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THE FOUNDATION OF THE GENERAL THEORY 
OF RELATIVITY 

By A. EINSTEIN 

A. FUNDAMENTAL CONSIDERATIONS ON THE POSTULATE OF 

RELATIVITY 

§ 1. Observations on the Special Theory of Relativity 

he “HE special theory of relativity is based on the 
following postulate, which is also satisfied by the 
mechanics of Galileo and Newton. 

If a system of co-ordinates K is chosen so that, in re- 
lation to it, physical laws hold good in their simplest form, 
the same laws also hold good in relation to any other system 
of co-ordinates K’ moving in uniform translation relatively 
to K. This postulate we call the ‘‘ special principle of 
relativity.” The word ‘“ special” is meant to intimate 
that the principle is restricted to the case when K’ has a 
motion of uniform translation relatively to K, but that the 
equivalence of K’ and K does not extend to the case of non- 
uniform motion of K’ relatively to K. 

Thus the special theory of relativity does not depart from 
classical mechanics through the postulate of relativity, but 
through the postulate of the constancy of the velocity of light 
an vacuo, from which, in combination with the special prin- 
ciple of relativity, there follow, in the well-known way, the 
relativity of simultaneity, the Lorentzian transformation, and 
the related laws for the behaviour of moving bodies and 
clocks. 

The modification to which the special theory of relativity 
has subjected the theory of space and time is indeed far- 
reaching, but one inberbany point has remained unaffected. 
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For the laws of geometry, even according to the special theory 
of relativity, are to be interpreted directly as laws relating to 
the possible relative positions of solid bodies at rest; and, in 
a more general way, the laws of kinematics are to be inter- 
preted as laws which describe the relations of measuring 
bodies and clocks. To two selected material points of a 
stationary rigid body there always corresponds a distance of 
quite definite length, which is independent of the locality and 
orientation of the body, and is also independent of the time. 
To two selected positions of the hands of a clock at rest 
relatively to the privileged system of reference there always 
corresponds an interval of time of a definite length, which is 
independent of place and time. We shall soon see that the 
general theory of relativity cannot adhere to this simple 
physical interpretation of space and time. 

§ 2. The Need for an Extension of the Postulate of 
Relativity 

In classical mechanics, and no less in the special theory 
of relativity, there is an inherent epistemological defect which 
was, perhaps for the first time, clearly pointed out by Ernst 
Mach. We will elucidate it by the following example :—T wo 
fluid bodies of the same size and nature hover freely in space 
at so great a distance from each other and from all other 
masses that only those gravitational forces need be taken into 
account which arise from the interaction of different parts of 
the same body. Let the distance between the two bodies be 
invariable, and in neither of the bodies let there be any 
relative movements of the parts with respect to one another. 
But let either mass, as judged by an observer at rest 
relatively to the other mass, rotate with constant angular 
velocity about the line joining the masses. This is a verifi- 
able relative motion of the two bodies. Now let us imagine 
that each of the bodies has been surveyed by means of 
measuring instruments at rest relatively to itself, and let the 
surface of §, prove to be a sphere, and that of S, an ellipsoid 
of revolution. Thereupon we put the question—What is the 
reason for this difference in the two bodies? No answer can 
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be admitted as epistemologically satisfactory,* unless the 
reason given is an observable fact of experience. The law of 
causality has not the significance of a statement as to the 
world of experience, except when observable facts ultimately 
appear as causes and effects. 

Newtonian mechanics does not give a satisfactory answer 
to this question. It pronounces as follows:—The laws of 
mechanics apply to the space R,, in respect to which the body 
8, is at rest, but not to the space R,, in respect to which the 
body 8, is at rest. But the privileged space R, of Galileo, 
thus introduced, is a merely factitious cause, and not a thing 

that can be observed. It is therefore clear that Newton’s 
mechanics does not really satisfy the requirement of causality 
in the case under consideration, but only apparently does so, 
since it makes the factitious cause R, responsible for the ob- 
servable difference in the bodies 8, and S,. 

The only satisfactory answer must be that the physical 
system consisting of S, and S, reveals within itself no imagin- 
able cause to which the differing behaviour of S, and S, can 
be referred. The cause must therefore lie owtside this system. 
We have to take it that the general laws of motion, which in 
particular determine the shapes of 8, and 8,, must be such 

that the mechanical behaviour of 8, and 8, is partly con- 
ditioned, in quite essential respects, by distant masses which 
we have not included in the system under consideration. 
These distant masses and their motions relative to S, and 
S, must then be regarded as the seat of the causes (which 
must be susceptible to observation) of the different behaviour 
of our two bodies §, and §,. They take over the réle of the 
factitious cause R,. Of all imaginable spaces R,, R,, etc., in 
any kind of motion relatively to one another, there is none 
which we may look upon as privileged a priori without re- 
viving the above-mentioned epistemological objection. The 
laws of physics must be of such a nature that they apply to 
systems of reference in any kind of motion. Along this road 
we arrive at an extension of the postulate of relativity. 

In addition to this weighty argument from the theory of 

* Of course an answer may be satisfactory from the point of view of episte- 
mology, and yet be unsound physically, if it isin conflict with other experi- 
ences. 
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knowledge, there is a well-known physical fact which favours 
an extension of the theory of relativity. Let K be a Galilean 
system of reference, i.e. a system relatively to which (at least 
in the four-dimensional region under consideration) a mass, 
sufficiently distant from other masses, is moving with uniform 
motion in a straight line. Let K’ be a second system of 
reference which is moving relatively to K in uniformly 
accelerated translation. Then, relatively to K’, a mass 
sufficiently distant from other masses would have an acceler- 
ated motion such that its acceleration and direction of 
acceleration are independent of the material composition and 
physical state of the mass. 

Does this permit an observer at rest relatively to K’ to 
infer that he is ona “‘ really ’’ accelerated system of reference ? 
The answer is in the negative; for the above-mentioned 
relation of freely movable masses to K’ may be interpreted 
equally well in the following way. The system of reference 
K’ is unaccelerated, but the space-time territory in question 
is under the sway of a gravitational field, which generates the 
accelerated motion of the bodies relatively to K’. 

This view is made possible for us by the teaching of 
experience as to the existence of a field of force, namely, the 

gravitational field, which possesses the remarkable property 
of imparting the same acceleration to all bodies.* The 
mechanical behaviour of bodies relatively to K’ is the same 
as presents itself to experience in the case of systems which 
we are wont to regard as “stationary” or as ‘‘ privileged.”’ 
Therefore, from the physical standpoint, the assumption 
readily suggests itself that the systems K and K’ may both 
with equal right be looked upon as “ stationary,” that is to 
say, they have an equal title as systems of reference for the 
physical description of phenomena. 

It will be seen from these reflexions that in pursuing the 
general theory of relativity we shall be led to a theory of 
gravitation, since we are able to ‘‘ produce” a gravitational 
field merely by changing the system of co-ordinates. It will 
also be obvious that the principle of the constancy of the 
velocity of light im vacuo must be modified, since we easily 

* Hétvés has proved experimentally that the gravitational field has this 
property in great accuracy. 
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recognize that the path of a ray of light with respect to K’ 
must in general be curvilinear, if with respect to K light is 
propagated in a straight line with a definite constant velocity. 

§ 3. The Space-Time Continuum. Requirement of General 

Co-Variance for the Equations Expressing General 
Laws of Nature 

In classical mechanics, as well as in the special theory of 
relativity, the co-ordinates of space and time have a direct 
physical meaning. ‘To say that a point-event has the X, co- 
ordinate z, means that the projection of the point-event on the 
axis of X,, determined by rigid rods and in accordance with the. 
rules of Euclidean geometry, is obtained by measuring off a 
given rod (the unit of length) z, times from the origin of co- 
ordinates along the axis of X,. To say that a point-event 
has the X, co-ordinate zx, = ¢, means that a standard clock, 
made to measure time in a definite unit period, and which is 
stationary relatively to the system of co-ordinates and practic- 
ally coincident in space with the point-event,* will have 
measured off x, = ¢ periods at the occurrence of the event. 

This view of space and time has always been in the minds 
of physicists, even if, as a rule, they have been unconscious 
of it. This is clear from the part which these concepts play 
in physical measurements ; it must also have underlain the 
reader's reflexions on the preceding paragraph (§ 2) for 
him to connect any meaning with what he there read. But 
we shall now show that we must put it aside and replace it 
by a more general view, in order to be able to carry through 
the postulate of general relativity, if the special theory of 
relativity applies to the special case of the absence of a gravi- 
tational field. 

In a space which is free of gravitational fields we introduce 
a Galilean system of reference K (2, y, 2, t), and also a system 
of co-ordinates K’ (2’, y’, 2’, t’) in uniform rotation relatively 

to K. let the origins of both systems, as well as their axes 

* We assume the possibility of verifying ‘‘ simultaneity ’’ for events im- 
mediately proximate in space, or—to speak more precisely—for immediate 
proximity or coincidence in space-time, without giving a definition of this 
fundamental concept, 
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