phulosophical
problems
of 20th-
century
physzggjv

oooooo













EINSTEIN

and the philosophical
problems

of 20th-century
Physics

(<]

Progress Publishers
Moscow



Translated from the Russian by Serges Syrovatkin

Designed by Serges Zaitsev

SNHITENAH U OUJIOCO®CKHUE MPOBJIEMbI ®U3UKH XX BEKA

Ha anz2auiickom a3vixe

© MsparesscTBo «Hayxay, 1979
English translation © Progress Publishers 1983
Printed in the Union of Soviet Socialist Republics

3 030120(200100428 6783



CONTENTS

Page

Preface 5

D. P. Gribanov. Einstein’s Philosophical Worldview 8
M. E. Omelyanovsky. Einstein, the Foundations of Modern

Physics and Materialist Dialectics 34

B. G. Kuznetsov. Einstein and Classical Science 61
A.D. Alexandrov. On the Philosophical Content of the Rela-

tivity Theory 102

Yu. B. Molchanov. The Concept of Simultaneity and the
Conception of T:me in the Special-Theory of Rela-

tivity 122
I. A. Akchurin, M. D. Akhundov Einstein. and the Develop-
ment of the Concept of Space 144
A. M. Mostepanenko. Complementarity of Physics and Geo-
metry (Einstein and Poincaré) 181
V. A. Fok. The Physical Principles of Einstein’s Gravitational
Theory 211
M. A. Markov. Modern Problems of the General Theory of .
Relativity 224

E.M. Chudinov. Einstein and the Problem of the Infinity of
the Universe

V.L. Ginzburg. The Heliocentric System and the General
Theory of Relativity (from Copernicus to Einstein) 254

V.S. Barashenkov. The Laws of the General Relativity Theory

and the Phenomena of the Microworld 309
V.1. Rodichev. Methodological Aspects of Unified Field

Theory 342
Yu. V. Sachkov. Problems in the Substantiation of Probabilistic

Research Methods in Physics 374
S. V. Illarionov. The Einstein-Bohr Controversy 397
K. Kh. Dclokarov. Einstein and Mach 416

E.M. Chudinov. Einstein and Bridgman’s Operationalism 435

K. Kh. Delokarov. The Theory of Relativity and Soviet Science
(A Historico-Methodological Analysis) 450






PREFACE

March 14, 1979 was the centenary of Albert Einstein,
the great physicist. The history of science knows but few
scientists who were accorded the same popularity as Ein-
stein. His fame far transcends the boundaries of physics:
he is known not only to professional scientists but also
to people whose interests are remote from science. This
popularity is largely due to the fact that Einstein’s work
played a revolutionary role in the development of physi-
cal knowledge and, moreover, touched on the most pro-
found problems of the scientific world outlook with which
all thinking persons are concerned. Einstein’s scientific
creativity made a considerable impact on the develop-
ment of 20th-century philosophical thought.

What were the factors that determined Einstein’s part
in the development of philosophical thought? The first of
these was the role played by Einstein’s special and general
relativity theories in altering the scientific picture of the
world. The picture of the world founded on these theories
is radically different from that of classical physics, en-
trenched in the age-old tradition. The time-space structure
of the universe was here explained in a new way. Thanks
to Einstein, man in the 20th century sees the world in a
different light from previous generations. The second
factor was the impact of Einstein’s scientific creativity
on the style of scientific thinking. Einstein worked out
new standards for scientific knowledge, which further
developed the Copernican tradition rejectmg anthropo-
‘morphic self-obviousness; these were standards for theories
whose truth was substantively linked up with their para-
doxical nature. The third factor here is Einstein’s delib-
erations on the fundamental philosophical problems facing
physics. Without these ideas, modern physics would be
unthinkable. On the other hand, their solution goes be-
yond physics alone, assuming a general philosophical
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significance.

The present work deals with the philosophical meaning
of Einstein’s creativity within the philosophy of the nat-
ural sciences. Accordingly, it includes papers on the philo-
sophical interpretation of the special and general theories
of relativity, analysis of the concepts of space and time,
philosophical evaluation of Einstein’s search for a uni-
fied field theory, Einstein’s views on the role of proba-
bilistic laws in quantum mechanics, and the problem of
determinism in physics.

Although Einstein’s theories have in a sense become
classic, they continue to be objects of the most divers, at
times mutually exclusive, philosophical interpretations.
This is true, in particular, of the general theory of relativ-
ity. Along with the traditional view that this theory
emerged from a generalisation on the special relativity
principle, it is also identified with the relativistic gravita-
tion theory. Einstein’s programme for creating a unified
field theory is also variously evaluated in present-day
Soviet literature. Such differences of opinion are an
attribute of developing knowledge. For this reason the
editors deemed it expedient not to restrict the book to
representing only one of the existing viewpoints, providing
the reader with an opportunity for studying various
approaches to debatable problems.

However, current in foreign literature are also philo-
sophical interpretations of Einstein’s heritage of a different
kind—those made from the positions of neopositivism,
conventionalism, and other conceptions of modemn bour-
geois philosophy. Some of these were reflected in the arti-
cles collected in Albert Einstein: Philosopher-Scientist,
which was published in the USA on the occasion of Ein-
stein’s 70th birthday and became widely known.! In his
comments on the articles published there Einstein pointed
out the inadequacy of these conceptions.2 These com-

1 Albert Einstein: Philosopher-Scientist, ed. by P. A. Schilpp,
Evanston, Illinois, 1949. See in particular papers by Philipp Frank,
Hans Reichenbach, Percy Bridgman, Kurt Gédel, and others.

2 These comments were published in the collection in ref.
1 (A. Einstein, “Reply to Criticisms. Remarks Concerning the Essays
Brought Together in This Cooperative Volume”, Op. cit,
Pp. 663-688).



ments elucidate some very important aspects of Einstein’s
philosophical position. Therefore the present book in-
cludes papers analysing Einstein’s attitude to Machist phi-
losophy, ne opositivism, and operationalism.

Regrettably, it is still believed in the West that Soviet
philosophers take a negative attitude to the theory of rel-
ativity which is allegedly incompatible with dialectical
materialism. This view is completely unjustified. It should
be pointed out, first of all, that the relativity theory had
opponents amongst Western scientists adhering to the tra-
ditionally classical style of thinking and narrow empirical
or idealist philosophical attitudes. We all know that the
American scientist P. W. Bridgman gave an erroneous
interpretation of the special theory of relativity and
rejected the general theory of relativity. A more recent
example is provided by the French physicist Léon Bril-
louin’s book Relativity Reexamined containing a critique
of the general theory of relativity which is, in the author’s
view, a purely speculative construction. Although there
have been men, philosophers included, in the USSR, just as
abroad, who rejected the relativity theory, their view does
not reflect the position of dialectical materialism on this
question. On the contrary, practically all Soviet philo-
sophers believe Einstein’s theory of relativity to be a most
important natural-scientific premise of further develop-
ment of materialist dialectics and in the first place of the
doctrine of the dialectic connection between matter, mo-
tion, space, and time.



D. P. GRIBANOV

EINSTEIN’S
PHILOSOPHICAL
WORLDVIEW

T he theory of relativity holds a prominent posi-
tion amongst the outstanding attainments of
modern scientific thought. It has enabled scientists to re-
vise the traditional views and conceptions of the structure
of the material world, revealing deep and close ties be-
tween philosophy and natural science. For this reason
neither physicists nor philosophers were indifferent to
Einstein’s work. Both were attracted by its special novelty.
Natural scientists saw the relativity theory as the resolu-
tion of the inner contradictions between classical me-
chanics and electrodynamics, while dialectical materialists
regarded it as natural scientific confirmation of the ideas
of matter and its attributes reflected in the doctrines of
the founders of Marxism.

Einstein’s worldview has been debated for several de-
cades already. The most contradictory views are current in
the abundant philosophical literature on this problem.
Einstein has been made out to be a Berkeleyan, a Machist,
a Kantian, a positivist, an adherent of conventionalism,
an empiricist, a rationalist, and so on. Some philosophers
included him among proponents of dialectical materialism.

One thing stands out, however. Einstein always had a
great liking for philosophy: “The critical thinking of the
physicist cannot possibly be restricted to the examina-
tion of the concepts of his own specific field ” [1, p. 290].
On many occasions he emphasised that modem physics
cannot cope with its problems without philosophical
knowledge: “The present difficulties of his science force
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the physicist to come to grips with philosophical problems
to a greater degree than was the case with earlier genera-
tions” [2, p. 279].

Einstein’s articles analyse the most divers philosophical
trends. He read the works of Aristotle, Plato, Democritus,
La Mettrie, Spinoza, Berkeley, Hume, Mach, Kant, Russell,
and others, but did not share any of the basic tenets of
any single system of idealist philosophy he studied.

It would be a mistake to believe that Einstein’s philo-
sophical views were moulded by the idealist philosophy he
was familiar with.

Einstein had a profound knowledge of the natural
science, having absorbed the progressive science and cul-
ture of his times. It would be quite appropriate to apply to
him Hegel’s words that “in experience everything depends
upon the mind we bring to bear upon actuality. A great
mind is great in its experience; and in the motley play of
Yhenomcna at once perceives the point of real significance”

—

3, p. 206].

1. Attitude to Idealism and Positivism:
the Relationship Between Experience and Theory

Apart from other problems, Einstein was interested in
epistemological ones like the following: ‘“What knowledge
is pure thought able to supply independently of sense
perception? Is there any such knowledge? If not, what
precisely is the relation between our knowledge and the
raw-material furnished by sense-impressions?” [2, p. 279].

He found extremely contradictory answers to these
questions in the profuse philosophical literature. He sym-
pathised with the “increasing scepticism” towards at-
tempts to obtain khowledge of the e xternal world through
pure thought only. But Einstein did not share the views
of those philosophers who took the stand of naive realism.
He wrote: “This more aristocratic illusion concerning the
unlimited penetrative power of thought has as its counter-
part the more plebeian illusion of naive realism¢ according
to which things ‘are’ as they are perceived by us through
our senses” [2, p. 281].

To overcome these “two illusions” Einstein resorted to
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some propositions from Berkeley, Hume, and Kant. He
rejected the basic philosophical ideas constituting the es-
sence of their idealist systems, their conceptions of space
and time, Hume’s agnostic doctrine [2, pp. 283-289], re-
ferring to the fundamental Berkeleyan tenet “esse est per-
cipi” as “untenable” [4, p. 669]. What attracted Einstein
in the works of Berkeley, Hume, and Kant was their
deviation from the generally accepted metaphysical episte-
mology dominating classical physics.

In Berkeley’s teachings Einstein found, to_ take an in-
stance, the proposition that our senses directly perceive
only processes and not objects of the external world, as
empiricists insisted. However, Berkeley viewed objects of
the extermal world as complexes of ideas (sensations),
whereas Einstein’s materialist intuition prompted him to
believe that the processes perceived by our sense organs are
causally linked with the things which exist quite objec-
tively and independently from the subject’s perceptions.

Studies in Hume prompted Einstein that such general
and most essential concepts as causality could not be di-
rectly and unambiguously obtained from sense data. Hume
made that the basis of an agnostic conclusion: “Whatever
in knowledge is of empirical origin is never certain”, while
Einstein, discarding Hume’s agnosticism, used his idea to
fight extreme empiricism: “All knowledge about things is
exclusively a working-over of the raw-material furnished
by the senses” [2, pp. 283, 285].

The gap in the chain of knowledge left by Hume had to
be bridged. Einstein understood that. He found a kind of
way out of the difficulty in Kant. Kant believed that if
empirical data could not result in reliable knowledge
(Hume’s position), while without such concepts as causa-
lity, time, space, and so on, cognitive activity is impossible
(they are, according to Kant, the premise of any thinking),
it followed that reliable knowledge was based on pure
thought, being apriori in nature. However, it was not this
conclusion that attracted Einstein.

The positive elements he borrowed from Kant were for-
mulated in this way: “I did not grow up in the Kantian
tradition, but came to understand the truly valuable which
is to be found in his doctrine, alongside of errors which
today are quite obvious, only quite late. It is contained in
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the sentence: ‘The real is not glvcn to us, but put to us
(aufgegeben) (by way of a riddle).” This obviously means:
There is such a thing as a conceptual construction for the
grasping of the.inter-personal, the authority of which lies
purely 1n its validation” [4, p. 680]. Einstein saw that
Kant, had taken a step forward in- the solution of the
Humean dilemma, but, as distinct from Kant, he came to
the conclusion that our knowledge of the external world
W_faj_cmtﬂned from actuality through mental working-over
of the sense-data. Einstein did not share Kant’s assertion of
the existence of apnon concepts. He saw the cause of apri-
orism in that Kant ‘“‘was misled by the erroneous opinion ..
that the Euclidean geometry is necessary to thinking and
offers assured (i.e., not dependent upon sensory experi-
ence) knowledge concerning the objects of ‘external’ per-
ception. From this easily understandable error he conclud-
ed the existence of synthetic judgments a priori, which are
produced by the reason alone, and which, consequently,
can lay claim to absolute validity” [4, p. 679].

So we see that Einstein’s familiarity with the works of
Berkeley, Hume, and Kant did not bring him under the in-
fluence of the idealist direction in philosophy with which
these names are linked. Einstein interpreted the works of
these idealist philosophers as a spontaneous materialist and
dialectician. He used certain ideas of these philosophers to
fight against idealism, agnosticism, and metaphysics, in
particular against the two illusions, referred to earlier, of
the metaphysical and idealist approaches to the source of
our knowledge.

Einstein often cites Mach’s works. We must, of course,
distinguish between Mach’s natural scientific works and
the philosophical ones. What attracted Einstein about
Mach’s philosophy was not its actual content but rather
Mach’s inclination for epistemological problems. Although
Einstein did not at first study Mach’s epistemology deeply,
he found inspiring the very fact that the Austrian physicist
was concerned with these aspects, to which he himself paid
considerable attention in his works. That is why he began
his obituary for Mach (1916) with questions that he was
often asked about Mach’s preoccupation with epistemol-
ogy: “How come, in general, that such a gifted natural
scientist should be concerned with epistemology? Isn’t
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there enough worthwhile work to be done in his own
field?” [5, S. 101]. His answer is: “I cannot share such
convictions ... If I have turned to science not for some ex-
ternal reasons, such as making money or ambition, not (or
at least not only) for the pleasure it affords as sport or
mental gymnastics, then I as a servant of this science must
be acutely interested in this question: whats objective can
and will that science achieve to which I have devoted-my-
self? To what extent are its general results ‘true’? What is
essential and what is only dependent on the accidents of
development?” [5, S. 101].

The content of Mach’s philosophical ideas failed to be-
come for Einstein the basis on which his worldview was
founded. Neither did it become part of the fabric of his
physical ideas. Mach’s idealism affected rather the “styl-
ing of expression” in Einstein’s creative work on various
problems of epistemology and physics. Thus in his “Auto-
biographical Notes” Einstein wrote of Mach’s episte-
mology that it appeared to him “essentially untenable”
[6, p. 21]. His attitude to the ideas expressing the primary
content of Mach’s philosophy was more concretely out-
lined in a conversation with Rabindranath Tagore. Tagore
insisted: ‘“This world is a human world—the scientific view
of it is also that of the scientific man. Therefore, the world
apart from us does not exist; it is relative world, depending
for its reality upon our consciousness” [7, p. 42]. Ein-
stein’s reply was quite categorical: “Even in our everyday
life, we feel compelled to ascribe a reality independent of
man to the objects we use.... For instance, if nobody is in
this house, yet that table remains where it is” [7, p. 43].

The clarity of this rejoinder against the philosophy of
subjective idealism and, by the same token, against Ma-
chism, leaves no room for comment. One may therefore
assume that in his early years Einstein treated Mach’s phi-
losophy in a superficial manner, and its essence eluded
him. The assumption is all the more justified that, as
distinct from Mach, Einstein always discerned the objec-
tive world behind the sense perceptions, which for him
were always images of this world.

At the same time Einstein was far from superficial in
his attitude to Mach’s historical-critical natural-scientific
papers where Mach, as Lenin put it, reasoned in a straight-
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forward manner, without idealist extravaganza. Mach the
natural scientist, as is well known, put in a great deal of
work studying the history of the development of classical
physics. He was one of the first amongst physicists to over-
throw the absolutes of classical mechanics, pointing to
its relative character as a whole and to the relativity of
some of its concepts and principles which had been believed
to be final, and stressing the universal connectedness of
natural phenomena. However, Mach’s idea of the relative
nature of scientific knowledge led him to negate its objec-
tive character, while Einstein’s study of Mach’s History of
Mechanics only gave him a chance to see nature through
the eyes of a spontaneous dialectician and materialist.
“...All physicists of the last century [wrote Einstein] saw
in classical mechanics a firm and final foundation for all
physics, yes, indeed, for all natural science.... It was Ernst
Mach who, in his History of Mechanics, shook this dogmatic
faith; this book exercised a profound influence upon me in
this regard while I was a student” [6, p. 21].

Einstein’s world outlook was often linked with positiv-
ism. This view was taken by such positivists as Moritz
Schlick, Philipp Frank, Lincoln Barnett, Herbert W. Carr,
and others. We have made it clear already that Einstein
did not share the main ideas of one of the basic varieties
of positivism—Mach’s philosophy. To show more conclu-
sively the untenability of the assertion that Einstein’s
worldview was identical with positivism, let us see what
Einstein himself wrote on the question.

Positivist philosophers are hostile to ‘‘metaphysics”
(philosophy) and its problems. In their view, the basic con-
cepts of “traditional” philosophy have no scientific mean-
ing, and philosophy should be freed from them. This posit-
ivist attitude worried Einstein. He believed that Hume had
‘““created a danger for philosophy in that ... a fateful ‘fear
of metaphysics’ arose which has come to be a malady of
contemporary empiricistic philosophizing” [2, p. 289]. In
his comments on Bertrand Russell’s book Meaning and
Truth he pointed out the paradoxes that may arise out of
the positivists’ attempt to banish philosophy from science:
“This fear seems to me, for example, to be the cause for
conceiving of the ‘thing’ as a ‘bundle of qualities’, such
that the ‘qualities’ are to be taken from the sensory raw-
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material. Now the fact that two things are said to be one
and the same thing, if they coincide in all qualities, forces
one to consider the geometrical relations between things
as belonging to their qualities. (Otherwise one is forced
to look upon the Eiffel Tower in Paris and that in New
York as ‘the same thing’)” [2, p. 289].

Einstein understood that the positivists’ intention to
reduce philosophical tasks entirely to operations upon
sense data and their neglect for studying the essence of the
phenomena of the external world are profound errors
fraught with fatal consequences.

He is even more critical of the positions of positivists in
a letter to his friend Maurice Solovine: “In these days,
the subjective and positivist viewpoint dominates in a most
excessive manner. The need for conceiving nature as an
objective reality is declared to be an obsolete prejudice,
and thus a virtue is made of the necessity of quantum
theory. Men are just as subject to suggestion as horses,
and each epoch is dominated by a fashion, and the major-
ity do not even see the tyrant who dominates them”
(8, pp. 70, 71].

Einstein pointed out that the roots of positivism were
in Berkeley’s philosophy: “What I dislike in this kind of
argumentation is the basic positivistic attitude, which from
my point of view is untenable, and which seems to me to
come to the same thing as Berkeley’s principle, esse est
percipi” [4, p. 669].

The indifference of some scientists to atomic theory
Einstein imputed exclusively to positivism. “This is an
interesting example [he wrote] of the fact that even
scholars of audacious spirit and fine instinct can be ob-
structed in the interpretation of facts by philosophical pre-
judices. The prejudice—which has by no means died out in
the meantime—consists in the faith that facts by them-
selves can and should yield scientific knowledge without
free conceptual construction” [6, p. 49]. According to
Einstein, “that which is” is the product of our conceptual,
speculative construction, although knowledge is not the
result of pure thought. It is extracted from the sense data
which by themselves, without conceptual processing, give
no idea of facts.
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2. Attitude to Religion

On a few occasions, Einstein spoke of religion. Are there
any grounds, however, to conclude that Einstein was
religious—a conclusion that divers philosophising theolo-
gians have often endeavoured to substantiate? Let us con-
sider Einstein’s attitude to religion—what he said about it
and how he understood it. In his autobiography he admits
that in his young years, just as many of his contempora-
ries, he came “to a deep religiosity, which, however, found
an abrupt ending at the age of 12. Through the reading
of popular scientific books I soon reached the conviction
that much-in the stories of the Bible could not be true.
The consequence was a positively fanatic [orgy of] free-
thinking” [6, p. 5].

In his article ‘“‘Religion and Science” Einstein tried to
identify the causes of religious ideas, belief in the super-
natural forces, etc. He believed that religion was historical
in nature, emerging as it did at a certain stage in the devel-
opment of society. In different peoples at different stages
of their development religious ideas were engendered by
different causes. In Einstein’s view, “eternal man ... is a
realisation of human entity” [7, p. 42].

Einstein saw no reason to resort to religious dogmata in
explaining mysterious phenomena. “The man who is
thoroughly convinced of the universal operation of the law
of causation cannot for a moment entertain the idea of
a being who interferes in the course of events—provided,
ol course, that he takes the hypothesis of causaflty really
seriously. He has no use for the religion of fear and equally

"Tittle for social or moral religion. A God who rewards and
punishes is inconceivable to him for the simple reason that
a man’s actions are determined by necessity, external and
internal, so that in God’s eyes he cannot be responsible,
any more than an inanimate object is responsible for the
motions it undergoes” [1, p. 39]. Despite Einstein’s neg-
ative attitude to religion and the idea of God, he turns to
the so-called “cosmic religion”. What is it, this religious
feeling, in actual fact? Disappointment in the dominant
“official” religion demanding humbleness and pointing a
way to eternal paradise, pushed Einstein in the opposite
direction—towards the great world existing independently
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of man. “The contemplation of this world [he said] beck-
oned like a liberation, and I soon noticed that many
a man whom I had learned to esteem and to admire had
found inner freedom and security in devoted occupation
with it.... The road to this paradise was not as comfor-
table and alluring as the road to the religious paradise; but
it has proved itself as trustworthy, and I have never regrett-
ed having chosen it” [6, p. 5].

The mystery of the universe captivated Einstein. His
most profound and fascinating experiences came from en-
counters with the unknown. “It is enough for me [he
wrote] to make amazed surmises about these mysteries
and to attempt humbly to form a limited impression in
my mi]nd of the perfect structure of all that exists” [9,
S. 255].

-« Einstein believed in the power of the human mind, in its
alm to solve the hidden mysteries of the universe. But
he also believed that that goal could only be achieved
through freeing oneself from the shackles of the “purely
perschal”’, from habits breeding the tyranny of primitive
emotions. ‘“To feel that behind that which is available to
experience there is something inaccessible to our spirit,
something of which the beauty and perfection reaches
only indirectly and as a weak echo—that is religiosity. In
this sense I am religious” [9, S. 255]. According to Ein-
stein, “cosmic religious feeling ... can give rise to no de-
finite notion of a God and no theology” [1, p. 38]. It
merely inspires the scientist to perceive the loftiness and

‘the marvellous order of the universe.

3. On the Independence of the World from Consciousness

We have seen that Einstein did not share the idealism as it
was formulated by, its classic representatives, although
from time to time he turmed to their works. He either
ignored the basic philosophical propositions of the idealists
or openly spoke of their negative impact on natural sci-
ence. Of course, there are expressions in Einstein’s works
that were used by idealists. He did not always employ cer-
tain terms, borrowed from them, in a strict sense. As a
result, the impression might be formed that Einstein
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shared certain idealist views of some of these philosophers.

There is another circumstance to be taken into account
here. Einstein distinguished scientific propositions from lit-
erary digressions or, as he put it, ““a literary fashion” [10,
p. 213]: “You must distinguish between the physicist and
the littérateur when both professions are combined into
one.... What I mean is that there are scientific writers ...
who are illogical and romantic in their popular books, but
in their scientific work they are acute logical reasoners”
[10, p. 211]. In these literary endeavours Einstein him-
self was guilty of certain ‘“licence”, so that if we, in read-
ing these works, take into account only the form of ex-
pression and out-of-context formulations, ignoring the
content behind the form and doctrine behind the isolat-
ed quotations, we may take Einstein for a Machist or
Kantian or anything we please. It should be borne in mind,
however, that this style of exposition of scientific ideas is
characteristic not only of Einstein—many Western natural
scientists are prone to this.

Taking for granted that Einstein was alien to idealism,
we have a right to ask: and what was his attitude to the
ideas of dialectical materialism? It is a fact that Einstein
did not give a comprehensive exposé of his materialist
world outlook in any of his works, and neither shall we
find there any references to materialist dialectics as a
science. So what we can discuss here is his attitude to
separate propositions of materialism and dialectics.

Einstein clearly distinguished between two directions
in philosophy and, consequently, between two views of
the external world—the materialist and the idealist one.
Unlike Mach and his followers, he rejected a third, inter-
mediate, line in philosophy: “There are two different con-
ceptions about the nature of the Universe:

“}1 The world is a unity dependent on humanity;
“(2) the world is a reality independent of the human
factor” [7, p. 42]. ¢

To which of the two conceptions did Einstein adhere?

During a conversation with Einstein, the Irish writer
James Murphy remarked: ‘“You have already been widely
quoted in the British Press as subscribing to the theory
that the outer world is a derivative of consciousness”, to
which Einstein replied: “No physicist believes that. Other-
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wise he wouldn’t be a physicist. ...You must distinguish
between what is a literary fashion and what is a scientif-
ic pronouncement. ..Why should anybody go to the
trouble of gazing at the he he
stars were I ere? ...We cannot logically prove the
existence of the external world, any more than you can
logically prove that I am talking with you now or that I am
here. But you know that I am here and no subjective ideal-
ist can persuade you to the contrary” [10, pp. 212, 213].

Some idealists accused Einstein of $olipsism. They al-
leged that only a separate individual and his consciousness
could be deduced from his doctrinc, the external world
and other individuals in it existing merely in individual
consciousness. Einstein’s reply to this was: ‘“Herr Gehrcke
insists that the theory of relativity leads to solipsism; any
specialist will regard this as a joke” [11].

However, along with these correct views of the status of
the external world, Einstein sometimes made statements of
the following kind: “The object of all science, whether
natural science or psychology, is to co-ordinate our experi-
ences and to bring them into a logical system” [12, p. 1],
or: “The only justification for our concepts and system of
concepts is that they serve to represent the complex of our
experiences” [12, p. 2].

These and other statements in the same vein are often
referred to by those who would have liked to see the great
scientist as an idealist. Indeed, if one proceeds from the
statements just cited, one may arrive at the conclusion that
in terms of the cardinal question of philosophy Einstein
adheres to a view that is far from materialism. However, if
one considers his doctrine as a whole, one will see that his
emphasis on sensations, sense-perceptions in his discussion
of the goals of science and scientific concepts does not at
all mean that he did not see the external world beyond the
sense-perceptions, that they were for him, just as for Ber-
keley or Mach, the substance of the world. For Einstein,
sense-perceptions were our images or rough copies of the
objective world. The following statement confirms this
view: “The belief in an external world independent of the
perceiving subjec of all natur 1 .... Sense-

erception only gives information of this external world...”
i I, p. 266].
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As for the subject matter of science, and physics in
particular, the very fact that Einstein recognised the objec-
tive character of nature and the subjective character of
sense-perceptions rules out his reduction of the goals of
science to the study of connections between sense-per-
ceptions, assuming, on the contrary, a study of connec-
tions between the objects of the world, for Einstein as-
sumed the existence of objective reality beyond the sense-
perceptions. Einstein thus explained the goals of this
science: “Physics is an attempt conceptually to grasp
reality as]it is thought independently of its being observed”
[6, p. 81].

4. The Origin of the Concepts of Science:
General Questions

Those who present Einstein as an idealist often use for
arguments some of his statements on the origin of scientif-
ic concepts, asserting that Einstein viewed concepts as
divorced from reality, as results of free cognitive activity.

We have indicated already that Einstein held a negative
view of Kant’s idea of the innate nature of scientific con-
cepts or categories. Nonetheless, with regard to the arigin
of concepts, he sometimes wrote that the concepts arising
in the process of thought are, from the purely logical view-
point, free creations of reason. How is this thought of
Einstein to be interpreted? Does it express the fact that
scientific concepts are divorced from sense-perceptions,
from the external world, and that man’s reason, by itself,
is their source?

Such a conclusion would be premature. In epistemolog-
ical questions Einstein proceeded from the objective exist-
ence of the world reflected in human consciousness
through sense-perceptions. For him, general concepts are
an abstract quintessence of the most significant features of
a certain area of phenomena or processes given to man
through the senses. “The concepts [he wrote] originate
from experience by way of ‘abstraction’, i.e., through
omission of a part of its content” [2, p. 287]. Concepts
have no meaning outside their links with sense-perceptions
and the environment,
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But these concepts “easily achieve so much authority
over us that we forget their earthly origin and take them
for something immutably given. They are then stamped
as ‘necessities of thought’, ‘a priori given’, and so on. The
path of scientific progress is often obstructed by these
errors for long periods of time. It is therefore no idle
amusement at all, when we are preoccupied with analysis
of concepts that have been current for a long time and
with showing upon what circumstances are dependent
their justification and utility and how they emerge, in-
dividually, from experiential data. Thereby their excessive-
ly great authority is broken down. They are omitted, if
they cannot be made properly legitimate; corrected, if their
coordination with the given objects was too carelessly
established; or replaced, if it is possible to construct a new
system which we, for some reason, prefer” [5,S. 102]."

Einstein also saw that sense-perceptions by themselves
were not identical to the content OF concepts, that they
were only the building materials for the construction of
the science’s conceptual apparatus. He realised that empir-
ical data had to be rationally processed. It is this complex
dialectical transition from the sensuous forms of reflec-
tion to the origin of concepts that he interpreted as “free
inventions of the human intellect” [1, p. 272]. Yet he had
a rather curious idea of this “freedom”: “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 as the
solution; but, there is only one word which really solves
the puzzle in all its parts. It is a matter of faith that na-
ture—as she is perceptible to our five senses—takes the
character of such a well-formulated puzzle. The successes
reaped up to now by science do, it is true, give a certain
encouragement for this faith> [1, pp. 294-295].

We thus see that ‘““free” formation of concepts is by no
means the same as divorcing them from objective reality,
as Einstein sees it. As far as formation of concepts is con-
cerned, Einstein uses the term “liberty” to show that
concepts are qualitatively different from sense data as
such, that they cannot be directly obtained from empirical
material without some preliminary mental processing.
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5. The Origin of Mathematical Concepts

Einstein is sometimes presented as an idealist on the
strength of his interpretation of some general problems of -
mathematics. Certain passages in his work “Geometry
and Experience” are cited to prove that. In that lecture he
said that “the propositions of mathematics referred to
objects of our mere imagination, and not to objects of
reality”’, and that mathematics was “a product of human
thought which is independent of experience” [1, p. 233].
However, if one reads the whole of that work as well as
Einstein’s numerous other expositions of the general
problems of mathematics, it will become clear that there
are no grounds for accusing him of an idealist interpreta-
tion of mathematics. Einstein proceeded from the fact that
mathematics is rooted in the external world, arising out
of men’s practical néeds: “It is certain that mathematics
generally, and particularly geometry, owes its existence to
the need which was felt of learning something about the
behaviour of real objects. The very word gepmetry, which,
of course, means earth-measuring, proves this. For earth-
measuring has to do with the possibilities of the disposi-
tion of certain natural objects with respect to one another,
namely, with parts of the earth, measuring-lines, measur-
ing-wands, etc.” [1, p. 234]. Of course, mathematics,
having emerged to satisfy society’s practical needs, later
acquires a certain autonomy. Drawing upon new mate-
rials from the external world, it becomes an increasingly
abstract discipline. It is this abstract character which may,
at a certain stage, result in its propositions being divorced
from the real world—something that idealists exploit to-
wards their own ends. Einstein stressed the following point
in this connection: “The fatal error that logical necessity,
preceding all experience, was the basis of Euclidean geo-
metry and the concept of space belonging to it, this
fatal error arose from the fact that the empirical basis,
on which the axiomatic construction of the Euclidean
geometry rests, had fallen into oblivion” [1, p. 298].
Einstein realised that mathematics was connected with
the external world not only in its origin, through its past,
so to speak. Its propositions always reflect reality. The cri-
terion of the truth and reliability of mathematics ultimate-
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ly lies in practice: “Geometry may be true or false, accord-
ing to its ability to establish correct and verifiable rela-
tions between our experiences” [13, pp. 159-160].

And here is what Engels wrote on the same questions in
his polemics against E. Diihring: “Like all other sciences,
mathematics arose out of the needs of men.... But, as in
every department of thought, at a certain stage of devel-
opment the laws, which were abstracted from the real
world, become divorced from the real world, and are set
up against it as something independent, as laws coming
from outside, to which the world has to conform. That is
how things happened in society and in the state, and in
this way, and not otherwise, pure mathematics was subse-
quently applied to the world, although it is borrowed from
the same world and represents only one part of its forms
+of interconnection—and it is only just because of this that
it can be applied at all” [14, p. 52].

A comparison of the views of Einstein and Engels shows
clearly that, on a general plane, Einstein gave a material-
ist interpretation of mathematics. He saw that its proposi-
tions were in the final analysis conditioned by the actual
material relations between the objects of the world.

But can one bring into agreement Einstein’s statements
on mathematics cited at the beginning of this section and
at the end of it? Isn’t there a contradiction here? We
believe that there is none, for in the second case Einstein
speaks of the origin of mathematics and its links with real-
ity, and in the first case, of the objects of mathematics.
Mathematics, as we know, is the science of spatial forms
and quantitative relationships. The objects of mathematics
are abstractions and idealisations devoid of content yet
reflecting the external world. It is this aspect of mathemat-
ics that Einstein focuses on when he says that its propo-
sitions are based on objects of our imagination rather than
on real objects. By objects of imagination he means ab-
stractions and idealisations deduced from the real world by
our consciousness.

6. The World Is Cognisable

We have seen that, in terms of the cardinal question of
philosophy, Einstein adhered, on the whole, to materialist-
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ic positions. He had no doubts that nature existed before
man and that it could not be made dependent on percep-
tion and consciousness. Neither did he have any vacilla-
tions concerning the origin of scientific concepts, catego-
ries, scientific laws, mathematical propositions, and so on.
He did not divorce them from material reality either. But
what was Einstein’s attitude to problems raised by the
other aspect of the cardinal question of philosophy? As
Engels put this question, “Is our thinking capable’of the
cognition of the real world? Are we able in our ideas and
notions of the real world to produce a correct reflection
of reality? ” [15, p. 346].

Einstein attributed great significance to the cogniscibil-
ity of the external world. He believed in the ability of the
human mind to cognize the world: *“The basis of all scien-
tific work is the conviction that the world is an ordered
and comprehensive entity” [16, p."98]. To cognize the
essence of the world means to reflect it in concepts and
compare these concepts with reality, “In speaking here of
‘comprehensibility’ [wrote Einstein], 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, re-
lations between these concepts, and by definite relations
of some kind between the concepts and sense experience.
It is in this sense that the world of our sense experiences is
comprehensible” [1, p. 292]. Einstein’s optimism and his
belief in the comprehensibility of the world stem from a
profound belief in the existence of law-governed links and
causal conditionality in nature. In his approach to the
problem of cognition Einstein proceeds from the recogni-
tion of the external world as the object of cognition and
not from sense-perceptions, as- was often imputed to him.

We have already said that sense data, according to Ein-
stein, are a reflection of the external world; Einstein re-
ferred to sense-perceptions as the object of knowledge in
the spirit of the materialist tradition rather than in the
sense of Berkeley or Mach. Beyond the sense-perceptions,
he distinguished the external world. For Hume, knowledge
based on empirical data is unreliable; in contrast to that
Einstein insisted that sense data were the source of our
knowledge. He wrote: “The sensory raw-material [is]
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the only source of our knowledge” [2, p. 285] . He stressed
that unprocessed ‘“raw” material of the external world
“may lead us to belief and expectation but not to the
knowledge and still less to the understanding of law-
abiding relations” [2, p. 285]. Knowledge is therefore
based on the formation of scientific concepts and dis-
covery of the laws of nature that may be arrived at
through rational processing of sense data.

Neither could Einstein accept agnosticism in the spirit
of Kant, who regarded the essence of the objects of the
external world as in principle incognisable. According to
Kant, phenomena do not reflect the essence of things and
are unconnected with it. As for Einstein, we have seen that
he believed in the knowability of material objects’ essence.

On numerous occasions Einstein turned to the question
of the essence of scientific theory. We know that some of
his distinguished contemporaries believed laws of nature to
be arbitrary conventions. In their view, these laws were
not necessarily reflections of actual processes of the objec-
tive world but rather convenient reference frames of
scientific description. Einstein held; however, that scientif-
ic theories, just as scientific concepts, could not emerge
unconnected with reality, and that they were results of
the processing of information about the external world
given us through sense-perceptions. ‘“The theoretical idea
[he emphasised] does not arise apart from and inde-
pendent of experience; nor can it be derived from expe-
rience by a purely logical procedure. It is produced by a
creative act. Once a theoretical idea has been acquired, one
does well to hold fast to it until it leads to an untenable
conclusion” [17, p. 14]. .

For Einstein, each theoretical proposition was, in its
content, a reflection of the processes of the external world
or, as he himself expressed that idea, ‘“‘every magnitude
and every assertion of a theory lays claim to ‘objective
meaning’ (within the framework of the theory)” [4,
p. 680]. On another occasion he wrote: “The most impor-
tant demand to be made of every scientific theory will
always remain that it must fit the facts” [18, p. 15].

A theory, as Einstein understood it, could not be
brought into agreement with itself or with an ‘“eternal
idea”, as some idealists assumed. For him, a theory was
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always verifiable by experience. In its very content, a
scientific theory did not depend on man’s consciousness.
In a conversation with Rabindranath Tagore, for whom
truth was perfect understanding of the universal reason,
Einstein stressed this idea: “I cannot prove that scientific
truth must be conceived as a truth that is valid inde-
pendent of humanity; but I believe it firmly. I believe,
for instance, that the Pythagorian theorem in geometry
states something that is approximately true, independent
of the existence of man. Anyway, if there is a reality in-
dependent of man, there is also a truth relative to this
reality; and in the same way the negation of the first
engen]dcrs a negation of the existence of the latter” [7,
p- 43].

7. Spontaneous Dialectics

Although Einstein never touched on the theory of dialec-
tics, a study of his works shows that he cannot be regarded
as a metaphysically (antidialectically) thinking scientist.
His world outlook is dialectical in its very essence. We shall
not discuss here those elements of objective dialectics
which follow from analysis of the special and general re-
lativity theories, but shall merely consider some of Ein-
stein’s views of physical science as a whole, as well as some
of his pronouncements on epistemological questions,
which justify the conclusion that he had a profound dia-
lectical intuition. They show that the following remark
of Engels could well be applied to Einstein: “Men thought
dialectically long before they knew what dialectics was,
just as they spoke prose long before the term prose exist-
ed” [14, p. 170].

We know that in the 16th and 17th centuries the needs
of social practice brought about a revolution in the study
of nature. At the same time the metaphysical method of
study was shaped which was gradually elevated to the
rank of a universal philosophical methodology. For de-
cades, the metaphysical worldview held sway; according to
it, separate elements of nature and, consequently, con-
cepts of these elements were considered without reference
to their development or the universal connections between
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things. Despite all this, some dialectical ideas took hold.
Scientists who had enough empirical data to justify general
conclusions went beyond the limits of metaphysical views.
Copemicus, Kepler, Newton and other natural scientists
were guided in their discoveries by the dialectical idea
of the universal coherence and unity of nature.

Natural scientists of the 18th and 19th centuries found
themselves in a contradictory situation when, on the one
hand, they were dominated by a metaphysical metho-
dology, and on the other, the reality they studied pointed
more and more clearly to the dialectical nature of the ob-
jective world. Einstein found himself in a similar situation,
but a wealth of empirical data prompted him that the ex-
ternal world was an integral material entity, and Einstein
saw “the sublimity and marvelous order which -reveal
t[hemsclvits both in nature and in the world of thought”

1, p. 38].

Einstein was also profoundly influenced by the ideas of
Lucretius and Spinoza. Einstein wrote that Spinoza “was
utterly convinced of the causal dependence of all pheno-
mena, at a time when the success accompanying the efforts
to achieve a knowledge of the causal relationship of natu-
ral phenomena was still quite modest” [19, p. XI]. Ein-
stein fully accepted the conception of the causal depen-
dence of natural phenomena. He emphasised that causal
links were objective in nature, being connections of the
external world. Einstein therefore rejected Hume’s and
Mach’s subjectivist view of causal dependence as the habit
of perceiving one event after another. He wrote: “It is
worthy of admiration, that firm belief in physical causa-
lity, which does not stop even at the will of the homo
sapiens” [8, pp. 54, 55].

Some time ago the idea gained currency in the West that
there was freedom of will in inorganic nature: it was in-
sisted that mostly indeterminate processes went on in the
microworld. The conclusion is sometimes drawn that there
is no causality in the external world in general. Einstein
was decidedly against the conception of indeterminism in
any shape, manner, or form. He referred to that idealist
proposition in the following terms: “That nonsense is not
merely nonsense. It is objectionable nonsense.... Indeter-
minism is quite an illogical concept” [10, pp. 201-202].
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However, Einstein did not have an entirely straightfor-
ward picture of the concept of causality as it originated in
the study of quantum-mechanical processes. It is known
that there may be different manifestations of causality
depending on the properties of the object under study.
For example, in the macroprocesses causality is expressed
in the form of unambiguous or dynamic laws, and in the
microworld, through statistical laws. Einstein held a skepti-
cal view of the statistical conception of causal connection.
He wrote that “modern quantum theory- contains a
weakening of the concept of causality” [20, p. 758].
However, as distinct from many bourgeois philosophers
who interpreted the statistical nature of the laws of the
microworld as signifying the end of the concept of causal
connection in nature and society, as proof of the electron’s
“free will”, etc., Einstein stressed that deviation from the
former conception of causality did not “open a back-door
to the advocates of free will’, and that there was “no
room for ‘free will’ within the framework of scientific
thought, nor for an escape into what has been called ‘vital-
ism’” [20, p. 758]. Einstein’s dialectical frame of mind
forced the conclusion that, before tackling the processes
of the microworld, scientists operated with the principle
of causality in its merely rudimentary form. Raising this
proposition to an absolute, they extended it to embrace
the processes of the microworld, too. In actual fact the
current conception of causality is limited in character,
forming part of a broader concept that has not yet been
given an adequate interpretation. ‘“Now I believe [wrote
Einstein] that events in nature are controlled by a much
stricter and more closely binding law tlran we suspect to-
day, when we speak of one event being the cause of an-
other” [10, p. 203].

Thus no processes in the world, according to Einstein,
can be regarded as random or isolated. The universe is
governed by a strict order or law, and everything in it is
interconnected and mutually conditioned.

The dominant position of metaphysics also left its
impact on the interpretation- of the dynamics of scientific
concepts, theories, and the foundation of science. Inas-
much as the objects of the external world and the world as
a whole appeared to be immutable in time, their reflection
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in scientific concepts and theories was also accepted as
given once and for all, as truth in the highest instance. We
shall not touch here on the contribution of the founders
of materialist dialectics to the overcoming of the meta-
physical world outlook. Let us see how this problem was
interpreted and solved by Einstein. On the whole he saw
the defects of the metaphysical methodology, criticising
those who accepted scientific concepts as something im-
mutable and given once and for all. If we wish scientific
concepts to facilitate the development of science, they
must necessarily be revised from time to time and ex-
panded to accommodate new developments in the cogni-
tion of the external world. “The situation changes, how-
ever [wrote Einstein], when one of the habitually em-
ployed ‘concepts must be replaced by a more clear-cut one
in accordance with the requirements of the development
of the discipline in question. Then those who have used
that concept in a rather loose sense, raise an energetic
protest, complaining about a revolutionary threat to the
most sacred things. Mixed with these cries are the voices of
those philosophers who believe that they cannot do
without that concept as they have included it in their
treasury of the ‘absolute’, ‘a priori’, etc., in short, because
by aligning them in a certain manner they have proclaimed
them to be in principle immutable” [5, S. 102].

Inasmuch as the scientific concepts forming the logical.
basis of the laws of nature are neither static nor absolute,
the laws cannot be regarded as absolutes either, according
to Einstein: ‘“A law cannot be definite for the one reason
that the conceptions with which we formulate it develop
and may prove insufficient in the future. There remains at
the bottom of every thesis and of every proof some re-
mainder of the dogma of infallibility” [16, p. 100].

The idea of presenting the whole of physics, together
with its fundamental problems, as an immutable science
was not accepted by Einstein either. Unlike some scientists,
he saw physics as a dynamic and historical science. In this
connection he wrote: “Our notions of physical reality can
never be final. We must always be ready to change these
notions—that is to say, the axiomatic basis of physics—in
order to do justice to perceived facts in the most perfect
way logically. Actually a glance at the development of
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physics shows that it has undergone far-reaching changes
in the course of time” [1, p. 266].

The attitude of many physicists to Newton’s mechanics
is well known. Up to the 20th century it was presented as
an immutable science that could give answers to all ques-
tions of the structure of inorganic matter; some saw it as
the key to the cognition of organic matter, too. Einstein
realised, however, that Newton’s mechanics was essential-
ly a relative science. In an article on the centenary of the
birth of W. Thomson, the well-known physicist and one of
the most brilliant defenders of the infallibility of Newton’s
mechanics, Einstein gave him his due for his contributions
to the development of physics, yet at the same time spoke
of ‘“something tragic” about his scientific activity. This
tragic element lay, in his view, in the fact that Thomson
blindly believed, to his dying day, in the absolute character
of Newton’s mechanics. “Thomson, who viewed the foun-
dations of physical knowledge as quite safe almost to the
end of his days, would be shocked if he were able all of
a sudd]cn to see some of our present-day literature” [21,
S. 601].

The conclusion that physical knowledge is relative did
not compel Einstein to reject the external world and ob-
jective truth, as was the case with a number of physicists
called “physical” idealists. Lenin believed that the reason
why some physicists travelled the road to idealism via
relativism was their ignorance of dialectics: “The other
cause which gave rise to ‘physical’ idealism is the principle
of relativism, the relativity of our knowledge, a principle
which, in a period of abrupt break-down of the old theo-
ries, is taking a firm hold upon the physicists, and which,
if the latter are ignorant of dialectics, inevitably leads to
idealism” [22, p. 308].

Einstein did not discard Newton’s mechanics. He put
itin its proper place in the structure of physical knowledge,
in accordance with his belief that the theoretical conclu-
sions of mechanics were only applicable to a definite range
of phenomena. He wrote: “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” [1, p. 301]. Unlike metaphysicians, Einstein
insisted on the continuity of physical theories. Concern-
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ing the impact of Newton’s mechanics on the shaping of
a number of problems of theoretical physics, he wrote:
‘“The whole evolution of our ideas about the processes of
nature ... might be regarded as an organic development of
Newton’s ideas” [1, p. 261].

Einstein realised that all our knowledge was but relative
truth, that all of it but formed stages in the attainment of
complete knowledge. Although his works do not include a
study of the correlation between absolute and relative
truth, it may be observed that on several occasions he
expresses a similar idea in terms of spontaneous dialectics.
For example, he insisted that Newton’s fundamental con-
cepts and hypotheses were merely an approximation of
the truth. Concerning the possibility of creating a com-
plete physical picture of the world he asserted that theo-
retically one could conceive of a solution for such a task,
but it could not be done practically [10, p. 12]. In “Phys-
ics and Reality”, where he considers the dynamics of
scientific thought, he draws the same conclusion, showing
the way in which accumulated knowledge leads to more
and more comprehensive knowledge [1, pp. 293-323].

The dialectical quality of Einstein’s thinking was also
manifested, as we have seen, in his interpretation of the
correlation between the theoretical and the empirical.
Unlike many metaphysically-minded scientists, he did not
hold either of the two extremes. Giving logical reasoning
in cognition its due, he did not divorce it from the objec-
tive world: “...thinking alone can never lead to any knowl-
edge of external objects. Sense perception is the begin-
ning of all research, and the truth of theoretical thought is
arrived at exclusively by its relation to the sum., total of
those experiences” [20, pp. 757-758]. Or, on another
occasion: “All knowledge of reality starts from experience
and ends in it” [1, p. 271].1

In his polemics with those who attributed to Galileo a
neglect for the deductive method, Einstein remarked: “It
has often been maintained that Galileo became the father

1 Lenin expressed this idea in the following form: “From living
perception to abstract thought, and from this to practice—such is
the dialectical path of the cognition of truth, of the cognition of
objective reality” [23, p. 171].
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of modern science by replacing the speculative, deductive
method with the empirical, experimental method. I believe,
however, that this interpretation would not stand close
scrutiny. There is no empirical method without speculative
concepts and systems; and there is no speculative thinking
whose concepts do not reveal, on closer investigation, the
empirical material from which they stem. To put into
sharp contrast the empirical and the deductive attitude is
misleading, and was entirely foreign to Galileo” [24,
p. XVII].

It is a fact that differentiation of science facilitates
a deeper penetration into the essence of the individual
phenomena of the world. In the absence of adequate
knowledge of dialectics, however, this process may bring
about a mental separation of these phenomena. Ein-
stein sensed this metaphysical danger quite acutely. Dif-
ferentiation is fraught with the danger of losing the con-
necting thread in the mass of individual phenomena, a
thread that is so necessary for a deeper cognition of the
given thing. Einstein gives a fine illustration of that idea
from the development of medical science: “In medicine,
too, considerable specialisation has become unavoidable
with' increasing knowledge; but. in this case specialisation
has its natural limits. If some part of the human body has
gotten out of gear, a person with sound knowledge of the
whole complex organism is needed to put it right; in a
complicated case, only such a person can obtain an ade-
quate understanding of the disturbing causes. For this rea-
son, a comprehensive knowledge of general causal relations
is indispensable to the physician” [20, p. 755].

An analysis of Einstein’s views on the epistemological
problems of natural science thus shows the dialectical
character of his thinking.

* * *

A study of Einstein’s world outlook warrants the conclu-
sion that it is not identical with any of the idealist philo-
sophical systems. Attempts to link up his views with Ber-
keleyanism, Kantianism, neopositivism, solipsism, etc., are
untenable. He did not share any of the basic notlons
underlying these idealist trends. In his attitude to the ex-
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ternal world Einstein was a spontaneous materialist and
dialectician. This conclusion also follows from the very
nature of his physical discoveries. The theory of relativity
may justly be regarded as one of the most significant
natural-scientific discoveries confirming dialectical materi-
alism. Einstein’s physical discoveries led to a radical revi-
sion of the older metaphysical concepts of space and time.
Thus, the special theory of relativity proved that changes
in the velocity of an object’s motion entail changes in its
spatio-temporal characteristics. It revealed the dialectical
unity of the attributes of matter. The general theory of
relativity further developed the ideas of space and time.
The discovery of the fact that the bodies’ mass deter-
mines the geometrical structure of space and time, pointed
to the existence of a deep organic bond between space,
time, and matter. The dialectical materialist idea that space
and time are forms of the existence of matter was thereby
confirmed and further developed by natural science.
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M. E. OMELYANOVSKY

EINSTEIN,
THE FOUNDATIONS OF
MODERN PHYSICS AND
MATERIALIST DIALECTICS

1

T he theory of relativity and quantum mechanics
that became the cornerstones of modern, or
non-classical, physics, were arrived at by the royal road of
the development of physical science in the 20th century.
These are the fundamental theories of science; they are
not reducible to the concepts and principles of the theory
of previously existing classical physics, although they are
linked with the latter. This idea, quite common in these
days, at the time when it asserted itself meant a revolution
in physical science whose basic principles and concepts
had seemed immutable to Newton, Maxwell, Kelvin and
other great representatives of classical physics; the ques-
tion of the fundamental nature of physical theories now
had to be tormulated and solved in a way different from
that customary in 18th- and 19th-century natural science.

This was first clearly expressed in the language of Ein-
stein’s theory of relativity (we mean the special and gener-
al relativity theories completed some time in the late
1910s) and, somewhat later, in the concepts and principles
of quantum mechanics (completed in the late 1920s) large-

-ly founded by Niels Bohr.

Physics, just as natural science as a whole, believes
its most important task, materialistically conceived, to be
the reflection of nature such as it is by itself, without
any arbitrary additions from the cognising intellect. This
pervading spirit of natural science is the reason why emi-
nent scientists, subjectively unconcerned with dialectics,
unconsciously apply its principles and ideas in discovering
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new laws of nature and formulating new scientific theories,
including fundamental ones. In connection with the dis-
covery of the periodic law Engels said that “by means of
the—unconscious—application of Hegel’s law of the trans-
formation of quantity into quality, Mendeleyev achieved
a scientific feat” [1, p. 68]. The same thing may be said
about the creators of the relativity theory and of quantum
theory, and that is the subject, in one form or another,
of the present article. As Lenin proved, the latest revolu-
tion in natural science organically combined, at the time
when this revolution took its very first steps, the physics
of our times with dialectical materialism.

The transitions from classical to modem physics and,
much earlier, from the natural philosophy of antiquity
and the Middle Ages to classical physics, were scientific
revolutions closely linked with revolutions in philosophy.
A revolution in physics (with reference to the science as
a whole) is a transformation of its theoretical content
which breaks up its established foundations, that is, an
ensemble of its principles and fundamental concepts, along
with the customary methods of cognition and style of
thinking, and establishes new foundations, new methods
of cognition and a new style of thought.

Unlike antique and medieval philosophy, philosophical
cognition and natural science of the New Times rejected
the idea of immutable philosophical and scientific values
rooted in common sense. Physics becomes an experimental
science; sense perception is combined in it with theoretical
thinking; abstract methods and the closely related mathe-
matisation of sciénce become common. Experimental
data are no longer characterised as common-sense notions
but are rather interpreted by scientific theory featuring
concepts that are remote from sensual givenness both in
their content and mutual relations. The apparatus and
experimental tools without which profound knowledge of
nature in classical physics would be impossible enable
scientists to see atoms in thought (with this regard, mo-
dern physics furnishes a wealth of data on elementary
particles). The idea of development is introduced into the
natural sciences from new philosophy, albeit in a one-sided
and limited form: inherent in classical physics is the reduc-
tion of its theory to Newton’s mechanics; there is a corre-
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sponding change in the spirit of scientific cognition and
the style of thinking, if one compares the natural science
of antiquity with that of the New Times.

In modern physics, the idea of the development of na-
ture and knowledge of nature, the idea of development in
its most profound and complete, that is, dialectical, sense,
permeates all its branches and areas, including the founda-
tions of the theoretical edifice of science. Modern physics
is in principle a unified science consisting of fundamental
theories connected in their origins and forming a hierar-
chical spiral the length of which grows with the develop-
ment of human culture, technology, industry, and society
as a whole. In modern physics, experimental data are
described in terms of classical physics and are given an
interpretation in terms of non-classical theories. In this
epoch, the spirit of scientific cognition is the spirit of dia-
lectical materialism. Physics, its history and theories,
particularly the modern ones, are a field where the essence
of dialectics is manifested in most divers forms, dialectics
being, according to Lenin, the theory of ‘“how opposites
can be and how they happen to be (how they become)
tdentical,—under what conditions they are identical,
becoming transformed into one another,—why the human
mind should grasp these opposites not as dead, rigid, but as
living, conditional, mobile, becoming. transformed into
one another” [2, p. 109].

2

The outstanding representatives of classical physics re-
garded the establishment of immutable laws of nature as
the most important task of science, believing them to be
the foundation of natural science. They thought that New-
ton’s mechanics formed precisely such a foundation, and
the development of physics after Newton appeared to
them as a kind of reduction of what was known or seemed
to be known to the propositions and models of classical
mechanics. In actual fact, however, the development of
physical science, of its fundamental theories in the first
place, was in no way like the reduction of its theoret-
ical content to the foundations of classical mechanics.
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Sufficient proof of this is to be found in the develop-
ment of classical physics—to wit, in Maxwell’s theory of
clectromagnetism.

James Clerk Maxwell, studying Faraday’s experimental
data on electricity and magnetism in their entirety and ex-
pressing them in the language of mathematical abstractions,
discerned a certain contradiction between the equations
obtained. To eliminate the contradiction, Maxwell substi-
tuted one of the mathematical expressions for another
without any experimental substantiation (that came later),
and that was how the theory of electromagnetism was
born. Max Born wrote of this development that Maxwell’s
decisive step was “first guided by mechanical models of
the ether, later by reasons of mathematical perfection or
beauty, or however you may describe the act of genius”
[3, p. 10]. To this may be added that genius and dialectics
always go hand in hand. The step that Maxwell took signi-
fied essentially that he combined within a single whole
such opposites as electricity and magnetism.

The scientific revolution that yielded non-classical
physics is radically different in its complexion and cogni-
tive results from the revolution that produced classical,
fundamentally mechanist, physics. For modern physics,
it is essential not merely to find the laws of phenomena in
a certain material system or area of interconnections: it is
extremely important to find the laws of transition from
laws governing a certain set of phenomena to the more
profound and general laws of a new and more extensive
set of phenomena (and that task arises in some form or
other at a certain stage in the development of physics).
That is the really dialectical fashion in which the special
and general theories of relativity emerged and asserted
themselves, as well as quantum mechanics and quantum
electrodynamics, that is the way in which the modern
theory of elementary particles and astrophysics are devel-
oping.

In creating the relativity theory, Einstein laid the basis
for a new concept of the foundations of physics, quite
different from the one current in physical science from
the time of Newton and up to the end of the 19th century.
It was the relativity theory that undermined the dogmatic
idea of the immutability of the fundamental principles
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and concepts of the physical science that had seemed so
self-obvious before Einstein. The very emergence of this
theory at the borderline between classical mechanics and
classical electrodynamics, which resulted from Einstein’s
solution of the contradictions between them, is a magnifi-
cent example of the efficacy of the law of the unity and
struggle of opposites. The origin and content of the general
theory of relativity cannot be interpreted without recourse
to dialectics, either. All of this will form the subject matter
of the rest of this work, but for the time being we shall
restrict ourselves to a few introductory remarks.

In his ‘““Autobiographical Notes” Einstein points out
that in retrospect already Maxwell and Hertz appear as
those who demolished the faith in mechanics as the
final basis of all physical thinking, although in their
conscious thinking they adhered throughout to mechanics
as the secure basis of physics. He goes on to say: “It was
Ernst Mach who, in his History of Mechanics, shook this
dogmatic faith. ...I see Mach’s greatness in his incorrup-
tible skepticism and independence; in my younger years,
however, Mach’s epistemological position also influenced
me very greatly, a position which today appears to me to
be essentially untenable. For he did not place in the correct
light the essentially constructive and speculative nature of
thought and more especially of scientific thought” [4,
p- 21].

Indeed, it was Einstein who, by creating the theory of
relativity, undermined the tenets of immutability and
unrestricted applicability of Newton’s mechanics and thus
effectually proved the relativity of its laws and proposi-
tions. But one could cope with the philosophical problem
of the relative nature of scientific truth only from the posi-
tions of dialectical materialism. In formulating the rela-
tivity theory, Einstein applied the laws of dialectics to
the cognition of the physical world unconsciously; subjec-
tively, he was very far from Marxist philosophy. That ex-
plains, in the final analysis, his youthful enthusiasm for
Mach’s philosophical teaching which, as he saw it, opposed
the physicists’ dogmatic belief in Newton’s mechanics.

Eventually, Einstein abandoned Mach’s philosophy en-
tirely, which became quite obvious by 1922. In 1910 Mach
still accepted the relativity theory, but he soon came to
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reject in principle further generalisation of this theory
by Einstein. During a discussion of the relativity theory
organised by the French Philosophical Society in Paris in
1922, Einstein gave this answer to the question of his
attitude to Mach:

“Mach’s system studies relations obtaining between ex-
perimental data; the ensemble of these relations is, for
Mach, the precise science of nature. That is a bad view-
point; generally speaking; what Mach has done is a cata-
logue, not a system. Mach was just as poor a.philosopher
as he was a fine mechanist” [5, p. 11].!

This rather critical evaluation of Mach as a philosopher
by Einstein speaks for itself. Unlike his contemporaries
and followers, Mach acted quite consistently in the spirit
of his epistemology and rejected the objective reality of
atoms (Einstein made negative comments on that score on
several occasions) and the relativity theory. As is well known,
Einstein, besides formulating the theory of relativity, was
also one of the founders of the modern theory of the
atom. Thus Mach’s attitude to Einstein’s discoveries may
be an indication of the positivists’ hostility to modemn
physics, of the essential inability of positivism to be the
philosophy of modemn physics. It is appropriate to recall in
this connection Lenin’s words about the modern science of
the atom: “The destructibility of the atom, its inexhausti-
bility, the mutability of all forms of matter and of its
motion, have always been the stronghold of dialectical
materialism” [7, p. 281]. In the same way, dialectical
materialism has always been based on the conception of
indissoluble unity of space and time, of organic links
between space and time, on the one hand, and moving
matter on the other. The philosophical line of the theory
of relativity and of new physics as a whole is fully in keep-
ing with the words of Lenin: “The mutability of human
conceptions df space and time no more refutes the objec-
tive reality of space and time than the mutability of scien-
tific knowledge of the structure and forms of matter in

1 This answer (as well as other materials) is quoted in Friedrich
Herneck’s paper “Zu cinem Brief Albert Einsteins an Ernst Mach”.
Physikalische Blitter (Mosbach-Baden), 1959, Heft 12. See also our
comments on this article [6].
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motion refutes the objective reality of the external world”
[7,p. 175].

All of this is indicative of the reasons for Einstein’s
disappointment in Mach’s positivism. Why was it that in
1922 Einstein referred to Mach’s philosophy in terms so
different from his statements of previous years? The ob-
vious reason is that the relativity theory developed, con-
trary to what some modern bourgeois philosophers believe,
in opposition to the positivist doctrine of space and time
rather than on the basis of this doctrine, just as modern
theories of the atom developed in opposition to positivism.
The great physicist’s spontaneous materialism and his
unconscious application of dialectics to the foundations of
science proved to be stronger than Mach’s “poor philoso-
phy”. When Einstein developed his relativity theory, he
disapproved of Max Planck’s criticism of Mach’s positiv-
ism, but later he took the same philosophical positions as
the founder of quantum theory. Lenin referred to Ein-
stein as a ‘‘great reformer of natural science”, pointing
out that his theory ‘has already been seized upon by a
vast number of bourgeois intellectuals of all countries”
and that ‘‘this applies not only to Einstein, but to a
number, if not to the majority, of the great reformers of
natural science since the end of the nineteenth century”
[8, p. 233]. It would be quite justified to state definitely
that the great reformers of natural science, Planck and
Einstein, proceeding from the theories they created, reject-
ed positivism as a philosophy for modern physics.

Now, in what way did the theory of relativity, which
marked the beginning of non-classical physics, develop in
terms of the logic of the problems involved? Let us
restrict ourselves to a very brief exposition of the most
essential points here.

According to Maxwell’s electrodynamics, light travels
in free space at a constant universal velocity; classical
electrodynamics admitted the existence of luminiferous
ether, and that accorded with the experimentally given
fact of the independence of light velocity from the motion
of its source. But how is this proposition concerning light
velocity satisfied in an inertial system? A universal con-
stant light velocity appeared to be an impossibility in iner-
tial systems, since the existence of such a constant rules
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out Galileo’s relativity principle. At the same time various
cxperiments, including the famous Michelson experiment,
ran counter to the ideas asserting in one form or another
the existence of a preferred reference system.2

Thus when problems of applying electrodynamics to
phenomena in moving bodies arose, a contradiction be-
came apparent in classical physics between mechanics and
clectrodynamics, the contradiction between Galileo’s
relativity principle and the universal constant velocity of
light propagation. Both of them were convincingly proved
by experiments but appeared logically inconsistent. Ein-
stein solved the contradiction in a genuinely dialectical
fashion. He combined, and not by means of logical con-
junction either, Galileo’s relativity principle and the con-
stancy of light velocity principle, mutually exclusive in
classical theory, within a unified whole, and that meant
the birth of a new physical theory—relativistic mecha-
nics, in which both of these principles appeared in a new
form and were necessarily linked with each other.3 New
fundamental physical concepts of space, time, and so on
were formed, a new law of motion at near-light speeds for
particles was formulated, and the law of mutual connec-
tion between mass and energy was discovered. The princip-
al laws of classical mechanics were generalised, and all
these conceptual transformations were essentially dominat-
ed by the dialectical idea of combining, in a kind of unity,
time and space, which in classical physics were interpret-
ed as the concept of space as such and the concept of time
as such (cf. Hermann Minkowski’s ideas).

A generalisation of the special relativity theory to in-
clude the phenomenon of gravitation led to a new theory
which Einstein, its creator, called “the general theory of
relativity”. Not all scientists believe this to be an apt
name; V. A. Fok was of the opinion, for instance, that
“this term ill suits the actual physical content of Einstein’s

2 As is known, the theory of relativity was formulated independ-
ently of the Michelson experiment. At the same time Einstein
insisted that without this experiment the theory of relativity would
have remained a hypothesis.

. 2 The propositions of relativistic mechanics concerning the prin-
ciple of relativity apply not only to mechanical phenomena in iner-
tial systems (as in classical mechanics) but also to some others.
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theory and is thus quite unfortunate” [9, p. 289]. Much
carlier, the prominent physicist Amold Sommerfeld had
also spoken against the term ‘“the general relativity
theory”. In his view, “the positive achievement of the
theory is not so much the complete relativization of space
and time, but the proof that the laws of nature are inde-
pendent of the choice of reference system, i.e., that
events in nature are invariant under any change in the
observer’s viewpoint. The names ‘theory of the invariance
of natural events’, or, as occasionally proposed, ‘view-
point theory’, would be more tppropriate than the custo-
mary name, ‘general theory of relativity’ ” [10, p. 16].
Later we shall go back to the physical content of the gen-
eral relativity theory bearing in mind these remarks by
Fok and Sommerfeld.’

Of greatest importance for the formulation of Ein-
stein’s gravitation theory, or the relativistic theory of
gravitation, was the ‘“‘equivalence principle” (Einstein’s
expression) assuming the identity of such opposites as
inertia and gravitation. Essentially just as important was
Newton’s experiment with the pendulum proving that the
mass of the body is proportional to its weight; it was in a
sense a continuation of Galileo’s experiments showing that
all bodies fall with equal acceleration in vacuum. Newton
did not include the facts of inertia and gravity being
identical in the theoretical content of physics, accepting
them only empirically.

It sometimes happens in the historical development of
science that certain experimental facts are left uninterpret-
ed by an established and well-formed theory. People grow
accustomed to this, and not everyone can see that the
theoretical interpretation of these facts lies far beyond the
framework of the established theory. That is precisely the
way in which the general relativity theory, or Einstein’s
gravitation theory, came into being, which at the time of
its formulation was based on the same experimental data
as Newton’s theory of gravitation—with the addition,
however, of a set of new ideas and the corresponding
mathematical apparatus foreign to classical theories.

Classical mechanics and Newton’s gravitation theory did
not worry, so to speak, about the proportionality or
equality (given the proper choice of units) of the body’s
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pravitational and inertial masses; in Einstein’s words, this
cquality was recorded but not interpreted. Finding a sub-
stantiation for the equality of the gravitational and iner-
tial body masses or, to be more precise, finding a theoret-
ical substantiation for the proposition that “the gravita-
tional mass of a body is equal to its inertial mass” could
signify nothing but a conceptul step beyond the limits of
Newton’s gravitation theory and construction of a theory
that would be a metatheory, as it were, with regard to
Newton’s. That was exactly what Einstein did in evolving
a relativistic theory of gravitation.

Pointing out that classical mechanics recorded but did
not interpret the proposition “the gravitational mass of a
body is equal to its inertial mass”, Einstein developed this
idea in the article “Relativity. The Special and the General
Theory” in the following manner: “The same quality of
a body manifests itself according to circumstances as ‘iner-
tia’ or as ‘weight’ (lit. ‘heaviness’)” [11, p. 65]. In formul-
ating this idea Einstein provided a theoretical substantia-
tion to the equality, empirically stated in classical theory,
of gravitational and inertial masses, thus laying a founda-
tion for a new physical interpretation of gravitational phe-
nomena. The dialectical nature of Einstein’s approach
becomes absolutely clear. The inertial and gravitational
masses, regarded in classical theory as absolutely separate
and independent, proved to be mutually correlative
and dialectically inseparable in Einstein’s theory; they
became, in his words, aspects of ‘“the same quality of a
bodyi’, one that was unknown in Newton’s mechanics [11,
p. 65].

The following passage from Einstein’s work ‘What Is
the Theory of Relativity? ” may contribute towards a
more concrete realisation of his fundamental idea: ‘“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 rela-
tion 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
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the ob]vious view, but classical mechanics forbid it” [12,
p- 231].

 The general relativity theory restricts the special theory
of relativity which is only applicable as long as the effect
of the gravitational field on physical phenomena can be
neglected. For example, in a gravitational field light
travels, generally speaking, along a curvilinear rather than
rectilinear trajectory,* that is to say, the law of constant
light speed (one of the basic premises of the special theory
of relativity) cannot be claimed to be applicable without
any limitations. Putting this more definitely, the special
theory of relativity proves to be an extreme case of Ein-
stein’s gravitation theory; it shares the methodological and
cognitive destiny of any genuine physical theory, and here
it would be appropriate to quote Einstein: “No fairer
destiny could be allotted to any physical theory, than that
it should of itself point out the way to the introduction of
a more comprehensive theory, in which it lives on as a
limiting case” [11, p. 77]. This remark, clearly dialectical
in nature, forms as it were the logical axis of the develop-
ment not only of the relativity theory but also the whole
of the theoretical content of modern physics. It follows
from this, in particular, that one can hardly accept Som-
merfeld’s statement that his term ‘theory of the invar-
iance of natural events” is better than the name “general
theory of relativity”: Sommerfeld’s suggestion actually
leaves out the development of relativistic theory itself out
of classical physics.

It should be said about the general relativity theory
that it furnished those gravitational laws which classical
physics and the special theory of relativity had been
unable to formulate. The road to this attainment was far
from simple. It required a rejection of ‘Euclid’s geometry
as applied to physical phenomena. Physical concepts of
space and time were no longer interpreted as divorced
from matter; the spatial characteristics of bodies, their
physical behaviour and the flow of time proved to be
dependent, first of all, on gravity fields, which do not

4 The fact of the deflection of light required by theory was
established experimentally during the eclipse of the sun on May
29, 1919.
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exist outside of material bodies. The propositions of dia-
lectical materialism concerning time and space as forms
of the existence of matter were confirmed in a remarkable
fashion by the general relativity theory, or the relativistic
gravitation theory, not to mention the further impetus
this theory gave to the development of dialectical mate-
rialist views on the subject.

We would like to emphasise some concrete details of the
physical content of the relativistic gravitational theory.
According to the Einstein equivalence principle, it is im-
possible to distinguish between free motion of bodies in an
accelerated reference system and the motion of bodies in
a gravitational field. In particular, all phenomena in a
reference system rigidly connected to a body moving
freely in a gravitational field, occur in such a way as if the
gravitational field did not exist. In this way the gravita-
tional field can be eliminated only in a certain restricted
region of space. Through no choice of a reference system
can one ‘“‘eliminate” in all space the really existing gravita-
tional field created, say, by the Earth.

Thus the equivalence of gravitation and acceleration
is local and approximate.

At this point we come to the interpretation of relativity
in physics, or physical relativity, as suggested by Fok.
By physical relativity he means “the existence of identical
‘physical processes in two mutually moving systems of
reference” [9, p. 291]. In our view, this interpretation of
physical relativity might be expanded something like this:
physical phenomena in two mutually exclusive reference
systems are governed by identical laws (the above discus-
sion of the relevant questions was precisely in the spirit of
this interpretation of relativity, which assumes dialectical
contradiction).

In classical mechanics, Galileo’s relativity principle
obtained; keeping in mind the content of this principle, we
have analysed the idea of the unity of a property of a body
at rest and in uniform rectilinear motion. But Galileo’s
relativity principle did not cover electromagnetic phenom-
ena, that is, its application was restricted to a certain
area of physical phenomena, and it was therefore ap-
proximate. The limitations and approximativeness were
overcome by relativistic mechanics with its more general
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principle of relativity, where the assertion of relativity
covers not only mechanical but also electromagnetic
phenomena.

In the special relativity theory, however, the relativ-
ity principle did not apply to gravitation, that is to say,
it was still limited and approximate, in a way. These limit-
ations and approximativeness were overcome by Einstein’s
gravitation theory based on the principle of equivalence of
gravitation and inertia.

The latter principle also proved to be local and approx-
imate, although it is more general in character than the
relativity principle in classical and relativistic mechanics.

It follows that the relativity theory, which its found-
er called the general relativity theory, faces the task of
further development and generalisation to become a new
and more profound and meaningful theory; the latter will
probably be concerned with phenomena unknown to
modern physics.

Let us draw some conclusions. The principle of relativ-
ity of a certain physical theory, with which its formulation
usually begins, and with which its development logically
and historically began (as in the case of classical and relativ-
istic mechanics as well as in Einstein’s gravitation theory),
shapes a new theory and permits its construction—a theory
in which the opposites implemented in old theories as
something immutable and existing independently of each
other, become internally connected, unified, and at the
same time differentiated in their essential content in the
newly constructed theory, with its basic concepts and
propositions unknown to old theories. In the progressive
development of physical science, both as a whole and in
the separate theories, the law of dialectical contradiction
obtains according to which the unity of opposites is tran-
sitory, conditional, and relative, while the struggle of mu-
tually exclusive opposites is absolute in the same way as
the development of the material world and its cognition by
man are absolute.5 Interpretations of relativity in classical
physics, relativistic mechanics, and Einstein’s gravitation
theory demonstrated this quite graphically.

If we were to sum up the conception of physical relativ-

5 For details see {2, p. 359].
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ity discussed above, we should arrive at the following te-
sults (expressing our conclusions through Gedankenex-
periments of the type used by Einstein).

1. An observer on a Galilean ship does not conclude
from the mechanical phenomena on board with absolute
definiteness whether his ship moves or is at rest (with
regard to the shore). From these phenomena he concludes
that (a) the ship is at rest (relative to the shore) or (b) the
ship moves at a uniform speed along a rectilinear trajectory
(relative to the shore); in other words, the ship is in free
motion.

The observer on the shore sees that the ship moves, let
us say, uniformly and rectilinearly or, alternatively, that
the ship is at rest. From observation of mechanical phe-
nomena in the ship (say, collision of balls on a billiard
table in a cabin) he insists that in both cases these phe-
nomena occur in precisely identical fashion.

Thus the conclusion suggests itself that a body’s free
motion combines in a single quality its uniform and rectili-
near motion with being in a state of rest. Both in uniform
and rectilinear motion of bodies and in a situation when
they are at rest (these conditions are recorded in corre-
sponding reference systems called inertial) mechanical
phenomena occur in an identical fashion. That is the way
the motion relativity problem is solved in classical mecha-
nics.

2. A light signal is emitted from a source in the centre
of the cabin of a spaceship in uniform and rectilinear mo-
tion with regard to the Earth. The observer in the space-
ship will find that the light signal reaches the walls of the
cabin simultaneously: he is guided by the proposition that
the speed of light in any direction is the same. A terrestrial
observer will come to the conclusion, however, that two
light rays do not reach two opposite walls at right angles
to the ship’s motion simultaneously. This proposition con-
cerning changes in the rhythm of time in motion is inhe-
rently linked with the proposition that the speed of light
in vacuum is identical in all the inertial reference systems,
that is, in systems that are in uniform and rectilinear mo-
tion with regard to each other. That is exactly the situa-
tion in the relativi‘v theory. The content of this theory is
actually the idea that, inasmuch as the speed of light is
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the same in all the inertial systems, moving clocks must
change their rhythm (an excellent example in physics of
the slowing down of time in motion was provided by the
muons moving at near-light velocities) and moving stan-
dards, their length, that is, the constancy of the velocity
of light is inseparable from the inner unity of time and
space. Observation of electromagnetic phenomena led to
the assertion of the relativity theory that moving a clock
changes its rhythm, and moving a standard, its length; the
knowledge of mechanical phenomena alone, with its idea
of absolute time, cannot'lead to the dialectics of cogni-
tion of space and time in their unity. This last step was
only made by the relativity theory, which has asserted the
principle that all physical laws, not only the mechanical
ones, are identical in all inertial systems.

3. The observer in a spaceship notices that his pocket
knife, handkerchief, cigars and the like, left to be, can be
found after a while on the floor of the cabin. In interpret-
ing these observations, he can say that his spaceship is at
rest in the Earth’s gravity field, and he may also say that
his spaceship moves ‘“upwards” with a constant accelera-
tion. These two statements assert that gravity and inertia
are in the final analysis one and the same quality.

The observer on the Earth sees, for instance, that the
spaceship moves non-uniformly ‘“upwards” or that the
ship, let us say, is at rest in the gravity field. He insists,
from observations of phenomena inside the ship, that in
both cases these phenomena occur in the same manner.

Thus we come to the conclusion that in the two mutual-
ly exclusive systems, inertial and gravitational, the physical
phenomena proceed in an identical manner, that is putting
it more generally, that all physical laws are identical not
only in inertial but also in all physical systems (the general
principle of relativity).

The idealised experiment involving phenomena inside a
spaceship may, however, prove inadequate for demonstrat-
ing the general relativity principle. Suppose the light ray
enters the spaceship horizontally and leaves it after a short
time. If we assume that the spaceship moves ‘“‘upwards”,
the ray of light will seem to describe a trajectory within
the spaceship that is not strictly rectilinear. If we assume
that the spaceship is within the gravity field and that the
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ray of light is weightless, the latter will seem to move along
a rectilinear trajectory.

It so appears at first sight that in the reference frames
considered here the light ray behaves in different ways
and, consequently, the general principle of relativity has
no meaning. Actually things are quite different: the ray of
light carries energy, energy is connected with mass, and
any inertial mass is affected by a gravity field, since iner-
tial and gravitational masses are equivalent. The ray of
light therefore bends in the gravitational field, the general
principle of relativity triumphs, and along with it triumphs
the dialectical principle of unity of opposites in Einstein’s
gravitation theory.

3

The theory of relativity emerged and asserted itself in
physics almost simultaneously with quantum mechanics.
In turning to quantum mechanics, let us at once point
out the dialectical nature of the content of this physical
theory: just as the theory of relativity, it is a reflection of
the nucleus of dialectics—the doctrine of the unity and
struggle of opposites. Quantum mechanics emerged as the
result of resolving the contradictions between thermody-
namics and the theory of radiation.

Classical physics usually interprets matter as substance
and field separate from each other. Quantum mechanics is
based on the interpretation of matter in motion as inter-
connected substance and field simultaneously possessing
both corpuscular (discrete) and wave (continuum) prop-
erties. As Planck formulated for the first time the quan-
tum conception (1900), he tried to interpret the problems
involved in terms of classical physics. Einstein propounded
the idea of the photon and showed quite clearly that the
quantum conception could not be comprehended on the
basis of classical physics. Niels Bohr’s atomic theory
(1913), where the conditions of quantisation figured,
retained some basic classical conceptions. Only as late as
1924 and later did the idea gain ground in the develop-
ing quantum theory (Bohr’s school being its main expo-
nent) that corpuscular and wave concepts, which were
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viewed as opposites in classical theories, were equally
essential for the physics of atomic phenomena. A special
role here was played by the discovery in 1927 of electron
diffraction, theoretically predicted by Louis de Broglie:
it became quite definitely clear that the electron has a
dual (corpuscular and wave) nature.5

We shall limit our discussion to a few brief remarks on
the pertinent aspects of the quantum theory.

In quantum mechanics, the corpuscular and wave con-
cepts lose their ‘“classical” independence. In accordance
with the idea of the dual corpuscular-wave nature of the
micro-objects, matter, that is, substance and field, is not an
ensemble of particles or waves in the sense of classical
physics, neither is it a combination of corpuscular and
wave properties in some mechanical model. This concep-
tion accords with the fact that the motion of micro-
objects can in some cases be interpreted as motion of
“classical” particles or propagation of ‘classical” waves
only as an approximation. There is not a single experiment
where the properties of micro-objects would be manifested
precisely as the properties of a particle or those of a wave
studied by classical physics. Only in the limiting cases do
micro-objects behave as particles under some physical
conditions and as waves under others. Thus in describing
phenomena on the atomic scale one must not ignore the
physical conditions (experimentally recorded) under which
these phenomena are observed. This kind of relativity with
regard to the experimental devices or instruments of
observation (the concept and term “relativity with regard
to the instruments of observation” were first introduced
by Fok) which is a distinctive feature of description in
quantum mechanics, expresses the truth of the unity of
the opposite corpuscular and wave properties of micro-
objects.

From this it becomes clear why the quantum magni-
tudes in the uncertainty relation are qualitatively different
from their classical analogues. Quantum magnitudes are
inherently relative with regard to observation instruments,
which makes them different from the classical magnitudes

6 The idea of the corpuscular nature of electricity firmly assert-
ed itself in physics with the discovery of electrons.
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independent of observation instruments.

The above permits to outline a possible approach to the
apparent paradox with which quantum mechanics begins
its conceptual existence and which may be expressed in
the following way: it is assumed that experiments with
atomic scale phenomena must be described in terms of
classical concepts, and at the same time it is asserted that
the applicability of these concepts is restricted by the un-
certainty relation.

The uncertainty principle (e.g., for momentum and co-
ordinate) states in fact that in the quantum state proper
values of momentum and coordinate operators do not
exist simultaneously, that is, what is referred to is a law
pertaining to quantum magnitudes (relative with regard to
instruments of observation) rather than to classical ones.
The uncertainty relation Ax8p, = /2 is obtained from
the non-commutation relation P, X—XP,=h/i, where the
operators of the corresponding component of the mo-
mentum P, and coordinate X mathematically express that
the quantum magnitudes are something qualitatively dif-
ferent from the classical ones. The momentum and coor-
dinate of a micro-object cannot take a definite value at
one and the same point in time precisely because that
micro-object, studied by quantum mechanics, has a dual
corpuscular-wave nature and is not a particle in the classi-
cal sense. In other words, the very nature of the micro-
object is the basis of the fact that its description is un-
thinkable without probabilistic concepts and potential
possibility. The concept of probability in quantum mech-
anics is radically different from that of classical physics,
for probability itself is part of the laws of quantum mech-
anics rather than something existing outside these laws.

Leaving aside other philosophical questions of the in-
terpretation of quantum mechanics relevant for our topic,
including Bohr’s complementarity principle, let us note,
however, that our analysis of the problems was in agree-
ment with some aspects of this principle. In Bohr’s words,
“the wider frame of complementarity directly expresses
our position as regards the account of fundamental prop-
erties of matter presupposed in classical physical descrip-
tion, but outside its scope” [13, p. 6].

We quoted these words from one of Bohr’s last works,
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“Quantum Physics and Philosophy” (1958), which, from
the materialist dialectical positions, is more free from the
philosophical drawbacks of his earlier works, to which he
referred in one form or another in specifying his concep-
tion of quantum mechanics and working out its deeper
implications.”

If one considers Bohr’s works in their chronological se-
quence, the antithetic quality of the corpuscular and wave
concepts in the physics of the microworld is becoming
clearer and clearer in the exposition. In his complementar-
ity concept Bonr did not raise the question of the existen-
ce of dialectical contradiction in the field of science with
which he was concerned but also made an original attempt
at solving this contradiction, emphasising the synthetic
aspect of the complementarity principle.

Complementarity is undoubtedly a form of reflection of
the objective dialectical contradiction inherent in micro-
objects; that was established by Soviet physicists and phi-
losophers [14]. As was shown by Bohr and many of his
adherents and followers, the logic of this dialectical con-
tradiction is the logic of development of quantum physics.

7 Thus in his 1949 article “Discussion with Einstein on Episte-
mological Problems in Atomic Physics” Bohr writes of the exposi-
tion of his ideas in the polemics with Einstein in the 1930s: “Re-
reading these passages, I am deeply aware of the inefficiency of ex-
pression which must have made it very difficult to appreciate the
trend of the argumentation aiming to bring out the essential am-
biguity involved in a reference...” [4, p. 234].

Some authors alleged that Einstein rejected quantum mechanics
just as the opponents of the theory of relativity rejected the latter.
In actual fact, however, Einstein never rejected quantum mechanics
as a scientific theory, although, as regards the philosophical aspects
of the discussions of those times, he held a negative attitude to
positivism and indeterminism closely intertwined with the concep-
tion of uncontrollability in principle propounded in the 1930s in
the interpretations of quantum mechanics. Einstein endeavoured to
formulate an interpretation of quantum mechanics free from posi-
tivism and indeterminism but failed to solve this problem. It was
solved by Bohr and his followers, who proceeded from the comple-
mentarity principle—a point which is discussed in the main body of
the present article. See in this connection also the works by Niels
Bohr “Discussion with Einstein on Epistemological Problems in
Atomic Physics” [4] and by Albert Einstein Quanten-Mechanik und
Wirklichkest (Quantum Mechanics and Reality).
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4.

The concepts of elementariness and complexity as
applied to the world of elementary particles have a content
that is completely different from the content of these con-
cepts in the old, classical atomic theory. What is shifted
into the foreground is thé idea of the “transformability of
one thing into another”, in the context of which the pro-
blem of elementarity is formulated and solved in a way
quite different from the classical atomic theory (which
interpreted transformation in microworld phenomena as
combination and disjunction of some constant elements).

The question of the elementary and the complex in
relation to electrons, protons, mesons, neutrons, and other
elementary particles does not have the same meaning as
it had in old atomism beginning with Democritus and per-
sisting in classical physics and to some extent in the
modern quark hypothesis. The modern conception of
particle elementariness is markedly affected by the theory
of relativity. Let us briefly discuss the problem. .

According to the classical conception of change in bo-
dies, the latter is based on combination and separation of
fundamental discrete particles the number of which is
immutable; these particles can only change their configu-
ration, combination, and correlations with one another.
This conception of change and development in bodies was
not undermined, in its essential aspects, by quantum me-
chanics either. The particle of quantum mechanics is not
the same as the particle of classical physics; its motion is
of wave nature, and this conception of substance in quan-
tum mechanics emphasised the affinity between substance
and field. At the same time quantum mechanics was in-
capable of effecting the reverse transition from field to
substance: fields remained “classical” in it and the number
of kinds of fundamental particles of matter did not and
could not vary.

Quantum field theory realised a deeper synthesis, than
did quantum mechanics, of corpuscular and wave concep-
tions, unifying within an integral whole the concepts of
field and substance. The synthesis was begun by P. A. Dir-
ac’s relativistic theory of the electron, which combined
quantum mechanics and the special theory of relativity.
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Of the essential and experimentally supported conclusions
of this theory let us point out, first of all, the existence of
the positron and the possibility of transformation of a
photon into an electron-positron pair and back. In other
words, Dirac’s theory predicted the existence of anti-mat-
ter and showed, not merely assumed, that the number of
elementary particles was not immutable.

The relativistic theory of the electron along with ex-
perimental evidence to support it opened the way to estab-
lishing universal transformability of elementary particles,
the discovery of antiparticles and so on and so forth—we
omit the details.

In the microworld, the elementary and the complex
cease to be absolutely constant, identical and opposed to
each other; they become fluctuating and interconnected,
and their concrete content differs therefore from the con-
ception of the elementary and the complex in the classical
theories of physics. According to this conception of ele-
mentariness and complexity, these qualities are not inher-
ent in, say, the proton as such, irrespective of the condi-
tions under which its transformation takes place, but are
firmly embedded in these conditions (which are recorded
by experimental devices in the study of the transforma-
tions of elementary particles). There is not a single ex-
periment where elementary particles would behave precise-
ly as elementary objects or complex (composite) systems;
in the individual cases, under some conditions of transfor-
mation, these particles resemble elementary objects,
and under others, complex systems. Thus, in collisions
with particles with energies less than 100 meV the proton
behaves like an elementary particle, whereas in collisions
with considerably greater energies it is transformed into
hyperons and K-mesons, that is, it behaves as a complex
system. In general, for the interacting particles to trans-
form, certain definite laws of conservation must obtain,
which in this case appear as conditions of the possibility
of transformation.

The concepts of elementariness and complexity as
applied to elementary particles thus lose their absolute
meaning, becoming relative. This kind of relative elemen-
tariness and complexity of the material objects referred to
in modern physics as elementary particles, distinguishes
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them from the elementariness and complexity of the atom-
ic nucleus, the atom, etc. This relativity is in the final
analysis a manifestation of the dual nature of the elemen-
tary and the complex inherent in the elementary particles
of nature. The question of elementariness and complexity
of subatomic objects is in some respects similar to the
problem of identity of place for two events occurring at
different times, and of simultaneity of events occurring in
different places. According to classical mechanics, identity
of place is relative while simultaneity is absolute, that is,
independent of the reference frame. The theory of relativ-
itz/ rejected, in accordance with its principles, the concept
of absolute simultaneity. Relativity of simultaneity and of
spatial lengths and time durations in the theory of relativ-
ity essentially flows out of recognition of internal (imman-
ent) unity of space and time.

If elementary particles can be complex, it is correct
to assume that they may have structure. Robert Hofstadter
showed in his experiments that the nucleon is not a point
particle and indeed has a structure. But the structure of an
elementary particle is different from what was meant by
“structure” in pre-quantum physics. According to modemn
conceptions, an elementary particle comprises a system of
“levels” of other virtual particles forming its structure,
that is to say, the “composition” of an elementary particle
includes other particles in a virtual rather than actual state.
In other words, such concepts as “‘consist of”, “structure”
and others in the theory of elementary particles are not
at all “classical” in their nature.

Let us try a more concrete exposition of what has been
said here about ‘‘structure”. Let a strong-interaction par-
ticle (hadron) 4 be transformed (“decay”’) into a combina-
tion (or become a system) of hadrons B and C. If the mass
defect of the particle 4 is great, that is, particle 4 does not
have sufficient energy for the transformation in question
to be actually realised, it is stated that the particle 4 is
composable of particles B and C. Particles B and C appear
in this case as virtual particles, and particle 4 has a vir-
tual structure; it thus appears that a particle of the given
mass is built, as it were, out of particles of greater mass.
In other words, particles B and C cannot in this case co-
exist and exist in the structure of particle 4 irreally,
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merely in potentiality, which becomes reality only under
certain new conditions, when particle 4 is given sufficient
additional energy.®

Heisenberg holds a different view of the concept “con-
sist of”, accepting the proposition that there is no differ-
ence in principle between elementary particles and com-
posite systems.

“We ask: ‘What does a proton consist of? Can an elec-
tron be divided or is it indivisible? Is a photon simple or
compound?’ But all these questions are wrongly put,
because words such as ‘divide’ or ‘consist of’ have to a
large extent lost their meaning. It must be our task to
adapt our thinking and speaking—indeed our scientific
philosophy—to the new situation created by the experi-
mental evidence.... Wrong questions and wrong pictures
creep automatically into particle physics and lead to devel-
opments that do not fit the real situation in nature > [15,
p. 38].

From what has been said in the above on the elementar-
iness of particles, it is clear which part of Heisenberg’s
position is acceptable and where he is quite wrong. Heisen-
berg’s treatment of elementariness is insufficiently dialec-
tical; the concepts of “simple” and ‘“‘composite”, “divisi-
bility”, “consist of”, “particle”, and others change their
old meanings, acquiring new ones in a new situation
created by the experimental evidence. The scientific
philosophy of dialectical materialism takes all these new
factors into account and accordingly outlines the new
paths of studying the emergent problems, paths that lead
to new and more profound and all-embracing truths. In
this connection, visualisation is seen in a new light, and
this question is discussed in Marxist literature.?

Let us now consider the quark hypothesis. These “ge-

8 It was in this way that the structure of the nucleon was discov-
ered in the Hofstadter experiments in the scattering of fast elect-
rons by protons. The structure of the nucleon is actualised through
transmission of energy to the nucleon by moving electrons. It has
been experimentally proved that the proton scatters electrons in
such a way as if its charge were spatially distributed and not as if
the gproton were a charged point particle.

See Chapter III, “Do Concepts and Theories of Modern Physics
Have a Visual Content? ”, of our work [16].
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nuinely elementary particles”, as some authors refer to
them, were introduced because elementary particles, in the
first place hadrons, are very numerous, and the adherents
of this hypothesis hope that quarks will introduce simplic-
ity into nature, so to speak, as the known elementary
particles, so great in number, will prove to be built out of
a small number of quarks.

Quite a great deal has been written about these hypothe-
tical particles in the modern literature on elementary par-
ticle physics. In the words of Professor Sheldon Glashow
of Harvard, ‘“‘quarks are at once the most rewarding and
the most mystifying creation of modern particle physics.
They are remarkably successful in explaining the structure
of subatomic particles, but we cannot yet understand why
they should be so successful” [17, p. 38].

So far the existence of quarks has not been proved ex-
perimentally, that is, free quarks have not been found in
experiments although a great number of studies have been
undertaken. In the article cited above, Glashow propounds
certain theoretical arguments and considers the explana-
tion of the causes for the unobservability of quarks sug-
gested by some physicists on the basis of these arguments.
“If it should be proved correct [he writes in the article],
it would show that the failure to observe colored particles
(such as isolated quarks and gluons) is not the result of
any experimental deficiency but a direct consequence of
the nature of the strong force” [17, p. 45].

The main points of Glashow’s analysis of the quark
problem recur in many other physicists’ works. Thus Yoi-
chiro Nambu states that the invisibility of quarks is prob-
ably due to the fact that “they are held inside other
particles by forces inherent in their nature” [18, p. 48].
Of some interest are the concluding lines of this article:
“Now theories of quark confinement suggest that all
quarks may be permanently inaccessible and invisible.
The very successes of the quark model lead us back to the
question of the reality of quarks. If a particle cannot be
isolated or observed, even in theory, how will we ever be
able to know that it exists? ”” [18, p. 60].

In our view, all statements in the articles by Glashow
and Nambu concerning the causes of unobservability of
isolated quarks are logically and epistemologically very
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much like the past of the theory of relativity and quantum
mechanics, if one may put it so, when the latter were only
becoming physical theories. We refer here to the Lorentz
hypothesis which accepted the existence of one preferred
reference frame (that is, of absolute velocity) and at the
same time ‘“‘explained” why it could not be discovered
experimentally. We also refer to the Heisenberg uncontrol-
lability principle in its original form (when it was not yet
part and parcel of Bohr’s complementarity principle),
according to which we shall never obtain experimental
evidence of the moving electron’s trajectory, although
we can assume its existence.

In this article we shall not consider the concrete con-
tent of the problems arising here. There is as yet no unified
theory of elementary particles. We believe that the theory
constructed at present is now passing, and will pass in the
future, through certain stages reminiscent of those which
the theory of relativity and quantum mechanics have gone
through.

It should be noted in this connection that if, let us say,
the quark hypothesis should be confirmed, “the funda-
mental problem of elementary particles would reappear at
a higher level when it is asked: Why do quarks exist? ’ [19,
p.- 229], as was correctly pointed out by the eminent
physicist Victor Weisskopf.

Thus the essential changes in the physical concepts of
atom, elementary particle, complex system, do not elimi-
nate the problem of elementariness, despite the views ex-
pressed in the literature, but rather formulate it in a new
fashion. In Weisskopf’s opinion, it is possible to escape the
stereotype solution of the problem which envisages either
absolute elementariness or the purely relative elementa-
riness of infinite division. Victor Weisskopf writes: “Most
probably, however, the actual solution of the problem will
take a new and wholly unexpected form” [19, p. 229]. We
believe that this view reflects the dominant tendency in
modern elementary particle physics, combining as it does
in a dialectical unity the opposite properties of the elemen-
tary and the complex.

Summing up his views on elementariness in physics,
Heisenberg said on several occasions that contemporary
development of physics turned away from Democritus’s
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philosophy to that of Plato.l® That is a completely
erroneous idea: in our view, the development of modern
physics has turned from the philosophy of Democritus to
that of Epicurus rather than Plato. The philosophy of
Democritus the atomist lacked the dialectics inherent in
Epicurus’s philosophy. Young Karl Marx made that quite
clear in his doctoral dissertation Difference Between the
Democritean and Epicurean Philosophy of Nature,11
while Lenin in his Philosophical Notebooks countered
Hegel’s erroneous remark on the movement of atoms in
Epicurixs with one apt phrase: “And electrons? ” [2,
p. 292].

The dialectical idea of the unity of the opposing prop-
erties of elementariness and complexity in elementary
particles thus serves as the philosophical key to the prob-
lematic of elementary particle physics in our days. The
unambiguous conclusion to be drawn from what has been
said in the above is this: the soul of dialectics—the principle
of development in the form in which it is most free from
one-sidedness, that is, the law of unity and struggle of
opposites—inspires physics and natural science as a whole,
particularly the physical science of today.
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B. G. KUZNETSOV

EINSTEIN
AND CLASSICAL SCIENCE

1. Classical Science in a Non-classical Retrospect

Einstcin’s centenary makes one stop to dwell
not only on the theory of relativity, photons,
the years of search for a unified field theory, the sources,
content, evolution and modern significance of the ideas
of the great thinker. Apart from these problems and ex-
curses into the history of science and physics proper,
Einstein’s anniversary inevitably poses more general ques-
tions, too. Wherein lies the historical significance of the
emergence of this gigantic figure, wherein lies its greatness,
what is the essence of the new style of scientific thinking
that has been implemented in a new picture of the world
and a new scientific and technological revolution? One of
the special aspects of this fundamental question is the
following problem: how is our evaluation of the scientif-
ic revolution which created classical science changed in a
non-classical retrospect, in the light of Einstein’s ideas?
This evaluation goes far beyond the boundaries of history
of science. It serves as the basis for the solution of extreme-
ly urgent problems of modern times. Here we can follow
Einstein himself, who perceived Newton’s creativity to be
a historical triumph of reason. In his article “Isaac New-
ton” written for the tricentennial of the birth of that
English thinker Einstein wrote that mind seems weak to
us when we ponder the tasks facing it; and it seems espe-
cially weak when we oppose it to men’s folly and passion
which, it must be admitted, almost fully control human
destinies both in trivial and great things. But, he added,
intellectual creations go through the bustle of successive
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generations and illumine the world with the light and
warmth for centuries.

For centuries.... One may be confident that that will be
the destiny of Einstein’s creativity, which by no means
hides the light and heat radiated by Newton’s ideas and
will not itself be obscured by discoveries of later centuries.
Why are the creations of reason immortal? What is the in-
variant basis of the light and heat they radiate? It is first
of all the irreversibility of cognition, the fact that science
cannot go back on or reject the creations of reason, how-
ever radically they may be modified and specified. That is
not the immortality of a dead statue—it is genuine living
immortality. The concept of invariant is inseparable from
that of transformation. It is the search for the new, the
transformation of the world picture, which is the general
quality permeating man’s intellectual activity and produc-
ing an emotional effect, bringing the feeling of light and
warmth to later generations. The revolutionary, questing,
and transforming force of Newton’s creativity and of all
classical science as a whole becomes clearer if one com-
pares it with the modern transformation of the world
picture in the light of the reappraisal (by no means deval-
uation) of Newton’s scientific ideas consequent on Ein-
stein’s ideas. Before such a reappraisal, heliocentrism, the
idea of inertia, the concept of force, the infinitesimal
calculus, the differential conception of movement from
point to point and from moment to moment—all of these
components of classical science had not appeared to be
revolutionary and still less stages in the indivisible, irrevers-
ible, and incomplete process of the world picture approx-
imating the original. The idea of such a process was ex-
pressed many times, but it could not undermine the
conviction, current almost as late as the 20th century, that
classical foundations of science were unshakeable. At that
time history of science spoke of insights into the laws of
the universe and of the immutability of the laws thus
discovered. It we apply the term “scientific revolution” to
such an insight, its meaning will be different from that
accepted today: whatever the definition of scientific rev-
olution now, it is perceived not so much as the crowning
of a quest as a more intense and radical continuation of
the cternal and irreversible transformation of knowledge
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about the world. It is on the basis of a modern non-class-
ical retrospect that we look for analogous features in the
science of the 16th and 17th centuries that furnish evidence
of a revolution at that time.

Apart from the illusion of immutable axioms of knowl-
edge characteristic of the past, its other distinguishing
feature was extreme limitedness of the properly scientific
conceptions of the world. In the classical times the integral
function of cognition of All was not attributed to science.
Spinoza identified natura naturans, creative nature, with
natura naturata, created nature, but creative nature did not
figure in classical science as an object of experimental
study and mathematical analysis; classical science did not
dare to tackle by its methods the universe as a whole. In
modern science, beginning with relativistic cosmology,
with Einstein’s cylindrical world, the universe as a whole
became the object of mathematical analysis and experi-
mental observation (we emphasise the “observation”, for
the problem of geometry of the universe is solved by the
study of mean density of matter in space). When Walther
Nernst said that the theory of relativity was not so much a
physical as a philosophical theory, this remark rang true,
for the philosophical treatment of the universe as a whole
(““object created in one copy”’) and of cognition as a whole
became after Einstein much closer to experimental and
mathematical study of nature. Today, sixty years after the
emergence of relativistic cosmology, when astrophysical
problems are more and more intimately linked with the
emergence of a unified theory of elementary particles, this
tendency is becoming increasingly pronounced.

This tendency, as we have pointed out, proved to be the
starting point of a new view of the past, of new historical-
cultural, historical-scientific, and historical-philosophical
evaluations of the classical picture of the world. Its class-
ical quality has become more conventional, and its rev-
olutionary nature, more and more noticeable. It now
appears to be very general and integral, signifying not only
the transformation of individual and particular physical,
astronomical, biological and other branches of knowledge
but also of the methods themselves, of the logical norms
and canons of knowledge, of that which is referred to as
the axioms of science. All of this requires a certain con-
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cretisation and modification of the very concept of scien-
tific revolution, namely making it a more integral concept
which now incorporates a reference to the transformation
of the logic of cognition, of that which unifies the science
of the given epoch. These unifying factors are the canons
recurring in each field of scientific cognition, the methods
and axioms of knowledge most fully preserved in the transi-
tion to a new field, the elements of the paradigm in the
sense of Thomas Kuhn. Nowadays, however, the emphasis
in defining scientific revolution is shifted to something
else again—the transformation of the paradigm, which
requires not only a historical analysis of each stage in the
history of cognition but also a historiological analysis
going beyond the boundaries of these stages and determin-
ing cognition as a whole, that is, determining the historio-
logical general invariants of cognition.

The history of cognition offers instances of interdisci-
plinary transformations (that which changes in the transi-
tion from one branch of science into another) and inter-
disciplinary invariants (the subject of transformation, that
which is preserved in the transformation). Then there are
instances of historical-scientific invariants of shifts in time,
the invariants of transition from one epoch into another.
Analysis of these invariants forms the general theory of
scientific knowledge. The study of the scientific revolu-
tion of the 16th and 17th centuries as an epistemological
phenomenon from a modern viewpoint, that is, in terms of
a comparison of classical science which emerged as a
result of the above-mentioned revolution with the 20th-
century scientific revolution, is based on a historiology of
knowledge linking up the history of a scientific revolution
with the history of knowledge in general.

These links make the concept of scientific revolution
an integral one. In the literature on the history of science
the term “‘revolution” is often applied to major discoveries
and generalisations which do not apply, however, to the
science of the given epoch as a whole. Mostly they deserve
this designation. But when it is a question of scientific
revolution as a stage in the general history of cognition,
of the scientific revolution as an epistemological phenom-
enon, a transformation of the common interdisciplinary
invariant is meant which determines the picture of the
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world as a whole created by the given epoch.

The conception of irreversible and infinite approxima-
tion of the picture of the world to its objectively real ori-
ginal is a fundamental conception of epistemology which
becomes the starting point of defining scientific revolution.
Now, how do revolutionary periods in the approximation
to the objective truth differ from the overall movement of
cognition which is on the whole irreversible? A great deal
can apparently be explained here by the concept of strong
trreversibility of time introduced by Reichenbach. Irrever-
sibility of time is usually defined through the non-identity
of the relations earlier and later. Reichenbach calls this
definition weak, opposing to it a strong definition. In the
last case irreversibility is revealed without juxtaposing the
past and the future; time at a given moment is unidirec-
tional; the time arrow is not defined by its target but at
each moment of its flight, for each now. This is reminis-
cent of the definition of motion in Aristotle (always out of
something and into something) and in the science of the
New Times (velocity characterises the state of the body at
a given moment and point, it is determined by differentia-
tion). At certain periods, science is marked by strong
irreversibility of development—that is precisely the distinc-
tive feature of scientific revolutions. During revolution-
ary periods the style of scientific thinking, the impact of
science on the general character of culture, the effect of
science, explicitly depend on the movement of science it-
self; each answer science gives in response to some ques-
tion modifies the question itself and causes new questions
to be asked; the interrogative accompaniment of scientific
development is never mute [3].

In the epistemological analysis of a scientific revolution
the strong irreversibility criterion must be linked with the
basic epistemological criterion—that of truth. It is ap-
propriate to recall here Einstein’s criteria for choosing a
physical theory—the criteria of external justification and
inner perfection, of which Einstein wrote in his ‘“Autobio-
graphical Notes” in 1949 [1, p. 23]. The first of these
criteria is experimental confirmation, the second, natural-
ness of the theory, its deducibility out of maximally gen-
eral principles without ad hoc assumptions. Characteristic
of the revolutionary situation in science is the act of ex-
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ternal justification—an experimental result which obvious-
ly requires new basic principles embracing the universe but
finds them only through tentative intuition, searching for
inner perfection, formulating at the start not so much
unambiguous answers as questions addressed to the uni-
verse, and demonstrating within the framework of now the
interrogative component of cognition, its irreversible
movement towards truth. In the 16th century, the role of
such experiment or observation was played by elliptical
planet orbits, and early in the 20th century, by the inde-
pendence of light velocity from the motion of the system
in which it is measured. A similar situation, a revolutionary
one, is created by a universal idea that finds no external
justification for the time being and stimulates experiment-
al research demonstrating irreversible advancement to-
wards truth. These quests transform the logic of cognition
and logical norms, conditioning paradoxes in the most
general conceptions of the world. That is the kind of trans-
formations (which can be called metalogical) which La-
place had in mind when he said that it was easier for
reason to move ahead than to be immersed in itself. These
immersions of reason in itself lead to the juxtaposition of
earlier (long-established fundamental principles) and later
(new principles that are yet to be justified externally),
the juxtaposition contracting earlier and later into now
and thereby demonstrating cognition’s strong irrever-
sibility.

The concept of scientific revolution as a period of
strong irreversibility of cognition, linked with the treat-
ment of scientific revolution as an epistemological phe-
nomenon, as a stage in the development of cognition as a
whole, apparently permits to extend the concepts of
paradigm and invariant of cognition. Both of these con-
cepts proceed from a certain identity of positive asser-
tions. Invariant, a concept which was first used in mathe-
matics, has now acquired a very general meaning, at any
rate in physics, after Emmy Noether linked it with the
concept of conservation of physical quantities. It may be
assumed that this concept will acquire an even more gen-
eral sense, including an epistemological one. The empha-
sis is shifted now onto a concept that is somehow connect-
ed with conservation but is in a sense opposite to it—the
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nansformation of a positive answer to a question which
remains unchanged. The invariant question, or the “inter-
rogative invariant”, is particularly important for a scientif-
1 revolution in which positive paradigms are changed ra-
dically—so radically that only the question remains un-
changed, the question which was earlier answered in one
way and later, in a different manner. During a scientific
revolution answers change very quickly and explicitly,
within the life span of a single generation, and in these
days in the time it takes for a few consecutive issues of a
physical journal to appear. This makes the constancy of
the pervasive question more apparent. Its conservation
is the concretisation, illustration, and conclusion from
the principal feature of cognition as a whole, from the
main premise of epistemology. The fact that the continu-
ous content of science is represented by questions which
cach epoch inherits from the previous one and redirects to
the subsequent one, is evidence of unlimitedness of cogni-
tion, of its historical approximation to the inexhaustible
absolute truth.

Now we shall have to impose certain restrictions on the
distinction between positive and “‘interrogative’ invariants.
We have discussed the inexhaustibility of the object of
science, and the infinite approximation of cognition to the
original object. But is this approximation irreversible?
‘The concept of irreversibility points to the epistemological
value of positive answers, their conservation in the most
radical scientific upheavals. If we negate the truth of posi-
tive answers, if we reduce scientific revolutions to conserv-
ing the questions, presenting them as a sort of cataclysm
wiping off the face of the Earth everything that is old,
we shall arrive at absolute relativism, at a conception of
the history of cognition as a history of errors. Although it
may be admitted that the question ‘“What is the structure
of the world? ”’ is conserved even in that kind of history,
in actual fact its conservation and the inexhaustibility of
cognition are inseparable from the progressive and irrever-
sible movement of the latter. The question ‘“What is the
structure of the world? ”’ is conserved in a modified form
precisely because at each stage it is given an approximately
correct if incomplete answer, one that does not close the
door to the advancement of science. The interrogative
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component of science is in this sense inseparable from its
positive component. Consider the question which was
inherited by classical science from peripatetic science:
“Why do bodies continue to move after the initial im-
pulse? ” This question could survive only because certain
irreversible constants and generalisations were accumulated
in antiquity and in the Middle Ages. Consider the interro-
gative sentence in the immediately preceding text. Each
word in it is the product of irreversible positive results of
experiment and logical reasoning that will forever remain
as part of science. The word “why” is the outcome of a
long and irreversible process of rejecting non-causal think-
ing, and whatever the possible changes in the causality
concept, there can be no rejection of what underlies this
word. The word “bodies” points to the conclusion, ex-
perientially substantiated, that the world is discrete. The
word “continue” could only acquire meaning through ac:
cumulation of observations opposed to which was regular
discontinuation of motion, through the emergence of an
abstract image of a body left strictly alone, and of infinite
motion without obstruction. The word ‘“‘impulse”, des-
ignating the universal cause of motion, could figure in the
above question only after a certain irreversible positive
statement was made rejecting in general any non-material
sources of motion.

Classical science set the same question before the
science of the future in a different form, which included
the concepts of a body left alone, that is, a body outside
of force fields, motion as state (Galileo), rectilinear inertia
(Descartes), inertial forces (Newton). Without these con-
cepts and images Einstein could not have answered this
question by referring to some specific traits of space, its
geometrical properties, its Euclidian or non-Euclidian qual-
ity.

yThcre is any number of ready examples of this sort.
They go to show that the questions of science cannot be
asked in the absence of concomitant and determinant
positive statements and cannot, if only for that reason
alone, become links in the historically developing knowl-
edge. The entire history of science shows the impossibil-
ity of formulating a question without definite answers—
the kind of answers which form an irreversible series. The
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“interrogative” component of cognition and the ‘res-
ponse” component are the basic characteristics of cogni-
tion. Cognition advances, because the question remains
unexhausted at any given time. It forges ahead as a whole,
and its time is irreversible, for scientific answers are not re-
placed by new ones after the fashion of the Cuvier catas-
trophes but rather in the order of growing precision of
reflection of objective reality.

2. The Emergence of Classical Physics

Thre are certain conclusions concerning the chronolog-
ical limits of the scientific revolution which created class-
ical science, which follow from the nature of the scientific
revolution outlined above, from the strong irreversibility
of the succession of concrete forms assumed by the in-
variant question of the structure of the world, and from
the struggle and connection between earlier and later that
is a constant feature of a scientific revolution. Earlier
signified in this case the dominance of the peripatetic ideas
and deduction of the laws of being out of an immutable
scheme including the centre of the universe, its bounda-
ries and the “natural places”. Later referred to the science
of the 18th and 19th centuries that had considerable ex-
ternal justification and inner perfection. Between them lies
a span of some two centuries, probably less, of searching
for a new external justification and inner perfection, of
a struggle between the old and still uneliminated and the
new and as yet unattained, a period when the old and the
new merged in their struggle and made each now a scene
of conflict. When this general characteristic of 16th- and
17th-century science is historically concretised, it becomes
possible to single out several successive stages in the
scientific revolution.

Its first stage was the Renaissance. High Renaissance was
the culture of the 16th century. At that time peripatetic
science had not yet receded into the past, it was going
through an internal transformation: the culture of the
Cinquecento included the “Aristotelian Renaissance”, and
Averroés’s philosophy kept developing and seeking for new
arguments. Averroism, just as neo-Platonism, was going
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through a profound inversion of concepts, the accent was
shifted to living matter in motion giving birth to changing
forms; the old scheme of immutable harmony of being was
pushed out of the limelight. The attitude towards the au-
thorities of antiquity had changed; these were criticised,
and the defenders of Aristotle no longer rejected new in-
terpretations of peripatetic texts. The peripatetic picture
of the world was no longer regarded as canonic. It was still
alive, 16th-century natural philosophers, even when they
declared themselves to be opponents of peripatetic science,
often did not go beyond commentaries on Aristotle. Peri-
pateticism was of the past, but that was the kind of past
that is retained in the present. In a similar way, later the
new conception of the world, the classical science, remained
in the future, but that was the kind of future that was
part of the present, struggling against earlier, against the
past within the framework of now. Applied mechanics was
already accumulating external justifications for the foun-
dations of a new picture of the world, but the counter-
tendency, the working-out of such foundations, was mere-
ly taking the first steps within the framework of 16th-
century natural philosophy. The style of 16th-century
scientific thinking was quite original. Cinquecento philoso-
phers compressed time strata in their consciousness, as it
were. Scientific thought followed in this respect the cul-
ture of the previous century and of the Proto-Renaissance.
We find evidence of compressed time in Dante, not only
in the structure of his Divine Comedy, where the author
converses with men from previous centuries, but in the
very content, in the ideas of the great poem, in the fusion
of medieval reminiscences and Renaissance prognostica-
tions.

But was the science of the Renaissance in fact science?
Is it justified to refer to a scientific revolution in the 16th
century? It is obviously quite correct to say yes to these
questions. During the Renaissance the system of causal
conceptions of the world based on logical analysis and ex-
periment had not as yet been separated from the moral
and esthetic conceptions and was mostly expressed in
natural-philosophical terms. However, these forms (esthet-
ics, ethics, and natural philosophy) were closely linked
with such scientific discoveries as Copernicus’s system and
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Columbus’s feat. The singling-out itself of science as an
autonomous component of culture was a result of the
revolution in the views of the world and its cognition. The
modern conception of science as a system free from ex-
ternal criteria arose out of the achievements of the 16th
century. With reference to that epoch, a certain generalisa-
tion of the concept of science corresponds to its actual
position in the culture of the Renaissance. The well-known
fragment of Dialectics of Nature, where Engels depicts the
emergence of modern natural science during the Cinque-
cento, begins with a general characterisation of the cul-
ture of the Renaissance and goes on to show the continu-
ous development of science gradually assuming its modern
form [2, pp. 159-176]. :

The end of the 16th and the bBeginning of the 17th cen-
tury present a particularly visual picture of strong irrever-
sibility of the process of cognition. Consider for instance
the work of Giordano Bruno. There is a strong influence
here of neo-Platonism, of Nicholas of Cusa, and 16th-
century Italian natural philosophy. And at the same time
a great deal belongs here to the 17th century—take for
example a clear formulation of what is known as the
Galileo-Newton principle of relativity. But there is an even
more striking example of strong irreversibility—Galileo’s
two principal works, Dialogo dei due massimi sistem: del
mondo and Discorsi e dimostrazioni matematiche. The
first of these works still shows an inclination towards the
style of thinking and exposition of the Renaissance, and
the second is closer to Newton’s Philosophiae Naturalis
Principia Mathematica. There is an even more striking
illustration: in the text of the Dialogo itself we observe
a bringing together of earlier (the Renaissance natural
philosophy) and later (mechanics of the New Times). They
are brought together in the now which unites them. It is
difficult to find in the entire culture contemporary with
the Dialogo a more convincing argument for designating
the beginning of the New Times as Post-Renaissance. The
Post-Renaissance was the chronological boundary of the
second stage in the scientific revolution.

The third stage in the scientific revolution (regarded as
an epistemological phenomenon, as a stage in the cognition
of the universe as a whole) is Cartesian physics, and the
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fourth, Newton’s dynamism. These stages preserve the
main feature of the first stage, of the Renaissance—the
compression of the pre-revolutionary style of thinking and
of the style characteristic of the post-revolutionary classi-
cal science of the 18th and 19th centuries, that is, com-
pression in time and struggle between these earlier and
later. But this compression characterises here not only the
style of scientific thinking and presentation of scientific
ideas but also the content of the basic physical concep-
tions, the difference between them creating, properly
speaking, the basis for dividing the scientific revolution of
the 16th and 17th centuries into stages. These conceptions
were modifications of one physical idea common to the
Renaissance, Post-Renaissance, Cartesian physics, and
Newton’s dynamism, of the focal idea of the scientific
revolution in the 16th and 17th centuries. Yet that idea
itself, the physical invariant of classical physics, was a mo-
dification of an even more general principle—the physical
invariant of the entire historical evolution of cognition,
including the antique picture of the world and the modern
quantum-relativistic non-classical science.

We have thus come back to the content of the previous
section, to a single historiological invariant embracing all
successive stages in the development of science. However,
we now have to find a link between the historical (epo-
chal) invariants forming part of the paradigm of each
epoch, and the pervasive historiological invariant of cogn-
ition—the pervasive physical problem beginning with Aris-
totle’s Physics and ending with the further development of
Einstein’s ideas now being contemplated.

This pervasive physical problem is that of homogeneity
or heterogeneity of the world, its isotropy or anisotropy.
Aristotle’s physics and cosmology were a theory of radial-
ly isotropic space (all radial directions from the Earth
skywards have equal status), but that space was not
uniform: it included an immovable centre, immovable
boundaries, and immovable natural places over which was
stretched absolute space with a privileged reference frame.

The scientific revolution of the 16th and 17th centuries
was a triumph of the new conception of the world’s homo-
geneity-and isotropy. The transition was irreversible: such
apparently fundamental concepts of classical science as
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absolute space and absolute time could not and did not
survive the further evolution of cognition, they were not
generally recognised even in the 17th century, but there
was something in the new picture of the world which
knowledge could not give up. That “something” was re-
tained in the transition from the homogeneity of space to
the homogeneity of space-time. The fiction of physical
reality of space devoid of temporal extension, the idea of a
purely spatial and ‘“momentaneous” picture of the world,
rejected by 20th-century science, had not yet disappeared
in the 16th and 17th centuries—it only ceased to function
as an interdisciplinary paradigm: what was taken over from
mechanics into other areas of knowledge reflected the
irreversible component of the classical conception of the
world—the idea of the world as a system of motions. The
entire history of classical science, starting with its first
appearance on the stage during the revolution and ending
with the non-classical epilogue, can be represented as a
gradual growth in the complexity of the picture of relative
motions, involving the addition to that picture of more
and more new details. From this standpoint, Einstein’s
theory of relativity was a completion and continuation of
classical science as far as its irreversible contribution to
evolution was concerned. Such is in general the relation of
new science to the irreversible content of old science.
Classical science itself, with its ideas of inertia and homo-
geneity of space, with the Galileo-Newton relativity prin-
ciple, was a continuation of the irreversible content of
antique, peripatetic physics and cosmology—the concept
of isotropy and, with certain reservations, homogeneity of
space. According to Aristotle, it was homogeneous only on
the spherical surfaces concentrically surrounding the
centre of the universe: here the movements of celestial -
bodies were relative and their trajectories did not include
privileged points. Copernicus generalised the concept of
relative motion, depriving the universe of a privileged
reference-system tied in antique cosmology to an immo-
vable Earth. The absolute centre of the universe was rele-
gated to the Sun. That is a typical situation of a scientific
revolution: an old idea has been undermined, science
moves on, but the old refuses to withdraw into the past,
the revolution goes on, the old is retained in the new—
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there is no time interval as yet between the old (earlier)
and that which will dominate the future (later). That is a
demonstration of strong irreversibility of cognition.

The second stage of the scientific revolution of the 16th
and 17th centuries results in the concept of inertia. That is
the principal contribution of Galileo’s cosmology and me-
chanics to the irreversible evolution of the picture of the
world. But the past has not become real past, it still exists
in the now. Galileo’s inertia does not yet break the ties
with the circular relative motions on the spheres of Aristo-
telian cosmology. Celestial bodies, when left alone, move
along circular orbits. Rectilinear inertial movement is the
discovery of Descartes. That is the basic contribution of
Cartesian physics to the irreversible development of cogni-
tion. But this new momentum which the scientific revolu-
tion received at its third, Cartesian stage, cannot form the
basis for its completion and creation of a relatively stable
and unambiguous picture of the world. Rectilinear inertial
movement can explain movement along circular orbits and
the entire sum of observed facts with the aid of some artifi-
cial ad hoc hypotheses. Cartesian physics obviously lacked
inner perfection. The scientific revolution of the 16th and
17th centuries was concluded in its fourth stage that
brought about Newton’s dynamism, the concept of force,
and The Mathematical Principles of Natural Philosophy.

This chronological division of the scientific revolution
is of course very sketchy, and it is not too difficult to find
historical facts contradicting this scheme. However, the
sketchiness is in this case due to the objectively ‘‘aperiod-
ic” nature of science in the 16th and 17th centuries. It
resists division into periods by its basic definition. Division
into periods always stems from a distinction between
earlier and later, from a temporal interval between them.
But that interval was only gained at the end of the 17th
century, when the past was really relegated to history and
the future became the content of prognostication, a genu-
ine future. The positive content of science was-moreover
separated from both past and future by science’s claims on
absolute verity, by its genuine and at times illusory unam-
biguousness.

To this we should add a few words about the interval of
comparatively organic development of science opened by
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the publication of the Principia. One must not assume that
the epithet “‘organic” rules out any struggle between dif-
lerent trends. Suffice it to remember the vigour with
which 17th-century Cartesianism resisted being relegated
ltom science to history of science. The organic quality of
the evolution consisted in that the new areas discovered by
experiment attained inner perfection on the basis of the
already established axioms without any transformation of
the latter. In the 19th century, a number of discoveries
were made which revealed certain specific laws of complex
forms of motion which could not be reduced to the laws
of mechanics. It became clear that the laws of thermody-
namics, electrodynamics, atomic chemistry, and evolu-
tionary biology could not be squeezed into a general
scheme. This signified the end of the conception of com-
plete reducibility of the laws of being to the laws of clas-
sical mechanics. Yet these revolutionary events did not
transform either the content of the laws of mechanics or
the logical norms of science and did not lead to a general
scientific revolution—for a while, at least. At the turn of
the century, electrodynamics came into conflict with the
laws of mechanics. The requirement of inner perfection of
the new concepts of electromagnetic field resulted in a
new view of the relationship between space and time, and
that was the beginning of a new general scientific revolu-
tion. The revolutionary nature of 20th-century science has
become particularly apparent in its second half: we do not
have, as yet, a consistent theory of elementary particles
that would explain the tremendous amount of accumu-
lated experimental data within a unified conception
encompassing the world from subnuclear units to the
Metagalaxy; modern physics has not yet attained this ideal
of inner perfection. The frequently recurring expression
about formulating ideas in this area “on credit” signifies
precisely the inclusion of later into now.

3. Two Problems in Newton’s Principia
The starting poinf of the theory of relativity was the
conflict between the conclusions of classical mechanics

and those of classical electrodynamics. To find the histo-
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rical antecedents of this conflict, the historical roots of
Einstein’s ideas in classical science, we should consider the
sources of mechanics and those of field theory in Newton’s
Principia. These sources are in the two tasks which Newton
set for the study of nature. The first of these is to deter-
mine the movement of bodies from the given forces, the
second, to determine the forces acting on certain bodies
from the latter’s distribution. The first task was given a
relatively definitive solution, while the second, that is, the
field theory in its original form, contained a certain fun-
damental vagueness of the force concept in its solution,
which included the law of gravitation. This concept could
not be anything but vague, and here lie the roots of what
has been called the physics of principles as distinct from
the physics of models. In the third book of his Principia
Newton included The Rules for Philosophising (Regulae
philosophandi), where he outlines his “inductive method”.
These rules, quite obviously anti-Cartesian in their colour-
ing, were the subject of a great many panegyrics in Eng-
land. In general, a great deal has been written about the
“inductive method”, but now we can take a fresh look
at the relationship between empirical and relatively aprior:
roots of knowledge, in the light of contemporary science
and of Einstein’s concept of criteria for the choice of a
physical theory. In the process, the properly historical
evaluation of Baconian and Newtonian inductivism ac-
quires greater precision.

Let us approach Newton’s Regulae philosophandi from
the standpoint of transition from one stage of the scientif-
ic revolution to another, namely, from Cartesian kinetic
physics to the dynamic picture of the world. Both Descart-
es and Newton proceeded from observation to very general
conclusions. Descartes placed special emphasis here on
logical deduction, on that which three centuries later Ein-
stein called inner perfection. Descartes was not overly
concerned with unambiguousness of partial explanation.
As for Newton, he laid emphasis on external justifica-
tion, endeavouring not to include in mechanics ambiguous
hypothetical models, although he often was not true to
his motto, “Hypotheses non fingo”, particularly in op-
tics. Newton’s “physics of principles” opened the way to
phenomenological concepts, of which the concept of force

76



proved to be the main one, without hypothetical kinemat-
ic models. Force became the object of rigorous mathemat-
ical analysis and at the same time of quantitative experi-
ment. Mathematics and experiment converged here, and a
certain accord was attained between external justifica-
tion and inner perfection of physical theory. Unambiguous
truth of such concept was thereby guaranteed, and relative
truths coincided to a greater degree in their direction with
the irreversible evolution towards absolute truth. The re-
jection of kinematic explication of force was raised to an
absolute, which gave grounds for justified criticism of
Newton’s inductivist claims, but that is another matter.

At this point, however, other factors came into play—
conservation of the interrogative invariant of cognition,
conservation of the question of the source of force and
further explication of force as the cause of motion, which
Newton made the final point of analysis, defining it and
measuring it phenomenologically. Here lay the beginnings
of the shortcomings in inner perfection of classical physics
which Einstein listed in his ‘“Autobiographical Notes” (to
describe them, Einstein introduced the above-mentioned
concepts of external justification and inner perfection);
these formed the basis for the transition to a non-classical
picture of the world.

Where Newton abandoned the given force applied to a
body to tackle the origin of this force, there appeared at
once the ambiguous, contradictory, and patently unsatis-
factory concepts of the first push, action at a distance,
and concepts of absolute space and time. They appeared
along with attempts to reject further analysis leading to
hypothetical constructions, but now, when we know how
these conflicts were subsequently resolved, we are interest-
ed in their epistemological characterisation, which is as
follows. The unambiguousness of Newton’s laws (which
have retained their limited validity, as a classical approx-
imation, in these days, too) is evidence of historical ir-
reversibility of cognition, of the irreversibility and growing
precision of its results. What is referred to as Newton’s
“Left hand”—ambiguity in optics, in the problem of
action at a distance, the first push, and so on—all of this
demonstrates continuity of knowledge, its inexhaustibility,
conservation of questions as an invariant of cognition.
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Here we have the main epistemological result of Newton’s
dynamism. When the question ‘“Why does a body move?
was transformed into the question “What is force? ”, the
first question did not disappear but was conserved in a
more complex form.

Tt would be wrong to say that only positive statements
that have become part and parcel of science are the result
of the scientific revolution of the 16th and 17th centuries.
Earlier we have already dwelt on the inseparability of pos-
itive answers guaranteeing the irreversible direction of
scientific progress, and of unsolved questions which guar-
antee further advances in this direction. This correlation is
apparent in the history of the universal gravitation law,
which was an answer to the question arising out of the
discovery of elliptical trajectories of planets. After the
discovery of the elliptical form of the orbits, after the
formulation of the Kepler laws, a situation of conflict, so
characteristic of scientific revolutions, arose: external
justification, that is, Kepler’s observations, could not be
logically deduced from the picture of the world established
by the second half of the 17th century. Kepler’s laws
could not be substantiated in a natural manner, without
artificial ad hoc constructions, either by Galileo’s system,
which did not embrace gravitation and proceeded from
circular movements of planets, or by Descartes’s turbu-
lences. They were explicated by Newton’s conception. But
then a more general restructuring of science became ne-
cessary. A positive and unambiguous conception of gravi-
tation was only created in the 20th century. The general
theory of relativity explained the equality of the gravita-
tional and inertial masses and a number of other purely
phenomenological premises of the theory of gravitation,
satisfying at the same time the condition of high inner per-
fection. Action at a distance, quite obviously incompatible
with Descartes’s physics, held on, despite attempts to
eliminate it by various artificial hypotheses like ether
pressure, up till the time of Einstein, who introduced the
concept of pressure of a heavy body on the geometry of
surrounding space. Newton himself wavered between refer-
ences to a material mechanism of transference of gravita-
tional forces and to a non-material agent. This wavering,
implying a question addressed to the future, was an essen-
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tial result of the scientific revolution.

Already in the 18th century there was a great deal of
dcbate on another question mentioned in the above—the
uestion of the first push explaining the tangential com-
ponent of the motion of a planet along an orbit. Newton
ascribed this push to God and said that the movement of
planets was a partition dividing Nature and the finger of
God. Kant referred to this idea as a piteous, in the eyes of
a philosopher, solution of the question, ascribing the first
push, that is, the initial conditions of the system of moving
bodies, to the rotation of the primordial nebula. This
stepping beyond the limits of a given dynamic problem
became an extremely powerful instrument of a unified
cosmogonic and cosmological system.

All of this leads to a' certain general conclusion: the
“spots on the sun” of Newtonian mechanics are the result
of insufficient elucidation of the source of forces, their
dependence on the distribution of masses or, putting it
differently, absence of a conception of the force field.
Newton’s second task outlined in the Principia, that is,
determining forces from spatial distribution of the masses,
a theory of gravitation without a physical explication of
gravitation and actually assuming action at a distance—all
of this is merely the beginning of a field theory, a begin-
ning which bears the hallmarks of the old, with new con-
cepts still merged with old ones, observations having no
inner perfection, and generalisations having no extemal
justification. Taken as a whole, that is a question addressed
to the future and stimulating the future, stimulating the
guidelines of preparation for a new scientific revolution,
which took place three centuries after the first one.

This function—stimulating a field theory—was one of
the darkest spots on the sun of Newtonian mechanics and
classical science as a whole. What we have in mind here are
the concepts of absolute space and absolute time. These
concepts show once again that the result of a scientific
revolution consists not only in its completion but also in a
transition to a new stage, when inner tectonic displace-
ments leading to a revolution take place under the harden-
ing post-revolutionary surface of established axioms and
methods. The external justification of the concept of abso-
lute space in Newton are the inertial forces produced in
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accelerated motion of the given body relatively to world
space; they are not produced by the movement of sur-:
rounding bodies relatively to the given one. Hence the
inequality of the coordinate system connected with the
given body in accelerated motion and the coordinate sys-
tem of the surrounding space. But this conception had no
inner perfection: in the picture drawn by Newton forces of
inertia do not follow from a general principle, they are not
connected with interaction of bodies, and the cause of
physical phenomena is attributed to empty space and
movement in it that is in principle non-representable. The
“spots on the sun” pushed the picture of the world to-
wards filling space with a physical medium, but these
impulses resulted in the final analysis in a different inter-
pretation of inertial forces—their equivalence to the gravita-
tional field.

The concept of absolute time is based on the assump-
tion of instantaneous transmission of signals, which lends
physical meaning to a “snapshot” of the universe, a mo-
ment identical for all points of space. The concept of abso-
Jute time was externally justified by a great number of
observations confirming unlimited increase of velocity
under successive impulses, that is, constancy of mass. But
these facts belong to the first of Newton’s tasks—determin-
ing the behaviour-of bodies from given forces. The second
task—determining the forces—required a generalisation of
constant nrass mechanics, but such a generalisation was not
available. Classical physics endeavoured to subordinate
field theory to the concepts of Newton’s first, mechan-
ical, problem ascribing mechanical properties to the field
known as ether. But field theory strove for emancipation
and ultimately not only attained that goal but also domi-
nated mechanics, making mass dependent on motion and
equivalent to the body’s inner energy.

Thus the classical science’s memento mori was con-
tained in its very origins, in the results of the scientific
revolution of the 16th and 17th centuries.

These results embraced not only the positive invariants
of cognition but also a guarantee of further transformation
of the picture of the world—the invariant questions which,
passing from epoch to epoch, are modified and, in the
absence of a definitive solution, create the inner impulses
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ol the development and transformation of conceptions of
the world, never interrupted even during the “organic”
periods.

4. Cosmos and Microcosm in Classical and
Non-classical Science

Let us now try to determine the focal idea of the scien-
tific revolution of the 16th and 17th centuries and its
successive stages. We have observed the dialogue form of
development characteristic of this revolution, the continual
conflict of positive and interrogative deductions. What is
the invariant subject matter of the dialogue? What is the
pivotal point around which the positive answers are ac-
cumulated and preserved for the future, as well as the ever-
present questions which constantly arise out of these
answers like Phoenix out of the ashes? The subject matter
of the dialogue, which united the relatively frequent con-
flicts in science in the 16th and 17th centuries, were the
physical events in the here and now, at a given point and
moment. Each answer to the question of the behaviour of
a particle here and now was paradoxical enough: spatio-
temporal events and processes cannot take place at a point
without extension and at a given, precisely defined mo-
ment; there is literally no place and no time for them.

That is, of course, paradox of long standing, of which
already Zeno of Elea was aware. But in the 16th and 17th
centuries motion became an inalienable component of
being, and the latter in its turn became at that time spatio-
temporal moving being. How is the concept of local being
to be combined with a spatio-temporal conception of the
world? Without such a combination, the new conception
of reality as becoming could not be created. This designa-
tion, included among the basic categories of being, was
found by Hegel, but the idea of motion as criterion of
reality was sufficiently clearly expressed in Galileo already.
It was also present in 16th-century natural philosophy,
which continued the tradition of the Trecento (the 14th
century) and Quatrocento (the 15th century), which
rehabilitated the instantaneous and local, the flowing and
moving, that which is built out of elementary situations.
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These were manifestations of the secularisation of the
picture of the world, escape from the peripatetic apotheo-
sis of the eternal, the immutable, and the immovable as
definitions of the basic structure of being.

For mathematics, the concept of the infinitesimal was
a way out of the conflict between the localised and the
moving—the underlying conflict of Zeno’s aporias. Euler’s
“calculus of zeroes” (zeroes which paradoxically had a
direction) and Leibniz’s negligibly small magnitudes
proved to be various forms (their number, including divers
shadings, was very great) of deducing real spatio-temporal
relations for local situations. In the process, mathematics
became ontological, it was transformed to suit the picture
of actual processes. (In general, scientific revolutions result
in elimination of apriori and conventionalist tendencies in
the substantiation of mathematics.) Foundations of the
infinitesimal calculus were laid not only in the properly
mathematical works of the 17th century but also in
mechanics. Galileo’s Discorsi  were particularly impor-
tant in this respect. They are the starting point of the
development of the notion of motion from point to point
and from moment to moment, which replaced the Aristo-
teleian concept of motion from something into something.
This replacement was a general, probably the most general,
direction of scientific thought at the start of the New
Times. “Thus [wrote Kepler] where Aristotle says there is
a prime contrariness without intermediary between that
and another, I find in philosophically considered geometry
a prime contrariness but with an intermediary, so that
where in Aristotle there is one term ‘another’, we have two
terms, ‘more’ and ‘less’ >’ [3, p. 423].

These lines require some clarification. ‘A prime contra-
riness without intermediary” is an integral conception
pointing to qualitatively different poles: absolute begin-
ning and absolute end of movement from something into
something. This integral conception attributes a certain
substantional (the body emerges or disappears) or qualita-
tive distinction to the beginning and end of a process. The
poles of movement or logical juxtaposition are defined one
with respect to the other by the word “another”. What
are the “intermediaries”, then? That is a continuous
series of spatial positions, velocities, accelerations, and an
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mfinite set of points and moments to which definite states
ol moving bodies correspond. The objects, properties or
states in juxtaposition, if they are to be defined through
such “intermediaries’’, are characterised by a measure.
They can occupy a certain position in the series of ““inter-
mediaries”, they can be greater and smaller, and that
determines their differences.

The origin of mathematical natural science, involving
physicalisation of mathematics and mathematisation of
physics on the basis of quantitative laws of being, is thus
connected with the differential conception of motion. The
main achievements of natural science in the 17th-19th
centuries resulted from the emphasis on the infinitesimal.
“On the precision [wrote Riemann] with which we follow
cvents into the infinitesimal essentially depends our knowl-
cdge of their causal connections. The progress of the past
few centuries in the cognition of mechanical nature are
almost entirely conditioned by the precision of the con-
struction which became possible through the discovery
of the analysis of the infinite and the elementary basic
concepts found by Archimedes,Galileo, and Newton which
are used by contemporary physics” [4, S. 18-19].

The overwhelming interest for the infinitesimal has per-
sisted till our times. At present, there is no overwhelming
interest: in contemporary elementary particle theory,
analysis of the behaviour of these particles in subnuclear
space is linked with the analysis of cosmic processes. For
classical science and its emergence during the scientific
revolution of the 16th and 17th centuries, the differential
conception was the all-pervading and dominant direction
of physical thought. It is connected with the principal
results of this revolution indicated in the previous sec-
tion,

The differential conception is linked, in particular,
with Newton’s dynamism. A force applied to a body as
the phenomenological cause of its movement makes it
possible to do without an analysis of the int:fra.l cosmic
situation, transferring the emphasis to the local points, to
the here—mow. Within the limits of Newton’s first task—
determining the position of bodies from the given forces—
integral situations prove to be the result of differential
laws. The opposite task—establishing the source of forces
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depending on the initial conditions, on the first push—
becomes one of those “spots on the sun”’ where unsolved
questions are concentrated acting as impulses for further
evolution of classical science, an evolution resulting in the
present finale.

This view of the ideas of, classical science, of Newton’s
creativity, the correlation of the positive component of
knowledge and its interrogative component necessitates a
revision of the traditional conception of the ‘‘classicism”
of science created in the 16th and 17th centuries. Newton
ceases to loom as a thinker who defined immutable foun-
dations of the conception of the world. Newton was a
revolutionary not only because he completed the scientific
revolution of the 16th and 17th centuries but also because
17th-century science, through the dialogue between the
positive statements and the paradoxes, continually trans-
formed its basic propositions.

This is also true of the problem considered here—the re-
lation of the local here and now to the universal beyond,
here and now, the relation of microcosm to cosmos. The
fundamental conflict of classical science results from a
difference in the level of non-ambiguity in the two basic
directions: in the mechanics of bodies moving under the
impact of forces applied to them, and in the beginnings of
a field theory. These two tasks, Newton’s right and left
hands, so to speak, were themselves in a certain sense an
antecedent of the non-classical conflict between motion
and field. In speaking of it, Einstein no longer referred to
the “right hand” and the “left hand” but to two parts of
the building of the general theory of relativity: the
“marble one”’—the tensor of space-time curvature, and
the inadequate ‘‘wooden part”—the tensor of energy-
momentum.

The field theory of the 18th and 19th centuries inherit-
ed the characteristic Newtonian alienation from mechanics.
The latter governed in the microworld the movements of
atoms and molecules. In the 18th century it laid claims
here to sovereignty, in the 19th, recognised a certain
autonomy of the areas administered, but mechanics had
difficulty entering the region where the nature of forces
and of force fields was considered: here continual concep-
tions were in the foreground. (Planck was right to refer to
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ether as a child of classical physics conceived in grief.) The
linal samples of static being, atoms and their configura-
tions, did not merge with the continual and infinitesimal
conceptions of analytical mechanics and field theory. The
wide gap between atomistics and continuum, bodies and
liclds, could not be completely filled up by statistical
«ontinualisation of atomistics. It was eliminated by atomisa-
tion of the field, by the establishment of its discreteness,
and by continualisation of the particle, by the discovery of
“waves of matter” within the framework of non-classical
physics.

The non-classical finale of classical physics was prepared
by consistent transition from local situations to extend-
ed and marginal ones, in connection with the search for
initial and boundary conditions determining the behaviour
of an isolated particle or an isolated system of particles.
‘The starting point here as well was Newton’s “left hand”,
unexplicatedness of the force concept, an inclination for
including cosmic conditions in explanations of local phe-
nomena that could not be realised at the time. The “left
hand” also includes Newton’s concept of the first push
referred to in the above. The scheme suggested by Kant in
his General History of Nature and Theory of the Heavens
invokes the past, the processes that took place before the
formation of the solar system, the primordial nebula that
cmerged at the time. In other words, the cause of tangen-
tial velocity lies in a system that is more extended in time
and space: Kant’s scheme embraces the entire cosmos in
which primordial nebulae are formed. But the transition
to broader systems is not restricted to an explanation
of the first push. Here we encounter a very general trend in
classical physics, which led to a new scientific revolution
at the start of the 20th century. Let us quote a fragment
from an article by Max Born about the preparation of non-
classical science during the new epoch in physics.

“Its way was prepared [writes Max Born] by a long
development which revealed the inadequacy of classical
mechanics to deal with the behaviour of matter. The dif-
ferential equations of mechanics do not determine a defi-
nite motion, but need the fixation of initial conditions. For
instance, they explain the elliptic orbits of the planets, but
not why just the actual orbits exist. But there are regular
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ities concerning the latter: Bode’s well-known rule. This is
regarded as a question of the prehistory of the system, a
problem of cosmogony, and still highly controversial. In
the realm of atomistics the incompleteness of the differ-
ential equations is even more important. The kinetic
theory of gases was the first example to show that new as-
sumptions had to be made about the distribution of the
atoms at a fixed instant, and these assumptions turned
out to be more important than the equations of motions;
the actual orbits of the particles do not matter at all, only
the total energy which determines the observable averages.
Mechanical motions are reversible, therefore the explana-
tion of the irreversibility of physical and chemical proces-
ses needed new assumptions of a statistical character.
Statistical mechanics paved the way for the new quantum
era” [5, p. 502].

We have quoted this lengthy passage because it reveals
very clearly the role of the search for initial conditions,
that is, introduction of a broader spatio-temporal system
for the transference of paradigms of classical physics to
other regions and, consequently, for the origin of classical
science. However, the transference concerns not only
positive paradigms but also questions, paradoxes, and con-
tradictions of classical physics. Philosophical generalisa-
tions of science play a considerable role in this search and
in this introduction. They prove to be an essential aspect
of discovering ‘“‘spots on the sun”, and not only in the
starting point of classical science, in the results of the
scientific revolution of the 16th and 17th centuries, but
also in its subsequent, post-revolutionary development
in the 19th century and in its transformation into non-
classical science early in the 20th century.

In the science of the 17th, 18th, and even the 19th cen-
tury philosophical generalisations were not a sufficiently
explicit and direct motive force in the cognition of “spots
on the sun” and in the endeavour to eliminate them.
Kantian correctives to Newton’s scheme of the universe
were a very visual illustration of this function of philosoph-
ical generalisation, but such examples were not very fre-
quent. In the 17th, 18th, and even 19th centuries philos-
ophy was to a considerable extent a generalisation of
what Engels, speaking of Hegel, re¢ferred to as the natural
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science of ‘“the old Newton-Linnaeus school” [2, p. 249].
Joining the names of Newton and Linnaeus in this manner
emphasises the positive paradigm—the assumption of the
immutability and consistency of being. In this sense, philos-
ophy and science followed their several ways and justified
the words which Friedrich Schiller addressed to them:

“Let there be enmity between you! It is too early for
a union:

Only if you separate for the search, will truth be known”
[7,S.173].

The particular emphasis on the positive paradigm and a
certain neglect for the paradoxes of classical science are
apparent even in Hegel, although on the whole his philos-
ophy reflected a new stage, at which a number of natural-
scientific discoveries demonstrated these paradoxes and
produced quite a few new ones. However indirect and
inexplicit the effect of philosophical generalisation on na-
tural science might be, it was still quite far-reaching. That
influence was exerted not only (and even not so much)
through logical deductions as through social and scientific
psychology, through an increasingly profound under-
standing of and feeling for the living paradoxes of being.
But there were also direct and conscious transitions from
philosophical deduction to the formulation and attempts
at solution of the difficult questions of science—of the
negative and interrogative components of the scientific
revolution. These transitions were only explicit indications
of the general links between the development of natural
science and philosophical ideas. General History of Nature
and Theory of the Heavens is by no means separated from
the main line of the development of German classical
philosophy—one of the fairways of the philosophical
generalisation of the scientific revolution of the 16th and
17th centuries.

Now we are passing to the forms of that generalisation,
considering it from the standpoint just outlined, as the
motive force of the transformation of the picture of the
world, the sources of which were contained already in the
results of the scientific revolution of the 16th and 17th
centuries. In Kant’s pre-critical natural-philosophical
works, from his Thoughts of the True Evaluation of the
Living Forces (1746) to the work On the Ground of
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Distinguishing Particular Divisions in Space (1768), we
encounter the same tendency as in the General History of
Nature and Theory of the Heavens, that is, attempts at a
philosophical generalisation of the paradoxes of classical
science. But in the critical period, too, in one way or an-
other, directly or indirectly, Kant followed this path. The
theory of antinomies is the philosophical equivalent of the
contradictions of science that are not amenable to defini-
tive solutions. In classical physics, the concept of infinity
was the point of transition from external justification,
from experimental substantiation of theories based on the
observation of finite objects and processes, to inner per-
fection, to deduction of theory from more general prin-
ciples under the assumption of unlimited, infinite appli-
cability of the latter. Kant’s “critical”’ conception of infi-
nity was connected with antinomies (in the sense of posit-
ing a spiral of cognition as an absolute, as ‘‘ossified”).
Hegel’s solution of the problem of infinity is different,
dialectical rather than critical. ‘‘True infinity”, just as
other concepts introduced by Hegel, infinity present in
each finite element, was a reconciliation between the cri-
teria of scientific theory later singled out by Einstein or, to
be more precise, a programme of their realisation in the
development of science. It should be noted that German
classical philosophy exerted a very strong ‘“feedback”
impact on natural science. But this impact and its signifi-
cance for the definition and solution of the paradoxes of
classical science can only be evaluated post factum, when
the paradoxes of classical science led it to its present-
day non-classical epilogue.

5. Is Non-classical Physics the Completion of
Classical Physics?

There can be no simple and unambiguous answer to
this question. First of all, if we call the relativity theory
the completion of classical physics, we shall find that the
meaning of the concepts of “completion” and “‘classical
physics” is changed. Generally speaking, whatever the
aspect from which we consider the relativity theory,
whatever epithet we apply to it, whatever class we include
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it in, we observe a certain deformation of the inclusive
class. This situation is very characteristic of non-classical
science. The latter links up, in an explicit way, special
conceptions with general principles (cf. Einstein’s criterion
of inner perfection of a physical theory), changing to a
considerable extent the content of these general principles.
On the other hand, non-classical science changes, not so
much in a relativistic spirit as in that of quantum physics,
the object of definition in its interaction with the determin-
ing classical device. This very general indeterminacy em-
braces not only atomic physics and not only nature as
a whole even, but cognition as a historical process. The
Bohrian haze of indeterminacy in the modern quantum-
relativistic retrospection spreads to classical physics. Re-
duced, implicit, hiding in the coulisses, we find in it the
paradoxes of continuity and discreteness discussed in the
previous section. This is also true of the specificity of scien-
tific thinking, of the methods of science, of the relation
between its initial premises, and in particular of the rela-
tion between the positive, assertive aspects of science and
the interrogative ones implying the formulation of ever
new modifications of the pervasive questions.

In classical science, paradoxes, questions, answers elic-
iting new questions, are by no means a reflection of a
later style of cognition, they are not a result of retrospec-
tion. They are its basis. The epistemological value of non-
classical retrospection consists in that it introduces clarity
into the most general, historically invariant definitions of
cognition. Cognition has always been and will always be
a dialogue between man and nature and a dialogue of man
with himself—a dialogue where not a single fundamental
question is given a final answer, concluding the dialogue.
That is the definition of fundamental questions: they mod-
ify, concretise, and generalise the pervasive and ever-present
content of knowledge. The unending conflicts of the
dialogue, the paradoxes of cognition, reflect the infinite
character of the inexhaustible objective truth. This is
genuine infinity, implemented, as Hegel was well aware
of, in its finite elements.

How was the pervasive dialogue-like quality of cogni-
tion realised in the classical science of the 16th-19th cen-
turies?
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Let us go back to the characterisation of this quality
outlined in the above. Classical science developed through
a dialogue with peripatetic thought, a dialogue, one might
say, between Newton and Aristotle—not the ‘“‘tonsured”
Aristotle, the militant official peripatetic science surround-
ed by a stockade of canonised texts and inquisitors’ inter-
rogations, but the peripatetic thought that could not be
a party to those interrogations but rather a participant to
the dialogue in Plato’s sense, that is, of the process and
method of cognition. The peripatetic conception of the
universe was based on a scheme of immovable natural
places, an immovable centre of world space and its immov-
able boundaries. This static world harmony was the first
link in the historical chain of invariants that is the axis of
the entire history of science: invariant positions of bodies
(absolute space), conservation of momenta (inertia),
conservation of energy, conservation of the direction of
energy transitions (entropy), conservation of energy-
momentum (the theory of relativity) and other, more
complex invariants, each of which imposes limitations
and lends relativity to the others. Static world harmony
led from the outset to paradoxes, which essentially ex-
pressed its inseparability from the dynamic view of the
world and an inevitable evolution of invariants. Aristotle’s
commentators laboured long to find a way out of the par-
adoxes of an immutable scheme of the universe. Constancy
of the position of bodies becomes meaningless in the
transition to the universe. This paradox, a solution for
which was sought by such authors as Damascius, Simplic-
ius, Philoponus and other commentators of Aristotle [8,
9], was logically cognate with the antique logical class-
inclusion paradoxes such as those of Epimenides(“‘All
Cretans are liars,” says a Cretan”), Eubulides (‘“The ut-
terance I pronounce now is alie”), and others [10]. Com-
mentators ran into difficulties in their attempts to intro-
duce order and dogmatic spirit into Aristotle’s cosmology and
to include the universe among objects with a fixed place.
Just as Zeno’s aporias, these were paradoxes of stationary
being. For Aristotle, these paradoxes were instances of
his dialogue with himself, his lack of certainty in the
existence of dynamic (in their tendencies) ‘“growth points”
within the static conceptijon. At the same time Zeno’s

90



aporias were linked with the sensual-empirical tendency in
the thinking of ancient Greeks. The aporias arose out of
a demonstration of the reality of movement, out of
concrete images of a flying arrow, running Achilles, out
of the artistic-logical style of thinking that broke through
the idea of static harmony. The logical substratum of the
aporias—the concepts of local being, point, localisations
lead to a negation of movement—went beyond the limits
of Zeno’s Eleatic tendency, and that step took antique
thought beyond the framework of ‘“‘monological” peripa-
tetics, pointing to its dialogue quality. The aporias meant
that local being, as it became the standard of cosmic har-
mony and was propagated without limitations, revealed its
inadequacy and required dynamics, it required dynamic
concepts. Aristotle embarked upon the path of such aug-
mentation. In his attempts to find a way out of Zeno’s
aporias, he added to the infinite set of spatial positions of
the arrow, Achilles, the turtle, an infinite set of moments
of time. In other words, spatial manifold became spatio-
temporal manifold. But that tendency remained a very
quiet accompaniment within the framework of peripatet-
ics with its defence of spatial positions as the basis of the
harmony of being. And not only of its physical harmony
cither. The entire history of peripatetism was permeated
by an identification of a purely spatial position with moral
criteria: that which was higher in the topographical sense,
was also higher in the hierarchy of religious and moral
values. In the New Times, moral ideas were localised tem-
porally, not spatially: Rousseau placed them in the past,
Voltaire, in the future.

For classical science, the invariants on which the harmo-
ny of being is based, form a dynamic harmony: they are
differential invariants. From now on, the basis of the har-
mony of being is cognised through representation of mo-
tion from one spatio-temporal localisation to another,
from one point or moment to another point or moment.
Infinity figures here as genuine infinity realised in its finite
moments.

Classical science, just as peripatetic science, emerged
and developed through a dialogue with itself interwoven
with the dialogues in which the interlocutors were the
17th century and the 19th century, the past and the future.
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The topic of the dialogues was a new one, but it was
linked with the intellectual conflicts of antiquity. Zeno’s
aporias became the paradoxes of the differential calculus
looming over the paradoxes of physics, and the class-
inclusion aporias propounded by Epimenides, Eubulides
and others, loomed over the physics of initial conditions
leading towards the infinitely great, towards the universe,
towards the Be-All. One of the class-inclusion paradoxes
was the gravitation paradox (the inclusion of the infinite
universe as an element in a set of gravitation centres, that
is, in itself, leads to infinite gravitational forces affecting
each body).

The same kind of class-inclusion paradoxes resulted
from the problems of the first push, instantaneous action
at a distance and explanation of the forces of inertia dis-
cussed above. Absence of an answer (or, which is the same,
a theological answer) to the question of the initial condi-
tions determining the form of planetary orbits, placed the
tangential component outside the integral system of causal
explanations embracing the entire nature. Instantaneous
action at a distance is a gap in the spatio-temporal picture
of the world. Newton’s explanation of centrifugal forces
and, in general, of inertial forces, places empty space
outside the limits of the world as a particular kind of
reality.

Yet none of these was merely a symptom of incomplete-
ness of the classical picture of the world; those were
rather the points where a rational answer required a
transition to radically new conceptions.

-Classical science subordinates each local situation to a
differential law combining infinitely small distances with
infinitely small moments of time and with modifications
and combinations of these infinitely small magnitudes.
Classical science is in this sense primarily based on the
presumption of a differentially ordered universe, of order
in the infinitesimal processes taking place in unlimitedly
small intervals of time and space. It is precisely for this
reason that the emphasis in the mainstream science of the
17th-19th centuries shifted to the analysis of infinitesimal
magnitudes and processes on an infinitesimal spatio-
temporal scale. We have seen, however, that the develop-
ment of classical science was continually accompanied by
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other, mostly interrogative, remarks. The inner dialogue,
cvidence of incompleteness of classical science, went on,
sometimes becoming an actual dialogue rather than a
symbolic designation of conflict of ideas. Of this nature
was, for instance, the argument between Leibniz and
Clarke. The turning-point in the dialogue was marked by
Faraday’s Experimental Researches and, to an even greater
cxtent, Maxwell’s Treatise on Electricity and Magnetism.

Thus we see how virtually non-classical was classical
science and how much of it was in what Ostwald called the
style of the ‘‘romantics” as opposed to the style of the
“classics”. Here we have approached the question of
completion, but so far only from the negative side, from
the side of the concept of incompleteness. Let us try to
approach this concept in terms of positive evaluation, that
is, not as the absence of some knowledge as yet unattained
but as a condition of this period of scientific progress
contributing to the irreversible accretion to adequate
knowledge. It is this approach that may be termed histori-
cal, for the development of science becomes genuine
history of cognition through realisation of time asymmetry,
the unidirectionality of time, its orientation from the past
into the future, its irreversibility. In the history of science
this irreversible process consists in comprehending the
irreversibility of being itself, the actual irreversibility of
the cosmic evolution, in comprehending the irreversible
time and its inalienability from space, in other words, in
comprehending the dynamics of being. Classical science
added time to space as an irreversible component of
reality. It moved away from peripatetic static harmony to
dynamic harmony, to its spatio-temporal representation,
to time derivatives as elements of such harmony. Herein is
contained the immortality of classical science, one of its
irreversible assets. The quality of incompleteness about
these assets merely indicates the inexhaustibility of “four-
dimensional” science moving through time. Its incomplete-
ness pertains to any three-dimensional cross-section, even
if this cross-section is not a momentaneous one but em-
braces several years or a whole historical period. The state-
ment of endless incompleteness is a warning, as it were,
that cognition is infinite.

It follows that a contribution to the irreversible evolu-
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tion of cognition consists in comprehending the four-
dimensional world and its dynamic nature, in gradually
comprehending motion as a form of the existence of mat-
ter. The stages in this comprehension coincide, first and
foremost, with the most noticeable landmarks in the
history of science, the basic divisions in this history, the
radical scientific revolutions. Those were the sources of
peripatetic science, in which the paradoxes of static har-
mony indicated already the outlines of their dynamic
revision. Those were the sources of classical science in the
17-19th centuries, which made the whole of the universe
movable, with the exception of the static scheme of force
interactions—the extratemporal actio in distans. But
transitions from the statical aspect of nature to the dynam-
ic one were moments not only in such radical transfor-
mations of the picture of the world. They also took place
within larger periods and therefore characterised not only
the critical stages in the history of science but also its
‘“‘organic” phases. That is why we have to use the word
‘“organic” in quotes: such phases were periods of prepara-
tion for and partial realisation and results of crises.

As has been pointed out, the most important inner con-
flict in the classical science of the 17th-19th centuries was
the conflict between mechanics and field theory. We have
referred to the conflict between dynamic mechanics and
the extratemporal scheme of interaction in the Principia
as a dialogue between Newton and Aristotle; the new
conflict may be called a dialogue between Newton and
Maxwell. It was indeed new: the former conflict faced
the past, as it were, while the latter, the future; in the first
case Newton’s partner in the dialogue was a thinker
of the 4th century B.C., while in the second, a thinker of
the second half of the 19th century of the C.E. But the
conflict was one and the same, the dialogue with Maxwell
was a continuation of the dialogue with Aristotle. How-
ever, an inversion took place here: Newton became de-
fender of static harmony which, being extratemporal,
excluded motion. As for the dynamic trend, it was com-
bined with the static trend in the first case, too: Aristotle
already had a dynamic conception, only it was regarded as
referring to forced motions violating static harmony;
bodies moved in relation to an immovable configuration of
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natural places over which space was stretched. In Newton,
space is no longer stretched over immovable points and
surfaces like the centre of the world and the concentric
spheres. He does not proceed from immovable absolute
space to absolute motion; on the contrary, the criterion
of absolute motion is the appearance of inertial forces in
accelerated motion. Absolute motion is deduced from this
effect, and absolute space, from absolute motion. Absolute
time is also deduced from the local effect, from the un-
limited increase of velocity, that is, the ratio of the differ-
ential of distance to the differential of time when a body
moves under the impact of some force applied, and from
the infinite velocity of the propagation of forces. Electro-
dynamics gave up the idea of infinite velocity of propaga-
tion of the electromagnetic field and was now a dynamic
side in the argument with mechanics, which conserved in-
finite speeds and consequently absolute time. The con-
flict was resolved through subordinating the first program-
me of the Principia, that of determining the position of
bodies, to the second programme or rather what grew out
of it—the field theory.

We may now try a closer approach to the concept of
completeness of the picture of the world. That is by no
means accomplishment in the sense of returning to a
heaven or Aristotelian return to a natural place. That is
not elimination of a paradox but its transformation into
a new one. It is all a little bit like Pushkin’s description of
the ‘“‘white nights” in his Bronze Horseman: the twilight of
one epoch merges with the dawn of another. A certain
magnitude—an invariant determining the given picture of
the world—gives way to another magnitude, remaining it-
self as an invariant of limited applicability. Accordingly,
a certain paradox or conflict acquires clear-cut boundaries,
while a different conflict becomes a general paradox. Thus
one inner dialogue is replaced by another dialogue—that
is what completion consists in. From this standpoint,
completed theories receding into the shadows of limited
approximations (the area of genuine ‘“completion”),
just as those that complete them, appear not so much as
successive positive constructions but rather as successively
modified questions. Paradoxes and questions are, however,
inseparable from answers, and for this reason Thomas
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Kuhn was quite right in linking up the concept of scientific
revolution with the positive principles forming part of the
paradigm [11]. History of science is a history of science
precisely because its elements are the adequate answers to
the questions of the truth. It is a history of science precise-
ly because each answer is at the same time a question.

How is this structure of a scientific revolution rea-
lised in the theory of relativity?

The conflict between the theory of relativity and quan-
tum mechanics seemed at one time to be external with
regard to the theory of relativity. Now it appears to be an
internal one. The dialogue between Einstein and Bohr
progressed to Einstein’s dialogue with himself. This dia-
logue is no symbol at all. It was carried on in his remarks
in the ‘“Autobiographical Notes” of 1949. Here Einstein
made some critical remarks concerning the theory of rela-
tivity: the changes in measuring rods and clocks are not de-
ducible from their atomic structure [1, p. 59]. The frame-
work of world lines with its invariant—the four-dimension-
al space—is not linked up with the more general laws
determining the existence of particles and their interac-
tion. The conflict between the relativity theory and
quantum mechanics—the basic paradox of elementary par-
ticle theory—proves to -be the essence of non-classical
science when we ask ourselves the question: what new
paradox has replaced the classical one? Non-classical
science thus becomes non-classical not only in its content
but also in its style, structure, and the presence of the in-
terrogative accompaniment of positive assertions. In this
sense, non-classical science, which completes classical
science, makes the latter more “‘classical”’, explaining those
elements of the old theory which appeared contradictory.
If one takes this view of ‘“completion” regarding it as a
scientific revolution, quantum mechanics turns out to be
the same kind of completion of classical science as the
relativity theory. Quantum mechanics eliminated, in a
different way, the conflict of the first and second prob-
lems of Principia, the conflict between mechanics and
field theory, by identifying, in a very paradoxical form,
the field and discrete bodies. Non-classical science modi-
fied the principal paradox of classical science in both of.
its streams (the theory of relativity and quantum mechan-
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ics) in the same way as classical science modified the prin-
cipal aporia of peripatetism.

Completions of the scientific pictures of the world—
scientific revolutions—would not have been links in an
irreversible advance of science had there remained a chance
to return to the completed and thereby modified concep-
tions of the universe and to restore them.

Irreversibility of cognition is based, first of all, on
philosophical results of scientific revolutions and their re-
structuring effect changing the basic conceptions of the
world and the most general logical and epistemological
norms. The reverberations of scientific revolutions modify
not only the special results but also the potential of cog-
nition. Mankind may go back to old ideas (as Copernicus
went back to the heliocentrist ideas of antiquity) but the
circle taking thought back to its antecedents of long-ago
passes through higher cognitive potential zones, being a
higher convolution of the spiral, so that there is no return
to the starting point. The conception of history of science
as an irreversible process is rooted in a very relativistic
evaluation of the so-called “precursors”and “predecessors”,
in the idea of uniqueness of historical events. The main
premise of the theory of irreversible time—the actual dis-
tinction between earlier and later, the existence of the ar-
row of time—is correct not only for the history of cosmos
but also for the history of its cognition. The conception of
completion as incorporation in cognition of a basically
new problem, new paradox, or new ways for its solution, is
one of the conditions of such a conception of the irrevers-
ibility of the history of science.

There is, however, another aspect to the matter. Cosmic
evolution is irreversible owing to the unidirectional com-
plexity of the universe, which increases with time. Cogni-
tion of the cosmos is irreversible due to the more and more
adequate reflection of the complexity of being. The histo-
ry of science as a process of cognition is irreversible. But is
that true of historiography, of the very process of histori-
cal analysis, of history of science as a historical discipline?
Travelling back in time is the professional occupation of
the historian.

The whole point is that each new voyage of the histori-
an into the past shows him a different picture. One must
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not think that the historian has the right to change the
past, a right which religions refuse even gods. The historian
does not reconstruct each time a picture of the past on the
strength of certain subjective or group interests: that
would have made historiography maximally reversible,
depriving it of the pervasive irreversible ascent. The picture
of the past is reconstructed because retrospection discovers
in the past a deeper stratum, a deeper and more complex
system of causal connections, a greater number of com-
mon features and delimitations, a greater number of di-
mensions—the historico-scientific equivalent of geometrical
dimensionality. Excursions into the past affect the frame
of reference. Historiography as a whole, having discovered
the genuine motive forces of social transformations, can-
not go back to providentialism.

This irreversibility of historiography is, however, re-
latively trivial. What is non-trivial is its connections with
the irreversibility of the object of scientific historiography,
the irreversibility of the process of cognition itself. These
links make it possible not only to refer to a certain general
irreversible direction of the historical analysis of science
but also to establish the direction itself.

The very word “‘direction”’ signifies that a certain geo-
metrical analogue is introduced into the problem. We con-
sider cognition as a space of statements, definitions, ex-
planations, evaluations oriented by some system of refer-
ence, some axes. These axes are definite basic directions of
cognition, they are lines of continuous development of
the principal conceptions of the universe. Having these
axes, one can correlate with them definite tendencies,
introducing order into the mass of historical facts and
making them the subject of historical evaluations. The sys-
tem of reference directly depends on modern retrospec-
tion. Non-classical retrospection now induces changes in
such basic concepts as peripatetic science, classical science,
mechanics, field theory, and so on. What occurs now re-
minds one somehow of the bending of coordinates or cur-
vature of space. If we were to continue this analogy,
changes in historical-scientific analysis and its reference
frame remind one of the transition from Cartesian coordi-
nates to a more general reference system. The impact of
non-classical science on historical retrospection apparently
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directs historico-scientific analysis towards this kind of
pcneralisation of the initial orientations, towards general,
basic, fundamental principles and methods of cognition,
the transformation of which makes the process of cogni-
tion of the world irreversible. This orientation corresponds
to the epistemological function of the history of science
and technology pointed out by Lenin in his Philosophical
Notebooks [12, p. 294]. Since history of science and tech-
nology is so close to dialectical gnoseology, the evolution
of basic directions—the epistemological reference frame of
scientific theories—becomes the object of historico-
scientific analysis.

That does not mean that the object of research includes
only the basic, general principles and methods of cogni-
tion ‘and their transformations—the scientific revolutions.
Cognition follows a spiral path repeating the convolutions,
and at each convolution the development of science in-
cludes particular branches and problems, applications and’
the effect of science. Yet each convolution prepares a
transition to the following and higher convolution—a
scientific revolution. Therefore history of science, includ-
ing all the details of scientific progress, more and more
becomes a theory of the preparation, content, and results
of scientific revolutions.

I believe that the relation of the relativity theory to
classical science, which is shared by quantum mechanics
and frequently and correctly referred to as completion,
throws light on a more general problem, namely on the
role of the irreversible transformation of the basic conflicts
of each period, the role of scientific revolutions, and on
the relations within the irreversible spiral “world line”’ of
cognition repeating its convolutions but including each
time new levels. The concept of completion requires ap-
parently a certain delimitation: the meaning of this con-
cept is modified in the context of the relativity theory,
quantum mechanics, and modermn quantum-relativistic
trends in elementary particle theory. In the case of the
relativity theory classical physics remains valid at a certain
level of approximation, when its postulates do not as yet
undergo any internal modification although they are con-
ceived as wholly unacceptable beyond the limits of such
approximation. In non-relativistic quantum mechanics the
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relation between classical and non-classical concepts is
quite different. Here classical concepts and the image of
the classical body freed from the corpuscular-wave dualism
are a necessary condition of the very formulation of non-
classical theory [13, pp. 15-16]. As far as one can make
judgements about relativistic quantum theory, it unites
both types of completion: quantum criteria and corpuscu-
lar-wave dualism extend to the field interacting with the
given one; classical postulates in their quantum function,
that is, in the function of conditions of non-classical cor-
relations, are applicable on a limited scale, retaining this
significance in areas where relativistic effects may be ig-
nored. Of course, we are dealing throughout with a com-
pletion of classical science as a complex fairway of cogni-
tion permeated with paradoxes and incomplete in its
basic content.

The irreversibility of these completions, the irreversibil-
ity of the process of cognition as a whole, the ‘“arrow of
time” in the history of science—all of this follows from the
fact that the instruments of cognition go through an irre-
versible evolution in the repeated convolutions of its spi-
ral. Wolfgang Pauli objected to the evaluation of the rela-
tivity theory as completion of classical determinism as
distinct from quantum mechanics—the start of a new
scientific epoch. He spoke of group-theoretical properties
of space which were analysed and generalised in the rela-
tivity theory, the analysis and generalisation making pos-
sible quantum physics in its contemporary form [14,
p. VI]. This new conception of the connections between
group-theoretical correlations and physical reality illustra-
tes the immersion of reason in itself, in which reason
encounters greater difficulties than in moving ahead, as
Laplace wrote in his Analytical Theory of Probabilities.
The contradictions and aporias of peripatetic physics were
overcome through a radical renovation of the logico-
mathematical apparatus and general conceptions of the
world attained in classical science. That was a titanic feat
of reason, an overcoming of gigantic difficulties of immer-
sion in itself. The theory of relativity was no less a feat, as
it freed science from the paradoxes of classical physics and
in this sense proved to be its completion.
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A. D. ALEXANDROV

ON THE PHILOSOPHICAL
CONTENT OF THE
RELATIVITY THEORY

1. Foundations of the Relativity Theory

D ialectical materialism provided a general
definition of space and time in their philo-
sophical acceptation as forms of the existence of matter.
That was the view defended by Lenin against Kantianism
and other systems of subjective idealism. The form of an
object is not something external in relation to it, the form
belongs to it and is determined by it, if the object was not
cast in this form by some external forces. Therefore the
forms of the existence of the world are its general struc-
ture determined by its basic properties rather than some-
thing into which the world is inserted, as it were. Accord-
ingly, a rational theory of space and time necessarily de-
duces the properties of the latter as the properties of such
a structure, it deduces them from the very properties of
matter. That was the source of geometry: it reflected
first of all the general property of relations between rigid
bodies determined first and foremost by their potential
for motion.

The conceptions of space and time in Newtonian phys-
ics were also intimately connected with the laws of motion
of bodies established by classical mechanics. In particular,
the concept of absolute simultaneity was rooted in the
idea of the possibility of throwing a body with any speed
whatever. However, as usually happens in science, these
implications were not sufficiently realised, as the concrete
tasks of physics did not induce scientists to do so. Space
and time were thought of as given forms independent of
matter. The discoveries of physics could be nicely accom-
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modated by these forms.

But that could not go on indefinitely. The laws of elec-
tromagnetism formulated in the Maxwell equations came
into contradiction with the laws of mechanics. In the latter,
the basic property of space and time—their homogeneity—
was expressed by Galileo’s principle of relativity, including
the geometrical principle of the relativity of Euclidean
geometry. The latter may Be defined as the equivalence
of all orthogonal coordinates. Then Galileo’s principle of
relativity constitutes an extension of the geometrical
principle, consisting in the fact that systems of orthogonal
coordinates remain equivalent also in their arbitrary uni-
form and rectilinear motion relatively to one another. The
somewhat indeterminate concept of equivalence may be
precisely expressed in the language of transformation
groups: the general laws of mechanics are invariant under
transformations changing a system of orthogonal coordi-
nates into any other system in rectilinear uniform motion
relatively to the former. As for time, it is always invar-
iable, except for changes in the starting point and units
of measurement, that is, only transformations of the type
t'=at+b were permissible for time or, given invariable
measurement units and starting point, ¢ =¢. All such
transformations of orthogonal coordinates and time form
the Galileo group; what is important, of course, is not the
fact that orthogonal coordinates are transformed (the
coordinates may be arbitrary)—it is the group that is
important, while the choice of a system of coordinates
determines only its representation.

Inasmuch as physics was dominated by the view that
any phenomenon is ultimately of mechanical nature, Gali-
leo’s principle appeared to be universal, that is, applicable
to any laws, not just the laws of mechanics. It was estab-
lished, however, that the laws of electromagnetism expres-
sed in the Maxwell equations are not invariant relative to
the Galileo group. That was established already in 1887 by
Voigt, but his work remained unnoticed, and in 1904 Lo-
rentz found the transformations under which the Maxwell
equations are invariant. It transpired, as we know, that
time cannot be viewed as invariable in the passage from
one coordinate system to another moving relatively to the
former.
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It was either Newton’s mechanics with the Galileo prin-
ciple of relativity and absolute time or Maxwell’s electro-
dynamics; if the latter, it was either the relativity principle
or absolute time. That was the dilemma. A clear realisa-
tion of this dilemma was, of course, Einstein’s starting
point.

Before Einstein, the question was never formulated in
just that way. There were various attempts to give a for-
mulation of the laws of electrodynamics of moving bodies
that would agree with the data of experiments and with
classical mechanics. But none of these attempts yielded
satisfactory results. In particular, no results came from the
famous Michelson experiment intended to discover the
Earth’s motion relative to ether. It showed that the prin-
ciple of relativity also obtained in the case of electro-
magnetic phenomena, and that a definition of absolutely
uniform rectilinear motion here was just as impossible
as in the framework of ordinary mechanics. The task thus
actually consisted in searching for a proper formulation of
the laws of electrodynamics. It was for this reason that
Einstein gave the work that laid the foundation of the .
theory of relativity the title “On the Electrodynamics of
Moving Bodies”. In the dilemma we formulated above,
“either mechanics or electrodynamics; if the latter, either
the relativity principle or absolute time”, he sacrificed
mechanics and absolute time.

But, if we reject absolute simultaneity, we still have to
give simultaneity some other definition. It is clear where
such definition should come from: if we accept the electro-
magnetic picture of the world as the basis for theory, the
definition must rest on electromagnetic processes. Besides,
we can recall the role of practical operations in cognition
and correspondingly accept the following epistemological
principle: a definition has physical meaning if it is linked
with a possible experiment. A mental experiment of this
kind, that is, an experiment possible in principle, would
involve exchange of signals. Einstein made it the basis
of his famous definition of simultaneity. That was the
cornerstone of his construction. In Einstein’s definition
simultaneity was not something conventional but a very
general and real relationship of events objectively deter-
mined by their interaction through radiation. The “‘signals”
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originate from events irrespective of agreements and
experiments, determining the objective material connec-
tion between phenomena. The abstract form of this
connection is expressed in the concepts of simultaneity
and succession in time. Einstein emphasised in his work
the idea that his definition could be incorporated in the
theory he developed without any contradiction. And that
meant that it reflected the essential general features of
reality.

The definition of simultaneity entails a specification
of the concepts of the time ¢ and, consequently, of the sys-
tem of spatial and temporal coordinates x, ¥, z, t linked
with some body—the basis of a system, which is taken to
be at rest.

Further considerations, as Einstein pointed out, were
based on the principle of relativity and the principle of the
constaricy of light velocity. The former is the old principle
of Galileo extended to embrace all physical phenomena,
not just the mechanical ones. What is actually new is the
second principle, in accordance with which electromagnet-
ic phenomena are taken as the basis. From these two prin-
ciples, Lorentz’s transformations are deduced and later
consequences from them for kinematics, electrodynamics,
and mechanics.

The theory of relativity discovered the connection be-
tween space and time. This connection is implied in the
very constancy of light velocity. The velocity is the ratio
of distance to time and its constancy or equality in all sys-
tems signifies accordingly a universal connection between
spatial and temporal magnitudes. The absolute must be
contained in the union of time and space rather than in
space and time taken alone. This idea was realised by Min-
kowski, who expressed it in the opening words of his
famous lecture on “Space and Time”’: “The views of space
and time which I wish to lay before you have sprung from
the soil of experimental physics, and therein lies their
strength. They are radical. Henceforth space by itself,
and time by itself, are doomed to fade away into mere
shadows, and only a kind of union of the two will preserve
an independent reality” [1, p. 75].

Being a geometer, Minkowski considered the theory of
relativity in terms of principles already developed in geo-
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metry, so that a certain geometry is defined as a theory
of invariants of the corresponding group of transforma-
tions. In the theory of relativity, the transformations in-
volved were the Lorentz transformations. We are therefore
dealing here with a geometry defined by that group, which
obtains in four-dimensional ‘‘space”, as four coordinates
X, ¥, 2, -t are involved here. The set of all places (x, v, z)
in time forms a single manifold—space-time, which is the
absolute form of the existence of matter.

With reference to the term ‘‘relativity-postulate” ap-
plied to the requirement of invariance under the Lorentz
group, Minkowski said: ‘“Since the postulate comes to
mean that only the four-dimensional world in space and
time is given by phenomena, but that the projection in
space and in time may still be undertaken with a certain
degree of freedom, I prefer to call it the postulate of the
absolute world (or briefly, the world-postulate)” [1, p. 83].

Spatio-temporal relations and properties of bodies and
processes do not depend on the reference frame but are
only differently manifested in different systems. In gener-
al, physical magnitudes depending on a frame of reference
and relative in that sense, are a kind of projections of more
general magnitudes which no longer depend on the frame
of reference. In accordance with this view, Minkowski
gave ‘a four-dimensional formulation of the laws of relativ-
istic mechanics and electrodynamics.

Thus he not only developed a deeper understanding of
the theory of relativity but also introduced greater clarity
in its mathematical apparatus.

Nevertheless, Minkowski’s view of the theory of rela-
tivity was not fully appreciated by physicists. The point of
view of the theory of relativity, according to which every
phenomenon is considered in relation to a certain frame of
reference, was more customary: first, because such is the
experimenter’s or observer’s position, and second, because
the theoretician too views phenomena in terms of a certain
coordinate system. But there was also a third element
here—positivist philosophy which in principle ascribes
reality only to what is given in direct observation; the rest
of the content of physical theories is treated by that phi-
losophy as constructions linking up observation data rather
than as presentation of reality. From this standpoint, Min-
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kowski’s four-dimensional world was merely a scheme re-
flecting no reality over and above that which is already
expressed in the initial exposition of the theory of rela-
tivity. Therefore the positivists regarded as unjustified
Minkowski’s objection to the term ‘relativity-postulate”
and his proposal to substitute the term “the postulate of
the absolute world” for it.

Thus two different approaches to the theory of rel-
ativity became apparent. The first is the Minkowski ap-
proach based on the conception of space-time as a real
absolute form of the existence of the material world. The
second is a purely relativistic approach; its focus is a cer-
tain system of reference. It is clear that the first approach
is materialist in nature and is in agreement with the natural
logic of the object: its form determines the relative mani-
festations of the logic. The second approach, when it is
taken to the point where the four-dimensional world and
four-dimensional magnitudes are refused any real status,
proves to be positivist: it ignores the fact that the relative
is merely a facet or manifestation of the absolute.

2. The General Theory of Relativity

Whatever the successes of the theory of relativity, gravi-
tation resisted incorporation in the theory, despite the fact
that Poincaré already in his first work, where he developed
the theory of relativity simultaneously with Einstein,
undertook such an attempt, soon to be repeated by Min-
kowski and others. It took Einstein ten years to solve the
problem through generalisation of the theory of relativity,
which came to be referred to as special as distinct from the
new and more general one. The general theory of rela-
tivity is a theory of space-time explaining gravitation
through the dependence of its structure on the distribu-
tion and motion of masses of matter.

In the special theory of relativity space-time is “flat”,
it is uniform and isotropic. All spatio-temporal relations
and propérties and, in accordance with the principle of rel-
ativity, all the laws of physics are invariant under the Lor-
entz transformations. But in the general theory of rela-
tivity this is true only approximately and for small do-
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mains; taken as a whole, space-time is non-uniform and
anisotropic, while the relativity principle does not hold
relative to it. The difference between the structure of
space-time of the general theory of relativity and the flat
space-time of the special theory is determined by the
distribution and motion of masses of matter. In its turn,
this structure determines the motion of masses under the
impact of the gravitational forces, as it were. We see thus
that masses of matter. determining the structure of space-
time, thereby also determine their own movement. The
gravitational field is not, properly speaking, a kind of force
field but, in actual fact, the difference of the structure
of space-time from the flat metric, that is, the field of the
curvature tensor. Since the structure of space-time obvious-
ly depends on the distribution of masses of matter, it may
be said that this structure itself is not absolute: space-time
itself in this sense is not quite absolute. The division of
space and time becomes even more relative and, on a large
scale;, may even prove to be impossible in a precise and
unambiguous sense. It is the material world as a whole
that is absolute, while all its forms, phenomena, etc. are .
to some extent or other relative. Lenin was quite right in
stressing that dialectical materialism does not recognise
any absolutes. apart from the existence of the material
world, and that we reflect the latter in our consciousness
in ascending from one relative truth to another and cog-
nising in this movement an increasingly greater share of the
objective absolute truth.

In constructing a theory of gravitation, the essential
difficulty that had to be overcome was the choice of
frames of reference—frames of spatio-temporal coordi-
nates. In the special theory of relativity there were preferred
frames—the inertial ones. In these, the laws of nature were
represented in the simplest form: their formulations did
not include any quantities specifically characterising these
systems. These systems are naturally connected with the
very structure of flat space-time, in the same way as the
ordinary orthogonal coordinates are naturally connected
with the properties of Euclidean surface.

Discarding flat space-time has the unpleasant conse-
quence that the very concept of inertial frames becomes
meaningless. It is only conserved for small domains and as
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a first approximation. Moreover, the structure of space-
time does not seem to be pre-fixed, so that it is impos-
sible to indicate beforehand the grounds on which some
coordinates should be preferred to others. Consequently,
one had to proceed simply from an arbitrary set of coordi-
nates without attributing beforehand any advantage to
some of these over others. In other words, all systems of
coordinates in general had to be recognised apriori equiva-
lent, and spatio-temporal correlations and all laws of
physics had to be expressed in arbitrary coordinates.
Since the general form of equations in which they are
suitable for any coordinates is called covariant, the require-
ment here formulated is called the covariance principle.
The choice of a system of coordinates best suiting a
given structure becomes meaningful only aposteriori,
when the structure of space-time is determined to a
sufficient degree.

This situation arose for the first time already in class-
ical mechanics, when Lagrange formulated the laws of the
mechanics of material points in “generalised coordinates”
of the points rather than in orthogonal ones, the genera-
lised coordinates being chosen in such a way as to take
into account beforehand the connections imposed on the
system. In geometry, arbitrary coordinates appeared in the
works of GauB3; he developed the theory of geometry as
applied to arbitrary curved surfaces, introducing arbitrary
coordinates for such surfaces. All equations were given the
form suitable for arbitrary coordinates, that is, they were
written in covariant form. As for preferred coordinates,
they may be determined depending on the properties of
the surface and nature of the figure considered.

Thus the choice of arbitrary coordinates and the require-
ment of covariance are nothing new, as matters of prin-
ciple, and neither do they have any physical meaning.
Coordinates in an arbitrary space may in principle be
chosen in an arbitrary manner. The advantages of one set
of coordinates over another only become clear in connec-
tion with a concrete situation to the description of which
they are applied.

However, in constructing a general theory of relativity
the transition to arbitrary coordinates was deemed so
revolutionary that it was elevated to the rank of a special
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principle termed the general principle of relativity. It was
formulated as a principle of equivalence of all frames of
reference regardless of the motion of bodies with which
these frames are connected. In particular, the equivalence
of the systems of Copernicus and Ptolemy was asserted.
Moreover, it was even insisted sometimes that the principal
task to be solved by the general theory of relativity did not
lie at all in providing a theory of gravitation conforming
to the theory of relativity, as was actually the fact, but in
formulating the laws of physics in a manner suitable for
an arbitrary system of coordinates, that is, in covariant
form (see e.g. [2]).

But soon after the appearance of Einstein’s main work
on the general theory of relativity Erich Kretschmann
drew attention to the fact that the ‘‘general principle of
relativity” was not a physical principle or law but merely
a requirement to write equations in covariant form—a
requirement in which there was nothing new, as has been
pointed out. After Minkowski gave a four-dimensional
formulation of the laws of relativistic kinematics, mechan-
ics, and electrodynamics, the task of writing equations
expressing these laws in arbitrary coordinates was reduced
to elementary formal transformations. Any coordinates
are applicable to any theory, whether it be classical me-
chanics, the special theory of relativity or any other, and
the question of writing equations in covariant form is a
purely mathematical question.

Einstein saw the justice of Kretschmann’s remarks, but
the conviction of the special significance of the general
principle of relativity persisted. One would have thought
that there were no grounds for debate, and yet the debate
continued. In particular, it was debated whether the
systems of Ptolemy and Copernicus were equivalent, al-
though experience would seem to have settled the argu-
ment a long time before. It is clear (and was clear to
Ptolemy already) that the motion of luminaries can be
described in different coordinate systems. We always
describe this motion relative to ourselves, saying that the
sun rises, that the moon rides high in the sky, etc. In a
word, it is all quite trivial.

At the same time experience shows that the laws of
physics vary in relation to the geocentrical and heliocentri-
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cal reference systems. In the inertial systems the laws of
physics do not contain quantities distinguishing the sys-
tems themselves, while such a quantity (the Earth’s angu-
lar velocity) does appear in the geocentric system, so that
events take a different course. This is manifested on the
Earth in the washing-out of the right banks of rivers in
the northern hemisphere, in the rotation of the Foucault
pendulum and other effects. On board a plane it is impos-
sible to discover any effects of its uniform flight, while on
the Earth itself, in a closed room, the effect of the Earth’s
rotation may be discovered. That means that although
both systems are applicable, they are not equivalent in the
sense in which inertial frames are equivalent (within the
limits of precision of classical mechanics or the special
theory of relativity). .

Let us compare, in general form, the principles of co-
variance and relativity. The former consists in the require-
ment to express laws through equations in a form suitable
for any coordinates. That is attained by inclusion in the
equations of quantities characterising a certain system of
coordinates. For example, if we use oblique coordinates on
a surface, the formulas include the angle between the
coordinate axes. When an equation is written in some given
coordinates, it is easy to obtain its covariant form. It is
sufficient to substitute arbitrary functions of some other
coordinates for the given ones and transform accordingly
the other quantities in the equation, if these quantities in
general depend on a system of coordinates (as vector
components, say). That is a purely mathematical opera-
tion, as we see. Clearly, the equations obtained are not
concretely defined, containing as they do arbitrary func-
tions. The choice of these functions determines the choice
of a coordinate system and correspondingly the concrete
form of the equation. As the concrete form of the equa-
tion is changed along with the transformation of coordi-
nates, the general form of equation suitable for any coor-
dinates is called covariant, that is, co-transformable.

If coordinate systems are realised physically, the de-
pendence of a concrete equation on a coordinate system
means that the law of realisation of the phenomenon
relative to this system depends on the system. Thus
equations related to a rotating system include its angular

111



velocity, and the phenomena depend on that velocity.
Physically, the principle of relativity consists in the fact
that relative to certain systems, phenomena are realised
according to identical laws. Mathematical expressions of
these laws do not therefore contain any quantities distin-
guishing these systems. In the transition from one system
to another the equations do not change at all, that is,
they are invariant, not merely covariant under transfor-
mations of coordinates from one of the systems considered
to another. Mathematically, the principle of relativity is
expressed precisely in the requirement of invariance of
equations under the Lorentz transformations. The prin-
ciple of covariance and the principle of relativity are thus
quite different things. The former is a purely mathemat-
ical requirement, the latter reflects the law of nature
consisting in the property of uniformity owing to which
phenomena take an identical course in different systems.

In the general theory of relativity, the principle of
relativity, or Lorentz-invariance, is true only as an approx-
imation and only locally. Owing to the heterogeneity of
space-time there are, generally speaking, no transforma-
tions under which equations of physics would be invar-
.dant. They always include quantities characterising the
structure of space-time and at the same time a system of
coordinates (the components of the metric tensor gix).
Incidentally, the difficulty lies precisely in the fact that
these quantities simultaneously express two different
things: the structure of space-time, that is, something
‘“absolute” and independent of the system of coordinates,
and the properties of the system of coordinates itself,
that is, something relative. It is impossible to separate
them within the framework of the mathematical apparatus
commonly used in Einstein’s theory.

Insofar as the structure itself of space-time proves to
be variable, it may be viewed as a kind of physical field. In
abstraction from it, space-time becomes merely four-
dimensional space possessing no metric, no properties
apart from continuity (and ‘“‘differentiability”’: space-time
proves to be a differentiable four-dimensional manifold).
In this approach, all coordinate systems are equal for the
simple reason that any possible grounds for distinguishin
betwegn them are ruled out beforehand. The gener:
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principle of relativity is satisfied, but only because of triv-
1al disregard for any special properties of space-time. At
the same time the concept of accelerated or unaccelerated
motion becomes meaningless, for determining accelera-
tion requires some measuring unit, and in a space without
metric there are no measuring units. It is therefore mean-
ingless to speak here of the equality of reference frames
in different kinds of motion, for the very concept of
their motion is not clear. In the absence of any structure,
there is no concept of what time is. The motion of a
point is described simply by a line in a four-dimensional
manifold, and one line is no better and no worse than
another, since there are no grounds for differentiating
between their properties.

Thus any sort of physics disappears here, leaving behind
just this proposition: “space-time is in general a four-di-
mensional manifold”. But that is just as true in the special
theory of relativity and in classical mechanics as it is true
in the general theory of relativity. “The general principle
of relativity” is true in all these theories. It does not ex-
press anything more than the same requirement of covar-
1ance, since the latter consists precisely in the require-
ment to write equations in a form suitable for any coordi-
nates.

The specificity of the general theory of relativity is
only revealed when the structure or metric of space-time
is introduced into consideration. The non-uniformity of
this structure is a specific feature of the theory. In short,
its essence is not in the “general principle of relativity”
or arbitrary choice of coordinate systems but in the
specific propositions concerning the structure of space-
time. In other words, it is not the relative but the absolute
that is essential—namely, the properties of space-time
independent of reference frames and coordinates.

Among the specialists on the theory of relativity,
V. A. Fok was particularly insistent and consistent in his
opposition to relativism. As evidence of acute differences
in the interpretation of the general theory of relativity
amongst physicists let us quote J. L. Synge’s Preface to his
fundamental treatise on the general theory of relativity
written in 1960: ‘‘...the geometrical way of looking at
space-time comes directly from Minkowski. He protested
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against the use of the word ‘relativity’ to describe a theory
based on an ‘absolute’ (space-time), and, had he lived to
see the general theory of relativity, I believe he would have
repeated his protest in even stronger terms. However,
we need not bother about the name, for the word ‘relativ-
ity’ now means primarily Einstein’s theory and only second-
arily the obscure philosophy which may have suggested it
originally. It is to support Minkowski’s way of looking at
relativity that I find myself pursuing the hard path of the
missionary. When, in a relativistic discussion, I try to make
things clearer by a space-time diagram, the other partic-
ipants look at it with polite detachment and, after a pause
of embarrassment as if some childish indecency had been
exhibited, resume the debate in their own terms. Per-
haps they speak of the Principle of Equivalence. If so, it is
my turn to have a blank mind, for I have never been able
to understand this Principle... Does it mean that the
effects of a gravitational field are indistinguishable from
the effects of an observer’s acceleration? If so, it is false.
In Einstein’s theory, either there is a gravitational field or
there is none, according as the Riemann tensor does not
or does vanish. This is an absolute property; it has nothing
"to do with any observer’s world-line. Space-time is either
flat or curved... The Principle of Equivalence performed
the essential office of midwife at the birth of general
relativity, but, as Einstein remarked, the infant would never
have got beyond its long-clothes had it not been for Min-
kowski’s concept. I suggest that the midwife be now
buried with appropriate honours and the facts of absolute
space-time faced” [3, pp. IX-X].

The following explanation is due in connection with
the principle of equivalence. The disappearance of gravita-
tion forces in a free-fall system was one of the starting
points of Einstein’s theory. But when it has been accepted
that space-time is flat in the domain of the infinitesimal,
the principle of equivalence as the possibility of excluding
gravitational forces proves to be merely a physical expres-
sion of a familiar theorem of Riemann’s geometry. There-
fore in Einstein’s theory itself, that is no more a “prin-
ciple” than any other geometrical theorem. Relativism
thus turns out to be merely the result of inadequate under-

" standing of simple mathematical facts, and this kind of
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inadequacy occurs even in outstanding authors.

Let us further specify the concept of the principle of
rclativity. A physical law defines a connection between
some characteristics of certain phenomena or one phenom-
cnon. For simplicity sake let us agree that we are dealing
with two characteristics or systems of characteristics which
we shall designate x and y. Then the law will be represent-
cd by the dependence F(x, y) = 0. However, this represen-
tation is not quite exact, for we have also to take into
account the conditions under which this dependence
obtains. Designating the set of such conditions as A4,
we shall have to write the symbolic equation expressing
the given law as follows:

Fix,y; A)=0. (1)

We shall now analyse the conditions themselves. First,
“the background” will have to be distinguished here—the
invariant conditions that are usually merely implied. Let us
designate them as B. That may be space-time in general or,
for mstance, the Earth’s gravitational field at a given spot,
and so on. Second, the conditions specify the system S
relative to which phenomena are registered and the charac-
teristics themselves x and y are specified. The phenomena
may be percéived as taking place in the system S. Linked
with it is a system of spatio-temporal coordinates, and it
lunctions as a reference frame. Third, there are conditions
in the system S itself which are defined with respect to it
and may vary, determining the concrete course of a phe-
nomenon. Thus the entire set of conditions is represented
as A = (B, S, C), and equation (1) is accordingly written

Fix,y; B,S C)=0. (2)

If for a certain class of systems S the dependence ex-

wressed here is the same in all such systems, S does not
orm part of (2), and the law has the form

Fix,y; B,C)=0. (3)

In this case the law does not depend on the system S,
and the equation is invariant under the transition from one
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system to another. If that is true of a certain class of phe-
nomena P and systems S, the principle of relativity is said
to obtain for these systems and phenomena. Thus Galileo’s
classical principle pertains to mechanical phenomena and
inertial systems.

However, the very distinction between background B,
system S and conditions C is relative and to some extent
conventional. We can, generally speaking, always include
the system into conditions C: the phenomenon occurs
against the background B under conditions C, taking also
into account the fact that it occurs in system S. If we
adopt this view, general equation (2) assumes the form
(1), for S is included in C, and the principle of relativity is
satisfied here, but only for the simple reason that the
systems themselves are included in the variable condi:
tions C.

If we limit ourselves to the special theory of relativ-
ity, the space-time metric is fixed here. It is therefore not
natural to include it in the variable conditions C; it is
part of the constant background, and it is naturally in-
cluded there. The same situation obtains in classical theory;
the difference being that in the latter theory, the back-
ground is different—not the Minkowski space-time but
Euclidean space combined with absolute time.

However, in the general theory of relativity the metric
is no longer invariant but depends on physical condi-
tions. It is therefore impossible to include it in the back-
ground in the general constructions of the theory. On the
other hand, when the conditions are fixed, the metric is
also fixed. It is natural in this case to include it in the given
background. For example, in the Earth’s neighbourhood
the gravitational field and, correspondingly, the structure
of space-time may be regarded as fixed, and coordinates
naturally connected with the Earth may be introduced;
in considering the solar system the natural coordinates will
be those connected with the sun; in considering a model of
the universe with even distribution of the masses quite
different coordinates will be preferred. In a word, definite
coordinates are preferred depending on the conditions,
respectively on the concrete structure of space-time they
define. The extent to which such special coordinates may
be arbitrary and, consequently, the extent to which the
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principle of relativity is satisfied in them (if only as an
approximation), again depends on the conditions and the
lactors that we take into account or ignore.

Relativity is relative—that is, to put it briefly, the
crux of the matter. Everything in the world is relative,
to some extent or other. But the relative is itself only an
aspect or facet of the absolute and it contains the absolute
as, say, the principle of relativity expresses a certain non-
relative property of the world—homogeneity of its struc-
ture, be it for small domains and only approximately. The
crux of the matter is in this dialectics of the relative and
absolute. Unless it is thoroughly understood, it is impos-
sible to gain a deep enough insight into either the theory
of relativity or modem physics in general.

3. What Is Space-Time?

This question may seem an idle one, for an answer to it
has already been formulated: space-time is the form of
cxistence of matter. However, the question that we, pro-
perly speaking, have in mind here is that of a way to define
exactly this form of the existence of matter. What we
nced is not an answer at a general philosophical level but
onc at a level which would form the basis for constructing
a theory of space-time. Understandably, the answer
must lie in the theory of relativity, inasmuch as it is ex-
actly a theory of space-time. But this answer has yet to
he extracted out of this theory.

'The form of an object is, properly speaking, nothing
more than the totality of the relations of its parts. There-
forc what we must deal with here are the material links
hetween the elements of the world, the ensemble of which
(of the links, that is) defines space-time.

‘The simplest element of the world is what is referred to
as an event. It is a “point” phenomenon like a momentane-
ous flare of a point lamp or, to use ostensive concepts of
space and time, a phenomenon whose extension in space
and time may be regarded as negligible. In short, an event
is analogous to a point in geometry; imitating Euclid’s
definition of point, we may say that an event is phenom-
enon whose part is nothing: it is a ““monatomic” phenom-
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enon. Any phenomenon or process is conceived of as
a certain coherent ensemble of events. From this stand-
point the whole world is regarded as a set of events.

Disregarding all the properties of an event other than its
existence, we present it as a point, a “world point”. Space-
time is the set of all world points. In this conception, how-
ever, space-time does not have any structure whatever as
yet—it is merely a set of events retaining merely the fact
of their existence as distinct events, without any regard
for all the other properties or relations between them. We
can introduce the concept of continuity of a number of
events borrowing it from the ostensive conception or giv-
ing it some suitable definition. Space-time will then be
simply a four-dimensional manifold in the topological
sense. Space-time, that is, a set of events without any
concrete properties whatever, without any structure ex-
cept for the one that is defined by the relations of con-
tinuity, is exactly the background that figured in the
consideration of the general theory of relativity. But we
are not stopping here; we define space-time structure and
continuity itself proceeding from the most general and
basic relation of events that exists in the world. We refer
to the motion of matter.

Each event acts in some way or other on other events
and is itself acted upon by other events. In general, action
is motion connecting one event with another through a
number of intermediate events. The physical nature of
action may be quite varied: it must be presented as propa-
gation of light, emission of a particle, etc. Clearly, action
need not always be direct: it may be implemented through
a number of agents. The movement itself of a small body
is a number of events in which preceding events affect
subsequent ones. In physical concepts, action may be
defined as transmission of momentum and energy. These
concepts will then appear as basic, which is in accord with
the essence of the matter, for momentum-energy is the
principal physical characteristic of motion and action.
But, just as we disregard the concrete properties of events,
we disregard the concrete properties of action in the con-
cept of action, too, except for the fact that it is a relation
between events having the properties of the general rela-
tion of precedence (anti-symmetry and transitivity). In
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an axiomatically constructed theory of space-time, the
concepts of event as a world point and of action as preced-
ence would have to be taken as basic and undefinable.
The events experiencing the action of the given event 4
form ‘“the domain of the action of the event A”. These
domains define a certain structure in the set of all events.
It is of course equipollent to the structure defined by the
action relations themselves. That structure is precisely the
spatio-temporal structure of the world. In other words,
space-time itself may be defined as follows:

Space-time is the set of all events in the world having
no properties except those defined by the relations of the
action of some events on others.

The action of one event on another is an elementary
form of causal connection, its “atom” or “quantum”, as
it were; in the same way the event itself is a “monatomic”
phenomenon. What has just been said may therefore be
expressed in less precise but more graphic terms as fol-
lows: the spatio-temporal structure of the world is no-
thing but its cause-and-effect structure under a proper
abstraction. This abstraction consists in disregarding all
the properties of phenomena and their causal links except
for the fact that phenomena are made up of events, and
their mutual influences, of the action of some events on
others. ,

That this definition of space-time is actually possible
in the framework of the theory of relativity is proved in
ll)urel'y mathematical terms (see [4, pp. 1119-1128]).

‘he action relations without reference to any properties
(not even continuity) indeed define the Minkowski four-
dimensional space in the special theory of relativity.
The definition of space-time in the general theory of rela-
tivity requires a certain addition. It may be formulated as
a local fixation of certain scales of couples of infinitely
close events to which a definite magnitude of the interval
hetween them is ascribed.

This description of space-time is nothing but a con-
crete and precise expression, which is in accord with
modermn physics, of the fact that space-time is the form of
the existence of matter. Matter itself in its motion and
thereby in the interaction of its elements determines its
spatio-temporal form. This definition is impossible in
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terms of classical physical concepts. Thus it was believed
that action could be transmitted at an arbitrary speed.
Under these conditions, thé domain of possible action of
the given event in principle extends to all events following
it in time. As a result, the relation of action does not
define anything but mere succession in time. The clas-
sical concepts of absolute succession in time and absolute
simultaneity are in agreement with this. As for quanti-
tative definition of the time ¢ and of the geometry of
space, they must be defined by some other factors. More-
over, no definition of time and space is known in general
that would accord with the conceptions of classical physics
and at the same time be as brief and precise as the defini-
tion of space-time given above. The very possibility of the
existence of such a definition constitutes an enormous
advantage of the theory of relativity, showing how deeply
it has penetrated in the understanding of the fundamental
structures of the world.

Defining space-time, the system of action relations de-
fines thereby all possible relative times and spaces with
their geometry. Naturally, the definition is originally given
for space-time, that is, for the absolute form of the world,
and not separately for space and for time which are merely
relative aspects of this form. Without going into detail,
one may briefly state that space is a set of parallel series
of events linked by action. A point in space is not some-
thing elementary—it is defined, to put it simply, by a
number of events occurring at a given place; to be more
precise, the ‘“given place” itself is fixed by this series of
events. The relation between various points of space, that
is, its geometry, is naturally defined by the structure of
space-time, that is, relations of action. In its turn, time at
a given place may be defined as a series of events fixing
that place, under the condition that we disregard all the
properties of these events except for those which are
defined by the same action relations but, of course, not
only within the given series of events but rather by the
entire ensemble of action relations inflicted on and by
these events. As for agreement of different local times and
thereby some relative time extended to the whole world, it
is further defined by the relations of action. (Incidentally,
it may be noted that the general basis of Einstein’s defini-

120



non of simultaneity is elucidated here. It is proved that
any definition of simultaneity subordinated to the natural
1equirements of symmetry and transitivity and based only
on relations of action in their general structure, is neces-
sarily equivalent to the Einsteinian. This is true, of course,
only in the space-time of the special theory of relativity,
for Einstein’s definition is inapplicable to the general
theory.)

'The definition of space-time given here may be used as
the basis for constructing a theory of relativity. Suitable
1equirements will have to be imposed, of course, on the
structure of the relations of action or, equivalently, on
the structure of the domains of action. But we shall not
dwell on this here.

Going back to what was said at the beginning of the
article, it may be noted that the definition of space-time
piven here and the later definition of space with its geo-
metry contain an answer to Riemann’s question concern-
mg the causes which generate metric relations in space.
I'hey are contained in the very existence of causal links
hetween phenomena. Action relations, defining the struc-
ture of space-time, define along with it a geometry—the
metric of space.

Thus the relativity theory has answered the most pro-
lound questions posed by its predecessors concerning the
nature of space and time, the basis of the metric proper-
tics of space, the links between the properties of space and
time, on the. one hand, and the properties of matter, on
the other, the nature of universal gravitation, and so on.
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YU. B. MOLCHANOV

THE CONCEPT OF
SIMULTANEITY AND THE
CONCEPTION OF TIME
IN THE SPECIAL THEORY

OF RELATIVITY

T hat the special theory of relativity relies on a
conception of time different from classical
physics does not require either special substantiation or
proof nowadays: it is generally recognised in the literature
both on the special relativity theory and on the problem
of time. However, it took considerable theoretical effort
for this proposition to become established, and the process
involved analysis of the physical content of the special
relativity theory and of the philosophical implications of
the spatial and temporal relations accepted in it. This
view asserted itself amidst lively and at times fierce debate.

The debate centred on the interpretation of Einstein’s
definition of simultaneity. Incidentally, it still remains
the object of close attention and highly sophisticated
theoretical debate. That is not surprising. Interpretation
of the simultaneity concept is closely linked with the
conception of time in which it is formulated.

1. Various Interpretations of Simultaneity
in Pre-relativistic Physics

As a very first approximation, the concept or relation of
simultaneity expresses absence of temporal succession
between the events considered, that is, absence of tempo-
ral relations between them. This circumstance largely
explains the considerable attention paid to this concept
in the discussion of the problem of time. Indeed, with
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« clear understanding of what temporal relations are not,
it will be much easier for us to attain an adequate under-
standing and interpretation of temporal relations. How-
ever, this specific role of the simultaneity concept and its
significance for comprehending temporal relations were
almost never realised in the discussions of time, so that the
need for a clear definition of this concept was almost
+ompletely ignored.

Probably the first thinker to analyse the concept of
simultaneity was Aristotle; in his Physics we find profound
and allround treatment of the problem of time and an
outline of its conceptual content. He emphasised such an
nnportant feature of the concept of simultaneity as reflec-
tion in it of the absence of temporal relations between
events, distinguishing between the concepts of “‘simulta-
neity” and “now” [1, p. 298].

After Aristotle, the concept of simultaneity was largely
ignored by researchers for more than two thousand years.
I'his concept was not expressed or defined with sufficient
precision even in Newton’s theoretical scheme—in the first
learly and distinctly formulated conception of time as
an objective essence independent of any other essences,
that is, in the substantial conception of time.

True, Newton’s theory of absolute time which ‘of
itself, and from its own nature, flows equably” [2, p. 6],
led to the interpretation of the simultaneity relation as
pertinency of events to a single point on the absolute
time scale, or to a unitary section across the “flow” of
absolute time. This interpretation of absolute time and
simultaneity, we must stress, was in no way linked with
cither the concept of momentaneous action at a distance
or that of infinite velocity of light [ 7, pp. 57-58]. Inasmuch
as Newton insisted that probably “there is no such thing
as an equable motion, whereby time may be accurately
mecasured”, and that “all motions may be accelerated and
retarded, but the flowing of absolute time is not liable to
any change” [2, p. 8], and also defined space, that is, an
ecnsemble of simultaneous events, as “God’s sensorium”
|4, pp. 542-543; 5, pp. 13, 16], it may be assumed that
his conception of simultaneity is based on the notion of
pertinency of events to a single point or cross-section of
absolute time which is not established or fixed by any
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material interactions but may be grasped in the subjective
act of mental momentaneous perception.

Newton’s famous opponent, Leibniz, defending a
relational conception of time opposed to the Newtonian
one, tried to define simultaneity as the relation of physical
events mutually compatible with each other. He took as
his example the possibility of one and the same thing’s
being simultaneously white and warm and the impossi-
bility of its being simultaneously young and old. Of
course, this definition did not contribute much to an
understanding of temporal relations, but in his polemics
with Samuel Clarke Leibniz defined space as “an order
of things which exist at the same time, considered as
existing together” [5, p. 26], that is, he unambiguously
linked up the relation of simultaneity, first, with spatial
relations, and second, with absence of temporal relations.

An original approach to simultaneity is found in Imma-
nuel Kant’s Critique of Pure Reason [6, pp. 266, 268].
Although Kant does not offer a special definition of the
relation of simultaneity, he links up this relation, quite
unambiguously, with that of totality. In his view, simultan-
eity characterises all elements of a unitary and integral
material system. However, the correctness of this interpre-
tation depends quite essentially on the presence in nature
of forces momentaneously acting at a distance. Inasmuch
as the existence of such forces has not been proved, this
interpretation should be regarded as highly approximate
and conventional [7, pp. 75-76].

All these rather meagre theoretical fragments scattered
mostly in philosophical works that are not too readily
available, if not exactly little known, did not offer a con-
sistent and logically clear definition of simultaneity—
they did not even facilitate the realisation that a search
for such a definition was necessary. _

However, the concept of simultaneity and various
methods for determining this relation were widely used in
theoretical natural science and in practice, first of all in
astronomic research and in navigation. In astronomy, it
was believed to be self-obvious that simultaneity could be
defined as pertinency of mutually remote events to a single
moment of absolute or genuinely mathematical time
earlier represented by mean astronomical time. Thus
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Olauf Roemer could never have proved the finite magni-
tude of light velocity from the phenomenon of retardation
of the eclipse of Jupiter’s satellites, had he not postulated
simultaneity of genuine previous positions of these satel-
lites with regard to some past moments of absolute time
marked by a terrestrial clock in his laboratory. That ab-
solute time was established as something self-obvious,
independent of any material interactions connecting events
in different places.

In navigation, more or less precise position of ships
was determined by means of clocks which supposedly
guaranteed the establishment of simultaneity with events
occurring at other places. It was generally understood, of
course, that clocks could deviate from absolute time in
some way or other, but genuine, mathematical, absolute
time was everywhere the same, a guarantee that the posi-
tion of the ship would be determined more or less precisely
(depending on the quality of the clock).

In general, postulating unitary and unique world abso-
lute time which, apart from other things, flows equably, and
interpreting the relation of simultaneity of events in differ-
ent places as their pertinency to one and the same point
on the scale of absolute time yields the conclusion that
only one single event at any point of space may be si-
multaneous with an event at a given point of space, and
that this relation is universal in nature, that is, it holds in
arbitrary reference frames. However, this conception of the
rclation of simultaneity was not theoretically formulated.

2. The Substantial and the Relational Conceptions of Time

The concept of simultaneity essentially depends on the
conception of time in which it is formulated, regardless of
whether this conception is a code of clearly formulated
principles and propositions or is accepted unconsciously.
Of the greatest importance in this respect are the substan-
tial and the relational conceptions of time.

The substantial conception, which goes back to the
philosophy of antique atomists, did not enjoy any popular-
ity at all in philosophy from antiquity up to the times of
Newton. Newton’s doctrine of absolute space and absolute
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time presented, for the first time in the history of philos-
ophy and physics, a clear formulation of the main proposi-
tions of the substantial conceptions of space and time.
Beginning with his work The Mathematical Principles of
Natural Philosophy, the substantial conception of time
-dominated physical theories until the early 20th century.
According to this conception, time is a kind of absolutely
independent entity subject to its own inner laws and
existing independently from anything ‘“external” with
respect to it. That is exactly why the term ‘‘substantial” is
applicable to it.

The relational conception of time is just as ancient as
the substantial one. Its source is in Plato, but it was more
distinctly expressed in the work of Aristotle. According to
this conception, time is not something existing independ-
ently: it is something derivative from a more fundamental
essence. Two principal varieties of the relational concep-
tion of time have been formulated in the past. Some
thinkers regarded time as a property or attribute of some
more fundamental essence, while others defined it as a
relation (hence the term ‘relational”).

The relational conception dominated philosophy
throughout the history of human thought. (Let us recall
that in physics, the substantial conception was dominant
between the age of Newton and early 20th century.)
However, materialist relational interpretation of time is
an exception rather than the rule in the history of philos-
ophy (Epicurus, Lucretius, BoSkovi¢, Toland). The abso-
lute majority of thinkers (both idealists and materialists)
regarded time as a property or relation or, to be more
precise, as a product of a more fundamental spiritual
essence. According to Plato time was created by God.
Aristotle admitted the interpretation of time as resulting
from the action of the soul, but he also accepted a material-
ist conception of time as a result (or quantity) of objective
material motion. Neo-Platonists deduced time from the
action of the world soul. For Catholic philosophy, time
is generated by God, and so on. In the philosophy of the
New Times, beginning with Descartes and ending with late
19th-century positivists, time is a property or relation
expressing various aspects of the activity of man’s con-
sctousness (for details see [7]).
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Thus up to the 20th century physics was dominated
by Newton’s materialist substantial conception of absolute
time, and philosophy, by different variants of subjectivist
relational conceptions.

The exception in the history of philosophy is the theory
of dialectical materialism, which consistently defended
(and that was a unique phenomenon in the history of
philosophy) the materialist position on the objective
nature of time. It was expressed in the well-known thesis
of Engels that space and time are the forms of the exist-
ence of matter [8, p. 67].

3. Pre-relativistic Discussions

The development of physics and mathematics between
the 1840s and 1900s resulted in the first cracks in the
foundation, which was earlier believed to be unshakeable,
of the classical conceptions of the essence of space and
time. The formulation of non-Euclidean geometries by
Lobachevsky, Bolyai, GauB, and later by Riemann showed
the need for substantiating geometry by an analysis of
the properties of actual physical interactions and proces-
ses. In this way the idea was undermined of the self-
sufficient and entirely independent nature of space and
thereby also of time.

The development of classical thermodynamics, the
formulation of its second principle (the law of entropy
growth) were a stimulus for linking up with this principle
the irreversible and unidirectional character of the real
processes of the world and by that token of time. The idea
gained wide currency that one of the principal properties
of time—its irreversibility and unidirectionality—is ulti-
mately determined by the nature of real physical processes.

Finally, the works of some positivistically minded phys-
icists and philosophers, particularly of Ernst Mach and
J. B. Stallo, became increasingly concerned with empirical
verification and substantiation of the basic propositions
of the substantial conceptions of space and time formula-
ted in the Newton doctrine. The obvious impossibility of
discovery of these empirical foundations, on the one
hand, compelled positivists to give up the idea of the
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objective character of space and time, and on the other,
directed the attention of researchers to the quest for
these foundations and to working out new physical
conceptions of the essence of space and time that would in
a sense be an alternative to those of Newton.

Late in the 19th century, scientists became interested
in the problem of defining simultaneity. The essence of
the discussion of that time can be gauged by Henri Poinca-
ré’s article “The Measurement of Time” published in
1898 [9, pp. 1-12], which summed up the discussion.

Poincaré analyses various attempts to find an adequate
definition of simultaneity. First of all he considers the
definition which is unconsciously accepted in everyday
experience and is given theoretical expression by Henri
Bergson. According to -that definition, those events are
simultaneous that can be grasped ‘“by a simple act of
thought” [10, p. 175]. Poincaré shows up the naive nature
of this definition and its complete untenability. He also
analyses the definition of simultaneity through moving
clocks and through different variants of the signal method,
from sending letters and telegrams to light signals. In
actual fact Poincare considers experimental procedures
intended to fix the relations of simultaneity rather than
conceptual or logical definitions of these relations. As
for definitions of the latter type, he says merely that
“two facts must be regarded as simultaneous when the
orde]r of their succession may be inverted at will” [9,

. 8].

P In the final analysis Poincaré comes to the conclusion
that most divers rules can be used to fix or define simulta-
neity: “No general rule, no rigorous rule here; a multitude
of little rules applicable to each particular case. These
rules are not binding on us... All these rules, all these
definitions are nothing but the product of unconscious
convention” [9, p. 13]. Thus, although Poincaré under-
stood the whole complexity of defining simultaneity, he
assumed that such a definition could be introduced in an
arbitrary manner having no objective basis but being rather
the result of “unconscious convention”.

The problem was thus formulated, but no attempts at
its solution were undertaken.

128



4. The Procedure for Establishing Simultaneity
Suggested by Albert Einstein

In his famous article “On the Electrodynamics of Mov-
g Bodies” Einstein suggested a procedure for establishing
sinultaneity that is now called “signalling procedure”
|11, pp. 35-65]. The principle of the procedure was not
novel (as we have seen, it was considered by Henri Poinca-
ré¢). However, in using-it Einstein obtained unusual conclu-
sions about the properties of space and time; this can be
xcen as the secret of rapid recognition of the special rela-
tivity theory, whose mathematical formalism was not
original, either Sthe mathematical formalism was identical
to the fairly well-known Lorentz transformations). Before
proceeding to the analysis and interpretation of Einstein’s
rrocedure as well as the conchisions which follow from it,
ct us recall its scheme.

To obtain a description, ordered in time, of the events
occurring at different points of space, 4 and B, it is neces-
sary, says Einstein, to establish a common time for these
points. Time flowing at points A and B is measured by
clocks placed there. To establish “a common time for
A and B”, a synchronisation of the clocks at these points is
needed, that is, they should simultaneously produce the
same readings. That is possible on condition that the
observer at, say, point A will be able to establish which of
the indications of clock 4 will be simultaneous with some
definite event at point B. The signalling procedure consists
in a light signal being sent from point 4 to point B at a
definite moment of time recorded by the clock A4; at
point B this signal is instantly reflected and after some
time (due to the finite magnitude of light velocity) comes
back to point 4 at a moment of time recorded by clock 4.

Poincaré had been content merely with describing
this procedure, insisting only that the relation of simulta-
neity was established by a ‘“complex rule” which *is
nothing but the product of unconscious convention”
[9, pp. 12, 13]. Einstein took a step further and formulat-
ed that rule, which incidentally proved to be not very
complex at all: “the latter (a common ‘time’ for 4 and
B) cannot be defined at all unless we establish by defi-
nition that the ‘time’ required by light to travel from
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A to B equals the ‘time’ it requires to travel from B to 4”
[11, p. 40]. Thus simultaneous with the event of signal
reflection at point B will be an event at 4 which will
occur precisely in the middle of the time interval separat-
ing the events of emission of the signal and its return to
point 4.

Let us also emphasise that the place of Poincaré’s “un-
conscious convention” is here taken by a quite conscious
definition postulating equality of light speeds in opposite
directions. Although this definition is undoubtedly a step
forward as a concretisation of the ‘‘unconscious conven-
tion”, it is not in principle original, for it merely specifies
the fundamental principle of Poincaré, who added, besides,
that in such procedures for establishing temporal relations
the speed of light is taken to be “constant and, in particu-
lar, identical in all directions” [9, p. 11].

But further, after an analysis of application of this
procedure for the establishment of simultaneity in consid-
ering correlations of events occurring in different inertial
frames, there followed a truly sensational conclusion
that had not been drawn by anyone at any time in the
history of the theories of time: ‘“so we see that we cannot
attach any absolute signification to the concept of simul-
taneity, but that two events, which, viewed from a system
of co-ordinates, are simultaneous, can no longer be looked
upon as simultaneous events when envisaged from a system
which is in motion relatively to that system” [11, pp. 42-
43]. This conclusion served as the main (but not of course
the only) cause for the universal and immediate attention
to the special theory of relativity.

Thus the new theory, at its very inception, established
an essential difference of the conception of simultaneity
from all the previous interpretations.

The classical approach to simultaneity was characterised
by two principal assumptions (explicit or implicit, con-
scious or unconscious).

1. One and only one event at any point in space is sim-
ultaneous with an event occurring at a given point in space.

2. This relation of simultaneity between two given
events holds everywhere, in all possible reference frames.

It is easy to see that the seeming correctness of these
propositions does not depend on our interpretation of
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the mechanism of establishing temporal relations and the
relations of simultaneity; it does not depend on whether
they are established by themselves irrespective of anything
that is external, through hypothetical momentaneous
action at a distance, or through grasping them ‘“in one
momentaneous perception” [10, p. 56].

The procedure for establishing simultaneity suggested
by Einstein resulted, first of all, in the explicit and
unambiguous rejection of the second of the assumptions of
the classical interpretation of simultaneity, namely, the
assumption of the universal nature of any given simultanei-
ty relation, leaving the first assumption apparently un-
shaken, for “by definition” one and only one event,
stmultaneous with the given one, was established at any
other point of space. This procedure, however, contained a
number of veiled questions of principle, analysis of which
inevitably resulted in a completely new conception of
temporal relations.

5. Consequences from the Procedure of Establishing
Simultaneity

We must stress first of all that the procedure for estab-
lishing simultaneity described in the above, or, to be more
precise, the procedure for synchronising clocks, usually
referred to in the literature as ‘Einsteinian definition of
simultaneity”, is neither a conceptual nor a logical defini-
tion. The procedure is intended to synchronise clocks, not
to define simultaneity, although this word is mentioned
by Einstein along with the word “time” in describing the
results of the procedure. The basic theoretical considera-
tions on which- it was constructed remained outside its
description and were later specified and clearly formulated
by Einstein and other researchers.

But what are synchronised clocks? They are clocks
simultaneously producing identical readings. Therefore,
to synchronise them, one must proceed from some
concept or conception of simultaneity. That is the kind
of conception from which Einstein proceeds in saying or
rather assuming (since it is a question of light speed
being equal in opposite directions) that simultaneous
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with the event of signal reflection at point B will be an
event at point 4 which has occurred (a past event is refer-
red to here) precisely in the middle of the time interval
(=light speed being equal in opposite directions) dividing
the events of sending the signal from point 4 to point B
and the event of the signal’s return from point B to
point A.

But why must we ascribe simultaneity to an event
exactly from the interval between the sending of the
signal and its return? Why cannot we regard as simul-
taneous events from time intervals before the sending of
the signal and after its return? The answers to these ques-
tions lead to the formulation of the basic propositions of
the materialist relational conception of time.

Let us recall two important facts mentioned above.
First, all or almost all relational conceptions of time dom-
inating philosophy before the 20th century were idealist
(the views of Lucretius, Toland, and Bo$kovi¢ that are
the exception can hardly be called conceptions: they were
vague formulations with intuitive implications) They
regarded time as a derivative of a certain spiritual substance
—human or divine consciousness. Second, positivists (in
particular Stallo and Mach) insisted on flndmg an empirical
basis for time and space.

Simultaneity is ascribed to one of the events occurring
between the sending and the return of the signal, because
none of these events, owing to the finite f:nd limited)
magnitude of light velocity, can in principle physically
interact with the event of signal reflection at point B.
There can be no temporal relations between these events,
they are simultaneous. Those events which occur at point
A before the sending and after the return of the signal, are
not simultaneous. There exist temporal relations between
them and the event of signal reflection at point B. Why is
that so? Because they can either produce a material action
on the event of signal reflection at point B (events preced-
ing the sending of the signal) or be subjected to material
action on the part of the event of signal reflection at
point B (events taking place after the return of the signal).
The former takes place absolutely earlier than the event of
signal reflection at B, the latter, absolutely later.

Thus temporal relations are conditioned by the exist-
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ence of material interactions between events. Absence of
temporal relations, or existence of the relation of simulta-
neity, is conditioned by the impossibility of material inter-
actions between events. Later, in the work “The Meaning
of Relativity”, Einstein wrote: “In order to give physical
significance to the concept of time, processes of some kind
are required which enable relations to be established
between different places... Space and time data have a phy-
sically real, and not a mere fictitious, significance” [12,
pp 28, 29].

Thus on the one hand temporal relations prove to be
derived from physical interactions, and time acquires a
mat >rial basis, and on the other, it acquires simultaneously
an empirical basis. That is the fundamental proposition of
the materialist relational conception of time.

Now we can approach the theoretical conception of
simultaneity which, although it was not explicitly formulat-
cd by Einstein, underlies the signalling procedure. A
conceptual definition may also be formulated in accord-
ance with this notion: by simultaneous are meant events
which cannot in principle interact with one another. This
impossibility is conditioned by the absence of momen-
taneous action at a distance in nature, that is, by the fact
that all material interactions are implemented at a certain
finite speed.

In the modern view, the upper limit of this speed is
light velocity. Although the latter proposition is contested
by some scientists, superlight speeds of interaction are also
finite.

In the procedure of establishing simultaneity described
here, there are at point 4 not one but a certain set of
events situated or rather occurring in the interval between
the sending of the signal from 4 and its return from B.
None of these events, owing to finite light speed, can in
principle interact with the event of signal reflection at
point B. So all of them, according to the definition formu-
lated above, are simultaneous. Out of this set of events,
which it would be appropriate to regard as objectively
simultaneous, Einstein chooses one and only one event
occurring precisely in the middle of the time interval
between the sending and the return of the signal, and
regards it as simultaneous. It follows that all the other

133



events in this interval are not simultaneous.

This seeming contradiction between Einstein’s defini-
tion of only one event as simultaneous and the tacitly
assumed idea of a number of objectively simultaneous
events occurring in the interval between the sending and
the return of the signal, is due to an insufficiently clear
realisation of the fact that the classical relation of absolute
simultaneity is characterised by two aspects—uniqueness
and universality (7, pp. 135-144]. Einstein rejected the
universality aspect in a clear and unambiguous manner,
stressing that events simultaneous in one inertial frame
will not be simultaneous in another; and the aspect of uni-
queness he rejected implicitly. At any other point in space,
simultaneous (or rather absolutely simultaneous) with
the event taking place at the given point in space will be,
just as in the classical view, one and only one event.
However, for the classical interpretation of simultaneity,
the existence at some other point in space of one and only
one event simultaneous with the given one is an objective
inner property of the relation of simultaneity established
‘by itself, regardless of anything external, while according
to Einstein, this one and only one simultaneous event is
established ‘““by definition”, that is, it results from the
convention that the speeds of light in opposite directions
are equal.

This terminological and conceptual vagueness in the
interpretation of the content of the simultaneity relation
both in classical and relativistic physics proved to be, along
with other causes, the source of the debate, still going on,
about the physical meaning of the concept of simultaneity
and the role and significance of convention in its theoreti-
cal definition and experimental operations of establishing
simultaneity.

6. Debate on the Meaning and Significance
of the Concept of Simultaneity

The debate about the physical content and philosophi-
cal significance of the special theory of relativity began at
its very inception and has continued to the present.
However, the focal aspects of the discussions varied all the
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time. We shall not consider the interpretations of the
lLorentz transformations and conclusions that follow from
them since these, on the one hand, go beyond the frame-
work of the present paper, and on the other, were not as
central for that debate as the problem of simultaneity. In
the 1930s L. I. Mandelshtam said that in the problem of
simultaneity “lies the essence of the theory of relativity. If
understanding is reached on this point, the rest becomes
clear of itself...” [13, p. 57].

In the first period, from the inception of the special
theory of relativity up to the end of the 1940s, the debate
centred on the proposition of the relativity of the universal
nature of the simultaneity relation, that is, of the non-in-
variance of this relation in different inertial frames. Ein-
stein’s opponents did their best to refute this proposition,
while his adherents always stressed the novel and original
nature of the conclusion, mostly expressing their amaze-
ment and admiration without any attempts at a deeper
analysis and interpretation of the problem.

The second period, if one may put it that way, begins
with the works of Hans Reichenbach in the late 1920s
|14, 15] and is continued into the present. The debate
now centres on the unique nature of the relation of
simultaneity and its basis. Scientists are concerned here
not so much with the question whether an event occurring
at some definite point in space has not one and only one
simultaneous event corresponding to it in any other point
in space but a whole set of such events (and why that is
$0); they are more concemed with the grounds for choos-
ing out of this set one and only one event which is referred
to in Einstein’s definition as simultaneous with it.

There is practically a consensus as to the first aspect
of the question—the fact that for various points in space
the relations of simultaneity characterise sets of events
rather than pairs of unique events. Opinions vary only on
terminological matters. Thus Hans Reichenbach calls these
sets ‘‘areas... indeterminate as to order of time” [16,
p- 41]; G. J. Whitrow speaks of them as ‘“the relativistic
analogue of the world-wide simultaneity of Newtonian
physics” [17, p. 299] ; V. A. Fok defines them as domains
of ‘“‘quasi-simultaneous” events [18, p. 52]; Adolf Griin-
baum refers to these events as ‘‘topologically simultaneous”
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[19, pp. 28-32; 341-417]. The present author has suggest-
ed that they should be regarded, on the one hand, as
“objectively simultaneous”, and on the other, as “relatively
simultaneous in the sense of uniqueness” [7, pp. 138-144].
In the physical literature these areas are characterised as
divided by “‘space-like intervals”.

Despite the difference in the terminology, which charac-
terises, more or less aptly, the various aspects of the
relation considered here, the physical meaning is identical.
Inasmuch as, firstly, temporal relations are conditioned by
physical interactions, and, secondly, there is no “momen-
taneous action at a distance” in nature, or physical interac-
tions transmitted at infinitely great speeds, there will
always be certain sets of events at different points in space,
rather than isolated events, which cannot in general
interact with one another. To put it briefly, Einstein
chooses “by definition” one and only one couple out of
the two sets of events which take place at various points of
space and cannot in principle interact with each other.
This thesis is now shared, explicitly or implicitly, practical-
ly by everybody, and the debate centres mostly on the
foundations of this ‘“‘definition”.

Before we consider the substance of the debate, let us
recall that the time of an event at point 4 simultaneous
with the event of signal reflection at point B is determined
by the formula

tA‘= ta=t.4°+ eft, —tAol,

n
where tp .is the time of the event of signal reflection at
point B; t,  is the time of the event at point 4 simulta-
neous with thé event of signal reflection at point B;
ta, is the time of sending of the signal from point 4 to
point B; t,  is the time of the return of the signal from
point B to point 4; and e is a certain coefficient which
we shall refer to below as ‘“simultaneity coefficient”’; its
magnitude varies between 0 and 1. If € = 0, that means
that the speed of the signal equals infinity: the signal is
transmitted instantaneously. If the speed of the signal is
finite, € cannot be greater than 1, otherwise the definition
becomes meaningless, for simultaneous with the event of
signal reflection at point B will be an event which took
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place after the retumn of the signal from point B to point
A. The magnitude of the second extreme limit of € being
equal to 1 means that the speed of the signal as it travels
from point 4 to point B is finite and equals the distance
divided by the entire interval of time between the sending
and the return of the signal, and on the way back, from
point B to point A, it was infinite, or vice versa. No other
restrictions are imposed on the magnitude of € by the
conditions of the given procedure. Thus, 0<e<1, and if
the possibility of infinite speeds is rejected, then 0<e<1.

The choice of the magnitude of € = 1/2 corresponds to
Einstein’s ‘“‘definition” concerning the equality of speeds
of light (of the signal) on the way ‘“there” and ‘back”;
it is called in the literature “the condition of standard
synchronisation”, or simply ‘“standard synchronisation”.
The choice of any other values of € in the interval between
0 and 1 results in ‘“‘non-standard synchronisations”,
implying that the speed of the signal on the way ‘“there”
is not equal to the speed of the signal on the way “back”.

Two viewpoints, opposed to each other in a certain
sense, are clearly distinguishable in the debate on this
question.

Some authors believe it possible to advance convincing
arguments in favour of the “standard synchronisation”
condition—either through mental experiments (transport-
ing clocks at an infinitely slow speed) or else proceeding
from certain theoretical considerations (conditions of
symmetry, transitivity, and so -on); the definition of
simultaneity will thus be given objective substantiation,
and the conventional nature of the choice € = 1/2 w1ll be
climinated [20-22].

The arguments of the opponents of this view are mostly
directed at demonstrating the inadequacy of these proce-
dures or of the theoretical conditions assumed [23-25].
We have discussed this argument in considerable detail
|3, 7], so there is hardly any need to recur to it. Besides,
we believe that, to solve the question whether the choice
of simultaneity coefficients is a necessary result of agree-
ment or may be made on some objective grounds, it is
better to resort not to a meticulous analysis of mental
cxperiments and theoretical conditions but to determining,
at an obvious and accessible level, the actual physical
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meaning in theory of the concepts of temporal relations
and simultaneity.

If we accept, following Einstein, that temporal relations
acquire physical significance only when ensembles of
events under discussion are connected by physical interac-
tions, we shall have to regard as simultaneous (that is,
having no temporal relations) such ensembles of events
which are not connected or, to be more precise, cannot
in principle be connected by material, physical interactions.
In the above, we showed that these considerations are, so
to speak, in the wings of Einstein’s procedure for establish-
ing simultaneity, being its necessary but tacitly assumed
premise.

Furthermore, if we negate the existence in nature of
material interactions transmitted at infinitely great veloci-
ties, that is, if we negate the existence of instantaneous
action at a distance, we have to accept that at points in
space remote from one another there will always occur
some sets of events which cannot in principle interact with
one another and which, because of these objective condi-
tions and the relational definition of temporal relations
that we adopt, should be regarded as objectively simulta-
neous. No choice of some unique couple of events from
this set, which will be regarded as simultaneous or, to be
more precise, as absolutely simultaneous in the sense of
uniqueness, will deprive the other elements of these sets
of events of their fundamental objective property—impos-
stbility to interact with one another, that is, to be in the
relation of objective simultaneity. Therefore, even if we
should be able to prove experimentally, rather than to
postulate ‘“by definition”, equality of light speeds (or
some other signal) in opposite directions, in that case,
too, the choice of a given couple of events as absolutely
simultaneous would have been necessarily conventional
within the framework of the materialist relational concep-
tion of time adopted here.

There is another interesting aspect of interpretation
of the relation of simultaneity bearing on problems of
epistemology. However, before we pass on to it, we must
consider one of the attempts of a different interpretation
of the definition of simultaneity.

Some scientists. believe that Einstein’s procedure for
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establishing simultaneity raises no problems; everything is
well defined here and put in its proper place. P. G. Kard,
defending this view, suggests his own reading of the “‘defin-
ition of simultaneity”. “According to Einstein [he writes],
simultaneity ¢s defined as a relation between two events
occurring within distance / from each other when a light
signal emitted by one event in the direction of the second
arrives there after a delay //c relative to the occurrence of
the second event” [27, p. 82].

It is easy to see, however, that this “‘definition” has
no greater physical sense than defining the simultaneity
of events occurring at different places through the possibil-
ity of ‘“‘grasping them in one momentaneous perception or
act of consciousness”. The definition assumes that we
know apriori that the events did take place and, besides,
we know what distance separates them. It is well known,
however, that to determine distance we need a definition
of simultaneity, so that the author falls into circularity
already at this point. But that is not all.

The definition suggested by P. G. Kard is fundamentally
different from the procedure suggested by Einstein.
Einstein deals with real, empirically recorded events and
rclations. A signal is emitted from point 4 which then
returns, bringing proof that there exists point B, that the
signal reached it, was reflected at that point, and travelled
back. The existence of point B and of the event of signal
reflection in it is an empirically attested fact, and this
substantiation is the consequence of the condition of the
signal’s return. In Kard’s définition, however, the signal
travels one way only, and, if we reason from the point of
view of the place from which the signal was emitted, we
can know nothing about either the point at which it was
directed or whether the signal was received there at all.
We can only postulate that apriori. If we reason in the
context of the place where the signal was received, again
we need apriori knowledge of the moment of time when
the signal was emitted as well as of the distance between
these points in space.

Thus in Einstein’s procedure absolutely simultaneous
events are chosen ‘‘by definition” from a certain set of ob-
jectively simultaneous events (with good empirical sub-
stantiation), whereas Kard establishes simultaneity on a

139



number of apriori assumptions.

The arguments above warrant some conclusions concern-
ing the epistemological status of the simultaneity concept.

This concept is of great significance, for, as Einstein
remarked, “all our judgments in which time plays a part
are always judgments of simultaneous events” [11, p. 39].
Here belong all judgments of the future and past events,
that is, all judgments connected with man’s temporal
orientation in the world. But how can we establish simulta-
neity of given events?

We can say nothing about events actually simultaneous
with the given one and occurring at other points in space,
for they in no way affect us and therefore simply do not
exist. As for the simultaneity of future events, it is defined
theoretically on the basis of past experiences. We can have
empirically substantiated and reliable knowledge only
about events in the past (more or less remote) derived
from the signals that we received from them. However,
inasmuch as all of these are events from the past, which no
longer actually exist, there will be again a substantial
theoretical, or conceptual, ingredient along with the empir:-
cal one in defining the simultaneity of these events.
Therefore conventional choice and conventional evalua-
tions are quite natural in the procedure for establishing
simultaneity.

Conclusion

Einstein’s procedure for establishing simultaneity is
central tc the discussion of the philosophical and methodo-
logical problems of the special relativity theory, for two
reasons.

First, it carried out the task that was shifted in the
foreground of the methodological issues of physics as a
result of the critique by positivists of the concepts of
Newton’s absolute space and absolute time. Namely, it
resulted in the establishment of the empirical status of
the concepts, of “temporal relations” and “simultaneity”
or, to be more precise, it resulted in the empirical substan-
tiation of these concepts, linking them up with the proper-
ties of actual physical interactions.
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Second, this empirical substantiation resulted in the
establishment of a materialist relational conception of
time which considers temporal relations to be derivative
from the properties of uctual physical interactions.

This conception was not explicitly formulated in Ein-
stein’s first work, although it was a fundamental premise
which he tacitly assumed in considering the signal proce-
dure of establishing simultaneity. Later he expressed this
conception in a more explicit form. Thus in his article
“On the Principle of Relativity and the Conclusions Drawn
from It” published in 1907, Einstein wrote: “Imagine a
number of clocks at many points at rest in relation to a
coordinate system. Let them all be equal, that is, the
difference in the readings of two such clocks should remain
unchanged if they are located side by side. Assumirg
that these clocks are somehow adjusted, the ensemble of
these clocks, if they are arranged at sufficiently small
distances from one another, permits a time evaluation of
an arbitrary point event—say, by means of the nearest
clock. However, the sum total of these clock readings
does not yet provide us with ‘time’ such as we need it for
physical purposes. Moreover, we shall also require, in addi-
tion to this, instructions according to which these clocks
may be adjusted with regard to one another” [28, S. 415].

In the first article Einstein needed the signal method
for synchronising clocks located at different points in
space, that is, the method served as an auxiliary instru-
ment for attaining the prime objective—the synchronisa-
tion of these clocks, while the fundarhental role of the
physical interactions remained in the background; in the
second one, however, physical interactions come to the
fore. It becomes clear that a set of identical and synchro-
nised clocks (a material model of Newtonian absolute time)
is not a sufficient condition for physical purposes. They
have to be adjusted to each other, that is, connected by
actual physical interactions. “In order to give physical
significance to the concept of time [writes Einstein],
processes of some kind are required which enable relations
to be established between different places” [12, p. 28].

Thus a significant achievement of Einstein, one of ‘“‘the
great reformers of natural science”, in the words of Lenin
[29, p. 233], was the formulation of a modern materialist
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relational conception of time, as well as making it part and
parcel of physical science both in theory and in experi-
ment.
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L A. AKCHURIN, M. D. AKHUNDOV

EINSTEIN
AND THE DEVELOPMENT

OF THE CONCEPT
OF SPACE

T he greatness of Einstein’s revolution in the
conception of space and time can only be
properly assessed in comparison with the conceptions
that he revised. Therefore the way that led to Einstein’s
revolution deserves at least brief mention, for it contains
some tendencies of later, post-Einsteinian development of
the concept of space. This digression is all the more neces-
sary since Einstein himself paid great attention to the
study of the origin of our conceptions of space and time,
to the analysis of their status in classical mechanics,
electrodynamics, etc. These studies contain a wealth of
material of great interest for the analysis of the develop-
ment of the space concept within the framework of
relativistic ideas.

1. Space (and Time) in Newton

We shall not go too far back, starting our analysis of
the development of the concept of space (and, necessarily,
of time) directly with the mechanics of Newton, whose
conceptual system was decisively revised in Einstein’s
relativity theory.

The concepts of space and time are introduced by
Newton as the primary terms of the system (that is, of the
Mathematical Principles of Natural Philosophy) and are
defined and physically interpreted through axioms and
laws of motion. However, they precede the axioms not
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only because they are defined by the latter but also because
they form the background of the realisation of the axioms
themselves. These laws of motion of classical mechanics
obtain in inertial reference frames, which are defined
precisely as systems in inertial motion relative to absolute
space. '

At this stage the original theoretical status of absolute
space and time comes to light—the ‘“box without the
walls” and pure duration. That is reflected in the well-
known propositions of Newton’s Principles [1, p. 6].

Absolute, genuine maihematical time, by itself and by
its very essence, regardless of anything external, flows
uniformly and is otherwise referred to as duration.

Absolute space in its very essence, regardless of any-
thing external, always remains identical and immovable.

Newton’s absolute space appears as an analogue of
Democritus’s vacuum and is the scene for the dynamics of
physical objects. As distinct from Democritus’s vacuum,
Newton’s absolute space is linked with a definite mathemat-
ically formed dynamics and filled with physical meaning
through laws of motion, while the symmetry of this space
is responsible for the fundamental conservation laws of
mechanics. This space, as Einstein indicates, “is assigned
an absolute role in the whole causal structure of the theory”
[2, pp. XIV-XV].

However, the mode of specifying absolute space appeared
to be contradictory, as pointed out by the numerous
critics of Newton’s conception (Leibniz, Berkeley, Mach,
and others). One often encounters the view that inasmuch
as absolute space has no operational significance, it is a
fiction. To get rid of this fiction, the following two
premises are introduced (going back to Mach): (1) the law
of inertia obtains relative to absolute space, and (2)
immovable stars are at rest relative to absolute space.
The conclusion is drawn from these premises that the law
of inertia holds for immovable stars. Moreover, from this
the possibility is inferred for eliminating absolute space
from classical mechanics and its laws. It may be argued
that immovable stars indeed provide support for our
empirical research, but they cannot play the role of a
theoretical structure (the structure of the theoretical
world of classical mechanics), for it is the symmetries of
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absolute space and time that specify the fundamental laws
of conservation, etc., rather than those of immovable
stars.

Although some aspects of Mach’s criticism impressed
Einstein, he stressed that Newton was particularly consist-
ent when he specified absolute space in his system. “He
had recognised [wrote Einstein] that the observable geo-
metrical magnitudes (distances of material points from one
another) and their change in process of time do not
completely determine movements in a physical sense. He
shows this in the famous bucket experiment. There is,
therefore, in addition to masses and their distances, varying
with time, something else, which determines what happens;
this ‘something’ he conceives as the relation to ‘absolute
space’ ”’ [3, p. 150]. Absolute space and time appear as
the necessary theoretical basis of classical mechanics.

In accordance with absolute time, classical mechanics
postulated absolute and universal simultaneity. Absolute
synchronism could only be based on long-range instan-
taneous forces, the role of such forces being played by
gravitation (the universal law of gravitation). In fact, these
features were characteristic already of classical kinematics
in which the time concept was based on the following
hypothesis: ‘“Two events simultaneous for the observer
linked with some mark [reference frame—Authors]will
appear equally simultaneous to any observer linked with
an arbitrary mark moving relatively to the former”
[4, p. 24]. Physically, this coordination is implemented in
the presence of signals travelling at infinite speed. That
means that action at a distance was not a child of Newton’s
dynamics but was implicitly contained already in kinemat-
ics. Even if Newton had managed to construct a short-
range gravitation theory within the framework of the
ether model (Newton did not approve of action at a
distance and indeed tried to develop ether models), he
would have had to look for a long-range replacement or
start rebuilding mechanics along relativistic lines without
waiting for Lorentz, Poincaré, and Einstein. The status of
action at” a distance is determined by the substantive
concept of space and time within the framework of the
mechanistic world scheme rather than by the nature of
gravitation.
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Apart from the theoretical absolute space and time that
are given by the laws of mechanics and are mathematical
(in the terminology of Newton himself), Newton intro-
duced empirical space and time which are perceived by the
senses, serve as a measure of theoretical structures, are
used in everyday life, and specified in the language of
observations. These are relative space and time. Because
of this duality, Euclidean geometry itself is given different
interpretations at the theoretical and empirical levels of
classical mechanics. For example, the geometrical straight
line is interpreted correspondingly through inertial motion
and a solid ruler.

Riemann raised the question of the possible macrosce-
pic quality of Euclidean space with which classical physics
operates. He wrote: “The empirical concepts on which
the establishment of spatial metrical relations is based—
the concepts of solid body and ray of light—apparently
lose all definiteness in the infinitesimal. It is therefore
quite conceivable that metrical relations of space in the
infinitesimal do not conform to the geometrical assump-
tions; indeed, we would have had to accept this proposi-
tion if it explained the observable phenomena in a more
simple fashion” [5, S. 19, 20].

This interesting argument of Riemann contains not only
the idea of the possible macroscopic quality of the space
and time of classical physics, which assumes a change in its
operational procedures in the transition to the microworld,
but also incorporates a proposition the revision of which
defines a different way of changing them. We refer here to
the one-level, isotheoretical use of a solid body and a
light ray for the physicalisation and metrisation of the
space of classical physics. Behind this lies an important
feature of physics.

In classical physics, mechanical and optical processes
formed a unity, for optics belonged to mechanics. Classical
mechanics had a mechanical operational basis. At first, me-
chanics made do with rulers, compasses, pendulums, etc.,
that is, it used the geometrical-mechanical operational ba-
sis, and later astronomical research showed the advantages
of the optical processes, and mechanics came to be based
on optical-mechanical operations. (For instance, it was
precisely the fact that Sir' William Hamilton used the
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astronomical approach that led him to the development of
the theory of optical instruments and the optics-mechanics
analogy.) Accordingly, the methods and ideas of optics
such as the principle of least action began penetrating into
the field of mechanics. The specific traits of the operation-
al level had a corrective impact on the fundamental
theory (a theory of the operational level, that is, optics,
corrected the fundamental theory, that is, mechanics).
Although it was regarded in mechanist terms,! optics
nevertheless contained distinctive features which affected
the development of mechanics itself—e.g., in the framework
of the ideas of the least action principle.

With the development of physics, however, these optical
specific features became less and less amenable to harmo-
nious incorporation in the conceptual apparatus of
mechanics. For instance, the development of the wave
optics of Huygens, Joung, and Fresnel permitted an
explanation of the phenomena of light interference and
diffraction. But the overcoming of partial difficulties in
optics entailed general difficulties in the very mechanist
world scheme. “This [wave—Authors] theory upset
the view [stressed Einstein] that everything real can be
conceived as the motion of particles in space. Light waves
were, after all, nothing more than undulatory states of
empty space, and space thus gave up its passive role as a
mere stage for physical events” [6, p. 13]. All kinds of
ether palliatives were resorted to in order to save the
mechanist worldview, but the development of the Maxwell-
Lorentz electrodynamics showed the impossibility of
reducing electrodynamics to mechanics. In the field
doctrine, space came to life, here “the physical states of
space itself were the final physical reality” [6, p. 13]. And
one fact should be stressed here in particular: light belongs
to the realm of electrodynamics.

Under these conditions, if physicists wanted to be consist-
ent, they would somehow have to take into account the
fact that utilisation of optical processes in the operational

1 At a time when even non-physical objects and processes, such
as society or man, were considered in mechanist terms, it would
have been quite strange to treat physical phenomena, including op-
tical ones, in non-mechanist terms.
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devices of classical mechanics characterises the latter as
mechanics at an electromagnetic operational level; ignoring
this fact could lead to paradoxes in the near-light velocity
area. Accordingly, the question arose of consistent develop-
ment of the electrodynamics of moving bodies. The
commerstone of physics at the turn of the century became
the problem of interconnection and unity of mechanics
and electrodynamics. Such outstanding thinkers (not just
physicists) as Lorentz, Poincaré, and Einstein tackled
precisely these problems.

2. Einstein’s Conception of Space

In his work On the Electrodynamics of Moving Bodies,
which marked the beginning of the special theory of
relativity, Einstein clearly formulated the basic premises of
the new theory. First, the failure of attempts to discover
the motion of the Earth relative to ether resulted in the
supposition that ‘“the phenomena of electrodynamics as
well as of mechanics possess no properties corresponding
to the idea of absolute rest. They suggest rather that, as
has already been shown to the first order of small quanti-
ties, the same laws of electrodynamics and optics will be
valid for all frames of reference for which the equations of
mechanics hold good” [7, pp. 37-38]. This assumption
formed the new principle of relativity. Second, Einstein
made another assumption, which only seems to contradict
the first one: “Light is always propagated in empty space
with a definite velocity ¢ which is independent of the
state of motion of the emitting body” [7, p. 38]. It is
interesting to note one point here: although Newton’s
empty space is banished from the formal language of
theory and only relative space is referred to in it, empty
space continues to figure in nonformal language, in which
light is propagated at a finite and limited speed.

These two premises (the principle of relativity and the
principle of constancy of light velocity) enabled Einstein
to proceed from Maxwell’s theory of bodies at rest to a
consistent electrodynamic theory of moving bodies.

The operational procedures used in classical physics to
physicalise Euclidean space proved to be inapplicable to

149



processes whose speeds approached the speed of light.
Einstein therefore begins the construction of the special
theory of relativity by considering the definition of
simultaneity which resorts to the operation of light signal-
ing. L. I. Mandelshtam emphasised that “the fact that
light is propagated at a definite finite speed assumed an
exceptionally great significance in the theory of relativity.

. It is just as important for the theory of time as the
fact of the existence of rigid bodies is for the theory of
space” [8, p. 88].

Einstein then considers the relative character of lengths
and of time intervals, and that compels him to draw the
conclusion that the concept of simultaneity has no abso-
lute significance: “Two events which, viewed from a system
of co-ordinates, are simultaneous, can no longer be looked
upon as simultaneous events when envisaged from a system
which is in motionrelatively to that system” [ 7, pp. 42-43].
Accordingly, the need arises for developing the theory of
transformation of coordinates and time from a system at
rest towards a system in uniform and rectilinear motion
relative to the former (the special theory of relativity
considers jnertial systems). In developing this theory
Einstein arrives at the Lorentz transformations. However,
Einstein arrived at these transformations in an original
way, proceeding from his postulates, whereas Lorentz
introduced them apriori to obtain the invariance of the
Maxwell equations for empty space.

In Einstein’s approach the Lorentz transformations are
organically linked with the new properties of space and
time: with the relativity of length and time intervals,
with equality of space and time (they have identical status
in the transformations), with invariance of the spatio-
temporal interval, and so on. With the introduction of the
Minkowski formalism into the theory of relativity, the
organic links between space and time became particularly
obvious: they proved to be components of a single four-
dimensional continuum. Space and time emerge in Einstein’s
theory as elements of a relational conception: they are not
separate substances, but structures of relations, ordered
coexistence and coordination of the objects, phenomena
and processes of objective reality. In his preface to Max
Jammer’s book Concepts of Space Einstein thus characte-
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rised this conception: “Space as positional quality of the
world of material objects” [2, p. XIV].

It would be wrong, however, to present the theory of
relativity and its spatio-temporal basis as a completely
relative universe. Thus the introduction of the four-
dimensional formalism by Minkowski helped to reveal
some aspects of an ‘“‘absolute world” given in the absolute
spatio-temporal continuum [7, pp. 82-83]. Just as in
classical physics, there is in the theory of relativity a
complex interrelation of absolute and relative aspects in
the spatio-temporal problems. We do not therefore believe
the view to be correct, though it has some currency, that
the transition from classical physics to the theory of
relativity is accompanied by a replacement of the substan-
tional conception of space and time with a relational one.
This view simplifies the process of revision and generalisa-
tion of the concept of space involved in the construction
of the theory of relativity, and neither does it take into
account the separation of the empirical and theoretical
levels in the structure of a physical theory.

In the theory of relativity, just as in classical mechanics,
two types of space and time function, implementing
respectively the substantial and attributive (in this case
relational) conceptions.

In classical mechanics absolute space and time func-
tioned as a structure of the theoretical level, representing
the substantial conception. In the theory of relativity, the
same status is ascribed to the unified four-dimensional
space-time. Einstein described this situation in sufficiently
clear terms: ‘“‘Just as it was consistent from the Newtonian
standpoint to make both the statements, tempus est absolu-
tum, spatium est absolutum, so from the standpoint of the
special theory of relativity we must say, continuum
spatii et temporis est absolutum. In this latter statement
absolutum means not only ‘physically real’, but also
‘independent in its physical properties, having a physical
effect, but not itself influenced by physical conditions’ ”
(9, p. 55].

On the other hand, the special theory of relativity obvi-
ously makes use of a relational conception of space and
time. It is this conception of space and time that was
originally formulated in Einstein’s first works, where
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operations of measuring simultaneity, etc., figured promi-
nently. As for unified four-dimensional space-time, it is
the product of a later logico-mathematical reconstruction
of the theory by Minkowski. In this reconstruction
relational space and time become structures of the empiri-
cal level of the theory.

This interpretation of the separation of the theoretical
and empirical aspects in the theory of relativity has suffici-
ently great currency. For example, A. M. Mostepanenko
writes: “The four-dimensional manifold is the principal
theoretical object described in the theory of relativity.
As for space and time taken separately, they become
empirical objects within the framework of this theory,
being in actual fact ‘projections’ of unified space-time
onto a corresponding reference system” [10, p. 27].

In accordance with this view, the transition from
classical mechanics to the special theory of relativity may
be presented in the following way: (1) at the theoretical
level, a transition took place from absolute and substantial
space and time to absolute and substantial unified space-
time; (2) at the empirical level, a transition took place
from relative and extensional space and time to relational
space and time [11, p. 383].

The special theory of relativity revealed the close links
between space and time, but Einstein did not stop there:
in his general theory of relativity he tackled the question
of the relationship between space-time and matter.

3. Geometrisation of Physics

The subsequent dévelopment of the relativity concep-
tion drew Einstein’s attention to non-inertial reference
systems. Could the theory of relativity be generalised to
include this type of systems? To solve this problem,
Einstein introduced a series of original hypotheses in
physics, such as the concept of the geometrical nature of
gravitation and of the interconnection between the geo-
metry of space-time and matter. All of this requires further
generalisation of the conception of space-time: the general
theory of relativity functions within the framework of the
Riemann space.
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According to Newton, non-inertial systems are in
accelerated motion relative to absolute space. Some
critics of the absolute space concept (e.g., E. Mach)
suggested that this accelerated motion should be consid-
cred in relation to the horizon of remote stars, so that
observable masses of stars might be the sources of inertia.
Einstein offered a different development of this concept
on the basis of the equivalence principle which states
that non-inertial systems are locally indistinguishable from
the gravity field. If inertia is conditioned by the masses of
the universe and the field of inertia forces is equivalent
to the gravitational field manifested in space-time geomet-
ry, the masses then fully define the geometry itself. This
proposition represents an essential shift in the problem
under analysis from Mach to Einstein, as correctly pointed
out by E. M. Chudinov: “Einstein transformed the Machian
principle of the relativity of inertia into the principle of
relativity of space-time geometry” [12, p. 112].

The general theory of relativity generalises the Minkow-
ski space-time and the analysis is conducted on the basis of
the Riemann metrics: ds2 = ¥ g;,dx;dx,. The develop-

ment of the general theory of 'f'elativity was considerably
accelerated by the fact that Einstein used ready-made
mathematical apparatus—the theory of covariants of
similar four-dimensional manifolds, developed by Cristof-
fel, Ricci, and Levi-Civita. But the availability of the
necessary mathematical apparatus was half the battle
won. New physical ideas were also needed—and generating
these inexhaustibly was a most characteristic feature of
Einstein’s creativity. The novelty of Einstein’s approach to
space-time was in that the functions g;, are at the same
time components of the fundamental metric tensor respon-
sible for the geometry of space, and the potentials of the
gravitational field in the basic equation of the general
theory of relativity

1
Rix — '2‘8ikR= =X Tik,

The left-hand side of this equation describes the geometry
of space-time, whereas the right-hand side, using the tensor
of matter-energy-momentum 7T;;,, describes ‘“‘matter”.
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In his work “Relativity and the Problem of Space”
Einstein at length deals with the question of the specificity
of the concept of space in the general theory of relativity:
“We are now in position to see how far the transition to
the general theory of relativity modifies the concept of
space. In accordance with classical mechanics and accord-
ing to the special theory of relativity, space (space-time)
has an existence independent of matter or field. In order
to be able to describe at all that which fills up space and
is dependent on the coordinates, space-time or the inertial
system with its metrical properties must be thought of at
once as existing, for otherwise the description of ‘that
which fills up space’ would have no meaning. On the basis
of the general theory of relativity, on the other hand, space
as opposed to ‘what fills space’, which is dependent on
the coordinates, has no separate existence. Thus a pure
gravitational field might have been described in terms of
the g;, (as functions of the coordinates), by solution of
the gravitational equations. If we imagine the gravitational
field, i.e., the functions g;;, to be removed, there does not
remain a space of the type (1) [that is, the Minkowski
space-time—Authors], but absolutely nothing, and also no
‘topological space’.” That is due to the fact that, from
the standpoint of the general theory of relativity, the
Minkowski space-time is not space without the field
but only a special case of the field g5 (the g; functions
have values independent of the coordinates). Einstein
concludes: “Space-time does not claim existence of its
own, but only as a structural quality of the field” [13,
pp. 154-155].

The general theory of relativity served as the basis
for two fundamental directions in modern physics:
geometrised unified field theories and relativistic cosmology.
In the present work we shall focus on the former.

Successful geometrisation of gravitation compelled
many physicists to dwell on the essence of physics. There
are two opposing views of this problem, which were clearly
formulated by Ch. W. Misner and J. A. Wheeler:

“(1) The space-time continuum serves only as arena for
the struggles of fields and particles. These entities are
foreign to geometry. They must be added to geometry to
permit any physics.
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*(2) There is nothing in the world except empty curved
space. Matter, charge, electromagnetism, and other fields
are only manifestations of the bending of space. Physics
n geometry” [14, p. 526]. _

Einstein’s general theory of relativity is a limiting or
transitional theory. It can still be classed among the physi-
«al theories of the first type, permitting a split into the
keometrical background (G) and the physical “filling”
(7), but at the same time it shows features of the second
type of theories, for gravitation is geometrised in it. In
the general theory of relativity a mixed type of reality
description dominates: particles and fields distinct from
Kravitation are added to geometry. However, the success of
gcometrisation of gravitation compelled many scientists
(Einstein himself first and foremost) to attempt a unifica-
tion of the electromagnetic and gravitational fields within
the framework of a sufficiently general geometrical formal-
ism on the basis of the general theory of relativity. With
the discovery of various elementary particles and their
respective fields the problem naturally arose of including
them within the framework of such a unified theory as
well. That was the start of the long search for a geometrised
unified theory of the field in which the second type of
physical theory is realised, where physics is reduced to
gecometry and geometrodynamics is created.

It should be noted that attempts at creating the so-
called spatial theory of matter had been made even before
the general theory of relativity. Their logical foundations
were integrally linked with the elaboration of a non-Eucli-
dean geometry, in particular with Riemann’s development
of a generalised (differential-metrical) method of studying
geometrical objects, within the framework of which the
general geometry of n-dimensional Riemann spaces was
developed. The point is that, as Einstein indicates, “in
accordance with this more general geometry, the metrical
properties of space or the possibilities of arrangement of
an infinite set of infinitely small rigid bodies over finite
areas are not defined by the axioms of geometry. Instead
of letting this realisation confuse him, or make him draw
the conclusion of the physical meaninglessness of his
system, Riemann had the bold idea that the geometric
behaviour of bodies could be conditioned by physical
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realities or forces” [15, S. 20]. In the light of this, space
appears as a metrically amorphous manifold in which a
certain organisation is introduced by the material objects
and processes filling it, so that various structural levels of
matter determine, generally speaking, different organisa-
tions of the spatio-temporal manifold.

In characterising this fruitful doctrine, H. Weyl stressed
that Riemann ‘‘opposes here the opinion, previously
shared by all mathematicians and philosophers, that the
metric of space could be posited independently of the
physical processes going on in it, and that the real moved
into this metrical space as if the latter were a furnished
apartment” [16, S. 47]. The development of these ideas
led Clifford (1870) to an attempt to identify material
particles with areas of strongly curved space. But this
programme of identification of space with matter [17,
p. 202] remained unrealised: Clifford failed to prov1de a
purely geometrical interpretation of mass.

The real development of a spatial theory of matter
began only with the formulation of the general theory of
relativity. In a speech at the University of Nottingham on
June 7, 1930, Einstein presented a rather symptomatic
conception of the unified theory of field: “The strange
conclusion to which we have come is this—that now it
appears that space will have to be regarded as a primary
thing and that matter is derived from it, so to speak, as a
secondary result. Space is now turning around and eating
up matter” [18, p. 610]. We see thus a balance again es-
tablished between the absolute and the relative aspects
of space-time: substantial absolute space functions on the
theoretical level, being the genetic beginning of matter,
while relational space and time function on the empirical
level.

Thus geometrisation of gravitation was only the first
step on the path of constructing the field theory as such.
The construction of a geometrised unified theory of field
was conceived precisely as a generalisation of the mathemat-
ical foundations of the general theory of relativity. As
Einstein writes, the fact is that ‘“‘the Riemannian geometry
leads to a physical description of the gravitational field in
the general theory of relativity, but it provides no concepts
which could be applied to the electromagnetic field.
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Therefore the efforts of theoreticians are directed at
finding natural generalisations of or additions to the
Riemannian geometry that would be more conceptually
fruitful than the latter, in the hope to arrive at a logical
construction that would unify all physical field concepts
from a single standpoint” [19, S. 217].

Indeed, if the Riemann geometry describes the gravita-
tional field as a curvature of space-time, cannot this
geometry be generalised in such a way that such spatial
entities as twist, dimensionality, affine connectivity,
fluctuation of metric, multiple connections, etc., might
be used to describe electromagnetic, meson and other
fields within a single geometrical formalism?

The realisation of such attempts was begun in the work
of Weyl [20, S. 465-480] which proposed a geometrical
interpretation of the electromagnetic field passing beyond
the framework of the Riemann geometry (Weyl’s gradient-
invariant theory). The fact is that the law of parallel
transportation of vectors (affine connectivity) is reduced
to the Riemann metrics only when the vector length does
not vary during the transportation. This assumption,
however, is not logically necessary; giving it up, Weyl
built a generalisation of the Riemann geometry which in
his view contains the theory of the electromagnetic field.
He introduced the conception of a change in the vector
length in parallel transportation depending on the potential
of the electromagnetic field ;. Another variant of this
direction in the unified field theory (the affine field
theory) was developed by Eddington, and at one time
physicists put great hopes on this direction. Einstein
greeted it with enthusiasm and spent a great deal of effort
to attain a logical conclusion of a variant of this theory.
But this direction ended in a failure. The formalism
obtained was cumbersome and very unnatural, the field
equations did not yield a satisfactory theory of the electron,
etc.

However, attempts to construct a geometrised unified
field theory continued, for there is a great number of
ways of formal generalisation of the Riemann geometry.
One may, for instance, use higher-dimensional spaces
than the spatio-temporal manifold of the general theory of
relativity. Of this nature is the theory of Th. Kaluza
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[21, S. 966-972], in which the unified field is described in
a five-dimensional continuum. Einstein also did some
work on five-dimensional space [22, S. 130-137].

The concept of a five-dimensional continuum did not
result in the construction of a geometrised unified field
theory. But the use of five-dimensional space signified
the construction in physics of a very powerful formalism
which helped, for instance, to deduce the quantum relativ-
istic equation describing scalar and pseudo-scalar parti-
cles (m, K—mesons). As for a geometrised unified field
theory, it could not be constructed either in Einstein’s
generalised formalism or in Veblen’s projective variant or
in. Klein’s six-dimensional space or even in Kalitsin’s
e -dimensional version.

Researchers were attracted by yet another generalisa-.
tion of the foundations of the general theory of relativity—
Einstein’s attempt to develop a unified field theory on the
basis of Riemann’s geometry retaining the concept of
absolute (remote) parallelism. Space is here given not by a
metric but by n-podes (n-dimensional orthogonal datum
marks). Naturally, if n-podes are given for all points of
space, the metric of the space is thereby also defined,
but the reverse is not true. Description of space by means
of n-podes is more meaningful than by means of a funda-
mental quadratic form. “One conceives the idea [wrote
Einstein] that one may find in the arbitrariness that
introduces this description the means to link up the struc-
ture of space and the cause of electromagnetic phenomena,
for which no place has so far been found in theory”
[23, pp. 3, 4]. In this approach the structure of space is
given by n-podes which prove to be parallel for any two
points. That means that we can establish for any two
points of space not only metric correlations but also
directional ones (by orienting the n-podes). Thus the
approach to a geometry more general than the Riemann
geometry is based on singling out ‘“‘directions” and correla-
tions between them in the structure of space.

As Einstein emphasised, ‘“this notion of direction is
not contained either in the notion of continuum or in that
of space* [23, p. 4].

In this approach we obtain two groups of equations: a
group of symmetric equations expressing the laws of the
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pravitational field, compatible with the Newton-Poisson
law, and a group of antisymmetric equations expressing
the Maxwell equations in a generalised form. The ideas
of the relativistic theory of asymmetric field seemed to
Kinstein to be the most promising, and he worked on
various modifications of this theory up to 1955. The result
was that certain general equations of the field were obtained
from the generalised structure of space, which at a first
approximation lead to the well-known equations of the
gravitation theory and Maxwell’s electromagnetism. Howe-
ver, advancing beyond that point proved impossible. The
reduction of the unified field theory equations to the
familiar equations of traditional special field theories is
not sufficient, although it is a necessary condition of
constructing a unified field theory. The results obtained
did not provide a basis for experimental verification of
the theory’s predictions; the law of the motion of parti-
cles could not be deduced from the equations of the field.
Then again, the theory of the field is not fully defined
by the system of field equations. The researcher faces also
the problems of singularities, of boundary conditions, etc.,
and the framework of unified field theories offers no
systematic method of arriving at solutions that would be
free from singularities.

We have cited here only the most characteristic variants
of geometrised unified field theories closely interlinked
with the development of Einstein’s spatio-temporal
concepts. They remained unrealised. Einstein undertook
numerous attempts to carry out this programme, but all
of them proved unavailing.

But was this search useless? And is the failure of several
attempts indicative of the defectiveness of the research
programme itself, as well as of the new spatial concep-
tion? That is not so. Firstly, isolated failures do not elim-
inate apriori the possibility of any other generalisation
of the Riemann geometry. Secondly, even the unsuccess-
ful attempts have introduced into modern physics a great
number of valuable ideas, which are fruitfully applied in
the present and underlie the studies of tomorrow. For
example, the description of space by means of n-podes
which was used by Einstein in the construction of the
unified field theory is directly linked With the modern
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generalisation of the general theory of relativity on the
basis of a tetradic formalism. That is all the more important
as the usual metric potentials g;;, are only suitable for the
description of interactions with the gravity of macroscopic
bodies and of atomic systems of the boson type, inasmuch
as fermions described by spinors interact with tetradic
magnitudes h; (a) that are roots of g;,. Extremely topical
in this connection is the problem of revising the whole
of the theory of relativity in terms of tetrads. “From
the standpoint of a unified theory [says D. D. Ivanenko],
the tetradic formalism of gravitation not only unifies it
with other fields through a compensatory interpretation
but also predicts the use of hy(a) components as the most
basic quantities, along with some best-chosen spinor of
a unified theory of ‘common’ matter. The spinor notation
of Einstein’s equations becomes particularly significant
in this connection” [24, p. 51].

On the other hand, it should be noted that all attempts
to create a geometrised unified field theory in the 1920s
and 1930s did not go beyond a generalisation of the
metric characteristics of the Riemann geometry. However,
there are also topological characteristics of space. The
modern unified theory, Wheeler’s geometrodynamics, is
built precisely on the basis of a revision of the trivial
Euclidean topology of space-time.

Towards the end of his life, in the well-known collec-
tion of papers Albert Einstein: Philosopher-Scientist
published on the occasion of the seventieth anniversary of .
the creator of the relativity theory, Einstein approved
Karl Menger’s proposal (in an article in the same volume)
to use not only metrical but also topological structures of
mathematics for the modelling of most diverse physical
phenomena (see [25, pp. 459-474]). But it took several
decades and a great deal of painstaking work by the new
(and, of course, the old) generations of physicists to arrive
at the assertion that further geometrisation of the most
important physical concepts is apparently connected
precisely with this class of fundamental mathematical
concepts revealing new and extremely profound traits of
the inner generalised geometrical unity of the different
branches of physical science. It may now be said that the
original Einsteinfhn programme of the 1920s and 1930s
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for discovering a geometrical unification of tkre whole
of physics has undergone, in the course of the develop-
ment of the latter in the 20th century, a profound and
all-round topological modification.

4. Topological Fiber Spaces and the Dynamical Structures
of the Basic Conceptual Systems of Physics

The foregoing must not create the impression that the
topological structures of physics are just another new class
of its purely empirical structures similar, for example, to
the new groups of internal symmetry of the “strange” or
‘“charmed” elementary particles. The most striking feature
of the “leader of natural science’ discovered in recent
years consists in the fact that all its most fundamental
theoretical constructions of even the past years and cen-
turies proved to be founded on the so-called topological
fiber spaces—generalisations of the usual spaces in which a
specific axiom of covering homotopy holds which char-
acterises topological invariance (or permanence) of
connections between the points of a basis (independent
variables) and a fiber (dependent variables) of such spaces.
Probably the first strikingly impressive example of fiber
structures was given by Plato through his reference to
shadows on a cave wall.

Simplest in structure are the fiberings of the Galileo-
Newton classical mechanics: here the basis, or the independ-
ent variable determining the changes of all the other
dynamic characteristics of objects moving in an arbitrary
way is time. The basis in mechanics is unidimensional,
whereas fibers are three-dimensional: they are “fluent”
spatial coordinates of each moving point. Fibers are ensem-
bles of dependent variables whose variations characterise
mechanical processes of any degree of complexity inter-
preted as definite spatial translations of some objects
relatively to others. This initial and purely descriptive or,
to be more precise, kinematic division of dependent and
independent variables of mechanics serves as the basis for
singling out more profound and important theoretical
structures of this science—forces that are the only causes in
it of changes in the dynamic states of moving objects.
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The laws of classical dynamics—the Newton equations-
applied to the second derivatives of the coordinates of
each moving point, permit the discovery of the forces
acting on this point—the new elements of physical reality
that are much more important for the theoretical under-
standing of any mechanical movements. Using the law of
the action of forces (given by experience or some theory)
and the data on initial state of mechanical motion of
bodies, we can unambiguously compute (or predict) the
smallest details and results of any interconnected move-
ments of points of any degree of complexity (at any rate
in principle, using large computers for the solution of
concrete equations of dynamics).

From the standpoint of topology, of the simplest type
are the fiber spaces of mechanics involved in the uniform
(that is, proceeding with a constant velocity) and uniformly
accelerated motion. In this case, the fiberings are reducible
to the trivial (Cartesian) products of the spaces of corre-
sponding parameters: the distance travelled by a body in
uniform motion always equals a “trivial” product of
velocity multiplied by time, and if the body is in uniformly
accelerated motion, its velocity equals acceleration multi-
plied by time. In the latter case, however, the fiber space
of the distance travelled by a body in uniformly accelerated
motion is structurally more complex: it ceases to be a
globally trivial fibering, becoming such only locally. With
the very first increase in the complexity of the “quality”
of mechanic movements, with the transition from motion
at constant speed to motion at constant acceleration, an
abrupt qualitative leap thus takes place in the complexity
of the fiber spaces describing them: only locally, in the
infinitely small neighbourhood of each point, does the
element (or differential) of the distance travelled by a
uniformly accelerated object equal the product of a
variable (growing or decreasing) velocity multiplied by the
element (differential) of time. To obtain the whole of
the path travelled by a uniformly accelerating body, one
must be able to sum up such local infinitesimally small
products, i.e., compute integrals of these differentials
within certain limits.

Thus the entire classical analysis appears, from the
angle of modern topology, as a systematic method to
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“compute” any variable (extensional) quantities in local
trivial fiber spaces that have been studied for the first time
in dealing with diverse theoretical problems of analytical
mechanics.

Furthermore, the structure of modern algebraic topolo-
gy makes it possible to understand the singular role played
in a systematic theoretical construction of dynamics by
the so-called inertial reference frames that can alone help,
as we know, correctly formulate its basic laws—Newton’s
first, second and third laws of motion. A distinguishing
fcature of inertial frames is that for their relative motions
sccond derivatives from coordinates in time equal zero;
these frames are free from the action of external accelera-
tions and differ from one another only in their constant
velocities of mutual relative translations. ‘

Modern algebraic topology treats second derivatives
from coordinates in time being equal to zero as a kind of
topological simplicity, triviality, i.e., as the so-called
dynamic acyclicity of the initial (dynamic) complex of
mechanics. Mathematically, it is characterised precisely as
the result of iterative application, to coordinates in the
relevant dynamic system of objects, of some abstractly
defined operator of dynamic boundary (dynamic differen-
tial) being equal to zero. In this respect any forces causing
a change 1n the mechanical state of moving objects acquire
a completely new mathematical interpretation—as topolo-
gical (or cohomological) measures of deviation of the
dynamic systems under study from the inertial motion
state (as the highest degree of topological-dynamic tri-
viality). In terms of algebraic topology even the quan-
titative magnitudes of forces are not always essential for
the prediction of results of motion, particularly of global
nature, as compared to their generalised geometrical
(topological) characteristics determining the places and
the degree of deviation of the mechanical system from
the inertial state as the state of motion of the highest
cohomological simplicity—dynamic acyclicity.

A great number of studies in the topological structures
of mechanics conducted in recent years and only partially
summed up, for instance, in C. Godbillon’s book [26]
showed that these structures play a decisive role even in
the solution of concrete dynamic problems. All of them
o
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proved to be closely related to the so-called simplectic
manifelds, that is, manifolds with such simplest dynamic
geometrical structures (simplexes) that repeated applica-
tion to them of the operators of dynamic boundary
(dynamic differentiation) yields zero.

Newton’s first law of mechanics asserts in these terms
the necessary presence, in any dynamic system, of “kine-
matic” simplexes that are physically interpreted as the
states of the most ‘“natural”—inertial, topologically most
elementary and unperturbed by any forces—mechanical
motion. The second law interprets forces as cohomological
measures of deviation in the behaviour of moving systems
from ‘‘inertial states” as the maximum of topological-
dynamic simplicity. Newton’s third law appears as the
requirement of obligatory antisymmetry of the action of
forces: deviations from the inertial motion state never
come singly, so to speak, being always accompanied by
similar deviations in the inertial motion of other objects—
those with the opposite sign. A similar topological inter-
pretation may also be given to the Lagrange or Hamilton
equations of dynamics, although this requires more com-
plex mathematical and topological concepts (those who
are interested in the subject should consult Godbillon’s
book mentioned above [26] ).

Let us now give a brief methodological analysis of the
recent topological revision of the basic concepts and laws
of another fundamental physical theory—the classical
theory of the electromagnetic field. The proof that this
theory is also based on simplectic structures was probably
the most interesting result of the theoretical physics of our
times.

The principal object of classical electrodynamics is the
behaviour in space and time of the force fields as the most
essential elements of physical reality revealed by mechanics.
The principal laws of such behaviour, the Maxwell equa-
tions, are essentially connected, just as in mechanics, with
fiber space structures, but the basis (the ensemble of
independently varying parameters) is extended in field
theory: the basis 1s here represented by the entire four-
dimensional set of the points of the space-plus-time
continuum (and not just time as was the case in mechanics).
As for the fiber (the set of fundamental physical variables

164 -



dependent on this basis), it is represented by vectors
of forces acting on a single charge (or current) at each
given point at a given moment of time (that is, strengths
of electric and magnetic fields).

Field equations for certain combinations of derivatives
of field strengths with respect to the coordinates and time
permit the discovery in this fiber space of new and even
deeper and more fundamental elements of physical reality—
charges and currents generating the force fields under
study. The fiber spaces of field theory thus possess, as in
the case of mechanics, the property of universality which
is applicable to the solution of all tasks, a property that
is of greatest importance for methodology: when the law
of motions of charges and currents in space and time is
known, if only on a purely empirical basis, the local struc-
tures of field equations permit the computation (in prin-
ciple, with any degree of precision that might be needed)
of the spatial distribution of any combinations of physical
fields as well as their dependence on time.

. The electromagnetic field in a fiber space has a wealth
of properties of spatio-temporal symmetry (like the invar-
iance of field quantities relative to translations and
rotations in a four-dimensional space-plus-time continuum)
which yield, according to the well-known Hamel-Noether
theorem, a rather great number of conservation laws—for
cnergy, momentum, angular momentum, etc. Of the
greatest interest for a definite topological isomorphism
of the dynamic structures of mechanics and electrodynam-
ics are, however, the recently discovered simplectic
structures of the fiber spaces of field theory.

Methodological studies in the foundations of physics
have so far failed to analyse the rather mysterious fact that
the equations of electrodynamics can be equivalently
formulated (and in many cases more quickly solved) in
terms of special auxiliary quantities—four-dimensional
clectromagnetic potentials. The mode of introduction of
the latter is, from the standpoint of algebraic topology,
quite analogous to the mode of introduction of inertial
reference frames in mechanics: it appears that a definite
class of four-dimensional potentials also has the property
of being simplectic. The requirement of the so-called
gauge invariance of potentials results in the latter always
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being ‘ selected, just like inertial reference frames, in a
rather arbitrary fashion, although from a definite additive
class.

Any concrete four-dimensional potential differs from
another concrete four-dimensional potential from the same
class by a certain four-dimensional vector, whose compo-
nents satisfy a wave equation without sources (that is, one
in which the right-hand side equals zero). The topological
significance of this condition is fully analogous to the
topological significance of inertial motion state in
mechanics: it singles out simplectic structures in the fiber
electrodynamic spaces. The fact is that the left-hand side
of .the wave equation (the so-called d’Alembert operator)
may be represented as a result of repeated application to
the field potentials of a certain abstract four-dimensional
operator of dynamic (four-dimensional) boundary. The
fact that it equals zero for arbitrary (four-dimensional)
additional quantities changing the gauge of field potentials,
signifies merely their simplectic character.

Just as in the case of fiber spaces of mechanics, the
fiber spaces of electrodynamics thus reveal universal
dynamic states of extreme dynamic simplicity—topologi-
cally acyclic simplectic structures characterising the pro-
pagation of the field in the simplest dynamic case—in the
absence of charges and currents. These states appear in
electrodynamics as a kind of “standards” of particularly
simple dynamic field configurations: the Maxwell equa-
tions are interpreted in the simplectic field theory as
topological (cohomological) measures of deviations in the
behaviour of the analysed electrodynamic system from
“standard” simplicity. The basis of this new, purely
topological, interpretation of electrodynamics was laid in
the paper by Ch. W. Misner and J. A. Wheeler (see [14,
p. 556 ff.]) and has since undergone interesting develop-
ments.

In a certain sense, the new interpretation is simpler and
even more ‘‘graphic” than the usual (differential or integ-
ral) form of notation of the Maxwell equations, for it
shifts into the foreground the purely qualitative (topolo-
gical) features of the behaviour of electromagnetic dynam-
ic systems. Thus in any such systems, magnetic force
lines never have either a beginning or an end—they always
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appear as concentric circles on a plane perpendicular to
the currents or electric fields changing with time, wound
on the latter according to the familiar right-hand screw
rule. As for the force lines of an electric field, they may
cither have their beginnings (or ends) in the electric charges
that cause them, or they may also appear as concentric
circles in a plane perpendicular to any magnetic field
changing with time.

The normal form of the Maxwell equations may be
obtained from these purely qualitative (topological)
formulations with the aid of the extremely profound de
Rham theorems establishing isomorphism (under definite
conditions) between the algebraic groups of homology
(and cohomology) and the differential groups given by
derivatives (and integrals). Coulomb’s law,for instance, will
then be the consequence of a very simple and well-known
qualitative fact that in static fields electric force lines be-
gin and end only on charges. The electrodynamic analogue
of the state of relative mechanical rest may be seen in the
state of the field with invariable and everywhere identical
four-dimensional potentials, which satisfies in a trivial
manner the wave equation with the right-hand side equal
to zero.

One of the most important and vital problems of
modern theoretical physics is a study of the basic dynamic
structures of the fiber spaces of quantum theory that
would be as thorough as in the case of mechanics and
clectrodynamics. Indeed, this fundamental physical theory
of a level of organisation of the material world different
from the macroscopic one takes the next step forward in
establishing new and deeper elements of physical reality.
Classical mechanics studies the forces underlying all the
mechanical phenomena, and classical electrodynamics
investigates the charges and currents generating these
forces (and their fields); whereas quantum theory is an
inquiry (according to the law of negation of the negation,
as it were, at a higher level of theoretical generalisation)
into the various states of stable (and quasi-stable) motion
of the charges and currents themselves. However, it no
longer studies elementary mechanical motions of bodies,
that is, motions which always follow one and only one
trajectory, but rather motions which, with a certain degree
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of probability, occur simultaneously along all the paths (of
arbitrary degree of complexity and strangeness) that
may connect its initial and final points. That is precisely
the way in which quantum-mechanical motion of any
charges and currents is interpreted in the modern Feyn-
manian formulation of quantum theory, in which the basis
of the fiber space is the topological space of all possible
paths in a four-dimensional space-plus-time manifold, and
the fiber is the possibility of the presence of a quantum
object at each concrete point of such a path, characterised
by probabilistic wave function.

The basic dynamic equations of quantum theory (the
equations of Schréodinger, Dirac, etc., or the methods
developed by Feynman and mathematically equivalent to
the former—the so-called functional integration, making
it possible to take into account the contribution of each
virtual trajectory of motion to the overall result) reveal
entirely new and universal elements of physical reality
formerly unknown in science. These are the most frequently
recurring and theoretically most probable forms of stable
or quasi-stable motions of microparticles in atoms and
their excited states, in solids, molecules, semiconductors,
etc.

In the fiber spaces of quantum theory, topologically
most elementary dynamic states have also been discovered
connected with simplectic geometrical structures. However,
their physical interprctation is so far uncertain: the interna-
tional conferences on “simplectic physics” (Rome, 1973;
Aix-en-Provence, 1974; Bonn, 1975 and 1977) falled
to discover the simple physical meaning of quantum
“simplexes’” and to give them visual interpretation in terms
of the better studied states of quantum motion (oscillator,
rotator, quasi-periodic field, Keplerian systems, etc.). The
physical meaning is not yet quite clear even of the “condi-
tions of simplectic quantisation” of an (arbitrary classi-
cal) dynamic system that take the form of certain topolo-
gical conditions—say the condition that certain integrals
(of action, etc.) must be whole numbers.

Progress will probably be achieved here if the problem
of quantisation of conditions is formulated in the most
general form as the establishment of a functor correspond-
ence between classical and quantum concepts on the basis
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of a transition from the latter to some new and essentially
non-trivial topology. The studies in simplectic quantisation
by the Soviet scientists F. I. Berezin [27], A. S. Mishchen-
ko [28] and others appear to be quite promising in this
light.

5. Toposes, or Spaces with Variable Topology

A methodological analysis of the basic topological
structures of modern physics confirms the assumption that
an important role in its further development may be

layed by the analogues of spaces with variable metrics
f'he Riemann manifolds) introduced in the middle of
this century—‘“etendues” with variable topology, or
toposes [29]. Constructed to satisfy the concrete theoret-
ical needs of abstract algebraic geometry, they have proved
to be an exceptionally effective means of unification,
of establishing inner theoretical unity, first and foremost
in mathematical science itself. Toposes turned out to be
abstract mathematical structures endowed with fundamen-
tally new and very high types of abstract symmetry—the
symmetries of logic and topology.

Along with the initial definition (by Grothendieck and
Verdier) of toposes as generalised “etendues” with variable
topology, they also allow quite a different, and purely
logical, representation—as generalised spatial models of
certain (mostly essentially non-classical) logical construc-
tions, e.g. systems of intuitionist mathematics or modal
logic [30]. This representation of toposes was discov-
ered by the American mathematician F. W. Lawvere and
his pupil M. Tierney and is therefore called the Lawvere-
Tierney representation. It permits the discovery of funda-
mentally new connections between such apparently
entirely unconnected branches of mathematics as topology
and modal logic, algebraic geometry and set theory,
and even inguitionism. It appears that the Lawvere-Tierney
axiomatic definition of toposes may be given an elemen-
tary (first-order) logical form (that is, one in which only
first-order logical calculi are used and the existential and
universal quantifiers are applied in the corresponding
axioms only to individual logical variables). Because of
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this, the topos theory assumes the status of a mathematical
construction that is entirely independent in its logical
structure even from the set theory. Moreover, sets prove to
be a very special case of toposes. To put it informally and
“visually”, the set concept described on the whole only
collections of objects that are temporarily ‘“frozen”,
interrupting their inner development. For instance, the
set of points on this page possesses, within certain limits,
the property of being temporarily excluded from the
universal dialectical process of becoming. But nothing of
the kind may be said, for instance, of the sets of points
situated, let us say, in the centres of new elementary
particles—gluons, quarks, hyperons, resonons, least of
all of the ‘“charmed” or ‘strange” corpuscles. These
points are not given to us with the same degree of identi-
fication at all moments in time (or definiteness outside
time) as the points of this or the following page. It appears
that application to the points at the very centre of the
resonon of the set concept reflecting the most essential
properties of collections of only invariable, undeveloping
objects ultimately results in the logical contradictions of
the modern quantum field theory—the infinitely great
self-energy of particles, their infinitely great ‘“naked”
electric charge, etc.

The basic concepts of the topos theory are not the point
or its property of membership in a certain class of sets but
definite mappings whose properties are characterised in
another and simpler system of axioms and which appear in
modern science at the operational level much earlier than
many classes of points. The latter are fixed, for instance,
in high-energy physics, not directly, as say points on a
page, but only as a result of a definite limiting process for
some physical parameter—strength of the electric or
magnetic field, time of flight, etc. Indeed, what is the
practical, i.e., operational, way to single out some point of
space in elementary particle physics? We identify it
by the fact that the strength of the physicgl field in it
equals a definite value or that it is this particular point
through which some corpuscle passes at a definite moment
of time. The topos theory endeavours to take into account
in its logical constructions this history, the origin of the
operational formation of the points of real physical space
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in modern science. In its epistemological status it seems to
be a precise mathematical explication of an old and very
important tendency of natural science, going back to
GauB—to reflect in theory the process of gradual forma-
tion and operational specification, due to the perfection of
technical instruments, of the position of ‘separate”
points in actual physical space.

It will be appropriate to remark here that Hans Reichen-
bach in his philosophical studies of the foundations of
quantum theory of 1944 [31] came very close to discover-
ing the higher-type symmetry, the symmetry of logic and
topology revealed by means of toposes, and stopped short
of formulating their extremely original complementarity
}duality) because of unfamiliarity with the Geroch theorem

see Section 5), absence at the time of a general concept of

space with vanable topology and, of course, the theoretical
feebleness of positivist methodology. He nevertheless
gave a very thorough analysis of the arguments of Bohr
and Heisenberg substantiating the indeterminacy principle
and the ideas of complementarity, coming to the conclu-
sion that quantum mechanics faced this dilemma: to intro-
duce three-valued logic to describe certain physical states
in the microworld, as distinct from the usual two-valued
logic; or else to accept the idea that for some classes of
microphenomena (which he called interphenomena) the
law of causation is violated, and the so-called causal
anomalies take place.

If we now apply to this fundamentally significant
result obtained by Reichenbach Geroch’s theorem concern-
ing the equivalence between changes in the topology of
physical objects and the apparent violation of the law of
causation for these objects (from the standpoint of the old
topology), anew fundamental property of complementarity
for any physical theories will come to light: in physical
theories one can always use only classical (two-valued)
logic at the cost of dynamic changes of topology in quan-
tum (and certain gravitational) processes, which is per-
ceived as obvious violation (in terms of the old topology)
of the principle of causality (the principle of propagation
of any physical actions only from one neighbourhood of
a given point to the nearest neighbourhood).

The general topos theory of Lawvere-Tierney shows that
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this change in the topology of physical objects must lead
(sooner or later) to a complete reconstruction of the physi-
cal theory of these objects as a definite mode of perceiving
them (in the sense of their being composed, for instance,
of certain structures that are the most elementary ones in
the given theory, of the global space of the possible varia-
tions of the latter, etc.). Or else we can leave the topology
of the objects under study invariable (conserving, for
instance, the classical trivial topology of Eudoxus and
Archimedes), but then we shall have to admit that certain
of their states are not subject to the classical (two-valued)
logic, which, as Reichenbach showed, is precisely what the
Copenhagen interpretation of quantum mechanics asserts.

We believe that this new fundamental principle of
complementarity (duality) of topology and logic in physics
is interesting, first of all, for the application of non-
classical logics in physical and, generally speaking, in natur-
al-scientific theories. Rather serious objections have been
raised against this kind of application, the gist of which
is that in all these applications an elementary analogy with
non-Euclidean geometry simply does not work: the latter
is not used, for instance, in the logical construction of the
general theory of relativity, whereas classical logic is essen-
tially necessary for the new construction of quantum
mechanics which in some respects uses also non-classical
logic. In the light of the above, however, we have a kind of
freedom of manoeuvre: at the initial stages of constructing
a theory the logic is rigorously fixed and only changes
in the topology are admitted, while after the theory is
largely built, changes in logic are also permitted. at some
points.

Application of the new complementarity principle is
certainly most promising in theoretical physics itself—cf.
the recent generalisation of the uncertainty principle by
S. Hawking. The possibility of virtual (Quantum) forma-
tion of black holes in any region of space poses the very
acute problem of determining the physical processes in it
not only by initial and boundary conditions on the
hypersurfaces defining that region but also by states of
matter, unknown to us, in remote galaxies, with which it
becomes connected through a ‘“wormhole” (what is
meant here is the generalisation of uncertainty principle
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introduced by S. Hawking, according to which “God not
only plays dice. He sometimes throws the dice where
they cannot be seen”) [32, p. 2464].

6. The General Topological Structures of Physics

The painstaking methodological analysis, undertaken
in recent years in different countries, of the basic concep-
tual systems of modern physics (of classical mechanics,
classical electrodynamics, the special and general theory
of relativity, thermodynamics and statistical physics, and
tinally of quantum mechanics and quantum field theory)
has shown that, along with algebraic structures, which on
the whole characterise individual results of certain physical
actions of the objects under study upon each other, under-
lying any physical theory are also structures of limiting
processes over the whole ensemble of such objects—
topological structures. Algebraic tables of the results
of various actions of physical objects upon each other,
taken separately, do not yet form a theory. They are
rather only its empirical basis, in a certain sense. They
only become a theory, according to Aristotle and Kant,
when we begin to regard them as something complete and
whole, as ‘““all”. This short but very pithy word “‘all”, the
universal quantifier necessarily present in any scientific
theory, contains the rudiments of the topological struc-
tures of any such theory, for this word assumes that we
are able to form, in one sense or another, and consider as
wholes maximally broad collections of the objects we are
interested in—in all the fullness of connections and rela-
tionships of systemic, generalised-spatial, Gestalt nature,
rather than of individual (algebraic) correlations with one
another.

Any scientific theory thus assumes that we can grasp
at one glance the entire totality of the connections of the
objects studied by the theory with one another. An
absolutely necessary condition of this, as shown by modern
psychology and geometry, are some conceptions, intuitive
but always very clearly fixed, of the objects’ definite
“nearness” to or ‘“remoteness” from one another (in some
respect or other) over their total and complete collection.
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Topological structures in modern theoretical knowledge
are thus pushed into the foreground only when the ques-
tion arises of the theoretic quality of this knowledge—its
ability to explain, in a sufficiently general and necessary
manner, all phenomena of the domain of material reality
in question. On the one hand, as has been stated above,
topological structures explicate and specify the very
concept of universality with regard to a concrete range of
phenomena. On the other hand, they explicate the concept
of explanation itself with regard to a concrete range of
phenomena (as the studies of specialists in the methodolo-
gy of science have shown, to explain means to deduce in
some logical sense or other the properties of the objects
under consideration from those of some other objects, the
most elementary ones in the given concrete scientific
theory). '

Now, the most elementary objects of any concrete
scientific theory are defined by the topology given for it;
it is the topology which specifies the manner in which, in
the limiting case, any set that is necessary for the theory,
is constructed out of its subsets, and the way these subsets
adjoin, in the limiting case, each other. Therein lies, in our
view, the methodological significance of the singling out
of topological structures in any theory, for the content
of the basic axioms defining any topology is at first glance
very meagre.

One would have thought that the philosophical analysis
of large conceptual systems of modern science with
their quasars, black holes, partons, quarks, charmons,
conformons, promotors, terminators, plasmaides, restric-
tases, etc., etc., would not be much advanced by the singling
out over the sets which they form and of which they are
formed of such systems of subsets as (1) any finite sums,
(2) any intersections (common parts) of such subsets, as
well as (3) the empty set and (4) the set in question
itself. Recent developments in topology have shown,
however, that precisely these abstract topological struc-
tures fix the limiting properties of any objects of scientific
theories—the way they adjoin each other in the limiting
case, and the objects to which they prove to be equivalent
as a result of the completion of these limiting processes.
Both the universal quantifier and the concept of explana-
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tion in any modern scientific theory are inseparably con-
nected with the limiting properties of the sets of objects
under study.

Further, a theoretical rather than accidental solution of
any problem assumes that the search for a certain element
is guided by properties of its generality or ‘“nearness’ to
some “neighbours” also having these (or similar) properties,
rather than by intuition or shaman-like trial-and-error
search procedures. In this way another most important
topological concept, the concept of neighbourhood,
appears in the methodological constructions of any scientif-
ic theory—at first rather implicitly and intuitively yet
quite definitely. Just as necessary for any theoretical con-
struction is another important topological concept—the
boundary concept: it is the latter that divides objects with
certain properties from objects with quite different proper-
ties or, to put it bluntly, what we need from what we do
not need at all.

When modern systems of hodoscopic and stereoscopic
scintillation counters weighing many tons identify in
extremely complex magnetic %ields the masses and life-
times of elementary particles of a fundamentally new,
“charmed” nature, we no longer stop to muse that from
the standpoint of the methodology of physics they mark
the very first boundaries in the new physical world, that
is not ‘‘strange” even but ‘“charmed”. The situation is
here largely analogous to the conceptual situation in the
electrodynamics of moving mediums in the epoch immedi-
ately preceding the appearance of the works of Einstein:
almost all of the modern topological concepts (just as the
concepts of absolute space and absolute time in that
period) seem to us too intuitively clear and too self-
obvious. But that is apparently due merely to the fact
that we almost literally absorbed our first intuitive notions
of the most elementary and trivial Eudoxus-Archimedes
topology at our mother’s breast: the operational interpreta-
tion of any topological structures through the empirical
procedure of ‘“‘cutting out” certainly came to us (and was
remarkably firmly planted in our subconscious) along with
our first childish attempts to take possession of the objects
of the external world by the method of “biting off”.
The subsequent steps in this direction (the use of hands,
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feet, mechanical instruments, observation and measuring
instruments) did not change essentially this operational
archetype of empirical interpretation of topology, although
the use of rays or particle beams for the fixing of subsets
signified a gradual, implicit, and so far theoretically unreal-
ised transition from the common topology of ‘“cutting
out” to a fundamentally new topology—that of mappings,
generalised topology of Grothendieck.

For a strictly defined area (in the absence of singulari-
ties), both topologies are isomorphic to each other (with
certain specifications and reservations concerning the
cyclicity of the groups involved). This ensures a smooth
and gradual transition from the common topology of
‘“cutting out” an apple or a roll to the topology, just
as distinctly different from the former, of mappings of
some quasar or ‘‘charmed” elementary particle. Clearly,
no one can perform the operation of ‘“cutting out’” on
these objects for singling out certain subsets in them. We
can form judgments about their ‘“parts” in a very round-
about way—through some types of radiation and their
theoretical interpretation.

Thus the principal conceptual difficulties of modern
physics are concentrated around the fundamentally impor-
tant problem of empirical ipterpretation of topology for
very great and very small distances. The mysterious
ambiguity of distances to quasars, measured by their
emission and absorption spectra (or to their separate
components, which also move relatively to one another at
speeds several times greater than the speed of light—accord-
ing to the latest measurements of 1. Shapiro, these speeds
are greater than light velocity by a factor of 25), is proba-
bly the first serious indication of the fact that the
concept of distance loses its unambiguous meaning in the
presence of topological singularities. It would be very
interesting to analyse, on a methodological plane, the
general metrisation theorems of topology (the theorems
of Uryson—Bing—Nagata—Smirnov) and to indicate the
concrete physical (and topological) causes on account
of which any lengths and distances in the neighbourhood
of certain types of singularities in quasars become
ambiguous.

At present, physical science has only gne sufficiently
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reliable indicator of changes in topology connected with
the seeming violations of causality in all such situations—
Robert Geroch’s “Theorem 2. It asserts that if in some
physical processes the topology is changed, it is initially
perceived by the external observer (from the standpoint
of the old topology) as an abrupt violation of causality,
that is, of the gradual propagation (from one neighbour-
hood of the given point to another) of all the physical
actions.

For a rigorous proof of Geroch’s theorem we refer the
reader to the original work [33, p. 782] ; we shall describe
here only his basic intuitive idea. The idea is this: systems
of neighbourhoods explicating the gradual transmission
of causal physical actions are defined precisely by topolo-
gy, and any changes in the latter lead to changes in the
corresponding system of neighbourhoods. Thus from the
standpoint of the old topology (and the system of neigh-
bourhoods it defines), the new, modified topology and the
physical interactions in it will be perceived by the observer,
who has no idea of the change in topology, as the appear-
ance of velocities greater than light or mysterious coordina-
tion of processes going on at points in the spatio-temporal
continuum extremely remote (from the standpoint of the
old topology) from each other. '

How can this litmus-paper of modérn theoretical physics
react to changes in the topology of some physical proces-
ses? For example, enormous and apparently ‘‘cause-
less” (that is to say, difficult to explain by the known
causal physical laws) release of energy is observed in
quasars. There are grounds to assume, therefore, that
physical processes in quasars are connected with some
change of the topology of real physical space ‘“near”
and “inside” them. Then again, baryons disappear with-
out proper cause as they fall into black holes, and that is
an obvious and just as ‘‘causeless” violation of the law of
conservation of the baryon charge—one of the most rigidly
observed laws of nature. It follows that in the neighbour-
hood of black holes the topology of the spatio-temporal
continuum is changed very strongly.

We must not think, however, that variations in the
topological structures of physics can only occur very far
from us, on the borderline of what has been learnt by
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man, in quasars or black holes. All quantum processes
are probably conditioned, in the final analysis, by changes
in the topology of the objects under study. For instance,
in the experiments in observation of the Einstein-Podolsky-
Rosen effects, so characteristic of the quantum world,
where two quantum subsystems, which initially form a
single quantum system, later fly apart very far from each
other (without interaction with anything else), the fixation
of the state of one quantum subsystem directly determines
the state of the other—without any causal propagation of
some physical action across the space between them. It
follows that quantum processes are also connected with
some variations of the “ontological” topological structures
of physics.

Of course, in the philosophical sense the Geroch theorem
cannot be interpreted as a rejection of the principle of
causality, for in the new topology causality holds quite
strictly—it is only seemingly violated from the standpoint
of the old topology unsuitable to the new phenomena. So
the Geroch theorem enriches and extends our conception
of the principle of causality, making it applicable to a
much wider class of objects characterised by fundamentally
new connections and types of their determination by one
another.
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A. M. MOSTEPANENKO

COMPLEMENTARITY
OF PHYSICS AND
GEOMETRY )
(EINSTEIN AND POINCARE)

Introduction

T he problem of complementarity of geometry
and physics is part of the very important
methodological problem of the correlation of physical
geometry and reality, so profoundly formulated and
analysed by Einstein. Abstract geometrical spaces, as Ein-
stein emphasised, acquire actual physical significance only
after the conceptual schemata of axiomatic geometry are
coordinated with real objects of experience. Geometry
thus completed becomes a natural science, that is, a sci-
ence verifiable by experience [1, p. 235]. Exactly this con-
ception of geometry enabled Einstein to create the theory
of relativity. On the other hand, according to Poincaré,
no geometry (Euclidean geometry 1ncluded) can contradict
reality if it is complemented by appropriate physical prop-
ositions [2, pp. 92-109]. It would appear that Einstein
and Poincaré took opposite approaches to the question of
connections between geometry and physics. Inasmuch as
Linstein’s approach proved to be methodologically more
promising, it is often viewed as fully confirmed by the de-
vcelopment of physics. One would do well to remember,
however, that Einstein himself was much less categorical
in his evaluation of Poincaré’s approach. Thus, in his
article ‘“Geometry and Experience’ he wrote: “Sub specie
acterni Poincaré, in my opinion, is right” [1, p. 236]. It is
also noteworthy that in Einstein’s article Poincaré’s
position was given a generalised and logically transparent
cxpression that is in some respects even clearer than in the
works of Poincaré himself. While rejecting Poincaré’s solu-
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tion, Einstein apparently understood better than anybody
else the fundamental quality of the problem he had
formulated. This circumstance prompts a more careful
attitude to the idea of complementarity of geometry and
physics and to the evaluation of its probable methodological
significance for the development of physical knowledge.

1. Geometry and Experience

The history of scientific cognition knows two opposing
views of the nature of geometry. According to one of
them, geometry is an empirical science, and the truths of
Euclidean geometry have experiential origin. According
to the other view, expressed by Kant, the truths of geo-
metry are apriori truths serving as premises for any expe-
rience. The discovery of non-Euclidean geometries in the
19th century undermined the foundations of Kantian ap-
riorism in the doctrine of space. At the same time simplis-
tic views of empirical nature of geometrical truths were
also ‘beneath criticism as they did not take into account
the specificity of the subject matter of mathematics as
compared to the subject matter of empirical natural
science. Against this historical background there emerged
Poincaré’s thesis that geometrical truths were nothing but
conventions. ‘“Geometrical axioms are neither synthetic
apriori judgements nor experimental facts. They are
conventions [wrote Poincaré]... Now, let us think of the
question: Is Euclidean geometry true? It has no sense at
all. We might as well ask if the metric system is true and
the ancient measures false.... One geometry cannot -be
more true than another; it can only be more convenient.
Thus, Euclidean geometry is and will remain the most
convenient (1) for it is the most simple... (2) for it accords
well enough with the properties of the natural solid
bodies” [2, pp. 66-67].

What arguments does Poincaré adduce in defence of his
view? First of all he stresses the fundamental difference
between physical and geometrical objects. Geometry does
not study real physical bodies but rather ideal and abso-
lutely invariable objects that are never realised in pure
form. There are no ideal points, straight lines, planes, etc.,
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in nature. “The notion of these ideal bodies [writes
Poincaré] is extracted from all the parts of our spirit, and
experience is nothing but an occasion which compels us to
make it stand out” [2, p. 90]. The comparison of ideal
geometrical objects and physical objects is not unambi-
guous, it may, generally speaking, be performed in various
ways, so that identical facts will be described in terms of
different geometrical spaces. Moreover, according to
Poincaré, the laws of physics can always be corrected in
such a way that descriptions of phenomena will not
go beyond any arbitrarily chosen geometry. The phys-
ical and geometrical parts of description are in this sense
complementary.

To illustrate these propositions, Poincaré cites a num-
ber of interesting examples, one of which comes very close
to the problematic of the general theory of relativity. Sup-
pose, says Poincaré, observation of a stellar parallax
showed that a light ray of some star does not satisfy
an Euclidean postulate. Two interpretations of this
phenomenon are possible: we either accept that the prop-
erties” of space on a great scale deviate from the Eucli-
dean properties, or else we assume that space posses-
ses Euclidean properties but some force bends the light
rays. The choice between these two variants is arbitrary,
but it is connected with changes in physical laws [3,
pp. 189-190].

Another well-known example which Poincaré constructs
to confirm his view is a hypothetical world contained with-
in an enormous sphere in which all distances decrease
from the centre to the periphery [2, pp. 83-87]. An observ-
er in this world would not be able to notice changes in
distances—he would believe, as we usually do, that rigid
bodies do not change their properties under transposition
to other spheres of space. In this case he would arrive at
the conclusion that his space is non-Euclidean. This
conclusion about the nature of geometry rests on the con-
vention of congruence, according to which rigid bodies
retain their size under transposition, and which cannot be
verified by direct experiments. It is obvious at the same
time that acceptance of a non-Euclidean mode of descrip-
tion affects the character of the physical laws adopted.
For example, if we accept a non-Euclidean geometry, no
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physical explanation of changes in the size of bodies in
transposition will be required (these changes are believed
to be non-existent).

In his article “Geometry and Experience”’ Einstein char-
acterised Poincaré’s position in the following manner:
“Geometry (G) predicates nothing about the behaviour
of real things, but only geometry together with the total-
ity (P) of physical laws can do so. Using symbols, we may
say that only the sum of (G) + (P) is subject to experi-
mental verification. Thus (G) may be chosen arbitrarily,
and also parts of (P); all these laws are conventions. All
that is necessary to avoid contradictions is to choose the
remainder of (P) so that (G) and the whole of (P) are
together in accord with experience” [1, p. 235]. Accept-
ing Poincaré’s view “sub specie aetern:’, Einstein rejects it
as a basis for constructing a physical theory, bearing in
mind the essential difference between the methodology of
experimental natural science and that of mathematics.

Physical concepts, inasmuch as they are applicable to
the real world, cannot be just as rigorous as the mathema-
tical ones which, according to Einstein, are certain only as
long as they do not refer to reality [1, p. 233]. It is there-
fore necessary to distinguish between pure geometry as
a mathematical discipline and physical (or practical)
geometry as an experimental science and essentially the
most ancient branch of natural science. In practical geo-
metry, the practically rigid bodies of physics correspond
to the ideal objects of mathematics. This correspond-
ence is of course approximate, but such a level of precision
is quite sufficient for physics. ““...As to the objection that
there are no really rigid bodies in nature, and that there-
fore the properties predicated of rigid bodies do not apply
to physical -reality [writes Einstein] —this objection is
by'no means so radical as might appear from a hasty exam-
ination. For it is not a difficult task to determine the
physical state of a measuring-body so accurately that
its behaviour relative to other measuring-bodies shall be
sufficiently free from ambiguity to allow it to be substi-
tuted for the ‘rigid’ body” [1, p. 237]. Einstein further
formulates the following two propositions. If the lengths
of two practically rigid bodies are found to be equal once
and anywhere, they are equal always and everywhere.
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In a similar way, if two clocks are going at the same
rate at any time and at any place, they will always go at
the same rate everywhere. The latter proposition is proved,
in particular, by the existence of sharp spectral lines of
atoms. Einstein sums up: “According to the view advocat-
ed here, the question whether this continuum has an
Euclidean, Riamannian, or any other structure is a
question of physics proper which must be answered by
experience, and not a question of a convention to be
chosen on grounds of mere expediency” [1, p. 238].

2. Two Paths in the Development of Physical Theories:
The Path of Einstein and the Path of Poincaré

The absence of a rigid one-to-one relation between geo-
metry and reality emphasised by Poincaré leads to the
possibility of two paths in the development of physical
knowledge. The first path involves selecting the simplest
and the most convenient geometry and adapting the laws
of physics to it (the path of Poincaré). The second consists
in changing the adopted geometrical model with the object
of possible simplification of the apparatus of physical con-
cepts (the path of Einstein). If in describing a complex
ensemble of physical phenomena we use an elementary
geometrical model, it may be required, to ensure’adequacy
of description, to introduce a number of additional physical
assumptions. On the other hand, one may try to change
the spatio-temporal description employed in such a way as
to reduce the number of assumptions to a minimum.

These two paths may be explained with the help of the
universal force concept introduced by Reichenbach [4,
pp. 13, 35, 66]. By a universal force he means a force
which acts on all bodies in the same way and which cannot
in principle be isolated. This force can change the abso-
lute size of any body as it is translated to another area of
space, the changes in question being inaccessible to direct
experimental verification, since the size of measuring stan-
dards changes in the same proportion. According to the
principle of relativity of geometry formulated by Reichen-
bach, we obtain a statement about physical reality only if
a field of universal force is fixed in addition to space
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geometry. Reichenbach suggests that a convention be
accepted that there are no universal forces. In this case the
choice of space geometry becomes a matter of experience.
If we conserve the simplest space geometry once and
for all, we shall have to introduce universal forces, soon-
er or later, for the description of complex physical phe-
nomena (the path of Poincaré). On the contrary, if we
reject their existence, we adapt geometry to the modified
physical situation (the path of Einstein). Einstein used this
path of development already in constructing the special
theory of relativity.

As we know, Lorentz and Fitzgerald assumed that a
moving body undergoes an absolute reduction in size in
the direction of motion, for during motion in ether a uni-
versal force emerges which is independent from the body’s
material and determined only by the velocity of motion.
Later Lorentz assumed that all processes slow down in
moving systems. Thus Lorentz’s theory of moving bodies
chose the path of Poincaré: it left intact the traditional
concepts of classical physics concerning space and time at
the expense of introducing a universal force reducing all
moving objects and slowing down all processes in moving
systems. Although Lorentz’s theory of moving bodies can
be brought in agreement with facts, it was rejected on the
grounds of its artificiality and the assumption of the in
principle unobservable ether. As distinct from Lorentz,
Poincaré accepted the idea that ether does not exist and
made the principle of relativity the basis of his studies.He
came very close to formulating the special theory of rela-
tivity and developed its mathematical apparatus in a pro-
found manner, proving covariance of the Maxwell equa-
tions under transformations from the Lorentz group and
finding the invariants of this group [5, pp. 489-550].
However, Poincaré, too, laid no claims to a revision of the
spatio-temporal concepts of classical physics, paying great
attention to the forces capable of producing the Lorentz
contraction. On the contrary, when Einstein built the spe-
cial theory of relativity, he explicitly introduced new con-
cepts of time and space, giving up the concept of ether
and in general any artificial assertions about the behaviour
of physical objects. The relativistic effects of shortening of
moving bodies and slowing down (dilatation) of time in
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moving systems were thus given kinematic rather than dy-
namic interpretation.

Einstein chose a similar path in constructing the general
theory of relativity. The difference is that the universal
lorce here was invented already in antiquity, and the
ilea of it deeply rooted in men’s consciousness. The
universality of the gravitational force follows from the
empirical fact, known already to Newton, of the equality
of gravitational and inertial masses. Gravitation as distinct,
vy, from electromagnetism affects all bodies in the same
way, and it cannot be screened. Einstein rejected the tra-
ditional concept of gravitational force, connecting the phe-
nomenon of gravitation with curvature of the spatio-tem-
poral continuum under the action of massive bodies.
According to the general theory of relativity, inertial mo-
tion of bodies occurs along geodesic lines in curved space-
time.

Let us now recall Poincaré’s example with two differ-
ent interpretations of the bending of a light ray from a
remote celestial body. Poincaré favoured the interpretation
where the notion of Euclidean space is retained and the
bending of the light ray is attributed to some disturbing
force. On the contrary, the general theory of relativity
accepts the interpretation (rejected by Poincaré) in which
the ray moves along the geodesic line in curved space-
time without any influence of any forces. For example,
the bending of a ray of light in passing in the neighbour-
hood of the sun is here considered as one of the principal
experimental effects of the theory.

According to Reichenbach, the rejection of the con-
cept of universal force is a convention. In this approach
the assumption is that Einstein’s theory itself is based on
convention. One can hardly accept this view. It is obvious,
first of all, that Einstein’s approach is in this connection
more adequate than Poincaré’s. Thus, if an observer in a
gravitational field adheres to an Euclidean rather than
Riemannian geometry, a free-moving particle deviates,
although apparently undisturbed, from the geodesic line
(that is, from uniform rectilinear motion). In order to
remove this contradiction, the observer will have to
introduce a force field and ascribe to it concrete physical
properties. But if the force thus introduced does not have
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these properties due to its universal quality, it is natural to
describe it as a fiction invoked by the discrepancy between
the appropriate natural geometry induced by the field
equations and the observer’s inadequate Euclidean geo
metry [6, p. 164].

Moreover, universal force is a metaphysical concept
which has no place in the modermn physical picture of the
world. If this concept were to be accepted without reser-
vation, one would have to conserve the classical notions
of space and time once and for all, interpreting any new
facts of physics in terms of new forces, which in the final
analysis must become very complicated and artificial.
This is fraught with the danger of transforming science
into a kind of demonology. On the other hand, the rejection
of the concept of universal forces permits unlimited
development of our spatio-temporal conceptions. Properties
of space and time are now closely linked with those
of matter and can only be established in a physical
experiment. A natural boundary is drawn between geomet-
ry and physics or, to be more precise, between those parts
of physical reality which can be geometrised in a natural
way and those that have dynamic nature. In other words,
the rejection of the concept of universal force is not just a
convention but an important methodological principle
closely connected with the modern physical picture of the
world.

It is also important to note that on the path of Poin-
caré, that is, remaining within Euclidean geometry, the
construction of a perfect and heuristic theory of
gravitation proved to be impossible. Many attempts were
undertaken to construct a theory of gravitation in pseu-
do-Euclidean space-time (linear Lorentz-covariant theories
of gravitation). Certain steps in this direction were made
already by Poincaré himself in the above-mentioned arti-
cle “On the Dynamics of the Electron”. Some of the linear
gravitation theories yielded correct first-approximation
values for the three famous experimental effects.of the gen-
eral relativity theory (Mercury’s perihelion precession,
the shifting of a ray of light near a massive body, the
gravitational red shift). Among these theories are the ten-
sor theories of Birkhoff [7, pp. 231-239] and Whitehead
[8, pp. 202-209] and the vector theory of Kustaanhei-
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mo [9]. The main drawback of these theories is the comp-
lexity and artificiality of the non-geometrical part of the
description, including the introduction of a great number
ol ad hoc concepts and notions (first and foremost, of the
universal gravitational force). They postulate very artifi-
vial equations describing the gravitational field, and
cquations of motion which, as distinct from Einstein’s
theory, do not follow the field equations. The main thing
v, however, that all these theories merely confirm, after
the fact, the conclusions of the general theory of relativ-
ity without predicting any qualitatively new effects.
They artificially combine the ideas and principles of mech-
anist physics and the spatio-temporal conceptions of the
special relativity theory.

Of the more recent attempts to realise the path of Poin-
caré in the theory of gravitation, in one form or other, we
should mention the Brans-Dicke theory. According to
R. Dicke, it is possible to remove a geometrical interpre-
tation of gravitation if one interprets it instead as the
cffect of a force field in a geometry without a metric re-
garded as an unconnected differentiable manifold [10,
p. 58]. In this case, the g,, tensor is treated as a force
field similar to the clec{:‘omagnetic and other fields.
However, as R. Dicke admits himself, giving up Einstein’s
geometric interpretation (and, in actual fact, the relati-
vistic picture of the world) deprives the theory of gravita-
tion of consistency and unambiguousness. In this frame-
work, a great number of variants of the theory may be
constructed in which gravitation will be treated as various
combinations of scalar, vector, and tensor fields. One of
these variants is implemented in the Brans-Dicke tensor-
scalar theory introducing two gravitational fields, a tensor
and a scalar one. According to Mach’s principle, it is
assumed that the gravitational field is the source of inertia
of bodies in the whole of the universe. However, although
Mach’s principle played a definite heuristic role in con-
structing the relativity theory, there are grounds to assume
that it is unacceptable in this formulation [11, p. 586].
Apparently bodies do not cease to possess inertial proper-
ties even in empty space free of masses. It is quite proba-
ble that the property of inertia in macrobodies is condi-
tioned by the microlevel (quantum fields and the physical
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vacuum), and the search for its source at the macropheno-
menal level is hopeless. The scalar field in the Brans-Dicke
theory is essentially a new universal force introduced ad hoc.

These two paths in the construction of physical theory
were also reflected in cosmology. It is interesting to com-
pare in this respect two approaches to the solution of the
cosmological problem—the relativistic cosmology of Ein-
stein and Friedmann and the theory of a stationary uni-
verse. As is known, if the cosmological constant is taken to
be zero, the theory of a uniform and isotropic universe
yields only a non-stationary solution. Any Friedmannian
model is characterised by singularity and changes in space
geometry with time. On the other hand, according to the
theory of a stationary universe suggested by Bondi and
Gold [12, pp. 252-270], as well as by Hoyle [13, pp. 372-
382; 14], the decrease of the density of matter due to
the expansion of the universe is made up for by conti-
nuous spontaneous generation of matter. However, the
theory of a stationary universe, as distinct from the Fried-
mann cosmology, runs into some difficulties and anoma-
lies. Thus spontaneous generation of matter may be in-
terpreted as a kind of causal anomaly. To eliminate it,
Hoyle postulated a specific physical agent, the S-field,
responsible for the mechanism of generation. But the
S-field concept is a typical ad hoc notion which has no
convincing physical substantiation. From the physical
viewpoint it appears paradoxical that the S-field can cre-
ate a negative density of energy. The Hoyle theory is also
undermined by some modern astrophysical data concern-
ing the number of remote radio sources. It may be as-
sumed that the principal cause of the difficulties of the sta-
tionary universe theory is rooted in the rejection of con-
sistent use of spatio-temporal conceptions of the relativis-
tic picture of the world, that is, actually, in the accep-
tance of the path of Poincaré.

The question of the relationship between the path of
Einstein and that of Poincaré in quantum physics is more
complicated. Einstein was one of the first to express the
assumption that inherent in the microworld is a specific
system of spatio-temporal relations qualitatively differ-
ent from the macroscopic one. He admitted the possi-
bility that quantum theory will show inapplicability of the
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concept of invariable measuring-rod for small distances
[15, S. 19], and even expressed doubt about the applica-
bility of the continuum theory for the description of
reality [16, pp. 165, 166]. However, neither he himself
nor anyone else has proposed an adequate variant of
microgeometry. So far quantum physics has developed
along the Poincaré path rather than that of Einstein. In
describing quantum objects it uses classical spatio-temporal
conceptions (non-relativistic and relativistic), which in
some cases causes serious methodological difficulties.

Although the three-dimensional Euclidean space of clas-
sical physics remains the main geometrical model of non-
relativistic quantum mechanics, it determines the struc-
ture of the theory but on a limited scope. In classical
models there existed a single model of the object localised
in Euclidean space. On the contrary, a quantum-mechani-
cal object manifests itself as a “‘spatial” one only in limit-
ing situations which follow from the uncertainty relation.
The wave function of a quantum system can be compared
to physical experiments in three-dimensional space only
through the concept of probability. This creates a gap
between the geometrical and non-geometrical compo-
nents of the theory, resulting in the paradoxical behaviour
of quantum objects.

Infinite-dimensional Hilbert space to which y-functions
belong does not have the status of a physical geometry, for
it has no direct experimental interpretation. Yet it large-
ly determines the structure of the theory. The logical
structure of quantum mechanics may be said to be dou-
bled. Apart from the geometrical and non-geometrical
components in the traditional acceptation (three-dimen-
sional Euclidean space and its transformations; quantum
objects subject to the uncertainty principle), it contains
the ‘‘quasi-geometrical” and ‘‘quasi-nongeometrical”
components (Hilbert space and operators in Hilbert space;
the ¢-function and the physical magnitudes as the
eigenvalues of the operators).

There is a certain analogy between Bohr’s principle of
complementarity and the complementarity of geometry
and physics in the sense of Poincaré. In accordance with
the complementarity principle, the spatio-temporal and
momentum-energy descriptions of quantum objects ex-
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clude each other. Viewing a quantum particle as a material
point localised in Euclidean space results in causal anoma-
lies, and attempts to retain classical causality, in the
assumption that a quantum particle is not localised in
three-dimensional Euclidean space. These two modes of
description remind one of the two systems (G) + (P) in
the sense of Poincaré. But causal anomalies may also arise,
in particular, in the description of phenomena through a
geometrical model with an inadequate topology [4, pp.
65, 66]. Indeed, comparison of two structures with
different topologies leads to disturbances either in the
one-to-one relations or in the continuity of mapping,
which at the level of physical consideration results in cau-
sal anomalies. From this standpoint one can imagine the
realisation of the path of Einstein in quantum theory. For
this, it is necessary to restructure the quantum-mechanical
description on the basis of a geometry with a specific
topology, in order to remove the duality of description
and the causal anomalies. But this solution of the problem
does not appear quite feasible, for it assumes a return to
the classical form of causality. What is really beyond doubt
is the fact that the search for an adequate microgeometry
and the corresponding rebuilding of the theory are in
themselves justiged and necessary.

Following the path of Poincaré, quantum field theory
and elementary particle physics have attained impressive
results. That is apparently due to the fact that classical
spatio-temporal relations are universal at the empirical
level of scientific research, that is, in the sphere of macro-
scopic experience. At the same time extrapolation of the
classical spatio-temporal conceptions to the microworld
has caused a number of considerable difficulties [17,
Ch. 7, 8]. Thus,. unobservable objects appear in quantum
electrodynamics (virtual particles and states; “longitudinal”
and “‘time-like” photons), indefinite metric is used, which
admits “ghost” states with negative probability, etc. As
the axiomatic quantum field theory has shown, if the
standard requirements of relativistic theory are correct,
the field given at a definite point of space-time cannot
have the meaning of an operator in Hilbert space that.
would be distinct from the numerical constant (the Wight-
man theorem). According to the Haag theorem, a theory
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of interacting fields is impossible within the framework of
the usual principles of the relativistic invariant quantum
field theory under the condition that free and interacting
fields are connected by a unitary transformation, since
such a theory proves to be equivalent to the theory of a
free field. These and other results prove the need for an
essential reconstruction of the modern theory on the
basis of new spatio-temporal conceptions.

3. The Principle of Complementarity of Geometry
and Physics

As the previous exposition has shown, Poincaré’s view
of the ¢onventional nature of physical geometry was not
borme out in practice. But the methodological problems
raised by Poincaré are still valid. In constructing a physical
theory, the researcher may come up against several descrip-
tions of type (G)+ (P) which_ correspond, at the given
level of cognition, to all the experimental data available.
According to Poincaré, all these descriptions are equal in
their relation to reality, and we choose the one in which
the most convenient and simple geometry is used. Since
we reject this solution, we have to offer a different and
more adequate one, and to explain why some of these
descriptions prove to be fruitful in the subsequent de-
velopment of knowledge, and others turn out to be cul-
de-sacs. With this aim in view we must first turn to an
analysis of equivalent descriptions.

According to the Reichenbach-Carnap conception,
theories are considered to be equivalent descriptions if
they describe the same facts and yield the same predictions
about observed events [18, p. 218]. One of these descrip-
tions is chosen out of considerations of convenience, ex-
pediency, and other subjective criteria. It should be re-
membered, however, that empirical equivalence of theories
does not necessarily entail their physical (semantic)
equivalence. That is all the more true of cases where theo-
ries are empirically equivalent only as a first approxima-
tion or only at the given level of knowledge, later ceasing
to be equivalent.

A fundamental physical theory is not reducible to the
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mathematical formalism provided with an appropriate
empirical interpretation. It also possesses a semantic aspect
linked with those ideal models which are directly described
by the equations of the theory and embody the physical
reality for the theoretician. It follows that two theories
may be empirically equivalent but physically of different
value. True, in order to establish this, one must cohsider
the data of the theory not as isolated fragments of an
already formed scientific knowledge but in dynamics, in
the process of formation of new knowledge, taking into
account philosophical-epistemological as well as empirical
considerations and criteria.

In constructing a theory, the researcher proceeds from
a limited number of facts at his disposal. The fundamental
irreducibility of theory to experience entails that one and
the same empirical domain may be described by a number
of different theoretical models. With this in mind, Ein-
stein often stressed that ‘‘there is no inductive method
which could lead to the fundamental concepts of physics”
[1, p. 307], and that the fundamental concepts and laws
of a theory ‘‘are free inventions of the human intellect”
[1, p. 272]. It is therefore clear that the choice of a single
variant of description as methodologically more preferable
is a most important theoretical task. The point here is not
only the psychological reasons for the non-equivalence of
different modes of description of which Feynman writes
[19, pp. 167, 168]. That one theory leads to further devel-
opment of theoretical knowledge while another, empiri-
cally equivalent to the former but based on different phys-
ical principles, does not, is not merely a fact of the psychol-
ogy of scientific creativity but an important epistemolog-
ical fact. The development of physical theories does not
proceed in isolation but within the framework of an in-
tegral process of theoretical cognition, being closely linked
with the physical picture of the world and a system of
metatheoretical principles. Of great cognitive significance
in this process are not only those elements of cognition
which have an unambiguous empirical substantiation but
also those which are linked with general philosophico-
epistemological considerations. As a rule, preference is
given to that theoretical approach which is in better agree-
ment with an advanced physical picture of the world, or
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paradigm, or the tendencies of the development of theory
connected with them. Thus, Lorentz’s theory of moving
bodies was based, as distinct from the special theory of
relativity, on obsolete notions of the mechanist picture of
the world—those of matter, space and time, and it also
violated the principle of observability. Therefore, though
both theories were empirically equivalent, Einstein’s
theory has won out. In the final analysis, relativistic no-
tions won because the relativistic picture of the world
constituted the mainline of the development of physical
theory after the emergence of Maxwell’s electrodynamics,
serving as a ‘‘springboard” for the construction of the
general theory of relativity and subsequently of the relativ-
istic quantum theory. As for the theory of Lorentz, it
may be made empirically equivalent to the special theory
of relativity only by the addition of some artificial assump-
tions which violate the consistency of the theory. From
this standpoint it becomes clear that the non-uniqueness
of spatio-temporal description of which Poincaré spoke is
eliminable only outside the narrow empirical approach,
in the context of a wider philosophico-epistemological
analysis.

On the basis of the above we can try to single out the
rational content of the idea of complementarity of geo-
metry and physics. It consists, in our view, in the following:

(1) The geometrical (G) and the physical (P) compo-
nents of a physical theory complement each other, consti-
tuting an integral theoretical system. Alteration of one of
them entails corresponding alteration of the other. For
instance, simplicity of (G) assumes complexity of (P), and
vice versa.

-(2) At any stage in the dcvelopment of physms several
descriptions of the type (G) + (P), (G), +(P),, (G)2 +(P)y,
..., may exist, each of which accorés with all the emplr-
ical data available.

(3) There are methodological criteria of adequacy of
spatio-temporal description.

These propositions we shall refer to as the “principle of
complementarity of geometry and physics”.

In starting out on an investigation of a qualitatively new
field of physical phenomena, one should always reckon
with two possibilities; either the properties of space and
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time have not changed and the new phenomena exist
against the same spatio-temporal background, or else a new
system of spatio-temporal relations is inherent in them. It
is at first not clear which of the two possibilities is realised.
Even if there are signs that the properties of space and
time have changed, it is not so simple to establish the na-
ture of the change. Attempts are therefore quite justified
and natural to give a description of the phenomena under
study in terms of customary geometrical models. Difficul-
ties and anomalies may arise in the process of such de-
scription and these stimulate the quest for new spatio-
temporal conceptions. If the spatio-temporal relations are
indeed specific, the new concepts will sooner or later as-
sert themselves and the optimal variant of the correlation
between physics and geometry will thereby be recognised.
But this process may prove to be very long and agonising,
including departures from reality and inadequate interpre-
tations of facts. As we see, the complementarity of physics
and geometry is closely linked with the dialectics of absol-
ute and relative truth. This complementarity may be re-
garded as one of the manifestations of the dialectical na-
ture of scientific cognition and its tendency towards an
ever more complete and adequate reflection of reality.

Although different descriptions of the (G) + (P) type
are not, strictly speaking, equivalent, they may seem such
for quite a long time from the positions of narrow empir-
icism, and only further development of physics may elim-
inate their “‘equivalence”. The difficulty of the problem
lies in that practice confirms a (G) + (P) description only
in the final analysis, in the course of subsequent develop-
ment of theory, and at each stage of scientific cognition
one has to use propositions that are not directly empirical-
ly verifiable.

One such proposition, of great importance for the
establishment of an adequate physical geometry, concerns
spatial and temporal congruence. Although the problem of
congruence has been widely discussed in the literature (in
the works of Carnap, Reichenbach, Griitnbaum, and
others), only one aspect has usually been emphasised—the
role of conventions in defining congruence. Less atten-
tion was given to the objective foundations of this defini-
tion and its links with the general conception of space and
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time. It was usually disregarded that science employs
various kinds of conventionality. The first (formal) type of
conventionality includes conditional conventions altera-
tion of which entails changes in the form of scientific
knowledge but not in its content. Such examples may be
cited here as choice of units for measuring physical magni-
tudes, choice of measuring scales, etc. The second (mean-
ingful) type of conventionality comprises conventions
which, although lacking direct empirical substantiation,
ultimately affect the content of scientific knowledge.
These conventions are usually introduced not only because
of their convenience or expediency but on philosophico-
epistemological grounds. A typical example of this kind
of convention is Einstein’s definition of simultaneity. The
definition of congruence belongs precisely to this kind of
conventions. .

To get a deeper insight into the objective foundations
of different definitions of congruence, it is necessary to
proceed from a general philosophico-methodological con-
ception of spatio-temporal relations. Significant in our
view are the following propositions bearing on this:

(1) The proposition concerning the possible diversity in
the universe of qualitatively different spatio-temporal
structures having specific metrical and topological proper-
ties. ’

(2) The thesis that any spatio-temporal structure par-
tially determines the specificity of the class of physical
objects localised in it, being in this sense a premise of its
existence.

(3) The proposition that all properties of the spatio-tem-
poral structure (metrical and topological ones) are ultim-
ately determined by fundamental physical phenomena and
connections [17, 20].

The first and the third of these propositions conform
well with the relativistic picture of the universe, accord-
ing to which spatio-temporal relations are defined by phys-
ical conditions and vary with the latter. The second pto-
position establishes certain independence of the properties
of space and time from physical objects and processes,
which is not refuted by the relativity theory.

From the standpoint of nominalism, the status of ob-
jective existence can only be ascribed to empirical objects
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directly fixed in expenence. But this position is too nar-
row. In physical methodology objective existence is usual-
ly ascribed to anything that satisfies the methodological
criteria of existence, such as observability in principle,
invariance, system quality, etc. It is thus clear that not
only physical objects exist but also fundamental structures,
connections, and relations, including spatio-temporal ones.

The spatio-temporal structure is not perceived directly
but through the mediacy of a class of corresponding phys-
ical objects and processes. For example, in the case of
macroscopic space-time such objects are, first of all, rigid
bodies and light rays. But in actual fact the class of such
objects is broader. These objects and processes reflect to
some extent the specific features of the spatio-temporal
structure of the given type and precisely for this reason
pay be used for its partial empirical interpretation. From
this viewpoint the convention concerning congruence is
not arbitrary—it has a'scientific basis stemming from the
objective agreement of the given spatio-temporal struc-
ture with the class of physical objects localised 1n it.

One of the causes of ambiguity in choosing the defini-
tion of congruence is that, taking measurements within
the spatio-temporal structure of the macroworld, we have
no independent spatio-temporal standards that would go
beyond the macroscopic system of spatio-temporal rela-
tions and therefore be absolute with regard to it. It is
possible, however, that such standards will be found in
microphysics, which will permit a new approach to the
solution of the entire problem of congruence. The solu-
tion of many problems of space and time, including that
of congruence, has been essentially impeded by the re-
searchers’ confidence in the universal quality of macro-
scopic space and time. The thesis of diversity of spatio-
temporal structures offers a solution to these difficulties.

In view of the above, special importance attaches to the
quest for such objects and processes which adequately
reflect the properties of the spatio-temporal structure
under study. In macrophysics, despite the above ambigu-
ity, this problem is solved in a relatively simple way, but in
elementary particle physics and cosmology the situation is
quite different. Inasmuch as the usual standards of exten-
sion and duration do not apply in the microworld, it is
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necessary to look for specific microprocesses which reflect
in a natural way the metric relations at the microlevel.
A. L. Zelmanov believes [21, p. 279] that future physical
theory will be ametrical or polymetrical, admitting of a
great number of various types of metrics. In our view,
however, the investigators who insist that the concepts of
extension and duration are inapplicable to the microproces-
ses are wrong. Their arguments do not as a rule distinguish
between macroscopic extension and duration implement-
ed in normal spatio-temporal standards, and extension
and duration in a broader sense—in the sense of the pres-
ence in a spatio-temporal structure of a certain set of
metrical properties. The metrical relations at the micro-
level may be qualitatively different from the macroscopic
ones, and they may be realised in specific types of physical
reality. In our opinion, the idea of polymetric geometry
in the microworld has some interest, although it is not so
far clear how it will come into the structure of physical
theory. If this idea is confirmed, we shall have to deal
with a new aspect of complementarity of physics and
geometry.

There is also a great deal of vagueness about the choice
of spatio-temporal standards for the initial stages of the
evolution of the universe when matter was in a superdense
state. Research has shown [22, p. 463] that there exists
a complex fluctuation in approaching the singular point
during the evolution of the universe. As singularity is
approached, the period of oscillations of space scales
decreases, so that an infinite number of oscillations fills
the interval between any moment of evolution and the
singularity. If we re-define temporal congruence, regarding
this oscillating condition as uniform, the time of
the existence of the universe proves to be infinite. Thus
the choice of standards for measuring time duration deter-
mines finite or infinite time of the cosmological model.
This situation is similar to Poincaré’s example discussed in
the first section, in which the definition of space con-
gruence determines the conclusion as to the model’s finite-
ness or infiniteness. We cannot go into a more detailed
analysis of this problem here; we shall merely indicate
that there are no sufficient grounds so far for re-defining
cosmological time. As there are no natural laws prohibit-
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ing the measurement of cosmological time as near the sin-
gularity as one desires, these measurements can be per-
formed at the present stage of expansion with the help of
the usual time standards.

Just as the problems of congruence, the principle of
complementarity of geometry and physics has a definite
objective basis. To establish the latter, we must consider
complementarity of physics and geometry as part of a
‘broader epistemological problem—that of conceptual ex-
pression of integral physical reality. The tendency has
become explicit in the development of physical knowl-
edge to divide physical reality into two independent com-
ponents—the geometrical and the non-geometrical. Accord-
ingly, all the properties of matter are divided into two
groups, as it ‘were: space-time on the one hand and all the
other properties on the other (motion, causality, interac-
tion, etc.). A serious problem arises here: in what way are
these two aspects of integral reality to be delimited in a
rigorous and unambiguous manner? If changes occur in
the world of phenomena which affect the basic character-
istics of reality, what are these changes to be ascribed to—
the geometrical or the non-geometrical properties of
being? In our experience these characteristics are not
given in isolation from each other and it is by no means
always easy to establish a clearcut boundary between

them. As Sommerville writes, ‘“all measurement involves
both physical and geometrical assumptions, and the two
things, space and matter, are not given separately, but ana-
lysed out of a common experience. Subject to the general
condition that space is to be changeless and matter to
move about in space, we can explain the same observed
results in many different ways by making compensatory
changes in the qualities that we assign to space and the
qualities we assign to matter. Hence it seems theoretically
impossible to decide by any experiment what are the qual-
ities of one of them in distinction from the other” [23,
pp- 209-210]. To this should be added that the thesis of
“changelessness” of space on which Sommerville relies is
in itself debatable: it is violated in particular in relativistic
cosmology and geometrodynamics. This complicates even
more the solution of the problem.

It may be assumed that the indissoluble unity of all the

200



properties and aspects of physical reality is expressed in
the absence of a sharp boundary between its geometrical
and physical components, which explains their possible
variability in theoretical description. One of the methods
to restrict this possibility is to pay attention to a circum-
stance that has already been pointed out, namely the na-
tural correspondence between these components of
description where the correlation between them is correct.
Moreover, there is a definite correspondence between some
classes of the properties of space-time and separate non-
geometrical properties of matter:

metrical properties ~<+———> motion
-symmetry properties <«——» conservation
topological and other <«———  causality
properties

Thus the normal causal order corresponds to the linear
temporal order; the local propagation interaction principle,
to continuity of space and time; the dynamic laws of con-
servation (of energy, impulse and momentum), to the prop-
erties of symmetry in time and space; the physical laws
of motion are usually formulated in terms of a spatio-tem-
poral metric, and so on. In an adequate theoretical de-
scription the correspondence between these pairs of con-
cepts is not violated. The idea of complementarity of
geometry and physics must thus be considered together
with the idea of their correspondence.

Some new effects related to the geometry-physics com-
plementarity come to light in new physical theories. One
of them emerges in the study of particle generation out of
vacuum by a non-steady-state gravitational field. In this
situation, the concept of particle and the number of par-
ticles generated may change in the transition from one
coordinate system to another [24, 25, p. 2850, 26]. As a
result, it appears that space-time geometry depends on the
choice of a reference frame. Here too we deal with the
general thesis that a change in the non-geometrical part of
the description is accompanied by a corresponding change
in its geometrical part. However, we are not speaking here
of a conventional choice of a spatio-temporal model but
rather of its objective dependence on the conditions of
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cognition connected with a certain new type of physical
relativity. This shows that the principle of complementar-
ity of geometry and physics goes beyond the purely episte-
mological framework and may be used in expanding the
modern physical conception of the world.

4. From Complementarity to Harmony

What are the methodological criteria of adequacy of
spatio-temporal description assumed by the principle of
complementarity of geometry and physics? According
to Poincaré, physical inquiry should always employ the
most elementary geometrical model. In Camap’s words,
Poincaré did not think that the price to be paid for this
would ever be too high [26, p. 149]. As the general theory
of relativity showed, the simplicity of the geometrical
part of the description cannot be viewed as a criterion of
its adequacy. Moreover, analytically more complicated
geometry proves to be preferable here. But, according to
the principle of geometry-physics complementarity, grow-
ing complexity of the geometrical part of .the description
entails a simplification of its non-geometrical part. Thus
introduction of a non-Euclidean geometry in the general
theory of relativity permitted not only elimination of the
universal force (the force of gravitation) from the descrip-
tion but also elucidation of the unity of inertia and gravita-
tion, deduction of the equations of motion from field
equations, etc. One has the impression that it is not sim-
plicity of the geometrical part that is to be preferred but,
on the contrary, simplicity of the non-geometrical part of
the description.

The simplicity criterion cannot be applied simultaneous-
ly to both (G) and (P) in a description of the (G) + (P)
type. It is therefore more correct to apply this criterion to
the theoretical system as a whole [26, p. 150] and only
later to find out which of the components should be sim-
pler to make the whole system more adequate. That was
actually done by Einstein in the construction of the theory
of relativity.

Simplicity of a physical theory is not identical to the
simplicity of its mathematical apparatus. The fewer the
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meaningful physical ideas and principles underlying a
theory and the greater the objective sphere it covers, the
simpler it is. But mutual coordination of the last two re-
quirements is only possible where a well-developed mathe-
matical apparatus is available. Einstein wrote in this con-
nection: “our final aim is always a better understanding of
reality. Links are added to the chain of logic connecting
theory and observation. To clear the way leading from
theory to experiment of unnecessary and artificial assump-
tions, to embrace an ever-wider region of facts, we must
make the chain longer and longer. The simpler and more
fundamental our assumptions become, the more intricate
is our mathematical tool of reasoning;the way from theory
to observation becomes longer, more subtle, and more
complicated. Although it sounds paradoxical, we could
say: Modern physics is simpler than the old physics and
seems, therefore, more difficult and intricate. The simpler
our picture of the external world and the more facts it
embraces, the stronger it reflects in our minds the har-
mony of the universe” [27, p. 213].

According to the classical ideal of constructing a physi-
cal theory, its mathematical apparatus is based on a chro-
nogeometrical model and a fundamental group of trans-
formations corresponding to the latter. It follows that the
complication of the mathematical apparatus of which
Einstein speaks concerns first of all the geometrical part of
the description. Thus, the mathematical apparatus of the
general theory of relativity is based on the formalism of
Riemannian geometry and tensor analysis, and the prin-
cipal transformation group is the group of arbitrary home-
omorphisms. This apparatus is rather complicated from the
analytical viewpoint. On the other hand, the physical part
of the description contains the main physical principles
and will, according to Einstein, be simplified with the
development of physics. It follows that the all-round
simplicity of a physical theory is in agreement with the
complexity of the chronogeometrical model but requires
comparative simplicity of the non-geometrical part of the
description. This simplicity is the criterion ofthe adequacy
of the description as a whole and of its geometrical com-
ponent.

One of the reasons to prefer a simpler description to a
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more complex one is that the former is potentially more
general. The fewer the basic propositions explaining a
certain factual area, the greater the number of new facts
one can hope to describe with their help in the future.
Adequacy of description is largely determined by its
ability to extend the investigation to encompass ever new
fields of phenomena [28, pp. 315-332]. Thus, the general
theory of relativity and Riemannian geometry were at
first considered by many physicists as curious but ex-
cessively abstract and practically nearly useless construc-
tions. The situation was altered essentially with the con-
struction of relativistic cosmology and astrophysics, that
is, with the extension of the relativity theory to encom-
pass the whole of the observed universe. Consequently,
methodologically important is not only the degree of
descriptive generality attained but also a kind of “poten-
tial”’ degree of its generality.

Einstein believed that physical reality has such proper-
ties as harmony and perfection that are esthetic rather
than physical. In his opinion, an adequate physical theory
must therefore satisfy not only the criterion of ‘“‘external
confirmation” but also that of “inner perfection”, which is
sometimes even more important. The former criterion is
identical with the generally accepted proposition that a
theory must not contradict experimental data, whereas
the second criterion has to do with “naturalness” and *log-
ical simplicity” of the premises of the theory rather than
the relation of theory to experience [28, p. 23]. Both in
his treatment of physical theory and in his attitude to
experimental verification of physical geometry, Ein-
stein gradually departed from the empiricism which was
characteristic of the first period of his creativity [29,
p. 176]. According to Einstein, confirmation of a theory
by experiment is by no means sufficient for accepting a
theory. He stressed that “it is often, perhaps even always,
possible to adhere to a general theoretical foundation by
securing the adaptation of the theory to the facts by
means of artificial additional assumptions” [28, p. 21}.
That is exactly the case in the attempts to extrapolate the
traditional geometrical models to areas where they are no
longer valid. Here theory ceases to satisfy the criterion of
inner perfection referred to by Einstein.

204



Where the chronogeometrical model is inadequate, a
whole series of anomalies arise in theoretical description,
violating its consistency. We have already mentioned causal
anomalies in spatio-temporal models with an inadequate
topology. To this should be added that where an inade-
quate physical geometry is employed, ‘‘object anomalies”
can also appear, that is, anomalies in the conceptions of
physical objects and their basic properties. Physical objects
are usually thought of against an appropriate spatio-
temporal background, and their properties are formulated
in explicit or implicit geometrical terms. It is therefore
clear that inadequacy of geometry may entail paradoxes in
the notions of physical objects themselves. Objects that
cannot in principle be observed and other types of pseudo-
objects may appear in descriptions, such as infinities,
imaginary masses, negative probabilities, etc. We have
already touched on this in considering the problem of
spatio-temporal description in microphysics. Finally, in
a theory using an inadequate geometrical model there
may appear a kind of ‘descriptive anomalies” involv-
ing an artificial non-geometrical part of the description,
a great number of ad hoc concepts and notions, or in-
complete and inconsistent description [17, pp. 86-94].
The presence of such anomalies indicates a violation of
harmonious correspondence between the geometrical and
the non-geometrical components of physical theory,
without which there can be no perfect theory.

Correspondence between physics and geometry cannot
be established in a purely empirical way, without resorting
to methodological criteria. The reason is that geometry
in a description of the (G)+ (P) type is not separately
falsifiable in a purely empirical fashion. As a way out of
this difficulty, Griinbaum indicates [30, pp. 131-138] that
absence of an unambiguous falsification of geometry (G)
does not at all mean that it can be adapted to any kind
of possible experiment by correcting (P). Inasmuch as (P)
is empirically verifiable, this solves in the final analysis
the problem of falsification of (G). Griinbaum’s first argu-
ment is indisputable, whereas his second proposition is in
our view unfounded. The truth of (P) “by itself” is not al-
ways directly verifiable. The physical (dynamic) part of
a description is often just as closely linked with the crea-
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tive constructive elements of cognition (the formation of
a system of abstract objects, etc.) as is the geometrical
part, and it is only obliquely and in a mediated manner
confirmed by experiment. Correct interpretation of such
“non-geometrical” concepts of physics as mass, force,
causality and others gives rise to just as serious debate as
the problem of physical geometry. The way out of this
difficulty lies in applying a system of methodological
criteria to descriptions of the (G) + (P) type.

Rejecting empiricist solutions of the above problems,
we can formulate two aspects of correspondence between
geometry and physics. The first (empirical) one is connect-
ed with the existence of a natural empirical interpretation
of chronogeometrical concepts in terms of a correspond-
ing class of empirical objects and processes (rigid bodies,
light rays, etc.). The second (semantic) aspect assumes a
semantic interpretation of the chronogeometrical model
within a physical picture of the universe. This interpreta-
tion requires the establishment of a natural connection
between the chronogeometrical model and the principal
abstract objects of the theory expressing physical reality.
Both of these aspects of correspondence between geo-
metry and physics are present in the theory of relativ-
ity. On the one hand, it proved to be necessary in the con-
struction of the relativity theory to emphasise the connec-
tion between the concept of simultaneity and the empiri-
cal process of propagation of light in empty space, the role
of the rigid body in the empirical interpretation of geo-
metry, etc. On the other hand, close links between the
space-time concept and the concepts-of physical field,
gravitation, mass, inertia, etc., became apparent. One
important circumstance was discovered connected with
the role of geometrisation of physics in the establishment
of a semantic correspondence between (G) and (P). As the
relativity theory showed, the interconnection between
space-time and other abstract objects of the theory ex-
pressing physical reality becomes particularly obvious
in geometrisation of some important concepts, as for
example the concept of gravitation, in the general theory
of relativity.

It would appear that geometrisation of physics ensures
an explicit and harmonious correspondence between phys-
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ics and geometry, the most natural path towards creating
a single theory. In a fully geometrised theory, physical
reality is expressed exclusively in geometrical characteris-
tics. Not only is physics geometrised, but geometry is filled
with real physical content. Any motion is explained in a
purely geometrical manner as occurring along certain
limiting curves of an adopted physical geometry; particles
are regarded as aspects of a field “merging” with space-
time. Space-time 1tself has the property of universality,
and if a single physical field were to be constructed which
would “merge”, just as the gravitational field, with the
spatio-temporal continuum, one would have the impres-
sion that the task of constructing a unified universal
theory can be solved. In this theory, there would be no
phenomenological elements that have no geometrical
substantiation in it (as, e.g., massive objects in the general
theory of relativity) and thus hint at possible extension
of the theory in the future. Such a theory would be abso-
lutely closed and accomplished. Hence Einstein’s hopes
that his unified field theory, wholly based on the continu-
um concept, will ultimately yield the laws of elementary
particles. However, a fully geometrised theory is usually
very far from experiment and escapes experimental verifi-
cation. The unity of its geometrical and non-geometrical
components is ensured in its semantic rather than empiri-
cal aspect, for absence of phenomenological elements in
its structure impedes the solution of the problem of
cmpirical interpretation of the chronogeometrical model.
To some extent this is true not only of Einstein’s unified
field theory but also of Wheeler’s geometrodynamics, in
which the interconnection between theory and experience
is substantially hampered.

The above must not be understood as underestimation
of the method of geometrisation of physics. Without this
method it is obviously impossible to attain a harmonious
correspondence between physics and geometry. One must
remember, however, that geometrisation of theory can
never be complete and is only justified if appropriate
methodological criteria are observed. The principal of
these is the universal nature of the geometrised reality,
which thus uniformly affects all the physical objects
localised in the given type of space. For example, accord-
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ing to the equivalence principle, all bodies move in a grav-
itational field strictly conforming to an identical law. Their
trajectories in space-time are universal curves that can be
compared to the geodesic lines of Riemannian geometry.
It is therefore possible to introduce space-time, the same
for all bodies, in which these bodies move. As has been
pointed above, elimination of universal forces from phys-
ical theory is the typical mode of geometrisation of phys-
ics. It is this approach to geometrisation of physics that
enabled Einstein to attain such splendid results in con-
structing the general relativity theory.

‘Conclusion

The above has shown that Einstein’s approach to the
interconnection of physics and geometry has proved more
fruitful for the development of physics than Poincaré’s.
The choice of an adequate spatio-temporal description is
not a matter of convention but of experience and of phil-
osophico-methodological criteria explicitly or implicitly
used by the theoretician. Neither was Poincaré’s opinion
confirmed that a physical theory should always be based
on the simplest geometrical model. Nevertheless the prob-
lems raised by Poincaré have not ceased to be vital and
topical. The Einstein vs. Poincaré controversy on the cor-
relation between physics and geometry will apparently
be of interest to specialists in methodology of science for
a long time to come. Poincaré was right in asserting a kind
of complementarity between the geometrical and the non-
geometrical components of physical theory, which must be
taken into accoant in constructing and developing the
theory. The task consists in choosing, out of a number of
descriptions of the (G)+ (P) type, the most adequate
one, ensuring a harmenious correspondence between geo-
metry and physics in physical theory.
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