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 Umniversity 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-
(Continwed on page £87)
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Fifty Years

Albert FEinstein published his first
paper on the theory of relativity 30 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 1117 July 1955, This meeting had
nat been conceived primarily as a formal
gathering hut 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

The authar is professor af physics at Syracuse
Tlniversity and adfunct professar ac the Folytechnic
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of Relativity
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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” (I, 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 mechanies it was
impossible to discover any “absolute”
motion that was purely tranglatory 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 labaratory
aboard a moving wvehicle. As long as
there is no acceleration, the passengers
cannat 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 thongh it is quite
passible to demonstrate the rotation of
the earth about its axis {Foucault’s pen-
dulum} and its motion abeut the sun
{solar tides), we have no way of ohserv-
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. N

With the advent of electromagnetism,
a new situation arcse, 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 ({samewhat similar to the
seismic waves in the earth} propagating
at a uniform speed of about 3x (0
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 usvally identified in the
public mind with the theory of relativ-
ity; however, he also contributed in an
extremely significant manner to quantum,
theory and ro statistical mechanics. He
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mare 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-
nomniena.

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,
TH., 1949). This volume conrains Ein-
stein's “Aurohiographical notes,” as well

as comtributions by leading physicists and
phifosophers discussing Einstein's works.
It also contains the most complete bibli-
ography of Einstein's writings through
1949, 2 second edition for another twao
years. Early in 19353 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, 19567,
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of electromagnetic wave maotion. 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 {te 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
prapagate with. uniform speed through
the ether, a careful determination of the
apparent speed of light relative to earth-
hound labaratory instrumentts should re-
veal the relative maotion of laboratory
and ether. But there were other possi-
hilities 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 presumahly appear in
Maxwell’s equations. if .they were tran-
scribed from the frame of reference pro-
vided hy 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
garth, but this view was contradicted by
the astronomical effect known as “aber-
ration.” In eareful 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 he explained in quantitative de.
tail by the assumption that the ether
daes not participate in the maotion of the
earth ahout the sun (§). Sdll, it pro-

vides na further information about the-

mation of the ether relative ta our whole
golar system.

H. A. Larentz {2, 6, 7) attempted to
reconcile this seeming contradiction hy
the postulate that in moving through the
ether hodies 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 9y discovered the
“group property”’ of Lorentzs proposed
transformation equations, He established
that the transformation eguations that
fed fram 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 anather set defined in another
moving frame, or finally from some
“contracted,” “local™ set hack to the
“rrue” scales of space and tine, 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 prmleged “state of
mation of the ether.” All frames of ref-
erence whether “at rest” or in unifornt
translatory maotion were equivalent. 1f
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 outcorne 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 (7, 2%, Without bothering with 2 de-
tailed review of the unsuccessful though
ingenicus ether-wind experiments {nore
of them is even mentioned individually
in his paper), he started with the remark
that to the first arder the cutcome of
quite elementary experiments depends
only on relative motion; for example, the
electromotive force generated in a con-
ductor by a nearhy 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 other first-
arder effects fall into the same pattern,
Einstein then postulated that this sym-
metry was valid not anly to the first order
{in the relative velocities) but exactly; he
also retairned the universal validity of the
Jaw of uniferm propagation of electro-
magnetic waves, He discovered that the
apparent contradiction could be resolved
by a mare penetrating analysis of the
meaning of space and time measure-
ments; he began hy exposing the relative
nature of the concept of simultaneity as
applied to distant events.

To establish the simultaneity ot hap-
penings in faraway places, we must, 1
principle, possess a systemm 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 aver large distances. There
heing no means of transmission faster
thar 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 clacks,
each 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 sec 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
net be synchronous with the stationary
clocks, The farther hack 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 abserver) in order to be syn-
chronous with the other traveling clocks.
If two events are timed relative to each
ather, the result of this measurement will
obviously depend on which of the two
sets of clocks we employ as our stand-
ard.

Once Einstain had discovered that
simulteneity 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”™ ar “local” lengths and timses, the
equations were now found to lead from
one set af valid coordinates to another set
of equally valid coordinates (describing
both space and time). In this Interpre-
tation, the Lorentz equations contra-
dicted fAatly the old {Galilean) transfor-
mation equations, which had been based
ott the {tacit} assumption of a universal,
“ahsalute” tirne. Either of these trans.
formatian laws was purely “kinematic”
—it purported to make statements about
the relationship between measurerents
by two observers moving relacively to
each other, without reference to the dy-
namics of parteilar physical systems.
The scales and clacks used by either ob-
server were ta he “good” instruments:
a scale was a solid body that retained
its shape under appropriate safeguards
fronstant temperature, absence of me-
chanical -stresses, and so forth), and a
clock was any system that possessed 2
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 1918, when
Einstein presented a new theory of gravi-
tation, .

In the meantime, Einstein discovered
the famous relationship bevween energy
and mass, publishing a brief paper on the
subject and suggesting chat experimen-
tal evidence might be found in radio-
active substances (10}, Minkowski dis-
coverad that mathematically the Lorentz
equations represented rotations of the
coordinate system in a four-dimensional
continuum (space and time combined)
with an indefinite metric {I7). 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, whase curl, a tensor, possesses alto-
gether six components, ordinarily desig-
nated as the components of the magnetic
induction and the electric fleld strength.
The four-dimensional divergence of this
latter tensor (in empty space) equals a
new vector fleld 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-dimmensional analog
of Maxwell's stress tensor of the electra-
magnetic field, a set of ten quantities, six
of which are the components of the origi-
nal stress tensar (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.
Whercas Maxwell's theory is cancerned
with a fleld that extends throughout space
and is governed in its dynamics by par-
tial differential equations; classical me-
chanies is concerned with separated mass
pownts, 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—rthat 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 appropriaze dynamic laws
of mechanics describe action at a dis-
tance: across empty space ane mass point
experiences the influence of other mass
paints. Experience had raught 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
docs 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 hetween
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two mass points that are moving relative
to each other, one must first be able to
tell unambignously where hoth 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 hodies,
the second electrostatics and magneto-
statics, and the third the short-range
action of bodies an each other, as in
gears, levers and similar machines jm-
pertant 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
an local conditions. In the limiting case
af negligible velocities, Maxwell’s laws
simplify so that a direct relationship may
he 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 ¢an we omit the field
from the mathematical formulation of the
laws of motion without serlous error.

It is at least canceivahble that the ap-
parently purely mechanical law of gravi-
tatian (Newton’s inverse-square law)
represents a similar limiting case of a
maore generally valid field law. This con-
jecture eventually led Einstein to the
general theory of reladviey.

As for the third arca of applicability
of classical mechanics, Einstein assumed
that the laws of conservation of energy,
lingar momentum, and angular momen-
tum, which arc usually sufficient ta de-
scribe the laws gaverning short-range
{impulsive} Interaction, would remain;
the question was how the detailed ex-
pressions for the energy and the mamenta
should have to be modified so that their
canservation would be valid for any ob-
server regardless of his state of motlon,
These maodifications were developed hy
Einstein in 1906. He found that the mass
af a body, if defined as the ratio between
its lincar momentum and its wvelocity,
wauld have to depend on its state of ma-
tion and woauld, therefore, be different
for diffcrent observers. Again he found
that the increase in mass due to motion
was propartional to the (relativistic)
kinetic energy (12).

Thus the special theory of relativity
was capable of absorbing two of the
three areas of classical mechanics. Tts
thearetical development was therehy es-

sentially completed. In the decades o
fotlow, experimental physicists worked
with ever higher energies. The devia-
tions between the old and relativistic
mechanics, which were barely ohservable
in 1805, assumed ever larger proportions
as physicists succeeded in producing par-
ticle velacities 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 discavery in
this respect, the antiproton and its re-
combination with a proten, was an-
nounced but a few weeks ago,

The relativistic variability of mass was
originally a design limitation for Law-
rence’s first cyclotren. This limitation
was overcome through the inventiom 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 apcrating 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 {/3-75]).
Interesting as these experiments are, they
can no longer be considered crucial for
the verification of special reladivity. In
our time, every new accelerator that
works according ta design s existing
proof of the validity of Einstein’s theory
of relativity. As for purely kinetic effeets,
determinations of meson life-tipes at
relativistic  energies demonstrate the
slawing-down of moving clocks mare im-
pressively than the delicate canal ray ex-
periments by Ives {I5}. Although we
cannat rule out the further development
of any physical theory, there is little
guestion 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 (J6), Dirac
showed that the relativistic theory of the
electron differed fundamentally from the
nonrelativistic theory (17}, The relativ-
1stic electron must be a particle of spin
4 if the probabhility density for a single
particle is to be nowhere negative. He
alsa 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 ardi-
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 ohservable particles, and we speak of
the “annihilation of an electron-positron
pair.” The reverse process is known as
pait creation. Thus Dirae’s relativistic
theory predicts the observed qualitative
properties of electrons in a completely
satisfactory manner. Proton and antipro-
ton are anather instance of Dirac par-
ticles,

Within the last 10 years, a nuraber of
difficulties n the quantum theary 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 theary of
gravitation, he recognized as early as
1907 that the extension of the new space-
time concept to that area would not he
routine (12}, 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 wvelocities, Newton's law of
gravitational interaction and Coulomb’s
law af 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 hy 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
fleld must also possess ten potendals, a
conjecture that has been borne out by the
completed theory. In the mteantime, 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 sa 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 gravitaton. True, the static
law resembled that of the electran field.
But there was one significant difference.
The acceleration of an  electrically
charged particle in a given electric fleld
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is proportional to the ratio of its electric
charge to its mass {¢/m); different par-
ticles will accelerate differently in the
same electric fleld. For gravitational ef-
fects the corresponding ratio, hetween
“gravitational mass” (the source of the
gravitational field) and “inertial mass™”
{the resistance of the hody to accelera-
tion) is 1 for all particles; hence in a
gravitational fleld 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 faet, but it was
confirmed to some eight significant fig-
ures in the present century.

Tt followed that in a local experiment
a gravitational field is indistinguishahle
from inertial effects, such as centrifugal
and Coriolis forces. If a large box with-
aut windows were falling freely in a
gravitational field, passengers inside the
box could not distinguish their actual
situation from unaccelerated mation 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 cancept of inertial frames
of reference, which plays such an essen-
tial role hoth 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 tarn,
are connected with each other through
Larentz transformatians), we must now
require that any frame of reference will
serve as well as any other. This new re-
quirement, much more stringenc than
the former, is variously called the “gen-
eral principle of relarivity” 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 denate 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 af gravitation would re-
sult. He succeeded in this program by
intraducing geametric 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 recogmzed with-
out viewing the space “from the out-
side.” If we define a “straight line” {more
properly speaking a géodesic) 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; far 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 cut-
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 corcrete 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 madel 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 aver into Newton's theory for
small velocities and small Relds,

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-refa-
tivistic formulation is known, The madi-
fications required for these purposes are
minor and relatively routine, The new
theory leads to ohservable deviations
from Newtonian results only in three in-
stances. The first is a very slow preces-
sion af the orhit of Mercury in its own
plane. This effect was known before Ein-
stein had completed his theory, but it
had remained unexplained wuntil then.
The secand is the deflection of light rays
that pass clase 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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