Albert Einstein [Photograph © by Fred Stein, New York]

Albert Einstein was born in Ulm, Ger-
many, on 14 March 1879 He received his
doctorate from the Swiss Federal Poly-
technic Institute at Zurich in 1906. From
1902 to 1909 he was a patent examiner
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in the Swiss Federal Patent Office. In
swift succession he held academic chairs
at the University of Zurich, the Univer-
sity of Prague, and the Swiss Federal
Polytechnic Institute. In 1914 he ac-

cepted membership and a professorial

staff position in the Prussian Academy

of Sciences at Berlin, one of the most

honored and independent academic po-
(Continued on page 487)
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Fifty Years

Albert FEinstein published his first
paper on the theory of relativity 50 years
ago while serving as a member of the
staff of the Swiss Federal Patent Office
(Amt fiir geistiges Eigentum) at Berne.
To - celebrate this anniversary, the pro-
fessors of theoretical physics of the vari-
ous Swiss universities organized an inter-
national conference at Berne, which took
place 11-17 July 1955. This meeting had
not been conceived primarily as a formal
gathering but rather as a working confer-
ence that would bring together most of
the active workers in the field of rela-
tivity. The untimely death of Professor
Einstein served to underline the solem-
nity of the occasion. The conference
plans themselves had been made while
Einstein was still living; though he him-
self had not intended to make the trip
from the United States to Switzerland,
he had taken part in the preparations
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of Relativity

Peter G. Bergmann

through an active correspondence with
W. Pauli, the conference president, and
A. Mercier, its secretary.

This article is intended to serve both
as a review of the half-century of growth
of relativity and its impact on physics
as a whole, and as a brief account of the
Berne conference.

Special Theory of Relativity

What we call today the special theory
of relativity was put forward by Einstein
in 1905 in a paper in the Annalen der
Physik, which he entitled “The electro-
dynamics of bodies in motion” (1, 2).
At that time, the theory of the electro-
magnetic field had developed to the
point where it came into serious conflict
with the foundations of classical me-
chanics. Attempts at a resolution by ex-
perimentation had served to highlight
this conflict. The problem was solved by
Einstein .in a manner that eventually
brought about a complete revision of our

concepts of space and time. We shall
begin with a brief survey of the situation
at the turn of the century.

Newton had established that within
the framework of his mechanics it was
impossible to discover any “absolute”
motion that was purely translatory and
free of acceleration (the classical prin-
ciple of relativity). All “inertial” frames
of reference were to be considered
equivalent. This principle is usually il-
lustrated by the example of a laboratory
aboard a moving vehicle. As long as
there is no acceleration, the passengers
cannot discover evidence of their motion
by means of experiments wholly carried
out with equipment belonging to their
laboratory. Presumably the earth is such
a moving vehicle. And though it is quite
possible to demonstrate the rotation of
the earth about its axis (Foucault’s pen-
dulum) and its motion about the sun
(solar tides), we have no way of observ-
ing the earth’s and the solar system’s mo-
tion (if any) through space. As far as
Newtonian mechanics is concerned, it is
meaningless to talk of absolute rest and
absolute motion, though it is meaningful
to talk of absolute acceleration and ab-
solute rotation. '

With the advent of electromagnetism,
a new situation arose. Maxwell had con-
ceived of the electromagnetic field as a
sort of stress produced in a carrier me-
dium, the ether. His equations predicted
the existence of transverse elastic waves
in this ether (somewhat similar to the
seismic waves in the earth) propagating
at a uniform speed of about 3x 10
centimeters per second in the absence of
retarding matter. Maxwell had ventured
the guess that visible light was a form

sitions existing in Imperial Germany.
While he was still at Berlin, Einstein had
accepted a professorship at the newly or-
ganized Institute for Advanced Study at
Princeton, New Jersey. When the Nazis
assumed government power in Germany,
Einstein severed his connection with the
Prussian Academy and moved to Prince-
ton. He remained with the institute until
his death on 18 April 1955.

Einstein is usually identified in the
public mind with the theory of relativ-
ity; however, he also contributed in an
extremely significant manner to quantum
theory and to statistical mechanics. He

23 MARCH 1956

more particularly initiated the theory of
the photoelectric effect, the theory of
quantum emission and absorption of
light, the quantum theory of specific
heats, and the theory of fluctuation phe-
nomena.

Fairly detailed information, much of
it in semitechnical and nontechnical
language, about the significance of his
many contributions can be found in the
volume Albert Einstein: Philosopher—
Scientist, edited by P. A. Schilpp (Li-
brary of Living Philosophers, Evanston,
1., 1949). This volume contains Ein-
stein’s “Autobiographical notes,” as well

as contributions by leading physicists and
philosophers discussing Einstein’s works.
It also contains the most complete bibli-
ography of Einstein’s writings through
1949, a second edition for another two
years. Early in 1955 the Institute for Ad-
vanced Study published through Prince-
ton University Press a list of publications
of its members, which brings the list up
through 1954. The most complete list of
Einstein’s: writings, to the time of his
death, is the one found in the German
translation of the Schilpp volume (Kohl-
hammer Verlag, Stuttgart, 1956).

PeTER G. BERGMANN
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of electromagnetic wave motion. H.
Hertz was the first to produce radio-
frequency waves and to propagate them
across his laboratory. The new field of
physics soon proved refractory to all at-
tempts to treat it as part of mechanics.
The ether had to be endowed with all
kinds of properties unknown in any other
elastic medium. It needed to be incom-
pressible (to prevent the possibility of
longitudinal waves) and quite rigid; at
the same time it should not offer any re-
sistance to the passage of material bodies
through it. Attempts to measure its mo-
tion relative to the earth (or vice versa)
led to contradictory results.

If electromagnetic radiation was to
propagate with uniform speed through
the ether, a careful determination of the
apparent speed of light relative to earth-
bound laboratory instruments should re-
veal the relative motion of laboratory
and ether. But there were other possi-
bilities as well. A number of ingenious
experiments—for example, the experi-
ment by Trouton and Noble (3), and
the famous experiment by Michelson
and Morley (4)—were conceived and
carried out, all based on some “transport
terms” that would presumably appear in
Maxwell’s equations if they were tran-
scribed from the frame of reference pro-
vided by the ether to some different
frame of reference. Every one of these
experiments failed. One might have con-
cluded that the ether was being dragged
along locally by such large masses as the
earth, but this view was contradicted by
the astronomical effect known as “aber-
ration.” In careful determinations of the
locations of fixed stars in the sky, it is
found that the stars carry out an appar-
ent periodic annual migration, with an
elliptic path whose major axis has the
same value for all stars and whose minor
axis depends on the angular - distance
from the plane of the ecliptic. Aberra-
tion can be explained in quantitative de-
tail by the assumption that the ether
does not participate in the motion of the
earth about the sun (5). Still, it pro-

vides no further information about the -

motion of the ether relative to our whole
solar system.

H. A. Lorentz (2, 6, 7) attempted to
reconcile this sceming contradiction by
the postulate that in moving through the
ether bodies contracted uniformly in the
direction of motion and that actual time
must be replaced by a “local time”—
that is, the apparent time indicated by
clocks that were moving through the
ether. Poincaré (8, 9) discovered the
“group property” of Lorentz’s proposed
transformation equations. He established
that the transformation equations that
led from the “true” lengths and time to
the “contracted” lengths and the “local”
time of a moving frame of reference, or
from these quantities in one moving
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frame to another set defined in another
moving frame, or finally from some
“contracted,” “local” set back to the
“true” scales of space and time, were all
identical. The Lorentz equations had this
formal property in common with those
introduced by Galileo and Newton:
there was no way, by studying the mu-
tual relationships between various frames
of reference, to establish a mathemati-
cally or physically privileged ‘‘state of
motion of the ether.” All frames of ref-
erence whether “at rest” or in uniform
translatory motion were equivalent. If
Lorentz’s transformation equations de-
scribed correctly the behavior of actual
scales and clocks, then any experiment
concerned with purely electromagnetic
phenomena was bound to confirm this
(Poincaré’s) principle of relativity.

The physicist Lorentz had explained
the negative outcome of all “ether wind”
experiments without giving up the notion
of the ether itself as the medium of
transmission of all electromagnetic dis-
turbances. The mathematician Poincaré
had formulated a new principle of rela-
tivity for the realm of electromagnetic
phenomena, without attempting a de-
tailed physical analysis or interpretation.
It remained for Einstein to provide an
integrated mathematical-physical analy-
sis (1, 2). Without bothering with a de-
tailed review of the unsuccessful though
ingenious ether-wind experiments (none
of them is even mentioned individually
in his paper), he started with the remark
that to the first order the outcome of
quite clementary experiments depends
only on relative motion; for example, the
electromotive force generated in a con-
ductor by a nearby magnet depends only
on the relative motion of wire and mag-
net; it is the same whether the wire is
moved in the field of the magnet at rest
or whether we move .the magnet -and
leave the wire stationary. All ether first-
order effects fall into the same pattern.
Einstein then postulated that this sym-
metry was valid not only to the first order
(in the relative velocities) but exactly; he
also retained the universal validity of the
law of uniform propagation of clectro-
magnetic waves. He discovered that the
apparent contradiction could be resolved
by a more penetrating analysis of the
meaning of space and time measure-
ments; he began by exposing the relative
nature of the concept of simultaneity as
applied to distant events.

To establish the simultaneity of hap-
penings in faraway places, we must, in
principle, possess a system of clocks dis-
tributed throughout space and synchro-
nized with each other. To accomplish
such synchronization, we require -signals
that will permit the speedy transmission
of knowledge over large distances. There
being no means of transmission faster
than light, we generally use light for this

purpose. Two clocks will then be consid-
ered synchronous if light takes (appar-
ently) the same time to travel either way.
Let us now consider two sets of clocks,
cach set distributed over a large region
of space, but one set “stationary,” the
other set traveling all in the same direc-
tion at a constant rate of speed. If, then,
we merely assume that the latter set of
clocks all run at the same speed (not
necessarily the same speed as the station-
ary set), we may synchronize the travel-
ing clocks with respect to one another,
using the same light signals as we did for
synchronizing the stationary clocks. But
if the traveling clocks are synchronized
with respect to one another, they will
not be synchronous with the stationary
clocks. The farther back a traveling
clock is located (as viewed in the direc-
tion of forward motion) the farther

“ahead it must be set (as observed by a

stationary observer) in order to be syn-
chronous with the other traveling clocks.
If two events are timed relative to each
other, the result of this measurement will
obviously depend on which of the two
sets of clocks we employ as our stand-
ard.

Once Einstein had discovered that
simultaneity was a relative concept, de-
pending on the state of motion of the ob-
server, he found it easy to show that com-
parison of lengths of moving scales as
well as of rates of moving clocks de-
pended on judgments of simultaneity. In
other words, two observers measuring the
length of a moving rod will in general
disagree, and there will be no way to tell
which one is “right.” Einstein then pro-
ceeded to rediscover Lorentz’s transfor-
mation equations, but with a new physi-
cal interpretation. Instead of leading
from “true” lengths and times to “appar-
ent” or “local” lengths and times, the
equations were now found to lead from
one set of valid coordinates to another set
of equally valid coordinates (describing
both space and time). In this interpre-
tation, the Lorentz equations contra-
dicted flatly the old (Galilean) transfor-
mation equations, which had been based
on the (tacit) assumption of a universal,
“absolute” time. Either of these trans-
formation laws was purely “kinematic”
—it purported to make statements about
the relationship between measurements
by two observers moving relatively to
each other, without reference to the dy-
namics of particular physical systems.
The scales and clocks used by either ob-
server were to be “good” instruments:
a scale was a solid body that retained
its shape under appropriate safeguards
(constant temperature, absence of me-
chanical stresses, and so forth), and a
clock was any system that possessed a
reproducible period. The contradiction
between old and new transformation laws
would have to be settled eventually. This
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task was not completed until 1916, when
Einstein presented a new theory of gravi-
tation. .

In the meantime, Einstein discovered
the famous relationship between energy
and mass, publishing a brief paper on the
subject and suggesting that experimen-
tal evidence might be found in radio-
active substances (10). Minkowski dis-
covered that mathematically the Lorentz
equations represented rotations of the
coordinate system in a four-dimensional
continuum (space and time combined)
with an indefinite metric (11). Accord-
ingly, he constructed a vector and tensor
calculus for such a space and succeeded
in showing that in terms of this new for-
malism the laws of the electromagnetic
field take a particularly simple and beau-
tiful form. In the four-dimensional con-
tinuum, the electric and the vector po-
tentials together form a single vector
field, whose curl, a tensor, possesses alto-
gether six components, ordinarily desig-
nated as the components of the magnetic
induction and the electric field strength.
The four-dimensional divergence of this
latter tensor (in empty space) equals a
new vector field whose components are
proportional to electric charge and cur-
rent density. Finally, from the six com-
ponents of the electromagnetic field, we
can construct the four-dimensional analog
of Maxwell’s stress tensor of the electro-
magnctic field, a set of ten quantities, six
of which are the components of the origi-
nal stress tensor (including radiation
pressure), three of which represent the
flux of energy (Poynting’s vector), and
the last of which is the energy density of
the field.

Let us return to Newton’s mechanics
with its absolute space and time scales.
Whereas Maxwell’s theory is concerned
with a field that extends throughout space
and is governed in its dynamics by par-
tial differential equations, classical me-
chanics is concerned with separated mass
points, the forces they exert on each
other, and their motion under the influ-
ence of these mutual forces. The laws of
the field are local laws—that is, the field
changes at a given space point in the
course of time because of the fields and
their gradients in the immediate vicinity.
In contrast, the appropriate dynamic laws
of mechanics describe action at a dis-
tance: across empty space one mass point
experiences the influence of other mass
points. Experience had taught that this
force was an attraction or repulsion be-
tween the interacting mass points, de-
pending in magnitude on their intrinsic
properties (mass, electric charge) and
their mutual distance only. Mechanics
doces not recognize forces that depend on
the velocity. For the formulation of any
dynamic law in mechanics, an absolute
concept of simultaneity appeared to be
fundamental; to tell the distance between
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two mass points that are moving relative
to each other, one must first be able to
tell unambiguously where both of them
are at the same time. The new theory of
relativity thus appeared in direct conflict
with classical mechanics.

If we consider the actual range of
classical mechanics, we find three wide
areas of application. The first of these
is the theory of motion of celestial bodies,
the second electrostatics and magneto-
statics, and the third the short-range
action of bodies on each other, as in
gears, levers and similar machines im-
portant in everyday engineering. Of these
areas, electrostatics and magnetostatics
are limiting cases of electrodynamics, the
one field in which the new theory of rela-
tivity had proved itself so successful. In
general, electric charges affect each other
dynamically only indirectly. A charge
will give rise to an electromagnetic field
in its vicinity; this field will propagate
throughout space in accordance with
Maxwell’s laws; wherever this spreading
field encounters another charge, it will
exert a force on it, which depends only
on local conditions. In the limiting case
of negligible velocities, Maxwell’s laws
simplify so that a direct relationship may
be established between the force acting
on the second particle and its distance
from the first particle (the source of the
field), and this is Coulomb’s law. Only
in this limiting case can we omit the field
from the mathematical formulation of the
laws of motion without serious error.

It is at least conceivable that the ap-
parently purely mechanical law of gravi-
tation (Newton’s inverse-square law)
represents a similar limiting case of a
more generally valid field law. This con-
jecture eventually led FEinstein to the
general theory of relativity.

As for the third area of applicability
of classical mechanics, Einstein assumed
that the laws of conservation of energy,
lincar momentum, and angular momen-
tum, which are usually sufficient to de-
scribe the laws governing short-range
(impulsive) interaction, would remain;
the question was how the detailed ex-
pressions for the energy and the momenta
should have to be modified so that their
conservation would be valid for any ob-
server regardless of his state of motion.
These modifications were developed by
Einstein in 1906. He found that the mass
of a body, if defined as the ratio between
its linear momentum and its velocity,
would have to depend on its state of mo-
tion and would, therefore, be different
for different observers. Again he found
that the increase in mass due to motion
was proportional to the (relativistic)
kinetic energy (I12).

Thus the special theory of relativity
was capable of absorbing two of the
three areas of classical mechanics. Its
theoretical development was thereby es-

sentially completed. In the decades to
follow, experimental physicists worked
with ever higher energies. The devia-
tions between the old and relativistic
mechanics, which were barely observable
in 1905, assumed ever larger proportions
as physicists succeeded in producing par-
ticle velocities approaching the speed of
light. Eventually, it became common-
place to measure nuclear energy losses
as mass defects and to observe the con-
version of material particles into energy
and vice versa. The latest discovery in
this respect, the antiproton and its re-
combination with a proton, was an-
nounced but a few weeks ago.

The relativistic variability of mass was
originally a design limitation for Law-
rence’s first cyclotron. This limitation
was overcome through the invention of
the phase-modulated cyclotron (synchro-
cyclotron) and the true synchrotron as
well as through the development of linear
accelerators and the betatron, devices
that are capable of operating in the ex-
treme relativistic energy range. There has
been further careful work on the old
kinetic effects explained 50 years ago by
Lorentz, Poincaré, and Einstein (13-15).
Interesting as these experiments are, they
can no longer be considered crucial for
the verification of special relativity. In
our time, every new accelerator that
works according to design is existing
proof of the validity of Einstein’s theory
of relativity. As for purely kinetic effects,
determinations of meson life-times at
relativistic energies demonstrate the
slowing-down of moving clocks more im-
pressively than the delicate canal ray ex-
periments by Ives (15). Although we
cannot rule out the further development
of any physical theory, there is little
question that we shall never witness the
return of physics from relativity to the
Newtonian-Galilean concepts of space
and time.

Relativity played a vital role in the de-
velopment of modern quantum theory.
Within a very few years after the emer-
gence of wave mechanics (76), Dirac
showed that the relativistic theory of the
electron differed fundamentally from the
nonrelativistic theory (17). The relativ-
istic electron must be a particle of spin
U5 if the probability density for a single
particle is to be nowhere negative. He
also recognized that such a relativistic
electron possesses states of large negative
energy, states into which a single free
electron will drop—in contradiction to
our experience—unless electrons obey
Fermi statistics (that is, each possible
state of an electron accommodates no
more than one actual electron) and un-
less all negative energy states are ordi-
narily occupied. An occasional unoccu-
pied state of negative energy appears to
the observer as if it were a particle of
positive charge and positive energy, a so-
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called positron. When an electron drops
into this free “hole,” both the electron
and the positron disappear from the scene
of observable particles, and we speak of
the “annihilation of an electron-positron
pair.” The reverse process is known as
pair creation. Thus Dirac’s relativistic
theory predicts the observed qualitative
properties of electrons in a completely
satisfactory manner. Proton and antipro-
ton are another instance of Dirac par-
ticles.

Within the last 10 years, a number of
difficulties in the quantum theory of elec-
tromagnetic radiation as well as of elec-
trons have been greatly ameliorated by
means of newly devised, consistently rel-
ativistic procedures known as “renormali-
zation procedures” (18-22). Though the
theory is not yet completely satisfactory,
it is fair to say that it agrees well with
the facts and that it is superior to any
nonrelativistic theory.

General Theory of Relativity

When Einstein tackled the theory of
gravitation, he recognized as early as
1907 that the extension of the new space-
time concept to that area would not be
routine (I12). A steady concentrated
effort directed toward the riddle of
gravitation began about 1911, culminat-
ing in the first comprehensive presen-
tation of the general theory of relativity
in 1916 (23).

For small velocities, Newton’s law of
gravitational interaction and ‘Coulomb’s
law of electric interaction are similar
in that they are both inverse-square laws.
This fact is undoubtedly not accidental.
It encouraged Einstein to search for a
relativistic field law that would resemble
Maxwell’s laws of the electromagnetic
field. The source of the gravitational field
is the distribution of gravitating masses.
But a mass distribution in relativity is
described by a tensor with ten compo-
nents, of which one represents the density
of mass, three its flux, and six the stresses
present. Accordingly, the gravitational
field must also possess ten potentials, a
conjecture that has been borne out by the
completed theory. In the meantime, the
task of constructing field equations for a
ten-component potential field, with pos-
sibly 40 components representing field
strengths, appeared overwhelming, not
because it could not be done but because
there are so many different logical possi-
bilities. Instead of carrying on a formal
investigation of this multiplicity, Einstein
turned his attention to the physical pecu-
liarities of gravitation. True, the static
law resembled that of the electron field.
But there was one significant difference.
The acceleration of an electrically
charged particle in a given electric field
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is proportional to the ratio of its electric
charge to its mass (e/m); different par-
ticles will accelerate differently in the
same electric field. For gravitational ef-
fects the corresponding ratio, between
“gravitational mass” (the source of the
gravitational field) and “inertial mass”
(the resistance of the body to accelera-
tion) is 1 for all particles; hence in a
gravitational field all bodies accelerate
at the same rate. On the surface of the
earth, for instance, this universal rate of
acceleration is approximately 980.6 cen-
timers per second, per second. Newton
was well aware of this fact, but it was
confirmed to some eight significant fig-
ures in the present century.

It followed that in a local experiment
a gravitational field is indistinguishable
from inertial effects, such as centrifugal
and Coriolis forces. If a large box with-
out windows were falling freely in a
gravitational field, passengers inside the
box could not distinguish their actual
situation from unaccelerated motion in a
space free of gravitational fields. Einstein
has called this indistinguishability the
“principle of equivalence.” If taken seri-
ously, this principle casts doubt on the
validity of the concept of inertial frames
of reference, which plays such an essen-
tial role both in Newtonian-Galilean
physics and in the special theory of rela-
tivity. After some hesitation, Einstein ac-
cepted the principle of equivalence and
discarded the concept of inertial frames,
at least in the presence of gravitational
fields. Whereas the restricted principle of
relativity requires that the laws of nature
should take the same form in all inertial
frames of reference (and these, in turn,
are connected with each other through
Lorentz transformations), we must now
require that any frame of reference will
serve as well as any other. This new re-
quirement, much more stringent than
the former, is variously called the “gen-
eral principle of relativity” or, in its
mathematical execution, the “principle
of general covariance.” The term frame
of reference, which originally denoted a
Cartesian coordinate system along with
a set of synchronized clocks, now comes
to denote any (curvilinear) four-dimen-
sional coordinate system.

To find laws of nature that are iden-
tical in any such coordinate system is a
task that requires both mathematical and
physical ingenuity. Einstein looked for a
set of laws that would describe the gravi-
tational field and its dynamics in such a
manner that for weak fields the laws
would take a simple special-relativistic
form, and that if the gravitating bodies
had velocities small compared with ¢,
Newton’s laws of gravitation would re-
sult. He succeeded in this program by
introducing geometric concepts originally
due to Gauss and to Riemann. These

mathematicians characterized the curva-
ture of a space as an intrinsic property—
that is one that could be recognized with-
out viewing the space “from the out-
side.” If we define a “straight line” (more
properly speaking a geodesic) as the
shortest curve connecting two points, fig-
ures constructed from such geodesics in
a curved space will not possess all the
properties that they have in a flat
(Euclidean) space; for instance, the sum
of the three angles of a triangle will not
equal 180 degrees, but will be smaller or
greater, depending on the type of cur-
vature of the space. In such a curved
space there are no real straight lines,
and its properties are therefore described
more conveniently if we make no attempt
to approximate Cartesian coordinates but
rather use any curvilinear coordinate sys-
tem that comes to hand.

At the time curved spaces were first
investigated, there was no concrete reason
to believe that such spaces would ever
play a role in the physical sciences. But
now that the role of inertial frames was
being questioned, curved spaces appeared
as a possible geometric model for the
situation in the physical space-time con-
tinuum in the presence of gravitational
fields. Absence of a gravitational field
would be equivalent to a flat space, its
presence equivalent to space curvature.
The laws of the gravitational field would
presumably appear in the theory as laws
dealing with the curvature of space-time.
Because such laws would have to have a
form independent of the choice of co-
ordinate system, there were very few
possibilities; for a physicist it was not
very difficult to choose the one that would
also go over into Newton’s theory for
small velocities and small fields.

The completed theory is known as the
general theory of relativity. Although it
is primarily a theory of gravitation, it
permits the simultaneous consideration
of any other fields whose special-rela-
tivistic formulation is known. The modi-
fications required for these purposes are
minor and relatively routine. The new
theory leads to observable deviations
from Newtonian results only in three in-
stances. The first is a very slow preces-
sion of the orbit of Mercury in its own
plane. This effect was known before Ein-
stein had completed his theory, but it
had remained unexplained until then.
The second is the deflection of light rays
that pass close to the limb of the sun.
The third is a reddening of light originat-
ing in a small dense star. The latter
effects were not looked for until Einstein
had predicted them. These three effects
are so minute that they require elaborate
instrumentation for their observation and
extremely careful work and analysis for
their quantitative determination. The
deflection of light rays can be observed
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only during total eclipses of the sun and
has led to costly and highly publicized
expeditions to the sites of eclipses. At
present the prevailing opinion is that the
effects have been verified, both qualita-
tively and quantitatively. Because of their
importance—so far they are the only pos-
sible experimental verifications of gen-
eral relativity—work will undoubtedly
be continued until the decision is clear-
cut. \

The two stages of relativity have
brought about a profound reevaluation of
our ideas concerning the nature of space
and time. Early in the 19th century Kant
had proclaimed space and time as the un-
avoidable framework of human thought
processes, prior to any specific observa-
tions and cognitions of the external uni-
verse. Space and time were conceived as
absolutes. Temporal and spatial order of
events was to be an inherent property,
not a function of the observer. Special
relativity first of all interlaced space and
time so intimately that the only absolute
relationship between two events is a sin-
gle quantity, the space-time “interval”
between them. The interval is the same
for all observers, whereas distances in
space alone and distances in time alone
are not. However, special relativity re-
tains the notion of uniform translatory
motion and, by implication, the absolute
character of rotatory motion and of
translatory acceleration. It also retains
the conceptual separateness of space-time
and its absolute geometry on the one
hand, and the dynamics of physical proc-
esses on the other. In general relativity,
all that is left of the space-time con-
tinuum 1is the concept of the space-time
point (the “event”). The geometric
structure of the space-time continuum
is no longer uniform, no longer the same
everywhere but it depends on local physi-
cal conditions, the density of matter, and
the strength of the gravitational field.
The seriousness of this “geometrization”
of physics has probably not yet been
fully comprehended. Such statements as
the one that in the absence of external
forces bodies will move at constant speed
in a straight line have no longer any sim-
ple meaning. By its very presence a body
modifies the geometry of an otherwise
flat space, so that there cannot be a
straight line. And even motion along a
geodesic, an assumption made in the
early version of relativity, is a meaning-
ful concept only in the case of test bodies
sufficiently small that their own presence
does not affect the local geometry. Ein-
stein, Infeld, and Hoffmann showed in
1938 that the field equations of general
relativity by themselves lead to equations
of motion not in spite of but precisely
because of the effect each body has on the
local geometry (24-30). Unless a body
moves in a particular fashion, the field
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equations in the surrounding space can-
not be satisfied.

Aside from a new approach to the
equations of motion, general relativity
forces us to reconsider the meaning of
all conventional laws of physics. Hitherto
the ideal of a good theory had been to
predict the value of any physical quan-
tity at any time in the future (as identi-
fied in terms of some conventional clock
time) at any place in the universe (as
identified by a suitable coordinate sys-
tem) from data supplied at some earlier
time. A general-relativistic theory cannot
possibly make such predictions because
the identification of a space-time point
in terms of its coordinates is not unique.
It has been shown recently that the equa-
tions of general relativity determine the
future uniquely (if enough is known
about the past) save for the mathemati-
cal ambiguity of the coordinate system;
but just what quantities are appropriate
for the description of the dynamics of
a general-relativistic theory is not yet
known. This problem is bound to arise in
any field theory that possesses general co-
variance; it is not a result of the particu-
lar form of Einstein’s original theory of
relativity.

General relativity has given a strong
impetus to the fields of cosmogony and
cosmology (31). These fields concern
themselves with the origin and with the
structure of the whole universe. Pre-
viously it had been thought that the uni-
verse was infinite, the alternative being
a definite “end of the world,” in space
or in time. But once it became clear that
gravitational fields caused space to be
locally curved or buckled, it was no
more than reasonable to inquire whether
space and time might not also possess a
curvature in the large. If so, it was feasi-
ble to think of models of the universe
that were finite without having bound-
aries, in analogy to the surface of an
ordinary sphere, which is also finite but
has no edge. In the course of the last 30
years, quite a number of different models
of the universe have been suggested and
investigated. The principal observational
effect we know of is the red shift of dis-
tant objects (galaxies); their spectra in-
dicate that these objects recede from us
at speeds that are roughly proportional
to their distance from us. Present obser-
vations extend to distances of the order
of roughly 1000 million to 2000 million
light-years. At these distances, the ob-
served speed of recession is about one-
fifth of the speed of light. Whether these
spectral shifts are indicative of a real
expansion of the universe is not quite
clear, though the preponderance of
opinion is that this very intuitive inter-
pretation is correct. If this speed of ex-
pansion had been sustained in the past,
backward extrapolation would lead to

the result that some 5000 million to
10,000 million years ago the universe was
very much denser than it is today. An-
other school of thought (F. Hoyle, H.
Bondi) suggests that the universe is in a
steady state and that the expansion is
compensated by a process of continuous
creation of matter to the extent that the
density of matter in the universe, aver-
aged over a cosmic scale, remains con-
stant. These questions are all under very
active investigation, both observational
and theoretical, and cannot be consid-
ered settled. -

General Relativity and
Quantum Theory

The development of quantum field
theory in the early 1930’s has brought
to the forefront a certain measure of
contradiction between the general theory
of relativity and quantum theory. Rela-
tivity was conceived originally as a clas-
sical field theory, and the subject matter
of its description was to be a real physi-
cal universe, characterized by physico-
geometric fields in a four-dimensional
continuum; by contrast, the quantum
theory that emerged from the work of
the latter 1920’s deals with probabilities
of events. Quantum theory asserts that
it is fundamentally impossible to meas-
ure simultaneously all the quantities that
classically would characterize a physical

system, and further that predictions con-

cerning some future time (based neces-
sarily on partial information concerning
the present) will in general deal only
with the likelihood of various results of
observations. Quantum theory does not
assert that some of the physical quanti-
ties of classical physics should be dis-
carded; on the contrary, it retains all
of them and asserts that any one may be
measured with perfect accuracy. What is
impossible is the simultaneous observa-
tion of a coordinate and its associated
momentum (which in turn is closely re-
lated to the rate of change of that co-
ordinate in time). Quantum mechanics
purports to describe the state of a physi-
cal system completely by means of a
“wave function,” knowledge of which
will permit the most nearly complete pre-
diction of the future. The wave function
is not a classical field, in that every single
observation modifies it for the complete
physical system.

As long as the geometry of the space-
time continuum was fixed and distinct
from the physical fields, no contradiction
arose between (special) relativity and
quantum theory; in fact, no serious quan-
tum theory of fields or particles would
today be conceived nonrelativistically.
But any attempt to provide a quantum
theory of the whole of nature including
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gravitation must either exempt the gravi-
tational field specifically from the ap-
proach valid for all other physical phe-
nomena, provide a probabilistic interpre-
tation of the geometric properties of the
space-time continuum, or produce a non-
probabilistic modification of quantum
theory. The first of these three theoreti-
cal approaches must be excluded because
it leads to internal contradictions in the
foundations of the theory. The third ap-
proach is the one championed by Ein-
stein. It involves a complete reconsidera-
tion of the current method of represent-
ing elementary particles as well as a new
interpretation of what is to constitute a
“complete description” of the state of a
physical system. Although a number of
theories have been put forward (32-34),
none of them has been worked out to the
point where it can be tested critically.
On the whole, one must consider non-
probabilistic quantum theory right now
more of a program than a definite and
complete theory.

The second: possible program consists
of the extension of standard quantization
procedures to the geometry of space-time
(28,35). If this program should succeed,
then the distance between two neighbor-
ing points in space-time would not be a
definite number; the best the theory
could do is to predict the likelihood of
obtaining various values if this distance
is actually measured. Actually, even this
statement is an oversimplification. Nor-
mally we can identify a point in space-
time only because of events taking place
there, fields having certain values, and
so forth, or, alternatively, we can attempt
an identification in terms of the geo-
metric relationships of a point to its sur-
roundings. If both the physical fields and
the geometric relationships are uncertain
in a general-relativistic quantum theory,
then the space-time point loses much of
its conceptual substance, and we may no
longer be justified in retaining it as a
basic element in our description of
nature.

Aside from the clarification of a num-
ber of technical points surrounding quan-
tization, we must then face this question:
How can we identify (that is, describe
unambiguously) a total physical situa-
tion in general relativity independently
of the (accidental) choice of a particu-
lar coordinate system and independently
of any a priori assumed identifiability of
space-time points? Once we have an-
swered this question, we have presum-
ably found those variables that express
the substance of a physical situation.
Quantization should be applied to these
quantities, rather than to the usual ficld
variables, whose values depend both on
the physical situation and on our acciden-
tal method of description. I have worked
on this problem for several years, as have
a number of other workers, and the end
is not yet in sight.
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Unified Field Theories

The general theory of relativity has
provided us with a completely satisfactory
theory of gravitation and, incidentally,
with the logically most satisfactory ex-
ample of a field theory to date. Concep-
tually, it suffers from the defect that if
it is extended to include electromagnetic
and nuclear dynamics, then all these
fields appear as mathematically distinct
entities. A number of workers, foremost
among them Einstein himself but also
Kaluza, H. Weyl, Schrodinger, P. Jor-
dan, and many others, have attempted to
enrich the geometric structure of space
to leave room for at least the electromag-
netic field (but preferably the other
known fields as well) within a concep-
tually unified structure. This enrichment
has been undertaken in a variety of direc-
tions.

The earliest was probably to increase
the number of dimensions of the space-
time continuum from four to five, and
even to six, and then to explain why
macroscopically these additional one or
two dimensions are not observed (36—
38). Weyl and others modified the geo-
metric structure of Riemann by denying
the length of a vector absolute signifi-
cance (39). Eddington built a geometry
without any metric at all, leaving as a
basic geometric procedure not the meas-
urement of a distance but the parallel
displacement of vectors (40). Most re-
cently, Einstein (and coworkers) (4/)
and Schrédinger (42) have introduced a
“metric tensor” (that is, the set of co-
efficients by which squares and bilinear
products of the coordinate differentials
must be multiplied in order to yield the
square of the infinitesimal distance be-
tween two neighboring points) that n»
longer leads to a symmetric form but to
an asymmetric form. Whereas in four
dimensions a symmetric quadratic form
has ten independent coefficients, an
asymmetric form has 16. It was conjec-
tured that these six additional variables
have some relationship to the six compo-
nents of the electromagnetic field. Ein-
stein spent the last 5 years of his life in-
vestigating this theory (the “asymmetric”
theory) without arriving at clear-cut an-
swers. At the present time, all unified
field theories must be considered specula-
tive. But for a scientist who believes pas-
sionately in the intrinsic unity of the
physical universe, this speculative inquiry
has an irresistible attraction.

Semicentennial Jubilee at Berne

Preparations for the conference in
Berne began early in 1954. In the first
printed prospectus, the principal topics
of the conference were enumerated as
follows: (i) methods and solutions of
the equations of general relativity; (ii)

projective and similar unified field theo-
ries; (iii) asymmetric unified field theo-
ries; (iv) canonical formalism, general
relativity, and field quantization; (v)
mathematical structure of the Lorentz
group; (vi) cosmology; (vii) deflection
of light; (viii) physics and relativity.

These topics were represented by in-
dividual hour-long talks delivered by in-
vited speakers. In addition, some 20 con-
tributed papers enriched the program;
there was a good deal of time permitted
for discussion both inside and outside the
lecture room. Attendance at the confer-
ence had been restricted to active work-
ers in some field of relativity; the number
of those present at the working sessions
was thus held below a hundred. The final
public session and formal celebration was
open to the press and the general public.
The largest lecture hall of the University
of Berne, seating several hundred, was
filled to overflowing. ‘

W. Baade of Mount Wilson and Palo-
mar Observatories reviewed the -experi-
mental evidence on the expansion of the
universe. His lecture gave the theoretical
physicists some better appreciation of
the enormous difficulties involved in
making valid quantitative observations
on the most distant nebulae even with
the new powerful mirror of the Palomar
Observatory. The new report that there
is some evidence of a leveling-off of the
expansion rate at extreme distances,
which was reported in the newspapers a
few weeks ago, had not yet been estab-
lished at the time of the Berne confer-
ence. Quite clearly, in this kind of work,
the chain of reasoning that leads from
the original data to the final result is
long and tenuous, and it requires both
imagination.and extreme caution to ar-
rive at valid conclusions. The raw data
consist principally of curves that relate
apparent magnitudes of objects to their
spectra and also to their numbers per
unit area of the sky. The apparent mag-
nitude is presumably an indication of
distance, at least statistically, if we arc
willing to assume that most galaxies are
about the same size and possess similar
star populations. Depending on the re-
cording device (photographic or elec-
tronic), apparent magnitude may, how-
ever, also be affected by color and, there-
fore, by the red shift, and it depends
possibly on the presence of absorbing ma-
terials in the vast intergalactic spaces.
H. P. Robertson in a separate paper rc-
viewed the principal cosmological theo-
ries and their relationship to the infor-
mation obtained by the astronomer.

A. Lichnérowicz delivered a major
paper concerned with the properties of
both the general theory of relativity and
the asymmetric unified field theory. He
showed that the ambiguity of the solu-
tions of either of these field equations
is precisely that required by their gen-
eral covariance, and that otherwise the
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future is uniquely determined by the
present, a result that I have already men-
tioned in the section on general relativ-
ity and quantum theory. Lichnérowicz
and members of his school also have ob-
tained “global” results concerning static
solutions of the equations of general rela-
tivity. It had been known that there are
no solutions of the gravitational field
equations representing the field of a
central mass distribution without an in-
finity at or near that center. Lichnérowicz
has greatly extended and strengthened
_ these results.

Concerning experimental verifications
of the general theory of relativity, R. J.
Trumpler of Mount Wilson gave a sum-
mary of eclipse expeditions to date and
of observational material on the gravi-
tational red shift. The purpose of the
eclipse expeditions is to observe and
measure the deflection of light rays from
fixed stars that pass close to the limb of
the sun. These rays can be observed, of
course, only when the sun itself is blotted
out in a total eclipse. The observed ap-
parent displacements of the fixed stars
photographed are at best about 1 second
of arc (the theoretical deflection pre-
cisely at the rim of the sun’s disk would
be 1.75 seconds); the evaluation of the
data must begin with a very precise meas-
urement of the star images on the ex-
posed plate, to be followed by an evalua-
tion of all conceivable sources of error
(thermal expansion of the plate, distor-
tion during development, atmospheric
refraction, lack of resolution of the in-
strument, and so forth) and a statistical
adjustment of the data from individual
stars. Trumpler concluded that by now
the evidence was all in favor of the pre-
dicted effect, and with an accuracy ap-
proaching +5 percent. He reached simi-
lar though less definite conclusions con-
cerning the red shift of spectral lines
originating in regions of high gravita-
tional potential. His conclusions were
vigorously attacked by E. Finlay-Freund-
lich, himself a veteran of eclipse expedi-
tions in the years 1919 and 1922. The
preponderance of opinion among the ob-
serving astronomers appears to be with
Trumpler’s conclusions, but obviously
these scientific questions will not be set-
tled by majority vote but by ever-improv-
ing skill (plus luck with the weather) in
future eclipse expeditions.

A lively discussion of the problem of
motion in general-relativistic field theory
followed a series of contributed papers
presented by L. Infeld of Warsaw and
V. A. Fock of Leningrad. In the section
of this article on the general theory of
relativity, it was explained. that in that
theory the motion of particles is governed
by the laws of the gravitational field sur-
rounding them. Although this basic fact
appears reasonably clear, actually there
are a number of thorny questions left.
Through a coordinate transformation we

23 MARCH 1956

can alter the description of an orbit in
terms of coordinate locations in an almost
arbitrary manner. In their first paper,
Einstein and his coworkers achieved defi-
niteness of the particle trajectories by
specializing the choice of coordinate sys-
tem, requiring that certain divergence-
like expressions of the gravitational po-

tentials vanish everywhere. They later.

found that this restriction was unneces-
sary and that it could be replaced by a
much milder one, that in lowest approxi-
mation the coordinate system should be
Cartesian, and in the higher approxima-
tions it should deviate from Cartesian
type no more than necessitated by the
curvature. However, it was not quite
clear what that meant. Infeld and Schei-
degger had tried to show that there was
no need for gravitational waves in any
problem involving the motion of mass
points, but this result was not accepted
by others. More recently, Fock and Papa-
petrou have resurrected the original co-
ordinate conditions. The whole issue of
motion is further complicated by the fact
that the internal structure of a particle
will also affect its motion, aside from the
cffect of coordinate choice. Intuitively,
we may speak of the gravitational dipole
or quadrupole moment of a mass distri-
bution. If these higher moments do not
vanish, the particle will be affected not
only by the gravitational field but also by
the field’s gradient and higher deriva-
tives. To give these concepts precise
mathematical expression is again compli-
cated by the fact that it is not yet known
to what extent they possess any intrinsic
covariant meaning. In other words, the
problem of choice of coordinates is mixed
up with the problem of describing in-
variantly the internal structure of a par-
ticle. The discussion of these problems
at the conference was stimulating but in-
conclusive.

O. Klein and I reviewed the work on
the quantum theory of general relativity.
As mentioned in the section of this ar-
ticle on this subject, the problem of
quantization leads back to the nonquan-
tum problem of an invariant description
of physical situations. In this connection,
T. Géhéniau of the I'ree University of
Brussels contributed a paper in which he
showed that one could characterize
points of the four-dimensional continuum
by means of the values of four scalars
that can be constructed from the curva-
ture tensor (which in turn consists of
second derivatives of the gravitational
potentials). Once this identification has
been accomplished, scalars of even higher
differential order would provide a de-
scription of a distinct gravitational field.
It is clear that a description of a physi-
cal situation in terms of scalar fields ne-
cessitates the introduction of very high
differential invariants; Géhéniau’s work
may be an indication that an invariant
description can be given more adequately

in terms of integro-differential invariants
or even more general functionals.

In the area of unified field theories, P.
Jordan of Hamburg gave the principal
talk on five-dimensional field theories,
while Bruria Kaufman reported on the
work she had done with Einstein during
the last years of his life on the asym-
metric theory. A. Tonnelat of the Sor-
bonne reported on some mathematical
results she had obtained on this thcory
independently of Einstein and Kaufman.
Briefly, Jordan modified the original
Kaluza theory so as to obtain a theory
with 15 field variables. Ten are the gravi-
tational potentials, four are electromag-
netic potentials, and the fifteenth is a
scalar that is not present in the original
Kaluza theory. This scalar appears to
play a role similar to the constant of
gravitation (which determines, for in-
stance, the gravitational effect of the
energy density of the electromagnetic
field). Jordan has conjectured that if this
scalar should change slowly during cos-
mological periods, the ratio of ¢/m for
elementary particles should also have
changed slowly in the course of the sev-
eral thousand million years that represent
the “age of the universe.” This idea,
originally proposed by Dirac, would re-
lieve the theorist of the embarrassing
necessity of “explaining” or deriving the
value of a dimensionless constant of the
order of magnitude of 102° from pure
theory. Jordan has followed up his
speculation and considered its cosmo-
logical and other- consequences. The
papers by Kaufman and by Tonnelat are
too technical to be reported here.

E. P. Wigner of Princeton University
talked on the relativistic invariance of
quantum-mechanical equations, restrict-
ing himself to Lorentz covariance. It is
well known that the requirement of
Lorentz covariance restricts the possible
form of Schrodinger wave equations;
several workers have examined all pos-
sible types of particles and laws obeyed
by them. The ensuing classification may
represent a -preliminary classification of
elementary particles, though it is likely
that elementary particles are character-
ized by other properties than their rela-
tivistic transformation law as well, such
as their transformation law under iso-
topic spin transformations.

Max Born spoke on the subject of
physics and relativity, but equally so on
the life and work of Albert Einstein. He
discoursed at some length on the history
of relativity (as sketched in the early part
of this article), and then on the philo-
sophical attitude of Einstein toward the
probabilistic nature of current quantum
theory. The last published discussion of
Einstein on the epistemological founda-
tions of quantum mechanics is contained
in a volume of papers dedicated to Max
Born on his retirement from the Univer-
sity of Edinburgh in 1953 (32, 43, 44).
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Born’s talk was followed by the sum-
mary of the conférence by its president,
W. Pauli. He reviewed the status of the
diverse areas that had been the subject
of the conference and indicated briefly
his own views concerning future develop-
ments.

The foundations of the special and the
general theory of relativity may be con-
sidered as generally accepted, the experi-
mental confirmations conclusive for the
special theory, and more and more con-
vincing for the general theory. The spe-
cial theory forms by now an integral
part of physics as a whole and is used
in everyday work in atomic and nuclear
physics. The general theory of relativity
for many years appeared to have its ap-
plications principally in cosmology and
cosmogony, themselves fields as yet in a
highly unsettled state. But recently gen-
eral relativity is also being considered
in connection with questions affecting
microphysics. Its relationship to quantum
theory is still highly problematical. But
the quantum theory of the atomic nu-
cleus and of elementary particles is not
in such a satisfactory state that it can
afford to disregard possible assistance
from whatever source. General relativity
offers us a new approach to the ultimate
properties of space and time, and these
may bear on the physics of the very small
as much as we know they do on the phys-
ics of the very large. Many of our pres-
ent efforts are still in a very early stage.
The very fact that interest in general
relativity has recently increased through-
out the world is indicative of the fact
that its implications have not yet been
fully worked out and exploited for our
understanding of the physical universe as
an organic whole.

The conference had been the common
meeting ground of workers from the four
corners of the earth. The countries rep-
resented included the United States, the
United Kingdom, Belgium, Denmark,
Finland, France, both halves of Ger-
many, India, Ireland, Israel, Italy,
Japan, the Netherlands, Poland, the
Soviet Union, Sweden, and Switzerland.
The languages of the conference were
English, French, and German. The tech-
nical preparation of the conference had
been mostly in the hands of André Mer-
cier, its secretary, and the other physicists
at the University of Berne. Aside from
the excellent technical preparation and
the heartwarming hospitality of the hosts,
the success of the conference as a clear-
ing house for an active field of physics

was due in no small part to the enthu-
siasm that the participants brought to
the subject matter. In the concluding
words of Max von Laue, who directed
his words of thanks in the name of the
foreign participants to the Swiss sponsors
and hosts, Einstein would certainly have
enjoyed the scientific discussion of his
principal field of work, but he would
have considered equally important the
fact that scientists from all countries
could get together and in a spirit of
common endeavor help each other with
their problems.

The foregoing report is necessarily in-
complete. The full proceedings of the
Berne Conference will appear this spring
as a special issue of Helvetica Physica
Acta, approximately 300 pages in length,
including both the prepared talks and
the discussions. It is to be hoped that in
the future similar meetings of workers in
relativity can be held every few years.
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