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Introduction

» In 1905, Einstein published four papers in the journal
Annalen der Physik, each of which precipitated a revolution
in physics. The papers were on:

1. The photoelectric effect.
2. Brownian motion.

3. Special relativity.

4. Mass-energy equivalence.

» The year would come to be known as Einstein’s annus
mirabilis.
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considerations a /a Lorentz et al.



Introduction

» Einstein’s 1905 derivation of the Lorentz transformations in
his third annus mirabilis paper, On the Electrodynamics of
Moving Bodies, purports to account for all ether wind
experiment null results, without recourse to dynamical
considerations a /a Lorentz et al.

» |n effect, it elevates contraction from a dynamical effect to
a kinematical effect: all physics must be conditioned such
that it is invariant under Lorentz boosts.
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Distinctive features of Einstein’s approach

Distinctive features of Einstein’s 1905 approach include that:

1. It eliminates “asymmetries which do not appear to be
inherent in the phenomena” (1905). (Here, Einstein is
referring to Lorentz’s responses to the ether wind null
results.)

2. It accounts for all null ether-wind results.

3. It does not postulate a luminifrous ether, or a standard of
absolute rest, at all.

4. ltis a ‘principle theory’, rather than a ‘constructive theory’.



Einstein’s insight

Examples of this sort, together with the unsuccessful
attempts to discover any motion of the earth relatively
to the “light medium,” suggest that the phenomena of
electrodynamics as well as of mechanics possess no
properties corresponding to the idea of absolute rest.
They suggest rather that, as has already been shown
to the first order of small quantities, the same laws of
electrodynamics and optics will be valid for all frames
of reference for which the equations of mechanics hold
good. (Einstein 1905)



What of the ether?

The introduction of a “luminiferous ether” will prove to
be superfluous inasmuch as the view here to be devel-
oped will not require an ‘absolutely stationary space’
provided with special properties, nor assign a velocity-
vector to a point of the empty space in which electro-
magnetic processes take place. (Einstein 1905)
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Famously, Einstein wrote in the London Times in 1919 that:
Most [theories in physics] are constructive. They at-
tempt to build up a picture of the more complex phe-
nomena out of the materials of a relatively simple for-
mal scheme from which they start out. Thus, the kinetic
theory of gases seeks to reduce mechanical, thermal,
and diffusional processes to movements of molecules

[Principle theories, by contrast,] employ the analytic,
not the synthetic method. The elements which form
their basis and starting point are not hypothetically con-
structed but empirically discovered ones, general char-
acteristics of natural processes, principles that give rise
to mathematically formulated criteria which the sepa-
rate processes ... have to satisfy ... The theory of rela-
tivity belongs to the latter class.
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Principle and constructive theories

» A constructive theory is a theory that attempts to provide a
detailed dynamical picture of what is microscopically going
on, from which predictions for observable phenomena can
be derived.

» A principle theory is a theory that takes certain
‘phenomenologically well-grounded principles’, raises them
to the status of postulates, and derives from them
constraints on what the underlying detailed dynamical
equations could be like, without attempting to give a fully
detailed account of what those equations are.
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‘phenomenologically well-grounded postulates’ in this case
are the laws of thermodynamics:

1LT: When energy passes, as work, as heat, or
with matter, into or out of a system, the
system’s internal energy changes in accord
with the law of conservation of energy.

2LT: In a natural thermodynamic process, the sum
of the entropies of the interacting
thermodynamic systems increases.

3LT: The entropy of a system approaches a
constant value as the temperature
approaches absolute zero.
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» Thermodynamics is a principle theory; the
‘phenomenologically well-grounded postulates’ in this case
are the laws of thermodynamics:

1LT: When energy passes, as work, as heat, or
with matter, into or out of a system, the
system’s internal energy changes in accord
with the law of conservation of energy.

2LT: In a natural thermodynamic process, the sum
of the entropies of the interacting
thermodynamic systems increases.

3LT: The entropy of a system approaches a
constant value as the temperature
approaches absolute zero.

» From these we derive relations between functions of state.

» The corresponding constructive theory would be the
(statistical) kinetic theory of gases.
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Motivating principle theories

» One might be motivated to construct a principle theory by
wanting to make some progress, before the fully detailed
microphysical picture (constructive account) is known.

» Einstein in 1905 sees himself as being in this
situation: Lorentz has been pursuing a constructive
approach, but Einstein is bothered by deep suspicions that
the true equations governing intermolecular forces are very
far from being known.



Einstein’s reservations

It is, however, worth registering Einstein’s reservations about
principle theories:

It seems to me ... that a physical theory can be sat-
isfactory only when it builds up its structures from ele-
mentary foundations. (Einstein 1908)

. when we say we have succeeded in understanding
a group of natural processes, we invariably mean that
a constructive theory has been found which covers the
processes in question. (Einstein 1919)
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» Einstein’s operational understanding of coordinates means
that he requires spatial coordinates to ‘match’ the length of
rigid measuring rods that are at rest in the system in
question, and time coordinates to ‘match’ the tickings of
clocks at rest in that system.

» But even to set up one coordinate system, we need more
than this: we need to decide how to synchronise clocks
that are spatially separated from one another.
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Definition of simultaneity

» Which point on the worldline of mirror A is simultaneous
with point B, on the worldline of mirror B?

» Natural answer stipulated by Einstein:

ts (Bo) = ta (A1) + 3 (14 (As) — ta (A1),

» This makes the one-way speed of light isotropic.

» (Question: Is this the only way of ‘spreading time through
space’ in special relativity? We will seem more on this in
lecture 7...)



Einstein’s two postulates

RP:

LP:

The laws by which the states of physical systems
undergo change are not affected, whether these
changes be referred to the one or the other of two
systems of coordinates in uniform translatory
motion.

Any ray of light moves in the ‘stationary’ system of
coordinates with the determined velocity c,
whether the ray be emitted by a stationary or by a
moving body. Hence [sic?]

light path

velocity = —————
y time interval’

where time interval is to be taken in the sense of
the definition in section 1.



The constancy of the speed of light

Note that LP does not state that the speed of light is the same
in all inertial frames—though that follows straightforwardly from
RP and LP.
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Deriving the Lorentz transformations

The game is now to derive coordinate transformations from
these (and a couple of other) principles. In particular, Einstein
will also need to assume:

1. The homogeneity of space and time. (‘Every point in space
and time is the same as every other.)

2. The isotropy of space. (‘There is no privileged direction in
space.)

3. ‘Reciprocity’: If two inertial coordinate systems S and S’
are such that S’ is moving with speed v in the positive x
direction relative to S, then S is moving with speed v in the
negative x direction relative to S'.
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Reciprocity as an independent assumption?

» Reciprocity holds if and only if the Einstein-Poincaré
synchrony convention is adopted in both S and S’ (Brown,
2005, p. 118).

» Von Ignatowski claimed Reciprocity follows from RP alone;
however, in the absence of any stipulation regarding a
clock synchrony convention, this claim is incorrect (Torretti,
1983, p. 79).

» Berzi and Gorini (1969) showed that Reciprocity can be
derived from a combination of RP and spatial isotropy.

» Main point: although Reciprocity is invoked at certain
points in Einstein’s derivation (as we’ll see), it is not
necessary to take this as an independent assumption:
rather, it can be derived from Einstein’s other assumptions.
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Homogeneity and linearity

» Homogeneity implies that the transformations between
inertial frames must be linear.

» Einstein doesn’t spell out how this works, but a
reconstruction can be found in (Brown 2005, §2.3).
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Homogeneity and linearity
» Generic transformations between frames can be written

X't =t (x").

» Suppose that the transformations encode information on
the behaviour of rods and clocks (recall Einstein’s
operational understanding of coordinate systems).

» Then such behaviour should not depend on where the rods
and clocks find themselves in space or time, on pains of
violation of homogeneity.

» Consider now the infinitesimal version of the above
transformation law,
I
ax'* = idxl’.
oxv
» Homogeneity implies that the coefficients 0f*/0x” must be
independent of the x” coordinates, which means that f#
must be linear functions of the coordinates x*.
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coordinates for K, determined by the conditions of
surveyability-using-rods-and-clocks-that-are-stationary-in-
K and the Einstein definition of simultaneity applied in K
(for t).



Back to Einstein

» Let K be a ‘stationary’ system, and let (¢, x, y, z) be
coordinates for K, determined by the conditions of
surveyability-using-rods-and-clocks-that-are-stationary-in-
K and the Einstein definition of simultaneity applied in K
(for t).

» Let k be a system of coordinates that is moving with speed
v along the positive x-direction relative to the ‘stationary’
system K. Let (7, ¢, n, () be coordinates for k, determined
by the conditions of surveyability-using-rods-and-clocks-
that-are-stationary-in-k and the Einstein definition of
simultaneity applied in k (for 7).
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Lorentz transformations, up to ¢ (v)
» Using Einstein synchrony in k and the linearity of the
coordinate transformations, one derives

T:¢(v)7(t_%).

» Consider a light ray emitted from the origin in the positive &
direction. Use RP and LP to write down expressions for the
relationship between ¢ and 7 that holds on the path of this
ray, and similarly (using RP alone) for the relationship
between x and t that holds on the path of this ray. From
this, one derives

E=o(v)y(x—vt).

» Similarly, by considering rays of light emitted in the » and ¢
directions from the perspectives of both K and k, one
obtains

n=9¢(v)y,
E=o(v)z
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Final steps

» Invoke RP and Reciprocity to argue that ¢ (v) ¢ (—v) = 1.

» Given Einstein’s operational understanding of coordinates,
¢ (v) can be interpreted physically as the inverse of the
transverse length contraction factor, i.e., the factor by
which setting a body in motion causes that body to shrink
in the direction perpendicular to its motion.

» Given that interpretation, isotropy entails that
o (v) = (=V).

» We argue somehow against the rogue possibility that
¢ (v) = —1 (using continuity and ¢ (0) = +17?)

» |t follows that ¢ (v) = 1. This yields the Lorentz
transformations!
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Back to Michelson-Morley

» Einstein’s 1905 result predicts the null result of ether wind
experiments, such as that of Michelson and Morley, once
and for all. Indeed, it does so trivially—just by insisting
upon the RP.

» One way to understand Einstein is as insisting that
mechanics should also be Poincaré invariant—he is
making Poincaré invariance universal, as a kinematical
constraint.
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Einstein versus the trailblazers

» The standard line is that the ether theorists were not
impressed with Einstein. For example, Lorentz wrote:
Einstein simply postulates what we have deduced, with
some difficulty and not altogether satisfactorily, from
the fundamental equations of the electromagnetic field.
(Lorentz 1916, p. 230)

» Actually, Lorentz followed this statement with a concession:
By doing so, he may certainly take credit for mak-
ing us see in the negative [i.e., null] result of experi-
ments like those of Michelson, Rayleigh and Brace, not
a fortuitous compensation of opposing effects but the
manifestation of a general and fundamental principle.
(Lorentz 1916, p. 230)

» As Brown writes, “The full meaning of relativistic
kinematics was simply not properly understood before
Einstein.” (Brown 2005, p. 68)
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Arguably, Newton himself was constructing a principle
theory—the postulates being his three laws of motion.

When combined with the RP and the auxiliary hypotheses
mentioned in lecture 2, these imply the Gailiean invariance
of physical laws (as a kinematical constraint—i.e.,
independent of the details of the particular dynamics
governing matter).

This, indeed, was achieved by Albert Keinstein in 1705.
(See Brown 2005, §3.3).

In this sense, was Einstein, in deriving a different
kinematical constraint (viz., Poincaré invariance, rather
than Gailean invariance), really being any more radical
than Newton?
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Einstein’s misgivings

Einstein would later voice certain misgivings about his 1905
derivation, in particular regarding:

1. The treatment of rods and clocks as primitive bodies, not
“moving atomic configurations”. (1921, 1949)

2. The special role of light. (1935, 1949)



Einstein’s misgivings: rods and clocks

“One is struck [by the fact] that the theory [of special relativ-
ity] ... introduces two kinds of physical things, i.e. (1) mea-
suring rods and clocks, (2) all other things, e.g., the elec-
tromagnetic field, the material point, etc. This, in a certain
sense, is inconsistent; strictly speaking measuring rods and
clocks would have to be represented as solutions of the ba-
sic equations (objects consisting of moving atomic configu-
rations), not, as it were, as theoretically self-sufficient enti-
ties. However, the procedure justifies itself because it was
clear from the very beginning that the postulates of the the-
ory are not strong enough to deduce from them sufficiently
complete equations ... in order to base upon such a foun-
dation a theory of measuring rods and clocks. ... But one
must not legalize the mentioned sin so far as to imagine that
intervals are physical entities of a special type, intrinsically
different from other variables (‘reducing physics to geome-
try’, etc.). (Einstein 1969)



Einstein’s misgivings: the role of light

The special theory of relativity grew out of the Maxwell
electromagnetic equations. But ... the Lorentz trans-
formation, the real basis of special-relativity theory, in
itself has nothing to do with the Maxwell theory. (Ein-

stein 1935)



Einstein’s misgivings: the role of light

The special theory of relativity grew out of the Maxwell
electromagnetic equations. But ... the Lorentz trans-
formation, the real basis of special-relativity theory, in
itself has nothing to do with the Maxwell theory. (Ein-
stein 1935)

[T]he Lorentz transformation transcended its connec-
tion with Maxwell’s equations and had to do with the
nature of space and time in general.

(Einstein 1955)



The mature Einstein

The content of the restricted relativity theory can ac-
cordingly be summarised in one sentence: all natu-
ral laws must be so conditioned that they are covari-
ant with respect to Lorentz transformations. (Einstein

1954)
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Ignatowksi’s approach

» Ignatowski seeks to derive the Lorentz transformations
using the RP, but without the LP.

» This claim should elicit suspicion: which of the remaining
assumptions is violated by Newtonian physics (complete
with Galilean transformation—cf. again the fable of
Keinstein)?
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The Ignatowski transformations

The Ignatowski transformations read as follows, where K is
some hitherto-unspecified universal constant:

—1/2
1—Kv2) / (t — Kvx),

(
! (1 - KV2)_1/2 (x — wvt),

/

t/
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I

)
/
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Note now three special cases:
1. Setting K = 0 yields a Galilean transformation.
2. Setting K = 1 yields a Lorentz transformation.
3. Setting K = —1 yields a Euclidean transformation.
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and Euclidean transformations are thus all special cases of
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Rebutting Ignatowski

» These results vindicate our suspicion: Galilean, Lorentz,
and Euclidean transformations are thus all special cases of
the Ignatowski transformations.

» So dropping the LP is not sufficient to derive the Lorentz
transformations.

» Sometimes, authors rule out K = —1 as “unphysical” (see
e.g. Pelissetto and Testa 2015)—to this one should also
object, for there are plenty of physical applications of
theories with Euclidean symmetries—e.g., any theory
which uses the Poisson equation.
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Summary

In this lecture, we have:
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Next week: spacetime structure.
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