ON THE INFLUENCE OF GRAVITATION ON THE
PROPAGATION OF LIGHT

Br A. EINSTEIN

the gquestion whether the propagation of light is in-
fluenced by gravitation. I refurn to this theme, because
my previous presentation of the subject does not satisfy
me, and for a stronger reason, because I now see that _one of

the most imggrta.nt consequences of my former treatment

1s_capable of being tested experimentally. For it follows

from the theory here to be brought forward, that rays of
light, WLM
_é@rz;so that the angular distance between the sun and
‘a fixed star appearing neaxr to it is apparently increased by
nearly a second of arc.

In the course of these reflexions further results are yielded
which relate to gravitation. But as the exposition of the
entire group of considerations would be rather difficult to
follow, only a few quite elementary reflexions will be given
in the following pages, from which the reader will readily be
able to inform himself as to the suppositions of the theory
and its line of thought. The relations here deduced, even if

the etical fo ion_js sound, are valid only to a Hrst
approximation..

§ 1. A Hypothesis as to the Physical Nature of the
Gravitational Field
In a homogeneous gravitational field (acceleration of
gravity v) let there be a stationary system of co-ordinates K,
orientated so that the lines of force of the gravitational field
run in the negative direction of the axis of z, In = space free

IN s memoir published four years ago * I tried to answer

* A. Einstein, Jahrbuch filr Radioakt. und Elektronik, 4, 1907,
99
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100 GRAVITATION AND LIGHT

of gravitational fields let there be a second system of co-
ordinates K', moving with uniform acceleration (y) in the
positive direction of its axis of 2. To avoid unnecessary coms-
plications, let us for the present disregard the theory of
relativity, and regard both systems from the customary point
of view of kinematics, and the movements oceurring in them
from that of ordinary mechanics.

Relatively to K, as well as relatively to K', material points
which are not subjected to the action of other material points,
move in keeping with the equations

dx dy diz

2% %m=-0m= -~
For_ the accelerated system K' this follows directly from
Galileo’s principle, but for the system K, at rest in a homo-

geneous gravitational field, from the experience that all bodies
in such a field are equally and uniformly accelerated. This

experience, of the equal falling of all bodies in the E
B B AT T T P T i
Vafion of nature hes vielded; but in spite of that the la.%
has not_found any place in the foundations of our edifice o
the physical universe.

law of experience, if we assume

physically exactly eguiva.ent, that is, if We assume that we
may Just as well regard the system K as being in a space free

from gravitational fields, if we then regard K as uniformly

accelerated. is assumption of exact physical equivalence
makes it_j e for us to s ol the absolite accelera-
lon of th just as the us

relativity forbids us to talk of the a
gystem; © and it makes the equal falling of all bodies i
vitational field seem a matter of course.
As long as we restrict ourselves to purely mechanical pro-
cesses in the realm where Newton's mechanics holds sway,
we are certain of the equivalence of the systems X and X',

* Of course we cannot replace any arbitrary gravitational field by a state of
motion of the system without a gravitationa! field, any more than, by o trans-
formation of relativity, we can transform all points of & medium in any kind of
metion to rest.
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But this view of ours will not have any deeper significance
unless the systems K and K' are equivalent with respect to
all physical processes, that is, unless the laws of nature with
respect to K are in entire agreement with those with respect
to K'. By assuming this to be so, we arrive at & principle
which, if it is really true, has great heuristic importance.
For by theoretical consideration of processes which take place
relatively to a system of reference with uniform acceleration,
we ob ain inform ;| 101 a8 e career of processes in g h

eneopus gravitati ‘We shall now show, first of all,
from the standpoint of the ordinary theory of relativity, what
degree of probability is inherent in our hypothesis.

S LT )

§ 2. On the Gravitation of Energy

One result yielded by the theory of relativity is that the
inertia mass of & body increases with the energy it contains ;
if the increase of energy amounts to E, the increase in inertia
mass is equal to E/c?, when ¢ denotes the velocity of light.
Now i8 there an increase of gravitating mass corresponding
to this increase of inertia mass? If not, then a body would
fall in the same gravitational field with varying acceleration
according to the energy it contained. That highly satisfactory
result of the theory of relativity by which the law of the con-
servation of mass is merged in the law of conservation of
energy could not be maintained, because it would compel us
to abandon the law of the conservation of mass in its old
form for inertia mass, and maintain it for gravitating mass.

But this must be regarded as very improbable. On the
other hand, the usual theory of relativity does not provide us
with any argument from which to infer that the weight of a
body depends on the energy contained in it. But we shall
show that our hypothesis of the equivalence of the systems
K and K' gives us gravitation of energy as a necessary con-
sequence.

Let the two material systems$, and 8,,provided withinstru-
ments of measurement, be situated on the z-axis of K at the
distance /% from each other,* so that the gravitation potential
in 8, is greater than that in 8, by yA Let a definite quantity

* The dimensions of 8, and S, are regarded aa infinitely small in compari-
son with A,
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of energy E be emitted from S, towards 8;. Letthe quantities
of energy in 8, and S, be measured by contrivances which—
brought to one place in the system z and there compared—
shall be perfectly alike. As to the process of this conveyance
of energy by radiation we can make no a Dpriore assertion, be-
cause we do not know the influence of the gravitational field
on the radiation and the measuring instruments in S, and S,.
But by our postulate of the equivalence of K and K’ we
are able, in place of the system K in a homogeneous gravi-
tational field, to set the gravitation-free system K’, which
moves with uniform acceleration in the direction of positive
2, and with the z-axis of which the material systems 8, and
8, are rigidly connected.
We judge of the process of the transference of energy by
radiation from S, to 8, from a systemn K,
z which is to be free from acceleration. Af
8 the moment when the radiation energy E,
S, is emitted from S, toward S, let the
velocity of K’ relatively to K, be zero.
17 The radiation will arrive at S, when the
time Ajc has elapsed (to a first approxi-
mation). But at this moment the velo-
city of 8, relatively to K, is yhic = v,

S, 4 Therefore by the ordinary theory of re-
lativity the radiation atriving at S, does
not possess the energy E,, but a greater

Fia. 5. energy E,, which is related to X, to a
first approximation by the equation *

E, = E2(1 i ";) N E2(1 + rycf) )

By our assumption exactly the same relation holds if the
same process takes place in the system K, which is not acceler-
ated, but is provided with a gravitational field, In this case
we may replace /by the potential ® of the gravitation vector
in B,, if the arbitrary constant of @ in 5, is equated to zero.
‘We then have the equation

E1=E2+%<I> ... Qa)

* Bee above, pp. 69-71.
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This equation expresses the law of energy for tha_a process
under observation. The energy E; arriving at S, is greater
than the energy E;, measured by the same means, which was
emitted in 8,, the excess being the potential energy of the
mass Ey/c® in the gravitational field. It thus proves that for
the fulfilment of the principle of energy we have to_ascribe
to the energy E, before its emission in S, a pot_;enifla.l energy
due to gravity, which corresponds to the gra.wta.tlona.lrmass
E/¢®. Our assumption of the equivalence of K and K' thus
removes the difficulty mentioned at the beginning of this
paragraph which is left unsolved by the ordinary theory of
relativity. ' )

The meaning of this result is shown particularly clearly if
we consider the following cycle of operations :—

1. The energy E, as measured in S,, is emitted in t'he form
of radiation in S, towards S,, where, by the regult just ob-
tained, the energy E(1 + 4h/c?), as measured in S,, is ab-
sorbed.

2. A body W of mass M is lowered from S, to S, work
Mk being done in the process.

73. Theg energy E is%ra.nsferred from S, to the body W
while Wis in 8,. Let the gravitational mass M be thereby
changed so that it acquires the value M'. ' )

4. Let W be again raised to S,, work M'yk being done
in the process.

5. Let E be transferred from W back to S,.

The effect of this cycle is simply that S, has undergone
the increase of energy Eyh/c®, and that the quantity of
energy M'yh — Mvyh has been conveyed to the system in the
form of mechanical work. By the principle of energy, we
must therefore have

E’ygj = Mr'Yh - M'yk’!

= M-M=Ee. . . .(b

The increage in gravitational mass is thus equal to E/c?, and
herefor i in jnertia mass as give th
eory of relativity,

The result emerges still more directly from the equivalence

)




106 GRAVITATION AND LIGHT

in 8,? But the answer is simple. We cannot regard », or
respectively » simply as frequencies (as the number of periods
per second) since we have not yet determined the time in
system K. 'What », denotes is the number of periods with
reference to the time-unit of the clock U in 8,, while », de-
notes the number of periods per second with reference to the
identical clock in 8,. Nothing compels us to assume that the

clocks U in different gravitation potentials must be reparded
a3 Eomg ot the same rate, On the contrary, we must certainly

efine the time in K in such a way that the number of wave
crests and troughs between S, and 8, is independent of the
absolute value of time; for the process under observation is
by nature a stationary one. If we did not satisfy this con-
dition, we should arrive at a definition of time by the appli-
cation of which time would merge explicitly into the laws
of nature, and this would certainly be unnatural and un-
practical. Therefore the two clocks in 8, and S, do not both

give the “time " correctly. If we measure timein S with

the elock U, t sure time in §; with a clock
which goes 1 + ®/e? times more slowly than the clock U when

compared with U _at one and the.same.place. For when
meagured by such a clock the frequency of the ray of light
which is considered above is at its emission in S,

i)

and is therefore, by (2a), equal to the frequency », of the same
ray of light on its arrival in S,.

This has a consequence which is of fundamental impor-
tance for our theory. For if we measure the velocity of light
at different places in the accelerated, gravitation-free.system
X, employing clocks U of identical constitution, we obtain
the same magnitude at all these places. The same holds
good, by our fundamental assumption, for the system K as
well. But from what has just been said we must use clocks
of unlike constitution, for measuring time at places with
differing gravitation potential. For measuring time at a
place which, relatively to the origin of the co-ordinates, has
the gravitation potential ®, we must employ a clock which—
when removed to the origin of co-ordinates—goes (1 + ®/c?)
times more slowly than the clock used for measuring time at

r‘*
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the origin of co-ordinates. If we call the velocity of light at
the origin of co-ordinates ¢,, then the velocity of light ¢ at a
place with the gravitation potential ® will be given by the
relation

c=co(1+§) . . . .3

The principle of the constancy of the velocity of light holds
good according to this theory in a different form from that
which usually underlies the ordinary theory of relativity.

§ 4. Bending of Light-Rays in the Gravitational Field
From the proposition which has just been proved, that the
velocity of light in the gravitational field is a function of the
place, we may easily infer, by means of Huyghens's principle,
that light-rays propagated across a gravitational field undergo
deflexion. Forlet E be a wave front of a plane light-wave at
the time ¢, and let P, and P, be two points in that plane at

Cidr C,dt
B P, _“‘n.
Fia. 6.

unit distance from each other. P, and P, lie in the plane of
the paper, which is chosen so that the differential coefficient
of @, taken in the direction of the normal to the plane,
vanishes, and therefore also that of ¢ 'We obtain the corre-
sponding wave front at time ¢ + df, or, rather, its line
of section with the plane of the paper, by describing circles
round the points P, and P, with radii ¢,d¢ and c,dt respectively,
where ¢; and c; denote the velocity of light at the points P,
and P, respectively, and by drawing the tangent to these
circles. The angle through which the light.ray is deflected
in the path cdt is therefore

(e = ep)dt = -

3¢
573

if we calculate the angle positively when the ray is bent to-
ward the side of increasing #»'. The angle of deflexion per
unit of path of the light-ray is thus

1 2% 1 XD
- Esn'r, orby (3) = cjb_n"
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