abbreviations might lead one to think of them as three different kinds of force). In other words, these quantities are tacitly assumed by Newton to be only different quantitative manifestations—“for the sake of distinction”—of one and the same dynamic interaction between the agent and the patient. This assumption, which I shall call the one-force-assumption, is discernable in Defs. 5-8 (especially in their addenda) and probably best evidenced by the fact that Newton even speaks of the accelerative force as if it were a dynamic quantity on a par with the absolute and motive forces.

III.B. The One-Mass-Assumption


With these observations in place, let me now return to the passive-active duality of mass introduced above. Recall first that II.24 establishes a measure on mass qua passive only. But this is only the inert, ‘stuffy’ mass, not the gravitating, ‘forceful’ mass that Newton eventually also wants to quantify. This latter quantification, as we saw above, is made possible (in part) exactly by I.69, which establishes mass as a measure of the absolute attractive force of a body.

At this point, we must uncover and examine another tacit assumption by Newton that is of the utmost importance for his (meta)physics, namely the assumption, which I shall call the one-mass-assumption, that mass qua passive (inertial mass) and mass qua active (gravitational mass) are merely two modes of being of the selfsame massive body. Before we scrutinize this assumption, however, let us first quickly get a sense of its significance.


First, in light of what we said above, this one-mass-assumption automatically establishes, through II.24 and I.69, a measure on absolute attractive force, with the assumption providing the crucial link between the passive mass of II.24 and the active mass of I.69 (as having a common measure).
 This, coupled with the one-force-assumption (my third observation above), in turn furnishes a measure on centripetal force in general – i.e. regardless of its mode of manifestation. It is now only a small step to extend this result from centripetal force in general to any external force in general.
 Lastly, with the identification of vis insita with the inertia of mass,
 vis insita acquires a commensurate measure also (since inertial and gravitational masses are assumed to have a common measure). By now the entire Newtonian ontology of matter and force has acquired a set of commensurate measures. This commensurability, needless to say, is of pivotal importance for the inner unity of Newtonian (meta)physics as a whole.

With these momentous implications in view, it is clear that the one-mass-assumption is absolutely crucial to the Newtonian system. We can gain still deeper insight into the importance of this assumption when we realize that it is the crucial link between the fundamental dynamic law, i.e. Law II, which is predicted on passive mass, and the law of universal gravitation,
 which is predicated on active (as well as passive) mass. – The fundamental connection between these two modes of mass is the linchpin of the Newtonian system of the world.

Such is the importance of Newton’s implicit assumption that mass qua passive and mass qua active are somehow fundamentally one and the same. Given such importance, we must now subject this assumption itself to a close examination.
III.C. The Unity of Action and Reaction and Newtonian Dynamism

Without doubt the assumption is intuitively very compelling, but is it just an assumption nonetheless? Or does it have a philosophical grounding? I think the answer to this latter question is yes. The assumption that passive mass and active mass are two modes of being of one and the same mass, I think, is grounded in the metaphysical principle of the unity of action and reaction, whose mathematical expression is precisely Law III (which is, by no accident, crucially used in the proof of I.69). Let me try to clarify the meaning of this principle and its role in Newton.


Action without resistance is empty. – Without a resisting body to ‘suffer’ the action, the active agent would be only ‘beating the air’, or better, there would not even be air to beat. It is in the very nature of action to encounter resistance. Indeed, active powers are actualized only in its encounter with resistance.

But to encounter resistance is to be acted upon; and to offer resistance is to act. Action and reaction are not ontologically distinct but rather two sides of the selfsame unitary interaction – the mutual engagement, the in-between. The distinction between agent and patient, or between action and reaction, is not a ‘real’ or ‘substantial’ one, but rather a reflection of the different ways in which we conceptualize the unitary interactive process. In their mutual engagement, the patient also acts and the agent also suffers. – Action and reaction are one.

It is this unity of action and reaction, I think, that underwrites Newton’s tacit one-mass-assumption – mass qua acting and mass qua suffering are different modes of the same mass. It is also this unity, I think, that underwrites Newton’s other tacit assumption, namely the one-force-assumption. This is so because the absolute force is the cause and the motive force the effect (my second observation above) and they are coupled with each other in a unitary nexus of action-reaction. I shall return to elaborate on this point later (Section IV).

Now, with what we have said about the implications of these two assumptions—chiefly that they make all the fundamental categories of Newtonian ontology commensurate—and what we have said about the unity of action and reaction, we can see that the Newtonian (meta)physics of matter is in fact also a (meta)physics of force. This is so because mass, at once passive and active, is simultaneously both a measure of the absolute attractive force, or more generally the causal efficacy, of a body (i.e. body qua acting) and a measure (in conjunction with acceleration) of the motive force of, or more generally the effect on, a body (i.e. body qua acted upon).

Despite this deep-going dynamism that we have just uncovered, however, Newton stops short of taking the further, more radical but also natural step of identifying matter with force (as, e.g., Leibniz does). This fact is all the more curious when we realize that the validity of some of Newton’s own proofs of important propositions actually depends on such an identification. For example, the proof of I.1
 crucially depends on the additivity of vis insita, which is essentially identified as inertial mass in Def. 3, and the percussively impressed external force. How can mass (inertial mass or vis insita) be additive to force if they are not fundamentally of the same kind? Despite all these compelling (meta)physical reasons for the identification of matter with force that we have uncovered so far, however, Newton seems fundamentally unclear about, or perhaps even not fully aware of, these reasons and remains committed to a hybrid matter-plus-force ontology that is unradicalized and deeply self-entangled.

III.D. The Role of Law III

What we have also come to see in our attempt to clarify Newton’s basic ontology is the deep ways in which, Law III, as the mathematical expression of the metaphysical principle of the unity of action and reaction, underwrites Law II as well as the law of universal gravitation. For without Law III, (1) the mutuality of gravitation cannot be established, and (2) the law of universal gravitation cannot be combined with Law II in application (by writing the same m for the different masses in the two laws), because the ontological commensurability of their mass terms is available only with the metaphysical grounding embodied in Law III. This combination, however, is one without which Newtonian matter would fracture into two irreducibly different kinds—dead matter and live matter—and consequently the entire Newtonian system of the world would simply fall apart.

The metaphysical groundings provided by Law III extend even to Law I. Recall first that the operative notion in Law I, vis insita,
 just is (passive or inertial) mass, as we have seen in Def. 3. This means that the abovementioned additivity of vis insita and impressed external force, or in other words the combined applicability of Law I and Law II, exemplified in the proof of I.1, can only be underwritten by a full identification of matter and force. A partial identification of inertial mass with vis insita is already discernable in Def. 3 and is in some sense merely a terminological matter. But a full-blown identification is dictated by the inner logic of Newtonian (meta)physics and can only be underwritten by the metaphysical principle of the unity of action and reaction, for which Law III is the mathematical expression. This is because, as we have seen (III.A-C), this principle, through underwriting the one-mass-assumption and the one-force-assumption, in effect states that mass qua active is (external, active) force and mass qua passive is vis insita, making it possible to establish a set of commensurate measures for the Newtonian matter-cum-force ontology.

Thus we see that Law III is in fact the fundamental binding principle that unites all the other fundamental laws in Newton (Laws I, II, and the law of universal gravitation) and makes their combined application possible. If the one-mass-assumption is the linchpin of the Newtonian system of the world, its metaphysical foundation, as mathematically expressed in Law III, is the linchpin of Newton’s system of the laws of nature, which are constitutive of his system of the world.
IV. Laws and Definitions

Having made the above lengthy attempt to fathom the bottom of Newton’s (meta)physics, let me now take up, once more, the vexing conceptual mire that Newtonian mass is still in – this time with a better understanding of how deeply Newtonian mass and force are entangled with each other. I shall, however, approach the issues from a different angle, i.e., in the light that has been shed on the complex relationship amongst the laws (Laws I-III and the law of universal gravitation).

Alas, not just the laws – the definitions too! As we repeatedly pointed out above, Defs. 6-8 are assumed by Newton to be definitions of three different quantities of one and the same force. In paraphrasing these definitions, I used terms—f, m, a—in the modern formulation of Law II. This anachronism was deliberate, and it is now time to reveal the reason for it. Recall Law II is meant to be a genuine law, that is, it is meant to be a non-trivial description of how the natural world actually works (regarding motion), rather than merely define terms for the use in that description. But if the three quantities—f, a, ma—defined in Defs. 6-8 are all of one and the same force, then Law II, which states that
[image: image2.wmf]fma

=

, automatically falls out of these definitions! (Because the absolute force f and the motive force ma are but two different manifestations of the same force.) This means, of course, that Law II is not a genuine law but a disguised definition, even a redundant one!

The shock that inevitably accompanies this new revelation about Newtonian laws is not entirely new, for as we have already seen (Section II), in connection with II.24, that treating Law II as an implicit definition of mass is the only promising, albeit ultimately unviable, way to clear up the conceptual difficulties generated by the lack of a genuine definition of mass. Even though that attempt proved ultimately unsuccessful, we can still preserve the insight we gained there into the nature of Law II, namely, that there is an undeniable sense in which Law II is definitional. It is our task now to determine that sense more precisely.

Let me start, however, from the other end and try to determine the sense in which Law II is, after all, non-definitional and a genuine law. It turns out that this genuineness—or syntheticity one might say—is in fact already contained in Defs. 6-8 and Law III.

First, we saw just above that Law II automatically falls out of Defs. 6-8 because the absolute force f and the motive force ma are assumed to be but two different manifestations of the same force. This one-force-assumption, as we also saw earlier (Section III), is by no means metaphysically innocent. In fact, Defs. 6-8 under this assumption amount to a tacit ontological collapse of the three otherwise distinct forces into one. In this regard, they are no pure definitions at all.


I just said “otherwise distinct”. Let me explain why I say so and what really happens with this collapse. I shall focus on the absolute force (Def. 6) and the motive force (Def. 8).
 If we recall the second observation earlier on the three forces defined in Defs. 6-8 (III.A), we see that the collapse is nothing other than an identification of cause (i.e. the absolute force) with effect (i.e. the motive force). Now cause and effect are ontologically distinct (hence the “distinct”), but it is very tempting to quantitatively or mathematically collapse them (hence the “otherwise”), as Newton surely does. Indeed, it is not metaphysically groundless to so collapse them. A general principle of conservation, for example, would dictate that the effect must in some sense contain exactly as much as what is contained in the cause—not an iota more and not an iota less—and so conserve it. This intuitive principle could then be easily cashed out mathematically – the cause and the effect must be quantitatively the same under some measure.

This conservation principle has many interesting affinities with the principle of the unity of action and reaction that I introduced and defended earlier. For my purposes here, however, I only need to work out an intuitive sense of their affinity without going too far afield. These two principles seem, in a rough sense, equivalent. If action and reaction are not fundamentally one, i.e. if Law III does not hold, then, as Newton’s ingenious argument in the Scholium after the Laws of Motion (pp. 15-6) shows, it will be possible to accelerate a body to infinity. This means that the body would acquire infinite speed and infinite quantity of motion, a clear violation of the conservation principle. Conversely, if the principle of conversation is violated and there is a net difference between what is contained in the cause and what in the effect (under some measure), then there would be a net excess of either action over reaction (cause contains more than effect) or the other way round, either of which would destroy the unity of action and reaction.

Armed with this rough equivalence, we can now say that the mathematical collapse of the three ontologically distinct forces in Defs. 6-8 is in fact underwritten by the principle of the unity of action and reaction, or in terms of Newton’s own system, by Law III. The point to make, then, is that Law II, despite its undeniable definitional aspect, is nevertheless not just definitional, for it contains the substantive (meta)physics that is already contained in Defs. 6-8 and Law III. It is a genuine (meta)physical law in the sense that it imposes a mathematical identity between two ontologically distinct categories – the cause (i.e. the absolute force) and the effect (i.e. the motive force).
 – It is, in other words, ontologically inflationary while mathematically deflationary.


Moreover, Law II is (meta)physically non-definitional or informative precisely because it is mathematically definitional – that is, the imposition of a common mathematical measure on both force and mass, i.e. the act of equating f with ma, is what makes the capturing of substantive (meta)physical insights possible at all.
 The mathematization of nature, conceived as a free and constitutive act of the human intellect, now appears to be the condition of the possibility of substantive (meta)physics.

On the other side of the same coin are Defs.  6-8, which we have justly accused of not being metaphysically innocent. These definitions, however, are innocent insofar as they merely stipulate mathematical measures on the three different quantities that are assumed to be of one and the same force. – They are, in other words, ontologically deflationary while mathematically inflationary.


Similarly, Defs. 6-8 are mathematically definitional precisely because this one-force-assumption is (meta)physically non-definitional – the assumption is what makes the stipulation of the measures legitimate and possible at all. The metaphysical assumption about the three forces (conceived as an assumption about ‘objective’ reality) now appears to be the condition of the possibility of their mathematical definability.

It should now be clear that the Newtonian system of the fundamental laws of nature in fact includes not just the designated laws (Laws I-III and the law of universal gravitation), but also some law-like aspects of certain definitions (Defs.  6-8). Conversely, there is a deep sense in which Law II should belong to the list of definitions. To put it in an imagery: Law II has a foot in the list of definitions while Defs.  6-8 have a foot in the list of laws – Newton could not walk without both feet.
Coda

Finally and once again, let me remark that it is a profoundly thought-provoking fact that, Law II, despite its definitional character, nevertheless captures the fundamental (meta)physical insights contained in Defs.  6-8 and Law III, and with astonishing success. It is a fact that makes one reflect more deeply, as I just alluded to above, on Kant’s treatment of Newtonian physics as synthetic a priori. And once again, as one is here left awestruck by the immense powers of this Newtonian mathematization of nature, one also wonders, with Plato, whether nature, after all, is mathematical.
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� In accord with the geometrical style in which the Principia is written, Newton calls his Laws of Motion ‘Axioms’. I shall use these terms interchangeably. I.1 refers to Book I, Proposition 1 of the Principia. Similarly for references to other propositions. All page references are to Densmore (1996).


� Following Newton, I shall use the terms ‘mass’ and ‘quantity of matter’ interchangeably.


� Needless to say, this is not a measurement of the absolute quantity of matter of a body. As always in the Principia, here Newton is only speaking of dimensionless ratios between different cases. My formulations, though slightly anachronistic, are essentially the same as Newton’s own but less cumbersome.


� Or “in its very meaning”, as a semantic positivist would have it.


� I leave out time (pendulous period) here because it is clearly not a quality of any body for Newton. The questions about space and time in Newton are deep and difficult and out of the scope of this paper. It is enough for my purpose here to point out that mass is, whereas weight is not, an intrinsic quality of any body (in the sense of Rule 3).


� I say “laws” instead of “law” for overall terminological consistence. Though only Law II is under discussion here, we shall see that mass is deeply entangled with the other laws of Newtonian physics, including the law of universal gravitation, as well.


� To save space, I shall not give a quote or reconstruction of I.69 but simply refer to it.


� To save space, I shall not quote these definitions.


� This should be fairly clear once we pay attention to the language Newton uses in Def. 7, its explanatory addendum, and the addendum to Defs.  5-8 (pp. 6-7). A few examples are: “which it generates”, “power”, “gravitating force”, “the total action of the accelerative force” (my emphases).


� II.24 establishes a measure on passive mass (in terms of weight and pendulous period), the assumption transfers this measure to active mass, and I.69 in turn transfers this measure to absolute attractive force.


� This is a small step because Newton makes a point of insisting that, when he speaks of centripetal force, he is speaking “not physically, but only mathematically” (addendum to Defs. 5-8, p. 7). This disclaimer brackets off the underlying causal mechanism of centripetal force in general, which can then be readily assimilated to external force in general, whose underlying causal mechanism is also left wide open by Newton (see Def. 4 and its addendum).


� “This [the vis insita] is always proportional to its body, and does not differ in any way from the inertia of mass, except in the mode of conception.” (addendum to Def. 3, p. 3)


� Since it lies far beyond the scope of this paper, I shall not examine Newton’s argument for the law of universal gravitation, but shall simply refer to it.


� This is the proposition where Newton brilliantly shows that centripetal force entails an area law, recovering one of Kepler’s most important results and, more importantly, making it possible to geometrize time (which is specifically done in I.6), which in turn is instrumental for establishing the famous inverse square law (I.11).


� This is probably because Newton is still deeply wedded to the tradition of ancient atomism. (I owe this point is to Ted McGuire.)


� That vis insita is the operative notion in Law I can be easily seen by comparing Law I and Def. 3.


� The accelerative force (Def. 7) is neglected here because it is purely kinematic while the other two are dynamic (see my first observation on these definitions in III.A). Besides, the dimension of this force is different from those of the other two (which have the same dimension).


� An important note is in order. Newton’s use of the phrase “motive force” is not always (ontologically) consistent. In the formulation of Law II, “the change of motion” is in fact the motive force, as defined in Def. 8, suffered by the body (i.e. the effect), while “the motive force” is (or should be read as) the absolute quantity of the external force (i.e. the cause), as defined in Def. 6 (p. 13). This use of “motive force” is repeated in II.24, where the phenomenological weights of pendulous bodies are called “motive forces” (p. 318). The “motive” in all these cases is an active verb and should be read as belonging to the active absolute force rather than the passive motive force as defined in Defs.  6, 8. Newton’s confusion is ontological, or rather reflects the one-force-assumption that we have been discussing. Mathematically it is a legitimate collapse, as I have argued in the text.


� The words ‘impose’ and ‘act’ are meant to highlight the definitional character of Law II – there is, so to speak, a degree of human freedom at play here. What this implies for (the normativity of) the laws of nature is an interesting question that lies beyond the scope of this paper.
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