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§ I. GENERAL CONSIDERATION CONCERNING THE METHOD OF SCmNCE. 

It  has often been said, and certainly not  wi thout  justi- 
fication, tha t  the man of science is a poor philosopher. Why  
then should it not  be the right thing for the physicist  to let 
the philosopher do the philosophizing? Such might  indeed 
be the right thing at  a t ime when the physicist believes he 
has at  his disposal a rigid system of fundamental  concepts 
and fundamental  laws which are so well established tha t  
waves of doubt  can not  reach them;  but, it can not  be right 
at  a t ime when the very foundations of physics itself have 
become problematic as they are now. At a t ime like the 
present, when experience forces us to seek a newer and more 
solid foundation,  the physicist cannot  simply surrender to the 
ph i lo sophe r  the critical contemplat ion of the theoretical 
foundations;  for, he himself knows best, and feels more surely 
where the shoe pinches. In looking for a new foundation, he 
must  t ry  to make clear in his own mind just  how far the 
concepts which he uses are justified, and are necessities. 

The  whole of science is nothing more than a refinement of 
every day  thinking. I t  is for this reason tha t  the critical 
th inking of the physicist cannot  possibly be restricted to the 
examination of the concepts of his own specific field. He 
cannot  proceed wi thout  considering critically a much more 
difficult problem, the problem of analyzing the nature of 
everyday thinking. 

On the stage of our subconscious mind appear in colorful 
succession sense experiences, memory  pictures of them, repre- 
sentations and feelings. In contrast  to psychology, physics 
treats directly only of sense experiences and of the " under- 
s tanding " of their  connection. But  even the concept of the 
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" real external world " of everyday thinking rests exclusively 
on sense impressions. 

Now we must  first remark tha t  the differentiation between 
sense impressions and representations is not  possible; or, at  
least it is not  possible with absolute certainty. With  the 
discussion of this problem, which affects also the notion of 
reality, we will not  concern ourselves but  we shall take the 
existence of sense experiences as given, tha t  is to say as psychic 
experiences of special kind. 

I believe tha t  the first step in the sett ing of a " real 
external world " is the formation of the concept of bodily 
objects and of bodily objects of various kinds. Out  of the 
mul t i tude of our sense experiences we take, mental ly and 
arbitrarily, certain repeatedly occurring complexes of sense 
impression (partly in conjunction with sense impressions 
which are interpreted as signs for sense experiences of others), 
and we at t r ibute  to them a mean ing- - the  meaning of the 
bodily object. Considered logically this concept is not  iden- 
tical with the total i ty  of sense impressions referred to; but  it 
is an arbi trary creation of the human  (or animal):mlnd.  On 
the other  hand, the concept owes its meaning and its jus- 
tification exclusively to the total i ty of the sense impressions 
which we associate with it. 

The  second step is to be found in the fact that ,  in our 
thinking (which determines our expectation), we a t t r ibute  to 
this concept of the bodily object a significance, which is to a 
high degree independent  of the sense impression which orig- 
inally gives rise to it. This is wha t  we mean when we attrib- 
ute to the bodily object " a real existence." The justification 
of such a sett ing rests exclusively on tha t  fact that ,  by means 
of such concepts and mental  relations between them, we are 
able to orient ourselves in the labyrinth of sense impressions. 
These notions and relations, a l though free s ta tements  of our  
thoughts ,  appear to us as stronger 'and more unalterable than  
the individual sense experience itself, the character  of which 
as anything other  than the result of an illusion or hallucination 
is never completely guaranteed. On the other hand, these 
concepts and relations, and indeed the setting of real objects 
and, generally speaking, the existence of " the real world," 
have justification only in so far as they are connected with 
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sense impressions between which they form a mental con- 
nection. 

The very fact that  the totali ty of our sense experiences is 
such that  by means of thinking (operations with concepts, and 
the creation and use of definite functional relations between 
them, and the co6rdination of sense experiences to these con- 
cepts) it can be put in order, this fact is one which leaves us 
in awe, but which we shall never understand. One may say 
" the eternal mystery of the world is its comprehensibility." 
It is one of the great realisations of Immanuel Kant  that  the 
setting up of a real external world would be senseless without 
this comprehensibility. 

In speaking here concerning " comprehensibility," the 
expression is used in its most modest sense. It implies: the 
production of some sort of order among sense impressions, this 
order being produced by the creation of general concepts, rela- 
tions between these concepts, and by relations between the 
concepts and sense experience, these relations being deter- 
mined in any possible manner. It  is in this sense that  the 
world of our sense experiences is comprehensible. The fact 
that  it is comprehensible is a miracle. 

In my opinion, nothing can be said concerning the manner 
in which the concepts are to be made and connected, and how 
we are to co6rdinate them to the experiences. In guiding us 
in the creation of such an order of sense experiences, success 
in t h e  result is alone the determining factor. All that  is 
necessary is the statement of a set of rules, since without such 
rules the acquisition of knowledge in the desired sense would 
be impossible. One may compare these rules with the rules 
of a game in which, while the rules themselves are arbitrary, 
it is their rigidity alone which makes the game possible. 
However, the fixation will never be final. It will have validity 
only for a special field of application (i.e. there are no final 
categories in the sense of Kant).  

The connection of the elementary concepts of every day 
thinking with complexes of sense experiences can only be com- 
prehended intuitively and it is unadaptable to scientifically 
logical fixation. The totality of these connections,--none 
of which is expressible in notional terms,--is  the only thing 
which differentiates the great building which is science from a 
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logical but  empty  scheme of concepts. By means of these 
connections, the  purely notional theorems of science become 
s ta tements  about  complexes of sense experiences. 

We shall call " pr imary concepts " such concepts as are 
directly and intuit ively connected with typical complexes of 
sense experiences. All other notions a re - - f rom the physical 
point  of view--possessed of meaning, only in so far as they 
are connected, by theorems, with the pr imary notions. 
These theorems are partially definitions of the concepts (and 
of the s ta tements  derived logically from them) and partially 
theorems not  derivable from the definitions, which express at  
leas t indi rec t  relations between the " pr imary concepts," and 
in this way between sense experiences. Theorems of the 
lat ter  kind are " s ta tements  about  reality " or laws of nature,  
i.e. theorems which have to show their usefulness when applied 
to sense experiences comprehended by pr imary concepts. 
The question as to which of the theorems shall be considered 
as definitions and which as natural  laws will depend largely 
upon the chosen representation. I t  really becomes absolutely 
necessary to make this differentiation only when one examines 
the degree to which the whole system of concepts considered 
is not  empty  from the physical point  of view. 

Stratification of the Scientific System, 

The aim of science is, on the one hand, a comprehension, 
as complete as possible, of the connection between the sense 
experiences in their  totality, and, on the other  hand, the 
accomplishment  of this aim by the use of a minimum of primary 
concepts and relations. (Seeking, as far as possible, logical 
un i ty  in the world picture, i.e. pauci ty in logical elements.) 

Science. concerns the total i ty of the pr imary concepts, i.e. 
concepts directly connected with sense experiences, and 
theorems connecting them. In its first stage of development,  
science does not  contain anything else. Our everyday 
thinking is satisfied on the whole with this level. Such a 
state of affairs cannot,  however, satisfy a spirit which is 
really scientifically minded;  because, the total i ty  of concepts 
and relations obtained in this manner  is u t ter ly  lacking in 
logical unity.  In order to supplement  this deficiency, one 
invents a system poorer in concepts and relations, a system 
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retaining the primary concepts and relations of the " first 
layer " as logically derived coneepts and relations. This new 
" secondary system " pays for its higher logical uni ty by 
having, as its own elementary concepts (concepts of the 
second layer), only those which are no longer directly con- 
nected with complexes of sense experiences. Further  striving 
for logical unity brings us to a tert iary system, still poorer in 
concepts and relations, for the deduction of the concepts and 
relations of the secondary (and so indirectly of the primary) 
layer. Thus the story goes on unt i l  we have arrived at a 
system of the greatest concei+able unity, and of the greatest 
poverty of concepts of the logical foundations, which are 
still compatible with the observation made by our senses. 
We do not know whether or not this ambition will ever result 
in a definite system. If one is asked for his opinion, he is 
inclined to answer no. While wrestling with the problems, 
however, one will never give up the hope that  this greatest of 
all aims can really be attained to a very high degree. 

An adherent to the theory of abstraction or induction 
might call our layers " degrees of abstraction "; but, I do not 
consider it justifiable to veil the logical independence of the 
concept from the sense experiences. The relation is not 
analogous to that  of soup to beef but rather of wardrobe 
number to overcoat. 

The layers are furthermore not clearly separated. It is 
not even absolutely clear which concepts belong to the primary 
layer. As a mat ter  of fact, we are dealing with freely formed 
concepts, which, with a certainty sufficient for practical use, 
are intuitively connected with complexes of sense experiences 
in such a manner that, in any given case of experience, there 
is no uncertainty as to the applicability or non-applicability 
of the statement.  The essential thing is the aim to represent 
the multi tude of concepts and theorems, close to experience, 
as theorems, logically deduced and belonging to a basis, as 
narrow as possible, of fundamental concepts and fundamental 
relations which themselves can be chosen freely (axioms). 
The liberty of choice, however, is of a special kind; it is not 
in any way similar to the liberty of a writer of fiction. 
Rather, it is similar to that  of a man engaged in solving a well 
designed word puzzle. He may, it is true, propose any word 
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as the solution; but, there is only o n e  word which really 
solves the puzzle in all its forms. It  is an outcome of faith 
that  nature - -  as she is perceptible to our five senses - -  takes 
the character of such a well formulated puzzle. The suc- 
cesses reaped up to now by science do, it is true, give a certain 
encouragement for this faith. 

The multitude of layers discussed above corresponds to 
the several stages of progress which have resulted from the 
struggle for uni ty in the course of development. As regards 
the final aim, intermediary layers are only of temporary 
nature. They must eventually disappear as irrelevant. We 
have to deal, however, with the science of today, in which 
these strata represent problematic partial successes which 
support one another but which also threaten one another, 
because today's systems of concepts contain deep seated in- 
congruities which we shall meet later on. 

It will be the aim of the following lines to demonstrate 
what paths the constructive human mind has entered, in 
order to arrive at a basis of physics which is logically as uni- 
form as possible. 

§ 2. MECHANICS A N D  THE ATTEMPTS TO BASE ALL PHYSICS U P O N  IT. 

An important property of our sense experiences, and, more 
generally, of all of our experience, is its time-like order. This 
kind of order leads to the mental conception of a subjective 
time, an ordinating scheme for our experience. The sub- 
jective time leads then through the concept of the bodily 
object and of space, to the concept of objective time, as we 
shall see later on. 

Ahead of the notion of objective time there is, however, 
the concept of space; and, ahead of the latter we find the 
concept of the bodily object. The latter is directly connected 
with complexes of sense experiences. It  has been pointed 
out that  one property which is characteristic of the notion 
" bodily object " is the property which provides that  we 
co6rdinate to it an existence, independent of (subjective) 
time, and independent of the fact that  it is perceived by our 
senses. We do this in spite of the fact that  we perceive 
temporal alterations in it. Poincarfi has justly emphasized 
the fact that  we distinguish two kinds of alterations of the 
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bodily object, " changes of s ta te  " and " changes of position." 
The  latter,  he remarked,  are al terat ions which we can reverse 
by  a rb i t ra ry  motions of our  bodies. 

T h a t  there are bodily objects to which we have to ascribe, 
within a certain sphere of perception, no al terat ion of state,  
bu t  only al terat ions of position, is a fact of fundamenta l  im- 
por tance for the  formation of the concept  of space (in a certain 
degree even for the justification of the  notion of the bodily 
object  itself). Let  us call such an object  " pract ical ly rigid." 

If, as the  object  of our  perception, we consider simul- 
taneously  (i.e. as a single unit) two pract ical ly rigid bodies, 
then  there exist for this ensemble such al terat ions as can not 
possibly be considered as changes of position of the whole, 
no twi ths tand ing  the fact t ha t  this is the case for each one of 
the two consti tuents .  This leads to the  notion of " change 
of relative position " of the  two objects;  and, in this way  also 
to the notion of " relative position " of the two objects. I t  is 
found moreover  tha t  among the relative positions, there is 
one of a specific kind which we designate as " Contac t . "  1 
Pe rmanen t  contac t  of two bodies in three or more " points " 
means  tha t  t hey  are uni ted as a quasi rigid compound body. 
I t  is permissible to say tha t  the  second body forms then a 
(quasi rigid) cont inuat ion on the first body and may,  in its 
turn,  be cont inued quasi rigidly. The  possibility of the quasi 
rigid cont inuat ion of a body is unlimited.  The  real essence 
of the  conceivable quasi rigid cont inuat ion of a body B0 is the 
infinite " space " de termined  by  it. 

In m y  opinion, the  fact tha t  every  bodily object  s i tuated 
in any  a rb i t ra ry  m a n n e r  can be put  into contac t  with the 
quasi rigid cont inuat ion of a predetermined and chosen body 
B0 (body of relation), this fact is the  empirical basis of our  
conception of space. In pre-scientific thinking, the  solid 
ear th 's  crust  plays the  rSle of B0 and its continuation.  The  
ve ry  name  geomet ry  indicates t ha t  the concept  of space is 
psychologically connected with the ear th  as an assigned body. 

The  bold notion of " space " which preceded all scientific 

i I t  is in the nature of things that  we are able to talk about these objects 
only by means of concepts of our own creation, concepts which themselves are 
not subject to definition. I t  is essential, however, tha t  we make use only of such 
concepts concerning whose cogrdination to our experience we feel no doubt. 
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geometry transformed our mental  concept of the relations of 
positions of bodily objects into the notion of the position of 
these bodily objects in " space." This, of itself, represents 
a great formal simplification. Through this concept of space 
one reaches, moreover, an a t t i tude  in which any description 
of position is admit tedly  a description of contact;  the state- 
ment  tha t  a point  of a bodily object is located at a point  P 
of space means tha t  the object touches the point P of the 
s tandard body of reference B0 (supposed appropriately con- 
tinued) at  the point considered. 

In the geometry of the Greeks, space plays only a qualita- 
tive r61e, since the position of bodies in relation to space is 
considered as given, it is true, but  is not  described by means 
of numbers.  Descartes was the first to introduce this method.  
In his language, the whole content  of Euclidian geometry can 
axiomatically be founded upon the following s ta tements :  
(I) Two specified points of a rigid body determine a distance. 
(2) We may  co6rdinate triplets of numbers  X1, X2, X3, to 
points of space in such a manner  tha t  for every distance 
P' - P"  under  consideration, the c05rdinates of whose end 
points are Xx', X ( ,  X3P; Xx", X ( ' ,  Xa 'p, the expression 

s = ( x ? '  - + ( x ; '  - x ; )  2 + ( x ;  p - 

is independent  of the position of the body, and of the positions 
of any and all other bodies. 

The (positive) number  S means the length of the stretch, 
or the distance between the two points P' and P "  of space . 
(which are coincident with the points P'  and P"  of the 
stretch). 

The  formulation is chosen, intentionally, in such a way 
tha t  it expresses clearly, not  only the logical and axiomatic, 
but  also the empirical content  of Euclidian geometry.  The 
purely logical (axiomat ic)representat ion of Euclidian geom- 
etry  has, it is true, the advantage of greater simplicity and 
clarity. I t  pays for this, however, by renouncing representa- 
tion of the connection between the notional construction and 
the sense experience upon which connection, alone, the sig- 
nificance of geometry for physics rests. The fatal error tha t  
the necessity of thinking, preceding all experience, was at 
the basis of Euclidian geometry and the concept of space 
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belonging to it, this fatal error arose from the fact that  the 
empirical basis, on which the axiomatic construction of 
Euclidian geometry rests, had fallen into oblivion. 

In so far as one Can speak of the existence of rigid bodies 
in nature, Euclidian geometry is a physical science, the useful- 
ness of which must be shown by application to sense experi- 
ences. I t  relates to the totality of laws which must hold for 
the relative positions of rigid bodies independently of time. 
As one may see, the physical notion of space also, as originally 
used in physics, is tied to the existence of rigid bodies. 

From the physicist's point of view, the central importance 
of Euclidian geometry rests in the fact that  its laws are inde- 
pendent of the specific nature of the bodies whose relative 
positions it discusses. Its formal simplicity is characterized 
by the properties of homogeneity and isotropy (and the 
existence of similar entities). 

The concept of space is, it is true, useful, but not indis- 
pensable for geometry proper, i.e. for the formulation of rules 
about the relative positions of rigid bodies. In opposition to 
this, the concept of objective time, without which the formu- 
lation of the fundamentals of classical mechanics is impossible, 
is linked with the concept of the spacial continuum. 

The introduction of objective time involves two state- 
ments which are independent of each other. 

(I) The introduction of the objective local time by con- 
necting the temporal sequence of experiences with the indica- 
tions of a " clock," i.e. of a closed system with periodical 
occurrence. 

(2) The introduction of the notion of objective time for 
the happenings in the whole space, by which notion alone the 
idea of local time is enlarged to the idea of time in physics. 

Note concerning (I). As I see it, it does not mean a 
" petitio principii " if one puts the concept of periodical 
occurrence ahead of the concept of time, while one is con- 
cerned with the clarification of the origin and of the empirical 
content of the concept of time. Such a conception corre- 
sponds exactly to the precedence of the concept of the rigid 
(or quasi rigid) body in the interpretation of the concept of 
space. 

Further  discussion of (2). The illusion which prevailed 
VOL. 22I, NO. I323--26 
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prior to the enunciation of the theory of re la t iv i ty- - tha t ,  
from the point of view of experience the meaning of simul- 
tanei ty  in relation to happenings dis tant  in space and con- 
sequently tha t  the meaning of t ime in physics is a priori clear, 
- - th i s  illusion had its origin in the fact tha t  in our everyday 
experience, we can neglect the t ime of propagation of light. 
We are accustomed on this account  to fail to differentiate 
between " simultaneously seen " and " simultaneously hap- 
pening "; and, as a result the difference between t ime and 
local t ime fades away. 

The lack of definiteness which, from the point of view of 
empirical importance, adheres to the notion of t ime in classical 
mechanics was veiled by the axiomatic representation of space 
and t ime as things given independent ly  of our senses. Such 
a use of not ions- - independent  of the empirical basis, to which 
they owe their existence--does not  necessarily damage science. 
One may  however easily be  led into the error of believing tha t  
these notions, whose origin is forgotten, are necessary and 
unalterable accompaniments  to our thinking, and this error 
may  consti tute a serious danger to the progress of science. 

I t  was fortunate for the development  of mechanics and 
hence also for the development  of physics in general, tha t  the 
lack of definiteness in the concept of objective t ime remained 
obscured from the earlier philosophers as regards its empirical 
interpretation. Full of confidence in the real meaning of the 
space-time construction they developed the foundations of 
mechanics which w.e shall characterize, schematically, as 
follows: 

(a) Concept  of a material point:  a bodily object which--as  
regards its position and mot ion- -can  be described with suf- 
ficient exactness as a point  with co6rdinates X1, X~, X3. De- 
scription of its motion (in relation to the " space " Bo) by 
giving X1, X2, X3, as functions of the time. 

(b) Law of inertia: the disappearance of the components  
of acceleration for the material point  which is sufficiently far 
away from all other points. 

(c) Law of motion (for the material point) : Force = mass 
X acceleration. 

(d) Laws of force (actions and reactions between material 
points). 
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In this (b) is nothing more than an impor tant  special case 
of (c). A real theory exists only when the laws of force are 
given. The forces must  in the first place only obey the law of 
equali ty of action and reaction in order tha t  a system of 
po in t s - -pe rmanen t ly  connected to each o t h e r - - m a y  behave 
like one material point. 

These fundamental  laws, together with Newton's  law for 
gravitational force, form the basis of the mechanics of celestial 
bodies. In this mechanics of Newton, and in contrast  to the 
above conceptions of space derived from rigid bodies, the 
space B0 enters in a form which contains a new idea; it is not  
for every B0 tha t  validity is required (for a given law of force) 
by (b) and (c), but  only for a B0 in the appropriate condition of 
motion (inertial system). On account  of this fact, the co- 
ordinate space acquired an independent  physical proper ty  
which is not  contained in the purely geometrical notion of 
space, a circumstance which gave Newton considerable food 
for thought  (Experiment  of Elmer)3 

Classical mechanics is only a general scheme; it becomes a 
theory only by explicit indication of the force laws (d) as was 
done so very successfully by Newton for celestial mechanics. 
From the point  of view of the aim of the greatest  logical 
simplicity of the foundations,, this theoretical method is de- 
ficient in so far as the laws of force cannot  be obtained by 
logical and formal considerations, so tha t  their choice is a 
p r i o r i  to a large extent  arbitrary. Also Newton's  gravitat ion 
law of force is distinguished from other conceivable laws of 
force exclusively by its success .  

In spite of the fact that ,  today, we know positively that  
classical mechanics fails as a foundation dominat ing all 
physics, it still occupies the center of all of our thinking in 
physics. The reason for this lies in the fact that ,  regardless of 
impor tan t  progress reached since the t ime of Newton, we have 
not  yet  arrived at a new foundation of physics concerning 

This defect of the theory could only be eliminated by such a formulation 
of mechanics as would command validity for all B0. This is one of the steps which 
lead to the general theory of relativity. A second defect, also eliminated only 
by the introduction of the general theory of relativity, lles in the fact that there 
is no reason given by mechanics itself for the equality of the gravitational and 
inertial mass of the material point. 
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which we may be certain tha t  the whole complexity of in- 
vestigated phenomena,  and of partial theoretical systems of a 
successful kind, could be deduced logically from it. In the 
following lines I shall t ry to describe briefly how the mat ter  
stands. 

First we try to get clearly in our minds how far the system 
of classical mechanics has shown itself adequate to serve as a 
basis for the whole of physics. Since we are dealing here only 
with the foundations of physics and with its development,  we 
need not  concern ourselves with the purely formal progresses 
of mechanics (equation of Lagrange, canonical equations etc.). 
One remark, however, appears indispensable. The notion 
" material point  " is fundamental  for mechanics. If now we 
seek the mechanics of a bodily object which itself can not be 
treated as a material po in t - - and  strictly speaking every object 
" perceptible to our senses " is of this ca tegory- - then  the 
question arises: How shall we imagine the object to be built 
up out  of material points, and what  forces must  we assume as 
acting between them? The formulation of this question is 
indispensable, if mechanics is to pretend to describe the object 
completely. 

I t  is natural  to the tendency of mechanics to assume these 
material points, and the laws of forces acting between them, as 
invariable, since time alterations would lie outside of the scope 
of mechanical explanation. From this we can see tha t  
classical mechanics must  lead us to an atomistic construction 
of matter .  We now realize, with special clarity, how much in 
error are those theorists who believe tha t  theory comes 
inductively from experience. Even the great Newton could 
not  free himself from this error (" Hypotheses non fingo ").* 

In order to save itself from becoming hopelessly lost in this 
line of thought  (atomistic), science proceeded first in the 
following manner.  The mechanics of a system is determined 
if its potential energy is given as a function of its configuration. 
Now, if the acting forces are of such a kind as to guarantee 
maintenance of certain qualities of order of the system's 
configuration, then the configuration may be described with 
sufficient accuracy by a relatively small number  of configura- 
tion variables qr; the potential energy is considered only insofar 

* " I  make  no hypotheses . "  
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as it is dependent  upon these variables (for instance, descrip- 
tion of the configuration of a practically rigid body by six 
variables). 

A second method  of application of mechanics, which 
avoids the consideration of a subdivision of mat te r  down to 
" real " material points, is the mechanics of so-called con- 
t inuous media. This mechanics is characterized by the 
fiction tha t  the density of  mat te r  and speed of mat te r  is 
dependent  in a continuous manner  upon co6rdinates and time, 
and tha t  the par t  of the interactions not  explicitly given can be 
considered as surface forces (pressure forces) which again are 
continuous functions of location. Herein we find the hydro- 
dynamic  theory, and the theory of elasticity of solid bodies. 
These theories avoid the explicit introduction of material 
points by fictions which, in the light of the foundation of 
classical mechanics, can only have an approximate significance. 

In addit ion to their great practical significance, these 
categories of Science h a v e - - b y  enlargement of the mathe- 
matical world of ideas--created those formal auxiliary instru- 
ments  (partial differential equations) which have been neces- 
sary for the subsequent  a t t empts  at  formulating the total 
scheme of physics in a manner  which is new as compared with 
tha t  of Newton. 

These two modes of application of mechanics belong to the 
so-called " phenomenological " physics. I t  is characteristic 
of this kind of physics tha t  it makes as much use as possible of 
concepts which are close to experience but  which, for this 
reason, have to give up, to a large degree, uni ty in the founda- 
tions. Heat,  electricity and light are described by special 
variables of state and constants  of mat te r  other than the 
mechanical state;  and to determine all of these variables in 
their  relative dependence was a rather empirical task. Many  
contemporaries of Maxwell saw in such a manner  of presenta- 
tion the ul t imate  aim of physics, which they thought  could be 
obtained purely inductively from experience on account of the 
relative closeness of the concepts used to the experience. 
F rom the point  of view of theories of knowledge St. Mill and E. 
Mach took their s tand approximately on this ground. 

According to my belief, the greatest  achievement of 
Newton's  mechanics lies in the fact tha t  its consistent applica- 
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tion has led beyond this phenomenological representation, 
particularly in the field of heat phenomena. This occurred in 
the kinetic theory of gases and, in a general way, in statistical 
mechanics. The former connected the equation of state of 
the ideal gases, viscosity, diffusion and heat conductivity of 
gases and radiometric phenomena of gases, and gave the 
logical connection of phenomena which, from the point of 
view of direct experience, had nothing whatever to do with one 
another. The latter gave a mechanical interpretation of the 
thermodynamic ideas and laws as well as the discovery of the 
limit of applicability of the notions and laws to the classical 
theory of heat. This kinetic theory which surpassed, by far, 
the phenomenological physics as regards the logical unity of 
its foundations, produced moreover definite values for the true 
magnitudes of atoms and molecules which resulted from 
several independent methods and were thus placed beyond the 
realm of reasonable doubt. These decisive progresses were 
paid for by the co6rdination of atomist ic  entities to the ma- 
terial points, the constructively speculative character of 
which entities being obvious. Nobody could hope ever to 
" perceive directly " an atom. Laws concerning variables 
connected more directly with experimental facts (for example: 
temperature, pressure, speed) were deduced from the funda- 
mental ideas by means of complicated calculations. In this 
manner physics (at least part of it), originally more phenom- 
enologically constructed, was reduced, by being founded upon 
Newton's mechanics for atoms and molecules, to a basis 
further removed from direct experiment, but more uniform in 
character. 

§ 3. THE FIELD CONCEPT. 

In explaining optical and electrical phenomena Newton's 
mechanics has been far less successful than it had been in the 
fields cited above. It is true that  Newton tried to reduce 
light to the motion of material points in his corpuscular theory 
of light. Later on, however, as the phenomena of polariza- 
tion, diffraction and interference of light forced upon his 
theory more and more unnatural modifications, Huyghens'  
undulatory theory of light, prevailed. Probably this theory 
owes its origin essentially to the phenomena of crystallo- 
graphic optics and to the theory of sound, which was then 
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already elaborated to a certain degree. I t  must  be admi t ted  
tha t  Huyghens '  theory also was based in the first instance upon 
classical mechanics; but, the all-penetrating ether had to be 
assumed as the carrier of the waves and the s tructure of the 
ether, formed from material points, could not  be explained by 
any known phenomenon.  One could never get a clear picture 
of the interior forces governing the ether, nor of the forces 
acting between the ether and the " ponderable " matter .  
The  foundations of this theory remained, therefore, eternally 
in the dark. The  true basis was a partial differential equa- 
tion, the reduction of which to mechanical elements remained 
always problematic. 

For the theoretical conception of electric and magnetic 
phenomena one introduced, again, masses of a special kind, 
and between these masses one assumed the existence of forces 
acting at  a distance, similar to Newton's  gravitational forces. 
This special kind of matter ,  however, appeared to be lacking in 
the fundamental  proper ty  of inertia; and, the forces acting 
between these masses and the ponderable mat te r  remained 
obscure. To these difficulties there had to be added the 
polar character  of these kinds of mat te r  which did not  fit into 
the scheme of classical mechanics. The basis of the theory 
became still more unsatisfactory when electrodynamic phe- 
nomena became known, notwi ths tanding the fact tha t  these 
phenomena brought  the physicist to the explanation of 
magnetic  phenomena through electrodynamic phenomena 
and, in this way, made the assumption of magnetic masses 
superfluous. This progress had, indeed, to be paid for by 
increasing the complexity of the forces of interaction which had 
to be assumed as existing between electrical masses in motion. 

The  escape from this unsatisfactory situation by the elec- 
tric field theory of Faraday and Maxwell represents probably 
the most  profound transformation which has been experienced 
by the foundations of physics since Newton's  time. Again, it 
has been a step in the direction of constructive speculation 
which has increased the distance between the foundation of 
the theory and what  can be experienced by means of our five 
senses. The existence of the field manifests itself, indeed, 
only when electrically charged bodies are introduced into it. 
The  differential equations of Maxwell connect the spacial and 



364 ALBERT EINSTEIN. [J. F. I. 

temporal differential coefficients of the electric and magnetic 
fields. The electric masses are nothing more than places of 
non-disappearing divergency of the electric field. Light 
waves appear as undulatory electromagnetic field processes 
in space. 

To be sure, Maxwell still tried to interpret his field theory 
mechanically by means of mechanical ether models. But 
these attempts receded gradually to the background following 
the representation--purged of any unnecessary addi t ions--by 
Heinrich Hertz, so that, in this theory the field finally took the 
fundamental position which had been occupied in Newton's 
mechanics by the material points. At first, however, this 
applies only for electromagnetic fields in empty space. 

In its initial stage the theory was yet quite unsatisfactory 
for the interior of matter, because there, two electric vectors 
had to be introduced, which were connected by relations 
dependent on the nature of the medium, these relations being 
inaccessible to any theoretical analysis. An analogous situa- 
tion arose in connection with the magnetic field, as well as in 
the relation between electric current density and the field. 

Here H. A. Lorentz found an escape which showed, at the 
same time, the way to an electrodynamic theory of bodies in 
motion, a theory which was more or less free of arbitrary 
assumption. His theory was built on the following funda- 
mental hypothesis: 

Everywhere (including the interior of ponderable bodies) 
the seat of the field is the empty space. The participation of 
matter  in electromagnetic phenomena has its origin only in the 
fact that  the elementary particles of matter  carry unalterable 
electric charges, and, on this account are subject on the one 
hand to the actions of ponderomotive forces and on the other 
hand possess the property of generating a field. The ele- 
mentary particles obey Newton's law of motion for the ma- 
terial point. 

This is the basis on which H. A. Lorentz obtained his 
synthesis of Newton's mechanics and Maxwell's field theory. 
The weakness of this theory lies in the fact that  it tried to 
determine the phenomena by a combination of partial differ- 
ential equations (Maxwell's field equations for empty space) 
and total differential equations (equations of motion of 
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points), which procedure was obviously unnatural.  The 
unsatisfactory part  of the theory showed up externally by the 
necessity of assuming finite dimensions for the particles in 
order to prevent the electromagnetic field existing at their 
surfaces from becoming infinitely great. The theory failed 
moreover to give any explanation concerning the tremendous 
forces which hold the electric charges on the individual 
particles. H. A. Lorentz accepted these weaknesses of his 
theory, which were well known to him, in order to explain the 
phenomena correctly at least as regards their general lines. 

Furthermore, there was one consideration which reached 
beyond the frame of Lorentz's theory. In the environment of 
an electrically charged body there is a magnetic field which 
furnishes an (apparent) contribution to its inertia. Should it 
not be possible to explain the total inertia of the particles 
electromagnetically? I t  is clear that  this problem could be 
worked out satisfactorily only if the particles could be inter- 
preted as regular solutions of the electromagnetic partial 
differential equations. The Maxwell equations in their 
original form do not, however, allow such a description of 
particles, because their  corresponding solutions contain a 
singularity. Theoretical physicists have tried for a long time, 
therefore, to reach the goal by a modification of Maxwell's 
equations. These at tempts have, however, not been crowned 
with success. Thus it happened that  the goal of erecting a 
pure electromagnetic field theory of matter  remained un- 
attained for the time being, although in principle no objection 
could be raised against the possibility of reaching such a goal. 
The thing which deterred one in any further a t tempt  in this 
direction was the lack of any systematic method leading to the 
solution. What  appears certain to me, however, is that, in 
the foundations of any consistent field theory, there shall not 
be, in addition to the concept of field, any concept concerning 
particles. The whole theory must be based solely on partial 
differential equations and their singularity-free solutions. 

, .  THE T ~ O R Y  OF ~ L A T I V ~ T Y .  

There is no inductive method which could lead to the 
fundamental concepts of physics. Failure to understand this 
fact constituted the basic philosophical error of so many in- 
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vestigators of the nineteenth century. I t  was probably the 
reason why the molecular theory, and Maxwell's theory were 
able to establish themselves only at a relatively late date. 
Logical thinking is necessarily deductive;  it is based upon 
hypothetical  concepts and axioms. How can we hope to 
choose the lat ter  in such a manner  as to justify us in expecting 
success as a consequence? 

The most  satisfactory situation is evidently to be found in 
cases where the new fundamental  hypotheses are suggested by 
the world of experience itself. The hypothesis of the non- 
existence of perpetual motion as a basis for thermodynamics  
affords such an example of a fundamental  hypothesis sug- 
gested by experience; the same thing holds for the principle of 
inertia of Gallileo. In the same category, moreover, we find 
the fundamental  hypotheses of the theory of relativity, which 
theory has led to an unexpected expansion and broadening of 
the field theory, and to the superceding of the foundations of 
classical mechanics. 

The  successes of the Maxwell-Lorentz theory have given 
great  confidence in the validity of the electromagnetic equa- 
tions for e mp ty  space and hence, in particular, to the state- 
ment  tha t  light travels " in space " with a certain constant  
speed c. Is this law of the invariability of light velocity in 
relation to any desired inertial system valid? If it were not, 
then one specific inertial system or more accurately, one 
specific state of motion (of a body of reference), would be 
distinguished from all others. In opposition to this idea, 
however, s tand all the mechanical and electromagnetic-optical 
facts of our experience. 

For these reasons it was necessary to raise to the degree of 
a principle, the validity of the law of constancy of light velocity 
for all inertial systems. From this, it follows tha t  the spacial 
co6rdinates X1, X2, X3, and the time X4, must  be transformed 
according to the " Lorentz-transformation " which is charac- 
terized by invariance of the expression 

ds 2 =dx12 +dx22 +dx3~-dx4 ~ 

(if the unit  of t ime is chosen in such a manner  tha t  the speed 
of light c = I). 

By this procedure time lost its absolute character, and was 
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included with the " spacial " co6rdinates as of algebraically 
(nearly) similar character. The absolute character  of t ime 
and particularly of s imultanei ty  were destroyed, and the four 
dimensional description became introduced as the only 
adequate  one. 

In order to account,  also, for the equivalence of all inertial 
systems with regard to all the phenomena of nature,  it is 
necessary to postulate invariance of all systems of physical 
equations which express general laws, with regard to the 
Lorentzian transformation.  The  elaboration of this require- 
ment  forms the content  of the special theory of relativity. 

This theory is compatible with the equations of Maxwell; 
but, it is incompatible with the basis of classical mechanics. 
I t  is true tha t  the equations of motion of the material point  
can be modified (and with them the expressions for m o m e n t u m  
and kinetic energy of the material point) in such a manner  as 
to satisfy the theory;  but, the concept of the force of inter- 
action, and with it the concept of potential  energy of a system, 
lose their basis, because these concepts rest upon the idea of 
absolute instantaneousness.  The field, as d e t e r m i n e d  by 
differential equations, takes the place of the force. 

Since the foregoing theory allows interaction only by fields, 
it requires a field theory of gravitation. Indeed, it is not  
difficult to formulate such a theory in which, as in Newton's  
theory, the gravitat ional  fields can be reduced to a scalar 
which is the solution of a partial differential equation. How- 
ever, the experimental facts expressed in Newton's  theory of 
gravitat ion lead in another  direction, tha t  of the general 
theory of relativity. 

Classical mechanics contains one point which is unsatis- 
factory in that ,  in the fundamentals ,  the same mass constant  
is met  twice over in two different r61es, namely as " inertial 
mass " in the law of motion, and as " gravitational mass " 
in the law of gravitation. As a result of this, the acceleration 
of a body in a pure gravitat ional  field is independent  of its 
material;  or, in a co6rdinate sys tem of uniform acceleration 
(accelerated in relation to an " inertial system ") the motions 
take place as they  would in a homogeneous gravitational field 
(in relation to a " motionless " system of co6rdinates). If 
one assumes tha t  the equivalence of these two cases is corn- 
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plete, then one attains an adaptat ion of our theoretical think- 
ing to the fact tha t  the gravitational and inertial masses are 
identical. 

From this it follows tha t  there is no longer any reason for 
favoring, as a fundamental  principle, the " inertial systems "; 
and, we must  admit  as equivalent in their own right, also 
n o n - l i n e a r  t ransformations of the co6rdinates (Xl, x~, x~, x4). 
If we make such a t ransformation of a system of co6rdinates 
of the special theory of relativity, then the metric 

ds ~ = d x l  2 + dx2 2 + d x 3  2 - dx4Z 

goes over to a general (Riemannian) metric of Bane 

ds ~=g" ,  d x .  d x ,  (Summed over ~ and ~) 

where the g,,, symmetrical  in u and v, are certain functions of 
x l . . . x 4  which describe both the metric property,  and the 
gravitational field in relation to the new system of co6rdinates. 

The foregoing improvement  in the interpretat ion of the 
mechanical basis must,  however, be paid for in t ha t - - a s  
becomes evident  on closer sc ru t iny- - the  new co6rdinates 
could no longer be interpreted, as results of measurements  by 
rigid bodies and clocks, as they could in the original system 
(an inertial system with vanishing gravitational field). 

The  passage to the general theory of relativity is realized 
by the assumption tha t  such a representation of the field 
properties of space already mentioned, by functions g,, ( that  
is to say by a Riemann metric), is also justified in the genera l  
case in which there is no system of co6rdinates in relation to 
which the metric takes the simple quasi-Euclidian form of the 
special theory of relativity. 

Now the co6rdinates, by themselves, no longer express 
metric relations, but  only the " neighborliness " of the things 
described, whose co6rdinates differ but  little from one another. 
All t ransformations of the co6rdinates have to be admit ted  so 
long as these transformations are free from singularities. 
Only such equations as are covariant in relation to arbitrary 
transformations in this sense have meaning as expressions of 
general laws of nature (postulate of general covariancy). 

The first aim of the general theory of relativity was a pre- 
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l iminary s ta tement  which, by giving up the requirement  of 
const i tut ing a closed thing in itself, could be connected in as 
simple a maianer as possible with the " facts directly ob- 
served." Newton's  gravitational theory gave an example, by 
restricting itself to the pure mechanics of gravitation. This  
prel iminary s ta tement  may  be characterized as follows: 

(I) The  concept of the material point  and of its mass is 
retained. A law of motion is given for it, this law of motion 
being the translation of the law of inertia into the language 
of the general theory of relativity. This law is a system of 
total differential equations, the system characteristic of the 
geodetic line. 

(2) In place of Newton's  law of interaction by gravitation, 
we shall find the sys tem of the simplest generally covariant 
differential equations which can be set up for the g~v-tensor. 
I t  is formed by equat ing to zero the once contracted Rieman- 
nian curvature  tensor (R~, = 0). 

This formulation permits  the t rea tment  of the problem of 
the planets. More accurately speaking, it allows the treat- 
men t  of the problem of motion of material points of practically 
negligible mass in the gravitational field produced by a ma- 
terial point  which itself is supposed to have no motion (central 
symmetry) .  I t  does not  take into account the reaction of the 
" moved " material points on the gravitational field, nor does 
it consider how the central mass produces this gravitational 
field. 

Analogy with classical mechanics shows tha t  the following 
is a way to complete the theory. One sets up as field equation 

R i ~  - ½ g i k R  = - -  T i k ,  

where R represents the scalar of Riemannian curvature,  T~k 
the energy tensor  of the mat te r  in a phenomenological repre- 
sentation. The  left side of the equation is chosen in such a 
manner  tha t  its divergence disappears identically. The re- 
sulting disappearance of the divergence of the right side 
produces the " equations of motion " of matter ,  in the form 
of partial differential equations for the case where Tik intro- 
duces, for the description of the matter ,  only f o u r  further  
functions independent  of each other  (for instance, density, 
pressure, and velocity components,  where there is between 
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the lat ter  an identity, and between pressure and density an 
equation of condition). 

By this formulation one reduces the whole mechan ic s  of 
gravitat ion to the solution of a single system of covariant 
partial differential equations. The theory avoids all internal 
discrepancies which we have charged against the basis of 
classical mechanics. It  is sufficient--as far as we know-- for  
the representation of the observed facts of celestial mechanics. 
But, it is similar to a building, one wing of which is made of 
fine marble (left part  of the equation), but  the other wing of 
which is built of low grade wood (right side of equation). The 
phenomenological representation of mat te r  is, in fact, only a 
crude subst i tute  for a representation which would correspond 
to all known properties of matter .  

There is no difficulty in connecting Maxwell's theory of the 
electromagnetic field with the theory of the gravitational field 
so long as one restricts himself to space, free of ponderable 
mat te r  and free of electric density. All tha t  is necessary is to 
pu t  on the right hand side of the above equation for Tik, the 
energy tensor of the electromagnetic field in empty  space and 
to associate with the so modified system of equations the 
Maxwell field equation for empty  space, writ ten in general 
covariant form. Under  these conditions there will exist, 
between all these equations, a sufficient number  of the dif- 
ferential identities to guarantee their consistency. We may 
add tha t  this necessary formal proper ty  of the total system of 
equations leaves arbitrary the choice of the sign of the member  
Tik, a fact which was later shown to be important .  

The desire to have, for the foundations of the theory, the 
greatest possible uni ty  has resulted in several a t tempts  to 
include the gravitational field and the electromagnetic field in 
one formal but  homogeneous picture. Here we must  mention 
particularly the five-dimensional theory of Kaluza and 
Klein. Having considered this possibility very carefully I 
feel tha t  it is more desirable to accept the lack of internal 
uniformity of the original theory, because I do not consider 
tha t  the total i ty of the hypothetical  basis of the five-dimen- 
sional theory contains less of an arbi trary nature than does 
the original theory. The same s ta tement  may be made for 
the projective variety of the theory, which has been elaborated 
with great care, in particular, by v. Dantzig and by Pauli. 
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The foregoingYconsiderat ions 'concern,  exclusively, the 
theory of the field, free of matter .  How are we to proceed 
from this point  in order to obtain a complete theory of atomi- 
cally constructed matter?  In such a theory, singularities must  
certainly be excluded, since without  such exclusion the dif- 
ferential equations do not  completely determine the total 
field. Here, in the field theory of general relativity, we meet  
the same problem of a theoretical field-representation of 
mat te r  as was met  originally in connection with the pure 
Maxwell theory. 

Here again the a t t emp t  to construct  particles out  of the 
field theory, leads apparent ly  to singularities. Here also the 
endeavor has been made to overcome this defect by the intro- 
duction of new field variables and by elaborating and extend- 
ing the system of field equations. Recently, however, I dis- 
covered, in collaboration with Dr. Rosen, tha t  the above 
mentioned simplest combination of the field equations of 
gravitat ion and electricity produces centrally symmetrical  
solutions which can be represented as free of singularity (the 
well known centrally symmetrical  solutions of Schwarzschild 
for the pure gravitat ional  field, and those of Reissner for the 
electric field with consideration of its gravitational action). 
\Ve shall refer to this shortly in the paragraph next but  one. 
In this way it seems possible to get for mat te r  and its inter- 
actions a pure field theory free of additional hypotheses,  one 
moreover whose test  by submission to facts of experience does 
not  result in difficulties other than purely mathematical  ones, 
which difficulties, however, are very serious. 

§ 5. QUANTUM THEORY AND THE FUNDAMENTALS OF PHYSICS. 

The theoretical physicists of our generation are expecting 
the erection of a new theoretical basis for physics which would 
make use of fundamental  concepts greatly different from those 
of the field theory considered up to now. The reason is tha t  
it has been found necessary to use--for  the mathematical  
representation of the so-called quan tum phenomena- -new 
sorts of methods  of consideration. 

While the failure of classical mechanics, as revealed by the 
theory of relativity, is connected with the finite speed of light 
(its avoidance of being oo), it was discovered at  the beginning 
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of our century that  there were other kinds of inconsistencies 
between deductions from mechanics and experimental facts, 
which inconsistencies are connected with the finite magnitude 
(the avoidance of being zero) of Planck's constant h. In par- 
ticular, while molecular mechanics requires that  both, heat 
content and (monochromatic) radiation density, of solid 
bodies should decrease in proportion to the decreasing absolute 
temperature, experience has shown that  they decrease much 
more rapidly than the absolute temperature. For a theo- 
retical explanation of this behavior it was necessary to assume 
that  the energy of a mechanical system cannot assume any 
sort of value, but only certain discrete values whose mathe- 
matical expressions were always dependent upon Planck's 
constant h. Moreover, this conception was essential for the 
theory of the atom (Bohr's theory). For the transitions of 
these states into one another , - -with or without emission or 
absorption of radiation,--no causal laws could be given, but 
only statistical ones; and, a similar conclusion holds for the 
radioactive decomposition of atoms, which decomposition was 
carefully investigated about the same time. For more than 
two decades physicists tried vainly to find a uniform inter- 
pretation of this " quantum character " of systems and 
phenomena. Such an a t tempt  was successful about ten years 
ago, through the agency of two entirely different theoretical 
methods of attack. We owe one of these to Heisenberg and 
Dirac, and the other to de Broglie and Schr6dinger. The 
mathematical equivalence of the two methods was soon recog- 
nized by Schr6dinger. I shall t ry  here to sketch the line of 
thought of de Broglie and Schr6dinger, which lies closer to the 
physicist's method of thinking, and shall accompany the 
description with certain general considerations. 

The question is first: How can one assign a discrete suc- 
cession of energy value H, to a system specified in the sense 
of classical mechanics (the energy function is a given function 
of the co6rdinates q~ and the corresponding momenta p,)? 
Planck's constant h relates the frequency H,/h to the energy 
values H,. It is therefore sufficient to give to the system a 
succession of discrete frequency values. This reminds us of 
the fact that  in acoustics, a series of discrete frequency values 
is co6rdinated to a linear partial differential equation (if 
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boundary  values are given) namely the sinusoidal periodic 
solutions. In corresponding manner,  Schr6dinger set himself 
the task of co6rdinating a partial differential equation for a 
scalar function ~b to the given energy function ~(qr, Pr), where 
the q~ and the t ime t are independent  variables. In this he 
succeeded (for a complex function $) in such a manner  tha t  
the theoretical values of the energy Ho, as required by the 
statistical theory, actually resulted in a satisfactory manner  
from the periodic solution of the equation. 

To  be sure, it did not  happen to be possible to associate a 
definite movement ,  in the sense of mechanics of material 
points, with a definite solution ¢(qr, t) of the Schr6dinger 
equation. This means tha t  the ~ function does not  deter- 
mine, at  any rate exactly, the story of the qr as functions of the 
t ime t. According to Born, however, an interpretat ion of the 
physical meaning of the ~ functions was shown to be possible 
in the following manner :  S f  (the square of the absolute value 
of the complex function ~) is the probabili ty densi ty at  the 
point  under  consideration in the configuration-space of the 
qr, a t  the t ime t. I t  is therefore possible to characterize the 
content  of the Schr6dinger equation in a manner,  easy to be 
understood, but  not  quite accurate, as follows: it determines 
how the probabili ty densi ty of a statistical ensemble of systems 
varies in the configuration-space with the time. Briefly: the 
Schr6dinger equation determines the alteration of the function 
~b of the qr with the time. 

I t  must  be mentioned tha t  the result of this theory con- 
ta ins--as  limiting va lues- - the  result of the particle mechanics 
if the wave-length encountered during the solution of the 
Schr6dinger problem is everywhere so small tha t  the potential  
energy varies by a practically infinitely small amount  for a 
change of one wave-length in the configuration-space. Under  
these conditions the following can in fact be shown : We choose 
a region Go in the configuration-space which, al though large 
(in every dimension) in relation to the wave length, is small 
in relation to the practical dimensions of the configuration- 
space. Under  these conditions it is possible to choose a 
function of ~ for an initial t ime to in such a manner  tha t  it 
vanishes outside of the region Go, and behaves, according to the 
Schr6dinger equation, in such a manner  tha t  it retains this 
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proper ty- -approximate ly  at least--also for a later time, but  
with the region Go having passed at  tha t  t ime t into another  
region G. In this manner  one can, with a certain degree of 
approximation, speak of the motion of the region G as a whole, 
and one can approximate this motion by the motion of a 
point  in the configuration-space. This motion then coincides 
with the motion which is required by the equations of classical 
mechanics. 

Experiments  on interference made with particle rays have 
given a brilliant proof tha t  the wave character of phenomena 
of motion as assumed by the theory does, really, correspond 
to the facts. In addition to this, the theory succeeded, easily, 
in demonstra t ing the statistical laws of the transition of a 
system from one quan tum condition to another  under the 
action of external forces, which, from the s tandpoint  of 
classical mechanics, appears as a miracle. The external 
forces were here represented by small additions of the poten- 
tial energy as functions of the time. Now, while in classical 
mechanics, such additions can produce only correspondingly 
small alterations of the system, in the quan tum mechanics 
they produce alterations of any magni tude however large, but  
with correspondingly small probability, a consequence in 
perfect harmony with experience. Even an understanding of 
the laws of radioactive decomposition, at least in their broad 
lines, was provided by the theory. 

Probably never before has a theory been evolved which 
has given a key to the interpretat ion and calculation of such 
a heterogeneous group of phenomena of experience as has 
the quan tum theory. In spite of this, however, I believe 
that  the theory is apt  to beguile us into error in our search for 
a uniform basis for physics, because, in my  belief, it is an 
incomplete representation of real things, al though it is the 
only one which can be built out of the fundamental  concepts 
of force and material points (quantum corrections to classical 
mechanics). The incompleteness of the representation is the 
outcome of the statistical nature (incompleteness) of the laws. 
I will now justify this opinion. 

I ask first: How far does the ~ function describe a real 
condition of a mechanical system? Let us assume the ~r to 
be the periodic solutions (put in the order of increasing energy 
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values) of the  Schr6dinger  equation.  I shall leave open, for 
the  t ime being, the  question as to how far the  individual t r  
are complete descriptions of physical conditions. A sys tem is 
first in the corjdition ¢1 of lowest energy ~1. Then  during a 
finite t ime a small dis turbing force acts upon the system. At  
a later  ins tant  one obtains then from the  Schr6dinger equat ion 
a ~b function of the form 

where the Cr are (complex) constants.  If the ¢~ are " nor- 
malized," then I cll is near ly  equal to ~, [c2] etc. is small 
compared with I. One m a y  now ask: Does ¢ describe a real 
condit ion of the sys tem? If the answer is yes, then we can 
hard ly  do otherwise than  ascribe 3 to this condition a definite 
energy 8, and, in part icular,  such an energy as exceeds ~1 by 
a small a m o u n t  (in any  case 81 < 8 < 82). Such an assump- 
tion is, however,  a t  var iance with the exper iments  on electron 
impact  such as have been made  by  J. F ranck  and G. Hertz,  
if, in addi t ion to this, one accepts  Millikan's demonst ra t ion  
of the  discrete na ture  of electricity. As a m a t t e r  of fact, these 
exper iments  lead to the conclusion tha t  energy values of a 
s ta te  lying between the  q u a n t u m  values do not  exist. From 
this it follows tha t  our  function ¢ does not  in any  way  describe 
a homogeneous condit ion of the body, bu t  represents  ra ther  
a statistical description in which the  c~ represent  probabilities 
of the individual energy values. I t  seems to be clear, there- 
fore, tha t  the  Born statistical in terpre ta t ion  of the q u a n t u m  
theory  is the  only possible one. The  ¢~ function does not  in 
any  way  describe a condition which could be tha t  of a single 
sys tem;  it relates ra ther  to m a n y  systems,  to " an ensemble 
of .systems " in the  sense of statist ical  mechanics.  If, except 
for certain special cases, the ~b function furnishes only statis- 
tical da ta  concerning measurable  magnitudes,  the reason lies 
not  only in the fact t ha t  the  operation of measuring introduces 
unknown elements,  which can be grasped only statistically, 
bu t  because of the ve ry  fact tha t  the ¢ function does not, in 
a n y  sense, describe the condition of one single system. The  

Because, according to a well established consequence of the relativity 
theory, the energy of a complete system (at rest) is equal to its inertia (as a 
whole). This, however, must have a well defined value. 
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Schr6dinger equation determines the t ime variations which are 
experienced by the ensemble of systems which may exist with 
or wi thout  external action on the single system. 

Such an interpretat ion eliminates also the paradox re- 
cently demonstra ted by myself and two collaborators, and 
which relates to the following problem. 

Consider a mechanical system consti tuted of two partial 
systems A and B which have interaction with each other only 
during limited time. Let the ~ function before their inter- 
action be given. Then  the Schr6dinger equation will furnish 
the ~ function after the interaction has taken place. Let us 
now determine the physical condition of the partial sys tem A 
as completely as possible by measurements.  Then  the 
quan tum mechanics allows us to determine the ~ function of 
the partial system B from the measurements  made, and from 
the ~ function of the total system. This determination,  
however, gives a result which depends upon w h i c h  of the deter- 
mining magnitudes specifying the condition of A has been 
measured (for instance co6rdinates or momenta) .  Since 
there can be only one physical condition of B after the inter- 
action and which can reasonably not  be considered as de- 
pendent  on the particular measurement  we perform on the 
system A separated from B it may  be concluded tha t  the 
function is not unambiguously co6rdinated with the physical 
condition. This co6rdination of several ~ functions with the 
same physical condition of system B shows again tha t  the 
function cannot  be interpreted as a (complete) description of 
a physical condition of a unit  system. Here also the co6r- 
dination of the ~ function to an ensemble of systems elim- 
inates every difficulty. 4 

The fact tha t  quan tum mechanics affords, in such a simple 
manner,  s ta tements  concerning (apparently) discontinuous 
transitions from one total condition to another  wi thout  actu- 
ally giving a representation of the specific process, this fact is 
connected with another,  namely the fact tha t  the theory, in 
reality, does not  operate with the single system, but  with a 
total i ty  of systems. The  coefficients c, of our first example 

* The operation of measuring A, for example, thus  involves a t ransl t ion to a 
narrower ensemble of systems. The lat ter  (hence also i ts ~ function) depends 
upon the point of view according to which this  narrowing of the  en. semble of 
systems is made. 
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are really altered very little under the action of the external 
force. With this interpretation of quantum mechanics one 
can understand why this theory can easily account for the 
fact that  weak disturbing forces are able to produce alterations 
of any magnitude in the physical condition of a system. Such 
disturbing forces produce, indeed, only correspondingly small 
alterations of the statistical density in the ensemble of systems, 
and hence only infinitely weak alterations of the ~b functions, 
the mathematical  description of which offers far less difficulty 
than would be involved in the mathematical representation 
of finite alterations experienced by part of the single systems. 
What  happens to the single system remains, it is true, entirely 
unclarified by this mode of consideration; this enigmatic hap- 
pening is entirely eliminated from the representation by the 
statistical manner of Consideration. 

But now I ask: Is there really any physicist who believes 
that  we shall never get any inside view of these important 
alterations in the single systems, in their structure and their 
causal connections, and this regardless of the fact that  these 
single happenings have been brought so close to us, thanks to 
the marvelous inventions of the Wilson chamber and the 
Geiger counter? To believe this is logically possible without 
contradiction; but, it is so very contrary to my scientific 
instinct that  I cannot forego the search for a more complete 
conception. 

To these considerations we should add those of another 
kind which also voice their plea against the idea that  the 
methods introduced by quantum mechanics are likely to give 
a useful basis for the whole of physics. In the Schr6dinger 
equation, absolute time, and also the potential energy, play 
a decisive rSle, while these two concepts have been recognized 
by the theory of relativity as inadmissable in principle. If 
one wishes to escape from this difficulty he must found the 
theory upon field and field laws instead of upon forces of 
interaction. This leads us to transpose the statistical methods 
of quantum mechanics to fields, that  is to systems of infinitely 
many degrees of freedom. Although the at tempts so far 
made are restricted to linear equations, which, as we know 
from the results of the general theory of relativity, are insuf- 
ficient, the  complications met up to now by the very ingenious 
at tempts are already terrifying. They certainly will rise 



378 AT~BERT EIXSTEIN. [J. F. I. 

sky high if one wishes to obey the requirements of the general 
theory of relativity, the justification of which in principle 
nobody doubts. 

To be sure, it has been pointed out  tha t  the introduction 
of a space-time cont inuum may  be considered as contrary to 
nature in view of the molecular s t ructure of everything which 
happens on a small scale. I t  is maintained tha t  perhaps the 
success of the Heisenberg method points to a purely alge- 
braical method of description of nature,  tha t  is to the elimina- 
tion of continuous functions from physics. Then,  however, 
we must  also give up, by principle, the space-time cont inuum. 
It is not  unimaginable tha t  human ingenuity will some day 
find methods which will make it possible to proceed along such 
a path.  At the present time, however, such a program looks 
like an a t t empt  to breathe in empty  space. 

There is no doubt  tha t  quan tum mechanics has seized hold 
of a beautiful element of t ruth,  and tha t  it will be a test  stone 
for any future theoretical basis, in tha t  it mus t  be deducible 
as a limiting case from tha t  basis, just  as electrostatics is 
deducible from the Maxwell equations of the electromagnetic 
field or as thermodynamics  is deducible from classical me- 
chanics. However, I do not  believe tha t  quan tum mechanics 
will be the starting point in the search for this basis, just  as, 
vice versa, one could not  go from thermodynamics  (resp. 
statistical mechanics) to the foundations of mechanics. 

In view of this situation, it seems to be entirely justifiable 
seriously to consider the question as to whether  the basis of 
field physics cannot  by any means be pu t  into harmony with 
the facts of the quan tum theory. Is this not  the only basis 
which, consistently with today's  possibility of mathematical  
expression, can be adapted to the requirements of the general 
theory of relativity? The belief, prevailing among the 
physicists of today, that  such an a t t empt  would be hopeless, 
may  have its root in the unjustifiable idea tha t  such a theory 
should lead, as a first approximation,  to the equations of 
classical mechanics for the motion of corpuscles, or at least 
to total differential equations. As a mat te r  of fact up to now 
we have never succeeded in representing corpuscles theoreti- 
cally by fields free of singularities, and we can, a priori, say 
nothing about  the behavior of such entities. One thing, 
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however, is certain : if a field theory results in a representation 
of corpuscles free of singularities, then the behavior of these 
corpuscles with t ime is determined solely by the differential 
equations of the field. 

§ 6. RELATIVITY THEORY AND CORPUSCLES. 

I shall now show that ,  according to the general theory of 
relativity, there exist singularity-free solutions of field equa- 
tions which can be interpreted as representing corpuscles. I 
restrict myself here to neutral  particles because, in another  
recent publication in collaboration with Dr. Rosen, I have 
treated this question in a detailed manner,  and because the 
essentials of the problem can be completely shown by this case. 

The  gravitational field is entirely described by the tensor 
g,~. In the three-index symbols r j ,  there appear also the 
contravariants  g" which are defined as the minors of the g,~ 
divided by the de terminant  g(-- [g~ [). In order tha t  the R~k 
shall be defined and finite, it is not  sufficient tha t  there shall 
be, for the envi ronment  of every par t  of the cont inuum, a 
system of co6rdinates in which the g,, and their first differ- 
ential quotients  are continuous and differentiable, but  it is 
also necessary tha t  the de te rminant  g shall nowhere vanish. 
This last restriction is, however, eliminated if one replaces the 
differential equations Rik = o by g2R~k = o, the left hand sides 
of which are whole rational functions of the g;k and of their 
derivatives. 

These equations have the centrally symmetrical  solutions 
indicated by Schwarzschild 

ds 2 -  i_Im/rdr2 - r2(dO2 + sin2Od~2) + ( i  2m)dt2 .  

This solution has a singularity at  r = 2m, since the coefficient 
of dr 2 (i.e. g11), becomes infinite on this hypersurface. If, 
however, we replace the variable r by o defined by the equation 

p~ = r - -  2 m  

we obtain 

ds 2 = - 4(2m + p2)do2 - (2m + p2)2(d02 + sin20d92) 
p2 

+ 2m + p ~dt2" 
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This solution behaves  regularly for all values of p. The 
vanishing of the coefficient of d t  ~ i.e. (g44) for p = o results, it is 
true, in the consequence tha t  the de te rminant  g vanishes for 
this value ; but,  with the methods  of writ ing the field equat ions  
actual ly  adopted,  this does not  const i tu te  a singularity.  

If p extends from - ~ to + ~ ,  then r runs from + oo to 
r = 2m and then back to + ~ ,  while for such values of r as 
correspond to r < 2m there are no corresponding real values 
of p. Hence  the Schwarzschild solution becomes a regular 
solution b y  representat ion of the physical  space as consisting 
of two identical " shells " neighboring upon the hypersurface 
o = o, tha t  i s  r = 2m, while for this hypersurface the de- 
te rminant  g vanishes. Let  us call such a connection between 
the two (identical) shells a " bridge."  Hence  the existence of 
such a bridge between the two shells in the finite realm corre- 
sponds to the existence of a material  neutral  particle which is 
described in a manner  free from singularities. 

The  solution of the problem of the motion of neutral  
particles evident ly  amounts  to the discovery of such solutions 
of the gravi tat ional  equat ions (writ ten free of denominators) ,  
as contain several bridges. 

The  conception sketched above corresponds, a priori, to 
the a tomist ic  s t ruc ture  of ma t t e r  insofar as the " bridge " 
is by  its na ture  a discrete element.  Moreover ,  we see tha t  the 
mass cons tant  rn of the neutral  particles must  necessarily be 
positive, since no solution free of singularities can correspond 
to the Schwarzschild solution for a negat ive value of m. 0 n l y  
the examinat ion of the several-bridge-problem, can show 
whether  or not  this theoretical  method  furnishes an explana- 
tion of the empirically demons t ra ted  equal i ty  of the masses of 
the particles found in nature,  and whether  it takes  into 
account  the facts which the q u a n t u m  mechanics has so 
wonderful ly  comprehended.  

In an analogous manner,  it is possible to demons t ra te  tha t  
the  combined equat ions  of gravi ta t ion and electrici ty (with 
appropr ia te  choice of the sign of the electrical member  in the 
gravi tat ional  equations) produces a singularity-free bridge- 
representat ion of the electric corpuscle. The  simplest  solu- 
tion of this kind is tha t  for an electrical particle wi thout  
gravi tat ional  mass. 
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So long as the important  mathematical  difficulties con- 
cerned with the solution .of the several-bridge-problem, are not 
overcome, nothing can be said concerning the usefulness of the 
theory from the physicist's point of view. However, it 
constitutes, as a matter, of fact, the first a t tempt  towards the 
consistent elaboration of a field theory which presents a 
possibility of explaining the properties of matter.  In favor of 
this a t tempt  one should also add that  it is based on the 
simplest possible relativistic field equations known today. 

SDMMARY. 

Physics constitutes a logical system of thought which is in 
a state of evolution, and whose basis cannot be obtained 
through distillation by any inductive method from the ex- 
periences lived through, but which can only be attained by 
free invention. The justification (truth content) of the sys- 
tem rests in the proof of usefulness of the resulting theorems on 
the basis of sense experiences, where the relations of the latter 
to the former can only be comprehended intuitively. Evolu- 
tion is going on in the direction of increasing simplicity of the 
logical basis. In order further to approach this goal, we must 
make up our mind to accept the fact thht the logical basis 
departs more and more from the facts of experience, and that  
the path of our thought from the fundamental basis to these 
resulting theorems, which correlate with sense experiences, 
becomes continually harder and longer. 

Our aim has been to sketch, as briefly as possible, the de- 
velopment of the fundamental concepts in their dependence 
upon the facts of experience and upon the strife towards the 
goal of internal perfection of the system. Today's  state of 
affairs had to be illuminated by these considerations, as they 
appear to me. (It is unavoidable that  historic schematic 
representation is of a personal color.) 

I t ry  to demonstrate how the concepts of bodily objects, 
space, subjective and objective time, are connected with one 
another and with the nature of the experience. In classical 
mechanics the concepts of space and time become independent. 
The concept of the bodily object is replaced in the foundations 
by the concept of the material point, by which means me- 
chanics becomes fundamentally atomistic. Light and elec- 
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tricity produce insurmountable difficulties when one a t t empts  
to make mechanics the basis of all physics. We are thus led 
to the field theory of electricity, and, later on to the a t t empt  to 
base physics entirely upon the concept of the field (after an 
a t t empted  compromise with classical, mechanics). This at- 
t empt  leads to the theory of relativity (evolution of the notion 
of space and time into tha t  of the cont inuum with metric 
structure).  

I try to demonstrate,  furthermore, why in my  opinion 
the qua n tum theory does not  seem likely to be able to pro- 
duce a usable foundation for physics: one becomes involved 
in contradictions if one tries to consider the theoretical quan- 
tum description as a complete description of the individual 
physical system or happening. 

On the other hand, up to the present time, the field theory 
is unable to give an explanation of the molecular s tructure of 
mat te r  and of quan tum phenomena.  I t  is shown, however, 
tha t  the conviction to the effect tha t  the field theory is unable 
to give, by its methods,  a solution of these problems rests upon 
prejudice. 
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