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was Einstein’s program. He never lost his hope that
a field theory of the right kind might eventually reach
this goal.

That Einstein, without whom twentieth-century
physics would be unthinkable, should have chosen
to follow a separate path was a source of great regret
to his colleagues. In Max Born’s words: “Many of
us regard this as a tragedy—for him, as he gropes
his way in loneliness, and for us who miss our leader
and standard-bearer.”’¥ But to Einstein himself his
choice was inevitable; it was the natural outgrowth
of all his years of striving to find a unified foundation
for physics. This was what he meant when he ended
his scientific autobiography by writing that he had
tried to show “how the efforts of a lifetime hang
together and why they have led to expectations of
a definite form.”2?

MARTIN J. KLEIN

EINSTEIN: Theory of Relativity.

Einstein first wrote on radiation in his statistical
mechanical discussion of Wien’s law in 1904. He had
already long thought about the fundamental prob-
lems of radiation; at age sixteen he had puzzled
deeply over the question of what light would look
like to an observer moving with it. As a student, one
of the extramechanical applications of mechanics that
had most fascinated him was the theory of light as
a wave motion in a quasi-rigid elastic ether. In 1901
he was absorbed in unpublished, independent inves-
tigations of the critical problem of the motion of
matter through the light ether.

At the turn of the century, the focus of discussion
of the light ether was the electron theory. The electron
theory had not been taught at the Zurich Polytechnic,
and Einstein had had to instruct himself in it. Early
in 1903 he began an intensive study of the theory,
especially H. A. Lorentz’ formulation of it. Lorentz’
theory was founded on the concept of an absolutely
stationary light ether. The ether completely perme-
ated matter, with the consequence that bodies moving
through it were not impeded and did not drag the
ether with them. The ether was a dynamical substance
but clearly not a mechanical one. Its dynamical prop-
erties were described precisely by Maxwell’s electro-
magnetic field equations. The sole connection be-
tween the ether and matter occurred through the
electrons that Lorentz assumed were contained in all
ponderable molecules. The two kinds of physical
entities in Lorentz’ theory were the continuous ether
and the discrete electrons; Maxwell’s partial differen-
tial equations for the continuous field described the
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state of ether, and the ordinary differential equations
of Newtonian mechanics described the motion of the
electrons.

The two entities together with their respective
formalisms—continuous field theory and particle
mechanics—constituted the characteristic dualism of
Lorentz’ theory. This dualism, which pervaded late
nineteenth-century physics, was most clearly defined
and confronted in Lorentz’ theory. From 1900 on there
was increasing concern to eliminate the dualism by
recognizing the mass concept and the laws of New-
tonian mechanics as consequences of the more fun-
damental laws of electron dynamics. This reduction
was the program of the electromagnetic view of na-
ture, which was advocated by W. Wien, M. Abraham,
and others.

Like the more influential of his contemporaries,
Einstein regarded the separateness of the concepts of
electromagnetism and particle mechanics as the out-
standing fault of physical theory. He did not, how-
ever, subscribe to the electromagnetic program but
originated new strategies for unifying the parts of
physics; his 1905 light-quantum hypothesis and rela-
tivity theory were the fruits of such strategies. In his
light-quantum study, he attacked the dualism of field
and particle concepts by showing reasons to conceive
radiation not as a continuous wave phenomenon, but
as a finite collection of discrete, independent energy
particles, or quanta. Quanta were foreign to the
Maxwell-Lorentz theory, and Einstein was convinced
that that theory had to be changed—one reason why
he could not accept the electromagnetic program,
since it posited the existing electromagnetic theory
as exact.

Einstein wrote his theory of relativity in full aware-
ness of its relation to his work on light quanta earlier
that year; relativity did not depend on the exactness
of Maxwell’s theory, a fact that was importait to
Einstein. He recognized that electromagnetisni, no
less than mechanics, had to be reformed; and he
retained certain concepts of both sciences in seeking
the synthesis that removed the dualism from physical
theory. He introduced the particle concept from me-
chanics into the theory of light in his light-quantum
study, and he introduced the mechanical concept of
relativity into field theory in his relativity study. In
his light-quantum study he concluded that light is
discontinuous; in his relativity study he rejected the
concept of the ether outright as being superfluous in
a consistent electromagnetic theory. He saw the sta-
tionary, continuous ether of the electron theory as the
chief impediment to a unified physics, and in 1905
he put forward two distinct arguments against its
admissibility.
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Special Relativity. The stated purpose of Einstein’s
first paper on relativity in 1905, “Zur Elektrodynamik
bewegter Korper”?! (“On the Electrodynamics of
Moving Bodies”), was to produce a “simple and
consistent theory of the electrodynamics of moving
bodies based on Maxwell’s theory for stationary
bodies.” Until the publication of his paper, the cur-
rent theory had been neither simple nor consistent.
As an example of what struck Einstein as undesirable
complications, there was the sharp theoretical dis-
tinction made between the two ways in which the
interaction between a magnet and a conductor was
supposed to produce a current in the latter. In one
case the magnet was assumed to be at rest, with the
conductor in motion; in the other case the conductor
was assumed to be at rest, with the magnet in motion.
Although the resulting current was the same in both
cases, the respective explanations differed from one
another and invoked different concepts. Given Ein-
stein’s strong conviction that the logical simplicity of
a scientific theory was an important token of its
validity, the foregoing example (a commonplace
experiment in elementary physics) suggested the de-
sirability of finding a point of view from which the
phenomena could be accounted for more simply. It
suggested to him the possibility that, as was already the
case in mechanics, a theory of the electrodynamics of
moving bodies should specify only relative motions,
there being no phenomenological basis for defining
absolute motions.

The validity of this point of view was further con-
firmed for Einstein by the failure of various “ether-
drift” experiments designed to detect the “absolute
motion” of the earth, through variations in the veloc-
ity of light or other optical or electromagnetic effects
of such motion. These experiments were undertaken
in the expectation that the laws of electrodynamics
and optics for a stationary reference system must take
different forms in a moving system.

A variety of attempts were made by contemporary
physicists to remove the conflicts with accepted theory
produced by such experiments. One of the most fa-
mous of these expedients was the hypothesis of the
Fitzgerald contraction proposed by G. F. Fitzgerald—
and, independently, by Lorentz—to account for the
failure of the Michelson-Morley experiment. The
interferometer employed in this particular attempt to
measure the absolute speed, v, of the earth’s motion
through the ether, was of sufficient sensitivity to detect
variations in the speed of light, ¢, to the second order
of the magnitude v/c. The conclusively negative result
was explained by Fitzgerald as having been caused
by a contraction of the arm of the interferometer in
the direction of its motion through the ether, by the
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factor (1 — v#/c?)Y/2, this contraction being just
sufficient to offset the expected variation in the veloc-
ity of light.

This and other similar supplementary hypotheses
added further complications to a theory of electro-
dynamics which in Einstein’s opinion was already
unnecessarily complex. By his own testimony the
failure of the ether-drift experiments did not play a
determinative role in his thinking but merely pro-
vided additional evidence in favor of his belief that
inasmuch as the phenomena of electrodynamics were
“relativistic,” the theory would have to be recon-
structed accordingly.

Another critic of “arbitrary hypotheses” such as the
Fitzgerald contraction was the notable mathematician
Henri Poincaré, who as early as 1895 had perceived
the operation of a general law in the repeated failures
of experiments designed to detect the absolute motion
of the earth. Poincaré complained about there being
certain explanations for the absence of first-order
effects and other explanations for the absence of
second-order effects,? and he was prepared to postu-
late that no physical experiment, regardless of its
degree of accuracy, could detect the earth’s absolute
motion. He called this postulate the principle of rela-
tivity,®® perhaps borrowing from Maxwell, who had
referred to the “doctrine of the relativity of all
physical phenomena™ in his Matter and Motion.

Poincaré anticipated Einstein in asserting that all
laws of nature, optical and electrodynamical as well
as mechanical, should be brought within the scope
of the principle of relativity. But their points of view
and their programs were not identical. Poincaré re-
mained in many respects committed to the traditional
theory of electrodynamics. He adhered to the concept
of the ether; and, while he appealed to the principle
of relativity in deducing important results in electro-
dynamics, he appears to have imagined that the prin-
ciple of relativity itself might be accounted for by an
appropriate modification of the ether theory.

Einstein’s approach was both more radical and
more consistent. In his “Autobiographical Notes,”
Einstein recalled that he had long attempted to cor-
rect the dualistic fault of Lorentz’ electron theory by
direct, constructive approaches. But by the middle of
1905 he had come to see that to succeed he must
proceed indirectly, by means of some universal prin-
ciple. The model he had before him was thermo-
dynamics, the science that had already guided his
thought in statistical mechanics and radiation theory.
He characterized thermodynamics as a theory of
principle, one based on statements such as that of
the impossibility of perpetual motion. He contrasted
thermodynamics with the more common constructive
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theory built up from hypothetical statements, notably
the theory of the continuous ether and the kinetic-
molecular theory of gases.

In 1905 Einstein refounded the Maxwell-Lorentz
theory on a new kinematics based on two universal
postulates. The first postulate, or the “principle of
relativity,” pointed directly to Einstein’s goal of uni-
fying mechanics and electromagnetism; the postulate
stipulated that the “same laws of electrodynamics and
optics will be valid for all frames of reference for
which the equations of mechanics hold good.” The
second postulate stipulated that light always moves
with the same velocity in free space, regardless of the
motion of the source. The second postulate was later
described by W. Pauli as “the true essence of the old
ether point of view.”?!

Both of Einstein’s postulates, taken separately, had
considerable experimental support, but in the ordi-
nary view they appeared to be irreconcilable. For if
the second postulate held true in one inertial system
K (as it was assumed to hold true in the ether), then
by virtue of the first postulate it would have to hold
true in all reference systems in uniform translatory
motion relative to K. But if the velocity of light were
measured as ¢ in terms of the space and time coordi-
nates x, y, z, ¢ of the reference system K, then it could
not in current theory take the same value ¢ in terms
of the coordinates x’, y’, z’, t’ of another reference
system K’ in uniform motion v relative to K. For it
was taken for granted that the coordinates of the two
systems K and K’ had to be related by the trans-
formation equations:

X'=x-u,

Y=
=1z, (1)
= 1.

The correctness of the transformation (1) had been
held virtually above suspicion throughout the his-
tory of modern science. It was with respect to this
transformation that the laws of classical mechanics
remained invariant for all inertial systems. The equa-
tions of (1) were also obviously true in the common-
sense view of space and time.

It was Einstein’s fundamental insight into the
problems of electrodynamics to perceive that the
transformation (1) could not be assumed to be true
a priori. Their form was an assumption made plausi-
ble by the invariance properties of Newtonian dy-
namics, but it was by no means necessary. Indeed,
the transformation equations relating the space and
time measurements between two coordinate systems
are part of a physical theory and have to be consistent
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with experience. Accordingly Einstein was led to un-
dertake a profound analysis of the appropriate pro-
cedures by which space and time coordinates are
established within a reference system. His object was
to provide a physically meaningful and justifiable
basis for the derivation of an alternative set of trans-
formation equations consistent with the joint validity
of his two postulates.

One step in that direction had been taken ten years
earlier by Lorentz. In a treatise on “electrical and
optical phenomena in moving bodies,” Lorentz intro-
duced a new concept which he called Oriszeit (“local
time™).?® He used this primarily as a mathematical
shortcut to simplify the form of Maxwell’s equations
in a system K’ assumed to be in uniform motion
relative to the unique stationary system K in which
these equations held true exactly. Local time involved
a departure from the transformation equation ¢’ = 1.
Although Lorentz appears to have viewed local time
as a mathematical artifice, it represented in embryo
a concept of time that Einstein would later justify
adopting for the whole of physics.

The “Kinematical Part” of Einstein’s paper “On
the Electrodynamics of Moving Bodies™ begins with
an analysis of the meaning of time in physics. This
had been a subject relatively exempt from funda-
mental scrutiny because of the extraordinary strength
of traditional intuitive beliefs. Einstein later acknowl-
edged that his familiarity with the writings of David
Hume and Ernst Mach had fostered the kind of criti-
cal reasoning underlying this part of his work.

The formidable psychological obstacle to revising
the transformation equations (1) had been the concept
of absolute simultaneity “rooted in the uncon-
scious.”?8 But to be physically meaningful, the syn-
chronization of spatially separated clocks must be
defined in terms of an actual physical process. Al-
though, as Einstein later emphasized, one is not in
principle restricted to light signals as the standard
process for coordinating the clock settings, he chose
that particular method on the grounds that the prop-
agation of electromagnetic waves was a process about
which most was known.?” Accordingly, he proposed
that within an inertial system the clocks at any two
points A and B could be synchronized by stipulating
that the time interval in which light travels from
A to B is the same as from B to 4.

Einstein then proceeded to deduce on the basis of
his two postulates the transformation equations re-
lating the four coordinates x’, y’, z, 1’ in the system
K’ to the coordinates x, y, z, ¢ in the inertial system
K, with respect to which K” was in uniform translatory
velocity v along the x-axis. (For simplicity the two
x-axes were assumed to coincide, the other pairs of
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axes remaining parallel.) Fundamental to the deriva-
tion and meaning of this transformation was its
dependence upon the synchronizing operation he had
already defined for establishing the time coordinates
in each system.

The following equations were deduced:

; x — vt

Y=y

=z (2)
t— vx/c?

It should be noted here that, unknown to Einstein,
the transformation equations (2) had already ap-
peared in a paper published in 1904 by Lorentz,
“Electromagnetic Phenomena in a System Moving
With Any Velocity Smaller Than That of Light.”?#
Therefore, these equations were called the Lorentz
transformation by Poincaré. (Einstein did not use this
name, either in 1905 or in his 1907 review paper.)

In Einstein’s theory the transformation equations
(2) express the kinematical content of his two postu-
lates. Solving all four equations (2) for x, y, z, ¢ in
terms of x’, ', z’, t', their symmetry becomes per-
spicuous, the only change between the two sets being
the sign (i.e., the direction) of v. As Einstein per-
ceived, the new transformation presented a revolu-
tionary theory of space and time. Consider any two
inertial systems K and K’ moving with relative veloci-
ties *v, respectively. By application of the equations
(2), it follows that a rigid body of length / as meas-
ured in K, in which it is at rest, measures
I(1 — v*/c*)'? in K’; and a rigid body of length
/ as measured in K’, in which it is at rest, measures
(1 — v%/c®)V? in K. A clock at rest in K runs slow
by 1 — (1 — v?/c*)"/* seconds per second when timed
by the clocks in K’; and reciprocally an identical
retardation occurs for the rate of a clock at rest in
K’ as measured in K. Thus, lengths and time intervals
are magnitudes relative to the inertial systems in
which they are measured. The reciprocity of length
contraction and time dilation between any two iner-
tial systems renders physically meaningless questions
as to whether such effects are “apparent” in one
system and “real” in the other, or vice versa. For those
contemporaries of Einstein who were committed to
the ether theory or the concept of absolute simulta-
neity this conclusion was difficult to accept.

Another important kinematical theorem of “On the
Electrodynamics of Moving Bodies” was Einstein’s
revised law for the addition of velocities. For the
simplest case (in which the velocities v and w are in
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the direction of the x-axis of the inertial system in
which they are composed) this law takes the form:

__uv+w

=T owie® 3)

From this equation the limiting value of the velocity
of light, ¢, can also be deduced. The composition of
no two velocities v and w, each of which is less than
¢, can equal ¢; and the composition of any velocity
less than ¢ with ¢ equals c.

Because of the complete generality of Einstein’s
first postulate, it follows that the fundamental princi-
ple of the special theory of relativity can be expressed
by stating that the laws of physics are invariant with
respect to the Lorentz transformation. The imposition
of this formal restriction on all possible laws immedi-
ately facilitated the development of a greatly sim-
plified theory of electrodynamics for both stationary
and moving bodies. That, of course, had been Ein-
stein’s original objective.

Applications of Special Relativity. In the conclud-
ing or “Electrodynamical Part” of Einstein’s original
paper on relativity, he presented applications of his
theory to various phenomena of electrodynamics. He
proved that the Maxwell-Hertz equations for the
electromagnetic field, both in empty space and when
convection currents are taken into account, were in-
variant under the Lorentz transformation. He also
showed how the force acting upon a point charge in
motion in an electromagnetic field could be calculated
simply by a transformation of the field to a system
of coordinates at rest relative to the charge. In the
new theory, electric and magnetic forces did not exist
independently of the motion of the system of coordi-
nates. From this point of view, the explanation of the
currents produced by the relative motion of a magnet
and a conductor was not complicated by theoretical
distinctions based on their absolute motions.

Einstein derived several other theorems in the
optics and electrodynamics of moving bodies on the
basis of the theory for stationary bodies. His method
was to choose the appropriate coordinate systems in
each case and then apply the transformation equa-
tions (2). In this way he deduced relativistic (i.e.,
Lorentz-invariant) laws for Doppler’s principle, for
aberration, for the energy of light, and for the pres-
sure of radiation on perfect reflectors. In what was
a more difficult problem, he derived the three rela-
tivistic laws describing the motion of an electron in
an electromagnetic field.

The requirement of Lorentz invariance for the laws
of physics led Einstein and fellow physicists, including
Planck, to the revision of a number of the laws of
classical mechanics. This revision had already been
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initiated by Einstein in his laws of motion for elec-
trons. In their relativistic formulations, masses and,
correspondingly, forces could no longer have absolute
magnitudes independent of the coordinate systems in
which they were measured. Thus the expressions for
momentum and energy also took new relativistic
forms. Einstein later claimed that one of the foremost
achievements of the special theory was its unification
of the conservation laws for momentum and energy.??

Another demonstration of the heuristic power of
the principle of Lorentz invariance was provided by
a second paper published by Einstein in 1905, “Ist
die Trigheit eines Korpers von seinem Energiegehalt
abhiingig?” (“Does the Inertia of a Body Depend
Upon Its Energy-Content?”).?® In calculating, by
means of the Lorentz transformation, the loss of
kinetic energy (K, — K,) for a body emitting radia-
tion energy in the amount L, Einstein was able to
deduce the equation

This expression revealed (in view of the definition
of kinetic energy: mv?/2) that as the result of its
radiation the mass of the body had been diminished
by L/c?. Arguing that the particular form in which
the body lost some of its energy did not affect the
calculated diminishment of its mass, Einstein con-
cluded that the mass of a body is a measurement of
its energy content. Differences in its energy content
equal differences in its mass in accordance with the
equation

AE = Amec?.

In accordance with his frequent practice of sug-
gesting appropriate experimental research, Einstein
proposed that this law might be tested by experiments
with radium salts. He observed that the exchange of
radiation between bodies should involve an exchange
of mass; light quanta have mass exactly as do ordi-
nary molecules, and thus a bridge was established
between the concepts of electromagnetism and me-
chanics. The mechanical concept of mass lost its isola-
tion, becoming a form of energy, as characteristic of
radiation as of ordinary matter. The chief value of
the mass-energy law for Einstein lay in its contri-
bution to the problem of the dualism in physical
theory. In 1907 he carried this viewpoint one step
further, assuming that mass and energy are com-
pletely equivalent concepts, the rest mass of a body
being a measure of its “latent” energy content in
accordance with the famous equation?!

E = mc=.
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The electromagnetic mass question and other
questions central to the work of Lorentz and his
contemporaries remained the focus of German elec-
tromagnetic research for several years after Einstein’s
1905 relativity paper. The universal significance of
relativity was not generally recognized at first; Ein-
stein’s theory was regarded as merely another state-
ment of Lorentz’ electron theory, not as an important
statement in its own right.

Geometric Significance of Relativity. The universal
implications of Einstein’s theory were first clearly
revealed by the Gottingen mathematician Hermann
Minkowski in 1907 and 1908. Minkowski argued that
relativity implied a complete revision of our concep-
tion of space and time, and that this revision applied
throughout physics and not just to electrodynamics
where it originated. His four-dimensional formulation
of the theory, his application of it to mechanics, and
his advocacy generally had a decisive historical im-
portance in winning physicists to the new theory and
in clarifying its revolutionary significance. By 1910
relativity was fairly well understood in its full gener-
ality, and it began to be widely accepted, especially
in Germany.

Minkowski recast the special theory of relativity in
a form which had a decisive influence in the geo-
metrization of physics. (The memoir was published
in 1908.) As David Hilbert expressed it in his memo-
rial lecture, Minkowski, in the formalism which he
developed, “was able to reveal the inner simplicity
and the true essence of the Laws of Nature.”
Minkowski considered the world as described by the
special theory of relativity to be a four-dimensional
flat space-time in which the events are points, the
histories of particles represented by curves (world
lines), and the inertial frames correspond to Cartesian
coordinates spanning this space-time. The history of
a particle moving in the absence of an external force
is the straightest possible, it is a geodesic. This space-
time is flat. Given a geodesic it is always possible to
find another which does not intersect the first one.
(The Euclidean space of elementary geometry is also
flat. There the geodesics are straight lines, and parallel
straight lines do not intersect.) Going from one iner-
tial frame to another and using the transcription of
data as given by the Lorentz transformations (2)
corresponds to relabeling the events by changing the
coordinate system in space-time. This very strongly
geometrical point of view exhibited the fundamental
features of the special theory clearly, and ultimately
led to Einstein’s belief that all laws of nature should
be geometrical propositions concerning space-time.

Gravitational Theory. Einstein understood the uni-
versal significance of his relativity theory from the
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start. In the years immediately following 1905, he
continued to work and publish on problems in rela-
tivistic electron theory; at the same time he tried to
frame a relativistic theory of gravitation, a branch
of physics that belonged to mechanics, not electro-
magnetism. In 1905 he had already freed gravitation
from its exclusively mechanical context by his law
of mass-energy equivalence; radiation too has mass
and should gravitate. He tried to revise the New-
tonian gravitational law so that it agreed with the
demands of relativistic kinematics.

Any theory of gravitation contains three major
parts: (a) the field equations relating the gravitational
field to its sources (in Newtonian theory, there is just
one equation, Poisson’s equation for the gravitational
potential using the mass density as the source); (b)
the equations of motion of material bodies in this
gravitational field (the Newtonian equation of motion
in the Newtonian theory); and (c¢) the equations of
motion of the electromagnetic field in the presence
of gravitational fields (in the classical theory these
are Maxwell’s equations uninfluenced by the gravita-
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tional field). (See Table I for an outline of the devel-
opment of the theory in these terms.)

Einstein, in his first attempt, retained the scalar
potential of classical gravitation theory, generalizing
the potential equation by adding a second time-
derivative term. The field equation of gravitation then
transforms correctly, and gravitation becomes, like
electromagnetism, a finitely propagated action. He
did not get far with this approach and did not publish
it. The difficulty was that, according to the mass-
energy law, the inertial mass of a body varies with
its internal and kinetic energies, so that the acceler-
ation of free fall might depend on these energies; this
would contradict the notion, suggested by experience
and adopted by Einstein as a premise, that all bodies
have the same gravitational acceleration regardless
of their velocities and internal states. This persuaded
him that his 1905 principle of relativity was an in-
adequate basis for a gravitational theory and, hence,
for a unified, nondualistic physics.

There was another way to approach the gravita-
tional problem, one based on the recognition that the

Date Equations of Motion in the Presence Field Equations for Gravitation
of Gravitation
1907 Equivalence principle using uniformly accel-
erated frames; Maxwell’s equations in the
presence of gravitation
1911 Equivalence principle rediscussed Scalar field theory
; /
Nonlinearity of field equations
1912 | Gravitational induction (leading to Mach’s
E principle of 1918)
I
Equivalence of all frames in which conser- |
vation laws hold E
' W
1913 History of p;rlicle as a geodesic in space-time i Introduction of metric in space-time as seat
I of gravitation and tensorial formulation of
E laws
[
1914 Maxwell’s equations correctly given in pres- |
ence of gravitation i
e \'s
1915 Final formulation of general theory
(announced 25 March)
+ W
1916 Equations of motions of particles and of the Field equations of gravitation expressed

electromagnetic field

A
"
|
|
|
|
|

through curvature of space-time

TABLE L
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free fall of a body is independent of its energy if its
gravitational mass varies with energy in the same way
as its inertial mass. Although there was no theoretical
reason why the two kinds of mass should behave in
the same way, Einstein did not doubt that they did
so. He made the strict equivalence of inertial and
gravitational mass the key to a proper understanding
of gravitation, and he developed this understanding
in his first published statement on gravitational the-
ory. In the same survey article on relativity, which
contained the energy-mass equation, he elevated the
equality of inertial and gravitational mass, or, equiv-
alently, the equality of the acceleration of the free
fall of all bodies, to the status of an equivalence
principle.

Einstein explained that the principle of relativity
must be extended to accelerated coordinate systems;
a coordinate system accelerated relative to an inertial
frame is equivalent, in a sufficiently small spatial
region, to a frame which is not accelerated relative
to an inertial one but in which a gravitational field
is present. This comes about in the following way:
In an inertial frame let bodies be at rest, or move
with a uniform motion. From the point of view of
an observer at rest in the accelerated frame, these
bodies appear to have an acceleration; this acceler-
ation is the same for all bodies independent of their
mass (being equal and opposite to the acceleration
of the frame accelerated relative to the inertial frame).
This acceleration naturally can be transformed away
by simply using the original inertial frame as the
frame of reference.

Now Einstein observed that a gravitational field
locally generates a physical situation which is identi-
cal to the one described by the accelerated observer.
For all bodies undergo the same acceleration in a
gravitational field independent of their mass, and the
acceleration of a body can be transformed away using
a frame of reference which falls freely with the body
whose acceleration we wish to transform away. If this
be the case, one can immediately discuss, at least in
a heuristic fashion, the influence of gravitational fields
on phenomena, by solving another problem, the de-
scription of the same phenomena in the absence of
a gravitational field but viewed from an accelerated
frame. In this way Einstein showed that gravitational
fields influence the motion of clocks. Since the fre-
quency of an emitted spectral line can be used as
a clock, it follows that there is a frequency shift be-
tween an emitted and an observed spectral line, if
the gravitational potential at the location of the ob-
server is different from that at the emitter. He also
showed that all electromagnetic phenomena are in-
fluenced by a gravitational field; for example, the
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light rays are bent if they pass in the vicinity of
gravitating bodies. It had long been suspected that
there might be an interaction between electro-
magnetic and gravitational fields (see, for example,
Faraday’s experiments); however, this was the first
concrete suggestion as to what this interaction should
be, how it arises, and what the order of the magnitude
of these effects are.

Program for General Relativity. The year 1907 was
a turning point in relativity. From then on Einstein
(then twenty-eight years old) was interested less in
the special theory of relativity and more in its possible
generalization. From the point of view of the special
theory, space-time was a given framework, within
which the natural phenomena took place. These were
still described as in classical physics; there were fields
of force and material bodies which acted on each
other. The next generalization consisted in eliminat-
ing the gravitational fields of force by allowing the
structure of space-time to change in such a way that
the free motion in this altered space-time should in
some way correspond to the motion under the influ-
ence of gravitational fields in the space-time of the
special theory. The final generalization, which was
never successfully attained, would have consisted in
eliminating the electromagnetic fields of force as well
by altering the geometry of space-time in a suitable
way. The first generalization, the geometrization of
gravitation, led eventually to the general theory of
relativity; the additional geometrization of the elec-
tromagnetic fields of force led to the invention of the
unified field theories.

In 1907 the details of this program were still ob-
scure. The equivalence principle, relating the gravita-
tional field and accelerated frames of reference, was
already there. This helped Einstein to discuss some
of the effects of a gravitational field on the electro-
magnetic field. The geometrization of this principle,
the mathematical characterization of the gravitational
field, its sources, and the relation between the field
and its sources, i.e., the gravitational field equations,
were still missing. In the next twelve years, Einstein
was occupied with building a complete theory of
gravitation rising out of his heuristic principle.

Between 1907 and 1911 Einstein published nothing
more on gravitation. He was preoccupied with finding
a reformed electron theory that incorporated both
electric charges and light quanta; his chief heuristic
guides in this search were thermodynamics, his fluc-
tuation method in statistical mechanics, and his spe-
cial theory of relativity. In the context of this largely
unpublished work, he came to understand that the
solution to the dualism problem was to write physics
in terms of continuous field quantities and nonlinear
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partial differential equations that yield singularity-
free particle solutions. The field equations were to
account for particles and their interaction; they were
to contain the laws of motion of particles, eliminating
the dualistic need for particle mechanics in addition
to field theory. He was soon to find additional support
for this understanding in his general relativity theory,
which required that field equations have just those
mathematical properties he had decided upon on
physical grounds.

For Einstein the connection of the particle and the
field was the central problem of physics, and he saw
the whole of the problem as contained in the connec-
tion of the electron and the electromagnetic field. A
cardinal point of his unification objective in physics
was to deduce the electron and its motion from the
field equations. The whole difficulty was that it proved
impossible to find the proper modification of Max-
well’s equations that would permit such a deduction;
any modification seemed arbitrary without a universal
principle to determine its selection. In the years prior
to 1911, he believed that the special relativity princi-
ple, together with statistical mechanical consid-
erations, was an adequate guide for finding the new
electromagnetic equations capable of describing par-
ticles. After several years of arduous effort, he recog-
nized that he had been mistaken and shifted his
expectations to the more powerful universal princi-
ple—the postulate of general relativity—as offering
the possibility of avoiding arbitrariness in con-
structing field theories with particle solutions. The
new postulate restricted much more severely the
mathematical form the field equations could take.

By 1911 Einstein had become deeply pessimistic
over the prospect of soon finding a new electron
theory that incorporated quanta in a natural way.
That year he returned to his 1907 gravitational theory,
and for the next several years he looked to gravitation
rather than electromagnetism as the starting point for
the reform of physical theory. In 1911 the first Solvay
Congress met to discuss the crisis in physics signaled
by the quantum theory. Two years later, in 1913,
Niels Bohr published his quantum theory of atoms
and molecules. Just when the physics community
began seriously to reorient itself toward quantum
problems, Einstein seemed to move away from them.
By 1911 he had come to regard the particle or quan-
tum aspect of nature as secondary to the field aspect.
He thought it was futile to attempt a fundamental
understanding of the microscopic structure of nature
until the macroscopic structure of the field was un-
derstood; when it was, quantum phenomena would
be deduced from it. He never ceased to struggle with
quanta, but his concern was less obvious than it had
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once been. His direct contribution to the later devel-
opment of the quantum theory tended to be in the
nature of criticism and suggestion; all the while he
struggled to vindicate this way of developing physics
by seeking a theory of the total field that would finally
clarify the quantum problem.

Following a 1911 paper on the influence of gravi-
tation on the propagation of light,** Einstein pub-
lished two remarkable memoirs in 191233 which were
efforts to construct a complete theory of gravitation
incorporating the equivalence principle. In these
memoirs Einstein supposed that the gravitational field
can be characterized completely by one function, the
local speed of light, analogous to the Newtonian
description, where only the gravitational potential
appears. The equivalence principle gives no clue to
how the field equation describing the gravitational
field should be constructed. By an extraordinary
argument he extended the potential equation of
Newton, which determines in that theory the gravita-
tional potential, and came to the conclusion (a) that
the equation must be nonlinear and (b) that this
nonlinearity can be interpreted to show that the
source of the gravitational field is not only the energy
associated with the rest mass of bodies but also de-
pends on the energy residing in the gravitational field
itself. This was the first appearance of a nonlinear
field equation for gravitation. In the first of his 1912
memoirs, Einstein wrote the differential equation of
the static gravitational field as

Ac = kep,

where ¢ is the local velocity of light, k i1s a universal
gravitational constant, and p is the density of matter.
Next he derived the equations of motion of a body,
using the equivalence principle: the force on a mate-
rial point of mass m at rest in a gravitational field is

—m grad c.

In his second memoir in 1912, he used the equiva-
lence principle to show the influence of a static gravi-
tational field on electromagnetic and thermal proc-
esses. Also in the same year, Einstein pointed out that
from the energy expression which followed from his
theory as it then was, one could conclude that if a
body is enclosed in an envelope of gravitating matter
its mass might be expected to increase. This he con-
sidered as a suggestion that perhaps the whole mass
of a body could be conceived as arising from the
gravitational interaction of this body with all the other
bodies in the universe. He further pointed out that
a similar point of view, without any theory, had
already been advocated by Mach. This suggestion,
that the mass of a body is the manifestation of the
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presence of other bodies in the universe, Einstein later
(1918) called Mach’s principle; the first appearance
of an idea that a theory of gravitation should discuss
the problem raised by Mach was in 1912. During this
same period, others were more reluctant to take these
far-reaching steps and there were several attempts to
invent a gravitational theory in which there are pre-
ferred frames of reference such that the velocity of
light is constant and has the same value as in empty
space. Such a theory is, however, in conflict with the
equivalence principle. The most comprehensive at-
tempt was G. Nordstrom’s in 1913.

Einstein himself came to the opposite conclusion.
Instead of abandoning the investigation of uniformly
accelerated frames of reference, he decided that the
approach was too narrow and that in the generaliza-
tion of the special theory not only these special trans-
formations should be permitted, but more general
ones. He was as yet unwilling to introduce general
coordinate transformations. In his 1913 review article
and in his memoir with Grossman, he insisted that
only those frames of reference are admissible in which
the conservation laws hold true. In fact these con-
servation laws were used by him to invent the field
equations for gravitation. The use of more general
frames of reference brought two important aspects
into the theory. One was the use of more general
mathematical tools which practically forced Einstein
toward the final answer; the other was the observation
that if more general transformations are permitted
the gravitational field must be characterized not by
one function but by ten functions. Moreover these
ten functions have a simple geometric significance;
they characterize the metric properties of space-time
at every point.

This step was immense in its implications: (a) it
forced the abandonment of the Newtonian notion
that the gravitational field could be characterized by
one scalar function, the gravitational potential; (b)
it forced on Einstein the notion that gravitation is
explicitly related to the geometrical structure of
space-time. In his 1913 paper with Grossman,* Ein-
stein adopted as the fundamental invariant of this
theory the generalization of the four-dimensional line
element ds originally introduced by Minkowski for a
flat space-time. If space-time is not flat, ds must be
expressed in terms of a general coordinate frame. Then
two events, labeled

1, %2, x9, x4
and
x3 4 dx3, x4 dxt,

x1 4 dxl, x2? 4 dx?

have a separation ds whose square is given by
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i1 4
dst= > > g,, dx*dx’.

p=1r=1

The sixteen functions g,, form a symmetric tensor field
(thus ten g,, are independent). Einstein considered
these functions as the basic objects of his theory de-
scribing the manifestations of gravitation. In particular
he assumed that as in the special theory the history of
a body will be a geodesic; thus the history will be that
curve in space-time for which fds is a minimum,
8fds = 0. Since the g,, appear in ds this principle
will now determine the motion of a body influenced
by gravity. Einstein regarded the g, as the gravita-
tional potentials, which replaced the single scalar ¢ of
his 1912 theory. The principal problem of his gravita-
tional theory was, then, to determine the g,,. For this
purpose, Einstein sought an extension of Poisson’s
equation for the gravitational potential ¢,

A¢ = 4mp,
which he wrote

ur

X0

vt

T, is constructed from derivatives of the g,, and is
the analogue of A¢; ©,,, contains the material sources
of the field and is the analogue of p; X is a gravita-
tional constant. In any given physical situation, the
©,, may be assumed known. The problem was to
determine the I',,; Einstein believed that the principle
of the conservation of energy and momentum is suffi-
cient for this purpose.

Enunciation of General Relativity. Thus in 1913 the
situation was as follows: The equation of motion of
a particle in a gravitational field had been given; the
equations of motion of the electromagnetic field in
the presence of a gravitational field were incomplete;
the field equations of gravity were incomplete; New-
tonian concepts had been retained in order to save
the conservation laws together with preferred frames
of reference, to wit, precisely those where the con-
servation laws still held true as laws. This last stage
was soon passed. In 1914 the field equations for the
electromagnetic field (Maxwell’s equations) were
given correctly in the presence of a gravitational field.
On 25 March 1915 Einstein announced in the Prussian
Academy of Sciences that he also had the field equa-
tions of gravitation in hand. The results were pub-
lished in several articles later in the same year,3 and
on 20 November, David Hilbert, in Gottingen, inde-
pendently found the same field equations. A greatly
expanded and detailed memoir appeared in 1916
which, so to speak, became the Authorized Version.?6
Einstein’s new understanding in 1915 and 1916 was
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that the gravitational field can be characterized by
Riemann’s curvature tensor G,,, a tensor obtained
from the g,, by differentiation. He wrote the gravita-

tional field equations as
G —-K(T,, —3g,, T),

ur
where 7' is the scalar of the material energy tensor
T,, and K is a gravitational constant. This was his
new analogue of Poisson’s equation. The g, that are
determined by the field equations determine, through
the separate equations of motion, the history of a
body in the gravitational field.

The final theory now presented was of immense
sweep and great conceptual simplicity. All frames of
reference are equally good; the classical conservation
laws fade away—they are no longer laws but mere
identities and lose the significance they had before.
There are no gravitational forces present in the sense
that the theory contains electromagnetic ones, or
elastic ones. Gravitation appears in a different way.
The fixed, given space-time of the special theory has
gone; what before had erroneously been labeled as
the influence of a body by gravitation on the motion
of another is now given as the influence of one body
on the geometry of space-time in which the free
motion of the other body occurs. This free motion
in the altered space-time is what was mistaken as the
forced motion (forced by a gravitational field) in an
unaltered space-time. The laws of nature are now
geometrical propositions concerning space-time.
Space-time is a metric space, which means that we have
a rule how to compute the separation of any two points
in the space. This can be done if we know ten numbers
at any point and thus have ten functions in space-time.
Once these ten functions are given, everything that can
be known can be computed. As stated before, three
questions should be answered by the theory:

(1) What corresponds to the field equations of gravi-
tation? The presence of matter alters the metric prop-
erties of space-time; in particular, the curvature of
space-time at a point is determined by the amount of
matter and electromagnetic field and their motion at
that point. This alteration of the metric properties has
an effect on the history of the motion of a body and on
the history of the development of the electromagnetic
field. These are embodied in the equations of motion.

(2) What are the equations of motion of a body?
The equation of motion of a body is given by the
statement that the history of a body always be a
geodesic. But, of course, a geodesic in a curved space
is quite different from a flat one; altering the curva-
ture alters the motion.

(3) What are the equations of motion of the electro-
magnetic field? The equations of motion of the elec-
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tromagnetic field are not geometrical propositions.
Here we take over Maxwell’s equations from the
special theory where it was specified for a flat space-
time, and simply transcribe them for a curved one.
(The fact that these equations do not refer to anything
geometrical sent Einstein in search of a more general
theory, a unified field theory, where all the laws would
have a geometrical significance.)

The equivalence principle is contained in the theory
in the following fashion. According to this principle,
one can make the effects of a gravitational field, on
the motion of a particle or on an electromagnetic field,
disappear locally by a transformation to a frame of
reference which has the same acceleration as the
gravitational field at that point. In this frame one can
describe locally all events as in the special theory.
Since the effects of the gravitational field are repre-
sented in the general theory by the fact that space-
time is curved, this must mean that the equations of
motion, on the one hand, and space-time, on the
other, must be of such nature that the effects of this
curvature can be transformed away locally. This arises
because (a) the equations of motion of a particle, and
of the electromagnetic field, are such that the curva-
ture does not appear in them explicitly, and (b)
space-time can be approximated locally by its flat
tangential space, in the same way that a curved sur-
face can be approximated by a flat tangential plane
in the immediate vicinity of the point of contact.

Experimental Predictions of General Relativity.
What were the experimental predictions? The equiv-
alence principle had already predicted that the
gravitational field must influence the electromagnetic
field, and this result was also obtained in the devel-
oped theory. In addition Einstein in 1915 had already
pointed out that according to Newtonian theory a
solitary planet moving around the sun describes an
elliptic orbit. Because of the presence of the other
planets, this motion is perturbed and the axis of the
ellipse slowly rotates relative to the fixed stars; ie.,
it precesses. If these effects are computed on a
Newtonian basis for the planet Mercury, it will be
found that the experimentally observed precession is
larger than the computed one. Einstein showed that
if the motion of the single planet around the sun is
calculated from the general theory, there is already
a small precession. If this value is added to the
Newtonian value of the precession caused by the
other planets, the resulting total precisely fits the
experimental results. This was the first unexpected
success of the theory. The two other predictions con-
cerned the effect of the gravity on light. In testing
the first, the sun is treated as the body causing the
bending. In order that the effect on the light coming
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from other stars might be observed, an eclipse was
requisite. Although Einstein suggested such an ex-
periment before the 1914 eclipse, the first observa-
tions were made in 1919. The values observed scatter
around the theoretically predicted value with proba-
ble errors large enough to include it. The second
prediction concerned the shift of spectral lines in the
presence of a gravitating body and, for some time,
the astrophysical observations were inaccurate. Not
until 1960 was the prediction accurately verified in
the laboratory.

Subsequent Investigations. For the rest of his life
Einstein’s investigations on relativity centered on the
following points: (1) mathematical investigations into
the structure of the theory; (2) approximate solutions
of the general theory and their physical implications;
(3) the application of the theory to the universe as a
whole, to cosmology, and to Mach’s principle; (4)
general discussions of relativity and popular exposi-
tions; and (5) efforts to incorporate the electromagnetic
field into the geometry of space-time. We shall take up
the discussion of each point in chronological order.

Mathematical Investigations. As far as the mathe-
matical structure of general relativity was concerned
there were three classes of problems which con-
cerned Einstein particularly: the role and meaning of
conservation laws; the relation of the equations of
motion of bodies to the field equations of gravitation;
and the role and nature of singularities in the theory.

During the development of the general theory,
Einstein had intended to hold fast to the conservation
of energy and momentum in the usual (special rela-
tivistic) sense as far as possible. At the same time he
was driven by other considerations toward the idea
that the laws should be generally covariant, i.e., that
the laws should have the same form for all observers
in space-time, irrespective of their states of motion.
These two desires, the maintenance of these con-
servation laws and of general covariance, proved
mutually incompatible. The final theory is generally
covariant; it has conservation identities and not con-
servation laws in the usual sense, although certain
covariant laws do exist for special cases in general
relativity.

The problem of the equation of motion of bodies
is the following. The 1916 theory had a classical
structure in the sense that there were both field equa-
tions (the curvature of space-time is determined by
the mass and motion of bodies in space-time) and
equations of motion of bodies (the world line of small
mass is a geodesic). Are these two statements really
separate? If the field equations were linear, they in-
deed would be. They are not linear, however, and
Einstein showed that if matter is represented by a
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point singularity of the metric field, these singularities
are located on world lines that are geodesics of space-
time, provided its metric satisfies the equation of
general relativity.?

The role and nature of singularities in the solutions
greatly troubled Einstein both for mathematical and
for physical reasons, and the question influenced his
thinking on Mach’s principle and on the necessity of
unified field theories (the latter are discussed below).

Approximate Solutions. Experimentally, we know
that there are observers such that the effects of gravi-
tation are quite small in extended portions of space-
time. This enables one to solve the equations of the
general theory approximately. These approximate
solutions show that, contrary to the Newtonian the-
ory, there are gravitational disturbances that travel
as waves. Recent experimental observations by
Joseph Weber suggest that these waves may occur in
nature. If these waves are compared with electro-
magnetic waves in empty space, significant differences
are noted. Their polarization properties are different.
They are associated with more complicated modes of
motion of the source. They are thus less efficient in
carrying away the kinetic energy of the motion of the
source. Both types of waves propagate with the same
velocity, however—that of light.

Application of the Theory. 1f we consider the uni-
verse as a whole, we cannot consider gravitation as
a small effect, a small deformation of an otherwise
flat space-time. In particular the following predica-
ment arises. If inertia and gravitation are inseparable,
how is it possible to have a situation in which the
effects of gravitation are small? After all, that would
mean that in the absence of any such small effect,
we still would have a flat space-time with an inertial
motion possible in it, while gravitation would be
entirely absent. Previously (1912),°® Einstein had
considered the possibility that there should be a
gravitational induction effect, according to which the
presence of other masses alters the value of the mass
of a given body. From this consideration he erected the
hypothesis that, conceivably, the whole mass of a body
is generated by the presence of other masses.® If this
be true within the general theory, two things should
follow:

(a) There should be no solution of the field equa-
tions applicable to the whole universe which can
describe an empty space-time (since then in this
empty space-time geodesics would exist, which could
be taken as giving the history of the inertial motion
of a particle).

(b) The value of the mass of a body should be
determined by the presence and amount of other
masses in the universe. (It is now also believed that
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Mach’s principle should contain an explanation of
why the gravitational interaction is always attractive.)

It was the notion that the existence of inertia and
gravitation must be explained along these lines that
Einstein called Mach’s principle (1918). In 1917 he
grappled with the first half of this problem. If matter
in the universe is generally distributed uniformly, is
it possible to find a time-independent solution of the
field equations that describe a spatially finite (closed)
space-time, and will this space-time vanish if the total
mass of the universe is spatially infinite? He found
that no such solution existed unless he modified the
field equations, adding to them the so-called cosmo-
logical term. This term has no observable effect on
any of the local solutions used in the experimental
tests but alters the solution as a whole. With this
modification, however, a solution does exist. Thereby,
the first aspect of Mach’s principle would be satisfied.
But Einstein was dissatisfied with this answer because
an arbitrary modification had had to be introduced
into the field equations.

In 1922 A. Friedmann found that even without the
cosmological term there are still solutions of the field
equations where matter has a finite density every-
where in space, provided this density is not time-
independent. In 1929 Hubble announced his discov-
ery that the red shift of spectral lines coming from
distant sources increases uniformly with the distance.
This phenomenon can be interpreted as evidence for
a uniform expansion of the universe as can be de-
scribed by the Friedmann solutions.

General Discussions and Expositions. During these
years Einstein was also concerned to clarify miscon-
ceptions about the theory of relativity and to present
his views on natural sciences on a less abstract level.
Among his efforts in this direction, one particularly
beautiful lecture must be mentioned. In 1921, at the
Prussian Academy’s commemorative session honoring
Frederick the Great, Einstein delivered a lecture on
geometry and experience in which he summed up his
views on the geometrization of physics and relativity
and the relation of mathematics to the external
world.#! Here he gave his famous answer to the
puzzling question of why mathematics should be so
well adapted to describing the external world: “Inso-
far as the Laws of Mathematics refer to the external
world, they are not certain; and insofar as they are
certain, they do not refer to reality.”

The Electromagnetic Field and the Geometry of
Space-Time. There were two main reasons for Ein-
stein’s dissatisfaction with the general theory. One
was the seemingly still-inadequate geometrization of
physics. He felt that not only gravitational but also
electromagnetic effects should be manifestations of
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the geometry of space-time. The other interactions,
such as nuclear forces and the forces responsible for
beta decay, were not yet known. Einstein never con-
sidered the geometrization of the other interactions,
although in the 1940°’s E. Schrodinger made an
attempt to invent a unified field theory incorpor-
ating gravitational, electromagnetic, and nuclear
interactions.

The other problem was the relation of matter to
the singularities of the gravitational field. Einstein felt
that a complete and correct field theory should be
without singularities while in the general theory the
field equations are in general singular.*? This, he
believed, is due to the inadequate description of mat-
ter as handled in the general theory. Thus the stage
was set for a search for a more extended theory. This
new theory should have two basic features. It should
enlarge the geometry of space-time in such a manner
that new geometrical objects could be introduced
which can be associated with the electromagnetic
field; the physically relevant solutions (whatever that
may mean) should be nonsingular. Although the
initial steps in this direction were not taken by Ein-
stein himself, he did become more and more pre-
occupied with this problem and in his later years the
construction of such a theory was his main concern.
This was Einstein’s ultimate response to the mechani-
cal-electromagnetic crisis in physical theory he had
first talked about in the opening of his 1905 light-
quantum paper. (In 1953 Einstein said to the author
that although it is doubtful that a unified field theory
of the type he was seeking could exist, even its non-
existence would be of sufficient interest to be worth
establishing it. If he did not do it, Einstein said,
perhaps nobody ever would.)

How might the geometry of space-time be enriched
with new geometrical objects which then could be
considered as candidates for the description of elec-
tromagnetic phenomena? Since no clear guiding
principle stemming from physics existed (or exists
even today), we must rely on geometrical intuition,
which necessity would also serve as a motivation.

Practically all the work in this direction fell into
one of two categories. Either the dimensionality of
space-time would be preserved and the geometry
altered in a formal fashion, or the dimensionality of
space-time would be enlarged in a formal fashion and
the metric geometry preserved. Hermann Weyl initi-
ated the first line of thought in 1918; Kaluza the
second in 1921.

Weyl’s unified field theory considered space-time
to be endowed with a more general geometry. This
approach enabled him to introduce four extra func-
tions in space-time, in terms of which the electro-
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magnetic field can be expressed. Einstein immediately
noticed (1918), however, that if the same physical
interpretation for the geometry be maintained as in
the general theory, Weyl’s theory leads in its original
form to results that contradict experience. In 1921
A. S. Eddington observed that Weyl’s geometry of
space-time is a special case of a much more general
class of geometries, usually called affine geometries,
which depend on a profound generalization of the
notion of parallelism. Einstein’s first investigation of
these ideas (1923) introduced the notion of distant
parallelism. In 1930, however, he found that the new
theory admitted solutions that describe gravitating
masses represented by singularities at rest relative to
each other under the sole influence of their gravita-
tional interaction. Experience clearly contradicts this
consequence. Einstein originally rejected these solu-
tions on the grounds that they contain singularities,
and later he rejected the theory itself.

In 1931 Einstein and Walter Mayer reformulated
Kaluza's five-dimensional theory retaining a four-
dimensional space-time. In 1938 and 1941 Einstein
again discussed theories of this type, before returning
to the notion that space-time may be endowed with
an affine geometry. Several different geometries were
envisaged in papers written in collaboration with
V. Bargmann (1944), E. G. Strauss (1945-1946), and
Bruria Kaufmann (1955). The last was his final pub-
lished memoir.

Summary. If we turn to summarize Einstein’s
achievements in relativity what we see is a new point
of view and innumerable consequences. The basic
new point of view was the explicit recognition that
the invariance properties of the laws of physics are
of fundamental importance and that these invariance
properties stem from immediate physical facts and
are required by them. The physical notion of invari-
ance arises from the experimental fact that the de-
scriptions change in a specific way if the arrangement
of measuring devices is altered in a specific manner.
This alteration may be a simple spatial rotation, or
a simple transfer of the origin of the coordinate sys-
tem, or something more complicated that endows the
whole laboratory with a uniform motion, or with a
motion with a uniform acceleration. That the results
so obtained can be linked together implies that these
observations, and hence the physical quantities they
describe, transform in a given way as the measuring
devices are altered.

The special theory concerned itself with that trans-
formation of labeling of space-time points which cor-
responds physically to uniform translation of the
whole laboratory. Einstein’s great achievement was
the explicit realization that this transformation of
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labels cannot be specified without a specific assump-
tion about the operational meaning of simultaneity
with respect to events that are spatially separate.
From this realization Einstein was led to the only
consistent definition of simultaneity, and thus to the
correct understanding of the Lorentz transformations
and to an appreciation of their great generality.

If invariance properties are of such importance then
a strong geometrical interpretation of the laws of
nature becomes highly desirable, since a thing that
has no definite invariance properties cannot be even
thought of geometrically. This consideration led Ein-
stein to accept Minkowski’s point of view that space
and time should be considered as forming one geo-
metrical object, space-time, a four-dimensional flat
space.

The next step was to analyze the relations between
the descriptions of phenomena in frames accelerated
relative to each other. From these relations Einstein
drew the conclusion that this four-dimensional space-
time cannot be flat, and that gravitation is the name
given to those phenomena that appear because
space-time is not flat. The curvature of space-time
is due to its energy and mass content. The remarkable
success of this theory derived from its automatic
explanation of two features of gravitation: Why is
the inertial mass equal to the gravitational mass? And
why is gravitation a universal property acting on
everything in the universe? The answer is that the
two masses are equal because they are one and the
same, since they appear in the theory uniquely as the
cause of the curvature of space-time. Gravitation is
a universal manifestation because it is the property
of space-time, and hence everything that is in space-
time (which is, literally, every thing) must experience
it.

The last efforts of Einstein on unified field theories
were a logical continuation of his previous efforts. The
chain of argument may be said to run as follows. If
invariance properties are of utmost importance,
physics should be thought of as a geometry, because
thought is then occupied only with objects that have
invariant properties. This led to a theory according
to which the structure of space-time is the seat of
gravitation interaction. Is this structure perhaps so
rich that not only gravitational interaction but other
interactions are also determined by it? That investi-
gation proved to be unsatisfactory, perhaps because
only gravitation is a universal interaction. Never-
theless even this effort turned out to be prophetic;
in modern physics it is more and more the practice
to proceed with a formal guessing at the laws of
nature, the guess being based on formal simplicity
and on invariance. The interpretation of the theory
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often emerges only after the structure of the equations
guessed at are better understood. In this, Einstein was
a forerunner.

When Einstein’s total work in physics is considered,
it can be said that his achievements are rivaled only
by those of Isaac Newton. Both scientists were guided
in their work by unique insights into the nature of
physical reality and both represent the utmost fulfill-
ment of the creative imagination in science.
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