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The course

1. Newton’s laws
2. Galilean invariance
3. The Michelson-Morley experiment
4. Einstein’s 1905 derivation of the Lorentz transformations
5. Spacetime structure
6. General covariance
7. Relativity and conventionality of simultaneity
8. Frame-dependent effects
9. The twin paradox

10. Dynamical and geometrical approaches to relativity
11. Presentism and relativity
12. Acceleration and redshift
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Newton’s laws of motion

N1L: Force-free particles travel with uniform velocity.
N2L: The total force on a body is equal to the product of

that body’s mass and its acceleration. (F = ma.)
N3L: Action and reaction are equal in magnitude and

opposite in direction—i.e., if one body exerts a
force F on a second body, then the second exerts
a force −F on the first.



Immediate questions

1. What does ‘force-free’ mean?

2. Isn’t N1L a special case of N2L? So why state it as a
separate law?

3. (Relatedly:) Is N1L supposed to be a definition, or
something else?

4. Does N1L presuppose N3L?
5. In which frames of reference are these laws supposed to

hold?
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A logician’s nightmare...

It [Newton’s first law] reads in detailed formulation nec-
essarily as follows: Matter points that are sufficiently
separated from each other move uniformly in a straight
line—provided that the motion is related to a suitably
moving coordinate system and that the time is suitably
defined. Who does not feel the painfulness of such a
formulation? But omitting the postscript would imply a
dishonesty. (Einstein, 1920)

The first law ... is a logician’s nightmare. ... To teach
Newton’s laws so that we prompt no questions of sub-
stance is to be unfaithful to the discipline itself. (Rig-
den, 1987)
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Hertz on the foundations of mechanics

It is quite difficult to present the introduction to me-
chanics to an intelligent audience without some embar-
rassment, without the feeling that one should apologize
here and there, without the wish to pass quickly over
the beginnings. (Hertz, 1894)



Two giants



On exegesis

Note that we’re not doing Newton exegesis here—though for
some penetrating discussions on how Newton’s own views align
with these contemporary positions, see (Pooley 2015, ch. 2).
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Inertial frames

N1L: Force-free particles travel with uniform velocity.
N2L: The total force on a body is equal to the product of

that body’s mass and its acceleration. (F = ma.)
N3L: Action and reaction are equal in magnitude and

opposite in direction—i.e., if one body exerts a
force F on a second body, then the second exerts
a force −F on the first.

▶ N1L holds only in a certain class of frames of
reference—the so-called inertial frames.

▶ Our first task, then, should be to get clear on what the
inertial frames are.
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Newton’s first law

▶ In a given coordinate system xµ (µ = 0, . . . ,3), suppose
that the path of any free particle can be expressed as

d2xµ

dτ2 = 0,

where τ is a monotonic parameter on the path in question.

▶ Integration yields

xµ (τ) = xµ (0) + τvµ (0) ,

where vµ (0) = dxµ/dτ at τ = 0, so we obtain straight-line
motion in the four-dimensional manifold.

▶ This is the property which N1L tells us holds of force-free
particles: so in inertial frames, we should have d2xµ

dτ2 = 0.
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Newton’s first law

▶ Now perform an arbitrary coordinate transformation
xµ → x ′µ (xν), along with an arbitrary parameter
transformation τ → λ (τ).

▶ Our simple force law d2xµ

dτ2 = 0 becomes, in the new frame,

d2x ′µ

dλ2 − ∂2x ′µ

∂xρ∂xγ

∂xρ

∂x ′ν
∂xγ

∂xσ

dx ′ν

dλ
dx ′σ

dλ
=

d2τ

dλ2
dλ
dτ

dx ′µ

dλ

▶ So force-free particles accelerate in arbitrary frames—they
only move on straight lines in the inertial frames.
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Definition of inertial frames

In Newtonian theories, and in special relativity, inertial
frames have at least the following three features:

1. Inertial frames are frames with respect to which
force free bodies move with constant velocities.

2. The laws of physics take the same form (a
particularly simple one) in all inertial frames.

3. All bodies and physical laws pick out the same
equivalence class of inertial frames (universality).

(Knox 2013, p. 348)



Question

Do inertial frames actually exist in nature?

1. Brown: yes.
A kind of highly non-trivial pre-established harmony is
being postulated, and it takes the form of the claim that
there exists a coordinate system xµ and parameters
τ such that [d2xµ

dτ2 = 0] holds for each and every free
particle in the universe. (Brown 2005, p. 17)

2. Friedman: no.
Newtonian physics is (would be) true even if there
are (were) no inertial frames. The First Law deals
with the existence of inertial frames only counterfac-
tually: if there were inertial frames (for example, if there
were no gravitational forces), free particles would sat-
isfy [d2xµ

dτ2 = 0] in them. (Friedman 1983, p. 118)
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Approximate inertial frames?

▶ Friedman’s point is that no particle is actually force-free, so
inertial frames in the strict sense do not actually exist.

▶ Brown would reply that inertial frames at least
approximately exist.

▶ Friedman’s response:
This reply is inadequate. Newtonian physics is only
approximately true, but not because of the existence of
gravity [i.e., some universal physical force]. (Friedman
1983, p. 118)

▶ Question: What do you make of this response?
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In sum...

▶ For Brown, N1L is a claim about the existence of
(appoximate) inertial frames in the real world.

▶ For Friedman, N1L is a counterfactual statement.

In any case, there’s still more work for us to do, because we
haven’t yet defined ‘force-free’...
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Force-freeness

To get a better handle on what it means to be ‘force-free’, we
must turn first to N2L.



Newton’s laws of motion

N1L: Force-free particles travel with uniform velocity.
N2L: The total force on a body is equal to the product of

that body’s mass and its acceleration. (F = ma.)
N3L: Action and reaction are equal in magnitude and

opposite in direction—i.e., if one body exerts a
force F on a second body, then the second exerts
a force −F on the first.



Redundancy?

▶ Is N1L just a special case of N2L? (In the case F = 0?)

▶ For Friedman, yes.
▶ For Brown, no:

It will be recalled that the acceleration ẍ of the body is
defined relative to the inertial frame arising out of the
first law of motion. It is for this reason that the first law
is not a special case of the second for F = 0. (Brown
2005, p. 37, fn. 9)

Let us consider the difference between Friedman and Brown on
this issue in more detail.
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defined relative to the inertial frame arising out of the
first law of motion. It is for this reason that the first law
is not a special case of the second for F = 0. (Brown
2005, p. 37, fn. 9)

Let us consider the difference between Friedman and Brown on
this issue in more detail.



Redundancy?

▶ Is N1L just a special case of N2L? (In the case F = 0?)
▶ For Friedman, yes.
▶ For Brown, no:

It will be recalled that the acceleration ẍ of the body is
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(Neo-)Newtonian spacetime



Friedman on the second law

▶ Friedman appeals to the structure of (neo-)Newtonian
spacetime (lecture 5) to ground a distinction between
accelerating and non-accelerating bodies.

▶ A particle is genuinely accelerating just in case it follows a
curved path with respect to the standard of straightness
given by that spacetime.

▶ A particle is force-free just in case it does not follow a
curved path with respect to that standard of straightness.

▶ This gives us a definition of force-freeness, and makes
clear that N1L is just a special case of N2L.
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Brown’s approach

▶ Brown does not wish to appeal to (neo-)Newtonian
spacetime in accounting for Newton’s laws.

▶ Thus, his approach is more involved and subtle (and
empirially-grounded) than that of Friedman.

▶ There’s a long tradition, going back to Lange, Thomson,
Tait, and others, of attempting to empirically ground the
notions of inertial motion, force-freeness, etc. (See
Barbour 2001, ch. 12 for an excellent overview.) Brown
counts himself as an ally of this tradition.

▶ Let’s think about one contemporary proposal for how this
could be realised.

▶ (What I’m going to talk about here isn’t something explicitly
proposed by Brown; it’s closer to what Huggett (2006) calls
‘regularity relationalism’. But there are close connections
between these authors: see (Stevens 2020).)
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Operationalising Newton’s laws

▶ Find the frame in which the dynamical equations governing
the greatest number of particles simplify.

▶ By definition, these are the inertial frames.
▶ Any particle which follows a straight trajectory in these

frames is force-free, by definition.
▶ (It is a conspiracy—the conspiracy of inertia—that these

force-free particles all follow straight-line trajectories in
these frames.)

▶ Any particle which does not follow a straight-line trajectory
in these frames is subject to a genuine force.

▶ N1L is not a special case of N2L, because the
accelerations in the latter are with respect to the internal
structure picked out in the former.

▶ Extra forces in non-inertial frames are to be classified as
‘fictitious’.
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in these frames is subject to a genuine force.

▶ N1L is not a special case of N2L, because the
accelerations in the latter are with respect to the internal
structure picked out in the former.

▶ Extra forces in non-inertial frames are to be classified as
‘fictitious’.



Operationalising Newton’s laws

▶ Find the frame in which the dynamical equations governing
the greatest number of particles simplify.

▶ By definition, these are the inertial frames.
▶ Any particle which follows a straight trajectory in these

frames is force-free, by definition.
▶ (It is a conspiracy—the conspiracy of inertia—that these

force-free particles all follow straight-line trajectories in
these frames.)

▶ Any particle which does not follow a straight-line trajectory
in these frames is subject to a genuine force.

▶ N1L is not a special case of N2L, because the
accelerations in the latter are with respect to the internal
structure picked out in the former.

▶ Extra forces in non-inertial frames are to be classified as
‘fictitious’.



Brown versus Friedman

▶ An empiricist/operationalist (e.g. Brown), in his or her
account of the conceptual structure of N1L and N2L,
makes no appeal to spacetime structure, unlike Friedman.

▶ Question: Which account is to be preferred? Why?
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Brown on the geometrical approach

What is geometry doing here—codifying the behaviour
of free bodies in elegant mathematical language or ac-
tually explaining it?

... In what sense then is the postulation of the absolute
space-time structure doing more explanatory work than
Molière’s famous dormative virtue in opium?

(Brown 2005, pp. 23-24)



DiSalle as Brown’s ally

When we say that a free particle follows, while a par-
ticle experiencing a force deviates from, a geodesic of
spacetime, we are not explaining the cause of the dif-
ference between two states or explaining ‘relative to
what’ such a difference holds. Instead, we are giving
the physical definition of a spacetime geodesic. To say
that spacetime has the affine structure thus defined is
not to postulate some hidden entity to explain the ap-
pearances, but rather to say that empirical facts sup-
port a system of physical laws that incorporates such a
definition. (DiSalle 1995, p. 327)



More kindred spirits

Note that we do not presuppose the existence of a
spacetime structure ... that defines what it is for a mo-
tion to be geodesic, but, rather, the other way round:
we define geodesic motion as a particularly simple pat-
tern in the entire history of relational change. (Vassallo
& Esfeld 2016, p. 106)



Immediate questions

1. What does ‘force-free’ mean?
2. Isn’t N1L a special case of N2L? So why postulate it as a

separate assumption?
3. (Relatedly:) Is N1L supposed to be a definition, or

something else?
4. Does N1L presuppose N3L?
5. In which frames of reference are these laws supposed to

hold?



Today

Newton’s laws

Inertial frames

Force-free particles

Newton’s third law



Newton’s third law

What is the conceptual relation between N3L and N1L and
N2L?



Torretti on the third law

[T]he Third Law of Motion furnishes a Newtonian physi-
cist with all he needs for distinguishing, in principle, be-
tween a particle acted on by a true force of nature and
a free particle accelerating in a particular—necessarily
non-inertial—frame. If a material particle α of mass m
experiences acceleration a in an inertial frame F, it will
instantaneously react with force −ma on the material
source of its acceleration. There must exist therefore
a material system β, of mass m/k, whose centre of
mass experiences in F the acceleration −ka. On the
other hand, if a particle α accelerates in a non-inertial
frame, its acceleration must include a component that
is not matched by the acceleration of another material
system, in direction opposite to the said component,
caused by the action of α on that system. (Torretti
1980, pp. 19-20)



Torretti on the third law

Torretti continues in an endnote:

The criterion furnished by the Third Law does not, of
course, amount to an “operational definition” of a freely
moving particle and an inertial frame. In the above ex-
ample, the acceleration of β by α’s reaction will gener-
ally be only a component of β’s total acceleration and it
might not be easy to discern it. But the criterion surely
bestows a definite, intelligible meaning on the italicised
expressions. (Torretti 1980, p. 287, n. 16)



Assessing Torretti on the third law

▶ The first part of the above quote from Torretti is saying that
‘N1L → N3L’. In other words, N3L is presupposed by N1L.

▶ But there are reasons to think this fails in the relativistic
setting—see (Griffiths 2013, p. 544).

▶ The second part of the above quote from Torretti is saying
that ‘¬N1L → ¬N3L’, i.e. ‘N3L → N1L’.
▶ But there seem to be counterexamples to this within the

context of Newtonian mechanics, as we will discuss below.
▶ Torretti is also saying that N3L affords us an (in principle)

means of gaining empirical (“operational”) access to the
inertial frames.
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Does N3L imply inertial frames?

▶ Consider a Newtonian universe consisting of one single
binary astronomical system, in which two bodies α and β
of equal mass rotate about a common centre of mass.

▶ Consider a frame rotating about said centre of mass: the
force on α will be equal and opposite to the force on β—in
spite of the fact that these two bodies will be subject to
(equal and opposite) inertial effects.

▶ This frame is non-inertial, but N3L is satisfied.
▶ Thus, any claim that the satisfaction of N3L implies that the

system in question is being described in an inertial frame
of reference is incorrect; rather, the inertial systems are (at
best) a subclass of the N3L-satisfying systems.
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Conclusions on Torretti

So it seems that, pace Torretti, satisfaction of N3L does not
imply that one is in an inertial frame of reference.



Summary

▶ We’ve witnessed the difference between a ‘dynamical’
account of Newton’s laws (à la Brown) and a ‘geometrical’
account of Newton’s laws (à la Friedman).

▶ These two approaches will continue to surface throughout
the course.

▶ We have also explored the interplay between N3L and N1L
and N2L.

▶ Next time: the symmetries of Newtonian mechanics
(working towards the conceptual crisis which precipitated
special relativity).
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account of Newton’s laws (à la Brown) and a ‘geometrical’
account of Newton’s laws (à la Friedman).
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