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NEWTONIAN MECHANICS
Newton formulated what is now called ’classical mechanics’. Since his time the theory has been reformulated and

generalized in various ways. These reformulations have made its basic assumptions a lot clearer, but without changing
the essential basis of the theory.

In what follows we first look, in section (1), at the essential features of classical mechanics, in a way which is a little
different from that of Newton, summarizing the logical structure of the theory and its relationship to the real world.
Then, in section (2), we look at Newton’s original formulation, which is of great interest if we wish to understand
the development of physics before and after Newton, and the philosophical developments which accompanied this.
Newton’s formulation was not just a mathematical theory, but a revision of basic philosophical concepts which were
important at that time; in section (3) we look at some of the philosophical ideas embodied in the Principia, and in
classical mechanics as he saw it (NB: Newton’s philosophical ideas are also discussed in the chapter on Optics). Then,
in section (4), we look at one of the issues that excited the most debate, which was Newton’s idea of Absolute Space
and Absolute time - we look at his general views on space and time. Finally, in an Appendix, we look at extracts
from the famous debate between Newton and Leibniz.

(1) BASIC STRUCTURE of CLASSICAL MECHANICS

This part of this section looks first at the the logical structure of the Newtonian framework, seen from a modern
standpoint. Then we go on to look at the concept of force, looking both at the universal gravitational force introduced
by Newton, and also in a more general way, both from a Newtonian standpoint and from a more modern perspective.

1(a) LOGICAL STRUCTURE of NEWTONIAN MECHANICS

Newton formulated mechanics in terms of 3 laws of motion, which we start with here (note that in modern physics
one does not formulate classical Newtonian physics in this way at all, but instead uses something called the ’principle
of least action’- but this is not relevant to the present discussion). We can state these laws very quickly, without all
the frills added by Newton, as follows:

1st Law: A body continues in a state of uniform motion unless acted on by a force
2nd Law: A body of mass m acted on by a force F accelerates with an acceleration a such that F = ma
3rd Law: A force F acting on a body will be accompanied somewhere by an equal and opposite reactive force −F.

Three remarks are in order immediately, viz. (i) the first law is redundant- it is merely a special case of the 2nd
law, with a and F taken to be zero; (ii) the mass m in the second law is referred to as the inertial mass, in deference
to Newton, even though we now have a different view of inertia; (iii) in the case of the 3rd law, one allows explicitly
for the possibility of ’non’local’ interactions, ie., that a force F acts on one body at one place, with the reactive force
−F acting on another body at another place. In this case it is natural to say that there is an interaction between
them, acting over the pace between the 2 bodies. On the other hand one can also have contact interactions, acting
between bodies that touch.

At first glance these laws seem relatively straightforward. A massive body moves and accelerates in response to
forces, which can come from interaction with other bodies, either through short-range interactions (ie., when they
touch) or long-range interactions such as gravity. Thus any change in motion of a body must come from interaction
with another body, which must also change its motion in an equal and opposite way.

However a little thought shows that whereas it is easy how to relate the concept of acceleration, used in the 2nd
law, to operations in the real world, this is not so obvious for the other quantities introduced (Force and mass). The
modern way of looking at this would go something like the following:

(1) There are only 2 laws, the 2nd and the 3rd; the 1st is a special case of the 2nd.
(2) These laws are usefully thought of as ’axioms’ (indeed this is what Newton called them). This means that apart

from the definitions given of the terms used in the laws/axioms, any meaning assigned to the quantities mentioned
has to arise from the axioms themselves, and from whatever connection is hypothesized between the quantities in the
axioms, and phenomena in the real physical world.
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(3) In the 2nd law 3 quantities are mentioned, viz., acceleration a, force F (both vectors, ie., with magnitude and
direction), and mass m (a scalar, ie., having only magnitude). In the 3rd law Force is again mentioned. How are these
defined? To answer this we have to say what meaning is assigned to them by the axioms/laws, and also how they are
related to physical quantities or operations. One answer to this question can be expressed as follows:

(i) The acceleration is simply defined mathematically as the rate of change of velocity, and the velocity is the rate
of change of position (mathematically one says that a = dv/dt, where t is elapsed time, and the velocity v = dr/dt
where r is the position of the system concerned; hence a = d2r/dt2). The important point here is that acceleration is
defined unambiguously in terms of time and space intervals. Since in the real world these are both defined by some
kind of unambiguous measurement operation, we can say precisely what acceleration a means in the real world. (NB:
The definition of space intervals used to be done by a standard bar in Paris, which defined a metre- now it is done in
a more complex way using lasers. The measure of time is now given by atomic clocks).

(ii) Neither force nor mass are defined outside the framework of Newton’s laws. Thus we must look to the laws
themselves to define what these quantities mean. In the case of mass we proceed as follows- we note on the basis of
the 3rd law and 2nd laws together that if 2 bodies interact, then the RATIO of their masses can be found by looking
at how the interaction changes their velocities. From the 3rd law, the suffer equal and opposite forces. From the
second law, the change in velocities caused by these forces is then going to be inversely proportional to their masses-
this, if one mass is twice as big as the other, this bigger mass will suffer half the acceleration of the other (in algebra-
since F1 = −F2, then m1a1 = −m2a2, so that a1/a2 = −m2/m1), and thus half the change in velocity. But this
means that if we define one particular body as a standard mass(and call it., eg., 1 kilogram), then we can define all
other masses in terms of this, by the simple operation of letting them interact with the first mass.

(iii) Now, what is the definition of force? This is more complicated. In fact we can say nothing more about what
force is than what is contained in the laws, until more is said about the physical nature of these. This seems bizarre-
what was apparently an intuitive concept has been reduced to an abstraction with no meaning apart from the laws-
but this it turns out is how one makes progress. To see how this happens we must now turn to the example that
Newton was able to analyse, ie., the gravitational force.

1(b) The GRAVITATIONAL FORCE

Newton was well aware that there were more than just gravitational forces in Nature (this is discussed below).
However the only force he could give a precise understanding of was the gravitational force. Again, I give here a
modern view of this force, and then later in this section the viewpoint of Newton is discussed. Newton’s theory of
gravitation can be summed up in two simple statements, viz;

(i) Any body with mass M is the source of a gravitational force, which is proportional to M . We call M the
gravitational mass of the body, but according to the theory, this mass is EQUAL to the inertial mass defined by the
2nd law. This equivalence between the gravitational mass which is the source of gravitational force, and the inertial
mass which feels it (according to the 2nd law) was later called the ”Principle of Equivalence” by Einstein, and used
to great effect by him.

(ii) Another mass m at a distance r from the first mass feels the force from M with a strength which is proportional
to its own mass m (and again we assume the principle of equivalence), and also proportional to the inverse square of
their separation, ie., proportional to 1/r2. This force is always attractive, along the line between them. In the same
way the first mass M feels the force from the second one, and again it is attractive and along the line between them.

From these two statements we see that the force of one on the other is proportional to the product of their masses, and
proportional to 1/r2. Thus the masses feel equal and opposite forces, directed towards each other, with a magnitude
proportional to Mm/r2. The universal law of gravitation is then written as

F = G
Mm

r2
(0.1)

where G is just some constant which determines the strength of the force, and F is the force attracting the two masses
towards each other.

This is essentially what Newton postulated. Notice that all quantities on the right hand side of this equation have
already been defined, except for the constant G, which has to be measured. Thus we have an unambiguous way of
saying what the gravitational force is, quantitatively, once G has been measured. The theory can easily be tested-
once G has been found by measuring the attractive force for one set of masses, it should be the same for any other
pair of masses.
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How to measure G? This is instructive. What we have to do is take 2 known masses, and then try to measure the
acceleration each feels towards the other, caused by the gravitational force between them. The problem is that this
force is REALLY SMALL, for any reasonable sized masses. Until the 19th century such an experiment was impossible
in the laboratory, and so although one could verify that the celestial bodies certainly obeyed Newton’s laws, and that
the gravitational force obeyed the universal gravitation equation (in the sense that the force did fall off like 1/r2, and
was proportional to Mm), one could not find out G for planets, since the actual values of the celestial masses was not
known. Now in 21st century we have measured G, and so by simply observing the motions of planets, stars, etc., we
can simply calculate their masses by using the formula above. In a later section on relativity I give more details on
the measurement of G.

This concludes our discussion of the structure of Newton’s mechanics. We see that nowadays we assume a fairly
simple structure, with no reference to absolute space and time, or to any complex philosophical questions, or to the
mechanisms leading to the gravitational force. It is not that these questions are meaningless - it is just that the
structure of Newton’s laws, and their validity, can be discussed without having to deal with the underlying question
of structure. This is the real advance of Newton’s work - his laws are valid no matter what the underlying cause of
the forces. What these causes really were would have to wait a very long time for clarification.

(2) NEWTON’S FORMULATION of MECHANICS

Newton’s formulation of mechanics was much more complicated than the one just given. This, by the way, is almost
always what happens- the initial formulation of a new theory is often very complex, and is progressively simplified
(and often generalised) by later workers, who strip away what is unnecessary, or refine it to a clearer from. However
there were very important philosophical issues at stake for Newton, and it is important to see what these were. I do
this by introducing some of his ideas, and then, in 2 Appendices, letting him speak for himself by quoting at length
from his writings.

2(a) NEWTONIAN DYNAMICS
Let us first go back to the formulation of Classical dynamics that was given in its original form by Newton. This

was done in a series of ’Axioms’, the 3 laws, which I repeat here verbatim:

Law I: Every body perseveres in its state of rest, or of uniform motion in a right line, unless it is compelled to
change that state by forces impressed thereon

Law II: The alteration of motion is ever proportional to the motive force impressed; and is made in the direction
of the right line in which that force is impressed

Law III: To every action there is always opposed an equal reaction; or the mutual actions of 2 bodies upon each
other are always equal, and directed to contrary parts

The meaning of these laws for Newton was similar to, but not the same as, the present meaning. The principal
difference comes from Newton’s understanding of the 1st Law, which we can glean from the following definition of the
inherent or ’innate’ force of matter (definition III of the preliminary definitions to the Principia):

Definition III: The ’vis insita’, or innate force of matter, is a power of resisting, by which every body, as much as
it lies, endeavours to persevere in its present state, whether it be at rest, or of moving uniformly forward in a right
line

and Newton then adds by way of clarification that ’a body, from the inactivity of matter, is not without difficulty
put out of its state of rest or motion. Upon which account, this vis insita, may, by a most significant name, be called
vis inertiae, or force of inactivity. But a body exerts this force only when another force, impressed upon it, endeavours
to change its condition...”

To a modern reader this is very puzzling- as noted above, the 1st law seems to be just a special case of the 2nd law,
applying when the force F in the 2nd law is taken to be zero. But this was not the case for Newton. This comes out
most clearly in his discussion of space, and in particular of absolute space and time. For not only did Newton abolish
the aether - the hypothetical substance or medium that most had assumed must permeate space between the heavenly
bodies - he also introduced a new idea of absolute Space in its place. Thus for Newton there was a unique rest frame,
defined by absolute space, and all motion was motion with respect to this frame. In order to make Newton’s position
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on this clear, his ’Scholium’ on the subject is reprinted in full in section 4.
It is clear why Newton felt that he had to abolish the aether, and make space empty. This was because the

unimpeded motion of the planets through space implied, via his laws of motion, that there could be no material
object of any kind in space - any medium permeating space would cause a frictional drag on the motion of the planets.
Thus the idea of Descartes, of an aether acting to steer the planets in their motions, but which was not itself affected
by the planets, was for Newton sheer nonsense - it contradicted his 3rd law. On the other hand, why Newton felt that
the idea of absolute space had to be introduced is not so clear. He seems to have felt a deep antipathy to the idea
that all uniform motion was merely relative (the modern view), even though there is nothing in his laws that requires
absolute motion. It is also likely that he was reacting against Descartes’s ideas about relative motion - he acquired a
deep distaste for Cartesian philosophy at some point during his studies, for reasons that are not completely known.
Finally, once Newton had plumped for the idea of gravitational force acting at a distance through a vacuum, it became
important to find some other ’substrate’ or receptacle, to replace the aether. The idea of ’action at a distance’, with
a force acting through a vacuum, was a real problem for Newton, in the absence of the aether as a substrate able to
mediate for the force. Nevertheless it was the conclusion to which he was driven by experiments.

The basic problem with absolute space and time, from a modern point of view, is that they apparently make no
difference to Newton’s framework. One way to see this is to ask whether there is any way that one could test for the
existence of absolute space- if there is no way to do this, then it is not clearly meaningful to talk about it. Newton
was aware of this question, and did attempt to devise what we would now call a ’thought experiment’ which would
accomplish the goal of distinguishing absolute space. This thought experiment is usually known as ’Newton’s rotating
bucket experiment’, and is also found in the Scholium in the Appendix to this Chapter. The idea is that one can tell
whether the bucket is rotating even in the absence of any visible frame of reference - indeed, one can imagine this
happening in a universe in which the only object at all is the solitary rotating bucket. This would be done by simply
by watching the shape of the water surface in the bucket - if it is rotating, the water will rise up the sides, and the
surface will assume the shape of an indented paraboloid (ie. a surface obtained by rotating a parabola about its axis
of symmetry). Newton then argues that since there is nothing in space to define any non-rotating reference frame,
and yet the water still ’knows’ that it is in rotation, then it must be rotating with respect to absolute space.

From the modern viewpoint, Newton simply made a mistake here. What the rotating bucket experiment shows is
that the rotating water is being accelerated- the rotational motion necessarily involves acceleration since the water is
changing direction its motion (actually it is just acceleration under a centripetal force). Thus it does not demonstrate
uniform motion with respect to an absolute reference frame. At best it is an argument that rotational acceleration
can be defined with respect to an absolute ’non-rotating’ reference frame; but it gives no evidence that the bucket is
not moving at some constant velocity with respect to this frame. To put it differently- the fact that acceleration may
be absolute gives no reason to believe that either velocities or positions are absolute. However in the 19th and 20th
centuries, physicists were still returning to the rotating bucket thought experiment, in an attempt to clarify Mach’s
principle- the idea that a non-rotating frame of reference is determined by the matter distribution in the universe.
We will discuss this in a later section.

Moving now to the second law and third laws, we see that, just as now, the main questions that must be clarified
concern the definition of force and mass. We have seen above how this can be done in a modern framework. However
Newton looked at things in a somewhat different way. His idea of mass was the same as ours, but he was more
reticent on the subject of force. Although he appreciated very well what it meant to treat force in a more abstract
way than previous workers- simply in order go beyond a simply mechanical philosophy- nevertheless Newton worried
constantly over how to find a deeper understanding of forces. In the Principia he hid these doubts as far as possible,
and refrained from speculation:

’our purpose is only to trace out the quantity and properties of this force from the phenomena, and to apply what
we discover in some simple cases as principles, by which, in a mathematical way, we may estimate the effects thereof
in more involved cases...in a mathematical way, to avoid all questions about the nature or quality of this force, which
we would not be understood to determine by any hypothesis..’

In the same way Newton was not prepared to speculate in print about what might be the underlying cause of the
gravitational force, the one force that whose basic laws he had unravelled. In the final pages of the Principia he wrote:

’Hitherto we have explained the phenomena of the heavens and of our sea by the power of gravity, but we have not
yet assigned the cause of this power. This is certain, that it must proceed from a cause that penetrates to the very
centres of the sun and the planets, without suffering the least diminution of its force; that operates not according to
the quantity of the surfaces of the particles upon which it acts (as mechanical causes used to do), but according to the
quantity of the solid matter which they contain, and propagates its virtue to immense distances, decreasing always in
the duplicate proportion of the distances...but hitherto I have not been able to discover the cause of these properties
of gravity from phaenomena, and I frame no hypotheses; for whatever is not deduced from the phaenomena is to be
called a hypothesis; and hypotheses, whether metaphysical or physical, whether of occult qualities or mechanical, have
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no place in experimental philosophy. In this philosophy particular propositions are inferred from the phaenomena, and
afterwards rendered general by induction....And to us it is enough that gravity really does exist, and act according to
the laws which we have explained, and abundantly serves to account for all the motions of the celestial bodies, and of
our sea.’

This passage is curious in the clear reference it also makes to the ’experimental philosophy’ of Francis Bacon- there
is no question that Newton was a firm believer in the empirical approach to science. Nevertheless in his unpublished
writings Newton was indeed prepared to frame hypotheses, and speculate on just how far one could push his ideas,
down to the microscopic realm. Writing in the ’Conclusio’ (his unpublished philosophical conclusion to the Principia),
on all the unobservable phenomena and motions that might exist at this microscopic level, he says:

’If anyone should have the good fortune to discover all of these, I might almost say that he will have laid bare the
whole nature of bodies so far as the mechanical causes of things are concerned...Whatever reasoning holds for greater
motions, should hold for lesser ones as well. The former depend on the greater attractive forces of larger bodies, and
I suspect that the latter depend on the lesser forces, as yet unobserved, of insensible particles. For, from the forces of
gravity, of magnetism, and of electricity it is manifest that there are various kinds of natural forces, and that there
may be still more kinds is not to be rashly denied. It is very well known that greater bodies act mutually on each other
by those forces, and I do not clearly see why lesser ones should not act on one another by similar forces.’

This last passage is in some ways quite astonishing in its accurate prediction of how the subject would evolve. Just
as remarkable is the final paragraph of the Principia, in which he says:

’And now we might add something concerning a certain most subtle Spirit which pervades and lies hid in all gross
bodies; by the force and action of which Spirit the particles of bodies mutually attract one another at near distances,
as well repelling as attracting the neighbouring corpuscles; and light is emitted, reflected, refracted, inflected, and heats
bodies; and all sensation is excited, and the members of animal bodies move at the command of the will, namely,
by the vibrations of this Spirit, mutually propagated along the solid filaments of the nerves, from the outward organs
of sense to the brain, and from the brain into the muscles. But these are things that cannot be explained in a few
words, nor are we furnished with that sufficiency of experiments which is required for an accurate determination and
demonstration of the laws by which this electric and elastic Spirit operates.’

This valedictory passage of the Principia gives a hint of just how far Newton may have been framing his hypotheses-
as far as making a rough guess at the existence of what, 2 centuries later, would be called the electromagnetic field.

(3) PHILOSOPHICAL QUESTIONS: NEWTON’S PRINCIPLES and METHODOLOGY

Newton was very concerned to discuss what he considered to be the correct way to arrive at true statements about
the world. As already noted, part of the explanation for his care, in stating his premises and in describing what he
thought were correct modes of reasoning about Nature, can be found in his reaction against the previous ideas of
people like Descartes, and in a general reaction to the style of European philosophical ideas - Newton had a strong
antipathy towards purely rational philosophies, and was at pains to state the importance of starting from an empirical
base. He was also attempting here to forestall criticism - he had already had a bad brush with controversy in the
reception to his early work on optics, and full expected that his radical ideas about mechanics would stir controversy.
His expectations were certainly correct, and there seems little doubt that the care he took in explaining himself made
it easier for many to accept his ideas - even as the enormous power of his new ideas, in explaining hitherto mysterious
phenomena, began to be felt.

To get some idea of the approach he advocated, we can quote the following passage from the Principia:

From Principia, Introductory Scholium to Book III

”In the preceding Books I have laid down the principles of philosophy , principles not philosophical, but mathematical
: such, to wit, as we may build our reasonings upon in philosophical inquiries. These principles are the laws and
conditions of certain motions, and powers or forces, which chiefly have respect to philosophy : but, lest they should
have appeared of themselves dry and barren, I have illustrated them here and there with some philosophical scholiums,
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giving an account of such things as are of more general nature, and which philosophy seems chiefly to be founded on
; such as the density and the resistance of bodies, spaces void of all bodies, and the motion of light and sounds. It
remains that, from the same prin ciples, I now demonstrate the frame of the System of the World. Upon this subject I
had, indeed, composed the third Book in a popular method, that it might be read by many ; but afterward, considering
that such as had not sufficiently entered into the principles could not easily discern the strength of the consequences,
nor lay aside the prejudices to which they had been many years accustomed, therefore, to prevent the disputes which
might be raised upon such accounts, I chose to reduce the substance of this Book into the form of Propositions (in
the mathematical way), which should be read by those only who had first made themselves masters of the principles
established in the preceding Books : not that I would advise any one to the previous study of every Proposition of those
Books ; for they abound with such as might cost too much time, even to readers of good mathematical learning. It is
enough if one carefully reads the Definitions, the Laws of Motion, and the first three Sections of the first Book. He
may then pass on to this Book, and consult such of the remaining Propositions of the first two Books, as the references
in this, and his occasions, shall require.

RULES OF REASONING IN PHILOSOPHY

RULE 1
No more causes of natural things are to be admitted than such as are true, and sufficient for explaining the

phenomena they cause.
Philosophers certainly say that Nature does nothing in vain; and something happens in vain if it comes about by

more means, when it could have come about by fewer. For Nature is simple, and does not luxuriate in superfluous
causes of things.

RULE 2
Therefore the same causes must be assigned to natural effects of the same kind, as far as is possible.
For example, the cause of respiration in humans and in animals; the cause of the falling of stones in Europe and

in America; the cause of light in a cooking fire and in the sun; the cause of the reflection of light on earth and in the
planets.

RULE 3
The qualities of bodies which cannot be intensified or diminished, and which belong to all bodies of which observa-

tions can be made, must be taken as qualities of all bodies.
The qualities of bodies become known only by observation, and hence whatever qualities square with observation

universally must be held to be universal; and those which cannot be diminished, cannot be lost to them. Certainly,
fantastic theories must not be arbitrarily invented contrary to the regularity of experience; nor must there be any
departure from the harmony of Nature, since she tends to be simple and always consistent with herself.

The extension of bodies is known only by the senses; and although it is not sensed in all of them, it is attributed
to all of them, since it belongs to all sensible bodies. We experience many bodies as being hard. But the hardness of
the whole arises from the hardness of the parts; and we rightly conclude from this that the undivided particles of all
bodies are hard, and not just those of the bodies we sense.

We infer that all bodies are impenetrable, not by reason, but by sensation. Those which we handle are discovered to
be impenetrable, and we conclude from this that impenetrability is a property of all bodies. We infer that all bodies are
capable of motion, and persist in their motion or rest by virtue of certain forces (which we call vis inertiae’ (inertial
forces) from these properties of visible bodies.

The extension, hardness, impenetrability, mobility, and inertial force of the whole arises from the extension, hard-
ness, impenetrability, mobility, and inertial forces of the parts. From this we conclude that all the smallest parts of
all bodies are extended, and hard, and impenetrable, and mobile, and endowed with inertial forces. And this is the
foundation of the whole of philosophy.

Further, we know from the phenomena that the divided parts of bodies which are in mutual contact can be separated
from each other; and from mathematics it is certain that the undivided parts can be distinguished into smaller parts by
reason. But it is uncertain whether distinct parts which have not yet been divided can be divided and separated from
each other by natural forces. But if a single experiment established that some undivided particle underwent division
by breaking a hard and solid body, we would conclude, by means of the present rule, that not only divided parts were
separable, but also that undivided parts could be divided to infinity.

Finally, if it is universally established by experience and astronomical observations that all bodies in the earths orbit
gravitate towards the earth in proportion to the quantity of matter in each; and that the moon gravitates towards the
earth in proportion to the quantity of its matter, and that the ocean in turn gravitates towards the moon; and that all
the planets gravitate towards each other, and that there is a similar gravitation of the comets towards the sun then in
accordance with the present rule, it must be said that all bodies gravitate towards each other. For the argument from
the phenomena about universal gravitation will be even stronger than [389] the argument about the impenetrability of
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bodies, since we have absolutely no experience or observation in the case of celestial bodies. However, I certainly do
not assert that gravity is essential to bodies. The only intrinsic force I recognise is inertial force. It is immutable,
whereas gravity is diminished by increasing distance from the earth.

RULE IV.
In experimental philosophy we are to look upon propositions collected by general induction from, phenomena as

accurately or very nearly true, notwithstanding any contrary hypotheses that may be imagined, till such time as other
phenomena occur, by which they may either be made more accurate, or liable to exceptions.

This rule we must follow, that the argument of induction may not be evaded by hypotheses.

Book 3: General Scholium
GENERAL SCHOLIUM.
The hypothesis of vortices is pressed with many difficulties. That every planet by a radius drawn to the sun may

describe areas proportional to the times of description, the periodic times of the several parts of the vortices should
observe the duplicate proportion of their distances from the sun ; but that the periodic times of the planets may
obtain the sesquiplicate pro portion of their distances from the sun; the periodic times of the parts of the vortex
ought to be in the sesquiplicate proportion of their distances. That the smaller vortices may maintain their lesser
revolutions about Saturn, Jupiter, and other planets, and swim quietly and undisturbed in the greater vortex of the
sun, the periodic times of the parts of the sun s vortex should be equal ; but the rotation of the sun and planets about
their axes, which ought to correspond with the motions of their vortices, recede far from all these proportions. The
motions of the comets are exceedingly regular, are governed by the same laws with the motions of the planets, and
can by no means be accounted for by the hypothesis of vortices ; for comets are carried with very eccentric motions
through all parts of the heavens indifferently, with a freedom that is incompatible with the notion of a vortex.

Bodies projected in our air suffer no resistance but from the air. With draw the air, as is done in Mr. Boyle s
vacuum, and the resistance ceases ; for in this void a bit of tine down and a piece of solid gold descend with equal
velocity. Ajid the parity of reason must take place in the celestial spaces above the earth s atmosphere; in which
spaces, where there is no air to resist their motions, all bodies will move with the greatest freedom; and the planets
and comets will constantly pursue their revolutions in or bits given in kind and position, according to the laws above
explained ; but though these bodies may, indeed, persevere in their orbits by the mere laws of gravity, yet they could
by no means have at first derived the regular position of the orbits themselves from those laws.

The six primary planets are revolved about the sun in circles concentric with the sun, and with motions directed
towards the same parts, and al most in the same plane. Ten moons are revolved about the earth, Jupiter and Saturn,
in circles concentric with them, wi h the same direction of motion, and nearly in the planes of the orbits of those
planets ; but it is not to be conceived that mere mechanical causes could give birth to so many regular motions, since
the comets range over all parts of the heavens in very eccentric orbits ; for by that kind of motion they pass easily
through the orbs of the planets, and with great rapidity ; and in their aphelions, where they move the slowest, and
are detained the longest, they recede to the greatest distances from each other, and thence suffer the least disturb
ance from their mutual attractions. This most beautiful system of the sun, planets, and comets, could only proceed
from the counsel and dominion of an intelligent and powerful Being. And if the fixed stars are the centres of similar
systems, all these systems, constructed with similar wisdom, will be under the dominion of One being, especially since
the light of the fixed stars is of the same nature as the light of the sun, and all the systems transmit light to each
other. And the systems of the fixed stars would gradually collapse into each other, unless everything was governed
by the wisdom of a supreme Being.

This being governs all things, not as the soul of the world, but as the lord of all, and on account of his dominion,
he is wont to be called the Lord God παντoκατωρ (ie, Pantokrator), or Universal Ruler. For God is a relative term
relative to his servants - and Deity consists, not in his domination over his own body, as those imagine who fancy
God to be the soul of the world, but over servants. The Supreme God is a Being eternal, infinite, absolutely perfect.
But a being, however perfect, without dominion, cannot be said to be Lord God ; for we say, my God, your God, the
God of Israel, the God of Gods, and Lord of Lords; but we do not say, my Eternal, your Eternal, the Eternal of Isreal
the Eternal of Gods; we do not say, my Infinite, or my Perfect: these are titles which have no respect to servants.

The word God usually signifies Lord; but not every lord is a God. It is the dominion of a spiritual being which
constitutes a God: a true, supreme, or imaginary dominion makes a true, supreme, or imaginary God And from his
true dominion it follows that the true God is a living, intelligent, and powerful Being; and, from his other perfections,
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that he is supreme, or most perfect. He is eternal and infinite, omnipotent and omniscient; that is, his duration
reaches from eternity to eternity; his presence from infinity to infinity; he governs all things, and knows all things
that are or can be done. He is not eternity or infinity, but eternal and infinite; he is not duration or space, but he
endures and is present. He endures for ever, and is everywhere present; and by existing always and every where, he
constitutes duration and space. Since every particle of space is always, and every indivisible moment of duration is
every where, certainly the Maker and Lord of all things cannot be never and nowhere. Every soul that has perception
is, though in different times and in different organs of sense and motion, still the same indivisible person. There are
given successive parts in duration, co-existent parts in space, but neither the one nor the other in the person of a
man, or his thinking principle ; and much less can they be found in the thinking substance of God. Every man, so
far as he is a thing that has perception, is one and the same man during his whole life, in all and each of his organs
of sense. God is the same God, always and every where. He is omnipresent not virtually only, but also substantially ;
for virtue cannot subsist without substance. In him are all things contained and moved; yet neither affects the other:
God suffers nothing from the motion of bodies; bodies find no resistance from the omnipresence of God. It is allowed
by all that the Supreme God exists necessarily; and by the same necessity he exists always and every where. Whence
also he is all similar, all eye, all ear, all brain, all arm, all power to perceive, to understand, and to act; but in a
manner not at all human, in a manner not at all corporeal, in a manner utterly unknown to us. As a blind man has
no idea of colours, so have we no idea of the manner by which the all-wise God perceives and understands all things.
He is utterly void of all body and bodily figure, and can therefore neither seen, nor heard, nor touched; nor ought he
to be worshipped under the representation of any corporeal thing. We have ideas of his attributes, but what the real
substance of any thing is we know not. In bodies, we see only their figures and colours, we hear only the sounds, we
touch only their outward surfaces, we smell only the smells, and taste the savours; but their inward substances are
not to be known either by our senses, or by any reflex act of our minds : much less, then, have we any idea of the sub
stance of God. We know him only by his most wise and excellent contrivances of things, and final causes ; we admire
him for his perfections ; but we reverence and adore him on account of his dominion : for we adore him as his servants
; and a god without dominion, providence, and final causes, is nothing else but Fate and Nature. Blind metaphysical
necessity, which is certainly the same always and every where, could produce no variety of things. All that diversity
of natural things which we find suited to different times and places could arise from nothing but the ideas and will
of a Being necessarily existing. But, by way of allegory, God is said to see, to speak, to laugh, to love, to hate, to
desire, to give, to re ceive, to rejoice, to be angry, to fight, to frame, to work, to build ; for all our notions of God are
taken from the ways of mankind by a certain similitude, which, though not perfect, has some likeness, however. And
thus much concerning God; to discourse of whom from the appearances of things, does certainly belong to Natural
Philosophy.

Hitherto we have explained the phenomena of the heavens and of our sea by the power of gravity, but have not yet
assigned the cause of this power. This is certain, that it must proceed from a cause that penetrates to the very centres
of the sun and planets, without suffering the least diminution of its force; that operates not according to the quantity
of the surfaces of the particles upon which it acts (as mechanical causes use to do), but according to the quantity of
the solid matter which they contain, and propagates its virtue on all sides to immense distances, decreasing always
in the duplicate proportion of the distances. Gravitation towards the sun is made up out of the gravitations towards
the several particles of which the body of the sun is composed ; and in receding from the sun decreases accurately in
the duplicate proportion of the distances MS far as the orb of Saturn, as evidently appears from the quiescence of the
aphe lions of the planets ; nay, and even to the remotest aphelions of the comets, if those aphelions are also quiescent.
But hitherto I have not been able to discover the cause of those properties of gravity from phenomena, and I frame no
hypotheses; for whatever is not deduced from the phenomena is to be called an hypothesis; and hypotheses, whether
metaphysical or physical, whether of occult qualities or mechanical, have no place in experimental philosophy. In this
philosophy particular propositions are inferred from the phenomena, and afterwards rendered general by induction.

Thus it was that the impenetrability, the mobility, and the impulsive force of bodies, and the laws of motion and
of gravitation, were discovered. And to us it is enough that gravity does really exist, and act according to the laws
which we have explained, and abundantly serves to account for all the motions of the celestial bodies, and of our
sea. And now we might add something concerning a certain most subtle Spirit which pervades and lies hid in all
gross bodies ; by the force and action of which Spirit the particles of bodies mutually attract one another at near
distances, and cohere, if contiguous ; and electric bodies operate to greater distances, as well repelling as attracting
the neighbouring corpuscles; and light is emitted, reflected, refracted, inflected, and heats bodies ; and all sensation
is excited, and the members of animal bodies move at the command of the will, namely, by the vibrations of this
Spirit, mutually propagated along the solid filaments of the nerves, from the outward organs of sense to the brain,
and from the brain into the muscles. But these are things that cannot be explained in few words, nor are we furnished
with that sufficiency of experiments which is required to an accurate determination and demonstration of the laws by
which this electric and elastic Spirit operates.

END OF THE MATHEMATICAL PRINCIPLE8.
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THE SYSTEM OF THE WORLD
It was the ancient opinion of not a few, in the earliest ages of philosophy, that the fixed stars stood immoveable

in the highest parts of the world; that, under the fixed stars the planets were carried about the sun; that the earth,
us one of the planets, described an annual course about the sun, while by a diurnal motion it was in the mean time
revolved about its own axis; and that the sun, as the common fire which served to warm the whole, was fixed in the
centre of the universe.

This was the philosophy taught of old by Philolans, Aristarchus of Samos, Plato in his riper years, and the whole
sect of the Pythagoreans; and this was the judgment of Anaximander, more ancient than any of them ; and of that
wise king of the Romans, Numa Pompilius, who, as a symbol of the figure of the world with the sun in the centre,
erected a temple in honour of Vesta, of a round form, and ordained perpetual fire to be kept in the middle of it.

The Egyptians were early observers of the heavens; and from them, probably, this philosophy was spread abroad
among other nations; for from them it was, and the nations about them, that the Greeks, a people of themselves more
addicted to the study of philology than of Nature, derived their first, as well as soundest, notions of philosophy; and
in the vestal ceremonies we may yet trace the ancient spirit of the Egyptians; for it was their way to deliver their
mysteries, that is, their philosophy of things above the vulgar way of thinking, under the veil of religious rites and
hieroglyphic symbols.

It is not to be denied but that Anaxagoras, Democritus, and others, did now and then start up, who would have it
that the earth possessed the centre of the world, and that the stars of all sorts were revolved towards the west about
the earth quiescent in the centre, some at a swifter, others at a slower rate.

However, it was agreed on both sides that the motions of the celestial bodies were performed in spaces altogether
free and void of resistance. The whim of solid orbs was of a later date, introduced by Eudoxus, Calippus, and Aristotle;
when the ancient philosophy began to decline, and to give place to the new prevailing fictions of the Greeks.

But, above all things, the phenomena of comets can by no means consist with the notion of solid orbs. The
Chaldeans, the most learned astronomers of their time, looked upon the comets (which of ancient times before had
been numbered among the celestial bodies) as a particular sort of planet, which, describing very eccentric orbits,
presented themselves to our view only by turns, viz., once in a revolution, when they descended into the lower parts
of their orbits.

And as it was the unavoidable consequence of the hypothesis of solid orbs, while it prevailed, that the comets should
be thrust down below the moon, so no sooner had the late observations of astronomers restored the comets to their
ancient places in the higher heavens, but these celestial spaces were at once cleared of the incumbrance of solid orbs,
which by these observations were broke into pieces, and discarded for ever.

Whence it was that the planets came to be retained within any certain bounds in these free spaces, and to be
drawn off from the rectilinear courses, which, left to themselves, they should have pursued, into regular revolutions in
curvilinear orbits, are questions which we do not know how the ancients explained; and probably it was to give some
sort of satisfaction to this difficulty that solid orbs were introduced.

The later philosophers pretend to account for it either by the action of certain vortices, as Kepler and Des Cartes;
or by some other principle of impulse or attraction, as Borelli, Hooke, and others of our nation; for, from the laws of
motion, it is most certain that these effects must proceed from the action of some force or other.

But our purpose is only to trace out the quantity and properties of this force from the phenomena, and to apply
what we discover in some simple cases as principles, by which, in a mathematical way, we may estimate the effects
thereof in more involved cases: for it would be endless and impossible to bring every particular to direct and immediate
observation.

(4) ABSOLUTE SPACE and TIME

As mentioned above, Newton felt that it was necessary to maintain a kind of ’ghost of the aether’, in the form of
absolute spatial and temporal frames. It seems easy to dismiss this idea, and it seemed to have been finally eliminated
by Einstein’s principle of relativity at the beginning of the 20th century. However it is worth paying attention to the
arguments- particularly as the idea of the aether has re-emerged in a rather different form, in the vacuum of modern
quantum field theory. Newton explained himself quite fully in his introduction to the Principia, which is reprinted
here:

SCHOLIUM, from INTRODUCTION to the PRINCIPIA
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”Hitherto I have laid down the definitions of such words as are less known, and explained the sense in which I
would have them to be understood in the following discourse. I do not define time, space, place, and motion, as being
well known to all. Only I must observe, that the common people conceive those quantities under no other notions but
from the relation they bear to sensible objects. And thence arise certain prejudices, for the removing of which it will
be convenient to distinguish them into absolute and relative, true and apparent, mathematical and common.

I. Absolute, true, and mathematical time, of itself, and from its own nature, flows equably without relation to
anything external, and by another name is called duration: relative, apparent, and common time, is some sensible
and external (whether accurate or unequable) measure of duration by the means of motion, which is commonly used
instead of true time; such as an hour, a day, a month, a year.

II. Absolute space, in its own nature, without relation to anything external, remains always similar and immovable.
Relative space is some movable dimension or measure of the absolute spaces; which our sense determine by its position
to bodies; and which is commonly taken for immovable space; such is the dimension of a subterraneous, an aerial, or
celestial space, determined by its position in respect of the earth. Absolute and relative space are the same in figure and
magnitude; but they do not remain always numerically the same. For if the earth, for instance, moves, a space of our
air, which relatively and in respect of the earth remains always the same, will at one time be one part of the absolute
space into which the air passes; at another time it will be another part of the same, and so, absolutely understood, it
will be continually changed.

III. Place is a part of space which a body takes up, and is according to the space, either absolute or relative. I say,
a part of space; not the situation, nor the external surface of the body. For the places of equal solids are always equal
but their surfaces, by reason of their dissimilar figures, are often unequal. Positions properly have no quantity, nor
are they so much the places themselves, as the properties of places. The motion of the whole is the same with the sum
of the motions of the parts; that is, the translation of the whole, out of its place, is the same thing with the sum of the
translations of the parts out of their places; and therefore the place of the whole is the same as the sum of the places
as the parts, and for that reason, it is internal, and in the whole body.

IV. Absolute motion is the translation of a body from one absolute place into another; and relative motion, the
translation from one relative place into another. Thus in a ship under sail, the relative place of a body is that part of
the ship which the body possesses; or that part of the cavity which the body fills, and which therefore moves together
with the ship: and relative rest is the continuance of the body in the same part of the ship, or of its cavity. But real,
absolute rest, is the continuance of the body in the same part of that immovable space, in which the ship itself, its
cavity, and all that it contains, is moved. Wherefore, if the earth is really at rest, the body, which relatively rests in
the ship, will really and absolutely move with the same velocity which the ship has on the earth. But if the earth also
moves, the true and absolute motion of the body will arise, partly from the true motion of the earth, in immovable
space, partly from the relative motion of the ship on the earth; and if the body moves also relatively in the ship, its true
motion will arise, partly from the true motion of the earth, in immovable space, and partly from the relative motions
as well of the ship on the earth, as of the body in the ship; and from these relative motions will arise the relative
motion of the body on the earth. As if that part of the earth, where the ship is, was truly moved towards the east, with
a velocity of 10010 parts; which the ship itself, with a fresh gale, and full sails, is carried towards the west, with a
velocity expressed by 10 of those parts; but a sailor walks in the ship towards the east, with 1 part of the said velocity;
then the sailor will be moved truly in immovable space towards the east, with a velocity of 10001 parts, and relatively
on the earth towards the west, with a velocity of 9 of those parts.

Absolute time, in astronomy, is distinguished from relative, by the equation or correction of the apparent time. For
the natural days are truly unequal, though they are commonly considered as equal, and used for a measure of time;
astronomers correct this inequality that they may measure the celestial motions by a more accurate time. It may be,
that there is no such thing as an equable motion, whereby time may be accurately measured. All motions may be
accelerated and retarded, but the flowing of absolute time is not liable to any change. The duration or perseverance
of the existence of things remains the same, whether the motions are swift or slow, or none at all: and therefore
this duration ought to be distinguished from what are only sensible measures thereof; and from which we deduce it, by
means of the astronomical equation. The necessity of this equation, for determining the times of a phenomenon, is
evinced as well from the experiments of the pendulum clock, as by eclipses of the satellites of Jupiter.

As the order of the parts of time is immutable, so also is the order of the parts of space. Suppose those parts to be
moved out of their places, and they will be moved (if the expression may be allowed) out of themselves. For times and
spaces are, as it were, the places as well of themselves as of all other things. All things are placed in time as to order
of succession; and in space as to order of situation. It is from their essence or nature that they are places; and that
the primary places of things should be movable, is absurd. These are therefore the absolute places; and translations
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out of those places, are the only absolute motions.
But because the parts of space cannot be seen, or distinguished from one another by our senses, therefore in their

stead we use sensible measures of them. For from the positions and distances of things from any body considered as
immovable, we define all places; and then with respect to such places, we estimate all motions, considering bodies as
transferred from some of those places into others. And so, instead of absolute places and motions, we use relative
ones; and that without any inconvenience in common affairs; but in philosophical disquisitions, we ought to abstract
from our senses, and consider things themselves, distinct from what are only sensible measures of them. For it may
be that there is no body really at rest, to which the places and motions of others may be referred.

But we may distinguish rest and motion, absolute and relative, one from the other by their properties, causes, and
effects. It is a property of rest, that bodies really at rest do rest in respect to one another. And therefore as it is
possible, that in the remote regions of the fixed stars, or perhaps far beyond them, there may be some body absolutely
at rest; but impossible to know, from the position of bodies to one another in our regions, whether any of these do keep
the same position to that remote body; it follows that absolute rest cannot be determined from the position of bodies
in our regions.

It is a property of motion, that the parts, which retain given positions to their wholes, do partake of the motions of
those wholes. For all the parts of revolving bodies endeavor to recede from the axis of motion; and the impetus of bodies
moving forwards arises from the joint impetus of all the parts. Therefore, if surrounding bodies are moved, those that
are relatively at rest within them will partake of their motion. Upon which account, the true and absolute motion of a
body cannot be determined by the translation of it from those which only seem to rest; for the external bodies ought not
only to appear at rest, but to be really at rest. For otherwise, all included bodies besides their translation from near
the surrounding ones, partake likewise of their true motions; and though that translation were not made, they would
not be really at rest, but only seem to be so. For the surrounding bodies stand in the like relation to the surrounded as
the exterior part of a whole does to the interior, or as the shell does to the kernel; but if the shell moves, the kernel
will also move, as being part of the whole, without removal from near the shell.

A property, near akin to the preceding, is this, that if a place is moved, whatever is placed therein moves along with
it; and therefore a body, which is moved from a place in motion, partakes also of the motion of its place. Upon which
account, all motions, from places in motion, are no other than parts of entire and absolute motions; and every entire
motion is composed of the motion of the body out of its first place, and the motion of this place out its place; and
so on, until we come to some immovable place, as in the before-mentioned example of the sailor. Wherefore, entire
and absolute motions can be no otherwise determined than by immovable places; and for that reason I did before refer
those absolute motions to immovable places, but relative one to movable places. Now no other places are immovable
but those that, from infinity to infinity, do all retain the same given position one to another; and upon this account
must ever remain unmoved; and do thereby constitute immovable space.

The causes by which true and relative motions are distinguished, one from the other, are the forces impressed upon
bodies to generate motion. True motion is neither generated nor altered, but by some force impressed upon the body
moved; but relative motion may be generated or altered without any force impressed upon the body. For it is sufficient
only to impress some force on other bodies with which the former is compared, that by their giving way, that relation
may be changed, in which the relative rest or motion of this other body did consist. Again, true motion suffers always
some change from any force impressed upon the moving body; but relative motion does not necessarily undergo any
change by such forces. For if the same forces are likewise impressed on those other bodies, with which the comparison
is made, that the relative position may be preserved, then that condition will be preserved in which the relative motion
consists. And therefore any relative motion may be changed when the true motion remains unaltered, and the relative
may be preserved when the true suffers some change. Thus, true motion by no means consists in such relations.

The effects which distinguish absolute from relative motion are, the forces of receding from the axis of circular
motion. For there are no such forces in a circular motion purely relative, but in a true and absolute circular motion,
they are greater or less, according to the quantity of the motion. If a vessel, hung by a long cord, is so often turned
about that the cord is strongly twisted, then filled with water, and held at rest together with the water; thereupon, by
the sudden action of another force, it is whirled about the contrary way, and while the cord is untwisting itself, the
vessel continues for some time in this motion; the surface of the water will at first be plain, as before the vessel began
to move; but after that, the vessel, by gradually communicating its motion to the water, will make it begin sensibly
to revolve, and recede by little and little from the middle, and ascent to the sides of the vessel, forming itself into
a concave figure (as I have experienced), and the swifter the motion becomes, the higher will the water rise, till at
last, performing its revolutions in the same times with the vessel, it becomes relatively at rest in it. This ascent of
the water shows its endeavor to recede from the axis of its motion; and the true and absolute circular motion of the
water, which is here directly contrary to the relative, becomes known, and may be measured by this endeavor. At first,
when the relative motion of the water in the vessel was greatest, it produced no endeavor to recede from the axis;
the water showed no tendency to the circumference, nor any ascent towards the sides of the vessel, but remained on
a plain surface, and therefore its true circular motion had not yet begun. But afterwards, when the relative motion
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of the water had decreased, the ascent thereof towards the sides of the vessel proved its endeavor to recede from the
axis; and this endeavor showed the real circular motion of the water continually increasing, till it had acquired its
greatest quantity, when the water rested relatively in the vessel. And therefore this endeavor does not depend upon any
translation of the water in respect of the ambient bodies, nor can true circular motion be defined by such translation.
There is only one real circular motion of any one revolving body, corresponding to only one power of endeavoring
to recede from its axis of motion, as its proper and adequate effect; but relative motions, in one and the same body,
are innumerable, according to the various relations it bears to external bodies, and like other relations, are altogether
destitute of any real effect, any otherwise than they may perhaps partake of that one only true motion. And therefore
in their system who suppose that our heavens, revolving below the sphere of the fixed stars, carry the planets along
with them; the several parts of those heavens, and the planets, which are indeed relatively at rest in their heavens, do
yet really move. For they change their position one to another (which never happens to bodies truly at rest), and being
carried together with their heavens, partake of their motions, and as parts of revolving wholes, endeavor to recede from
the axis of their motions.

Wherefore relative quantities are not the quantities themselves, whose names they bear, but those sensible measures
of them (either accurate or inaccurate), which are commonly used instead of the measured quantities themselves. And
if the meaning of words is to be determined by their use, then by the names time, space, place, and motion, their
sensible measures are properly to be understood; and the expression will be unusual, and purely mathematical, if the
measured quantities themselves are meant. On this account, those violate the accuracy of language, which ought to be
kept precise, who interpret these words for the measured quantities. Nor do those less defile the purity of mathematical
and philosophical truths, who confound real quantities with their relations and sensible measures.

It is indeed a matter of great difficulty to discover, and effectually to distinguish, the true motions of particular
bodies from the apparent; because the parts of that immovable space, in which those motions are performed, do by no
means come under the observation of our senses. Yet the thing is not altogether desperate; for we have some arguments
to guide us, partly from the apparent motions, which are the differences of the true motions; partly from the forces,
which are the causes and effects of the true motions. For instance, if two globes, kept at a given distance one from
the other by means of a cord that connects them, were revolved about their common centre of gravity, we might, from
the tension of the cord, discover the endeavor of the globes to recede from the axis of their motion, and from thence
we might compute the quantity of their circular motions. And then if any equal forces should be impressed at once on
the alternate faces of the globes to augment or diminish their circular motions, from the increase or decrease of the
tension of the cord, we might infer the increment or decrement of their motions; and thence would be found on what
faces those forces ought to be impressed, that the motions of the globes might be most augmented; that is, we might
discover their hindmost faces, or those which, in the circular motion, do follow. But the faces which follow being
known, and consequently the opposite ones that precede, we should likewise know the determination of their motions.
And thus we might find both the quantity and the determination of this circular motion, even in an immense vacuum,
where there was nothing external or sensible with which the globes could be compared. But now, if in that space some
remote bodies were placed that kept always a given position one to another, as the fixed stars do in our regions, we
could not indeed determine from the relative translation of the globes among those bodies, whether the motion did
belong to the globes or the bodies. But if we observed the cord, and found that its tension was that very tension which
the motions of the globes required, we might conclude the motion to be in the globes, and the bodies to be at rest; and
then, lastly, from the translation of the globes among the bodies, we should find the determination of their motions.
But how we are to obtain the true motions from their causes, effects, and apparent differences, and the converse, shall
be explained more at large in the following treatise. For to this end it was that I composed it.”

——————————

EXTRACTS from LEIBNIZ-CLARKE CORRESPONDENCE

The debate between G. W. Leibniz (1646-1716) and Samuel Clarke (1675-1729) was essentially a debate between
Leibniz and Newton, with Clarke acting as Newton’s proxy. The debate touches on the same issue discussed already,
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that of absolute space and time. As Leibniz argued, if space is uniform , there is no particular reason to single out
any particular frame of reference as being fundamental. Space is basically just a set of relations between material
bodies. This is of course the view that was later employed by Einstein in his framing of the principle of relativity -
and it is also the view that had been previously adopted by Galileo. Here I just give a few extracts from the debate:

LEIBNIZ:
The great foundation of mathematics is the principle of contradiction, or identity, that is, that a proposition cannot

be true and false at the same time; and that therefore A is A, and cannot be not A. This single principle is sufficient to
demonstrate every part of arithmetic and geometry, that is, all mathematical principles. But in order to proceed from
mathematics to natural philosophy, another principle is requisite, as I have observed in my Theodicy: I mean, the
principle of a sufficient reason, viz. that nothing happens without a reason why it should be so, rather than otherwise.
And therefore Archimedes being to proceed from mathematics to natural philosophy, in his book De Aequilibrio, was
obliged to make use of a particular case of the great principle of a sufficient reason. He takes it for granted, that if
there be a balance, in which everything is alike on both sides, and if equal weighted are hung on the two ends of that
balance, the whole will be at rest. It is because no reason can be given, why one side should weigh down, rather than
the other. Now, by that single principle, viz. that there ought to be a sufficient reason why things should be so, and
not otherwise, one may demonstrate the being of God, and all the other parts of metaphysics or natural theology;
and even, in some measure, those principles of natural philosophy, that are independent upon mathematics: I mean,
the dynamical principles, or the principles of force. (Leibniz’s 2nd paper)

CLARKE:
It is very true, that nothing is, without a sufficient reason why it is, and why it is thus rather than otherwise.

And therefore, where there is no cause, there can be no effect. But this sufficient reason is oft-times no other, than
the mere will of God. For instance: why this particular system of matter, should be created in one particular place,
and that in another particular place; when, (all place being absolutely indifferent to all matter,) it would have been
exactly the same thing vice versa, supposing the two systems (or the particles) of matter to be alike; there can be no
other reason, but the mere will of God. Which if it could in no case act without a predetermining cause, any more
than a balance can move without a preponderating weight; this would tend to take away all power of choosing, and
to introduce fatality. (Clarke’s 2nd Reply)

LEIBNIZ:
5. ... I say then, that if space was an absolute being, there would something happen for which it would be impossible

there should be a sufficient reason. Which is against my axiom. And I prove it thus. Space is something absolutely
uniform; and, without the things placed in it, one point of space does not absolutely differ in any respect whatsoever
from another point of space. Now from hence it follows, (supposing space to be something in itself, besides the order
of bodies among themselves,) that it is impossible there should be a reason, why God, preserving the same situations
of bodies among themselves, should have placed them in space after one certain particular manner, and not otherwise;
why every thing was not placed the quite contrary way, for instance, by changing East into West. But if space is
nothing else, but that order or relation; and is nothing at all without bodies, but the possibility of placing them; then
those two states, the one such as it now is, the other supposed to be the quite contrary way, would not at all differ
from one another. Their difference therefore is only to be found in our chimerical supposition of the reality of space
in itself. But in truth the one would exactly be the same thing as the other, they being absolutely indiscernible; and
consequently there is no room to enquire after a reason of the preference of the one to the other.

6. The case is the same with respect to time. Supposing any one should ask, why God did not create every thing
a year sooner; and the same person should infer from thence, that God has done something, concerning which it is
not possible there should be a reason, why he did it so, and not otherwise: the answer is, that his inference would
be right, if time was any thing distinct from things existing in time. For it would be impossible there should be any
reason, why things should be applied to such particular instants, rather than to others, their succession continuing
the same. But then the same argument proves, that instants, consider’d without the things, are nothing at all; and
that they consist only in the successive order of things; which order remaining the same, one of the two states, viz.
that of a supposed anticipation would not at all differ, nor could be discerned from, the other which now is. (Leibniz’s
3rd Paper)

7. It appears from what I have said, that my axiom has not been well understood; and that the author denies it,
tho’ he seems to grant it. It is true, says he, that there is nothing without a sufficient reason why it is, and why
it is thus, rather than otherwise: but he adds, that this sufficient reason, is often the simple or mere will of God:
as, when it is asked why matter was not placed elsewhere in space; the same situations of bodies among themselves
being preserved. But this is plainly maintaining, that God wills something, without any sufficient reason for his will:
against the axiom, or the general rule of whatever happens. This is falling back into the loose indifference, which I
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have confuted at large, and showed to be absolutely chimerical even in creatures, and contrary to the wisdom of God,
as if he could operate without acting by reason. As for my own opinion, I have said more than once, that I hold
space to be something merely relative, as time is; that I hold it to be an order of coexistences, as time is an order of
successions. For space denotes, in terms of possibility, an order of things which exist at the same time, considered
as existing together; without enquiring into their manner of existing. And when many things are seen together, one
perceives that order of things among themselves (Leibniz’s 3rd Paper).

CLARKE:
2. Undoubtedly nothing is, without a sufficient reason why it is, rather than not; and why it is thus, rather than

otherwise. But in things in their own nature indifferent; mere will, without any thing external to influence it, is alone
that sufficient reason. As in the instance of God’s creating or placing any particle of matter in one place rather than
in another, when all places are originally alike. And the case is the same, even though space were nothing real, but
only the mere order of bodies: for still it would be absolutely indifferent, and there could be no other reason but mere
will, why three equal particles should be placed or ranged in the order a, b, c, rather than in the contrary order. And
therefore no argument can be drawn from this indifference of all places, to prove that no space is real. For different
spaces are really different or distinct one from another, though they be perfectly alike. And there is this evident
absurdity in supposing space not to be real, but to be merely the order of bodies; that, according to that notion, if
the earth and sun and moon had been placed where the remotest fixed stars now are, (provided they were placed in
the same order and distance they now are with regard one to another,) it would not only have been, (as this learned
author rightly says,) la meme chose, the same thing in effect; which is very true: but it would also follow, that they
would then have been in the same place too, as they are now: which is an express contradiction.

4. If space was nothing but the order of things coexisting; it would follow, that if God should remove in a straight
line the whole material world entire, with any swiftness whatsoever; yet it would still always continue in the same
place: and that nothing would receive any shock upon the most sudden stopping of that motion. And if time was
nothing but the order of succession of created things; it would follow, that if God had created the world millions of
ages sooner than he did, yet it would not have been created at all the sooner. Further: space and time are quantities;
which situation and order are not.

5. The argument in this paragraph, is; that because space is uniform or alike, and one part does not differ from
another; therefore the bodies created in one place, if they had been created in another place, (supposing them to keep
the same situation with regard to each other,) would still have been created in the same place as before: which is
a manifest contradiction. The uniformity of space, does indeed prove, that there could be no (external) reason why
God should create things in one place rather than in another: but does that hinder his own will, from being to itself
a sufficient reason of acting in any place, when all places are indifferent or alike, and there be good reason to act in
some place? (Clarke’s 3rd Reply)

LEIBNIZ:
5. Those great principles of a sufficient reason, and of the identity of indiscernibles, change the state of metaphysics.

That science becomes real and demonstrative by means of these principles; whereas before, it did generally consist in
empty words.

6. To suppose two things indiscernible, is to suppose the same thing under two names. And therefore to suppose
that the universe could have had at first another position of time and place, than that which it actually had; and yet
that all the parts of the universe should have had the same situation among themselves, as that which they actually
had; such a supposition, I say, is an impossible fiction.

15. It is a like fiction, (that is) an impossible one, to suppose that God might have created the world some millions
of years sooner. They who run into such kind of fictions, can give no answer to one that should argue for the eternity
of the world. For since God does nothing without reason, and no reason can be given why he did not create the world
sooner; it will follow, either that he has created nothing at all, or that he created the world before any assignable
time, that is, that the world is eternal. But when once it has been shown, that the beginning, whenever it was, is
always the same thing; the question, why it was not otherwise ordered, becomes needless and insignificant.

16. If space and time were any thing absolute, that is, if they were any thing else, besides certain orders of things;
then indeed my assertion would be a contradiction. But since it is not so, the hypothesis [that space and time are
any thing absolute] is contradictory, that is, it is an impossible fiction.

17. And the case is the same as in geometry; where by the very supposition that a figure is greater than it really is,
we sometimes prove that it is not greater. This indeed is a contradiction; but it lies in the hypothesis, which appears
to be false for that very reason. (Leibniz’s 4th Paper)

CLARKE:
5 and 6. Two things, by being exactly alike, do not cease to be two. The parts of time, are as exactly like to each
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other, as those of space: yet two points of time, are not the same point of time, nor are they two names of only the
same point of time. Had God created the world but this moment, it would not have been created at the time it was
created. And if God has made (or can make) matter finite in dimensions, the material universe must consequently
be in its nature moveable; for nothing that is finite, is immoveable. To say therefore that God could not have altered
the time or place of the existence of matter, is making matter to be necessarily infinite and eternal, and reducing all
things to necessity and fate.

13. If the world be finite in dimensions, it is moveable by the power of God and therefore my argument drawn from
that mobility is conclusive. Two places, though exactly alike, are not the same place. Nor is the motion or rest of
the universe, the same state; any more than the motion or rest of a ship, is the same state, because a man shut up
in the cabin cannot perceive whether the ship sails or not, so long as it moves uniformly. The motion of the ship,
though the man perceives it not, is a real different state, and has real different effects; and, upon a sudden stop, it
would have other real effects; and so likewise would an indiscernible motion of the universe. To this argument, no
answer has ever been given. It is largely insisted on by Sir Isaac Newton in his Mathematical Principles, (Definition
8.) where, from the consideration of the properties, causes, and effects of motion he shows the difference between real
motion, or a body’s being carried from one part of space to another; and relative motion, which is merely a change
of the order or situation of bodies with respect to each other. This argument is a mathematical one; showing, from
real effects, that there may be real motion where there is none relative; and relative motion, where there is none real:
and is not to be answered, by barely asserting the contrary.

14. The reality of space is not a supposition, but is proved by the foregoing arguments, to which no answer has
been given. Nor is any answer given to that other argument, that space and time are quantities, which situation and
order are not.

15. It was no impossibility for God to make the world sooner or later than he did: nor is it at all impossible for
him to destroy it sooner or later than it shall actually be destroyed. As to the notion of the world’s eternity; they
who suppose matter and space to be the same, must indeed suppose the world to be not only infinite and eternal, but
necessarily so: even as necessarily as space and duration, which depend not on the will, but on the existence of God.
But they who believe that God created matter in what quantity, and at what particular time, and in what particular
spaces he pleased, are here under no difficulty. For the wisdom of God may have very good reasons for creating this
world, at that particular time he did; and may have made other kinds of things before this material world began, and
may make other kinds of things after this world is destroyed.

16 and 17. That space and time are not the mere order of things, but real quantities (which order and situation are
not;) has been proved above (See Third Reply, No. 4) and no answer yet given to those proofs. And till an answer be
given to those proofs, this learned author’s assertion is (by his own confession in this place) a contradiction. (Clarke’s
4th Reply)

EXTACTS from LEIBNIZ’s 5th PAPER:
27. The parts of time or place, considered in themselves, are ideal things: and therefore they perfectly resemble

one another like two abstract units. But it is not so with two concrete ones, or with two real times, or two spaces
filled up, that is, truly actual.

28. I don’t say that two points of space are one and the same point, nor that two instants of time are one and
the same instant, as the author seems to charge me with saying. But a man may fancy, for want of knowledge, that
there are two different instants, where there is but one: in like manner as I observed in the 17th paragraph of the
foregoing answer, that frequently in geometry we suppose two, in order to represent the error of a gainsayer, when
there is really but one. If any man should suppose that a right line cuts another in two points; it will be found after
all, that those two pretended points must coincide, and make but one point.

29. I have demonstrated, that space is nothing else but an order of the existence of things, observed as existing
together; and therefore the fiction of a material finite universe, moving forward in an infinite empty space, cannot be
admitted. It is altogether unreasonable and impracticable. For, besides that there is no real space out of the material
universe; such an action would be without any design in it: it would be working without doing any thing, agendo nihil
agere. There would happen no change, which could be observed by any person whatsoever. These are imaginations of
philosophers who have incomplete notions, who make space an absolute reality. Mere mathematicians, who are only
taken up with the conceits of imagination, are apt to forge such notions; but they are destroyed by superior reasons.

31. I don’t grant, that every finite is moveable. According to the hypothesis of my adversaries themselves, a part
of space, though finite, is not moveable. What is moveable, must be capable of changing its situation with respect to
something else, and to be in a new state discernible from the first: otherwise the change is but a fiction. A moveable
finite, must therefore make part of another finite, that any change may happen which can be observed.
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33. Since space in itself is an ideal thing, like time; space out of the world must needs be imaginary, as the schoolmen
themselves have acknowledged. The case is the same with empty space within the world; which I take also to be
imaginary, for the reason before alleged.

34. The author objects against me the vacuum discovered by Nr. Guerike of Madenburg, which is made by pumping
the air out of a receiver; and he pretends that there is truly a perfect vacuum, or a space without matter, (at least in
part,) in that receiver. The Aristotelians and Cartesians, who do not admit a true vacuum, have said in answer to
that experiment of Mr. Guerike, as well as to that of Torricelli of Florence, (who emptied the air out of a glass-tube
by the help of quicksilver,) that there is no vacuum at all in the tube or in the receiver; since glass has small pores,
which the beams of light, the effluvia of the load-stone, and other very thin fluids may go through. I am of their
opinion.

47. I will here show, how men come to form to themselves the notion of space. They consider that many things
exist at once and they observe in them a certain order of co-existence, according to which the relation of one thing
to another is more or less simple. This order, is their situation or distance. When it happens that one of those
co-existent things changes its relation to a multitude of others, which do not change their relation among themselves;
and that another thing, newly come, acquires the same relation to the others, as the former had; we then say, it is
come into the place of the former; and this change, we call a motion in that body, where in is the immediate cause of
the change. And though many, or even all the co-existent things, should change according to certain known rules of
direction and swiftness; yet one may always determine the relation of situation, which every co-existent acquires with
respect every other co-existent; and even that relation which any other co-existent would have to this, or which this
would have to any other, if it had not changed, or if it had changed any otherwise. And supposing or feigning, that
among those coexistents, there is a sufficient number of them, which have undergone no change; then we may say,
that those which have such a relation to those fixed existents, as others had to them before, have now the same place
which those others had. And that which comprehends all those places, is called space. Which shows, that in order
to have an idea of place, and consequently of space, it is sufficient to consider these relations, and the rules of their
changes, without needing to fancy any absolute reality out of the things whose situation we consider. And, to give a
kind of a definition: place is that, which we say is the same to A and, to B, when the relation of the co-existence of
B, with C, E, F, G etc. agrees perfectly with the relation of the co-existence, which A had with the same C, E, F,
G, etc. It may be said also, without entering into any further particularity, that place is that, which is the same in
different moments to different existent things, when their relations of co-existence with certain other existents, which
are supposed to continue fixed from one of those moments to the other, agree entirely together. And fixed existents
are those, in which there has been no cause of any change of the order of their co-existence with others; or (which is
the same thing,) in which there has been no motion. Lastly, space is that, which results from places taken together.

And here it may not be amiss to consider the difference between place, and the relation of situation, which is in
the body that fills up the place. For, the place of A and B, is the same; whereas the relation of A to fixed bodies,
is not precisely and individually the same, as the relation which B (that comes into its place) will have to the same
fixed bodies; but these relations agree only. For, two different subjects, as A and B, cannot have precisely the same
individual affection; it being impossible, that the same individual accident should be in two subjects, or pass from one
subject to another. But the mind not contented with an agreement, looks for an identity, for something that should
be truly the same and conceives it as being extrinsic to the subjects: and this is what we call place and space. But
this can only be an ideal thing; containing a certain order, wherein the mind conceives the application of relations.

In like manner, as the mind can fancy to itself an order made up of genealogical lines, whose bigness would consist
only in the number of generations, wherein every person would have his place: and if to this one should add the fiction
of a metempsychosis, and being in the same human souls again; the persons in those lines might change place; he who
was a father, or a grandfather, might become a son, or a grandson, etc. And yet those genealogical places, lines, and
spaces, though they should express real truth, would only be ideal things.

I shall allege another example, to show how the mind uses, upon occasion of accidents which are in subjects, to
fancy to itself something answerable to those accidents, out of the subjects. The ratio or proportion between two lines
L and M, may be conceived three several ways; as a ratio of the greater L, to the lesser M; as a ratio of the lesser
M, to the greater L; and lastly, as something abstracted from both, that is, as the ratio between L and M, without
considering which is the antecedent, or which the consequent; which the subject, and which the object. And thus it
is, that proportions are considered in music. In the first way of considering them, L the greater; in the second, M
the lesser, is the subject of that accident, which philosophers call relation. But, which of them will be the subject, in
the third way of considering them? It cannot be said that both of them, L and M together, are the subject of such
an accident; for if so, we should have an accident in two subjects, with one leg in one, and the other in the other;
which is contrary to the notion of accidents. Therefore we must say, that this relation, in this third way of considering
it, is indeed out of the subjects; but being neither a substance, nor an accident, it must be a mere ideal thing, the
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consideration of which is nevertheless useful.
To conclude: I have here done much like Euclid, who not being able to make his readers well understand what ratio

is absolutely in the sense of geometricians; defines what are the same ratios. Thus, in like manner, in order to explain
what place is, I have been content to define what is the same place. Lastly; I observe, that the traces of moveable
bodies, which they leave sometimes upon the immoveable ones on which they are moved; have given men occasion to
form in their imagination such an idea, as if some trace did still remain, even when there is nothing unmoved. But
this is a mere ideal thing, and imports only, that if there was any unmoved thing there, the trace might be marked
out upon it. And it is this analogy, which makes men fancy places, traces and spaces; though those things consist
only in the truth of relations, and not at all in any absolute reality.

52. In order to prove that space, without bodies, is an absolute reality; the author objected, that a finite material
universe might move forward in space. I answered, it does not appear reasonable that the material universe should be
finite; and, though we should suppose it to be finite; yet it is unreasonable it should have motion any otherwise, than
as its parts change their situation among themselves; because such a motion would produce no change that could be
observed, and would be without design. It is another thing, when its parts change their situation among themselves;
for then there is a motion in space; but it consists in the order of relations which are changed. The author replies
now, that the reality of motion does not depend upon being observed; and that a ship may go forward, and yet a man,
who is in the ship may not perceive it. I answer, motion does not indeed depend upon being observed; but it does
depend upon being possible to be observed. There is no motion, when there is no change that can be observed. And
when there is no change that can be observed, there is no change at all. The contrary opinion is grounded upon the
supposition of a real absolute space, which I have demonstratively confuted by the principle of the want of a sufficient
reason of things.

53. I find nothing in the Eighth Definition of the Mathematical Principles of Nature, nor in the Scholium belonging
to it, that proved, or can prove, the reality of space in itself. However, I grant there is a difference between an
absolute true motion of a body, and a mere relative change of its situation with respect to another body. For when
the immediate cause of the change is in the body, that body is truly in motion; and then the situation of other bodies,
with respect to it, will be changed consequently, though the cause of the change be not in them. It is true that,
exactly speaking, there is not any one body, that is perfectly and entirely at rest; but we frame an abstract notion
of rest, by considering the thing mathematically. Thus have I left nothing unanswered, of what has been alleged for
the absolute reality of space. And I have demonstrated the falsehood of that reality, by a fundamental principle, one
of the most certain both in reason and experience; against which, no exception or instance can be alleged. Upon the
whole, one may judge from what has been said that I ought not to admit a moveable universe; nor any place out of
the material universe.

54. I am not sensible of any objection, but what I think I have sufficiently answered. As for the objection that
space and time are quantities, or rather things endowed with quantity; and that situation and order are not so: I
answer, that order also has its quantity; there is in it, that which goes before, and that which follows; there is distance
or interval. Relative things have their quantity, as well as absolute ones. For instance, ratios or proportions in
mathematics, have their quantity, and are measured by logarithms; and yet they are relations. And therefore though
time and space consist in relations, yet they have their quantity.

55. As to the question, whether God could have created the world sooner; it is necessary here to understand each
other rightly. Since I have demonstrated, that time, without things, is nothing else but a mere ideal possibility; it is
manifest, if any one should say that this same world, which has been actually created, might have been created sooner,
without any other change; he would say nothing that is intelligible. For there is no mark or difference, whereby it
would be possible to know, that this world was created sooner. And therefore, (as I have already said,) to suppose that
God created the same world sooner, is supposing a chimerical thing. It is making time a thing absolute, independent
upon God; whereas time does only co-exist with creatures, and is only conceived by the order and quantity of their
changes.

56. But yet, absolutely speaking, one may conceive that an universe began sooner, than it actually did. Let us
suppose our universe, or any other, to be represented by the Figure AF; and that the ordinate AB represents its first
state; and the ordinates CD, EF, its following states: I say, one may conceive that such a world began sooner, by
conceiving the figure prolonged backwards, and by adding to it SRABS. For thus, things being increased, time will be
also increased. But whether such an augmentation be reasonable and agreeable to God’s wisdom, is another question,
to which we answer in the negative; otherwise God would have made such an augmentation. ... The case is the same
with respect to the destruction of the universe. As one might conceive something added to the beginning, so one
might also conceive something taken off towards the end. But such a retrenching from it, would be also unreasonable.

57. Thus it appears how we are to understand, that God created things at what time he pleased; for this depends
upon the things which he resolved to create. But things being once resolved upon, together with their relations; there
remains no longer any choice about the time and the place, which of themselves have nothing in them real, nothing
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that can distinguish them, nothing that is at all discernible.
58. One cannot therefore say, as the author does here, that the wisdom of God may have good reasons to create

this world at such or such a particular time: that particular time, considered without the things, being an impossible
fiction; and good reasons for a choice, being not to be found, where everything is indiscernible.

62. I don’t say that matter and space are the same thing. I only say, there is no space, where there is no matter;
and that space in itself is not an absolute reality. Space and matter differ, as time and motion. However, these things,
though different, are inseparable.

67. The parts of space are not determined and distinguished, but by the things which are in it: and the diversity
of things in space, determines God to act differently upon different parts of space. But space without things, has
nothing whereby it may be distinguished; and indeed not any thing actual.

68. If God is resolved to place a certain cube of matter at all, he is also resolved in what particular place to put it.
But it is with respect to other parts of matter; and not with respect to bare space itself, in which there is nothing to
distinguish it.

104. I don’t say, that space is an order or situation, which makes things capable of being situated: this would be
nonsense. Any one needs only consider my own words, and add them to what I said above, (Numb. 47) in order to
show how the mind comes to form to itself an idea of space, and yet that there need not be any real and absolute
being answering to that idea, distinct from the mind, and from all relations. I don’t say therefore, that space is an
order or situation, but an order of situations; or (an order) according to which, situations are disposed; and that
abstract space is that order of situations, when they are conceived as being possible. Space is therefore something
[merely] ideal. But, it seems, the author will not understand me. I have already, in this paper, (Numb. 54,) answered
the objection, that order is not capable of quantity.

105. The author objects here, that time cannot be an order of successive things, because the quantity of time may
become greater or less, and yet the order of successions continue the same. I answer; this is not so. For if the time is
greater, there will be more successive and like states interposed; and if it be less, there will be fewer; seeing there is
no vacuum, nor condensation, or penetration, (if I may so speak), in times, any more than in places.


