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can be brought within the domain of our experience; all events
of a more complex order are beyond the power of the human
intellect to reconstruct with the subtle accuracy and logical
perfection which the theoretical physicist demands. Supreme
purity, clarity, and certainty at the cost of completeness. But
what can be the attraction of getting to know such a tiny sec-
tion of nature thoroughly, while one leaves everything subtler
and more complex shyly and timidly alone? Does the product
of such a modest effort deserve to be called by the proud name
of a theory of the universe?

In my belief the name is justified; for the general laws on
which the structure of theoretical physics is based claim to be
valid for any natural phenomenon whatsoever. With them, it
ought to be possible to arrive at the description, that is to say,
the theory, of every natural process, including life, by means
of pure deduction, if that process of deduction were not far
beyond the capacity of the human intellect. The physicist’s
renunciation of completeness for his cosmos is therefore not
a matter of fundamental principle.

The supreme task of the physicist is to arrive at those uni-
versal elementary laws from which the cosmos can be built up
by pure deduction. There is no logical path to these laws; only
intuition, resting on sympathetic understanding of experience,
can reach them. In this methodological uncertainty, one might
suppose that there were any number of possible systems of
theoretical physics all equally well justified; and this opinion
is no doubt correct, theoretically. But the development of
physics has shown that at any given moment, out of all con-
ceivable constructions, a single one has always proved itself
decidedly superior to all the rest. Nobody who has really gone
deeply into the matter will deny that in practice the world of
phenomena uniquely determines the theoretical system, in spite
of the fact that there is no logical bridge between phenomena
and their theoretical principles; this is what Leibnitz described
so happily as a “pre-established harmony.” Physicists often
accuse epistemologists of not paying sufficient attention to this
fact. Here, it seems to me, lie the roots of the controversy car-
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ried on some years ago betweéen Mach and Planck.

The longing to behold this pre-established harmony is the
source of the inexhaustible patience and perseverance with
which Planck has devoted himself, as we see, to the most general
problems of our science, refusing to let himself be diverted to
more grateful and more easily attained ends. I have often
heard colleagues try to attribute this attitude of his to extra-
ordinary will-power and discipline—wrongly, in my opinion.
The state of mind which enables a man to do work of this kind
is akin to that of the religious worshiper or the lover; the daily
effort comes from no deliberate intention or program, but
straight from the heart. There he sits, our beloved Planck,
and smiles inside himself at my childish playing-about with
the lantern of Diogenes. Our affection for him needs no thread-
bare explanation. May the love of science continue to illumine
his path in the future and lead him to the solution of the most
important problem in present-day physics, which he has himself
posed and done so much to solve. May he succeed in uniting
quantum theory with electrodynamics and mechanics in a single
logical system.

WHAT IS THE THEORY OF RELATIVITY?

Written at the request of The London Times. Published
November 28, 1919.

I gladly accede to the request of your colleague to write
something for The Times on relativity. After the lamentable
breakdown of the old active intercourse between men of learn-
ing, I welcome this opportunity of expressing my feelings of
joy and gratitude toward the astronomers and physicists of
England. It is thoroughly in keeping with the great and proud
traditions of scientific work in your country that eminent
scientists should have spent much time and trouble, and your
scientific institutions have spared no expense, to test the im-
plications of a theory which was perfected and published dur-
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ing the war in the land of your enemies. Even though the in-
vestigation of the influence of the gravitational field of the
sun on light rays is a purely objective matter, I cannot forbear
to express my personal thanks to my English colleagues for
their work; for without it I could hardly have lived to see the
most important implication of my theory tested.

We can distinguish various kinds of theories in physics. Most
of them are constructive. They attempt to build up a picture
of the more complex phenomena out of the materials of a rela-
tively simple formal scheme from which they start out. Thus
the kinetic theory of gases seeks to reduce mechanical, thermal,
and diffusional processes to movements of molecules—i.e., to
build them up out of the hypothesis of molecular motion. When
we say that we have succeeded in understanding a group of natu-
1al processes, we invariably mean that a constructive theory has
been found which covers the processes in question.

Along with this most important class of theories there exists
a second, which I will cal “principle-theories.” These employ
the analytic, not the synthetic, method. The elements which
form their basis and starting-point are not hypothetically con-
structed but empirically discovered ones, general characteristics
of natural processes, principles that give rise to mathematically
formulated criteria which the separate processes or the theoreti-
cal representations of them have to satisfy. Thus the science of
thermodynamics seeks by analytical means to deduce necessary
conditions, which separate events have to satisfy, from the uni-
versally experienced fact that perpetual motion is impossible.

The advantages of the constructive theory are completeness,
adaptability, and clearness, those of the principle theory are
logical perfection and security of the foundations.

The theory of relativity belongs to the latter class. In order
to grasp its nature, one needs first of all to become acquainted
with the principles on which it is based. Before 1 go into these,
however, I must observe that the theory of relativity resembles
a building consisting of two separate stories, the special theory
and the general theory. The special theory, on which the gen-
eral theory rests, applies to all physical phenomena with the
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exception of gravitation; the general theory provides the law of
gravitation and its relations to the other forces of nature.

It has, of course, been known since the days of the ancient
Greeks that in order to describe the movement of a body, a sec-
ond body is needed to which the movement of the first is re-
ferred. The movement of a vehicle is considered in reference
to the earth’s surface, that of a planet to the totality of the visible
fixed stars. In physics the body to which events are spatially
referred is called the coordinate: system. The laws of the
mechanics of Galileo and Newton, for instance, can only be
formulated with the aid of a coordinate system.

The state of motion of the coordinate system may not, how-
ever, be arbitrarily chosen, if the laws of mechanics are to be
valid (it must be free from rotation and acceleration). A co-
ordinate system which is admitted in mechanics is called an
“inertial system.” The state of motion of an inertial system is
according to mechanics not one that is determined uniquely by
nature. On the contrary, the following definition holds good:
a coordinate system that is moved uniformly and in a straight
line relative to an inertial system is likewise an inertial system.
By the “special principle of relativity” is meant the generaliza-
tion of this definition to include any natural event whatever:
thus, every universal law of nature which is valid in relation to
a coordinate system C, must also be valid, as it stands, in rela-
tion to a coordinate system €', which is in uniform translatory
motion relatively to C.

‘The second principle, on which the special theory of rela-
tivity rests, is the “principle of the constant velocity of light in
vacuo.” This principle asserts that light in vacuo always has a
definite velocity of propagation (independent of the state of
motion of the observer or of the source of the light). The con-
fidence which physicists place in this principle springs from the
successes achieved by the electrodynamics of Maxwell and
Lorentz.

Both the above-mentioned principles are powerfully sup-
ported by experience, but appear not to be logically reconcila-
ble. The special theory of relativity finally succeeded in recon-
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ciling them logically by a modification of kinematics—i.e., of
the doctrine of the laws relating to space and time (from the
point of view of physics). It became clear that to speak of the
simultaneity of two events had no meaning except in relation
to a given coordinate system, and that the shape of measuring
devices and the speed at which clocks move depend on their
state of motion with respect to the coordinate system.

But the old physics, including the laws of motion of Galileo
and Newton, did not fit in with the suggested relativist kinemat-
ics. From the latter, general mathematical conditions issued,
to which natural laws had to conform, if the above-mentioned
two principles were really to apply. To these, physics had to be
adapted. In particular, scientists arrived at a new law of motion
for (rapidly moving) mass points, which was admirably con-
firmed in the case of electrically charged particles. The most
important upshot of the special theory of relativity concerned
the inert masses of corporeal systems. It turned out that the
inertia of a system necessarily depends on its energy-content,
and this led straight to the notion that inert mass is simply
latent energy. The principle of the conservation of mass lost
its independence and became fused with that of the conservation
of energy.

The special theory of relativity, which was simply a systematic
development of the electrodynamics of Maxwell and Lorentz,
pointed beyond itself, however. Should the independence of
physical laws of the state of motion of the coordinate system be
restricted to the uniform translatory motion of coordinate sys-
tems in respect to each other? What has nature to do with our
coordinate systems and their state of motion? If it is necessary
for the purpose of describing nature, to make use of a coordinate
system arbitrarily introduced by us, then the choice of its state
of motion ought to be subject to no restriction: the laws ought
to be entirely independent of this choice (general principle of
relativity).

The establishment of this general principle of relativity is
made easier by a fact of experience that has long been known,
namely, that the weight and the inertia of a body are controlled
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by the same constant (equality of inertial and gravitational
mass). Imagine a coordinate system which is rotating uniformly
with respect to an inertial system in the Newtonian manner.
The centrifugal forces which manifest themselves in relation
to this system must, according to Newton’s teaching, be regarded
as effects of inertia. But these centrifugal forces are, exactly like
the forces of gravity, proportional to the masses of the bodies.
Ought it not to be possible in this case to regard the coordinate
system as stationary and the centrifugal forces as gravitational
forces? This seems the obvious view, but classical mechanics
forbid it.

This hasty consideration suggests that a general theory of
relativity must supply the laws of gravitation, and the con-
sistent following up of the idea has justified our hopes.

But the path was thornier than one might suppose, because
it demanded the abandonment of Euclidean geometry. This is
to say, the laws according to which solid bodies may be arranged
in space do not completely accord with the spatial laws attrib-
uted to bodies by Euclidean geometry. This is what we mean
when we talk of the “curvature of space.” The fundamental
concepts of the “straight line,” the “plane,” etc., thereby lose
their precise significance in physics,

In the general theory of relativity the doctrine of space and
time, or kinematics, no longer figures as a fundamental inde-
pendent of the rest of physics. The geometrical behavior of
bodies and the motion of clocks rather depend on gravitational
fields, which in their turn are produced by matter.

The new theory of gravitation diverges considerably, as re-
gards principles, from Newton's theory. But its practical results
agree so nearly with those of Newton’s theory that it is difficult
to find criteria for distinguishing them which are accessible to
experience. Such have been discovered so far:

1. In the revolution of the ellipses of the planetary orbits
round the sun (confirmed in the case of Mercury).

2. In the curving of light rays by the action of gravitational
fields (confirmed by the English photographs of eclipses).

4
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3. In a displacement of the spectral lines toward the red end
of the spectrum in the case of light transmitted to us from
stars of considerable magnitude (unconfirmed so far).*

The chief attraction of the theory lies in its logical complete-
ness. If a single one of the conclusions drawn from it proves
wrong, it must be given up; to modify it without destroying
the whole structure seems to be impossible.

Let no one suppose, however, that the mighty work of New-
ton can really be superseded by this or any other theory. His
great and lucid ideas will retain their unique significance for
all time as the foundation of our whole modern conceptual
structure in the sphere of natural philosophy.

Note: Some of the statements in your paper concerning my
life and person owe their origin to the lively imagination of
the writer. Here is yet another application of the principle of
relativity for the delectation of the reader: today I am described
in Germany as a “German savant,” and in England as a “Swiss
Jew.” Should it ever be my fate to be represented as a béte
noire, I should, on the contrary, become a “Swiss Jew” for the
Germans and a “German savant” for the English.

GEOMETRY AND EXPERIENCE

Lecture before the Prussian A cademy of Sciences, January
27, 1921. The last part appeared first in a reprint by
Springer, Berlin, 192].

One reason why mathematics enjoys special esteem, above all
other sciences, is that its propositions are absolutely certain
and indisputable, while those of all other sclences are to some
extent debatable and in constant danger of being overthrown
by newly discovered facts. In spite of this, the investigator in

* This criterion has since been confirmed,
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another department of science would not need to envy the
mathematician if the propositions of mathematics referred to
objects of our mere imagination, and not to objects of Teality.
For it cannot occasion surprise that different persons should
arrive at the same logical conclusions when they have already
agreed upon the fundamental propositions (axioms), as well as
the methods by which other propositions are to be deduced
therefrom. But there is another reason for the high repute of
mathematics, in that it is mathematics which affords the exact
natural sciences a certain measure of certainty, to which with-
out mathematics they could not attain.

At this point an enigma presents 1itself which in all ages has
agitated inquiring minds. How can it be that mathematics, be-
ing after all a product of human thought which is independent
of experience, is so admirably appropriate to the objects of
reality? Is human reason, then, without experience, merely by
taking thought, able to fathom the properties of real things?

In my opinion the answer to this question is, briefly, this: as
far as the propositions of mathematics refer to reality, they are
not certain; and as far as they are certain, they do not refer to
reality. It seems to me that complete clarity as to this state of
things became common property only through that trend in
mathematics which is known by the name of “axiomatics.” The
progress achieved by axiomatics consists in its having neatly
separated the logical-formal from its objective or intuitive con-
tent; according to axiomatics the logical-formal alone forms the
subject matter of mathematics, which is not concerned with
the intuitive or other content associated with the logical-formal.

Let us for a moment consider from this point of view any
axiom of geometry, for instance, the following: through two
points in space there-always passes one and only one straight
line. How is this axiom to be interpreted in the older sense
and in the more modern sense?

The older interpretation: everyone knows what a straight line
1s, and what a point is. Whether this knowledge springs from
an ability of the human mind or from experience, from some
cooperation of the two or from some other source, is not for the

5
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an analogous manner. My only aim today has been to show
that the human faculty of visualization is by no means bound
to capitulate to non-Euclidean geometry.

ON THE THEORY OF RELATIVITY

Lecture at King’s College, London, 192]. Published in
Mein Weltbild, Amsterdam: Querido Verlag, 1934.

It is a particular pleasure to me to have the privilege of speak-
ing in the capital of the country from which the most important
fundamental notions of theoretical physics have issued. I am
thinking of the theory of mass motion and gravitation which
Newton gave us and the concept of the electromagnetic field, by
means of which Faraday and Maxwell put physics on a new
basis. The theory of relativity may indeed be said to have put
a sort of finishing touch to the mighty intellectual edifice of
Maxwell and Lorentz, inasmuch as it seeks to extend field
physics to all phenomena, gravitation included.

Turning to the theory of relativity itself, I am anxious to
draw attention to the fact that this theory is not speculative in
origin; it owes its invention entirely to the desire to make physi-
cal theory fit observed fact as well as possible. We have here no
revolutionary act but the natural continuation of a line that
can be traced through centuries. The abandonment of certain

notions connected with space, time, and motion hitherto treated

as fundamentals must not be regarded as arbitrary, but only as
conditioned by observed facts.

The law of the constant velocity of light in empty space,
which has been confirmed by the development of electro-
dynamics and optics, and the equal legitimacy of all inertial Sys-
tems (special principle of relativity), which was proved in a par-
ticularly incisive manner by Michelson’s famous experiment,
between them made it necessary, to begin with, that the concept
of time should be made relative, each inertial system being
given its own special time. As this notion was developed, it
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became clear that the connection between immediate experi-
ence on one side and coordinates and time on the other had
hitherto not been thought out with sufficient precision. It is
in general one of the essential features of the theory of relativity
that it is at pains to work out the relations between general
concepts and empirical facts more precisely. The fundamental
principle here is that the justification for a physical concept lies
exclusively in its clear and unambiguous relation to facts that
can be experienced. According to the special theory of rela-
tivity, spatial coordinates and time still have an absolute char-
acter in so far as they are directly measurable by stationary
clocks and bodies. But they are relative in so far as they depend
on the state of motion of the selected inertial system. Accord-
ing to the special theory of relativity the four-dimensional con-
tinuum formed by the union of space and time (Minkowski)
retains the absolute character which, according to the earlier
theory, belonged to both space and time separately. The influ-
ence of motion (relative to the coordinate system) on the form
of bodies and on the motion of clocks, also the equivalence of
energy and inert mass, follow from the interpretation of coordi-
nates and time as products of measurement.

The general theory of relativity owes its existence in the first
place to the empirical fact of the numerical equality of the
inertial and gravitational mass of bodies, for which fundamental
fact classical mechanics provided no interpretation. Such an
interpretation is arrived at by an extension of the principle of
relativity to coordinate systems accelerated relatively to one an-
other. The introduction of coordinate systems accelerated rela-
tively to inertial systems involves the appearance of gravitational
fields relative to the latter. As a result of this, the general theory
of relativity, which is based on the equality of inertia and
weight, provides a theory of the gravitational field.

The introduction of coordinate systems accelerated relatively
to each other as equally legitimate systems, such as they appear
conditioned by the identity of inertia and weight, leads, in con-
junction with the results of the special theory of relativity, to
the conclusion that the laws governing the arrangement of solid
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bodies in space, when gravitational fields are present, do not
correspond to the laws of Euclidean geometry. An analogous
result follows for the motion of clocks. This brings us to the
necessity for yet another generalization of the theory of space
and time, because the direct interpretation of spatial and tem-
poral coordinates by means of measurements obtainable with
measuring rods and clocks now breaks down. That generaliza-
tion of metric, which had already been accomplished in the
sphere of pure mathematics through the researches of Gauss and
Riemann, is essentially based on the fact that the metric of the
special theory of relativity can still claim validity for small
regions in the general case as well.

“The process of development here sketched strips the space-
time coordinates of all independent reality. The metrically real
is now only given through the combination of the space-time co-
ordinates with the mathematical quantities which describe the
gravitational field.

There is yet another factor underlying the evolution of the
general theory of relativity. As Ernst Mach insistently pointed
out, the Newtonian theory is unsatisfactory in the following
respect: if one considers motion from the purely descriptive, not
from the causal, point of view, it only exists as relative motion
of things with respect to one another. But the acceleration
which figures in Newton's equations of motion is unintelligible
if one starts with the concept of relative motion. It compelled
Newton to invent a physical space in relation to which accelera-
tion was supposed to exist. This introduction ad hoc of the
concept of absolute space, while logically unexceptionable,
nevertheless seems unsatisfactory. Hence Mach’s attempt to
alter the mechanical equations in such a way that the inertia
of bodies is traced back to relative motion on their part not as
against absolute space but as against the totality of other ponder-
able bodies. In the state of knowledge then existing, his attempt
was bound to fail.

The posing of the problem seems, however, entirely reason-
able. This line of argument imposes itself with considerably
enhanced force in relation to the general theory of relativity,
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since, according to that theory, the physical properties of space
are affected by ponderable matter. In my opinion the general
theory of relativity can solve this problem satisfactorily only if
it regards the world as spatially closed. The mathematical re-
sults of the theory force one to this view, if one believes that the
mean density of ponderable matter in the world possesses some
finite value, however small.

THE CAUSE OF THE FORMATION OF MEANDERS IN
THE COURSES OF RIVERS AND OF THE
SO-CALLED BAER’S LAW

Read before the Prussian Academy, January 7, 1926. Pub-
lished in the German periodical, Die Naturwissenschaften,
Vol. 14, 1926.

It is common knowledge that streams tend to curve in serpen-
tine shapes instead of following the line of the maximum de-
clivity of the ground. It is also well known to geographers that
the rivers of the northern hemisphere tend to erode chiefly on
the right side. The rivers of the southern hemisphere behave in
the opposite manner (Baer’s law). Many attempts have been
made to explain this phenomenon, and I am not sure whether
anything I say in the following pages will be new to the expert;
some of my considerations are certainly known. Nevertheless,
having found nobody who was thoroughly familiar with the
causal relations involved, I think it is appropriate to give a short
qualitative exposition of them.

First of all, it is clear that the erosion must be stronger the
greater the velocity of the current where it touches the bank in
question, or rather the more steeply it falls to zero at any par-
ticular point of the confining wall. This is equally true under
all circumstances, whether the erosion depends on mechanical
or on physico-chemical factors (decomposition of the ground).
We must then concentrate our attention on the circumstances
which affect the steepness of the velocity gradient at the wall.

7
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developed in its midst. For national pride is quite a petty weak-
ness which is hardly justifiable in face of a man of such inner
independence as Copernicus.

RELATIVITY AND THE PROBLEM OF SPACE

From the revised edition of Relativity, the Special and
the General Theory: A Popular Exposition. Translated
by Robert W. Lawson. London: Methuen, 1954.

It is characteristic of Newtonian physics that it has to ascribe
independent and real existence to space and time as well as to
matter, for in Newton’s law of motion the concept of accelera-
tion appears. But in this theory, acceleration can only denote
“acceleration with respect to space.” Newton’s space must thus
be thought of as “at rest,” or at least as ‘“‘unaccelerated,” in order
that one can consider the acceleration, which appears in the law
of motion, as being a magnitude with any meaning. Much the
same holds with time, which of course likewise enters into the
concept of acceleration. Newton himself and his most critical
contemporaries felt it to be disturbing that one had to ascribe
physical reality both to space itself as well as to its state of
motion; but there was at that time no other alternative, if one
wished to ascribe to mechanics a clear meaning.

It is indeed an exacting requirement to have at all to ascribe
physical reality to space, and especially to empty space. Time
and again since remotest times philosophers have resisted such
a presumption. Descartes argued somewhat on these lines:
space is identical with extension, but extension is connected
with bodies; thus there is no space without bodies and hence no
empty space. The weakness of this argument lies primarily in
what follows. It is certainly true that the concept of extension
owes its origin to our experiences of laying out or bringing into
contact solid bodies. But from this it cannot be concluded that
the concept of extension may not be justified in cases which have
not themselves given rise to the formation of this concept. Such
an enlargement of concepts can be justified indirectly by its
value for the comprehension of empirical results. The assertion
that extension is confined to bodies is therefore of itself certainly
unfounded. We shall see later, however, that the general theory
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of relativity confirms Descartes’ conception in a roundabout
way. What brought Descartes to his seemingly odd view was
certainly the feeling that, without compelling necessity, one
ought not to ascribe reality to a thing like space, which is not
capable of being “directly experienced.” *

The psychological origin of the idea of space, or of the
necessity for it, is far from being so obvious as it may appear to
be on the basis of our customary habit of thought. The old
geometers deal with conceptual objects (straight line, point,
surface), but not really with space as such, as was done later in
analytical geometry. The idea of space, however, is suggested
by certain primitive experiences. Suppose that a box has been
constructed. Objects can be arranged in a certain way inside the
box, so that it becomes full. The possibility of such arrange-
ments is a property of the material object “box,” something that
is given with the box, the “space enclosed” by the box. This is
something which is different for different boxes, something that
1s thought quite naturally as being independent of whether or
not, at any moment, there are any objects at all in the box.
When there are no objects in the box, its space appears to be
“empty.”

So far, our concept of space has been associated with the box.
It turns out, however, that the storage possibilities that make up
the box-space are independent of the thickness of the walls of
the box. Cannot this thickness be reduced to zero, without the
“space” being lost as a result? The naturalness of such a limit-
ing process is obvious, and now there remains for our thought
the space without the box, a self-evident thing, yet it appears to
be so unreal if we forget the origin of this concept. One can
understand that it was repugnant to Descartes to consider space
as independent of material objects, a thing that might exist
without matter.f (At the same time, this does not prevent him
from treating space as a fundamental concept in his analytical
geometry.) The drawing of attention to the vacuum in a mer-

® This expression is to be taken cum grano salis.

T Kant’s attempt to remove the embarrassment by denial of the objectivity of
space can, however, hardly be taken seriously. The possibilities of packing
inherent in the inside space of a box are objective in the same sense as the box
itself, and as the objects which can be packed inside it.

&
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cury barometer has certainly disarmed the last of the Cartesians.
But it is not to be denied that, even at this primitive stage,
something unsatisfactory clings to the concept of space, or to
space thought of as an independent real thing.

The ways in which bodies can be packed into space (box) are
the subject of three-dimensional Euclidean geometry, whose
axiomatic structure readily deceives us into forgetting that it
refers to realizable situations.

If now the concept of space is formed in the manner outlined
above, and following on from experience about the “filling” of
the box, then this space is primarily a bounded space. This
limitation does not appear to be essential, however, for appar-
ently a larger box can always be introduced to enclose the
smaller one. In this way space appears as something unbounded.

I. shall not consider here how the concepts of the three-
dimensional and the Euclidean nature of space can be traced
back to relatively primitive experiences. Rather, I shall con-
sider first of all from other points of view the réle of the concept
of space in the development of physical thought.

When a smaller box s is situated, relatively at rest, inside the
hollow space of a larger box §, then the hollow space of s is a
part of the hollow space of §, and the same “space,” which con-
tains both of them, belongs to each of the boxes. When s is in
motion with respect to S, however, the concept is less simple,
One is then inclined to think that s encloses always the same
space, but a variable part of the space S. It then becomes neces-
sary to apportion to each box its particular space, not thought
of as bounded, and to assume that these two spaces are in motion
with respect to each other.

Before one has become aware of this complication, space ap-
pears as an unbounded medium or container in which material
objects swim around. But it must now be remembered that
there is an infinite number of space%, which are in motion with
respect to each other. The concept of space as something exist-
ing objectively and independent of things belongs to pre-
scientific thought, but not so the idea of the existence of an
infinite number of spaces in motion: relatively to each other.
This latter idea is indeed logically unavoidable, but is far from

. periences.’
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having played a considerable réle even in scientific thought.
But what about the psychological origin of the concept of
time? This concept is undoubtedly associated with the fact of
“calling to mind,” as well as with the differentiation between
sense experiences and the recollection of these. Of itself it is
doubtful whether the differentiation between sense experience
and recollection (or a mere mental image) is something psy-
chologically directly given to us. Everyone has experienced that
he has been in doubt whether he has actually experienced some-
thing with his senses or has simply dreamed about it. Probably
the ability to discriminate between these alternatives first comes

- about as the result of an activity of the mind creating order.

- An experience is associated with a “recollection,” and it is
considered as being “earlier” in comparison with “present ex-
" This is a conceptual ordering principle for recol-
lected experiences, and the possibility of its accomplishment
gives rise to the subjective concept of time, i.e., that concept of
time which refers to the arrangement of the experiences of the
individual.

What do we mean by rendering objective the concept of
time? Let us consider an example. A person 4 (“I") has the
experience “it is lightning.” At the same time the person 4 also
experiences such a behavior of the person B as brings the be-
havior of B into relation with his own experience “it is light-
ning.” Thus it comes about that 4 associates with B the ex-
perience “it is lightning.” For the person A the idea arises that
other persons also participate in the experience “it is lightning.”
“It is lightning” is now no longer interpreted as an exclusively
personal experience, but as an experience of other persons (or
eventually only as a “potential experience”). In this way arises
the interpretation that “it is lightning,” which originally en-
tered into the consciousness as an “experience,” is now also
interpreted as an (objective) “‘event.” It is just the sum total of
all events that we mean when we speak of the “real external
world.”

We have seen that we feel ourselves impelled to ascribe a tem-
poral arrangement to our experiences, somewhat as follows. If
B is later than « and y later than B, then y is also later than a

9
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(“sequence of experiences”). Now what is the position in this
respect with the “events” which we have associated with the
experiences? At first sight it seems obvious to assume that a tem-
poral arrangement of events exists which agrees with the tem-
poral arrangement of the experiences. In general, and uncon-
sciously this was done, until skeptical doubts made themselves
felt.* In order to arrive at the idea of an objective world, an
additional constructive concept still is necessary: the event is
localized not only in time, but also in space.

In the previous paragraphs we have attempted to describe
how the concepts space, time, and event can be put psycho-
logically into relation with experiences. Considered logically,
they are free creations of the human intelligence, tools of
thought, which are to serve the purpose of bringing experiences
into relation with each other, so that in this way they can be
better surveyed. The attempt to become conscious of the em-
pirical sources of these fundamental concepts should show to
what extent we are actually bound to these concepts. In this
way we become aware of our freedom, of which, in case of
necessity, it is always a difficult matter to make sensible use.

We still have something essential to add to this sketch con-
cerning the psychological origin of the concepts space-time-event
(we will call them more briefly “space-like,” in contrast to con-
cepts from the psychological sphere). We have linked up the
concept of space with experiences using boxes and the arrange-
ment of material objects in them. Thus this formation of con-
cepts already presupposes the concept of material objects (e.g.,
“boxes”). In the same way persons, who had to be introduced
for the formation of an objective concept of time, also play the
t6le of material objects in this connection. It appears to me,
therefore, that the formation of the concept of the material
object must precede our concepts of time and space.

All these space-like concepts already belong to pre-scientific
thought, along with concepts like pain, goal, purpose, etc., from
the field of psychology. Now it is characteristic of thought in

* For example, the order of experiences in time obtained by acoustical means
can differ from the temporal order gained visually, so that one cannot simply
identify the time sequence of events with the time sequence of experiences,
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physics, as of thought in natural science generally, that it en-
deavors in principle to make do with “space-like” concepts alone,
and strives to express with their aid all relations having the form
of laws. The physicist seeks to reduce colors and tones to
vibrations; the physiologist, thought and pain to nerve processes,
in such a way that the psychical element as such is eliminated
from the causal nexus of existence, and thus nowhere occurs
as an independent link in the causal associations. It is no doubt
this attitude, which considers the comprehension of all relations
by the exclusive use of only “spacelike” concepts as being
possible in principle, that is at the present time understood by
the term “materialism” (since “‘matter” has lost its role as a
fundamental concept). . -

‘Why is it necessary to drag down from the Olympian fields of
Plato the fundamental ideas of thought in natural science, and
to attempt to reveal their earthly lineage? Answer: In order
to free these ideas from the taboo attached to them, and thus to
achieve greater freedom in the formation of ideas or concepts.
It is to the immortal credit of D. Hume and E. Mach that they,
above all others, introduced this critical conception.

Science has taken over from pre-scientific thought the con-
cepts space, time, and material object (with the important
special case “solid body”), and has modified the?n and rendered
them more precise. Its first significant accomplls_hrnen.t was the
development of Euclidean geometry, whose axiomatic for.m_u—
lation must not be allowed to blind us to its empirical origin
(the possibilities of laying out or juxtaposing solid bodies). ?n
particular, the three-dimensional nature of space as well as its
Euclidean character are of empirical origin (it can be wholly
filled by like constituted “cubes’).

The subtlety of the concept of space was enhanced by the
discovery that there exist no completely rigid bodies. All bodies
are elastically deformable and alter in volume with changf: in
temperature. The structures, whose possible configurations
are to be described by Euclidean geometry, cannot therefore
be characterized without reference to the content of physics.
But since physics after all must make use of geometry in the
establishment of its concepts, the empirical content of geometry
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can be stated and tested only in the framework of the whole of
physics.

In this connection atomistics must also be borne in mind,
and its conception of finite divisibility; for spaces of sub-atomic
extension cannot be measured up. Atomistics also compels us
to give up, in principle, the idea of sharply and statically de-
fined bounding surfaces of solid bodies. Strictly speaking, there
are no precise laws, even in the macro-region, for the possible
configurations of solid bodies touching each other.

In spite of this, no one thought of giving up the concept of
space, for it appeared indispensable in the eminently satisfactory
whole system of natural science. Mach, in the nineteenth cen-
tury, was the only one who thought seriously of an elimination
of the concept of space, in that he sought to replace it by the
notion of the totality of the instantaneous distances between all
material points. (He made this attempt in order to arrive at a
satisfactory understanding of inertia.)

THE FI1erp

In Newtonian mechanics, space and time play a dual rdle.
First, they play the part of carrier or frame for things that
happen in physics, in reference to which events are described
by the space coordinates and the time. In principle, matter is
thought of as consisting of “material points,” the motions of
which constitute physical happening. When matter is thought
of as being continuous, this is done, as it were, provisionally in
those cases where one does not wish to or cannot describe the
discrete structure. In this case small parts (elements of volume)
of the matter are treated similarly to material points, at least
in so far as we are concerned merely with motions and not with
occurrences which, at the moment, it is not possible or serves no
useful purpose to attribute to motions (e-g., temperature
changes, chemical processes). The second rdle of space and time
was that of being an “inertial system.” Inertial systems were
considered to be distinguished among all conceivable systems
of reference in that, with respect to them, the law of inertia
claimed validity.

In this, the essential thing is that “physical reality,” thought
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of as being independent of the subjects experiencing it, was
conceived as consisting, at least in principle, of space and time
on one hand, and of permanently existing material points, mov-
ing with respect to space and time, on the other. The idea of
the independent existence of space and time can be expressed
drastically in this way: if matter were to disappear, space and
time alone would remain behind (as a kind of stage for physical
happening). _

This standpoint was overcome in the course of a develop-
ment which, in the first place, appeared to have nothing to do
with the problem of space-time, namely, the appearance of the
concept of field and its final claim to replace, in principle, the
idea of a particle (material point). In the framework of classi-
cal physics, the concept of field appeared as an auxiliary concept,
in cases in which matter was treated as a continuum. For ex-
ample, in the consideration of the heat conduction in a solid
body, the state of the body is described by giving the tempera-
ture at every point of the body for every definite time. Mathe-
matically, this means that the temperature T is represented as a
mathematical expression (function) of the space coordinates and
the time ¢ (temperature field). The law of heat conduction is
represented as a local relation (differential equation), which
embraces all special cases of the conduction of heat. The tem-
perature is here a simple example of the concept of field. This
is a quantity (or a complex of quantities), which is a function
of the coordinates and the time. Another example is the descrip-
tion of the motion of a liquid. At every point there exists at
any time a velocity, which is quantitatively described by its
three “components” with respect to the axes of a coordinate
system (vector). The components of the velocity at a point (field
components), here also are functions of the coordinates (x, y, z)
and the time (z).

It is characteristic of the fields mentioned that they occur only
within a ponderable mass; they serve only to describe a state of
this matter. In accordance with the historical development of
the field concept, where no matter was available there could also
exist no field. But in the first quarter of the nineteenth century
it was shown that the phenomena of the interference and the
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