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PREFACE TO THE ENGLISH EDITION

This is an English translation of my monograph Dia-
lectics in Modern Physics published in Russian by Nauka
Publishers in 1973. Its substance remains, for the most
part, as in the Russian original, except for the addition
of a short chapter ‘In Lieu of a Conclusion’, which rep-
resents a sort of philosophical summing up.

I do not propose to speak here about the book’s sub-
stance. The reader will perhaps tell me that there are repe-
titions in it. My reply would be that such repetitions
are frequently necessary, especially when one allows for
the fact that each time they express a new shade of mean-
ing in the appropriate context.

I would like to thank Progress Publishers for the work
they have done in translating and publishing my book. I am
the more pleased to do so since some of the material of the Rus-
sian edition had been published abroad in the form of arti-
cles and papers. In particular I would mention the following:
Das Problem des elementaren Charakters der Teilchen
(Physikalische Blitter, 1966, 22, 8); a paper on the absolute
and the relative in the Proceedings of the X IVth World Con-
gress of Philosophy (Vienna, 1968); an article on the principle
of observability in modern physics in Foundations of Phys-
ics, 1972, 2, 2/3; a paper on elementary particles and the
universe in the Proceedings of the XVth World Congress of
Philosophy (Varna, 1973); and a report Objektives und
Subjektives in der Quantentheorie to the ‘Connaissance scien-
tifique et philosophie’ colloquium of the Belgian Academy
of Sciences (Brussels, 1975).

It is my hope that the material presented here has not be-
come out of date, since the Russian original was published in
1973, and that the book will prove useful to those who are
interested in the philosophical problems of modern physics.

M. E. Omelyanovsky



PREFACE TO THE RUSSIAN EDITION

This monograph brings together into a unified whole the
ideas and problems that have been considered in many of my
published works (articles in Voprosy filosofii and papers in
collective works devoted to the philosophical problems of
science, published in Russian, for instance, in the series
Dialectical Materialism and Modern Science. Most of the
problems or the aspects of them that are treated here have
been discussed in my earlier work, but the present book con-
tains new material, additions, and more precise definitions,
and also a number of new conclusions. I have been especially
interested to show that dialectics and its very important
requirement of applying the all-round universal flexibility of
concepts objectively is the logic of modern science.

The basic substance of the book (as its title says) is Marx-
ist-Leninist dialectics in modern physics. Dialectics is not
a formal mental construction but rather a living method of
cognising nature and of searching for new truths in modern
science, and in physics in particular, as far as this book is
concerned.

It is undoubtedly simpler to talk about this than to apply
the propositions involved in basic research. It isnot up to me
to decide how far I have managed to cope with the problems
arising. One must, however, emphasise the following specific
feature of Marxist-Leninist dialectics today. It is an essen-
tial element of the contemporary scientific and technical
revolution. Only through creative development of dialecti-
cal materialism can we reap the rich results of solving the
philosophical problems posed by this revolution. It takes
its own course in socialist society, in a form that distin-
guishesit from the scientific and technical revolution in capi-
talist society. Only when one has an advanced revolutionary
theory can one foresee the course of today’s very complex
processes; only advanced Marxist-Leninist theory and its
integral component—materialist dialectics—enable us to
deal properly with the new problems posed by the evolution
of scientific knowledge in our day.

Conscious dialectics, it seems, makes a scientist really
free in his scientific creative work; its consistent application
in science is typical of the work of scientists in socialist
countries.

Lenin’s idea that modern physics gives birth to dialectical
materialism has been profoundly developed in the theory of
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relativity, quantum theory, and other branches of modern
physics in the broad sense of the term. Without dialectics
one cannot deal correctly with problems of the clarity of
representation or visualisation of physical concepts and theo-
ries, relativity and absoluteness, discontinuity, elementari-
ty, and all the other philosophical problems posed by modern
physics. The very methods of theoretical thinking, like those
of mathematical hypothesis, fundamental observability,
stochastic and structural approaches, and so on, are foreign
in their methodological essence to the old philosophy, in
which metaphysics and idealistic speculation have, in the
last analysis, gained the upper hand. In our book we tredt
a number of special matters, in particular the degree .to
which dialectics and materlahsm (the methods and the World
outlook) are applied in the work of those scientists who hava
created modern physics (scientists who, it would seem,, were
subjectively remote from dialectics); they applied the lawé of
materialist dialectics unconsciously and were successfﬂl pre-
cisely where metaphysics suffered fiasco.

It may be worth noting, in connection with the issues of
dialectics considered here, that several of the ideas and state-
ments in this book, which were formulated in" nmiy earlier
work, have been supported by others than physicists who
consciously hold the principles of dialectical materiali$m.
(I refrain from citing the relevant statements.) Max Botn,
for instance, in a letter to the author of 18 November 41966,
gave a positive estimate of the idea of the spemal relat1v1ty
of the concepts ‘elementary’, complex, and structure in
transatomic physics, and called it ‘most interesting’.*

Our monograph does not set out all the important phllosop-
hical problems of modern physics in any systematic' way.
OQur analysis is limited to a few fundamental problems of
materialist dialectics in modern physics; that is done, how-

* This problem is treated in several of my publications: viz. The
Problem of the Elementary Character of Particles in Quantum Physics
(in Philosophical Problems of Elementary-Particle Physics eédited by
I. V. Kuznetsov and M. E. Omelyanovsky, Progress Publishers, Mos-
cow, 1968); The Elementary and the Complex in Quantum Theory

(in: _Struktura i formy materii edited by M. E. Omelyanovsky, Nauka

" Publishers, Moscow, 1967); M. E. Omeljanowski und G. B. Rumer.
Das Problem des elementaren Charakters der Teilchen (Physikalische
Bldtter, 1966, 22, 8: 337-346).



ever, so that the reader can get an overall picture of the dia-
lectical spirit of physics today.

We assume that the reader is familiar with the philosoph-
ical ideas of the founders of modern physics (the literature
is rich; that published recently, especially, provides a quite
complete idea of them). We have avoided a didactic presen-
tation with word for word citations of authors’ statements
on certain matters, page reference to the relevant publica-
tions, and so on.

Our book has quite a few shortcomings; the author is usu-
ally more aware of them than the reader, of course. One ot
them, however, needs to be mentioned here.

We have not, by a long way, taken into account the rich
Marxist literature on the philosophical aspects of physice
- that has appeared in recent years. This shortcoming also ap-
plies to the Soviet philosophical literature. I had to finishk
the book while seriously ill and therefore had to omit manj
interesting, important topics.

In conclusion, I would like to express my sincere thanks to
my friends and colleagues, students and comrades, who help-
ed me with the book, above all Professor V. A. Fock, Mem-
ber of the USSR Academy of Sciences, an outstanding physi-
cist, man of principle, and kind friend of everyone who takes
the philosophical issues of science as his basic field of re-
search. The crispness and clarity of his formulations of the
philosophical propositions of modern physics, his discussion
of major problems of modern science at our meetings, the
constant attention he has given to my work and that of
other Marxist philosophers, and his deep dialectical insight
helped create that atmosphere in which—and only in which—
creative work is possible.

I would also like to thank Professors Ya. F. Askin and
I. S. Narsky for their valuable remarks and kind comments
on my book, which they read in manuscript. In addition,
I should like sincerely to thank my colleagues in the depart-
ment of philosophical problems of science at the Institute
of Philosophy of the USSR Academy of Sciences for their
stimulating influence and creative contributions when we
discussed the themes treated in this book.

M. E. Omelyanovsky



I

DIALECTICAL MATERIALISM IN MODERN
PHYSICS

Since natural philosophy became the scientific, systematic
study of nature, it has striven to construct connections be-
tween the established facts and the separate relations and
patterns discovered by it. This special feature of science is
expressed most fully in physics, which by virtue of its fun-
damental spirit, content, and methods of cognition has been
and most probably will remain a kind of a control centre of
the sciences about nature.

Physics deals with more general, fundamental laws of the
material world than any other branch of the natural sciences;
hence the breadth of its content and its corresponding very
deep influence on the other natural sciences, and its particu-
larly close relation to philosophy. Since it deals with inani-
mate nature and comprehends its laws, physics studies prob-
lems of matter and motion, space and time, regularity and
causality, and the picture of the world as a whole by its own
techniques; in short, it strives to understand the nature of
thingsinitsownway. [tsphilosophical significance can hardly
be overestimated, and its connection with philosophy is inti-
mate. It was not by chance that scientific problems were clo-
sely interwoven with those of philosophy in the work of
Galileo, Descartes, Newton, Lomonosov, Faraday and Max-
well, Helmholtz, Mendeleev, and other great scientists of
the classical period of science. And in modern, non-classical
physics the connection of its content with philosophical
.problematics has become even stronger. Accerding to Max
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Born, for instance, the physieist’s whole work is devoted to
creating the basis for a philosophy of nature. ‘I have always
tried,’ he says, ‘to think of my own work as a modest contri-
bution to this task.” Einstein’s comment is also typical:
‘Epistemology without contact with science becomes an
empty scheme. Science without epistemology is—insofar as
it is thinkable at all—primitive and muddled.’? In this
connection the book Nature of Matter. Purposes of High
Energy Physics® published in the USA in 1965 which included
some 30 papers by famous contemporary physicists, has
special significance. Its contents speak clearly in favour of
the comprehension of the deepest laws of nature being closely
associated with the philosophical problems of reality, space
and time, symmetry, causality, and necessity.

Although the relation between physics and philosophy has
always been intimate, its meaning and forms have altered in
the course of the historical development of science and phi-
losophy.

The special feature of the association between classical
physics (eighteenth and nineteenth centuries) and philosophy
was that the former spontaneously accepted the materialist
theory of knowledge. Philosophy’s conscious influence on
classical physics did not affect its content in any serious way
while the development of the latter, as far as the fun-
damentals of physical science were concerned, did not
then face philosophy with"any major problems of vital signifi-
cance for physics itself.

The development of classical physics was, so to speak,
an extensive development, an ever greater coverage of natu-
ral phenomena in breadth based on the principles of classical
Newtonian mechanics. This situation only began to change
in the second half of the nineteenth century, in connection
with the rise of thermodynamics, the Faraday-Maxwell theo-
ry of electromagnetism, and statistical mechanics; at that
time, too, however, Newton’s scheme of isolated space and
time with bodies moving in them appeared unassailable.
In the classical period of its development physics could
satisfy its philosophical needs through a mechanistic world
outlook and through a methodologv whose principles did
not, on the whole, go beyond the framework of formal logic.

All that, of course, does not mean that there was no dialec-
tics in classical physics. On the contrary, the basic concepts
and principles not only in relatively complex classical physi-
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cal theories (the theory of heat and classical electrodynamics)
but also in classical mechanics (the law of inertia or the
principle of action and reaction) cannot be comprehended
without the idea of dialectical contradiction. But the para-
doxical situations—and they are the touchstone of dialecti-
cal thinking—that arose in classical theories remained with-
in classical physics and did not call its foundations in
question, i.e. the Newtonian schema of space—time—motion
mentioned above. Classical physics grew and became consoli-
dated as a direct generalisation of everyday experience;
that is the explanation of why the fundamentals of classical
physics remained unaltered throughout its development and
were even converted in the works of Kant and other philos-
ophers into the a priori foundation of human knowledge.

The relationship between physics and philosophy is being
altered radically in the present period of scientific develop-
ment. Modern physics, materialist in its fundamental spirit,
is becoming more and more intimately linked with dialectics.
Lenin formulated and demonstrated this idea back when
non-classical physics was .only beginning its development.
‘Modern physics is in travail; it is giving birth to dialectical
materialism.’ In these words Lenin summed up, in Material-
ism and Empirio-criticism, his philosophical analysis of the
epoch-making achievements of physics at the turn of the
century, which included, above all, the discovery of elec-
trons and radioactivity and without which there would have
been no non-classical physics.

The natural sciences, and physics in particular, have un-
dergone enormous change since then and have moved far
(by no means in any trivial sense) from classical science.
Modern physics differs radically in its theoretical content,
structure, and style of thinking from the physics of Newton
and Maxwell. The most important discoveries and underly-
ing ideas of twentieth century physics that are particularly
essential are the following:

1. the motion of electrons in the atom (and other phenom-
ena on an atomic scale) follows the laws of quantum mechan-
ics, which are qualitatively different from those of Newton-
ian mechanics that govern the motion of macroscopic bodies
(motion characterised by velocities small in comparison
with the speed of light);

2. the particles of matter and immaterial light have a dual
corpuscular-wave nature;
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3. space and time are linked in a single four-dimensional
manifold (in which time preserves its qualitative difference
from space);

4. the mass and energy of any material real object (body
or field) are inseparably linked by a definite law;

5. the bodies now known are based on a host of types of
elementary particles of matter] that have a unique struc-
ture and correspond to a certain field;

6. elementary particles are transformed into each other,
observing certain conservation laws and principles of inva-
riance.

All these statements are concrete proof of the limited nature
of classical physics and the relative character of its con-
ceptions, principles, and theories. Nature is much richer
than it appears from the standpoint of classical physics. The
new physics emerged and developed as a result and expres-
sion of the human knowledge’s penetration into the sphere
of the most refined electro-magnetic phenomena, into the
atomic and subatomic world, and into the field of immense
cosmic phenomena while covering the objects comprehended
by classical physics from an already new angle. It emerged
and developed having created the ‘bizarre’ (as Lenin said)
ideas and theories just because everything cognised by it
differs profoundly from the commonplace macroscopic world
though related to it through diverse transitions. The discov-
eries and theories of non-classical physics, being the product of
its contradiction-ridden development, have brought about
the need and task to reflect nature’s comprehensive, univer-
sal patterns in concepts that would, in Lenin’s expression,
be ‘flexible, mobile, relative, mutually connected, united in
opposites, in order to embrace the world’.®

The idea of the variability and mutual transformation of
all material realities, including elementary particles, is
characteristic of the physics of our day. Recognition of the
unity of the opposing corpuscular and wave conceptions of
matter is a necessary element of quantum physics. Without
acceptance of the idea of an internally necessary connection
between time and space concepts the theory of relativity
would not have existed. Probability, according to quantum
theory, is a direct ingredient of the basic laws of nature.
The concept of structure, in contradistinction to the mecha-
nistic atomistic view, has become very widely used in natu-
ral science, including the physics of elementary particles.
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Non-classical physics itself is developing in such a way that
different and opposite concepts, principles, and theories are
being synthesised. These and similar dialectical ideas are
arising and becoming established within physics itself in
the present period of its intensive and extensive develop-
ment, stimulating its progressive development. By the es-
sence of their philosophical interpretation they mean that
physics is moving forward and arriving at dialectical mate-
rialism regardless of the personal philosophical views of the
scientist, and that conscious application of dialectics in phy-
sics is becoming a vital necessity in our day.

Furthermore, in present-day conditions of the rapid devel-
opment of pure and applied science paradoxical situations
have become an ordinary phenomenon in physics, a circum-
stance that again and again emphasises the spirit of thinking
characteristic of it. The special theory of relativity was born
through resolution of the paradoxes that had arisen at the
junction of classical mechanics and classical electrodynamics.
Quantum mechanics also began with a paradox when the
experimental data led to a need of sorts to unite the corpus-
cular and wave pictures of the motion of atomic objects.
The development of quantum field theory and relativistic
cosmology also consists of a chain of paradoxes, solution of
which may radically alter existing fundamental theories.

These paradoxes in physics, their rise and the need to re-
solve them, clearly indicate that there are limits to the appli-
cability of established theoretical notions and even theories,
that theoretical ideas and theories should not be converted
into dogmas, that new theoretical conceptions and new meth-
ods of describing cognised phenomena should be sought for;
and that means that the old physics’ spontaneous materialism
is quite inadequate for a solution of the epistemological and
methodological problems advanced by physics’ contempora-
ry development that ignores philosophy. The physics of our
time requires conscious application of the laws of theoretical
thinking, and knowledge of them, of course, comes from that
philosophy which does not counterpose itself in one way or
another to concrete sciences but is consonant with them.

Dialectics is an adequate form of thinking for modern
physics and science as a whole that completely corresponds
to the character and constantly varying content of modern
science. The idea of the need for internal unity of the dialec-
tic philosophy of Marxism and science used to seem a remar-
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kable scientific prediction of Marx, Engels, and Lenin;
now it is a portentous fact of twentieth century culture to
which the development of the Soviet Union and the victory
of socialism in other countries has made a significant contri-
bution.

In his book Patterns of Discovery, the British author
N. R. Hanson stressed, in his terminology, ‘philosophical
aspects of microphysical thinking’ and called for the ‘peren-
nial’ philosophical problems to be viewed through the lens of
the modern physical theories. One should not, in his view,
construct the physical explanations from ‘standard’ philo-
sophical elements; in his view microphysics has philosophi-
cal independence and its conceptual structure is accepted as
logic in itself.®

Hanson is not original. The same motif can be heard from
such Western scientists as, say, Born or Heisenberg for whom
the Copenhagen interpretation of quantum mechanics is the
philosophy of modern science., The striving of some Western
scientists to turn certain interpretations of the modern
physical theories into a kind of philosophy is evidence not
only of total or partial ignorance (or ignoring) of dialectical
materialism but also expresses their lack of satisfaction with
traditional philosophical doctrines and modern positivism.
Heisenberg, for instance, disagreed with positivists’ state-
ments about the logic of science and said directly that the
most precise science cannot avoid using imprecise concepts
(such as the concept of infinity in mathematics which leads
to contradictions but without which ‘it would be practically
impossible to construct the main parts of mathematics’).”
We would add, for our part, that there are plenty of such
dialectical contradictions in modern physics, and that it is
impossible to understand them without dialectical logic.

The development of contemporary physics is its ever
deeper penetration into phenomena that lie at qualitatively
different levels of developing matter, yet which are, at the
same time, related to each other. In the most sophisticated
experiment that is generalised by modern physics relying
on extremely delicate instruments, and dealing with the
finest phenomena of the microworld or immense phenomena
of a galactic scale, nature is not perceived directly, but rath-
er in a very complicated way through concepts of the most
varied levels of abstraction. Theory interacts with experi-
ment in modern physics and is not expected just to explain
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the phenomena of reality. It is acquiring enormous heuristic
significance; its main task is becoming the search for possi-
ble new forms of phenomena and new possibilities potentially
existing in nature.

Modern physics thus demonstrates with all certainty that
cognition is not the contemplative, passive perception of
nature (as it was understood by metaphysical materialism),
but is an active process in which the subject of cognition
(the observer or researcher) plays a decisive role. At the
same time one must remember that nature, in answering the
questions put to it within the limits of existing knowledge,
frequently poses problems on her own to the researcher that
are completely unexpected and which call for new ideas and
notions or a new method of description. Such a dialectic of
the interaction between the cognising subject and the cog-
nised object has found a characteristic expression and devel-
opment in modern physics, which will be discussed below.
Here we would simply like to note that Niels Bohr's well-
known words to the effect that to have a chance of being
true a really new theory should be quite ‘crazy’, speak of the
essentially new style of thinking of contemporary physics.
Unconventionality and oddity from the‘commonsense’ point
of view is an indispensable feature of modern physical
theory.

Objectively applied dialectics, and its very important
requirement of all-round, universal flexibility of concepts? is
thus the logic of modern science. Now, with the scientific and
technical revolution it is particularly important that the
transition from principles and categories of dialectical mate-
rialism to the methodological paths and propositions that
lead to scientific results should be brought out in study of
the philosophical problems of science, and that these results
in turn should promote the enrichment and further develop-
ment of dialectical materialism.

* * *

Dialectics and its principles are discussed, without using
the term (there are exceptions, however), by the very scien-
tists who created non-classical physics (although they cannot
be regarded as conscious adherents of dialectical material-
ism). Max Planck’s remark about the corpuscular and the
wave hypotheses of light, which, in his words, ‘oppose each
other as two fighters of equal strength’, is typical. ‘Each of
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them is well-armed,’ he continues, ‘but each of them also
has a vulnerable spot. What will be the outcome of the strug-
gle? It is most likely, today, that neither of these two hypo-
theses will win outright. More likely the verdict will be that
the advantages and also the one-sidedness of each of them
will be brought out from a higher standpoint.’® Let us note
that the ‘higher standpoint’ mentioned by Planck with such
dialectical penetration has been realised in modern quantum
electrodynamics.

In his discussion with Albert Einstein on epistemological
problems in atomic physics, Niels Bohr wrote about the
existence of the so-called ‘deep truths’ which are ‘statements
in which the opposite also contains deep truth’. ‘The devel-
opment in a new field,’ heremarked, ‘will usually pass through
stages in which chaos becomes gradually]replaced by or-
der; but it is not least in the intermediate stage where deep
truth prevails that the work is really exciting and inspires
the imagination to search for a firmer hold.’® We hardly
need to stress that in this case Bohr essentially character-
ises the process of cognition that occurs through the struggle
of the opposites, in complete agreement with dialectics.

In this connection it is worth mentioning Heisenberg’s
opinions on the dialectical approach to understanding
phenomena of nature in his book Der Teil und das Ganze.l!
In it, in particular, he/discussed the problem of the elementary
particle and continuity, having in mind only the dialectics
of Plato and, especially, of Hegel. Of interest are his obser-
vations on the Hegelian thesis, antithesis, and synthesis
and his statements concerning formal logic in the chapter on
‘elementary particles and Plato’s philosophy’; they are far
removed, however, from the physical concreteness, and
a Marxist cannot on the whole agree with them.!2

If we turn, say, to Max Born, one of the founders of quan-
tum mechanics, we find that the interpretation of quantum
mechanics that was correct for him, was that which tried, in
his words, to ‘reconcile both aspects of the phenomena,
waves, and particles’. According to him broader use of the
concept of particle ‘must satisfy two conditions: First it
must share some (not in the least all) properties of the pri-
mitive idea of particle (to be part of matter in bulk, of
which it can be regarded as composed), and secondly, this
primitive idea must be a special, or better, limiting
case’.13
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» There are many remarks of this kind in the works of other
outstanding physicists, which witness, in essence, that dia-
lectics is not in the least an exotic element in modern phys-
ics. In this respect Einstein’s statement about the relation
between epistemology and physics referred to is significant.
Let us discuss it further here.

When a philosopher manages to develop a consistent sys-
tem, in Einstein’s view he begins immediately to interpret
the content of science in the light of his system and to reject
everything which does not fit into it; the scientist, on the
other hand, Einstein said, ‘cannot afford to carry his striv-
ing for epistemological systematics that far. He accepts
gratefully the epistemological conceptual analysis; but the
external conditions, which are set for him by the facts of
experience, do not permit him to let himself to be much rest-
ricted in the construction of his conceptual world by the
adherence to an epistemological system’.!*

He went on to draw an important conclusion: the scientist
therefore must appear to the systematic epistemologist as
a type of unscrupulous opportunist: he appears as realist
insofar as he seeks to describe a world independent of the
acts of perception; as idealist insofar as he looks upon the
concepts and theories as the free inventions of the human
spirit (not logically derivable; from what is empirically
given); as positivist insofar as he considers his concepts and
theories justified only to the extent to which they furnish
a logical representation of relations among sensory experi-
ences. He may even appear as Platonist or Pythagorean
insofar as he considers the viewpoint of logical simplicity
as an indispensable and effective tool of his research’.1®

In this extract Einstein essentially (if one overlooks the
inaccuracy of individual terms) speaks irn favour of the
many-sidedness of cognition (as personified by the scientist)
and against the one-sidedness and rigidity of the systems of
traditional philosophy and philosophical relativism. One
cannot help agreeing with Einstein; Marzist philosophy,
however, expresses this thought incomparably more precisely
and profoundly. In Lenin’s fragment ‘On the Question of
Dialectics’ dialectics is characterised as ‘living, many-
sided knowledge (with the number of sides eternally increas-
ing), with an infinite number of shades of every approach
and approximation to reality (with a philosophical system
growing into a whole out of each shade)’. Lenin emphasised
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that the major misfortune of ‘metaphysical’ materialism is
‘itsinability to apply dialectics... to the process and develop-
ment of knowledge’.1® The same fragment presents a remar-
kable analysis of epistemological roots of idealism which,
according to Lenin, ‘from the standpoint of dialectical
materialism, ... is a one-sided, exaggerated ... development
(inflation, distention) of one of the features, aspects, facets
of knowledge into an absolute, divorced from matter, from
nature, apotheosised’.!’

Einstein’s statement above demonstrates yet again that
the dialectics of scientists who are not conscious adherents
of dialectical materialism, like, in general, the dialectics of
representatives of spontaneous scientific materialism, is in-
adequate to solve the philosophical problems of science. The
vulnerable spots in their ideology are used by spokesmen of
reactionary philosophy for their own purposes: one can find
as many corresponding facts pertaining to the philosophical
statements of Einstein, Bohr, and others of the founders of
modern physics as one wants.

Only conscious application of materialist dialectics really
frees the scientist of one-sided approaches and preconceived
ideas of one sort or another in studying philosophical prob-
lems of science by opening up a correct perspective in the
quest for their solution that corresponds to the experimental
data. In the forming and consolidation of a materialist and
dialectical understanding of the theory of relativity and
quantum mechanics as new landmarks (compared with
classical physics) in the cognition of nature by the progres-
sively developing science, dialectical materialism’s ideas
and conceptions about the philosophical category of matter,
space, and time as objectively real forms of being, about
causality and necessity in nature, the absolute and the rela-
tive, dialectics of the cognitive process, and so on, have
played a definite role.

The dialectical idea of the inexhaustibility of the electron,
which was first expressed by Lenin, is more and more becom-
ing part of the theory of modern physics; this is recognised
by the outstanding scientists, including the American physi-
cist F. J. Dyson, the British physicist C. F. Powell and ot-
hers. The dialectical idea of the unity of possibility and
actuality underlies V. A. Fock’s standpoint on quantum
mechanics.!® In Peter Kapitsa’s view the physicist should be
guided in his methods of studying nature by an understand-
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ing of a phenomenon arising from itself; by the determin-
ing role of the experiment; by the requirement of unity of
theory and experiment for the harmonious development of
science; by a negative attitude to dogmas in science and the
need for new ideas; and by recognition of the inexhaustibi-
lity of matter.

These propositions clearly express the materialist and
dialectical nature of methodology in modern physics.!®
A rich Marxist literature on the philosophical aspects of
science, including publications of scientists themselves, has
developed, especially in recent years. The works of the scien-
tists bring out sharply that conscious application of dialec-
tical materialism encourages faster development of science;
and they analyse their own discoveries in that light.2®

We must stress that since the triumph of the October Social-
ist Revolution Soviet scientists have approached dialecti-
cal materialism as the only true philosophy and methodology
of modern science. During the first years after the Revolution
the young Soviet country’s science developed at an accelera-
ted pace, and the philosophy of Marxism became ever more
significant in its progress. This is clearly to be seen, if we
consider physics, from the work of that time by S. I. Vavi-
lov, D. S. Rozhdestvensky, A. F. Ioffe, I. E. Tamm, and
others. In those years quantum mechanics was only begin-
ning, and the strangeness of the new ideas connected with
discovery of the corpuscular properties of light and wave
properties of matter gave rise to conclusions about the col-
lapse of causality in the microworld, about its being necessary
to reject objective reality in atomic physics, and so on.
From the very beginning Soviet physicists resolutely opposed
the idealistic and positivist interpretations of quantum and
relativist theories that were fashionable in the West. Thus,
I. E. Tamm drew attention in his papers of that period to the
fact that there was no need whatsoever to reject the princi-
ple of causality in the name of quantum theory. The laws
of the microworld are paradoxical from the standpoint of
conventional macroscopic conceptions, but ‘are there any
grounds for believing’, he asked, ‘that the laws of microsco-
pic phenomena should be identical to the laws of the mac-
roworld that we are accustomed to?’?® V. A. Fock also op-
posed an idealistic approach to quantum mechanics.2??

When one considers how dialectical materialism, created
in the nineteenth century, in the steam era, can correspond to
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modern science which is developing in the epoch of mastering
the atomic world and interplanetary space, the answer must
be sought in the essence of dialectical materialism.

An advanced philosophy has always given science leading
generalising ideas application of which made empirical
study of nature truly scientific cognition and in general per-
formed a methodological function in science, encouraging the
rise of scientific concepts, principles, and disciplines hither-
to unknown. Suffice it to mention Descartes’ philosophical-
system and the analytical geometry created by him, the
teaching of Francis Bacon, whom Marx called ‘the real pro-
genitor of English materialism and all modern experimental
science’,?® the rules of philosophising of Isaac Newton, the
great founder of classical physics, directly related to it,
Leibniz’s dialectical ideas and his development of differential
and integral calculus simultaneously with Newton; not to
mention that this philosopher-encyclopaedist anticipated
many subsequent scientific discoveries.

There are more than enough such examples in the history
of philosophy and science: one need only recall the idea of
the atom, which had been known for thousands of years be-
fore the discovery of chemical atoms and elementary particles,
or the principle of the conservation of motion, which had
been formulated by Descartes, Leibniz, and Lomonosov long
before discovery of the law of the conservation of energy,
and other conservation laws.

The facts collected by science call for systematisation and
generalisation, and that cannot be done without scientific
thinking that objectively reflects the real world, and without
application of its laws, which are studied by philosophy.
The development of philosophy which has been going on for
thousands of years, is the history of quests for its own subject-
matter and at the same time the history of the freeing of its
content from the mythology and metaphysics that were asso-
ciated in one ratio or another with the elements of scientific
thought in every philosophical system existing before Marx-
ism. Only Marxism, as we know, turned philosophy into
a science; Marx and Engels, for the first time in the history
of human culture, combined conscious dialectics with a ma-
terialist understanding of nature.

Dialectical materialism does not function as a philosophy
that stands above other sciences, and rejects philosophy as an
absolutely complete system. By its very essence it is not
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a numbing philosophical doctrine isolated from the devel-
opment of other sciences. With each epochal discovery in
both the natural and the social sciences dialectical material-
ism perfects its form and enriches its content. Its creative
character, which excludes a one-sided, dogmatic approach
to cognition of man’s environment, determines its corres-
pondence to contemporary science.

At the same time the deep revolutionary transformations
and constant progress in modern science, its features and
peculiarities mentioned above, its ever-growing significance
in the life of the modern society, and above all the contem-
porary scientific and technical revolution, of necessity link
science with materialism and dialectics.

Dialectical materialism, which was created by Marx and
Engels as a science of the general laws of development of the
material world, and of its cognition, and raised by Lenin
to the level of the great achievements of twentieth century
science, is the philosophical source and foundation of the
progress of modern physics and of science as a whole, the
logic and the theory of knowledge of the sciences of nature
of our time.

We are also convinced of this by a circumstance of no
little significance, that analysis and solution of epistemolo-
gical and methodological problems in modern physics given
by scientists do not diverge in their basic materialist and
dialectical character from the philosophical ideas formulated
in their time by the founders of Marxism-Leninism. The
fact mentioned above, that the great physicists of the
twentieth century have not been conscious adherents of
dialectical materialism, is revealed, of course, in their
philosophical reasoning and conclusions.

* ok ok

It is not fortuitous that the relation between philosophy
and science occupies a leading place in the international
philosophical discussions of our time. The development of
the modern science is continually raising philosophical
problems not only of world outlook but also of methodology
and logic. The theoretical methods developed by modern
physics (mathematical hypothesis, the principle of obser-
vability), for instance, or the structural and stochastic ap-
proaches in modern science, cannot be explained by tradi-
tional philosophical systems. On the other hand, philosophy
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has had to open to cognition previously unknown ways of
comprehending a new sphere of reality lying outside the com-
petence of already established knowledge.

The philosophy of dialectical materialism makes it pos-
sible to solve the problems arising in this connection from the
standpoint of science. Evidence of this is the work of scien-
tists and philosophers who take a Marxist stand.

Interest in the philosophical problematics of science, as
we know, has grown sharply in the West in recent years.
Special seminars on the methodology of knowledge have been
held by scientific societies and universities in the United
States on a big scale. The Solvay meetings, which enjoy very
great authority in the field of physics, are now frequently
devoted to the methodological and philosophical problems of
physics, as happened before, when quantum theory was being
established. The most outstanding contemporary physicists
(not to mention Einstein, Bohr, and Born) like Heisenberg,
de Broglie, Dirac, Weisskopf, Dyson, and Wigner, have
frequently published works devoted to philosophical analy-
sis of the situation in the present-day science.?

The reason for this heightened interest of distinguished
Western scientists in philosophical problems of science is
that the leading branches of modern natural science—the
physico-mathematical and biological sciences—began a radi-
cal transformation of their principles and main concepts in
connection with deep penetration into the atomic and sub-
atomic world and the need to take in theoretically the phenom-
ena of outer space discovered in the twentieth century and
the achievements of molecular biology and genetics. The
existing theories and conceptions were proving less and less
adequate to interpret the epochal discoveries of recent times
from a single, monistic point of view.

As to the opinions of Western scientists on the relation-
ship of science and philosophy, they now represent quite
a mixed bag (these views do not necessarily form a system
of any sort, but are rather of the nature of trends).

Many scientists in the West are now experiencing certain
philosophical doubts and are going through a kind of re-
evaluation of philosophical values; positivism is no longer
as attractive as it was earlier, while other anti-materialist
trends, though being galvanised by individual researchers,
are also, on the whole, suffering fiasco. We have not the
space to dwell in greater detail on the issues arising, but
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we must say, however, that many scientists in the West
now do not ignore the work of Marxists. Some of them, while
not accepting dialectical materialism as the philosophy of
modern science, treat it with due respect and recognise
its cognitive value (a striking example of such a natural
scientist is the distinguished German physicist Max Born);
others, however, actively oppose dialectical materialism.

These scientists suggest that the general conceptions of
non-classical physics determine the essence of the philosophy
of modern science which, as they see it, is not idealism, or
positivism, or materialism, although it includes elements
of these philosophical systems. In views of this kind one can
trace dissatisfaction with the one-sidedness and rigidity of
idealist and metaphysical philosophy, and also a distorted
notion of dialectical materialism, which they actually
identify with pre-Marxian materialism. One can also include
scientists in this circle who assume that the philosophy’s
role in science now belongs to cybernetics or general systems
theory.

The scientists described above are close to those resear-
chers in the West whose stand on the relationship of philoso-
phy and science can be called a certain ‘neutrality’ towards
philosophy. Some idea of this ‘neutrality’ can be got from
Prof. J. M. Ziman's Public Knowledge.?® According to him,
‘the objective of Science is not just to acquire information
nor to utter all non-contradictory notions; its goal is a con-
sensus of rational opinion over the widest possible
field’.2¢

Prof. Ziman actually believes that scientific truth is
revealed through agreement among scientists. It is under-
standable that in defending such a standpoint, which implies
rejection of study of the relationship between a scientific
theory and objective reality, he considers philosophy some-
thing alien to physics. Similar views have been expressed by
Prof. Laurie Brown in his review of the book by Soviet aut-
hors Philosophical Problems of Elementary-Particle Physics.?’
In his opinion physics manages to cope with its difficulties
without philosophy, including Marxist philosophy.

Without making a critical analysis of these standpoints,
we would like to note that Faraday’s discovery of electro-
magnetic induction, von Mayer’s discovery of the law of
the conservation of energy, Einstein’s formulation of the
theory of relativity, or the construction of quantum mecha-
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nics as a physical theory were ‘brought’ to their authors by
philosophical considerations in which materialism and dia-
lectics were far from the least.

In spite of the inconsistency, contradictoriness, and some-
times seriously mistaken character of the philosophical
views shared by contemporary scientists in the West, there
is no little evidence indicating that a tendency of major
scientists to come over to the position of dialectical material-
ism is becoming more and more definite and marked. It is
particularlysignificant that very distinguished modern scien-
tists—the physicists Paul Langevin, Frédéric Joliot-Curie,
J. D. Bernal, C. F. Powell, and S. Sakata—did not simply
say, but demonstrated concretely in their work, that
materialist dialectics, and only materialist dialectics,
could and does offer philosophical help in solving the most
important scientific problems of our time.

One can cite other facts showing the growing, serious
interest of scientists in the West in Marxist-Leninist philos-
ophy and its application to science. The speeches and papers
of Marxists at the international and national philosophical
congresses and symposia arouse great interest and are very
favourably received by most participants. Translations of
Soviet work in the USA, West Germany, Italy, Mexico,
and other capitalist countries, and papers by Soviet philo-
sophers are appearing in Western publications ever more
frequently. Work of this kind is only beginning, butfit is
a successful beginning, and it has a great future.

Strengthening of the position of materialism and dialectics
in modern science is giving rise to a tendency among the
ideological opponents of Marxism-Leninism to distort the
true facts of the historical development of Marxist-Leni-
nist philosophy and its application in science. This is
aided by specially founded institutes, chairs, and journals;
and numerous publications are devoted to this purpose in
capitalist countries. Bourgeois ideologists ascribe rejection
of the theory of relativity and other leading theories of
modern science to Marxists as allegedly idealistic construc-
tions, ascribe an ignoring of modern formal logic to them,
and so on and so forth. They try to show that materialist
dialectics has not led to a single scientific discovery, that
modern science is allegedly alien to materialism and dialec-
tics, and so on. The reality of the progress of science, how-
ever, disproves all these and similar statements,
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To sum up briefly, whereas in the nineteenth century,
during the creation and consolidation of Marxism and its
philosophy, conscious adherents of dialectical materialism
among scientists could be counted on the fingers of one
hand, now, in the age of the great victories of socialism and
communism, there are many of them. The dialectical mate-
rialism developed by Lenin is taking ever stronger hold in
modern science, because it is the most adequate method and
the most adequate philosophy of science. Its consolidation
is based mainly on} cooperation between Marxist philoso-
phers and scientists directed at philosophical interpretation
of everything advanced in science, at fighting Marxism-
Leninism’s opponents’ attempts to force obsolete philosoph-
ical! systems onto science. Only through dialectical mate-
rialism and its creative development is it possible success-
fully to deal with the philosophical problems posed by the
contemporary scientific and*technical revolution.

In the chapters that follow it will be demonstrated more
concretely that the path being followed by modern physics
in trying to solve its epistemological, methodological, and
logical problems is the philosophy of dialectical materialism.
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II

THE PROBLEM OF OBJECTIVE REALITY
IN QUANTUM THEORY

1

The Methodological Significance of the Idea
of Objective Reality in Physiecs

The problem of objective reality has been frequently treat-
ed in the work of Max Planck, Albert Einstein, Niels
Bohr and other great reformers of science. It was dealt with,
in particular, in Max Born’s paper Symbol und Wirklichkeit
which very definitely expressed a philosophical position
typical of many contemporary scientists in the West.!
Physicists who are the conscious adherents of dialectical
materialism have also occupied themselves with the problem
of objective reality and its various aspects.?

The philosophical needs of science have thus turned out to
be stronger than the statements of the modern positivists
who declared objective reality to be a pseudoproblem. By its
fundamental spirit science cannot consider nature other than
as it is, without arbitrary additions by the cognising sub-
ject that are alien to it, and this means that it cannot help
being materialist. This is the reason for the ineradicability
of scientific materialism and indestructibility of the spon-
taneous, philosophically unconscious belief of most scien-
tists in the objective reality of nature reflected by human con-
sciousness. There is no need to cite here the many statements
of distinguished contemporary scientists about the objec-
tive nature of science, and that a physicist, say, is dealing
with objective reality and should consider his sense impres-
sions as messages about this reality and not as illusions.?
Humanity’s belief in the objective reality of the external
world reflected by science is a conviction of twentieth cen-
tury scientists that is necessarily becoming stronger,
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Scientists’ spontaneous, philosophically shapeless mate-
rialism is inseparably connected with philosophical materia-
lism; but it cannot, precisely because of its lack of philosoph-
ical shape, cope with the philosophical problems posed by
the development of modern physics, and that is made use of
by trends opposed to materialism. These philosophical prob-
lems include, above all, the problem of objective reality
itself.

The point is that the question of the objective reality of
matter in motion and its particles, of space and time, of the
regularity in nature could only be formulated and considered
consistently from the point of view of materialism by dialec-
tical materialism. All materialist theories before Marx and
Engels brought to the fore in philosophy not so much the
question of the objective reality reflected by the human con-
sciousness but that of the ultimate reality, like the ‘final’
atoms, the ‘absolute substance’ (compare Democritus’
differentiation between the existence of colour, heat, bitter-
ness according to opinion, on the one hand, and of atoms and
the void, according to truth, on the other hand, Locke’s and
Hobbes’ distinguishing between primary and secondary
qualities, and the °‘constant masses’ or particles of the
mechanistic picture of the world in physics). Pre-dialectical
materialism unjustifiably raised one property of matter or
another, which was characteristic only of certain states of
matter, to the level of an absolute, a universal property of
matter, so turning it into an ‘invariable element’, the
‘invariable essence’ of things. Lenin criticised this meta-
physical position as follows: ‘From Engels’ point of view,
the only immutability is the reflection by the human mind
(when there is a human mind) of an external world existing
and developing independently of the mind. No other “immu-
tability”, no other “essence”, no other “absolute substance”,
in the sense in which these concepts were depicted by the
empty professorial philosophy, exist for Marx and Engels.
The “essence” of things, or “substance”, is also relative; it
expresses only the degree of profundity of man’s knowledge
of objects; and while yesterday the profundity of this knowl-
edge did not go beyond the atom, and today does not go
beyond the electron and ether, dialectical materialism
insists on the temporary, relative, approximate character of
all these milestones in the knowledge of nature gained by the
progressing science of man.’
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‘Invariable elements’ and other metaphysical ‘invariabil-
ities’ thus represent the purest subjective constructions,
alien to nature. Objectively real nature itself is both diverse
and united, complex and simple. By isolating classes of
natural phenomena, by formulating concepts and categories
of various degrees of generality man pursues a goal—to
catch the many-sided phenomena of nature in the net of
knowledge. But that means this, that the cognising person
connects up the field of experience isolated by him in
a single totality of phenomena or wholeness that appears
before the mind cognising it in its most varied aspects.
How do we know that nature is united in its diversity and
diverse in its unity? That it contains no ‘ultimate realities’?
We know this from the development of human knowledge,
the history and logic of which demonstrates that the simple
in nature passes into the complex, and the complex into the
simple, that everything different in nature merges, that in
the course of development of knowledge man cognises nature
more deeply and more fully without exhausting it completely.
Cognition of nature’s objective reality is cognition’of nature
as it is, in other words, cognition of nature as matter in
motion.

* ok %k

Let us first recall certain definitions and formulate the
problem itself. The ‘objectively real’ or the ‘objective’ or
the ‘objectively existing’ means what ‘exists regardless of
human consciousness and (in certain conditions) reflected by
it’. Unlike the objective, the ‘subjective’ means what
‘exists in consciousness’. The concept of the objective (from
the point of view of materialist philosophy) coincides with
that of matter from the aspect of the theory of knowledge;
according to Lenin, ‘the concept matter ... epistemologically
implies nothing but objective reality existing independently
of the human mind and reflected by it’.® In accordance with
that (materialist) understanding of the objective and subjec-
tive, cognition is a process of reflection of the objectively real
world in man’s mind. By creating concepts, theories, and
a picture of the world, man takesin an approximate, relative-
ly universal pattern of constantly moving and developing
matter through them.

It follows from what we have said that the ‘objectively
real’ (or ‘objectively existing’) is not equivalent to what
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‘exists’ since ‘existence’ is also possible in the mind. The
confusion of these concepts and the issues related to them —
which is wrong in itself—opens the road to an idealist out-
look. A vivid example of this is provided by the ideas of
Rudolf Carnap, one of the leading spokesmen of positivism
in the twentieth century. According to him, if one accepts the
language in which statements about objects that are dealt
with in physics are formulated, then whether phlogiston,
say, or ether exists has to be answered by empirical research.
But to ask about the existence of a system of physical objects
as a whole, i.e. of the physical world, is meaningless, as
Carnap sees it, since the answer cannot be formulated in
terms of the accepted physicalist language. ‘To be real in
the scientific sense,’ he wrote, ‘means to be an element of the
system; hence this concept cannot be meaningfully applied
to the system itself.’®

Carnap’s very posing of the question of the real (or the
existing) presupposes a non-materialist answer. In his
argument he started from the ready-made knowledge expres-
sed in language and ignored the problem of the origin, source,
development, etc., of knowledge from the very outset,
in other words, he considered knowledge (and language,
since the latter is used to express knowledge) in fact as the
primary element and, therefore, supported an idealist
point of view (which he appeared to disown). In reality
Carnap dealt with the problem of the meaning of
subjective constructions (expressed in language) and wrongly
substituted it for that of objective reality. How do we
know, however, that things do exist independently of our
consciousness? According to Lenin, this knowledge springs
‘from the development of our knowledge, which provides
millions of examples to every individual of knowledge re-
placing ignorance when an object acts upon our sense-organs,
and conversely of ignorance replacing knowledge when the
possibility of such action is eliminated’.?

In Marxist-Leninist philosophy the materialist solution
of the major problem of philosophy is thus inseparably link-
ed with the dialectics of the process of cognition in contrast
to metaphysical materialism.

The philosophical problem—i.e. whether the statements
of physics expressed in mathematical formulas have objec-
tive meaning, or from what one can deduce that the state-
ments of physics are not pure subjective constructions, or
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how objective knowledge is achieved—had already appeared
in classical physics. And it is the problem of objective reality
in the physical sciences in its most general form.

In the science of the classical period, the solution of this
problem did not seem particularly difficult, though it had
its complex elements. Most naturalists then, as now, did
not rack their brains over philosophical niceties. For them
acceptance of the objective reality of the external world
reflected in our mind was common sense. The phenomena
observed were explained by a mechanical macroscopic model.
The observation of motions of macroscopic bodies (including
the motions of the celestial bodies then known) did not call
for particularly precise special equipment. The degree of
abstractness of the concepts which expressed the measurable
characteristics of these motions (velocity, acceleration)
was not very different from that of notions developed in
everyday experience.

Classical theory, however, could not by-pass the problem
of objective reality. How could one know that the ‘green’
one saw was the same ‘green’ seen by another observer? This
was an example from everyday experience, but classical
physics frequently based its conclusions on such expe-
rience. Our analysis will begin exactly with just this
example.

The question posed is, as a matter of fact, the question
whether the sensation ‘green’ corresponds to something ob-
jective. The answer given by practice is positive: to answer
it, it is sufficient to imagine a driver who is daltonian or
colour-blind. The fact that we know about colour blindness
and can avoid its undesirable qualities to some extent,
moreover, only confirms another fact, that the sensation
‘green’ corresponds to objective reality.

As for the problem of reality, analysis of such cases does
not differ essentially from analysis of measurement proce-
dure and of experiment in general, the direct task of which
is the recording of macroscopic parameters. All physical
theories, both classical and non-classical, grew from measure-
ments and experiments through study and thinking (when
the cognitive power of abstraction becomes greater and
greater). If we generalise what we have said, taking into
account data from the most varied branches of science and
practice, we come to the well-known premises of materialism
(formulated by Lenin with classical clarity): the sole source of
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our knowledge is sensation; objective reality is the source
of human sensations or, which is in fact the same thing, the
external cognisable world exists independently of human
consciousness.®

Max Born, in his work already mentioned, does not agree
with this fundamental statement of materialist epistemolo-
gy. True, he does not express himself against it in essence;
on the contrary, he criticises idealism and apriorism, espe-
cially the views of Kant, Machists, and logical positivists.
He does not consider Lenin’s statement to be proved, how-
ever, and wants to justify his own position by relying, as it
seems to him, on modern physics. (Born’s paper has a typi-
cal subtitle: ‘An attempt to philosophise in a scientific way
is not a philosophy of natural science.’) Is he right?

According to Born, the impossibility of answering whether
the ‘green’ I see is the same ‘green’ that he sees rests on the
fact that in this case ‘one is trying to understand a single
sensation’.? Such an ‘understanding’ is, indeed, impossible;
Born sees the way out as follows. ‘Even for two impressions
of the same sensory organ, for instance, for two colours, the
communicated, objectively verifiable statement is specified—
which rests on comparison, first of all, on the judgment con-
cerningidentity ornon-identity (in other words, indistinguish-
ability or distinguishability...). I cannot transmit my
feelings to another person when I call something green, but
I can, and he, too, establish that when the green of two
leaves appears to me identical, it also appears identical to
another person.’!?

Born is saying here essentially that objective knowledge
is not what corresponds to the objectively real but rather to
the common meaning. After Lenin’s criticism of the views
of Bogdanov, who defined the objective as the common mean-
ing, there is no need to discuss the erroneousness of Born's
idea further. On the other hand, the example of ‘green’
serves Born to stress the idea of invariance, use of which, in
his view, makes it possible to solve the following problem:
how is the passage from subjectivity to objective knowledge
made? (Born developed his understanding of this matter in
greater detail in other works.)!! From this last standpoint
the idea of invariance presents great interest, but before we
discuss it let us consider whether Lenin’s statement above
on the fundamental premise of the materialist theory of
knowledge is, in fact, not proved, as Born suggests.
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In trying to resolve how the passage is made from the
subjective to objective knowledge, Born did not see the
question behind it of objective reality being the source of
sensation (and therefore of subjectivity). In Born’s work one
can read: ‘Subjectivity as primary and the possibility of
objective statements as a problem.'?

This statement of Born’s agrees with science only when it
is associated with another to the effect that ‘subjectivity’
itself is generated by objective reality; but thislast statement
cannot be found explicitly in Born's works. In short, his
argument by-passed the basic question of philosophy (or,
more precisely, its primary aspect) of the relationship be-
tween mind and matter and its solution by materialism. In
Lenin’s Materialism and Empirio-criticism (Section I of
Chapter III, which is entitled ‘What Is Matter? What Is
Experience?’) there are epistemological and logical proofs of
the need to accept the fundamental propositions of mate-
rialism.

The problem of objective reality became more and more
confused in physics from the time it began to leave the mac-
roscopic objects perceived in everyday experience for the
sphere of phenomena whose cognition called, in addition to
very refined, specialised experimental equipment, for non-
classical theorles with their abstractions unknown to clas-
sical physics.

Even before non-classical physics had been created, Engels
remarked that ‘atoms and molecules, etc. cannot be observed
under the microscope, but only by the process of thought’.*
The deep insight of his words became completely apparent
when physics began, so to say, to come closer and closer
to the foundation of matter. It is impossible to manage in
physical theories without abstractions and mathematics. 1n
Boltzmann’s kinetic theory, and in Einstein’s theoretical
work on molecular theory, the heuristic significance of
mathematics was revealed with all clarity: their works led

* Frederick Engels. Dialectics of Nature (Progress Publishers,
Moscow, 1976), p 205. Use of the Wilson cloud chamber and other such
devices emphasises the correctness of the fundamental meaning of
Engels’ remark. If, for example, it is stated that the cloud chamber
enables individual atomlcipartlcles to be observed, the word ‘observed’
is not by any means understood in its direct sense. In this case
the physicist ‘observes’ the atomic particles in fact rather by thinking
than by seeing.
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to Perrin’s decisive experiments, and the molecular-atomic
structure of macroscopic bodies became a demonstrated
fact. What was the situation here with the problem of objec-
tive reality?

In classical physics (and that includes the studies of Boltz-
mann and Einstein mentioned above) it was sufficient, in
order to explain the phenomena observed in the instruments,
to link the observed data by chain of appropriate reasoning
(with the addition, where necessary, of assumptions of one
sort or another) with the system of basic concepts and axioms
of classical mechanics. As for the problem of objective re-
ality, it meant that the transition from what had been ob-
served in the apparatus to knowledge about the objects being
studied could be reduced to the construction of some mechan-
ical macroscopic model. Classical statistical physics, as we
know, rests in fact upon the fundamental notions of classi-
cal corpuscular mechanics.

In the science of today the problem of objective reality
has assumed a form differing from that it had in classical
physics. At the turn of the century paradoxical situations
emerged in physics when the data of observations could not
be fitted into the theoretical schemes and conceptions then
existing. Such were the situations encountered by physicists
in connection with the Michelson-Morley experiment, in
connection with the facts that were called the ‘ultraviolet
catastrophe’, in connection with Rutherford’s planetary
model for the atom (1910-12), and at the end of the twenties
in connection with certain facts, including direct experiments,
that made it necessary to ascribe properties to electrons
(which no one had seen) that were mutually exclusive from
the standpoint of classical physics. As a matter of fact, it
was only then that the problem of objective reality took on
the form in which it appears in modern physics (these situa-
tions were, of course, the starting points of non-classical
physical theories).

It is possible, of course, generally speaking, to try and
interpret paradoxical situations by varying the schemes of
classical explanations in one or another way. Such attempts
are still being made; one can cite as an example Janossy’s
interpretation of the theory of relativity, or the interpreta-
tions of quantum mechanics of, say, Schrodinger or David
Bohm. On the abstract level there is nothing unjustifiable
in such attempts. But still, the problem of the truth of the
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relevant interpretations is decided according to the fruit-
fulness of the results obtained, and here the development of
physics has a weighty word to say: the theory of relativity
and quantum mechanics have become established as non-
classical theories, i.e. as theories that employ mathematical
abstractions inapplicable in classical physics and also basic
concepts and principles that differ from classical ones.

It appeared to many at one time that the problem of objec-
tive reality in physics had been removed by positivism, whet-
her that of Mach or of modern logical positivists, which
declared only the world of sensations to exist, so to say,
without objective reality. From that point of view, nature
for Margenau, for, instance, ceases to exist beyond the experi-
ment, and proves to consist of sensory data and conceptual
‘constructions’ (things from everyday life, atoms, electrons,
etc.) since they emerge through experiment from ‘chaos or
non-being’.'® According to him, the real is only that which
acts either on the objects or on the human psyche; outside
that action it is not real. ‘What is not real in the Roman
sense,’ he says, ‘may well be real in this. God, according to
this version, is real to the person who believes in Him.'!*
The only way out of this situation is to join Born who said,
in criticising the ideas of this kind of positivists and other
anti-materialists: ‘Whoever believes that the only impor-
tant reality is the realm of ideas, of the spirit, should not
occupy himself with science.™®

® ok ok

The development of modern physics occurs through the
passage of some fundamental theories into others, more
general (and deeper) and differing qualitatively from the
former. The disappearance of certain basic concepts (that
figure in the original theory) and the formation of new basic
concepts (without which the new theory is not a theory) is
necessarily associated with generalisations of this sort.
The disappearance of old concepts and the appearance of
new basic ones is a single process in which the old concepts
(in the original theory they were absolute concepts or invari-
ants of sorts) undergo a kind of relativisation and become
aspects of new absolute concepts or the invariants in a more
general theory. In the theory of relativity, for instance, the
concepts of absolute length and absolute duration accepted
in classical mechanics disappeared, and relativistic concepts
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of length and duration became established; they represent
the aspects of one of the most important invariants in the
theory of relativity—the four-dimensional interval which
represents a special ‘combination’ of length and duration. In
quantum mechanics the absolute nature of the corpuscular
and wave concepts inherent in them in classical theory is
lost; these concepts become relative ones, as aspects of a broad-
er concept (than the classical one) of a particle with certain
invariant characteristics, which is applied to atomic objects.

Those two examples help express certain considerations on
the epistemological plane about the idea of invariance. First
of all, one cannot agree with Born, who ascribes reality in
essence only to invariants and, so to say, denies reality to
aspects of invariants. The justification for recognising the
objective significance of physical concepts or statements
does not consist in the idea of invariance. Suffice it to recall
that the relativistic concepts of length and duration corres-
pond to objective reality (this has now been confirmed by
direct experiments) and are not invariants of the theory of
relativity. In other words, both invariants and their aspects
are images of objective reality.

At the same time, the idea of invariance plays a major role
in the question of the transition from subjectivity to objec-
tive knowledge. The concepts of classical mechanics and the
science as a whole, for instance, are, of course, essentially
approximate. This was demonstrated concretely from various
aspects by the theory of relativity and quantum mechanics
when they determined the limits of applicability of classical
mechanics itself and of its concepts. Thus, the uncertainty
principle in quantum mechanics established the limits of
applicability of the classical concept of a particle (absolute
in a certain sense). In this case in determining the limit of
applicability of the classical concept of a particle, attention
was given to the fact that, let us say, electrons and protons
possess wave properties as well as corpuscular properties.
To put it differently, the establishing of a limit to the appli-
cability of the classical concept of a particle meant deeper
knowledge of the particles of matter than was possible in
classical mechanics. Beyond these limits, of course, the
classical concept does not ‘work’, i.e. has no objective mean-
ing and represents a subjective construction.

In general, when one bears in mind a number of major mod-
ern physical theories of an increasing degree of generality
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(classical mechanics—quantum mechanics—quantum elect-
rodynamics—quantum field theory or the theory of elemen-
tary particles) one can say that the relativisation of old
absolute (invariant) concepts, and the introduction of new
ones, during the generalisation of a theory mean progressive
movement from the subjective to objective knowledge, deeper
and deeper cognition of objective reality in which the one-
sidedness (and subjective constructions inseparable from it)
of individual physical theories is obliterated, as it were, and
the theories themselves, while preserving their content which
corresponds to objective reality, acquire a higher integrity.

That, it seems to us, is the philosophical significance of
the idea of invariance in the problem of objective reality in
modern physics. In non-classical physics, which poses the
question of the reality of its objects, Lenin’s ideas on the
relation between the objective and the subjective find expres-
sion. The objective and the subjective, matter and mind
oppose each other and preserve their absolute opposition
only within the limits of the main question of philosophy:
namely, that of the relation between mind and matter since
no mind exists or can exist outside and independently of
matter. ‘To operate beyond these limits’, said Lenin, ‘with
the antithesis of matter and mind, physical and mental,
as though they were absolute opposites, would be a great
mistake.’® The situation is also exactly the same in modern
physics when the question of the objective nature of its state-
ments is discussed; a striking example of this is the applica-
tion of the idea of invariance in it.

Bohr’s concept of complementarity acquired essential
significance for the problem of the objective and the subjec-
tive in modern physics. We shall discuss it separately in the
following sections and in other chapters; here we shall make
only a brief comment about the problem involved.

Complementarity has frequently been regarded as referring
to the subjective observer, which is incompatible with the
objective nature of the scientific description and the cognition
of the phenomena of nature. This applies both to physicists
who share Bohr’s ideas, and those who do not, especially
to idealist philosophers, and positivists in particular. Bohr
himself, Heisenberg, and many other distinguished scien-
tists spoke against such a view.

In his essay ‘Atoms and Human Knowledge’ (1955), Bohr
mentioned that it was necessary, of course, in every field of
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experience to ‘retain a sharp distinction between the obser-
ver and the content of the observations’. But ‘discovery of
the quantum of action’ had ‘revealed hitherto unnoticed
presuppositions to the rational use of the concepts on which
the communication of experience rests’. And he posed the
question of whether one could draw a sharp line in experience
between the cognised object and the cognising subject, the
observed system and the instruments used for observation.
‘In quantum physics,’ he said, ‘an account of the functioning
of the measuring instruments is indispensable to the defini-
tion of phenomena.’?

Bohr did not employ the term ‘initial-state preparation’
which would have clarified his idea in this case; he also did
not use the term ‘relativity to the means of observation’.
These terms would have helped clarify more deeply the mean-
ing of his main ideas and make the general line of his
reasoning easier to understand. They have been used by
other authors.'§

In his works on quantum mechanics and its philosophical
problems Bohr, as a matter of fact, demonstrated that the
concepts of the subjective and the objective, which were inter-
preted in classical physics as separate concepts with an
absolute difference between them, required revision. With
deeper analysis of this problem in terms of the content of
quantum mechanics, the difference between the subjective
and the objective proved to be relative. This analysis also
made it possible to establish that classical physics’ under-
standing of the objective and the subjective was not rejected,
generally speaking; it remained valid, but within certain
limits that could be and are being made more precise as
physics develops.

Materialist dialectics opens up the necessary paths here
for resolving the paradoxes emerging. We would like to em-
phasise once more that the significance of Lenin’s ideas on the
relation between the objective and the subjective is especial-
ly great in this case for physical problematics. The following
remark of Lenin’s is very important in this connection:
‘There is a difference between the subjective and the objec-
tive, BUTIT, TOO, HAS ITS LIMITS.'t®
We shall return to the questions raised here in the appropri-
ate places in subsequent chapters.

P2 To conclude this section, we would say a few words about
a fact that can, in particular, illustrate a well-known
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thought: if a physicist ignores materialist dialectics during
his analysis of his science’s philosophical problems in certain
conditions this science will turn in his hands into an ally of
sorts of reactionary philosophy. In Heisenberg’s Der Teil
und dasGanze he presents the following point of view: whereas
it used to be difficult to find a place for religion in the concep-
tual system of classical science the situation is now different.
This is because, according to him, of ‘the emancipation of
our thinking’ that has resulted from the ‘development of
physics in recent decades’, which has demonstrated ‘how prob-
lematic the concepts “subjective” and “objective” are’.2°

Heisenberg had in mind the alteration and refinement of
these concepts in the theory of relativity and especially in
quantum mechanics (compared with classical theory) discus-
sed above, which are evidence of a new triumph of material-
ist dialectics in physics. He, however, interprets this change
as physics’ rejection of materialism.

In what follows we shall continue our discussion of the
questions raised above.

2

Observation, Complementarity,
and Dialectics

The discovery of the corpuscular properties of light and
the wave properties of matter in phenomena on an atomic
level made it necessary for physics to combine the corpuscu-
lar and wave conceptions of matter and field as applied to
atomic processes. It proved far from simple to resolve the
theoretical problems that emerged in physics in this con-
nection, the main reason being that, from the standpoint of
classical physics (with its notions of particle and wave), an
object could not exist simultaneously in those processes as
a particle and as a wave. The difficultiesemerging, it seemed,
were coped with by the Copenhagen”interpretation of quan-
tum mechanics.

The last expression (Bohr does not use it) is often used by
Heisenberg. In his view ‘the Copenhagen interpretation of
quantum theory starts from a paradox’: it assumes that any
experiment (regardless of whether it refers to the everyday
phenomena or those of atomic physics) ‘is to be described in
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the terms of classical physics’, which cannot be replaced by
any other concepts; at the same time it affirms that their
applicability ‘is limited by the relations of uncertainty’.?!
Heisenberg goes on to explain Bohr’s idea of complementa-
rity by the particle and wave characteristics of atomic objects
being mutually exclusive, since‘a certain thing cannot at
the same time be a particle (i.e. substance confind to a very
small volume) and a wave (i.e. a field spread out over
a large space)’. These two characteristics, he says, comple-
ment each other.??

We would like to note two aspects of the Copenhagen in-
terpretation. The first, developed by Heisenberg, can be
formulated as follows. Where it is possible, in principle, in
classical physics to eliminate the effect of observation (or
measurement) on the object, it is impossible, in principle,
in quantum mechanics, since the latter contains an uncer-
tainty relation that causesinaccuracies in measurements (the
idea of uncontrollability in principle).

The second aspect, developed by Bohr, can be represented
as follows. Micro-objects cannot be regarded either as parti-
cles or as waves in the sense of classical physics. In some
experimental conditions the most natural description of
micro-objects is that based on corpuscular conceptions, in
other conditions it would be most natural to describe micro-
objects in terms of waves. Both descriptions are comple-
mentary to each other, and this relation ensures consis-
tent application of the classical concepts in the realm of
microphenomena.

It is usually assumed that these aspects are equivalent.
Heisenberg, for instance, frequently employed the idea of
complementarity in his arguments; Bohr, too (especially in
his work of the thirties and forties), often resorted to the
idea of an ‘uncontrollable interaction between object and
instrument’. All these aspects are far from identical, which
can be seen quite well in Bohr’s last works.

In the aspect of the Copenhagen interpretation developed
by Heisenberg attention is drawn not so much to the fact
that the properties and behaviour of macro-objects should
not be ascribed to micro-objects as to the idea of the inaccu-
racies associated with applying classical concepts to micro-
objects. These inaccuracies and the corresponding interpre-
tation of the uncertainty principle are given (as we shall
show later) a fundamental importance in the physics of quan-
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tum mechanics that is quite untypical of them. Heisenberg
also resolved the paradox above in the spirit of just this
interpretation.

Why do the classical concepts by which experiments with
atomic objects are described not correspond precisely to
these objects? According to Heisenberg, the answer is that
‘the observation plays a decisive role in the event and that
the reality varies, depending upon whether we observe it
or not’.?

From this standpoint (if it is consistently held), momentum
or energy, for example, are not so much objectively real as
that they appear and disappear depending on the choice
of one method of observation or another. The mathematical
apparatus of quantum mechanics is not so much objective
as symbolic in nature (needed only for agreeing the readings
of the instruments). The uncertainty relation is becoming
the absolute boundary of human knowledge; no new funda-
mental physical concepts have been developed in quantum
mechanics.

One must emphasise that Heisenberg’'s view formulated
above (again, if it is held consistently) on the uncontrolla-
bility principle leads to non-materialist philosophical con-
clusions. In fact, however, Heisenberg himself by no means
employed it consistently. When he considers philosophical
questions inseparable from the theoretical content of modern
physics, its basic materialist and dialectical spirit is re-
vealed, often quite clearly, in his statements. When, on the
other hand, he moves away from physics into the realm of
general philosophical problems, the idealist and metaphys-
ical line gains the upper hand in his reasoning.

Consider his standpoint relative to the cognition of na-
ture which underlies, as could be expected, his philosophical
reasoning about quantum mechanics.

According to Heisenberg, man describes and explains ‘not
nature in itself but nature exposed to our method of ques-
tioning’ and our techniques of research.2* Heisenberg highly
appreciated the idea of the German physicist Carl von
Weizsidcker that ‘Nature is earlier than man, but man is
earlier than natural science’. ‘The first part of the sentence,’
he wrote, ‘justifies classical physics, with its ideal of com-
plete objectivity. The second part tells us why we cannot
escape the paradox of quantum theory, namely, the necessity
of using the classical concepts.’%®

4



From that point of view it would appear that the transi-
tion of science from classical physics to quantum physics,
instead of strengthening the bonds between man and science,
separated them from each other. The point is that, accord-
ing to Heisenberg, experiments with atomic processes are
as real as any phenomena of daily life to describe which clas-
sical concepts are employed. Atomic or elementary particles,
however, are not as real. They form a world of potential
possibilities rather than a world of observed things or facts
and can only be represented symbolically by mathematical
signs. In other words, according to him, atomic and other
micro-particles prove to be in a sort of realm of things-in-
themselves. ‘The “thing-in-itself” is for the atomic physi-
cist, if he uses this concept at all, finally a mathematical
structure; but this structure is—contrary to Kant—indirect-
ly deduced from experience.’?® On the other hand, the clas-
sical concepts (and they include, according to Heisenberg,
space, time, and causality) have to be interpreted in a cer-
tain sense as a priori in respect to the theory of relativity and
quantum mechanics.

Is it true that there are adequate grounds in modern phys-
ics to revise the concept of objective reality?

Quantum physics appeared and developed, of course,
through acceptance of the objective reality of the physical
world, including the atom and the elementary particles;
Heisenberg, for example, noted that ‘quantum theory does not
contain genuine subjective features, it does not introduce
the mind of the physicist as a part of the atomic event’.?” On
the other hand, quantum theory has to take into account
the conditions of observation (recorded by instruments)
in which the objects of its research are found, because of
their dual particle-wave nature (relativity to the condi-
tions of observation),2® whereas classical theory had every
right to ignore them. The description of physical phenomena
by the idea of relativity to the conditions (or;means) of
observation means that quantum theory has made a new
advance in cognition of the objective reality of nature and
not that this objective reality is limited by the boundaries
of classical physics, as Heisenberg asserts.

One also cannot agree with Heisenberg when he says that
only classical theory idealised nature as such, while the rise
of quantum theory was accompanied with the establishment
of another point of view, namely, that science describes na-
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ture not as it is in itself but as subjected to human methods
of research. In classical physics the picture of nature is not
completely adequate to nature; it is a rough approximation
and simplification, as is proved by both the theory of relativ-
ity and quantum theory. But then the statement to the
effect that classical physics describes and explains nature
without taking us ourselves into consideration is wrong.
Much the same thought is to be found in Heisenberg’s remarks
about the limited character of classical concepts. He does
not, however, follow up these remarks, narrowing the philo-
sophical concept of objective reality down in his argument
to its presentation in classical theory.

If one bears in mind that the reflection of nature through
observation and thinking idealises, simplifies, and roughly
approximates the reflected object, and that at the same time
the progress of cognition, theory, and science on the whole
overcomes this simplification, which is inevitable in each
individual cognitive act, it becomes clear that the develop-
ment from classical to relativistic and quantum theories
reflects nature more completely in the system of concepts
and at a deeper level, without exhausting it. The forward
movement of physical knowledge is thus accompanied with
the introduction of new methods of describing the phenomena
of nature, developing new fundamental concepts and princi-
ples, constructing new theories, and creating the scientific
picture of the world. It is understandable that this develop-
ment of knowledge, which implies ever newer alteration of
nature by the person cognising it, in no way resembles a.one-
sided increase of subjective elements in science through
cognition of its objective content; but Heisenberg holds the
opposite view.?®

Thus, in the process of cognising (objectively real) nature
the objective and the subjective should not be opposed and
separated from one another, as has been done in his own way
by Heisenberg, in whose view the difference between the
subjective and objective in classical physics is only absolute,
and in quantum physics only relative. The constant advance
of science, which reflects the material world, reduces the
one-sided elements of the objective and the subjective to
nothing. In Lenin’s words, the ‘logical concepts are subjec-
tive as long as they remain “abstract”, in their abstract
form, but at the same time they express also the Things-in-
themselves. Nature is both concrete and abstract, both
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phenomenon and essence, both moment and relation. Human
concepts are subjective in their abstractness, separateness,
but objective as a whole, in the process, in the sum-total,
in the tendency, in the source’.?® The development of phys-
ics—from classical science to that of today—confirms these
ideas of Lenin’s in a remarkable way.

One can suppose that Heisenberg's statements above are
not so much a revision of the concept of objective reality in
modern physics as the fact that the subject plays an active
role in cognition. According to him, the passive role of the
subject in classical physics, and its contemplative attitude
to cognised nature, are quite natural: physics studies the
objective world without violating its state in the course of
observation. In modern physics (in quantum theory it is
expressed with extreme clarity) it is accepted to speak of the
observer and the object, as we know, as opposites. Hence it
would seem to follow that Heisenberg’s argumentation de-
serves the closest attention and support from the standpoint of
dialectical materialism, which rejects contemplative mate-
rialism.

We would like, however, to stress that the subject-object
relation (the objective and the subjective) in classical physics
is the same in principle as in quantum theory. Man cognises
nature only when he changes it, i.e. when he isolates some
phenomena of nature from others (such isolation occursalready
in the act of observation); when he conducts experiments
in which he alters and controls the conditions under which
these events take place; when he reconstructs the object in
thought and approximates or simplifies concepts of it, etc.,
etc. The alteration of nature by cognising man is both
inevitable and necessary since it is only it that creates oppor-
tunities for man to cognise nature as it is and to understand
it as a unity of the diverse.

This character of the alteration of nature, without which
there is no cognition of it, has an essential special feature.
The more man changes nature, the deeper and more comple-
tely he cognises it. Nature then appears more and more diver-
sified and united to him, more ‘wonderful’ and richer in its
manifestations and patterns, more and more different from
the nature to which he was accustomed in the conditions of
the ‘conventional’ experience.

From the ordinary point of view, however, man’s ‘strong-
er’ alteration of nature in order to cognise it or, as some
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authors put it, the subject’s greater activity in cognition, is
only the reverse of cognising man’s movement forward from
ignorance to knowledge, from shallow knowledge to deeper
knowledge. On the other hand, the relation itself between
cognising man (the subject) and cognised nature (orrather,
its fragment, i.e. the object) does not change in principle:
both at the level of shallow knowledge (in physics, say,
classical mechanics) and at the level of deeper knowledge
(e.g. quantum mechanics) nature exists before it is cognised
by man, to whom it tells its secrets when he alters it and to
the extent that he alters it.

There are statements in the literature that at the level of
physics described by quantum mechanics the subject of
cognition is taken, so to say, beyond the bounds of its
‘classical’ passive state, since the interaction between the
atomic object and the instrument is regarded as ‘disturbance
of phenomena by observation’ or as the ‘creation of phys-
ical attributes of objects by measurements’.3!

Such statements now lack conviction. They were used to
be common in the literature on quantum theory; now, if
they are found at all, it is rather as relics. In his last works
Bohr (and many other outstanding scientists) began to op-
pose the use of such expressions, whichled toerroneous philo-
sophical conclusions. One must remember that from the
time when quantum mechanics was created to the end of
his life Bohr kept returning to the philosophical questions of
this theory, refining his terminology and perfecting his
argumentation; this, as we shall show later, yielded signifi-
cant positive results, one of which was his idea that the words
‘phenomenon’ and ‘measurement’ should be used in matters
of quantum mechanics in the direct sense in which they are
employed in classical theory.3?

The ideas and concepts developed and refined in recent
years in quantum mechanics: viz. the proposition that
‘the interaction between object and apparatus ... forms an
inseparable part of the phenomenon’?; the notion of rela-
tivity to the means of observation; the idea that a particle
is a relative concept in respect to phenomena on the atomic
level, or that the concepts of particle and wave make sense
in atomic physics not so much as the concept of a particle
in itself and the concept of a wave in itself, as in internal
interconnection, and the idea of potential possibility and
probability in quantum mechanics—are all convincing evi-
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dence of how far human thought has advanced by virtue
of abstraction, its analytical and synthetic power since the
times when classical mechanics was constructed and other
classical theories arose.

At the same time, the laws of cognition operating in clas-
sical physics and in quantum physics, or in any other scien-
tific discipline and theory, are the same; otherwise there
could be no unified science, and in general no united human
knowledge reflecting the objectively real world. It is for
that reason that science has followed the path of materialism,
still does, and will, and why there is no place in its system
of concepts for idealism and religion.

To conclude our discussion of certain epistemological
issues of quantum mechanics, let us dwell briefly on the
fact that classical mechanics is much closer to it epistemolo-
gically than certain authors think. In classical mechanics,
for example, the inertial motion of a particle cannot be
thought of independently of the inertial frame of reference.
This ‘relativity’ very much resembles the ‘relativity’ of
the particle in quantum mechanics, although the content of
these ‘relativities’ by no means coincides. We shall return
to this point, and to other topics discussed above, in the
next sections of this chapter and in Chapters V and IX on
dialectical contradictoriness in modern physics and philo-
sophical aspects of the theory of mensuration.

Let us now turn to the conception of complementarity,
which we shall take as presented in Niels Bohr’s essay on
quantum physics and philosophy.3* There is no concept
‘uncontrollable interaction’ in it. The term ‘complementa-
rity’ used by Bohr denotes a novel kind of relationship
between the different experimental data about atomic
objects obtained by means of various experimental appara-
tus. Although these data, says Bohr, appear contradictory
when combination into a single picture is attempted they
in fact exhaust all conceivable knowledge about the object.3®

The description of atomic phenomena, Bohr stresses, ‘has
in these respects a perfectly objective character, in the
sense that no explicit reference is made to any individual
observer’.3® In quantum mechanics, in his view, we are
not concerned ‘with a restriction as to the accuracy of
measurements, but with a limitation of the well-defined appli-
cation of space-time concepts and dynamical conservation
laws’.37
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In quantum mechanics, Bohr writes, the word ‘measure-
ment’ should be used in its direct sense of quantitative
comparison (comparison with a standard). He is against
using expressions like ‘disturbance of phenomena by obser-
vation’ or ‘creation of physical attributes of objects by mea-
surements, '38

Summarising, Bohr concluded that ‘far from involving
any arbitrary renunciation of the ideal of causality, the
wider frame of complementarity directly expresses our posi-
tion as regards the account of fundamental properties of
matter presupposed in classical physical description, but
outside its scope’.3®

Thus, one can find explicit expression in Bohr’s essay
Quantum Physics and Philosophy of a position that is basi-
cally materialist and dialectical. By linking the mathe-
matical apparatus of quantum mechanics with visualisable
notions and classical concepts he reveals, as a philosopher
would say, the antithetical character of the corpuscular and
wave conceptions. Contrasting these ideas as a certain antino-
my always played a decisive role in Bohr’s notion of com-
plementarity. In his early work on quantum mechanics,
however, this antithesis was masked by the idea of‘uncon-
trollable interaction’; in Quantum Physics and Philosophy,
however, this drawback is eliminated.

The considerable philosophical significance of the idea of
complementarity for physical theory is that, according to it,
the application of opposite concepts to the same objects
under study is not simply possible but even necessary in
certain conditions. As Bohr demonstrated (especially in his
discussions with Einstein), this does not lead to any formal
logical contradictions in physical theory, but enables the
mathematical apparatus of quantum mechanics to be inter-
preted in accordance with the experimental data and a whole
picture to be given of atomic phenomena that classical theo-
ries could not cope with.

We limit ourselves here to a brief outline of complementar-
ity, allowing for the fact that Bohr's ideas will be discussed
almost throughout the present book.

The complementarity principle, as a conception of quan-
tum mechanics (taking it in its mature form), is distin-
guished by a harmonious fusion of its philosophical and
physical content. Although we havenot touched on the other
concepts of quantum mechanics in our presentation we shall
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make an exception for one of them, viz. Reichenbach’s con-
ception, which seems to us as a matter of fact tocontain al-
most no physics but a great deal of philosophy. In his anal-
ysis of quantum mechanics and its philosophical aspect
Reichenbach employed his theory of equivalent descriptions
(the essence of which will be brought out below).

In discussing quantum mechanics, Reichenbach speaks of
phenomena and interphenomena. The physicist draws infer-
ences about phenomena (e.g. about the electrons striking
photographic film) from macroscopic events (tracks in emul-
sion; instrument readings), relying on a theory that contains
no quantum laws. His conclusions about interphenomena
(e.g. about the motion of an electron before it strikes
a screen) are deduced from phenomena relying onquantum
theory. Inferences about interphenomena, Reichenbach
notes, assume certain definitions or rules that make it pos-
sible, not being either true or false, ‘to extend the language
of phenomena to that of interphenomena’.%’

For a description of interphenomena in terms of ‘particle’
and ‘wave’, Reichenbach says, the following definitions
are adopted. ‘When we lay down the rule that the quantity
had the same value before the measurement, we have intro-
duced the particle interpretation.” But if we assume that
the quantity has all possible values simultaneously before
the measurement this introduces the wave interpretation.%!

In certain conditions the particle and wave interpretations,
Reichenbach notes further, are ‘equivalent descriptions;
both are admissible, and they say the same thing, merely
using different languages.’?

If certain definitions are postulated and the question of the
physical properties of interphenomena is posed, Reichenbach
states, one finds that ‘the behaviour of interphenomena vio-
lates the principle of causality’, i.e. the principle of short-
range interaction fails and an anomaly arises. Reichenbach
thinks that the existence of such anomalies is an inevitable
feature of quantum mechanics, and therefore introduces
a ‘principle of anomaly’.43

The following examples will help explain these ideas of
Reichenbach’s and to draw certain inferences. If the particle
interpretation is applied to the diffraction of electrons by
a single aperture, the principle of causality is satisfied,
since the electron-particles hitting the screen produce scin-
tillations on it. When, on the other hand, one employs the
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wave interpretation, an anomaly arises, in other words the
principle of short-range effect is violated, since the electron-
waves contract incomprehensibly into points on hitting the
screen.

When electron diffraction by two apertures is observed
and the particle interpretation is used, an anomaly arises
(we omit the appropriate argument). When, on the other
hand, this phenomenon is subjected to the wave interpre-
tation, the principle of causality is satisfied, i.e. the principle
of short-range interaction is not violated.

It follows from Reichenbach’s argumentation about the
various interpretations or equivalent descriptions applied
to the atomic world that for him a physical theory is simply
a means of systematising of the observed in one way or
another, and that the question of objective reality’s being
reflected by the theory is thought to be deprived of mean-
ing. This idealist interpretation of physical theory by Rei-
chenbach is closely related to his neglect of the real dialec-
tical unity of the particle-wave properties of matter.

3

The Philosophical Evolution of the
Copenhagen School

The terms ‘Copenhagen school’ and ‘Copenhagen interpre-
tation’ are usually employed to denote a certain community
of physical and philosophical views typical for that trend
in modern physics represented by Niels Bohr, Werner Hei-
senberg, and other scientists. This school advanced new
fundamental ideas relating to quantum theory that arose
from discovery of the corpuscular properties of fields and
the wave properties of matter, discoveries that classical
physics could not explain. '

The philosophical views of the physicists of the Copenha-
gen school used to coincide on the whole with the line of
positivism, but it would now be wrong to characterise them
in that way. The influence of positivism among the Western
scientists has diminished considerably in recent years. As
we have already mentioned, Bohr, Heisenberg, and Born
have spoken out against positivist trends in science. Proba-
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bly only P. Jordan, among the distinguished members of
the Copenhagen school, now clings to positivist dogmas.

The Western physicists who have opposed positivist
philosophy in their latest works hold essentially different
ideological points of view, though this difference is not
too clear on a number of matters and rather resembles
a trend. Niels Bohr, for instance, made a definite advance
towards a materialist approach to quantum mechanics. Hei-
senberg, on the contrary, inclined in his objections to posi-
tivism towards views close to Plato’s objective idealism.
Max Born has spoken out particularly sharply against posi-
tivism.

In this section we shall discuss the evolution of the philo-
sophical views of quantum theory shared by the leaders of
the Copenhagen school, Niels Bohr and Werner Heisen-
berg. The facts given below witness to the bitter philosoph-
ical struggle in modern science and oncej more demon-
strate that materialist dialectics is at the centre of the philo-
sophical issues of modern physics. Without in any way
giving a full picture of the evolution of the Copenhagen
school’s philosophical ideas we shall touch simply on how
Bohr and Heisenberg treat the problem of reality in quantum
theory.

As we have seen, the Copenhagen school essentially faced
the problem of giving meaning to, i.e. expressing in physical
concepts, the objective dialectics of atomic processes.

Were they successful in doing so? History indicates that
this problem was frequently resolved by physicists in spite
of their personal philosophical inclinations. Because of
certain circumstances, above all social factors, many phys-
icists of the Copenhagen school either ignored dialectical
materialism or directly opposed it.

The ambivalence of the Copenhagen interpretation was
already there in embryo in Heisenberg’s formulation of the
task of quantum theory. ‘Our actual situation in science is
such,’ he said,%'that we do use the classical concepts for
the description of the experiments, and it was the problem
of quantum theory to find theoretical interpretation of
the experiments on this basis. 44

This problem was resolved by adherents of the Copenha-
gen interpretation by introducing the idea of the uncontrol-
lability in principle which can be formulated as follows:
in order to employ classical concepts without contradic-
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tions in the description of atomic experiments, the inter-
action between the atomic object and the measuring instru-
ment was regarded as uncontrollable in principle.

The term ‘uncontrollable interaction’, taken in its literal
sense, is wrong: all phenomena of nature are cognisable and
hence controllable in principle. This philosophically erro-
neous term expresses the truth that modern physics has
discovered new forms of matter and motion (for which the
notions of classical physics about matter and motion proved
to be narrow); that the objectively real connections are
much more diverse than it was admitted by classical theo-
ries; that the laws of microphenomena cannot be reduced
to those of classical mechanics, i.e. the latter are not abso-
lute. This truth could not be philosophically comprehended
by physicists who were not conscious adherents of materi-
alist dialectics, and contemporary positivism played up the
term ‘uncontrollable interaction’ in the spirit of subjecti-
vism.

The idea of uncontrollability in principle led to idealist
and metaphysical philosophical conclusions that were sup-
posedly confirmed by quantum mechanics but in reality
had nothing in common with its scientific content.

A philosophically erroneous thought was associated with
this idea, to the effect that one could only employ the
concept of objective reality in classical physics in the sense
that nature existed independently of the human mind; in
quantum theory, however, the situation was such that the
atomic object allegedly had a different ‘degree of reality’
than the macroscopic instrument.

The idea of uncontrollability in principle replaced the
problem of the dual particle-wave nature of atomic objects
by that of whether the experimenter could decide which
properties were manifested and which eliminated during
observation, by selecting one method of observation or
another.

The idea of the uncontrollability in principle did not,
in fact, break with the notion of an atomic object as a
particle in the classical sense. An atomic object was repre-
sented as possessing both classical position and classical
momentum, which could not be cognised simultaneously
because of the uncertainty relation. This relation was in
fact converted into a kind of agnostic enigma, and the prob-
lem of qualitatively new quantum concepts (compared with
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classical ones) was completely excluded from atomic phys-
ics.

The materialist criticism of the Copenhagen interpre-
tation was directed mainly against the idea of uncontrol-
lability in principle, which was counterposed to the idea
of unity of the opposite corpuscular and wave properties of
matter and fields. Among the papers devoted to this issue
we would cite that of V. A. Fock, A Critique of Bohr’s
Views on Quantum Mechanics,*® in which he justly drew
attention to the fact that there cannot in general be any
fundamentally uncontrollable interaction. When speaking
about uncontrollability in principle, Bohr essentially con-
sidered the question not of the impossibility of full analysis
of the interaction between object and measuring instrument
but of this interaction being expressed in the admittelly
incomplete language of classical mechanics. From the v ty
beginning he formulated an unresolvable problem: to tol-
low the simultaneous changes of the position and momen-
tum of an atomic object while remaining faithful to classical
mechanics. When, however, it proved that this was impos-
sible, the result was ascribed not to the wave properties
of matter but to the presence of supposedly uncontrollable
interaction between the object and the instrument. Fock
said this approach to the problems of quantum theory
was an echo, perhaps, of the long abandoned view that
position and momentum were always ‘in reality’ allegedly
characterised by certain values, but because of some whim
of nature would not be observed simultaneously.

Bohr needed the concept of uncontrollability in prin-
ciple in order to hide the logical inconsistency resulting
from the concepts of classical mechanics being used outside
their field of applicability. The introduction of this idea
into quantum theory once more confirmed the profound
correctness of Lenin’s words: ‘It is mainly because the
physicists did not know dialectics that the new physics
strayed into idealism.’'4®

The development of the physics of the microworld and
the discovery of the contradictory and yet united opposite
aspects of the micro-objects coincided with a very height-
ened wavering of some scientists between idealism and dia-
lectical materialism. The discovery of the wave properties
of matter and corpuscular properties of a field, i.e. discovery
of the fact that matter and field have a dual particle-wave
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nature, stimulated scientists’ recognition of dialectical
contradictions in natural phenomena. Many physicists,
including those whose philosophical views diverged from
Marxism, began to talk about dialectics. But, through
ignoring materialist dialectics they were unable to explain
the contradictory nature of micro-particles or to understand
the objective character of the contradictions. In that lay
the source of their idealist errors.

Wolfgang Pauli, for instance, agrees to apply ‘dialectical’
to the joint play (Zusammenspiel, his expression) of the typi-
cal aspects of the Copenhagen interpretation of quantum
mechanics??; his interpretation of the dialectic nature of atom-
ic phenomena in accordance with the idea of the fundamen-
tally uncontrollable interaction between the instrument
and the observed system is, however, subjectivist.

When Heisenberg discusses the relations between various
philosophical systems, on the one hand, and quantum theo-
ry, on the other, he finds that ‘the theory of knowledge anal-
ysis of quantumj theory, moreover, especially in the form
Bohr gave it, contains many features that resemble the meth-
ods of Hegelian philosophy’.48

All modern physics and its theoretical foundations are
riddled with dialectical contradictions. The opponents of
dialectical materialism, however, try to draw the unjusti-
fied conclusion from their existence that there can allegedly
be no objective meaning independent of the human mind
in physics’ concepts and statements, as if truth were some-
thing conditional, determined simply by the point of view
of one researcher or another, and erroneously state that the
concept of objective reality should be revised in the light
of the new discoveries in physics. This is the main line of
reasoning of all contemporary positivism and ‘physical’
idealism, whatever ‘scientific’ terminology their spokesmen
hide behind.

The very essence of modern positivism and idealism ex-
cludes recognition that there are contradictions inherent in
every object and phenomenon in the material world, that
the concepts reflecting matter, which develops through
contradictions, must necessarily be flexible, mobile, and
relative, united in their opposites, and that dialectical logic
with its mobile categories is incomparably more definite,
consistent, and convincing than formal logic with its in-
variable categories. ’
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To cognise all nature’s phenomena as they are, without
subjectivist and other idealist additions, means to cognise
them as a unity of opposites. This also applies to the prob-
lem of reality in quantum theory. Physicists approach
this problem in exactly such a dialectical way, although
many of them gropingly, spontaneously, inclining towards
idealist and metaphysical views. This is obvious, in partic-
ular, from the facts of the evolution of the Copenhagen
interpretation.

* ok ok

Let us consider Bohr’s essay Quantum Physics and
Philosophy again, in which, as we know, he presents the
conception of complementarity without the idea of ‘uncon-
trollable interaction’. In this exposition complementary
concepts (particle and wave, position and momentum)
are juxtaposed in the form of an antinomy which is then
resolved. Such a juxtaposition always played a decisive role
in Bohr’s conception. Let us dwell on the antinomy of comple-
mentarity in greater detail.

We introduce this expression here in order to stress the
definite similarity between Kant’s antinomies and the con-
cept of complementarity.

An antinomy asserts two mutually exclusive, opposite
judgments about the same object, each of them (thesis and
antithesis) being stated with the same necessity. As we have
remarked more than once, employment of the corpuscular
and wave concepts of classical physics to describe atomic
objects created contradictions in physical theory; those
contradictions could be given the form of antinomies. Bohr
demonstrates this convincingly when discussing numerous
concrete examples in his work. Let us take one of them.

‘If,” he writes, ‘a semi-reflecting mirror is placed in the
way of a photon, leaving two possibilities for its direction
of propagation, the photon may either be recorded on one,
and only one, of two photographic plates situated at great
distances in the two directions in question, or else we may,
by replacing the plates by mirrors, obser: e efiects exhibit-
ing] an interference between the two reflected wave-trains.
In any attempt of a pictorial representation’ of a behaviour
of the photon we would, thus, meet with the difficulty:
to be obliged to say, on the one hand, that the photon al-
ways chooses one of the two ways and, on the other hand,
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that it behaves as if it had passed both ways.'*® Bohr sees
the way out of this difficulty in the conception of comple-
mentarity. One should not, in his view, isolate the behav-
iour of the photon in itself from the conditions in which
the phenomenon takes place: in some experimental condi-
tions it will behave as a particle, in others as a wave.

If we consider the application of the concept of comple-
mentarity, or rather the arguments about it employed
in individual cases as they are presented in the literature,
we can see quite clearly that both the conclusion and the
premises contain mutually exclusive statements about one
and the same thing which are formulated with the identi-
cal necessity. For example, the conclusion obtained in the
imaginary experiment with a microscope for gamma-rays
(a description of this imaginary experiment can be found
in many publications on quantum mechanics), namely, that
the greater the accuracy of the determination of the electron’s
position the lower is the accuracy of the determination of its
momentum, means essentially that the electron possesses
both the property of a particle and the opposite property
of a wave. But this latter is also confirmed by the fact that
injthe’corresponding reasoning theessence of quantum mechan-
ics is expressed by the formula p = hk/2m, where p is the
momentum of the micro-object, A is Planck's constant, and
k is the wave vector. This formula demonstrates that both
particle and wave quantities apply to the same micro-object,
since p characterises a point particle, and % a spatially in-
finite sinusoidal wave. Each of these mutually exclusive
statements about the micro-object corresponds to the exper-
iment.

The same must be said about complementarity as such,
regardless of the individual forms in which the idea of it
isemployed. When it is said that the study of so-called com-
plementary phenomena requires mutually exclusive experi-
mental conditions and that only the whole totality of these
phenomena can provide complete knowledge of an atomic
object, this means, as a matter of fact, that from the stand-
point of complementarity we can express two mutually exclu-
sive opposing opinions about one and the same atomic
object which would be equally correct.

Thus, when the contradiction between the particle and
wave concepts as applied to atomic objects is resolved, the
complementarity principle emphasises the cognoscibility
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of the atomic world and not Kant’s point of view, who, in
‘resolving’ his antinomies in his own way, introduced the
unknowable ‘thing-in-itself’.*

And yet Bohr’s complementarity principle does not
finally resolve the problem of particle-wave dualism. Accord-
ing to his ideas, the contradiction between the particle and
wave properties of atomic objects is supposedly frozen in
the form of an opposition of two classes of mutually exclu-
sive experimental situations with which the ‘complementary
phenomena’ are associated. The true solution of the ‘anti-
nomy of complementarity’, however, consists in considering
the particle and wave properties of an atomic object as a uni-
ty of opposites. That is why quantum theory concepts reflect-
ing the dual nature of atomic objects must differ qualita-
tively from classical ones.

The drawback of the complementarity principle in Bohr’s
exposition of it, namely that it concentrates attention main-
ly on going into the limitations of the old classical concepts
instead of on philosophical comprehension of the new con-
cepts introduced by quantum mechanics, stems from the
weakness noted above. This was very clearly demonstrated
by V. A. Fock: ‘Bohr does not say what these new primary
concepts are (physical, visualisable, pictorial and not simply
symbolic) that should replace the classical ones, and does not
emphasise the unlimited possibilities of making the descrip-
tion of atomic objects more precise by means of new concepts.
For not only do the limitations proper to the description of
phenomena ‘in themselves’ in isolation from the means of
observation (‘complementarity’) have philosophical sig-
nificance but also the constructive part of quantum mechanics
and the new primary concepts associated with it.°

Complementarity is undoubtedly a form of dialectical
contradiction and, as Bohr, his supporters and followers who

* According to Kant there are only four antinomies that the mind
ets involved in when it attempts to cognise the world as a whole. It
ollows from his reasoning about them that he accepted the dialectical

nature of human thought, and that is the great merit of his philosophy.
The dialectics of the objective world, however, remained outside his
philosophy with the unknowable thing-in-itself. Kant’s theory of
antinomies was corrected, extended, and generalised by the subsequent
development of;dialectics.'In’criticising"’Kant, Hegel;rejected his agnos-
ticism and noted that there were not just four antinomies, but that
every concept was a unity of opposite elements that could be given
the form of an antinomy. )
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developed his ideas have pointed out, the logic of this dia-
lectical contradiction is also the logic of the development
of atomic physics.

From the angle of the questions discussed above Heisen-
berg’s Physics and Philosophy also presents great interest.
Like Bohr’s work, it contains certain new elements relating
to philosophical views on quantum theory.

Unlike Bohr, Heisenberg actively opposed the principles
of materialism. When speaking of ‘materialistic ontology’,
however, he essentially had metaphysical, mechanistic
materialism in mind. He did not reveal in his book that
he was very familiar with dialectical materialism although
one can find attacks on Marxist philosophy in places in the
book that are hardly of serious philosophical significance.

Heisenberg stressed that the Copenhagen interpretation
of quantum theory was ‘in no way positivistic’. Positivism,
he said, was ‘based on the sensual perceptions of the observ-
er as the elements of reality’, while ‘the Copenhagen
interpretation regards things and processes which are de-
scribable in terms of classical concepts, i.e. the actual, as
the foundation of any physical interpretation’. It was thus
recognised, he continued, that ‘the statistical nature of the
laws of microscopic physics cannot be avoided, since any
knowledge of the “actual” is—because of the quantum-theo-
retical laws—Dby its very nature an incomplete knowledge’.5!

The Copenhagen interpretation is also not materialist,
as Heisenberg has more than once pointed out. In this case
he counterposed the Copenhagen interpretation to material-
ism. But as regards philosophy, the point is not what
Heisenberg personally thought of this interpretation but
how he dealt with the basic problem of philosophy. In his
own words, ‘the ontology of materialism rested upon the
illusion that the kind of existence, the direct “actuality”
of the world around us, can be extrapolated into the atomic
range. This extrapolation is impossible, however’.5?

According to Heisenberg physics is not so much concerned
with nature itself, reflecting it in its concepts and theor-
ies, as it is concerned, with the ‘actual’, i.e. nature trans-
mitted as it were through man’s perception, and which has
already been subjected to certain methods of research.’3
In classical physics study of the ‘actual’ does not lead to
difficulties of any kind, but in quantum theory, he says,
these difficulties are unavoidable since the uncertainty rela-
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tion limits the applicability of classical concepts to nature.

‘“The need for a dialectical approach to atomic physics,
evident in connection with the discovery of the unity of the
particle and wave properties of atomic objects, is thus
considered by Heisenberg as a need to revise the concept of
objective reality in physics. One cannot, of course, disagree
with Heisenberg when he says that expressing the achieve-
ments of modern physics in the concepts of the old philos-
ophy can hardly yield any advantages, but he contradicts
himself when he ‘pours’ the young wine of quantum physics
into the old bottles of metaphysical and idealist philo-
sophical systems.

In Heisenberg observed phenomena, things, and the
actual are described by means of classical concepts: atomic
and other micro-particles are characterised in terms of
mathematical abstractions; both these aspects are in a mu-
tually exclusive but complementary relationship which is
the quintessence of the philosophy on which he bases quan-
tum theory. In this respect he gives epistemological sig-
nificance to ‘complementarity’, trying to resolve the problem
of reality in physics in an allegedly new way. (It must
be noted that the meaning of the term ‘complementarity’
in Bohr's essay Quantum Physics and Philosophy, as we have
seen, is quite different.) Heisenberg’s standpoint on reality
is expressed particularly plainly in his polemic with
opponents of the Copenhagen interpretation, including those
scientists who defend the position of dialectical materialism
in physics.

In Heisenberg’s view the merit of the Copenhagen inter-
pretation was that it ‘led the physicists far away from the
simple materialistic views that prevailed in the natural
science of the nineteenth century’.’* He disapproved of
those who tried ‘to return to the reality concept of classi-
cal physics or, to use a more general philosophic term,
to the ontology of materialism. They would prefer to come
back to the idea of an objective real world whose smallest
parts exist objectively in the same sense as stones or trees
exist, independently of whether or not we observe them’.5®

Heisenberg thus identified, in fact unjustifiably, the phil-
osophical concept of matter with classical physics’ notion
about it, and also failed in essence to notice the difference
between ‘objective reality’ and the ‘actual’ or ‘real’. Dialec-
tical materialism, on the other hand, discriminates between
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them: e.g. the category of possibility, which plays an impor-
tant role in philosophical questions of quantum theory,
has (like the category of reality), an objective character
from the standpoint of dialectical materialism. On this
point dialectical materialism differs fundamentally from
metaphysical, mechanical materialism, but Heisenberg did
not notice this very essential difference.

Heisenberg perpetuated the language of classical concepts
in physics and retained it to describe instrument readings,
the actual, and the world of phenomena. As regards the
essence of these phenomena, they appear, according to him,
as peculiar Kantian ‘things-in-themselves’—the mathemat-
ical abstractions of quantum theory are precisely such
in his conception. It is not fortuitous that he believed the
classical concepts to be somehow a priori with regard to the
domains of the theory of relativity and quantum theory
in which they were applied with the appropriate restric-
tions.

WeTnoted above that the problems of quantum mechanics
cannot be reduced to explaining the limited nature of clas-
sical concepts. Heisenberg’s argument about the a priori
character of the classical concepts ignored the dialectics
of concepts, which reflects the dialectics of objective reality.
The idea of the variability and evolution of concepts had
already been current in science for a long time (although
not all the scientists drew the appropriate philosophical
conclusions from it). The development of non-classical
physics has thus been accompanied with a change in the
original meaning of concepts like mass and energy; they
still have something in common with the original concepts
but at the same time have acquired a deeper content.

The radical revision of classical concepts made by quantum
mechanics indicates that our knowledge of objective reality,
nature, and matter has become deeper. Fock, in reproaching
the Copenhagen interpretation of this theory for its one-
sidedness, justly noted the importance of the ‘new primary
concepts’, which in his view were relativity in respect to
the means of observation, the distinction between the
potentially possible and the realised, and the concept
of probability as a numerical measure of the potentially
possible.5¢

Quantum theory confirms dialectical materialism and
differs with metaphysical materialism. As for mechanical
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materialism, Heisenberg was right in a certain sense when
he criticised 'materialist ontology’. His criticism, however,
had nothing to do with dialectical materialism. It is impos-
sible to take his words seriously that, since dialectical
materialism was created in the nineteenth century, its
‘concepts of matter and reality could not possibly be adapted
to the results of the refined experimental technique of our
days’.5? (1) The very essence of dialectical materialism
excludes dogmas of all kinds and inevitably alters its form
with every fundamental discovery in science—both Engels
and Lenin spoke directly about this very important feature
of Marxist philosophy, drawing the appropriate conclusions
in their philosophical works. (2) Heisenberg never analysed
the dialectical materialist conception of matter and reality,
which differs sharply from those of the old materialism.
His statement that the concepts of Marxist philosophy ‘could
not possibly be adapted’ to the results of modern pure and
applied science is not supported by any arguments.

Heisenberg wrongly presented the objective dialectics of
the particle-wave properties of atomic objects, which is
demonstrated in the well-known experiments, as ‘comple-
mentarity’ of the mathematical symbolics relating to these
objects and of the description of the atomic experiments
in classical concepts. That is why the transition of physics
from cognition of macro-phenomena to cognition of atomic,
and in general microscopic, events is treated by Heisenberg
not as a deepening of the human knowledge of matter and
objective reality but as dissolution of the ‘objectively real’
world ‘in the transparent clarity of a mathematics whose
laws govern the possible and not the actual’.®®

We must also mention, however, Heisenberg’s wobbling
between idealism and dialectical materialism. His reasoning
about the ‘complementarity’ of particle and wave, the
possible and the real, and the mathematical apparatus as
form, and about the physical content of scientific theories
certainly shows signs of his coming near to an understanding
of the significance of the unity of opposites that is the
nucleus of dialectics. The same needs be said about
his ideas about the relativity of physical theories and
matter.

In this connection Heisenberg’s statements about the
unity of matter deserve mention. Having presented the
experimental data on elementary particles, and the discovy-
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éry of the many forms of these particles, etc., Heisenberg
concluded: ‘These results seem at first sight to lead away
from the idea of the unity of matter, since the number of
fundamental units of matter seems to have again increased
to values comparable to the number of different chemical
elements. But this would not be a proper interpretation.
The experiments have at the same time shown that the
particles can be created from other particles or simply from
the kinetic energy of such particles, and they can again
disintegrate into other particles. Actually the experiments
have shown the complete mutability of matter. All the
elementary particles can, at sufficiently high energies, be
trar smuted into other particles, or they can simply be
crezted from kinetic energy and can be annihilated into
energy, for instance, into radiation. Therefore, we have
here actually the final proof for the unity of matter. All the
elementary particles are made of the same substance, which
we may call energy or universal matter; they are just dif-
ferent forms in which matter can appear.’

If we bear the philosophical aspect in mind and ignore
certain inaccuracies in terminology, this statement undoubt-
edly expresses a materialist point of view.

Heisenberg, however, followed it up with: ‘If we compare
this situation with the Aristotelian concepts of matter and
form, we can say that the matter of Aristotle, which is mere
“potentia”, should be compared to our concept of energy,
which gets into “actuality” by means of the form, when the
elementary particle is created’.®®

In this regard, we may recall Heisenberg’'s words about
the young wine of science and the old philosophical bottles.
He does not see the new philosophy—dialectical material-
ism, which fully corresponds to the new physics.

The philosophical evolution of the Copenhagen interpre-
tation still continues. The dialectical and materialistic
elements in it have been strengthened in struggle with the
metaphysical and, in particular, mechanistic ideas in
atomic physics; the ‘uncontrollability in principle’ appears
less and less frequently in the reasoning and arguments
of the Copenhagen school. That this is how matters stand
can be seen from the discussion on quantum theory between
Alfred Landé, on the one hand, and Max Born, Walter
Biem, and Werner Heisenberg, on the other hand, in 1969.6!

Landé opposed Bohr’s ideas and denied the interpreta-
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tion of quantum theory by Born and Biem who, according
to him, regarded matter and field as having equally a par-
ticle and a wave nature. He considered the Copenhagen
interpretation to be positivist (introducing a new term
‘dialectical positivism’). In Landé’s view there is every
reason to regard matter as simply a discontinuous formation
and field as simply a continuous one.

In summarising the discussion Heisenberg disagreed with
Landé, suggesting that it had not been about the physical
content of quantum theory itself but had been dealing
with the language that should be used to describe quantum-
theory phenomena. He noted, in particular, that Landé’s
criticism of ‘sloppy’ formulations in the earlier literature
on quantum theory was correct.

How can the problem of the language of quantum theory
be solved? Neither the experimental facts nor logical consid-
erations] provide a criterion for answering this question.
In that case, Heisenberg says, it is necessary to resort to
historical arguments. A language has become established
among physicists that had taken shape during the develop-
ment of quantum theory. The concepts ‘particle’ and ‘wave’
borrowed from classical physics and the natural language
had been equally employed to describe atomic phenomena
regardless of whether formations with a non-zero rest mass
(electrons, nucleons, mesons) were being described, or ones
with zero rest mass (photons, neutrinos, phonons). The
physicist, Heisenberg stressed, did not consider a quantum-
mechanical description as dualistic. He had become accus-
tomed to the fact that when this monistic description was
translated into natural language various additional pictures
might appear; the question, which picture was correct—the
corpuscular or the wave—then had no meaning.

Heisenberg also concluded that the interpretation of
quantum theory employed by Born and Biem was the histor-
ical product of physicists’ forty-year experience with atom-
ic phenomena that were explicable by quantum theory,
rather than the result of dogmatic statements or agreement
of some kind.

In our view, Heisenberg's argument essentially empha-
sises the dialectics of concepts in physics that was left out
by Landé in trying to interpret quantum theory in the
language of the concepts of classical physics.
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4
Physical Reality

The question of physical reality arose and was developed
in modern physics. In classical physics it was never actually
formulated, or rather, it coincided with the question of
objective reality. If the concept of physical reality was
used in classical physics at all, it meant nothing other than
acceptance of the objective reality of the physical world,
which developed in accordance with one and the same
invariable laws. Why, as we shall now see, has the question
of physical reality now acquired special significance in
arguments of a philosophical character about the theory
of relativity and quantum theory?

The most important reason is that the phenomena and
processes with which the modern physics is concerned are
covered by its theories by means of methods and abstrac-
tions that appear strange from ‘the point of view of the
notions of classical physics. No physicist has ever seen an
electron as he sees, say, a stone rolling down a mountain,
or a sea wave. Ultraviolet light, however, is also invisible
to man, and there are sounds that cannot be heard, but
in these cases no special questions arise!

To put it briefly, let us recall simply that the observed
phenomena by which the physicist forms judgements (draws
inferences) about the electron and its motion in the atom,
about the atomic nucleus, or, let us say, about objects
moving with velocities close to the speed of light, create
paradoxical theoretical situations in physics when it is
attempted to interpret them in terms of the ideas and sche-
mes of classical theories.

Generally speaking, modern physics does not generalise
everyday experience but the experience pertaining to very
refined phenomena that do not fit into classical physics’
notions about nature. In such a refined experiment, for which
high precision instruments are used, the physical facts are
grasped by the cognising mind in a very complex way,
through concepts of very different levels of abstraction
(that appear strange from the angle of classical physics).
As an example we can take the discovery of resonances
(as extremely unstable elementary particles with a half-
life of 102® second are called), which could not have been
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done without a whole chain of theoretical considerations
that have nothing in common with classical ideas.*

So the physicist, who is not prepared to discard his belief
in the objective reality of the external world and its knowa-
bility by man, becomes an eye-witness of the following
situation: objective reality seems to escape cognition,
while the concepts which, if one can so express it, helped
to cognise the physical world, now refuse to serve. In Ein-
stein’s theory of relativity, for instance, space and time
proved relative in contrast to the corresponding concepts
of classical physics, according to which space and time are
absolute. In quantum mechanics, in accordance with its
central idea of; Bohr’s complementarity, something similar
happened with the terms ‘particle’ and ‘wave’, which lost
their significance of absolutes and acquired the sense,
unusual for classical physics, of ‘relativity to the means of
observation’. The most typical feature of the relativistic
quantum theory of elementary particles is the absence from
it of the principle of constancy of the number of particles
and recognition of the fact that particles appear and
disappear during interaction.

The fundamental propositions of modern physics are
necessarily bizarre, strange, and unconventional from the
point of view of common sense and classical theory.

In the new circumstances of the development of physics
of this kind the concept of physical reality (‘the physically
real’) began to acquire a new meaning for physicists that
it did not have in classical science. In order to identify and
determine this new element, let us first briefly consider
statements about physical reality of the founders of modern
physics.

In Einstein and Infeld’s The Evolution of Physics we read:
‘We have seen new realities created by the.advance of phys-
ics.” ‘Physics really began with the invention of mass, force
and an inertial system. These concepts are all free inven-
tions.” ‘For the physicist of the early nineteenth century,

* Resonances, let us note, even when they are moving with a ve-
locity close to that of light, can cover a distance of an order of 10-3
centimetre during their life, and not more. They may thus be born and
decay at almost one point. They cannot, therefore, be discovered by
the conventional methods of nuclear physics (from visible traces of
the trajectories of the pussage of high-energy charged particles in a
Wilson cloud chamber); the existence of resonances was discovered by
indirect methods, through observation of their breakdown produsts,
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the reality of our outer world consisted of particles with
simple forces acting between them and depending only
on the distance.” ‘The difficulties connected with the deflec-
tion of the magnetic needle, the difficulties connected with
the structure of the ether, induced us to create a more
subtle reality. The important invention of the electromag-
netic field appears.” ‘Later developments both destroyed
old concepts and created new ones. Absolute time and the
inertial co-ordinate system were abandoned by the relativity
theory.” ‘The quantum theory again created new and essen-
tial features of our reality.’ ‘The reality created by modern
physics is, indeed, far removed from the reality of the
early days.’%?

It does not follow at all from these statements that Ein-
stein denied the objective reality of the physical world and
suggested that the physicist’s sole reality is allegedly his
free inventions.

We could have wished, of course, that Einstein’s remarks
about reality have been more precise and unambiguous.
There is no doubt that he adopted a materialist standpoint
of recognising the objective reality of the external world
cognised by physicists, although he did not always express
it clearly and distinctly enough. Here, however, is an extract
from his paper Quantum Mechanics and Reality, which no
longer leaves any doubt: ‘If one asks what are the typical
features of the world of physical ideas, regardless of quantum
theory, the following above all strikes one: physical con-
cepts pertain to a real external world, i.e. they imply ideas
about things that require a “real existence” (of a body.
a field, etc.) that is independent of the perceiving subjects;
on the other hand, these ideas are transformed to correspond
as exactly as possible to the sensual impressions.’3

We must recall that Einstein thought quantum mechanics
(as understood by Bohr and Heisenberg) to be incompatible
with the fundamentals of physics formulated by him.
He opposed the Copenhagen interpretation of quantum
mechanics, considered it (bearing in mind the philosophical
aspects of the discussions that arose in his time) as positi-
vistic, and suggested that a complete and direct description
of reality would be found, which in his view quantum mechan-
ics in Bohr’s interpretation did not give.

This matter has been discussed in the literature®*; without
going into details, we shall simply note that Einstein
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approached the physical meaning of quantum mechanics
from the standpoint of the basic ideas of classical physics,
i.e. in much the same way as his theory of relativity was
approached by opponents of physical relativism. Let us
return to his remarks about physical reality.

In making his objections to Einstein, Born believed that
the latter borrowed his point of view on physical concepts’
being free inventions of the human mind from convention-
alists’ opinions on concepts.®® In fact, however, Einstein,
in stating that physical concepts were free creations of
human mind, was stressing (as he himself said) simply that
they were ‘not logically derivable from what is empirically
given'.%® This is a profound dialectical thought: the transi-
tion from the perceived results of observation to theoretical
judgements about the observed phenomena, and also to the
theory of these phenomena itself, is not by any means made
through logical inferences of a formal character. As a matter
of fact, Born was also saying the same thing when he ana-
lysed the method of mathematical hypothesis and the syn-
thetic forecasts associated with it.%?

What then was Born’s standpoint on physical reality?
At bottom it did not differ from the views of Bohr and
Heisenberg (which were considered in detail in sections 2
and 3).

The main point of Born’s argument about physical reality
is that this question should be approached in terms of the
concept of invariance taken from mathematics.

Born did not consider ‘very apt’ a statement common
in the literature in connection with Bohr’s ideas that it is
impossible in quantum mechanics to speak of an objectively
existing external world, or of a ‘sharp distinction between
subject and object’.®® At the same time, he said, ‘the naive
approach to the problem of reality which was so successful
in the classical or Newtonian period, has proved to be not
satisfactory’.®®

On the other hand, Born disagreed with positivists’
understanding of reality according to which the concept
of reality was either applied to atoms and electrons with
a meaning other than to perceptible phenomena or its use
was forbidden in general in science (as, for instance, the
British positivist Herbert Dingle poses the matter). The
microscope makes it possible to observe colloidal particles,
the electron microscope, even large molecules. ‘Where does
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that crude reality, in which the experimentalist lives, end,
and where does the atomistic world, in which the idea of
reality is illusion and anathema, begin?’ Born asked,
criticising contemporary positivists.

But although the boundary between the ‘world of atoms’
and ‘macroscopic reality’ established by positivism does
not exist, they still differ from each other as quantum phys-
ics has demonstrated. Born asked whether ‘any philosophy
can give a definition of the concept of reality that is untaint-
ed’ by ‘the realities of a peasant or craftsman, a merchant
or banker, a statesman or soldier’.’”” He answered his ques-
tion positively and considered the key to it to be in the
idea of invariance.

Born gave an example from the ‘pre-scientific field’:
when a person sees a dog sitting beside him or jumping
about or disappearing in the distance, all these different
perceptions are unified in his subconsciousness as one and
the same dog. ‘I propose,’ he said, ‘to express this by saying
that the mind constructs, by an unconscious process, invar-
iants of perception, and that these are what ordinary man
calls real things.’”*

The same thing essentially happens, in Born’s opinion,
at the level of scientific cognition when instruments are
used. Here ‘the innumerable possible observations are
linked again by some permanent features, invariants, which
differ from those of ordinary perception, but are neverthe-
less in the same way indicators of things, objects, parti-
cles’.? In the theory of relativity, for example, such reality
is the interval—the invariant of the spatial and temporal
aspects; in quantum mechanics, the electrons and other
atomic objects are the invariants of the corpuscular and
wave aspects, which allows one to ascribe reality to them.

The views of the American physicist Richard P. Feynman
are close to Born’s opinions on the invariance. In the first
volume of The Feynman Lectures on Physics, devoted to the
special theory of relativity, one comes across various ver-
sions of the idea that the four-vector momentum is more
‘real’ than either the momentum or the energy alone, since
the momentum (represented by the space components of
the four-vector arrow) and the energy (represented by its
time component) depend on the observer’s point of view,
i.e. on the frame of reference.” This statement does not
differ essentially at all from the proposition (which can
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often be met in the literature) that Minkowski’s interval
is more real than its components—the spatial distance
and the temporal duration.

When this material on the views of physicists on physical
reality is compared with the way the problem of reality was
treated in the history of philosophy, points of intersection
of the lines of development of the corresponding ideas can
be found. Let ug just sketch it briefly.

. The concept of reality is usually not separated from the
more general concept of being and coincides with the con-
cept of existence in historically known systems of philos-
ophy, including contemporary philosophical theories, the
content of the reality concept bearing the stamps of the
basic assumptions of the corresponding system. For our
theme the idea of ‘degree of reality’ first clearly formulated
by scholastics, who ascribed the ‘highest degree of reality’
to God, who possessed the whole ‘completeness of being’,
is important. In the fourteenth century dispute between
the so-called realists and nominalists over the concept of
reality occupied the foreground. The realists, whose con-
ception originated in Plato’s principles of idealism, said
universalia sunt realia, i.e. that the existence was inherent
in the universal as independent being above and indepen-
dent of the individual. The nominalists raised objections
to the realists, who most fully expressed the traditional
scholastic philosophy; in the nominalists’ view nothing
existed in the real world except individual things that
had certain general properties. Marx called nominalism
‘the first form of materialism’.”*

The realist and nominalist concepts were reborn in the
subsequent historical development of philosophical thought,
including modern bourgeois philosophy. Without making
the relevant analysis we shall simply note that the ideas
of realism are also manifested in special form in modern
physics in the works of certain scientists.

In every outstanding philosophical system of modern
times, materialist and idealist, the idea of degree of reality
has been expressed and developed in one form or another.
It can be found in the systems of Descartes, and of Spinoza,
according to whom substance possessed the highest degree
of reality. Locke believed that the so-called primary quali-
ties of things (length, impenetrability, motion) had a greater
degree of reality than secondary ones (colour, sound, smell).
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According to Leibniz monads had the highest degree of
reality. Hume supposed that impressions, either renewed
by the consciousness or stable, had a greater reality than
any others. In Kant we find a distinction between the
‘empirical reality’ of phenomena and categorial (abstract)
reality. In his Science of Logic Hegel differentiated reality
(Realitat) from actuality (Wirklichkeit) as a unity of essence
and existence, or of the internal and external. Contemporary
bourgeois philosophy (e.g. logical positivism, critical re-
alism) contains nothing new, compared with classical phi-
losophy, on the question of reality.

* k%

Let us summarise what we have said about reality in
physics and formulate certain statements relating to this
concept that appear important to us.

The term ‘reality’ (the ‘real’) is used with several mean-
ings. The most general of them is that of existence: the
perceptible ball exists and the perception of the ball exists;
a particle exists and a material point exists; a billiard ball
exists and an ideal ball exists; an electron diffraction pat-
tern exists and electron diffraction exists; matter exists
and spirit exists; truth exists and error exists; they are all
real in this sense of the term.

There is a difference between the ‘real’ in the sense of
existence and the ‘objectively real’. The ‘objectively real’
or the ‘objective’ or the ‘objectively existing’ means exist-
ing independently of the human mind and reflected by it
under certain conditions. In opposition to the objective the
‘subjective’ means ‘existing in consciousness’. The subjective
or spiritual* (sensations and perceptions, concepts, judg-
ments, etc.) can and do reflect the objectively real in cer-
tain conditions. This subjective functions in scientific
theories and science as a whole, which objectively reflect
the real world; it therefore also figures in physics and its
theories. The subjective, however, may not reflect the
objectively real because of errors and illusions; it appertains
to man’s subjective world. The natural sciences, of course,
are not concerned with this world, or rather physics is
concerned with material realities and not with spiritual
ones. That is why, when we speak of ‘the physical reality

* We abstract from the ambiguity of the term ‘spirit’.
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of a certain something’, we mean that somehow or other
the concept of this something does or should correspond
to the objectively real.

The term ‘real’ (‘reality’) has another meaning of the
“actual’ (or ‘actuality’). It derives from the Latin res (thing,
object); while the term ‘actual’ comes from ‘act’ (Latin
actus) (German wirklich from wirken; Russian deistvitel’nyi
from deistvovat’). The concept ‘physical reality’, as we shall
see later, is closest of all to the concept ‘actuality’ (Wirklich-
keit) in content and meaning.

The ‘existing’ and the ‘actual’ are by no means identical,
and this difference is literally tangible in modern physics.
With a Wilson cloud chamber, for instance, which was
designed for observing the tracks of fast-moving, electri-
cally-charged particles (electrons, protons, etc.), one can
draw inferences about the nature and properties of these
particles from the parameters of the visible tracks of their
trajectories. But have we the right to infer from the data
obtained that an electron moves ‘in actuality’ in the way
a macro-particle does? Quantum theory, as we know, has
given an answer to that; and it follows from this answer
that (1) the ‘existing’ and the ‘actual’ in physics are by
no means the same; and (2) that every ‘objectively real’
in physics is not thereby ‘actual’ in a certain theory, but
every ‘actual’ in a physical theory is ‘objectively real’.*

The question of physical reality, as it is considered at
present, cannot be comprehended outside the ‘epistemolog-
ical lesson’ (Bohr) that the development of modern physics
has given scientists. What is the essence of this lesson?
In classical physics the observed phenomena made it pos-
sible to obtain information (at least in principle) about the
behaviour of objects regardless of their interaction with
the means of observation (measuring instruments). In quan-
tum physics the observed phenomena also provide infor-
mation about the experimental conditions, which can no
longer be ignored in principle, in other words, quantum
phenomena characterise the properties of the ‘whole exper-
imental situation’ rather than those of the object ‘by itself’.
In short, from the point of view of quantum physics the
experimental physicist has proved to he, figuratively speak-

* It must be remembered that physics, as a natural science, deals
with material realities.
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ing, not simply a spectator but an actor in the drama of
cognition, so it is put in the literature on quantum theory
as is well known. Hence corresponding problems of phys-
ical reality arose.

It seems to us, however, that the content of the ‘episte-
mological lesson’ that Bohr spoke about is much broader.
Classical science considered it its job to find the universal
constant laws of nature. Modern physics has rejected such
an approach from its very inception: classical mechanics
is a limiting case of the special theory of relativity and
quantum mechanics, i.e. of the more general and deeper
theories; the special theory of relativity is the limiting
case of Einstein’s theory of gravitation; quantum electro-
dynamics has developed and quantum field theory is being
built; and ideas are voiced about the future of physics
belonging to even more general and profound fundamental
theories than those now existing. In other words, for modern
physics it is essential not only to find the laws of the phenom-
ena existing in a certain system (circle) of interrelations,
but it is also important (this question arises sooner or later
in one form or another at a certain stage of its development)
to find the laws of the transition from the laws of one sphere
of phenomena to the deeper, more general laws (which must
and will be found) of a new, wider circle of phenomena.

Modern physics thus undermined the prejudice of the old
contemplative materialism, according to which cognition,
i.e. reflection of nature by the human brain, should be under-
stood ‘abstractly’, ‘devoid of movement’, ‘without contra-
diction’,’® a philosophical prejudice that in essence was
supported by classical science. With the creation of the
theory of relativity and quantum theory Lenin's idea of
cognition found expression in physics: ‘Man cannot compre-
hend =reflect=mirror nature as a whole, in its completeness,
its “immediate totality”, he can only eternally come closer
to this, creating abstractions, concepts, laws, a scientific
picture of the world, etc., etc.’?®

That spatial and temporal quantities prove to be depen-
dent in the theory of relativity on the frame of reference
chosen by the observer, or that in quantum mechanics,
in Bohr’s words, ‘any observation of atomic phenomena
will involve an interaction with the agency of observation
not to be neglected’” does not in the least mean that the
theory of relativity and quantum mechanics in addition
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to employing their principles and concepts allegedly imply
some degree of subjectivity, some reference to the observing
subject, some special activity of the observer. On the con-
trary, these and similar features, which are typical of the
relativistic or quantum method of describing phenomena
mean that the physical knowledge has penetrated deeper,
that the new concepts and principles developed by modern
physics reflect nature’s patterns more correctly and com-
pletely than those of classical theories.

When we turn, say, to quantum mechanics, the wave and
particle pictures of the behaviour of electrons* observed
through the appropriate set-up; the concept of relativity
with respect to the means of observation plus the comple-
mentarity principle interpreted in the sense that only the
aggregate of ‘ecomplementary’ phenomena can provide
complete information about the behaviour of a micro-
object; the concept of the electron as a physical substance
possessing certain invariant characteristics; and the Schro-
dinger equation which is invariant with respect to unitary
transformations—all these are levels of cognition of the
moving electron which combine to form an integral theory
embracing the experimental data.

On this plane the concepts and statements of the quantum
theory listed above reflect the objectively real. In exactly
the same way ‘probability’ in quantum mechanics, mathe-
matically represented by the square of the modulus of the
wave function, is physically real, i.e. its physical concept
reflects the objectively real and is by no means just a ‘pure’
construction of the physicist’s.

These considerations concerning quantum mechanics, and
similar arguments about Einstein’s theory (we neglect them
here), have a direct bearing on the problem of physical
reality. Construction of a theory of a certain circle of phe-
nomena solves the problem of the reproduction in thought
of the object of this theory as it exists in actuality, i.e. as
a concrete integrity of phenomena and substance (the caus-
al relation, basic laws), of the external and the internal,
or as a unity of the diverse.

The construction of a theory provides the most complete
knowledge of its object, and from that point of view, if we

* The term ‘electron’ is used here for brevity’s sake to denote any
quantum object.
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consider the examples above, physicists’ statements that
the space-time continuum is ‘more real’ than either space
or time separately, are logically justified.

From the same point of view the hypertrophy of any one
aspect of the cognition of something, and neglect of the
fact that unity exists in its many-sidedness, leads in the
final analysis to subjectivism and conclusions of an idealist
and metaphysical character. A similar situation arises
in the theory of relativity if ‘relativity’ is absolutised and
one is abstracted from the fact that space and time are aspects
of a single space-time.’® An analogous situation arises in
quantum theory when the idea of interaction of atomic
objects and the measuring instruments (which causes the
‘uncontrollability in principle’) is overemphasised and it is
forgotten that complementary experiments ‘only in combi-
nation with each other disclose all that can be learned about
an object’.”®

In connection with what has been said one cannot help
agreeing with Bohr who raised objections to Heisenberg
and Dirac on how one should speak of the emergence of
phenomena that permitted only predictions of a statistical
character. According to Dirac, we are dealing here with
choice by ‘nature’ when the point in question is the reali-
sation of one individual effect (from the number of possible
ones); according to Heisenberg, with choice by the ‘observer’
who built the measuring instruments and took the readings.
‘Any such terminology,’ Bohr said, ‘would, however, appear
dubious since, on the one hand, it is hardly reasonable
to endow nature with volition in the ordinary sense, while,
on the other hand, it is certainly not possible for the observer
to influence the events which may appear under the condi-
tions he has arranged.’ Bohr believed that ‘there is no other
alternative than to admit that, in this field of experience,
we are dealing with individual phenomena and that our
possibilities of handling the measuring instruments allow
us only to make a choice between the different complemen-
tary types of phenomena we want to study’.®°

The rise of new relative concepts in science, and at the
same time of new, more profound and more general theories
in which they figure (e.g. the concepts of relative space and
time in the theory of relativity, which is a new theory
in regard to classical physics) does not mean the increase
in elements of subjectivity (since the new types of reference
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system appear that have not been known before); it means
a new step in understanding nature. Indeed, first, the new
relative concepts reflect the objectively real; second, the
appearance of new ‘relativities’, more meaningful than
those known before, means the finding of limits of applica-
bility of the absolute (invariant) concepts of the old theory
(from which the new one was developed).

The concept of physical reality thus comes into modern
physical literature also as a kind of synonym of the philo-
sophical concept of actuality in the sense of dialectical
materialism. It seems to us that it is logically legitimate
to employ the terms ‘empirically real’ (‘empirical reality’)
and ‘abstractly real’ (‘abstract reality’). The first of these
denotes that which exists independently of the human mind
(the objeetively real) and is embraced by that stage of
cognition which is called living contemplation and without
which there can be no observation. The second term denotes
the objective reality that is reflected at a deeper level of
human understanding—the abstract thinking that reveals
the essence of cognised phenomena, the laws of nature.
But the deepest and the most complete cognition of an
object that exists independently of the human mind is
achieved by combining observation and abstract thinking
(we could rightly use the term ‘dialectical thinking’ here)
when a scientific theory reflecting its object as reality,
i.e. as a united whole of numerous aspects and their rela-
tions, is constructed logically on the basis of practice and
acquires certain integrity and relative validity.

Physical reality is thus the objective reality cognised
in a physical theory, the content of the concept of which
becomes definite depending on the definiteness of the theory
itself as such and the stages (elements) of its structure.
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CAN WE FORM MENTAL PICTURES OF THE
CONCEPTS AND THEORIES OF MODERN PHYSICS?

Visualisation is a problem of considerable philosophical
significance in modern physical theory, especially in quan-
tum theory. Suffice it to recall that the absence of a mental
picture in quantum mechanics, as it seemed (unlike classical
theory), used to be employed by individual physicists as
a proof of sorts simply of the tentative nature of those of
its general ideas that gave it a revolutionary character.
The problem could not help occupying a prominent place
in the work of the founders of quantum theory.

Dirac, for instance, said that nature’s ‘fundamental laws
do not govern the world as it appears in our mental picture
in any very direct way, but instead they control a substra-
tum of which we cannot form a mental picture without
introducing irrelevancies’. Quantum theory, moreover, accord-
ing to him, is built up ‘from physical concepts which can-
not be explained in terms of things previously known to the
student, which cannot even be explained adequately in
words at all’.! We shall return to these ideas of Dirac’s
below.

Let us also note Niels Bohr's analysis of issues relating
in one way or another to this problem. One must agree,
in particular, with his statement that ‘however far the phe-
nomena transcend the scope of classical physical explanation,
the account of all evidence must be expressed in classical terms’.?

At the same time, according to him, ‘an adequate tool
for a complementary way of description is offered precisely
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by the quantum-mechanical formalism which represents
a purely symbolic scheme permitting only predictions, on
lines of the correspondence principle, as to results obtainable
under conditions specified by means of classical concepts’.?
This apparatus, Bohr says, is an appropriate means of
describing ‘complementary phenomena’, i.e. phenomena
observed in mutually exclusive experimental set-ups permit-
ting the particle and wave properties of atomic objects to
be discovered.

The idea of complementarity thus served Bohr as the key
to the visualised interpretation of atomic processes. That
this is the case is strikingly clear in his essay ‘Quantum
Physics and Philosophy’, in which he wrote in particular:
‘the limited commutability of the symbols by which such
variables are represented in the quantum formalism li.e. the
quantities that characterise the state of a physical system
in classical mechanics—M. O0.] corresponds to the mutual
exclusion of the experimental arrangements required for
their unambiguous definition.’4

The problem of forming a mental picture is directly
related to the trends in philosophy. The concept of visua-
lisation, which arose on the soiljof everyday experience and
is linked with common sense, is not accepted by idealism,
which disclaims its significance in man’s cognitive activity.
Materialism, on the contrary, accepts it and develops it in
depth (which also applies to dialectical materialism).

An example of a point of view on visualisation in quan-
tum physics that is close to the views of objective idealism
is provided by Heisenberg’s considerations on the comple-
mentarity of the mathematical symbolics relating to the
atomic world, and its description in terms of the concepts
of classical physics, which were discussed in Chapter II.

Positivists, if they are consistent, do not think in the
least how to connect the content of the mathematical con-
cepts of quantum theory with those of the natural language.
The mathematical apparatus of quantum mechanics makes
it possible to give order to the observed results, e.g. to
predict the possible results of some observations from those
of other observations, and that quite suits positivists.?

The line of materialism on the problem of a mental
picture of a physical theory implies recognition of the
dialectical unity of sensuous knowledge and abstract think-
ing reflecting objective reality. The combination in a single
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whole of the mathematical formalism of the physical theory
and the experimental data and results relating to this theory
and expressed in the concepts of classical physics corres-
ponds to the point of view of dialectical materialism on the
problem of visualisation. One must bear in mind that the
nature of this combination differs from how it is presented
from the standpoint of non-dialectical materialism, as will
become quite clear from the exposition that follows.

Born, incidentally, when discussing this problem and
analysing various philosophical approaches in that con-
nection, did not expound the point of view of Marxist
philosophy on this problem in an adequate way. He stated
that, according to dialectical materialism, it was sufficient
to limit oneself to ‘the objective world of formulas without
relation to sensual intuition’.® As has already been said
above, the point is quite different: this chapter is devoted
to elucidating issues relating to the problem of visualisabil-
ity in physics from the point of view of dialectical mate-
rialism.

* ok k

In our view, quantum mechanics reflects exactly, in
precise concepts, the motion of atomic objects that resembles
the motion of particles in some experimental conditions and
in others the spread of waves and that differs radically
from them both (with which classical theory is concerned).
At the same time—and this has to be emphasised in every
possible way—this motion is not picturable, i.e. it cannot
be expressed in a visual picture like that in which the
motion of a macroscopic body or the ‘wave motion’ of
a certain continuum is represented. In this sense it is said
that quantum theory cannot be visualised. As the German
physicist Gerhard Heber puts it: ‘Although we describe
the nature of atomic objects mathematically, we cannot
understand it on the model level. It is usually said in this
connection that the nature of quantum-mechanical objects
is “not obvious”. I would assume that our inability to con-
struct a visual model of the microworld is not final, and that
it will be possible in the future to build a visual model of
atomic objects, because our power of sensual intuition is
as capable of development as our power of abstraction.’?

That atomic objects are only described mathematically
by modern quantum mechanics, and that there are not as
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yet the appropriate words and images for them, is only
partially, so to say, true. One has to bear in mind that
quantum theory, like the other ‘not visualisable’ theories
of modern physics, is being confirmed by experiment and
has grown up on that basis. And that means that quantum
mechanics employs visualisable concepts (and others directly
related to them) in one way or another, because its truth
is verified by means of instruments that are macroscopic
bodies, and their readings, from which inferences about
atomic objects are drawn, are perceived by man. If this
question is posed more broadly it cannot be otherwise: the
atomic objects are material realities, and matter is not
simply and only that which exists objectively independently
of the human mind, but is the objective reality acting on
the human sense organs and producing sensations in them.
Man would have known nothing about the atomic world
existing independently of his mind if this world, so to say,
had not given signs of itself through macroscopic phenomena
perceived by him which are related in a regular manner
with atomic and microscopic phenomena in general.

Thus, visual coneepts are one way or another inevitable
in quantum theory. The question is, however, how and in
what form do they come into quantum theory. To answer
that let us first consider the definition of the concept of a
mental picture or visualisation.

A theory is most frequently called easy to visualise if it
employs habitual concepts. The concept has been defined
in roughly this way by the Austrian physicist Arthur March.?
Such a rather psychological definition can hardly, because
of its extremely arbitrary nature, be accepted as satisfac-
tory. Many authors add that a picturable theory is one
that deals with phenomena that can be perceived di-
rectly.®

This last criterion of visualisation or obviousness of
a theory, though to some extent satisfactory in itself, was
not, in practice, separated in physics from certain other
requirements of principle that in fact confused the matter.
Thus, when mechanistic views were dominant, it actually
meant a requirement for all physical phenomena to be
reduced to mechanical ones. In this case Maxwell’s electro-
- magnetic theory, for example, proved not to be ‘visualisable’
as Boltzmann, in particular, suggested. In our day, when
physicists have become accustomed to the faet that electro-
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magnetic phenomena cannot be reduced to mechanical ones,
Maxwell’s theory has come to be called obvious.1°

When we turn to quantum mechanics, it would seem
that the same situation as with Maxwell's theory has devel-
oped in it. It has become quite clear that macroscopic
phenomena cannot be reduced to atomic ones, and vice
versa. Quantum mechanics has also become a ‘normal’
theory, but it is regarded, as we know, as a theory about
which we cannot form a mental picture. L. I. Mandelstam,
in particular, stressed this; March, too, drew attention
to it in his many discussions of the philosophical problems
of science. He called a theory obvious or visualisable (ar-
schaulich) that employed ‘only concepts ... borrowed from
the world of everyday experience’, but quantum mechanics
‘forbids the use of certain concepts, in which we are accus-
tomed to think, as misleading’.1* Then why, in his opinion,
is Maxwell’s electromagnetic theory visualisable?

So, we have not yet advanced a single step in our reasoning
about ‘mental picturing’ (anschaulichkeit). What theory is
easy to visualise? Let us return to this question.

Man in his historical practice has had to deal millions
upon millions of times with macroscopic phenomena that
occur at relatively low velocities. This practice also led to
the theories and concepts of classical physics, the first
scientific generalisation of notions about the inanimate
nature perceived by man (historically the first such theory
was Newton’s mechanics), acquiring a visual form in his
mind. It meant that it was possible to imagine, on the
basis of the propositions and concepts of the theory of an
object, the sensual impressions and perceptions produced
in man by the object being studied.

When, for instance, starting from the concept of a moving
particle in classical mechanics (an object characterised
simultaneously by its position and by its momentum) we
state that the particle is a visual concept, we associate
notions of a stone, a pellet, a bullet, a grain of sand with the
concept ‘particle’. In fact, we picture, say, that a bullet
flying from the muzzle of a pistol passes through a thin
cardboard disk leaving a hole in it.

On the other hand, we have every reason to believe that
the pistol bullet is exactly a particle. Let the flying bullet
pass through two disks rotating at a high angular velocity
around a common axis, at a short distance from each other
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(with such a system one can measure the bullet's velocity).12
In this example the holes in the disks represent coordinates
(position); the bullet’s momentum can be determined from
its mass, the distance between the disks, and the time
it teok to cover this distance. In general the classical notion
of a moving particle is the physical generalisation of notions
of the mechanical behaviour of a stone, a grain of sand,
a bullet, and other similar objects that man has to do with
in everyday life. This concept, when considered from the
formally theoretical aspect, corresponds to the system of
axioms (basic principles) of Newton’s classical mechanics.

One should not, however, confuse the ‘mental picture’
of concepts and theories in classical physics with the ‘mental
picture’, say, of the concepts of common sense that had
been developed by man in his everyday experience even
before there was any science, or to confuse it with the im-
aginability of the objects being studied. One cannot, for
instance, imagine a motion with a velocity of 300,000 kilo-
metres per second as one can imagine motion with a veloc-
ity of five kilometres an hour (the motion of a pedestrian)
or with a velocity of 100 kilometres an hour (the motion of
a motor car). Ultraviolet radiation (a traditional example)
cannot be imagined either.

And at the same time the concepts with which classical
physics operates are easy to visualise. Thus, the concept
‘motion with a velocity of 300,000 kilometres per second’
is associated with the idea of a certain solid (a scale) that
is laid a certain number of times along a straight line, and
the idea of the time during which the hand of a watch
passes through a certain interval on a certain line. The
same can be said mutatis mutandis about the ‘mental picture’
of many other concepts and statements of classical physics.
The concepts ‘force’ or ‘mass’, for example, do not coincide
with the corresponding ideas from everyday life; the law
of inertia is by no means a commonsense statement.

What we have said should illustrate the idea that ‘visu-
alisation’ is not identical with the ‘representability’ or
‘imaginability’. Classical physics takes from ‘sensuous
representation’ (living contemplation) the appropriate mate-
rial to be worked on by thought. Non-classical physics
does the same thing but in its own manner. Classical theories,
however, do not move as far from ‘representation’ as non-
classical ones do. The problem is to determine how the
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concepts and abstract notions of classical and non-classical
physics are related.

In dealing with this problem Lenin’s following note
concerning Hegel’s arguments about the relation of idea
to thought is of decisive philosophical significance: ‘“Come
before consciousness without mutual contact” (the object)—
that is the essence of anti-dialectics. It is only here that
Hegel has, as it were, allowed the ass’s ears of idealism
to show themselves—by referring time and space (in con-
nection with sensuous representation) to something lower
compared with thought. Incidentally, in a certain sense,
sensuous representation is, of course, lower. The crux lies
in the fact that thought must apprehend the whole “repre-
sentation” in its movement, but for that thought must be
dialectical. Is sensuous representation closer to reality than
thought? Both yes and no. Sensuous representation cannot
apprehend movement as a whole, it cannot, for example,
apprehend movement with a speed of 300,000 km per second,
but thought does and must apprehend it. Thought, taken
from sensuous representation, also reflects reality; time is
a form of being of objective reality. Here, in the concept
of time (and not in the relation of sensuous representation
to thought) is the idealism of Hegel.'!®

In this note of Lenin’s the statements that are especially
important for our topic are those from which it follows that
sensuous representation and thought are interrelated, that
thought, growing from sensuous representation and reflecting
reality more deeply and completely than sensuous repre-
sentation, embraces all sensuous representation in its move-
ment as though making it an element of itself. From this
point of view the abstractions and the relations between
them that are contained in a physical theory in the form of
a mathematical apparatus must necessarily be connected
with the directly perceptible material provided by experi-
ment. In classical physics, for instance, the values of its
variables and functions, and in quantum mechanics the
eigenvalues of its operators, correspond to the values of the
corresponding physical quantities observed in the experi-
ment.

In general, no theory in physics, if it is to and does grasp
objective reality, can avoid establishing a connection between
its mathematicaljconcepts, on the one hand, and the percep-
tible readings of the experimental set-ups that inform about
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this reality, on the other. It is only this connection that
makes a theory in physics a truly physical theory. In this
sense, no non-classical theory can be substantiated without
classical physical theories, since it is impossible to describe
the experimental results without employing classical con-
cepts. The philosophical roots of all this are that nature,
with which physics deals, represents moving matter, and
that cognition of matter (of any of its forms and structures)
is impossible without its (direct or indirect) effect on the
human sense organs. In this case it is appropriate to quote
the words ‘the sensuous, physical (excellent equating!)’
that Lenin uttered in connection with certain ideas of
Feuerbach’s. 14

* ok ok

How are sensuous representation and thought related and
connected in physical theory?

If we take a physical theory in its developed form—
not simply in its aspect of formalism, but as a physical
theory—it treats its subject-matter simultaneously as it
were in its aspects of sensuous representation and thought.
The experimental set-ups provide sensually perceptible
data about phenomena being investigated by the physical
theory, while the mathematical apparatus, which represents
a system of abstract concepts, makes it possible to raise
these data to the level of theoretical generalisation and
so to reflect the laws of the phenomena concerned. In accord-
ance with what we have said a physical concept appears as
a result of a dual sensuous and abstract thought process of
understanding objective reality. The transition from the
perceptible readings of an instrument (which inform about
the phenomenon concerned) to mathematical concepts, and
the reverse transition from mathematical concepts to instru-
ment readings are effected by certain rules and imply the
existence of laws of the phenomena being studied. These
rules of the connection or relationship between mathemat-
ical concepts and perceptible instrument readings should
(and in reality do) reflect these laws, and find expression
depending on the specific nature of the regularities of the
field of the phenomena being investigated.

Quantum mechanics broke with the mechanistic prejudice
that the laws of macroscopic phenomena also operate in the
microworld. This circumstance, however, only explicitly
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affected the mathematical apparatus of the theory; as for
the rules of the connection between mathematical concepts
and instrument readings, this matter is frequently either
presented in the literature of quantum mechanics in an
uncertain way (without answering whether or not the
corresponding rules in classical and quantum theory should
coincide) or is posed in such a form that fundamental con-
cepts of classical theory are only ‘limited’. Heisenberg,
for instance, says that ‘the first language that emerges
from the process of scientific clarification is in theoretical
physics usually a mathematical language, the mathemati-
cal scheme, which allows one to predict the results of exper-
iments’.18

The converse of this statement, as we know, is Heisen-
berg’s own statements that the classical fundamental con-
cepts are in some sense a priori with respect to Einstein’s
theory and quantum theory, i.e. that no new primary
physical (and not just mathematical) concepts have allegedly
been introduced by the theory of relativity and quantum
theory. In order to follow through a point of view consistent-
ly that holds that the laws of macroscopic phenomena are
qualitatively different from those of the microworld, it is
necessary to follow this same point of view in matters relating
to the combination of experimental facts and theories,
to the combination of the sensually perceptible and mentally
abstract in the understanding of physical phenomena, and
to the connection between physical notions and mathemat-
ical concepts in the physical theory.

Let us consider these questions in greater detail.

A child who plays with a cat for the first time combines
individual sensations (through the action of the first signal-
ling system) (it sees the cat and hears its mewing) into
an impression of a definite cat. At the same time a kind
of ‘generalisation’ of the acquired conditional reflex occurs:
the child reacts in the same way to similar cats with whom
he happens to play. The general concept ‘cat’, however,
only develops in the child’s mind when he learns about cats
from grown-ups’ stories, reading of the appropriate books
(in transfer of the results of mankind’s centuries-long
practice the second signalling system plays the main role),
and now every individual cat for him is a member of the
genus ‘cat’. In that way, even first acquaintance with the
objects surrounding man contains embryos of the connection

86



between and unity of the sensually perceptible and mentally
abstract. The unity of sensual and abstract cognition (under-
lying which is man’s practical relation to nature) reflects
the dialectics of the objectively real world.

This example, which is unrelated to physics, can help
us in considering the problem posed above, since the pro-
cess of forming a physical concept does not differ essentially,
from the logical aspect, from the process of forming the
concepts of everyday life.

In classical theories physical concepts for the most part
represent a direct generalisation of notions that are employed
by so-called common sense. The physical concept of length,
for instance, represents a generalisation of the fact that
perceived things possess various extensions. The compari-
sons of dimensions made billions of times by man in prac-
tice before systematic scientific investigation of nature led
to the development of scientific concepts of a constant scale
and units of length, and through the latter to rules of the
correspondence between the lengths of perceived things and
certain numbers. The length of every perceived thing could
thus now be measured precisely, i.e. generally speaking,
the concepts developed in everyday experience and mathe-
matical abstractions could now be unified in that profound
synthesis of sensual and abstract cognition without which
physics as a science does not exist.

It would be the purest pedantry, of course, to demand
that all the physical concepts figuring in classical and non-
classical theories should arise in exactly this way, i.e. in
a way by which a physicist always proceeds from the per-
ceptible readings of an instrument to mathematical abstrac-
tion. That way is typical of the concepts of classical mechan-
ics, for the reason that the latter arose directly from every-
day experience and took shape before the other theories
of classical physics, serving for some time as their model
of scientific cognition.

The mathematical apparatus of a physical theory (which
is interpreted here as a theory at the stage of formation),
which represents a certain system of abstractions, possesses
relative independence and has its own logic of development;
by virtue of that certain concepts appear initially in certain
conditions in a physical theory, which is becoming estab-
lished, as a mathematical abstraction; only later is the
physical meaning of the mathematical concepts revealed,
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i.e. they find, as one says, their physical or empirical inter-
pretation. Discovery of the physical meaning of mathemat-
ical abstractions is a most important necessary aspect of
the development of a physical theory. Without it the theory
is, after all, a mathematical scheme and not a physical
theory. Only this aspect gives mathematical abstractions
physical flesh; consequently, only by taking it into account
is it possible to formulate the laws of those physical phe-
nomena that must be reflected by the theory; which means
to give the physical theory a really developed form.

In modern physics, which deals with phenomena that
are not directly perceptible, the second way of forming
physical concepts is typical, i.e. when the physicist proceeds
from mathematical abstractions to perceptible instrument
readings (which inform of the things being studied). This
is shown convincingly by quantum mechanics.

How were quantum concepts developed?

Planck’s hypothesis about the discontinuity of the pos-
sible values of an oscillator’s energy, which diverged in
principle from classical notions, made it possible to explain
the laws of thermal radiation. Even at the first stage of
quantum theory the development of this hypothesis led
to outstanding discoveries: e.g. Einstein’s discovery of
photons; creation of the theory of the heat capacity of
solids; Bohr's atomic model; and the explanation of Ritz’'s
empirical rule followed by the spectral lines of atoms,
ete.

One must note that even at the initial stage of quantum
theory the physical content of the assumptions made re-
mained unclear: the heuristic role of the mathematical form
was pushed to the foreground (an example of that is scientists’
numerous attempts to comprehend physically Planck’s
formula ¢ = hv at the dawn of quantum theory).

The further development of quantum theory consisted,
above all, in finding the mathematical apparatus to express
the statement of the discontinuity of energy. Only then
did it become possible to bring out the physical sense of all
the quantities involved in the mathematical apparatus,
and consequently to carry solution of the problem of cre-
ating atomic mechanics through to completion. All this
equally applies to the matrix mechanics of Heisenberg and
Born and to the wave mechanics of de Broglie and Schro-
dinger, the two roots, as Born put it, of quantum mechanics,
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which was given contemporary form by Dirac. Schrodinger,
for instance, compared the hypothesis about the disconti-
nuity of energy states in micro-objects and the mathemati-
cal equation he had formulated, which he had obtained
by employing the mathematical apparatus of the classical
theory of vibrations assuming that the quantities describing
the behaviour of micro-objects were associated with relation-
ships of this apparatus that had been altered in a certain
way. He supposed, further, that some operator of a certain
class corresponded to energy, and its eigenvalues to the
energy values observed in the experiment.

This assumption together with the established equation
already made it possible to obtain fruitful results, e.g. to
substantiate the Balmer series and explain the Stark effect.

An important role has been played in the development
of quantum mechanics by finding the physical meaning of
the wave function which figures in the Schrodinger equation.
This wave function characterises the state of a micro-object
in certain macroscopic conditions. It is it that makes it
possible to effect the transition from operators to the values
of quantum quantities observed in experiment.

If the wave function is the eigenfunction of an operator
of a physical quantity (say, of position), then, according
to the basic postulates of quantum mechanics, the opera-
tor’s eigenvalue corresponding to this function is a possible
value of the quantity (in an experiment with electrons it
corresponds to the position of the spot observed on the
screen).

If the wave function is not an eigenfunction of the (physi-
cal) quantity’s operator (assuming, again, a quantum posi-
tion) this quantity (in ihe state characterised by this wave
function) has no definite value (in the experiment with
electrons it corresponds to the distribution density of the
observed spots on the screen). Max Born suggested interpret-
ing the square of the modulus of the wave function |1 (z) [?
as the probability of an electron’s hitting a point with
a coordinate z. In accordance with this interpretation of
the wave function it is stated that a quantity in a state
characterised by a wave function that is not an eigenfunction
of its operator has only an average value. The value can
be computed from the mathematical apparatus of quantum
mechanics if the wave function characterising the state
of the micro-object is known. ’
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Generally speaking, only some of the quantities appertain-
ing to a micro-object in a given state have definite values
in quantum mechanics; all other quantities (in the same
state) have only average values and not definite ones. This is
closely related to the specific feature of the wave function
which consists in its coinciding with the eigenfunctions
of some operators and not with those of others.

This last feature of the wave function follows from the
central point of quantum mechanics, viz. the so-called
commutation relation. From this relation it can be deduced
that the state of a micro-object is a common eigenstate of
any two quantum quantities only if the operators corres-
ponding to these quantities are commutative. Thus, from
the commutation relation for the operators of momentum

and position. 13x)”( — fﬁx = ? one can derive that momen-

tum and position cannot have definite values simultaneously
in quantum mechanics.

The commutation relation expresses the unity of the
opposite particle-wave properties of micro-objects in the
form of mathematical abstractions. The establishing of this
relation and the finding of its connection with the particle
and wave pictures formed by micro-objects and observed
in experiment are an excellent example of the dialectics of
nature and its cognition by man.

* % %

We can now bring together our discussion of the problem
of the visualisation of classical and quantum concepts,
including the question of the role of classical concepts in
quantum theory.

There is an element of imaginability in both classical
and quantum physical concepts: if there is no connection
between the perceptible readings of instruments and the
values of variables (in the case of classical theory) and
the eigenvalues of operators (in the case of quantum theory),
there would be no physical concepts in either classical or
quantum theory. In classical theory, however, concepts are
a direct generalisation of the observation data; the concepts
in quantum theory are not such a direct generalisation,
but instead generalise the observation material in a mediated
way through classical concepts.

The eigenvalues of quantum operators correspond to
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observation data (the readings of instruments) in exactly
the same way as the values of classical variables correspond
to the data of observation; for example, the position of
a spot on the screen in an electron diffraction experiment
and the position of the hole in a disk pierced by a bullet
are measured by a constant scale with appropriate divisions.
In other words, it is never possible in measuring quantum
quantities to do without classical concepts.

At the same time the dual particle-wave nature of micro-
objects is reflected in the mathematical apparatus of quan-
tum mechanics and this puts its stamp on the classical
concepts used in quantum theory. Thus one can infer from

the commutation relation P,.X — XP, = ?— that eigenval-

ues of the momentum and position operators do not exist
for one and the same state. It follows from this that the
classical concept of a moving particle cannot be employed
in quantum mechanics in exactly the same way as in clas-
sical theory (as we noted above the term ‘moving particle’
is applied in classical mechanics to an object that simul-
taneously has position and momentum). In other words
the particle and wave characteristics, when applied to
atomic phenomena, lose their ‘classical’ independence
and become connected as it were, implying one another.

This means that the so-called relativity of the state of
a micro-object (i.e. the fact that the state of an object
is not determined in quantum mechanics regardless of the
experimental set-up by which the object is being studied
but only in connection with this set-up, in connection with
the conditions fixed by it) is a manifestation of the dual
particle-wave nature of micro-objects.

Micro-objects do not behave in a single experiment in
the same way as waves or particles of the macroworld.
At the same time, since only classical concepts can be
employed to describe the observed phenomena, the classical
particle and wave concepts should be treated in experiments
with micro-objects as mutually exclusive, and the experi-
mental conditions under which corpuscular phenomena are
observed as incompatible with the conditions in which one
observes wave phenomena, and vice versa. The contradiction
is resolved by introducing new physical quantum concepts
that have features similar to those of the corresponding
classical concepts but differ radically from them.1®
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In conclusion we shall try to answer the following ques-
tion. In which precise language can one speak about the
micro-objects themselves? Is the refined and developed
natural language appropriate for this or is such a language
unsuitable for this purpose?

According to positivists, this question has no meaning;
many scientists, however, including those whose philosoph-
ical sympathies are far from materialism, do pose it.?

From the foregoing discussion we find that such a precise
language does exist and that it has developed from the
language of classical theories; the job of constructing such
a language was solved by Bohr's complementarity principle,
which was developed further by his successors. The corres-
ponding classical concepts (e.g. the concept of a moving
particle), which proved to be imprecise when applied to
phenomena on an atomic scale, were radically transformed
and defined as concepts relating to the system of concepts
and principles of quantum mechanics, which system differs
radically from the system of concepts and principles underly-
ing classical theories. This found expression in a new formal-
ism and correspondingly new rules of the relation of mathe-
matical concepts and the observed results in quantum
mechanics (described in the language of classical notions),
compared with the formalism and rules of connection in
classical theories.

An element of visualisation is present in quantum physi-
cal concepts and quantum theory but the concepts them-
selves and the theory are not easily visualised. Here a very
important role was played by the development of the con-
cept of relativity to the means of observation, without
which it would have been impossible to comprehend quan-
tum mechanics as a physical theory, and which is a further
generalisation and development of the concept of relativity
with respect to frames of reference in the theory of rela-
tivity and classical mechanics.

The physical concepts in any physical theory, either
classical or non-classical, are thus not the instrument
readings and not mathematical abstractions; in physical
concepts reflecting objective reality the two are combined,
and it is they that are precise physical concepts; they are
precise because they correspond to objective reality.!®

There are other conceptions in the literature of the matter
under discussion. We shall only mention the attempt to

92



formulate an exact language corresponding to the mathemat-
ical formalism of quantum mechanics but having nothing
to do with ‘visualisation’ and suggesting a change in the
laws of conventional formal logic.

So-called quantum logic (Reichenbach, Weizsidcker) as-
cribes not two values of truth to statements (‘truth’ and ‘fal-
sity’), as conventional logic does, but three—‘truth’, ‘fal-
sity’ and ‘uncertainty’. This ‘uncertainty’ is not equivalent
to ‘ignorance’; rather it characterises a special type of
situation. The principle of the excluded third (‘a statement
is either true or false, tertium non datur’) does not operate
in quantum logic. The following example is quite demonstra-
tive in this respect: if one says that an electron passing
through a screen with two apertures ‘has not passed through
a certain aperture’, it still does not follow that ‘it certainly
passed through some other aperture’; there is a third possi-
bility: ‘the electron’s passage through the aperture is
uncertain’ (this possibility is by no means equivalent to our
ignorance of which hole the electron has passed through).

From the point of view of ‘quantum logic’ in Weizsicker’s
presentation of it, it follows that any visualisation is exclud-
ed from quantum mechanics, and that there is a logical
and epistemological gap between it and classical thecory.
This follows if only because ordinary logic is the logic
of the everyday, refined natural language that is the lan-
guage of the concepts of classical physics.

The question is whether deviations from everyday lan-
guage and ordinary logic like Weizsiicker’s quantum logic
are still needed if one has in mind explanation of the phe-
nomena on an atomic scale that quantum theory deals
with.

The content of what we have said provides an answer to
this question. Here we would only add that Bohr, Pauli,
and other physicists have disagreed with employing a multi-
valued logic in order to get a more ‘precise’ representation
of the situation that has built up in quantum mechanics.®
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THE PRINCIPLE OF OBSERVABILITY
IN MODERN PHYSICS

1

Formulation of the Question.
The Significance or Meaning of ‘Observability’

There is a quite rich literature on the principle of observ-
ability in physics. Physicists and philosophers have pub-
lished much analysing, on the philosophical plane, matters
pertaining to this principle.! Their work draws attention
to aspects as yet little studied of the principle of observa-
bility. We should perhaps recall here that several authors
associate this principle with Mach’s philosophy. Is that
right? We shall discuss the point below. Here we shall just
note that the ‘principle of obserwability’ has to some extent
become similar to the affirmation of the ‘disappearance of
matter’ that diverted many scientists, at the time of discov-
ery of radium and electrons, from the materialist path,
the real meaning of which was revealed by Lenin in Mate-
rialism and Empirio-criticism.?

In this chapter we shall consider the theory of knowledge
and methodological problems that are associated with the
principle of observability. Let us begin with some defini-
tions.

-Observation, of course, is a cognitive activity of man’
associated with purposeful perception of objectively real
objects and phenomena; in other words, observation of the
objects and phenomena of nature would be impossible
without their direct or mediated (through devices or means
of observation) effect on the human sense organs. From this
materialist point of view the concept ‘observability’ means
the possibility of observing objects and phenomena of
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nature that exist objectively and independent of the human
mind. Objects exist objectively, of course (and are therefo-
re cognised), in various relations to other objects and in
their development, but we shall leave issues of the
cognition of these relations and of the role of observation in
cognition.

The concept of observability is also employed in modern
physical literature with a more special meaning, namely,
in the sense that physical statements about objects, phe-
nomena, properties, and magnitudes that are recognised as
observable must satisfy certain requirements (which will
be discussed below). Our job is to analyse and substantiate
these requirements, since the principle of observability
means just them. Let us consider the statements of authors
in which the principle of observability is formulated in
one way or another.

According to Einstein, the concept ‘simultaneous’ ‘does
not exist for the physicist until he has the possibility of
discovering whether or not it is fulfilled in an actual case’.?

Paul Langevin wrote that ‘theory should not, as far as
possible, introduce anything that has no experimental
significance and that does not correspond at least to an
imaginable if not easy experiment’.?

In The Feynman Lectures on Physics one can find the fol-
lowing statements: ‘Another thing that people have empha-
sized since quantum mechenics was developed is the idea
that we should not speak about those things which we can-
not measure. (Actually, relativity theory also said this.)
Unless a thing can be defined by measurement, it has no
place in a theory.... Just because we cannot measure posi-
tion and momentum precisely does not a priori mean that
we cannot talk about it. It only means that we need not
talk about them.’®

F. A. Kaempffer has written: ‘Quantum mechanics pur-
ports to be a description of physical reality which deliber-
ately eliminates from theory all features not demanded by
experiment.’8

Some authors confuse the epistemological question of
objective reality and its cognition by man with the content
of the principle of observability. This strikes one sharply
in Eddington’s works. He stated, for instance, that when the
physicist formulated the laws of mechanics, he was dealing
not with ‘wholly objective particles and wholly objective
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behaviour (of these particles) but with their observed beha v-
iour, with ‘properties imposed by our procedure of observa-
tions’.” For Eddington physical knowledge was essen-
tially ‘observational knowledge’ allegedly obtained by
‘scrutinising the frame of thought’, ‘by the observer’s
sensory and intellectual equipment’® used for observation
(and not through deeper and deeper generalisation of facts
obtained by means of observation). It was by this a priori
way that we allegedly obtained knowledge of the funda-
mental laws and constants of physics (e.g. the speed of
light in vacuum) which, in Eddington’s view, were ‘wholly
subjective’ and ‘can be discovered a priori’.?

The principle of observability actually has nothing in
common with the problem of the relation between the
subjective and the objective as resolved in the idealist
manner. In a (closed) physical theory only those statements
are admissible that are substantiated in one way or another
or can be substantiated by experiment (observability in
principle); those statements that cannot be substantiated
by experiment are excluded from the theory. That is the
meaning of the principle of observability.

It is customary to cite the following confirmations of
the usefulness of this principle. The critical analysis Ein-
stein made of simultaneous events observable in principle
in various places enabled him to arrive at relativistic con-
ceptions of space and time. Similarly, Heisenberg overcame
the difficulties in Bohr's atomic model when he excluded
the position of the electron in the orbit and its angular
momentum as unobservable; he created matrix mechanics,
the preliminary form of quantum mechanics, relying solely
on the frequencies and intensities of spectral lines observ-
able in experiment.

Is it true that both leading theories of modern physics
owe their origin just to the observability principle? The
answer to that must be above all sought within the frame
of physics itself and not on the basis of speculative conjec-
tures as Eddington in essence suggested.* One must not
confuse the observability principle with the epistemological

* Sir Arthur Eddington. The Philosophy of Physical Science (CUP,
Cambridge, 1949), p 39. In Eddingten’s view we can, for example,
learn that a quantity is possibly an ‘unobservable’ ‘from a scrutiny
of its definition, which is found to contain a self-contradiction or vi-
cious circle or other logical flaw’.
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statement about the relation between the subjective and the
objectively real.

Dirac wrote that ‘science is concerned only with observ-
able things’.® Schrodinger expressed the same idea, but
with a reservation, writing: ‘We can never say what actually
is ... but simply what will be observed in a particular con-
crete case. Must we be always satisfied with that...? In prin-
ciple, certainly. In principle the demand that exact science
should in the last analysis strive only to describe the actual-
ly observed is not at all new. The question is simply whether
we must, from now on, renounce linking the description
we used to use to a lucid hypothesis about how the world is
really constituted. Many would already proclaim this
rejection today, but I believe that we would thereby make
things a little too easy.’!!

Dirac himself, strictly speaking, did not attach any episte-
mological meaning to his statement. This can be seen from his
continuation of the citation above: ‘We can observe an object
only by letting it interact with some outside influence.’!?

Schrédinger, on the other hand, already ascribed an epis-
temological meaning to his statement, although he did
not develop the appropriate argument.

Heisenberg expressed himself clearly and unambiguously

on the epistemological plane. According to his point of
view, when we speak of modern exact science’s picture of
nature, it is no longer a matter of ‘a picture of nature, but
of a picture of our relations to nature’.!* He assumed that
when man observed nature, he was dealing not with nature
itself but with nature considered through the prism of prob-
lems posed by man.
- We discussed Heisenberg’s point of view in detail in
Chapter II, and are not going to dwell on it again here. We
would simply like to stress that in their statements of a phi-
losophical character both Eddington and Heisenberg in es-
sence separated observation as a necessary aspect of the
cognitive process from cognition as a whole, making an
absolute of abstract thought, isolating it from objectively
real nature and matter. When man observes nature and
creates scientific theories he is, in fact, dealing with nature;
human knowledge is relative, but this relativity is not
absolute and is overcome to a greater and greater extent
as cognition (knowledge), reflecting eternally developing
nature, progresses.
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In a complete physical theory verified by experience its
statements and concepts reflect the material world; these
concepts and statements, having been verified by experience,
are true and correspond to objective reality. In the develop-
ment of physical science, however, situations arise such
that in certain conditions (e.g. when the researcher comes
across a new sphere of phenomena in his experiments to which
a given physical theory is not in essence applicable, but
that has not yet been brought out by physics) some of the
concepts and statements of the given complete theory do
not correspond to objective reality. A new experiment
disproves the assertion that a certain concept or statement
of this theory corresponds to objective reality; which means
that this concept or statement ceases to be true.

The question is asked whether physics is right to admit
statements and concepts on which experiment seems to give
a dual answer as to whether they correspond to objective
reality; and if it is right what is the epistemological con-
tent of this ‘admission’? Physics faces such questions when
a new theory grows out of an old one, and the latter becomes
a special, limiting case of this new, more general theory.

The observability principle, as we shall see later, has
something to do with the question posed; it also correspond-
ingly concentrates the necessary material for answering it.
If the question is formulated more rigorously, then it is
a matter of paradoxical situations and of how to resolve
the emerging paradoxes. The principle is also one of the
methods of resolving paradoxes of this kind. The results of
applying it do not so much reinforce statements (and theo-
ries) already known in physics as lead to new statements
(and theories) not yet known to science. There were no such
theoretical methods in the science of the classical period,
and could not be, at least in their explicit form, because
observed phenomena were explained in the final analysis
at that time by a mechanical macroscopic model, and such
an explanation was regarded as the only one possible that
did not give rise in principle to any logical ambiguities,
although engendering practical difficulties in complicated
cases.

Even now individual authors voice serious doubts with
respect to the objective substantiation and heuristic value
of the principle of observability.!* It is said, in particular,
that the principle does not answer why, in some cases, the
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unobservables (like the trajectory of an electron in an atom)
have to be excluded and in other cases are permitted (for
example, wave functions); in some cases they are harmful
(e.g. absolute simultaneity), and in other cases may play
a necessary and positive role (e.g. thissame wave function)?1®

It will become clear from what follows, however, that
the situation is not quite that hopeless. As we see it, the
epistemological and methodological aspects of the prin-
ciple of observability should not be considered independently
of the questions associated with the application of dialectics
to cognition and its development.

2

What Is an Observable (or a Non-observable)?

An ‘observable’ (about which we spoke in the first sec-
tion) is a concept that has experimental meaning, or one
based on experiment, or something that a statement about
can be verified experimentally. One can often read in the
literature that ‘only thoroughly empirically based concepts’
should be employed to describe physical phenomena.l®

This last requirement seems quite reasonable from the
standpoint of physics, but it is in fact ambiguous and there-
fore nearly useless in that form. The symbols which form
the mathematical apparatus of any physical theory (without
them there is no theory) do not as yet constitute a physical
theory. For a theory in physics really to be a physical theo-
ry, concrete measurement formulae have to be provided
for the symbols of its mathematical apparatus that relate
these symbols to physical objects. In quantum mechanics,
for example, the wave function in itself does not yet have
a physical meaning, and is therefore not an observable
quantity until a concrete formula is given that relates it
to something physical. From that point of view Born was
right when he said that the wave function was not an observ-
able quantity.!?

The concept of observability (or non-observability)
should not, in fact, be applied to the wave function as such:
the latter is a mathematical quantity, while the observability
concept applies only to the physical. Wave functions, or the
vectors in Hilbert space, are mathematically quantum states
(just as the operators that act on these functions are mathe-
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matically quantum physical quantities, or ‘observables’).
At one time, when quantum mechanics was acquiring the
developed form we now know, the job was to determine the
physical agent of the wave function (and if it was a question
of an operator, to find its physical realisation). This was
done by a probability interpretation of quantum mechanics:
for given values of the variables that are the arguments of
the wave function the square of its modulus equals the
probability density at which the variables obtain their
selected values during measurement.

It was in this way that the physically realised wave func-
tion is an observable quantity in quantum mechanics,
representing the most important physical characteristic of
a system. Similarly, the properties of a quantum quantity
are brought into correspondence with an operator in such
a way that the possible values of a certain quantum physical
quantity correspond to the eigenvalues of the operator
representing this quantity.

Thus, when it is a matter of the observability of a quan-
tity, reference to the experiment, although necessary, is far
from sufficient to solve the problem of this observability.

Let us take some other, different examples. The concept
of absolute simultaneity employed in classical mechanics
agrees beautifully with a certain group of experimental
mechanical data; sophisticated experiments relating to
electromagnetic phenomena in moving bodies, however,
do not correspond to this concept and form the basis for
the concept of relative simultaneity of Einstein’s theory.

Or take the concept of the atom. Strictly speaking this
concept had not been substantiated experimentally before
Perrin’s experiments. It had a hypothetical character; the
atomic hypothesis, however, as we know, played an out-
standing role in the development of physics.

The appeal to experiment as the sole substantiation, in
the final analysis, of physical knowledge thus still leaves
too many uncertainties for unambiguous answers to be given
relating to the description of physical phenomena and knowl-
edge of the laws of nature. In matters of this sort physical
theory also plays an important role, and therefore the
requirement for a corresponding (logical) analysis of the
statements of natural science. Even when quantum mechan-
ics was taking its first triumphal steps, Max Planck drew
attention to this circumstance.
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In Planck’s opinion the fact that quantum mechanics
dealt with quantities observable in principle and problems
having physical meaning was not its special advantage
over other theories. The problem of observability in prin-
ciple, he stressed, can never be solved a priori; it has only
to be solved from the angle of a certain theory. ‘The distinc-
tion between the different theories,” he said, ‘consists
precisely in the fact that according to one theory a certain
magnitude can in principle be observed, and a certain
question have a meaning as applied to physics; while accord-
ing to the other theory this is not the case. For example,
according to the theories of Fresnel and Lorentz, with their
assumption of a stationary ether, the absolute velocity
of the Earth can in principle be observed; but according
to the Theory of Relativity it cannot.... The choice between
these two opposed theories depends not upon the nature
of the theories in themselves, but upon experience.’!®

It is worth adding to Planck’s example that the negative
result of the Michelson-Morley experiment substantiated to
some extent (as far as absolute velocity was concerned)
not only the theory of relativity but classical mechanics
as well. This issue was resolved in favour of the theory of
relativity by postulating the principle of the independence
of the velocity of light of the motion of the source (a prin-
ciple that accorded with Lorentz’s theory of motionless
ether). The principle was not, however, postulated by itself
but in a peculiar combination with the principle of the
relativity of uniform, rectilinear motion, which contra-
dicts it.

By this addition, we would like to stress not only that
the experimental basis of the theory of relativity is incom-
parably broader than the experimental basis of classical
theories but also that the spread (generalisation) of estab-
lished principles and basic concepts to a new field of pheno-
mena means, in certain conditions, their alteration at
certain points. Such generalisations are closely related to
our theme.

Let us consider the problems arising here. The concept
of the observable in principle is not simply compatible
with a certain theory. It is necessarily connected by a chain
of corresponding conclusions with the theory’s basic con-
cepts and principles. The definition of the observable in
principle provides a method that allows us, on the basis
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of experiments, to say whether the observable in principle
corresponds to the objectively real. Examples of the observ-
able in principle were given above; they provide an oppor-
tunity of clarifying that the observable in principle coin-
cides in essence with the operationally definable.

Operational definitions have long been in use in physics,
especially in connection with the employment of mathe-
matical concepts and methods in it and, accordingly, with
the appearance of abstractions of an ever higher order.
They were also dealt with in classical physics, but, remem-
bering its history, they were not used explicitly in it.
Their systematic application and development in explicit
form one finds in non-classical theories.

Operational definitions have advantages—in certain cir-
cumstances—over verbal ones. When the point concerns
physical quantities and, in general, physical characteristics
relating to idealised objects in the broad sense of the term
(on the plane of logic of science they include, for instance,
so-called constructs), and it is necessary to solve problems
about these objects (finding, say, their physical character-
istics) from instrument readings, operational definitions
may be the only useful ones. From that point of view it is
clear that the method of an operational definition has
nothing to do with definitions of matter, a law of thought,
and other philosophical concepts or, as we remarked above,
either mathematical or biological concepts. For them there
are other methods of definition. .

It is difficult to agree with Born who, while justly oppos-
ing the epistemological line of operationalism, suggested,
however, that the domain of operational definitions was
solely classical physics.'® Of course, one cannot, as we noted
above, define a wave function or operator by an empirical
‘operation’, but the operational definition is not ‘respon-
sible’, so to say, for the ‘philosophy’ of operationalism and
its metaphysical, a priori ideas. The operational definition
of a physical quantity thus means that it is defined by
describing the operations needed to measure it within the
limits of a certain theory. What we have stressed, however,
is exactly what is ignored in the corresponding arguments
by operationalism (and, in general, by positivism), which
regards operations not as a means of reflecting the objective-
ly real in the human brain but as the real itself. That
is why operationalism even does not pose the question of
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the conditions and limits of the applicability of operational
definitions or of their variability.

The applicability of any operational definition is in fact
limited not simply in the trivial sense by the boundaries
of the object being defined but also by the limits of the
theory in which the definition occurs. In classical theory,
for example (as became clear with the development of phy-
sics), the simultaneity of events at two points A and B
removed from one another is defined by taking a clock from
A to B, when it is affirmed that it goes synchronously at A4
and at B (after being brought there). In Einstein’s theory,
however, simultaneity at two different points is defined
as follows: (1) points A and B are connected, according
to a eertain rule, by a light signal; (2) the frame of reference
to which the simultaneity argument applies is indicated.
When formulating his theory of relativity Einstein thus
altered the definition of simultaneity aceepted in classical
theory.

A similar picture exists in quantum mechanics as well,
when it is compared with classical theory. Not only is the
mathematical apparatus of quantum meeghanics different
from that of classical theory, but also the rules for linking
its coneepts with the instrument readings or experimental
data (without such a connection the concepts of its mathe-
matical apparatus have no physical meaning), in other words,
there are operational definitions of quantum quantities
that do not coincide with operational definitions of analo-
gous classical ones.* In general, if a field of new fundamental
laws has been discovered and a theory covering it estab-
lished, the operational definitions of the corresponding
objects should also be new. In short, in contradiction to the °
operationalist point of view, there is no universal criterion,
the same for all theories, of when an assertion should be
regarded as having (or not having) empirical meaning.
Nature is infinitely richer than any of its domains and any
of its aspects reflected in experience and the theories grown
on it. As physical knowledge develops, penetrating phenom-

* The first person to draw attention to the need to distinguish
between the rules for the transition from the concepts of the mathema-
tical apparatus to the experimental data in classical and quantum theo-
ries was apparently L. I. Mandelstam [see his Lectures on the Funda-
mentals of Quantum Mechanics (in Polnoye sobranie sochinenii, Vol. 3,
Moscow, 1950, p 354)].
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ena and processes of nature that have not been studied
by earlier experience, peculiar situations can arise in which
we have somehow or other to use concepts of the old theory
that are losing their meaning, and at the same time to
construct a new theory, selecting concepts corresponding
to it.

From the standpoint of a certain theory it would be use-
ful to compare the observable in principle with the experi-
mentally observable and hypothetical for a more definite
identification of their specific nature.

When, given the appropriate necessary and adequate con-
ditions the observable in principle is still not observed in
the experiment, this often has far-reaching consequences
for the theory. That is how the hypothetical classical ether
became obsolete in modern physics, and the corresponding
theory (in one version or another) was preserved only as
a historical relic if one disregards some of its ‘revivals’
through ad hoc hypotheses. The observable in principle
may prove (in certain conditions) to be observable in exper-
iment, or experimentally observable. Formally that means
confirmation of the theory at a definite (and sometimes
decisive) point. From this seemingly trivial point of view,
Hertz’s discovery of electromagnetic waves was a most
important confirmation of the validity of Maxwell’s theory
of electromagnetic field; or J. G. Galle’s discovery of the
planet Neptune after it had been ‘discovered by pen’ (i.e.
predicted) by J. C. Adams, and independently of him by
U.J.J. Leverrier, became proof of the validity of Coperni-
cus’ system, which had, strictly speaking, before that, to be
considered a hypothesis. Frederick Engels wrote about this
in his Ludwig Feuerbach and the End of Classical German
Philosophy.?°

On the other hand if the experimentally ‘observables’
figure in a certain system of concepts (which by itself is
not a closed physical theory), i.e. are only experimentally
‘observable’ in the given system, they are simply the scaf-
folding for a possible closed theory. The mechanical charac-
teristics of electron motion, for example, such as the elec-
tron’s position in an orbit or its period of revolution, were
‘expelled’ from Heisenberg’'s matrix mechanics, and ma-
trices put in their place. Matrix mechanics yielded fruitful
results confirmable by experiment; the question of what it
meant to use matrices instead of position and momentum
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in this theory remained, however, outside its field of view.
The mechanics of the atomic world had to deal with problems
of this kind when it decided to be a really physical theory
and not just empirical magic. That happened with discovery
of the uncertainty relation and the formulation of Bohr's
complementarity principle, as is now well known.

While the observable in principle and the experimentally
observable thus may exist separately in certain systems of
concepts, they tend towards each other, as it were, as these
systems develop, and after certain theoretical ‘adventures’
they combine to form ‘normal’ physical concepts in a closed
physical theory. The ‘observables’ in quantum mechanics,
represented mathematically by corresponding operators,
can serve as an example of such ‘combinations’.

To conclude this section, let us take a remark of Arnold
Sommerfeld’s so as to stress the need to distinguish between
the observable in principle, the observable in experiment,
and the hypothetical, although these concepts, as follows
from what has been said, do have undoubted points of con-
tact. Sommerfeld, who made a great contribution to the
development of quantum theory, wrote: ‘The declared
intention of Heisenberg's first work on quantum mechanics
(i.e. on matrix mechanics—M. 0.) was to develop a method
that would be based exclusively on the connections between
quantities observable in principle.’* Such concepts as ‘the
position of an electron’, ‘period of rotation’, ‘the shape
of the orbit’ were to be excluded from consideration. ‘This
restriction to the directly observable is based, in the last
analysis, on Mach’s philosophy.’

Sommerfeld noted further that Wilhelm Ostwald’s ener-
getiecs that Mach and his supporters had propagandised also
stemmed from a striving to limit himself to the directly
observable. But, Sommerfeld concluded: ‘energetics could
be counterposed to the very fruitful kinetic theory of gases
in which the positions and velocities of gas molecules,
though not observable in detail, could not be left out as
entropies of the theory. In the same way we can counterpose
to Heisenberg’s point of view the wave mechanics in which
eigenfunctions can just as little be checked in detail through
experiment as the earlier electron orbits.’?

* From the citation that follows one can see that Sommerfeld in-

terpreted the observable in principle essentially as the directly observ-
able, or the observable in experiment.
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In this comment of Sommerfeld’s correct ideas are mixed
with statements with which we cannot agree in such a way
that the latter set the tone. First of all, it is wrong to say
that the observable in principle in physics rests on Mach’s
philosophy. That is not only made clear by the whole content
of our book, but also by Heisenberg himself who, having
paid tribute to positivism in the twenties, pointed out in his
Physics and Philosophy that positivism and the principle of
observability differed from one another.2?

Furthermore, Sommerfeld apparently does not draw a suf-
ficiently clear distinction between the ‘observable in prin-
ciple’ and the ‘observable in experiment’. Quantum mecha-
nics, as we know, has its own observables in principle.
Suffice it to recall—and Sommerfeld is wrong here, too—
that the wave function in its probability interpretation is
a physical characteristic. Heisenberg adopted it as a con-
cept needed by quantum mechanics. These facts, inciden-
tally, disprove the view that there is a philosophical simi-
larity between Heisenberg's standpoint, which rejects
electron orbits, and that of Mach who did not recognise
atoms.

Finally, the position and velocity of an individual atom,
treated by Sommerfeld as unobservables, should be rather
classed as hypothetical; they may be included, moreover,
among the observable in principle from the standpoint of
classical mechanics, since the kinetic theory of gases is very
closely associated with the latter.

3

The Heuristic Role of the Observability
Principle

We cited above statements by distinguished scientists on
the methodological value of the principle of observability
in physics. Let us add that Max Born included this prin-
ciple in one of his last papers among modern physics’ most
important methods of thought, because in his view the
methods of thought dealt with in traditional philosophy
had ceased to operate in the practice of modern physics.??
V. A. Fock also spoke about the great positive role of this
principle in establishing the laws of quantum mechanics.?*
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Before turning to the theme of this section let us note
(which can be seen from the above) that the term ‘observ-
ability principle’ does not altogether adequately reflect its
content. Max Born in particular speaks, in the paper men-
tioned above, not of ‘observability’ but of ‘decidability’
or ‘determinability’ (Entscheidbarkeit), and formulated the
principle as follows: not to use any concept for which it is
undecidable in principle whether it corresponds or not to
reality.?®

From the angle of the true content of the observability
principle, Heisenberg’s reminiscences about the time when
what is now known as the Bohr-Heisenberg interpretation
of quantum mechanics was created, present considerable
interest.?® After the paper read by Heisenberg in 1926 in
which the idea of describing phenomena solely by means
of observable quantities played a major role, Einstein
asked him: ‘What did you mean by only observable quan-
tities?’ Heisenberg’s reply was that he ‘did not believe
any more in electronic orbits, in spite of the tracks in a
cloud chamber’. He felt it necessary to ‘go back to those
quantities which really can be observed’ and that
this had been exactly Einstein’s view in the theory of
relativity ‘because he also had abandoned absolute time
and introduced only the time of the special coordinate
system’,

Heisenberg then continued: ‘Well, he laughed at me and
then he said: “but you must realize that it is ‘completely
wrong ... it is nonsense”.’

Heisenberg gives Einstein’s explanation: ‘Whether you
can observe a thing or not depends on the theory which
you see. It is the theory which decides what can be ob-
served.’ ‘Einstein,’ he continued, ‘had pointed out to me that
it is really dangerous to say that one should only speak
about observable quantities. Because every reasonable
theory will, besides all things which one can immediately
observe, also give the possibility of observing other things
more indirectly. For instance, Mach himself had believed
that the concept of the atom was only a point of convenience,
a point of economy in thinking, he didn’t believe in the
reality of the atoms. Nowadays everybody would say that
it is nonsense, that it is quite clear that the atoms really
exist. These were the points [Heisenberg stressed] which
Einstein raised.’#
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Later, when Heisenberg discussed the interpretation of
quantum mechanics with Bohr, he remembered Einstein'’s
remark: ‘It is the theory which decides what can be observed.’
‘In this way,” Heisenberg said, ‘things became clear ... so
finally we all agreed that now we had understood quantum
theory.’28

Perhaps we have cited Heisenberg’'s remarks at too great
length, but we have done so deliberately. We want to show
the reader with his own eyes, so to say, that the authors
of the observability principle did not associate it at all
with positivist and idealist principles. That is the first
point. The second point is that the ‘exclusion’ of a certain
concept from a new theory as ‘unobservable’, and without
meaning, is not simply a consequence of this new theory
but that it helps construct the new theory. Einstein’s expla-
nation, as a matter of fact, means that when one has to pass,
and is passing, from one fundamental theory to another,
more general and deeper one, the old theory must neces-
sarily be altered at certain points: new, more meaningful
concepts are developed in place of some basic concepts or
other of the old theory that reflect the sphere of phenomena
with which the old theory could not cope. It is this thesis
that is also employed in the search for a new theory by means
of the observability principle. What follows is devoted to
concrete analysis of this idea.

How and why does the question of the observability in
principle or non-observability of a quantity arise? To bring
out the methodological role of this principle it is essential
to determine that such and such quantity precisely is not
observable in principle. If, for example, it had been as-
sumed, before the theory of relativity, that ether was not
observable in principle, that assumption would not have
affected the meaning of the principles of classical physics
in any essential way: the concept ‘ether’ did not figure
in classical mechanics, as we know, and classical electromag-
netic theory would have become more rigorous and would
have better reflected its object, because the concept of
field would have had an appropriate place in it (as a matter
of fact, that is exactly what happened in the electromagnetic
theory after Maxwell). The history of the creation of rela-
tivity theory witnesses that establishment of the non-obser-
vability precisely of absolute simultaneity was the metho-
dological starting point from which the development of
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non-classical theories began. In general it was establishment
of the non-observability of that quantity and no other,
and the extraction from it of everything needed to build
a new theory diverging in its fundamental content from the
principles of known theories, verified by experiment, that
constituted the element that was unknown earlier from the
angle of the cognising mind’s approaches to the phenomena
of nature, which was ‘alien’ to the ‘style of thinking’ of
physicists of the classical period of the development of
science.

Thus, one cannot answer the question of the heuristic
value of the observability principle in any concrete way
without a methodological analysis of the appearance of the
theory of relativity and, if we pose the question on a broader
scale, without a methodological analysis of the rise of non-
classical theories in physics.

How did Einstein's special theory of relativity come
about, remembering the methodological aspect of the ques-
tion? Classical mechanics (with the notions of absolute
space and absolute time, characteristic of classical physics),
in accordance with experience, affirmed the relativity of
the uniform, rectilinear motion of bodies (Galileo’s prin-
ciple of relativity)*; this, however, contradicts the fact
that the velocity of light is independent of the motion of
the source. On the other hand, classical electromagnetic
theory assumed ether, but this assumption contradicts
Galileo’s principle of relativity although it agrees that the
velocity of light is independent of the frame of reference.

The contradictions that arose here were resolved by Ein-
stein who extended the statement about the relativity of
uniform, rectilinear motion to electromagnetic phenomena
and adopted it as the first principle of a new non-classical
theory, the theory of relativity. As the second principle
of his theory he put forward the proposition that the velo-
city of light is independent of the motion of the source,
expressing it as the principle of the constancy of the velo-
city of light. It proved—and here the dialectics in Einstein’s
reasoning was revealed especially clearly—that these prin-

* Galileo’s principle is expressed in classical mechanics in Gali-
leo’s transformations. In the theory of relativity they are replaced by
the Lorentz transformations (and Galileo’s principle of relativity, ac-
cordingly, by Einstein’s).
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ciples did not contradict each other if the classical concepts
of space and time were altered.

It would have been possible not so much to resolve the
contradiction between Galileo’s principle of relativity and
the fact that the velocity of light is independent of the
motion of the source (as permitted by the hypothesis of
ether) as, it seemed, to eliminate it. For that some hypothe-
sis in the spirit of classical conceptions could have been
added to these statements.* Einstein did without these
arbitrary hypotheses, and this opened the way to him to
create the first non-classical theory.

The idea of changing the classical concepts of space and
time was thus the turning point in the genesis of the theory
of relativity, but the source of this thought in Einstein’s
reasoning was his rejection of the concept of absolute simul-
taneity in the content and structure of the theory. Or rather,
when he excluded absolute simultaneity and introduced
relative simultaneity, he reached a higher synthesis of
two mutually contradictory statements: namely, that of
the relativity of uniform, rectilinear motion and that of
the velocity of light being independent of the motion of
the source. On that foundation the theory of relativity was
consolidated.

Quantum mechanics arose in a similar way, although
the way it came into physics was much more complicated
and confusing than the birth of the theory of relativity. We
shall not dwell on this, but shall just make the following
general observation. When Heisenberg assumed the non-
observability of an electron’s position and velocity on its
orbit in the atom, he opened the first door, by his matrix
mechanics so to speak, for Bohr’s complementarity principle
(with its ‘relativity with respect to the means of observa-
tion’ and the other basic concepts unknown to classical
theories) which underlies modern quantum mechanics;
the ‘second’ door for the complementarity principle was
opened by Schrédinger’s wave mechanics.

When one examines the process of cognition in physics,
or cognition as a whole, one finds it has a very peculiar

* The negative result of the Michelson-Morley experiment, for
instance, and the independence of the velocity of light from the motion
of the source, can be made to agree with the ether hypothesis if it is
assumed that ether is completely carried during the motion of a body.
The facts, however, do not confirm this assumption.
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dual nature. {1) In cognising something, i.e. in going beyond
the limits of the already known, we extend to this something
the established concepts, laws, and theory that are treated
as known. (2) This process of extension does not exclude
but, on the contrary, implies that in doing so one may have
to alter (revise) some established basic concepts and prin-
ciples or other of the theory qualitatively and therefore,
as a result, to construct new concepts and principles and
a new theory. These two elements of cognition, in spite
of their being opposite, pass into each other and are in
fact one; depending on the conditions, however (which
above all include the cognised object itself with its specific
features), one or another of them is pushed to the fore.*
Here we are interested only in the second element because
it is exactly when a theory new in its fundamental content
is born that ‘non-observables’ appear.

From this point of view the revision of a concept (quan-
tity) in physies can be reduced to the following: it is as-
sumed (on the basis of certain considerations) that this concept
(quantity) is regarded as observable in principle (it can
often be determined experimentally) from the standpoint
of the established theory extended to the unknown (new)
field of research; it is stated that experimental determina-
tion of this concept (quantity) in regard to the unknown
field of research will either not yield a positive result or at
least sow doubts about its objectively real existence; and
a mental equivalent of the concept (quantity) so experimen-
tally rejected is established. This mental equivalent is unob-
servable in principle from the angle of the theory embracing
the new field of research, a theory that still has to be crystal-
lised out from the established one.

Thus, when a new theory (which still has to take shape)
may and does grow from an already formulated (old) theory
on a new foundation, the introduction of something ‘unob-
servable in principle’ is inevitable in certain circumstances.
In this respect one has to agree with Heisenberg, to whom
‘it is more advisable initially to introduce a great wealth
of concepts into a physical theory [he does not specify
whether he means a developing theory or one already devel-

* The point is that, when physical knowledge is extended, it is
impossible to know the limits of the established theory in advance.
These limits are determined along with the creation and shaping of the
new theory, for which the old one becomes a limiting case.
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oped—M.0.] without consideration of their rigorous justi-
fication by experiment [he does without the needed addi-
tion: by a new experiment—/.0.) and to leave the decision
to nature, in each case of any theory, whether and at what
points a revision of the basic principles is necessary’.?

Every step in extending an established theory to an un-
known field of research should, of course, be subjected to
experimental verification. That applies equally to our
first and second elements (above) of the expansion of physi-
cal knowledge, and before this verification these elements
should therefore be considered as hypotheses. Here Engels’
words that the form of development of science, in so far
as it thinks, is the hypothesis are particularly appropri-
ate®: without a hypothesis, this necessary element of scien-
tific knowledge, there would have been no progress in either
classical or modern physics; the development of the latter
completely disproves the inventions of positivists, who
reject the scientific hypothesis and consider the physical
theory only as systematisation of the ‘observable’ and not
as the ever more accurate and complete reflection of the
material world.

In modern physics it is not so much the hypotheses which,
being confirmed by experiment, reinforce already estab-
lished theories as the assumptions that lead to the creation
of new theories and a radical restructuring of science that
are most important. The assumption of the non-observabili-
ty of a certain quantity as the starting point of a theory
being created is just such a hypothesis.

This assumption is neither a descriptive nor an explana-
tory hypothesis. Unlike the latter, it does not see the expla-
nation of new facts as its task; rather it leads to an operation-
al definition of new concepts in the developing new theory.
Like descriptive and explanatory hypotheses, the assump-
tion of the non-observability of such and such a quantity
is also ‘evoked’ by an experiment. In that lies the source
of its cognitive force. Thus, the exclusion of absolute simul-
taneity and introduction of relative simultaneity in studies
of electromagnetic phenomena in the moving bodies are
a schematised, idealised expression of the negative result
of the Michelson-Morley experiment. The same has to be
said also about the exclusion of the classical trajectory and
introduction of the concept of relativity to the means of
observation into studies of phenomena on the atomic scale:
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they were ‘evoked’ by the experimental data on the par-
ticle and wave properties of one and the same micro-objects.

The non-observability of a quantity in principle is thus
not revealed as a result of elucidating the fact that the
corresponding statements about the quantity are incompat-
ible] with the principles of the theory; it had been assumed
before these principles (and therefore the theory itself)
received the right to exist and their explicit formulation.
The process of excluding the non-observable quantity,
however, is at the same time, in its developed form, the
process of crystallising the theory’s principles and concepts
on the basis of certain experimental observations. To put
it more definitely, the establishment of non-observability
is an indication that the old theory is no longer effective
in some respect (as regards the new sphere of phenomena)
and that a new theory needs to be created.

It is exactly these fundamental features that determine
the heuristic value of the principle of observability. As
a method of finding the laws of nature the principle not
only does not reject other methods of theoretical and prac-
tical research, but, on the contrary, presupposes their use.
Only then can one expect fruitful results from it.

In order to picture more concretely what this last remark
means, let us consider the creation of wave mechanics
and discovery of positron from the angle of our present
theme, and also the proposition about the non-observ-
ability of the details of elementary particles’ behaviour
when the distances between them become ultra-small.

Schréodinger created his wave mechanics independently
of Heisenberg’s matrix mechanics, as we know, and, as he
demonstrated, it was mathematically equivalent to the
matrix mechanics. Schrodinger arrived at wave mechanics
by analysing the connection that he had found between de
Broglie's idea of ‘waves of matter’ and Hamilton’s work
on dynamics and geometrical optics. Thus, it was not the
principle of observability that played the methodological
role in the formulation of the wave mechanics, but an
explanatory hypothesis, concretely the hypothesis of ‘waves
of matter’. To put it more accurately, however, the mathe-
matical hypothesis served as the method here,3! while the
‘waves of matter’ helped represent the matter more ‘visual-
ly’ rather than determined the quest.

That visual models played no decisive role in the creation
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of wave mechanics stands out particularly clearly in its
further development, which led (along with the development
of matrix mechanics) to modern quantum mechanics in
which the concept ‘waves of matter’ is not preserved literal-
ly, while the concept of a wave function in its probability
interpretation is a basic one. The enormous heuristic sig-
nificance of the method of mathematical hypothesis came
out even more clearly in Dirac’s brilliant prediction of the
positron, which was not only not governed by visual models
of any kind but was rather made in defiance of them.*

In the literature ‘waves of matter’, ‘wave function’, and
Dirac’s ‘holes’ are frequently called ‘unobservables’, and
attempts are made to draw conclusions against the prin-
ciple of observability from the corresponding discoveries
made by applying the technique of mathematical hypothe-
sis. In fact, however, the principle of observability and the
mathematical hypothesis mutually mediate and complement
each other. Here are some considerations apropos of that.

The appearance of the ‘unobservables’ to which mathema-
tical hypothesis leads is nothing other than the process of
creating (or rather one of the elements of creating) a new
theory in which these ‘unobservables’ (as they are regarded
from the angle of the old theory) become observables. The
exclusion of an ‘unobservable’ (from the angle of the new
theory), however, as we have already made clear, is also
a process of creating (or rather an element of the creating)
of the new theory. Without going into details of the rele-
vant argument here, we may note that if, let us say, the
wave function in its probability interpretation and the
positron are observables from the standpoint of quantum
mechanics and quantum electrodynamics, respectively,
that only confirms the idea of an inner connection between
the principle of observability and the method of mathema-
tical hypothesis. Bearing all these circumstances in mind,
we must stress the great progressive significance for the
development of new theories of the introduction of ‘unob-
servables’ in this sense of the term into science.

* The ‘negative energies’ and ‘holes’ in a ‘vacuum’, i.e. the no-
tions that Dirac employed when he formulated his theory of a rela-
tivistic electron, cannot in the least be classed as visual entities. In-
terestingly, Dirac himself assumed that the ‘hole’ was a proton, and
only Anderson’s experimental discovery of the positron established the
meaning of his theory: the positron is the antiparticle of the electron.
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Finally, let us briefly comment on the proposition about
the non-observability in principle of the details of elemen-
tary particles’ behaviour when they come within ultra-
small distances of one another (i.e. high energy particles®?),
a proposition being employed in the theory of elementary
particles that is now taking shape.

The fact that this theory treats elementary particles
(and there are the necessary experimental grounds for
doing it) as transformable into each other according to the
conservation laws and the principles of symmetry (we
would be justified in saying that mutual transformability
is the mode of existence of elementary particles) makes
this proposition very plausible. In particular, it accords
with the accepted view that interactions between high
energy particles cannot be described by such quantum-
mechanical concepts as wave functions and operators.

There is no closed theory of elementary particles, how-
ever, that would resolve the contradiction between quan-
tum mechanics and the theory of relativity, one of the
crucial contradictions of the modern physics, in a higher
synthesis. This situation in the modern physics of elemen-
tary particles resembles that which built up when quantum
mechanics was taking shape soon after the creation of
matrix and wave mechanics, but with quite serious differ-
ences. (1) The conception of the theory of elementary
particles (represented by G. F. Chew) that expresses the
principle of observability in its pure form (rejecting the
idea of a space-time continuum)* does not yet have a devel-
oped mathematical formalism. (2) The other conception
of the development of the modern theory of elementary
particles (represented by Heisenberg), i.e. the theory of
quantised fields based on the idea of a space-time continuum,
is not sufficiently ‘crazy’ for a new theory, to use Bohr's
expression. In any event, Chew’s and Heisenberg’s differ-
ent conceptions] are evolving and perhaps, in coming closer
together, may lead to the formulation of a closed theory
of elementary particles.

There is the possibility, of course, of a theory of elemen-
tary particles being formed in another concrete way. Prob-

* According to Chew ‘there is no experimental way of checking
up on the space-time continuum’, but ‘a continuum in momentum
variables has experimental significance’ (International Conference on
High Energy Physics. Geneva, 1962, Geneva, 1963).
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lems of this kind, it seems to us, can hardly be solved in
general if one does not take into account the profound mean-
ing of Niels Bohr's observation ‘that the reason why no
progress was being made in the theory of transformations
of matter occurring at very high energies is that we have
not so far found among these processes any one exhibiting
a sufficiently violent contradiction with what could be
expected from current ideas to give us a clear and unam-
biguous indication of how we have to modify these ideas’.33

In examining the heuristic value of the principle of observ-
ability we have tried to indicate clearly that the method
based on this principle presupposes a necessary connection
with the other methods of physics and that it is employed
not according to a known scheme, given once and for all,
but concretely, in various ways, developing new schemes
of application each time during the study of new spheres
of phenomena.
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Vv

DIALECTICAL CONTRADICTORINESS
IN MODERN PHYSICS

1

Introductory Remarks

The presence of materialist dialectics in the theo-
retical content of modern physics discussed in the
preceding chapters is now an unquestionable fact. This
applies not only to the results obtained by physics, which
confirm the principles of dialectics, but also to the process
of obtaining these results, to theoretical thinking of scien-
tists. That this is the situation follows not only from the
research into the philosophical problems of science by con-
scious adherents of dialectical materialism, but also from
analysis of the works of the scientists who created and
developed modern physical theories, including ones whose
personal philosophical views do not coincide with the
propositions of Marxist-Leninist philosophy.

That dialectics as a method and philosophy of science is
not something external to modern physics but is born, so
to say, within it, makes the latter dissimilar in a certain
sense from the old, or classical physics. It does not, howev-
er, follow from this that classical physics was metaphy-
sical in character. We would like to draw attention here
simply to the following feature of the historical develop-
ment of physical science: classical physics was satisfied
in its day to recognise certain fixed schemes and stable
fundamental concepts (Newton's conception of space—
time—mass—force; the constant atoms), whereas modern
physics excludes immovable schemes and eternal basic
principles from the start. The state of the science in the
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past, above all of physics, encouraged to a certain extent
the predominance of a metaphysical way of thinking among
scientists of the eighteenth and nineteenth centuries, al-
though science had already by then demonstrated by discov-
eries and the accumulated facts that everything in nature
happens in the end dialectically. From that angle, it seems
to us that Engels’ words about the conflict between the
results obtained by science and scientists’ preconceived
mode of thinking, which explained the confusion in theo-
retical science in the nineteenth century,! apply to twen-
tieth century science with major reservations.

Dialectical contradictions permeate modern physics,
including its holy of holies, its theoretical foundations.
The law of the unity and struggle of opposites makes it
possible to express the change and development of objective-
ly real nature in the logic of concepts. Development as
a unity of opposites is a splitting of the whole into mutually
exclusive opposites (aspects, tendencies), and the relation-
ship between these. This applies to all the phenomena and
processes of the material world, and to their reflections
in the form of concepts in the human brain, i.e. to their
cognition.

If we take physical knowledge as knowledge abstracted
from its origin, movement, and development, it appears
to be deductive knowledge. In that case, it is usually (when
physics is considered as theoretical physics) in the form
of a deductive theoretical system (or several deductive
systems), e.g. classical mechanics, thermodynamics, rela-
tivistic mechanics, quantum mechanics. The laws of formal
logic (traditional or modern) are then sufficient to solve
the problems of cognition relating to physics that arise.

If, on the other hand, we take physical knowledge as it
exists in reality, i.e. from the point of view of its origin
(from experience) and development, then formal logic
proves to be limited when used to solve cognitive problems.
Such physical knowledge already appears as a succession
of theories, as the emergence of a new theory, with new
principles and basic concepts, from an old one. Here mate-
rialist dialectics comes on the scene as dialectical logic,
which is concerned with developing knowledge and the
laws of development of scientific cognition.

From this point of view a proposition (let us take a non-
physical example: ‘the house exists’) and its negation
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(‘the house does not exist’) cannot be regarded as true in
one and the same theoretical system, i.e. a proposition
and its negation cannot be proved in it; they can have,
so to say, only parallel existence; they coexist in different
theoretical systems. This circumstance is expressed in
formal logic in its most general and complete form by the
law of contradiction, by which a proposition and its nega-
tionin a formal or formalised theoretical system cannot be true
simultaneously; in other words, the opposition between them
is absolute (in our example of a house this means that the
statement ‘the house exists’ and its negation ‘the house
does not exist’ cannot be regarded as true at the same time
in one and the same theoretical system if one has one and
the same house in mind at one and the same time).

This is not the place to enlarge on the subject of formal
logic’s serving the cognition of truth when it is not called
on to perform tasks not proper to it.* From the angle of
the formal-logical system the elements of stability in con-
nections and transitions that are united in the objective
world by diverse relations between developing things are
fixed (conditionally). Dialectical logic points out the rela-
tive nature of the abstract isolating lines; by assuming
the existence of the limits to the applicability for estab-
lished concepts, principles, and theories, it unites various,
opposite concepts, principles, and theories through mediat-
ing logical links in higher synthetic constructions.

It is important to note, for the theme of this chapter,
that dialectical logic does not merely reject the absolute
significance of the opposition between a statement and its
negation. It preserves the actual content of this opposition
as an absolute value within certain limits, which are determined
by the conditions in which a certain theory is applicable,
but the opposition becomes relative beyond these limits.
It is this kind of ‘maintenance’ of the value of concepts,
and not some other kind, that ensures, on the one hand,
precision of the language of concepts employed and, on the

* Niels Bohr’s student Léon Rosenfeld wrote: ‘In speculating about
the prospects of some line of investigation, he would dismiss the usual
considerations of simplicity, elegance or even consistency with the
remark that such qualities can only be properly judged after the event.’
In: S. Rosental (Ed.). Niels Bohr. His Life and Work as Seen by His
Friends and Colleagues (North-Holland Publishing Co., Amsterdam,
1967), p 117. ;
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other hand, gives these concepts the flexibility needed when
science embraces a wider circle of phenomena that the exist-
ing theory cannot explain.*

In our view this is the most important feature of the
dialectics and logic that guided Marx in Capital and brought
brilliant results to science. In this connection suffice it
to recall his reasoning, say, about how the transformation
of money into capital is disclosed on the basis of the imma-
nent laws of the exchange of commodities, and the money-
owner is turned into a capitalist; the role of such a special
commodity as labour power (a use value that has the prop-
erty of being a source of value) in this transformation
brought out by Marx, and of the various historical condi-
tions that must be met for the money-owner to be able to
find labour power on the market as a commodity. Marx’s
thought, formulated in the course of the reasoning, to wit,
‘it is therefore impossible for capital to be produced by
circulation, and it is equally impossible for it to originate
apart from circulation. It must have its origin both in
circulation and yet not in circulation’?, opened the necessary
perspectives for understanding the logic of the solution of
the problem.

The analysis of corresponding points of a logical character
bearing on Marx’s argument has introduced the term ‘anti-
nomy problem’ into Marxist literature.? We will not go
into these topics here, however, though they are very im-
portant and interesting for dialectics, and refer the reader
to the available literature. Our brief remarks about dialec-
tical contradiction should help towards a clearer under-
standing of the logical essence and conceptual language
of the theory of relativity and quantum mechanics, which
developed from classical physics. We shall try to show that
the idea of dialectical contradiction, and only it, made it
possible to construct the theory of relativity and quantum
mechanics in the forms now known, in which they work
fruitfully.

* In our example about the house the meaning of the context is
that if the house in question is one ‘being built’, the concepts ‘exists’
and ‘does not exist’ are compatible with respect to it. The opposition
between them is then no longer absolute’and becomes relative. Differ-
ent, though mutually related meanings ap}iear for them (the house
‘exists’, because it is partially there and will be finished; it ‘does not
exist’, because it still has to be completed).
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2

The Theory of Relativity and Dialectical
Contradiction

On the plane of quantum conceptions the theory ofrela-
tivity did not introduce any significant changes into the
scheme of classical mechanics, since it preserved the classi-
cal concept of the trajectory of a moving particle (in this
sense it can be viewed as a classical theory), whereas quan-
tum mechanies transformed Newton’s laws of motion radi-
cally at just this point.

The theory of relativity, however, began in physics that
which quantum mechanics has continued. Its radical revi-
sion of the notions of space and time in the physics of New-
ton and Maxwell awakened physicists (to use rather meta-
phorical language) from their metaphysical (dogmatic)
dream. The idea of the variability of basic physical prin-
ciples that is now usual among scientists was first used
by the theory of relativity.4

The theory of relativity, as regards its philosophical and
methodological aspects, plays an important role in modern
physics also because it demonstrated for the first time the
inner necessity of the idea of dialectical contradiction in
theorctical development of the content of physics. The appli-
cation of this idea to the fundamental principles of physics
distinguishes classical theories sharply from modern physics,
and this was demonstrated quite convincingly for the first
time in the theory of relativity.

The rise of the theory of relativity itself cannot be under-
stood without, and independently of, the idea of dialectical
contradiction. We spoke about this in general form in Chap-
ter IV; here we shall stress certain aspects of this question.

According to classical mechanics, absolute rest and abso-
lute uniform, rectilinear motion do not exist. Being relative,
they are correlative concepts; this is expressed in Galileo’s
principle of relativity, which affirms the impossibility of
identifying a separate system inside a class of inertial refer-
ence frames on the basis of the laws of classical mechanics.

Galileo’s principle of relativity, however, proved incom-
patible with the laws of classical electrodynamics, in par-
ticular with the experimental corroboration of the inde-
pendence of the velocity of light of the motion of the source,
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This became evident when points about the application of
Maxwell’s electrodynamics to phenomena in moving bodies
were raised. Classical electrodynamics admitted ‘lumini-
ferous ether’, which accorded with the independence of
velocity of light; this assumption, however, introduced
concepts of absolute rest and absolute motion into physics,
which contradicted Galileo’s principle of relativity.

The logical conflict arising at the juncture of classical
mechanics and classical electrodynamics could not be
resolved directly by experiment. The unsuccessful attempts
to detect motion of the Earth with respect to the ether,
i.e. to measure its absolute velocity (the Michelson-Morley
experiment and the like), given the assumption of certain
legitimate premises, led to diametrically opposite conclu-
sions: 1) if classical mechanics was applied to a moving
source of light, the velocity of light proved to be relative;
2) if the same phenomenon was treated from the angle of
Lorentz’s hypothesis (which originated from electromagnetic
theory), the negative result of the Michelson-Morley exper-
iment had to be interpreted in such a way that the velo-
city of light was absolute (since, according to Lorentz’s
hypothesis, the absolute velocity of the Earth cannot be
detected experimentally).

The conflict between classical mechanics and electrody-
namics took the form of a contradiction between the prin-
ciple of relativity and the proposition that light is propagat-
ed in a vacuum with a certain velocity that does not depend
on the state of motion of the radiating body. Although
both had been convincingly confirmed by experiments, they
appeared logically incompatible.

The contradiction was resolved by Einstein, and that
was the logical foundation on which the theory of relativity
was built. The principle of relativity in which the idea
of all inertial reference frames’ being equivalent was™gener-
alised for electromagnetic phenomena (Einstein's prin-
ciple of relativity) was taken as the first premise of the
theory. As the second and last premise of his theory Einstein
employed the independence of the velocity of light of the
motion of the source, expressed as the principle of the con-
stant velocity of light. He combined both principles and
succeeded in doing so by altering the physical concepts of
space and time. The simultaneity of two differently located
events lost its absolute nature, the spatial intervals between
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bodies and the temporal intervals between events also
proved to be relative, i.e. dependent on the bodies’ state
of motion with respect to the frame of reference. The rela-
tivistic kinematics that emerged led to the transformation
of classical physics. In the theory of relativity a new law of
motion was formulated for particles moving at high veloci-
ties; the law of the interconnection of the mass and energy
of a material system was discovered; the law of the conser-
vation of mass proved to be closely associated with the law
of the conservation of energy.

The logic of Einstein’s resolution of the contradiction
between classical mechanics and electrodynamics, discussed
above, is essential to the theme of this section.

First and foremost, and this is the main point, Einstein
did not get rid of the contradiction between the principle
of relativity and the principle of the velocity of light being
constant by introducing some additional hypothesis that
would have preserved these principles together with the
foundations of classical physics. Such a ‘resolving’ of this
contradiction would not have removed it but just brushed
it aside, because the principle of relativity and the prin-
ciple of the constancy of the velocity of light would have
proved to be isolated, existing parallel within a certain
classical scheme. Einstein resolved the paradox in a truly
dialectical manner. He combined the two mutually contra-
dictory principles, but not at all in the sense of the conjunc-
tion of formal logic; that meant abandoning certain basic
concepts of physics that appeared established forever, and
also the forming of new fundamental physical concepts,
and consequently the constructing of a new fundamental
physical theory, in which the principle of relativity and
that of the constancy of the velocity of light figure as neces-
sarily related to each other.

Physics abandoned absolute space and time and intro-
duced relative space and time precisely in the theory of
relativity; this is expressed adequately by the Lorentz
transformations by which the transition is made in the
theory of relativity from one inertial reference frame to
another. At the same time the theory of relativity does
not discard the concepts of absolute space and time complete-
ly but preserves them when the conditions of the problem
permit certain circumstances to be ignored. If, for instance,
it is possible to neglect the duration of the time light takes
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to pass between the points where the events occur, the con-
cept of the absolute simultaneity is employed. In other
words, the theory of relativity brings out the approximate
nature of classical physics’ concepts of space and time and
indicates the limits of their applicability.

The theory of relativity thus reflects objective reality
more accurately and more profoundly than classical phys-
ics, i.e. it embraces phenomena and processes that for
some reason or other seemed too ‘refined’ for classical phys-
ics. The latter directly generalised notions arising in every-
day experience and relating to space and time. The theory
of relativity, which is based on experimental study of
electromagnetic phenomena, develops its conceptions and
notions indirectly through the ideas and concepts of classical
physics. No other concepts than classical ones are used
to describe the results of any experiments, including those
with electromagnetic phenomena on moving bodies, and
the physical interpretation of observations in each given
inertial reference frame assumes the classical isolation of
space and time.

The need to relate phenomena that occur in various iner-
tial reference frames, however, and to find concepts and
laws common for all inertial systems, increases the degree
of abstractness of the physical concepts. The classical con-
cepts are generalised and transformed into.-new relativistic
ones, the classical concepts appearing as aspects of more
meaningful and general relativistic concepts.

We shall see that the idea of dialectical contradiction
of cognition is most important in metamorphoses of this
kind.

In classical mechanics space and time are unified by
Newton’s laws of motion, and according to these same laws
they do not depend on each other in the context of this
unification, and exist separately, in mutual isolation.
Galileo’s transformations used in classical mechanics to
pass from one inertial reference frame to another are just
those that leave the expressions for spatial distances and
time intervals invariant for all inertial reference frames
(in classical theory, these expressions reflect the main prop-
erties of space and time). The situation is quite different
in the theory of relativity. In it space and time are unified
by laws of motion that differ from those of Newton; and
in accordance with these new laws they prove to be inter-
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related by their nature. In the theory of relativity space
and time are regarded as forming an integral system each
component of which is objectively impossible and unimag-
inable without the other. The Lorentz transformations
leave invariant the expression for the square of the interval
that, according to the theory of relativity, defines the
main properties of space and time, and this interval, or
four-dimensional distance, is a special unification of the
spatial distance and the temporal interval between the
events. The matter of the unification of space and time,
and of the specific character of this unification, is thus cen-
tral to the theory of relativity.

If the point were the four-dimensional nature of an event,
in the sense that it is characterised by three spatial quanti-
ties and one temporal one that is different from them, there
would be no difference whatsoever between classical physics
and the theory of relativity. Minkowski correctly stressed
that ‘the object of our observation is always only positions
and time joined together. Nobody has observed a position
other than at some time, or a time other than at some loca-
tion’.® And although the concepts of space and time in clas-
sical physics are more ‘abstract’ than those developed by
normal perception, classical physics also rests on acceptance
of the idea of four-dimensionality, i.e. of an aggregate of
spatial and temporal characteristics of physical objects.
In Einstein’s words: ‘Classical mechanics, too, is based
on the four-dimensional continuum of space and time.’®

The difference between classical mechanics and the theory
of relativity on four-dimensionality begins with the solu-
tion of the problem of passing from one inertial reference
frame to another one. In classical mechanics the spatial
quantities vary separately during this transition from the
temporal quantity, which remains constant (Galileo’s
transformations). In the theory of relativity when there
is a transition from one inertial reference frame to another
(the Lorentz transformation) time does not remain invar-
iant but varies together with the spatial quantities. In
other words, an unambiguous separation of the four-dimen-
sional manifold into space and time is impossible in the
theory of relativity, since it depends on the frame of refer-
ence in which the transition takes place, i.e. spatial three-
dimensionality and temporal one-dimensionality form a tru-
ly single space-time four-dimensionality in this theory.
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According to the theory of relativity, space and time
thus do not have an independent existence; they are a single
formation, something, so to speak, greater than space and
time separately, which are simply added together, as it
were, in classical theory. This understanding of space and
time is already clearly depicted in the Lorentz transforma-
tion formulas. The most complete, concentrated expres-
sion, however, of the theory of relativity’s understanding
of space and time is to be found in its concept of interval.
This concept, formulated by Minkowski, and his ideas of
a four-dimensional world in general, plus the correspond-
ing mathematical construction, gave the notions about
relative space and time discussed in Einstein’s paper A Con-
tribution to the Electrodynamics of Moving Bodies® (this
was the paper from which the theory of relativity began as
a developed theory) their needed theoretical completion.

The most essential thing in the theory of relativity is
not so much the discovery (or introduction into physics of
the idea) of relativity of spatial distances and time, as the
fact that it reflects in the appropriate concepts a united,
necessarily connected space and time. The interval that
combines spatial distance and the temporal interval is
invariant relative to the Lorentz transformation, i.e. it is
the same whatever inertial reference frame is considered; it
is by virtue of this that spatial distance and the temporal
interval will be different in different frames of reference.

The interval squared can be written as

S2=c2T2_ ]2,

where [ is the distance between the points at which events
took place (in some given inertial reference frame), T is
the temporal interval between these events, and c is the
velocity of light.

The difference in the signs of the two terms in this expres-
sion is a specific feature of Minkowski’s four-dimensional
geometry (or geochronometry) that distinguishes it from
Euclidean geometry; it reflects the different nature of space
and time, while the expression for the interval itself, in
this case, conveys that in the unified space-time of the
theory of relativity the radical difference between space
and time is preserved. Following Minkowski, one can intro-
duce a notation )/ —1T so as to make the expression
for the interval completely symmetrical (then the interval
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acquires the meaning of a four-dimensional distance between
two points), but the imaginary sign before T’ also stresses,
in this case, that time and space are not identical from the
standpoint of the theory of relativity.

Let us assume that the interval corresponds to certain
two events. For a given frame of reference there is a square
of the spatial distance between the points at which these
events occur, and a square of the temporal interval between
them; in other frames of reference they will be different,
but whatever system is taken the value of the interval will be
the same. Suppose, now, that S2 > 0. Since S? is invariant,
we have 8% > 0 for all frames of reference. If S? << 0, then
8% << 0 for all frames of reference.

Intervals are thus divided into two classes according as
their squares are negative or positive. The condition ¢7 > 1
defines the second class, and ¢T << I the first.* In the first
case the intervals are called timelike, in the second space-
like. These terms are associated with certain circumstances.
If, say, a reference frame can be found for two events such
that they occur at the same point, then the temporal inter-
val between them 7 £ 0, and I = 0, i.e. S? is reduced to
its temporal term c27?%, hence the name ‘timelike interval’.
The origin of ‘spacelike interval’ can be explained in a
similar ‘way. ‘

It must be remembered that an interval is by no means
a mathematical abstraction but a concept of modern phys-
ical theory, and the theory of relativity expresses this
definitely and convincingly. Without Minkowski’s four-
dimensional geometry, of course, the theory of relativity
would not have achieved the status of a highly perfected
theory; his ideas, however, as he pointed out, arose ‘on an
experimental-physical” basis’ and ‘therein lies their force’.®

This circumstance was reflected above all in the concept
of the interval.

To sum up, what is the physical realisation of the inter-
val? Or how is the interval that figures in Minkowski’s
geometry defined physically? Let us first consider the time-
like interval. Let an event A and then an event B occur
within a certain frame of reference at the same place. What
is the interval between these two events? We would be
justified in saying that within this frame of reference the

* We do not consider the case here when c272 =12, i.e. ¢T = I,
S = 0 (the condition of the light cone).
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distance between the points at which A and B occurred is
zero (I = 0); therefore the interval S=c7.If another frame
of reference is considered (moving with respect to the
first one), the time interval between the two events will
be different, and the distance ! will be also different (no
longer zero); the interval, however, remains constant. It
turns out that the interval is defined physically as the
difference between two clock readings that are at rest in
the system in which the events occurred at the same place
(i.e. in terms of the theory of relativity the physical mean-
ing of the interval is that of the intrinsic time between the
events).

One can show in a similar manner that the spacelike
interval is physically determined by the so-called intrinsic
length.

Iéf’ we put what has been said in more general form, then,
from the angle of the theory of relativity, it is not time
itself that is measured by the clocks, but the time aspect
of the interval, it is not distance itself that is measured
by a ruler, but the spatial aspect of the interval. In the
extreme limiting cases the clocks at rest measure a timelike
interval, and a ruler at rest a spacelike interval. In the
theory of relativity the concepts of space and time thus
have meaning not so much as concepts of space by itself
and time by itself as in their deep essential interrelation.

As a summary of sorts of the exposition in this section,
we may cite Minkowski’s words with which he began his
famous paper Space and Time at a meeting of German natu-
ralists and doctors in Cologne on 21 September 1908: ‘From
now on space in itself and time in itself are reduced to the
role of shadows, and only some form of combination of the
two should remain independent.’®
" These words vividly expressed the dialectical spirit of
modern physics when its first leading theory was nearing

completion.

3

Dialectical Contradiction
and Quantum Theory
The experimental data about corpuscular and wave pro-
perties of micro-objects (particle tracks in a cloud chamber
and the diffraction of particles, e.g. electrons or molecules)
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are beyond doubt and are not rejected by any physicist.
But how can these data—the particle-wave duality—
be interpreted in a theory? This point is by no means tri-
vidl, because classical physics considers corpuscular and
wave theoretical constructions as mutually exclusive.
On the philosophical plane, the question of the ontological
status of ‘waves’ and ‘particles’ arises first of all: does
objective reality correspond to the experimental data on the
micro-objects, which we denote by words classed as ‘par-
ticles’ and ‘waves’? Is Philipp Frank, say, right when he
states that ‘the “electron” is a set of physical quantities
which we introduce to state a system of principles from
which we can logically derive the pointer readings on the
instruments of measurement’??

One can speak of a certain analogy between Zeno’s para-
doxes relating to motion and the particle-wave duality.
In the first case the point is not so much the sensual cer-
tainty of the motion, of whether there is motion, as how
to express it in the logic of concepts.!! In the second case
one also has in mind the need to understand the empirical
certainty of corpuscular and wave properties of the micro-
objects because the certainty alone is not enough. The corres-
ponding problems in the two cases are solved by dialectics;
the cases differ, however, as regards the nature of the dialec-
tical unities that emerge. In the case of motion (mechanical
displacement) the latter does not directly lead to the idea
of contradictoriness, and even now one cannot help feeling
amazed at the virtuosity of Zeno’s dialectical mind (a vir-
tuosity not yet conscious in many modern scientists),!?
when he, so to say, ‘divided the single into two’. In the
case of particle-wave duality, on the contrary, the ‘split’
is usual and it is the empirical fact of electron diffraction
that causes surprise, or visual experiments with light of
low intensities, which mean that the particle and wave
aspects merge together.

How can the mutually contradictory particle and wave
aspects be combined? More than one approach to a solution
of this problem is possible.

Attempts used to be made to treat the wave phenomenon
as one in a medium formed of particles. J. J. Thomson’s
theory, according to which ‘the electron behaves as if it
were within an atmosphere containing charges of electri-
city’, can serve as an example.!® Such a theory, in which
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only the particle is ascribed fundamental meaning and the
waves are represented as something derivative, is being
reborn in modern physics in one form or another.

When quantum mechanics was being created Schriodinger
tried to interpret particles as ‘wave packets’. This inter-
pretation did not agree with the facts (it can be shown that
‘wave packets’ should ‘spread’ in the course of time, which
does not happen to micro-particles); in addition it came
up against insuperable difficulties when it had to explain
the interaction between two ‘wave packets, in physical,
three-dimensional space.

Of late theories are being offered (David Bohm and others)
that treat particles and waves as equally fundamental as-
pects of matter, emphasising primarily the idea of the joint
existence of corpuscular and wave properties of moving
objects in a certain classical type of model. This model
preserves the classical concept of a trajectory, and in essence
eliminates the symmetry between particles and waves that
is inherent in quantum theory.

Those interpretations and other like them are typically
based on the application of certain classical concepts and
schemes to phenomena of atomic scale. In this way the
classical concepts and schemes are understood in the cor-
responding conceptions as invariable and absolute. On the
methodological plane, this feature is the main source of weak-
ness of these conceptions: in the last resort they ‘explain’
post factum results that have already been obtained on the
basis of Bohr’s conception which rests on non-classical
principles. Let us turn now to a point of view on the unifying
of the particle and wave aspects that differs in principle
from those noted above.

Bohr called the method of unifying the corpuscular and
wave aspects based on the idea of transferring the concept
of wave from classical optics to particle mechanics an
irrationality. Although the attacks on his conception of
unifying the corpuscular and wave points of view, and
on his use of theterm irrationality in this case not only still
continue but have also become unjustifiably bitter,'* one
must nevertheless agree with Bohr about the essence of the
matter. The method of unifying the particle and wave as-
pects in quantum mechanics resembles to some extent the
introduction of irrational and imaginary numbers into
mathematics, or the concept of the interval into the theory
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of relativity. One cannot get far in analysing issues related
to such unification on the basis of any system of formal
logic. Dialectical logic, which may appear, and actually
seems irrational to the metaphysical mind, but which is
in fact beyond reproach on the plane both of formal logic
and of its own dialectics, appears on the scene.

In each of the ‘rational’ approaches noted above a seg-
ment of the line of cognition that reflects the state of things
as it is is stressed in a one-sided way. Materialist dialectics,
on the contrary, excludes one-sided cognition. It provides
everything necessary and sufficient to clarify whether the
supposedly absolutely incompatible particle and wave
pictures of the behaviour of the micro-objects have objective
meaning.

Matter, i.e. substance and field, is not, on the whole,
particles or waves in the sense of classical theories, or
unification of the two in a certain macroscopic (classical)
model. Particle and wave properties are united in their
opposition. In other words, matter simultaneously has the
properties of particles and waves, but only in the sense that
the motion of micro-objects can only approximately be
regarded as translation of particles and propagation of
waves. When the limiting cases are taken into account,
micro-objects behave approximately like waves in some
experimental conditions, and approximately like particles
in others. The so-called relativity with respect to the means
of observation (which realise the conditions in which the
mutually exclusive properties of the micro-objects are
manifested) is a typical feature of the description in quantum
theory that follows from acceptance of the dual particle-
wave nature of micro-objects.

These ideas have been developed in their clearest and
most systematic form by scientists who areconscious adher-
ents of dialectical materialism.!® Idealist and metaphysical
views primarily influenced a certain interpretation of the
problem of uniting the particle and wave pictures of the
behaviour of micro-objects, viz. by denying the objectively
real nature of the unity of the particle and wave properties
of matter at its atomic level and by subjectivising relativ-
ity to the means of observation. This interpretation is
expressed most clearly in the idea of the uncontrollability
in principle of the interaction between the microscopic
object and the means of observation.
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‘Uncontrollability in principle’, in the proper sense of
the term, contains no truth, because processes and phenom-
ena in nature are in principle cognisable, and, therefore,
in principle controllable. Among the physicists who used
this term, however, it frequently had no definite meaning
and played the role of a kind of notation for the fact that
quantum laws are qualitatively different from the laws
of classical mechanics. The opponents of materialism,
however, used this philosophically mistaken term in a subjec-
tivist manner.

The concept has disappeared from the scientific literature
of late, especially in the works of those physicists who op-
pose the principles of positivism in science (i.e. not only those
scientists who are the conscious adherents of dialectical
materialism). Niels Bohr, for example, in his last works
on the philosophical aspects of atomic physics (as men-
tioned in earlier chapters), did not employ the concept and
made it clear that the description of atomic phenomena had‘a
perfectly objective character’.'® The term ‘complementa-
rity’, which he retained, signifies a novel kind of relation
of the experimental evidence about micro-objects, obtained
by mutually exclusive means of observation. This evidence,
Bohr remarked, though it appears mutually contradictory,
in fact ‘exhausts all conceivable knowledge about the
object’.?

Let us now go into greater detail about certain aspects
of the meaning of a conception that stems from recognition
of the dual particle-wave nature of micro-objects.

The particle—a basic notion of classical mechanics
(like its other basic notions) — can be defined indirectly by
Newton’s law. Such a definition signifies that a particle
has both momentum and position.* The classical concept,
however, cannot be applied on the atomic scale because
it does not correspond to the quantum laws established by
experiment that are expressed by quantum formalism. In
this case the uncertainty relation plays a most important
role not only determining the limits of the applicability
of the classical concept of particle, but also allowing us to
generalise the particle concept and make it more profound
by giving it a new content unknown to classical theories.

* We are dealing with the particle concept here solely from the
standpoint of classical mechanics.
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This new content follows from the need to allow for the
wave properties of micro-objects in the theory.

In the definition of a particle of classical mechanics, of
course, its momentum and position are unrelated to each
other by their very nature, and must be considered separate-
ly. In quantum mechanics it is impossible to consider the
position and momentum of a particle separately; they have
to be understood in their deep interrelation, because micro-
objects have wave properties that are inseparable from their
corpuscular ones. This becomes clear, in particular, from
the imaginary experiments that accompany the exposition
of the uncertainty relation; they provide obvious evidence
that one cannot isolate the particle’s position from its
momentum in quantum mechanics precisely because of the
dual particle-wave nature of micro-objects.

In quantum formalism, which differs qualitatively from
the formalism of classical theories, the state of .things in
physics internally linked with recognition of the dual par-
ticle-wave nature of micro-objects is described mathemati-
cally. In it symbols figure that denote not numbers (as in
classical formalism) but more abstract mathematical con-
cepts (operators) that are not, generally speaking, governed
by the commutative law of multiplication. Each physical
quantity in quantum mechanics corresponds to its operator
in such a way that the eigenvalues of the latter give the
possible values of the former, and its eigenfunctions de-
scribe the corresponding states of the object (system). Even
the definitions of the operators of momentum and position
potentially contain the uncertainty relation (for momentum
and position), which means that in no quantum state (mathe-
matically described by a wave function) there exist the
eigenvalues of the operators of position and momentum at
the same time together, i.e. it is affirmed in essence that
quantum mechanics does not deal with the ‘classical’ par-
ticle.

In quantum mechanics (and this is demonstrated above
all by its mathematical apparatus) corpuscular and wave
notions thus cannot be combined in the manner of classical
physics. From the standpoint of classical physics the expres-
sion ‘particle-wave dualism’ can be used, as follows from
what has been said, in the following senses: 1) either a par-
ticle or a wave, 2) both a particle and a wave. From the
standpoint of quantum formalism, however, both these
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meanings lose significance. It remains to find, as Bohr
put it, the ‘irrational’ form of uniting the particle and
wave concepts. If such a form exists, what is its logical
meaning?

The novel form of the combination of the particle and
wave concepts in quantum mechanics is concentrated in the
novel feature of quantum probability, one of the fundamental
concepts of quantum theory. This concept, introduced by
Born and developed further by Bohr, means that the proces-
ses in material systems are governed by probability (stochas-
tic) laws. According to this interpretation, the translation
of a particle is associated with a wave process that represents
the propagation of a probability wave.

Probabilities differ radically in quantum mechanics from
those in classical theories. In the latter they express the
existence of circumstances that are random for the phenom-
ena being studied and therefore do not enter directly
into the laws of these phenomena. The hypertrophy of this
state of affairs that is typical of metaphysical ideology
leads to a subjectivist interpretation of chance and proba-
bility (Laplacian determinism). Things are quite different
in quantum mechanics: in it probabilities are considered
as occurring in the basic laws of nature, and their introduc-
tion reflects the potentially possible objectively existing
in certain real conditions. The probability laws of quantum
mechanics are the laws of behaviour not of ‘classical’ par-
ticles and not of ‘classical’ fields, but of material systems
that combine the properties of particles and waves in a
novel way.

The idea of the ‘probability wave’ of quantum mechanics
as a mode of uniting the particle and wave concepts may
appear artificial, but when one analyses certain experiments
that are by no means imaginary, its naturalness is obvious.

In an experiment, say, with a machine gun, we can judge
the statistics of the bullets by their pattern on the target.
In an experiment on the diffraction of successive electrons we
learn about the statistics of electron behaviour on the
basis of the specks on a screen (traces of the electrons hit-
ting it), which form a diffraction pattern in a sufficiently
long experiment. Comparing these two experiments, we
are justified in saying that the probability behaviour of
the electron is governed by the wave law (which cannot
be said of the behaviour of the bullet). The diffraction
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pattern formed by the traces of electrons hitting the target
is'evidence that the electron moves not as a ‘classical’ par-
ticle but as one possessing both corpuscular and wave
properties. Indeed, we conclude from a spot on the screen
that the electron possesses particle properties; from the
diffraction pattern formed by the spots we infer that the
electron that has passed through a diffracting system has
interacted not with a single atom, or a small number of
them (as a ‘classical’ particle would have done), but with
the diffracting system as a whole (i.e. it behaves as a wave).
Thus, an electron passing through a diffracting system
moves neither as a ‘classical’ particle nor as a ‘classical’
wave but as an object that has inseparable particle-wave
properties.

It is very important to clarify what the inseparability
of the electron’s particle-wave properties means or what is
understood by dialectical unity of the particle and wave
properties of matter when the question is posed more broad-
ly. It can be demonstrated by the following example. By
performing Young's interference experiment (assuming
that the screen used is made of material that emits photo-
electrons easily) we can observe the particle nature of light.
Born denied that in this experiment light appears in its
two forms simultaneously as particles and as waves.t®

When one thinks over Born’s arguments, however (he
says, in particular, that ‘to speak of a particle means noth-
ing unless at least two points of its path can be specified
experimentally; and similarly with a wave, unless two
interference maxima are observed’?®), it becomes clear
that he essentially had in mind the ‘classical’ particle and
wave. Indeed, in order to understand the corresponding
phenomena in Young's experiment one must not employ
the classical concept of particle and wave—it was just
that which Born’s argument demonstrated, as a matter
of fact, although he meant to show something else. Here
one must already employ the concepts of quantum theory
which differ qualitatively from the classical ones. The
concept of particle in quantum theory undoubtedly differs
from its classical analogue, and in its own way Young’s
experiment demonstrates this circumstance.

The difference between the quarntum concepts of particle
and wave and the analogous classical ones is that the quan-
tum concepts are relative within the limits of their theory,
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while the classical ones are absolute within the limits of
their theory. This means that it is necessary, in order to
describe the behaviour of a micro-object, to consider the
means of observation (relativity withrespect tothem), where-
as this consideration can be omitted in the description in
classical physics.?® This difference rests on recognition of
the fact that in quantum theory the moving objects are
regarded from the standpoint of the unity of their opposing
particle and wave properties, while in classical theory the
unity of waves and particles, if permitted at all, is only
so from the standpoint of their coexistence or parallel
existence in a certain model governed by the laws of clas-
sical theory.

We are justified in inferring that the dialectical unity
in which relative opposites must be and are combined differs
radically from the uniting of opposites in the sense of their
conjunction, when they remain absolute and immobile.
The combination of opposites in a dialectical unity does
not lead to a formal-logical contradiction (as follows from the
definition of dialectical unity). Such a combination implies
that a more profound theory than that in which absolute
opposites figure is being, or has been born, a theory with
corresponding new basic concepts and principles. The
opposites combined in this theory become aspects of a new
concept. The quantum-mechanical concept of particle
thus ‘preserves’ the element of discreteness of the. classical
concept but ‘loses’ the properties of motion along a trajec-
tory and of individuality. These ‘losses’ actually mean that,
whenever it is a matter of quantum-mechanical objects,
wave properties are combined with particle ones (which
is expressed in quantum mechanics itself concretely by
the uncertainty relation for momentum and position).

Summarising what has been said on the logical plane
about dialecticallunity, we can note that this unity is gov-
erned, generally speaking, by the formula ‘both yes and no’,
reand asregards particle-wave duality by the formula ‘both
particle and wave’, but posed as an antinomy problem.*
This formula neither can nor does lead to a formal logical
misunderstanding, because, when the antinomy problem
is resolved, the gquantum mechanics means by ‘particle’

* Here we are using terms of the type of contradiction category
that is called contradiction-antinomy or the antinomy-problem,
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and ‘wave’ mutually relative concepts, while in classical
physics they are absolute concepts. In the terms of modern
logic it becomes especially clear that the formula ‘both
particle and wave does not lead to any logical nonsense.
This expression belongs to the metalanguage, while the ex-
pression ‘either particle or wave’ belongs to the object lan-
guage, and moreover to the language of classical theories,
and this is admissible only on condition that the problem
is formulated in the metalanguage and resolved in the
object language. From that point of view quantum mechan-
ics is also, in a certain respect, the metatheory of classical
mechanics. It is quantum mechanics that enables the limits
of applicability of classical mechanics and of its principles
and basic concepts to be established, and other matters
relating to classical mechanics as a whole as a theory to be
considered (e.g. the matter of the adequacy of the concepts
admissible in classical mechanics to objective reality).

The limitations imposed in quantum mechanics on the
classical concept of particle are neither a limitation of knowl-
edge} nor confirmation of the positivist thesis that the
objective significance of the empirically observed is a
question quite without scientific meaning. This ‘limitation’
is in fact a deeper understanding of the corpuscular prop-
erties of matter allowing for the wave properties that are
inherent in it and that are neglected by classical theories
of matter in their study of particles. The concept of particle
is generalised and deepened in accordance with this ‘limi-
tation’ when it drops its classical form, so to say, in this
generalisation.

Let us sum up. When physics comes to understanding the
world of atomic phenomena and of the subatomic world,
or when it passes to cognition of the world of stellar systems
and galaxies, it has to take into account the all-round,
universal flexibility of concepts reflecting the eternal devel-
opment of the objectively real world when synthesising
in the truly philosophical sense of the term the physical
knowledge gained about the macroworld and the microworld.
Lenin’s fragment On the Question of Dialectics which is
extremely ‘coimpressed’ and very profound in its content,
and which summarises everything basic that he said in his
Philosophical Notebooks, clearly indicates that such an all-
round flexibility of concepts is inherent only in dialectical
thinking.
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The splitting of a single whole and the cognition of its
contradictory partsis...theessence... of dialectics,’ he
said. ‘The condition for the knowledge of all processes of
the world in their “self-movement”, in their spontaneous
development, in their real life, is the knowledge of them
as a unity of opposites. Development is the “struggle” of
opposites.’

‘The second a Lo n e [the conception of development as
a unity of opposites—M. O.] furnishes the key to the
“self-movement” of everything existing; it alone furnishes
the key to the “leaps”, to the “break in continuity”, to the
“transformation into the opposite”, to the destruction of
the old and the emergence of the new.'2!

It is as if this fragment had been intended by Lenin for
the new physics, for the quest for a solution of the philosoph-
ical problems arising in it. Striking confirmation of this
is the transformation of the original quantum ideas into
a logically consistent, developed physical theory—quantum
mechanics.
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VI

DETERMINISM IN QUANTUM THEORY

1

The Objective Reality and Determinacy
of Phenomena

In dealing with the connection between the phenomena
of nature and its regularity, necessity, and causality, there
are, as Lenin pointed out, two major philosophical lines,
materialist and idealist. Recognition of the objective real-
ity of the phenomena of nature and of the external world
leads to recognition of an objectively real connection, neces-
sity, causality, and determinacy in natural phenomena,
i.e. materialism, which, when consistently followed, can-
not be separated from determinacy. On the other hand,
a consistently followed negation of the objective reality
of the external world, and acceptance of nature as derived
from mind, consciousness, and experience leads to a view
that consciousness ‘creates’ laws, and mind introduces
order into nature’s ‘primary chaos’, and leads to acceptance
of indeterminism, i.e. idealism, which, when it is consistent,
is inseparably connected with indeterminism.

It is not by chance that those scientists who tend toward
idealism, i.e. who see only symbols, signs, and logical
constructions serving to ‘systematise the observed’ in
scientific concepts and theories, instead of a reflection
of objective reality, conclude that determinism either plays
no scientific role whatsoever or has only limited signifi-
cance as regards cognition of nature and that the principle
of causality operates only in the sphere of the ideal, which
has no relation to the real world. Ideas like this have been
turned into whole philosophical conceptions in the work
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of modern bourgeois philosophers! as a reaction to physics
having penetrated into the atomic and subatomic worlds,
and having begun to study processes that are not perceived
directly but are learned about only from the readings of
instruments, statements about these readings, moreover,
not being classifiable within the theoretical schemes of
classical physics.

Dialectical materialism, like non-dialectical materialism,
recognises the objectively real world connection, but its
understanding of this connection, and of objective reality,
is much deeper and broader than that of metaphysical me-
chanical materialism. In mechanical materialism objective
reality is reduced to absolute, invariable substance, to
constant particles that move according to laws established
once and for all, and the world connection is correspondingly
likened to a direct, necessary connection, representing the
wholeworld after the manner of a gigantic mechanism. En-
gels called this kind of determinism ‘mechanical determin-
ism’. For mechanical determinism the connections exist-
ing in nature are reducible in the final analysis to the con-
nections that are studied by classical mechanics, rejecting
the objective reality of chance, and recognising necessity,
identified with causality, only in its direct, simple, ab-
stract form. Kant and Hume, who are frequently cited by
the modern idealists, who consider these philosophers’ theo-
ry of causality matchless, developed a mechanistic approach
to the world connection, depriving it, however, of its ma-
terialist foundation.

Marxist philosophy has developed a quite different view
on the objectively real connection, necessity, regularity,
and causality. In accordance with dialectical materialism’s
rejection of metaphysical ‘invariabilities’ of all kinds and
recognition of only one thing as invariable, viz. the exist-
ence of the eternally developing external world, matter,
reflected by human consciousness (when the latter exists),
Marxist philosophy considers the objectively real world
connection as inexhaustible and comprehensive by its
actual nature, revealing to cognising man ever new, more
meaningful forms and aspects; causality is one of these forms,
cognised, like all other forms of connection, more and more
completely and precisely with each step of science and
practice. Dialectical materialism pays special attention
to the reciprocal transitions of cause and effect and to the
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relation of causality to other forms of the world connection.
Although causality does not exist outside necessity, it is
not identical with the latter. It causes chance phenomena
that exist objectively as a manifestation and complement
of necessity. The problem of causality is related to that
of the infinity of matter deep in the depths and infinity of
its cognition.

Quantum mechanics is once more confirming all these
statements of dialectical materialism. It owes it to dialec-
tical materialism that it has emerged from the indetermin-
ist] impasse into which modern idealism tried to force it;
dialectical materialism helped it resolve the philosophical
problems before which mechanical materialism came to
a_halt.

Heisenberg’s uncertainty relation, Schrdodinger’s wave
equation, and the novelty of the statistical (probability)
laws of quantum mechanics are a new landmark in man’s
progressing knowledge of the objectively real, regular,
causal connection. The concepts ‘order’, ‘regularity’, and
‘causality’ in physics do not necessarily have to be expressed
solely by the quantities and relations of classical mechanics.
They can, in particular, be expressed by means of the
quantities and relations of quantum mechanics, which re-
flect moving matter more deeply and accurately; these
concepts thereby acquire a new content that classical theory
could not know; in other words, quantum mechanics re-
flects connections that classical mechanics could not em-
brace. The further penetration of human knowledge into mat-
ter is now, undoubtedly, revealing, and will do so in the
future, ever deeper and more general connections that do
not come into quantum mechanics’ field of applicability,
as the developing science of elementary particles witnesses;
and the content of the concepts of causality, order, and
law in physics will correspondingly undergo a new change.

The progress of atomic physics led to the spread in modern
non-Marxian philosophical literature of an idealist point
of view on necessity, law, and causality in nature, viz. to an
affirmation that determinism is allegedly bankrupt as
regards atomic phenomena,’and the principle of causality,
if itremained at all, did so only in the sphere of mathemat-
ical ideas about the atom. In this case ‘physical idealism’,
to paraphrase Langevin's expression, repaid what it had
borrowed from philosophical idealism with interest. In this
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connection let us compare the views of certain modern
Western physicists and philosophers on causality with
dialectical materialism.

Heisenberg, for instance, considers the concepts of the
objective reality and causality (taken together) as ones
that are inherent solely in classical physics. As for quantum
mechanics, he thinks that ‘the objective’ and ‘the real’
are isolated from one another in it; the ‘objective’ is re-
tained only for symbolic representation of the atom by the
(mathematical) wave function, and ‘the real’ only for
describing atomic processes in terms of classical concepts
(or in terms of space and time)%. In accordance with this
point of view, determinism or causality (Heisenberg does
not distinguish between them)3, instead of governing events
in space and time, operates formally in the mathematical
scheme of the atom, events in space and time being governed
solely by statistical laws.

Heisenberg’s ideas about the ‘objectivity’ of the atom
are very close to Plato’s philosophy, as their author said
more than once.?! At the same time the following aspect
of his outlook is important. According to him, symbolic
representation by the wave function (and causality) exclu
des description of atomic processes in terms of classical
(corpuscular) concepts (and statistical laws). They repre-
sent complementary aspects in the sense that only their
combination makes it possible to solve problems relating
to atomic theory. But then Heisenberg’s ideas (which
are summed up in the complementarity conception formu-
lated and developed by Niels Bohr) include a grain of a dia-
lectical approach to analysis of atomic processes. We shall
return to this point in the sections that follow.

The positivist philosopher Hans Reichenbach disagreed
with Heisenberg; he suggested that, if causality existed,
then it did so really rather than formally, governing events
in space and time. In his opinion ‘a causal supplementation
of observable data by interpolation of unobserved values
can be consistently done’.® In classical physics, he said,
such causal supplementation existed; in quantum mechan-
ics, however, it did not exist, for the reason that the prin-
ciple of causality allegedly meant the possibility of predict-
ing the future with arbitrary accuracy, but, by the uncer-
tainty principle, ‘we cannot expect to be able to make
strict predictions of future observations’.® Reichenbach
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made a step backward compared with Heisenberg, because,
from hispoint of view, the antithesis of statistical and dynam-
ic patterns, which is quite clear in Heisenberg’s reason-
ing, had been reduced to nought.

The American physicist P. W. Bridgman holds a similar
idealist position, but he is far from the dialectical guesses
that abound in the statements of Bohr, Heisenberg, Born,
and many other representatives of the Copenhagen inter-
pretation. According to him, the conclusion that causality
does not exist in the microworld, ‘is to be accepted without
prejudice or passion just as any other experimental result
is accepted’.” This conclusion, he assumed, corresponded
completely to the ‘new understanding of the experimental
situation’, in the domain of experimental investigation of
atomic phenomena, which was expressed in the statement
that ‘events are not predictablein therealm of small things’.8

The American physicist and philosopher Henry Margenau
stood for recognition of causality in classical and quantum
physics, but for him it was just a connection between ‘con-
structs’, ‘a metaphysical requirement’ presented to scien-
tific ‘constructs’; these ‘constructs’ were built by the intel-
lect in such a way ‘as to generate causal laws’.®

Margenau rejected the concept of objective reality that
appears in one form or anotherinthe publications of phys-
icists of the Copenhagen school, and also opposed the idea
of complementarity or rather the antithesis of its aspects.
Bohr, he wrote, condemned himself to ‘an eternal dilemma’:
either to reject causality for describing nature in terms of
classical observables or to describe it only in terms of ‘ab-
stract states, such as 2-function’, the second choice allow-
ing ‘causality to be retained’.!® In Margenau’s opinion,
science chose the second path.1!

Max Born’s statements about causality and determinism
are of special interest. He rejected determinism for micro-
phenomena and said that it ‘is an idol, not an ideal, in the
investigation of nature and, therefore, cannot be used as
an objection to the essentially indeterministic, statistical
interpretation of quantum mechanics’.1? At the same time,
as if contradicting himself, he supported causality in quan-
tum mechanics. ‘The deterministic mechanistic view,’ he
wrote, ‘produced a philosophy which shut its eyes against
the most obvious facts of experience; but a philosophy which
rejects not only determinism but causation altogether seems
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to me just as absurd. I think that there exists a reasonable
definition of the cause-effect relation which I have already
mentlioned: that a certain situation depends on another
one.’13

The following common features-are inherent in these
statements and in the views on causality of other authors
who reject the objectively real connection because of the
advances of atomic physics. (1) Causality is isolated from
the objectively real external world and becomes a kind
of supernatural principle (and the real external world
either proves to be a derivative of the mind, spirit, or
experience, or is declared to be essentially unknowable);
accordingly causality is identified in one way or another
with the predictability of what is observed. (2) The differ-
ence between mechanical determinism and determinism
as understood by dialectical materialism, as a theory of
the universal connection of phenomena that discloses new
aspects of itself in the infinite process of its cognition, is
ignored. (3) Causality is confused with dynamic regularity,
being either opposed to statistical regularity or regarded
as a statistical average of disordered elementary phenomena.

In what follows we shall consider points related to this
issue. Here we shall simply outline the trend which should
determine our critical analysis of these non-materialist and
metaphysical views of causality.

Isolation of causality from the objectively real world,
i.e. rejection of an objectively real causal connection, is
an idealist line of argument about the principle of causality.
Every law is incomplete, narrow, and does not exhaust the
whole of phenomena; the concept of causality reflects the
universality of the world connection in only a fragmentary
way, but for all that laws and the causal connection exist
objectively, independently of the mind cognising them;
the all-sidedness of the world connection cannot be exhaust-
ively expressed, once and for all, by a single theoretical
scheme of determinism, and it is in this, in particular, that
the objective character of the universal connection between
phenomena is revealed. It is here that physicists who ignore
dialectical materialism sink into idealism.

Born, for instance, did not agree with mechanical; deter-
minism. He supported indeterminism, understanding this
term in the sense of statistical regularity. He, however,
either did not want to, or could not, reject regularity,
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necessity, and causality in nature and called for a new
definition of the relationship of,cause and effect. Such a
seeming inconsistency of Born’s as acceptance of indeter-
minism and retention of causality can be explained by the
fact that the spontaneous materialism and its rejection of
the ‘traditional’ idealist and metaphysical philosophy,
which pushed Born to retention of the objective causal
connection, could not solve the problem of the dialectical
contradiction associated with problems of the synthesis of
particle and wave notions, the combination of dynamic and
statistical regularities, etc. These problems can only be
solved from the standpoint of dialectical materialism, which
Born ignored as the philosophy of modern science.

Dialectical materialism, as we know, provides a philoso-
phical answer to the problem of causality in quantum me-
chanics. ‘Causality, as usually understood by us, is only
a small particle of universalinterconnection, but ... a par-
ticle not of the subjective but of the objectively real inter-
connection.’'* In these words of Lenin's is said what Born
was looking for but did not find.

The problem of determinism in quantum mechanics
cannot be solved without a dialectical analysis of necessity
and chance, possibility and reality, cause and effect.

2

On the Relationship Between Determinism and the
Principle of Causality in Physics

On the point in the title of this section there is no unani-
mity among scientists. If that is a minus from the stand-
point of the strictness of a system of ideas, it is a plus from
the standpoint of the history of views on the problem of
causality and determinism, a plus in that the various state-
ments about the problem cover diverse aspects of the
universal connection in nature. Philosophy once experienced
something similar. In ancient philosophy, for instance, the
concept of cause was more general and undefined than it is
in our day, and Aristotle, that great encyclopaedic mind
of antiquity, distinguished four kinds of causality: causa
formalis, causa materialis, causa efficiens, and causa
finalis.
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The concept causa finalis was used in particular by Engels
in his Dialectics of Nature, though in another sense than
Aristotle’s. In general, all these termscan be found in mod-
ern philosophical literature, but the meanings given to
them by Aristotle are now referred to other, more accura-
tely defined categories. Only the term causa efficiens (the
efficient cause) has to some extent retained its meaning, which
corresponds approximately to the modern meaning of the
word ‘causality’.

In the first section of this chapter we considered the rela-
tionship of determinism and the principle of causality in
its general form. Here we shall add some details and defi-
nitions in connection with our theme.

Causality is a category for denoting a necessary connection
in time for processes occurring in it. If in given constant
conditions phenomenon A generates, causes, or determines
(in this context these concepts are identical) another phe-
nomenon B, then the connection between the two phenomena
is a causal one in which phenomenon .4 is the cause and
phenomenon B is the effect.

A causal connection is a necessary connection between
different phenomena precisely in time. There are the most
varied connections between the phenomena of nature, includ-
ing a necessary connection in the space in which various
phenomena occur at one and the same time. The statement
‘a charge is the source of an electromagnetic field’, for
example, expresses a necessary connection between the
values of certain quantities existing simultaneously; in
other words, the connection between the electrical and
magnetic fields is a necessary one but, like the connection
mentioned in the first example, it does not represent a cau-
sal connection. An infinite number of such examples can
be adduced; they illustrate the idea that a causal connection
is only a tiny part of the world connection between phe-
nomena.

The categories of cause and effect have an inherent mean-
ing only as applied to phenomena that in given conditions
are regarded independently of the phenomena around them
and in that sense represent an isolated system. As soon,
however, as these phenomena are considered in connection
with the phenomena around them, cause and effect are
united with each other in the notion of universal interaction
in which they never remain the same: what is the cause
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in some conditions becomes the effect in others, and vice
versa.

The category of causality implies a connection between
two phenomena. A certain phenomenon M can be a cause
of a certain phenomenon N and an effect of phenomenon K;
no phenomenon, however, can be the cause of itself. Engels,
it is true, said that matter and its inherent motion were
causa finalis (the final cause), but did not do so in the ordi-
nary meaning of the term ‘cause’.l®

A change of any object or phenomenon, and its transfor-
mation into ‘its other’, is a splitting of the whole into con-
tradictory parts, into mutually exclusive opposites,
and the unity of these opposites is sometimes called the
cause of change and development. That is done, however,
so as to make the argument easier to follow, and the term
cause’ is not used here in its proper meaning; the category
of dialectical contradiction underlies the other categories
of logic and dialectics, including that of causality, so that
it is wrong to expldin the category of contradiction by the
category of causality.

At the same time we must not ignore the fact that a phe-
nomenon can change and at the same time remain basically
the same; in this case the concept of state is used. This con-
cept plays an important role in physics, especially in mat-
ters relating to causality. Without it, it is impossible to
solve problems relating to the theme of this section.

Many physicists, regardless of their philosophical views,
understand by the principle or law of causality in physics
a proposition about a necessary connection between a sy-
stem’s state (an isolated system is implied, which may be
a single particle) at an initial moment of time and its state
at any other succeeding moment of time. The Austrian
physicist Arthur March, for instance, who said that ‘the
spirit of materialism’ and ‘the materialist mode of thought’
were ‘bankrupt’,’® at the same time has written
that ‘in quantum mechanics, too, there is causality, and
this, as in classical physics, consists in the basic pro-
position that it is possible to deduce the future state of
a system from its state at a given time and under given
influences’.!”

From this point of view the principle of causality is valid
in quantum mechanics because in it, the initial value of
the state of a system characterised by a wave function
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allows one to determine the state, i.e. the wave function 1),
at any other moment of time by means of the so-called wave

equation i7 %’ = lAfllJ, where H is the energy operator, or

Hamiltonian.

This understanding of the principle of causality, however,
actually means an extension of the concept of causality,
its incorrect identification with the idea that phenomena are
mutually connected and reciprocally caused. It seems to
us that one cannot agree with that interpretation of causa-
lity, when it performs the function of other categories reflect-
ing aspects of the universal world connection. The principle
of causality, of course, consists only in the following: under
certain conditions a phenomenon (cause) generates another
phenomenon (effect). In the case of causal relation between
phenomena we ignore their connection with the world whole
and consider them independently of it. Consequently, as
we have already noted, the infinite diversity of necessary
connections cannot be reduced to just one causal connection,
i.e. the connection between cause and effect.

Let us turn to classical mechanics. In the case of uniform
motion in a straight line the change in a particle’s position
at a certain moment of time is not the result of the action
of a force. Newton'’s first law directly expresses the connection
between phenomena relating to uniform motion in a straight
line and therefore it makes it possible, given knowledge
of the initial position and the velocity of a particle moving
uniformly along a straight line, to calculate its position
at any other moment of time.

In the case of non-uniform motion, however, a change
in a moving particle’s velocity results from the action
of a force that functions in this case as the cause; Newton's
second law expresses this causal connection. In classical
mechanics, however, the state of motion of a particle at
a certain moment of time is not a cause of its state at a sub-
sequent moment of time. If the initial state allows one
to calculate the particle’s position and velocity at any
other moment of time, this circumstance is evidence only
that the particle’s state of motion at a given moment and
its state at any other moment are necessarily connected
with each other, and this connection is a regular pattern
of the phenomena of motion studied by classical mechanics
and expressed in Newton's laws.
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The problem of causality and determinism is similarly
solved in quantum mechanics. If the value of the wave
function at any moment of time can be calculated from
its value at any initial moment, this means only that the
connection established by quantum mechanics between
the values of the wave function at different moments of
time is a regularity of quantum mechanics, and this
regularity is expressed by the wave equation (which was
formulated by Schrédinger).

Quantum mechanics thus resembles classical mechanics
in the sense that they both unambiguously determine the
connection between a state at time #, and a state at
time .

Although in both classical and quantum mechanics
the state of a system at a future moment can be determined
unambiguously from the state of this system at a given
moment, the nature or type of the connection between the
two states differs fundamentally in classical and in quan-
tum mechanics.

The connections between a particle’s states at two diffe-
rent moments of time that are considered by classical me-
chanics resemble the connections of the states, say, of an
electromagnetic field to which Maxwell’s theory applies,
in this respect, that value of the quantities describing the
state of an object at any moment of time can be calcula-
ted from the values of the quantities describing its state
at an initial moment. This common feature of the given
connections exists, in spite of Newton’s laws being diffe-
rent from Maxwell’s equations, and in spite of the sta-
tes of an electromagnetic field being characterised by
quantities other than position and momentum. Such connec-
tions have something to do with dynamic regularity,
and many authors believe the latter to be the sole, so
to say,| representative of determinism and causality in
physics.

In quantum mechanics, as follows from what has been
said, the type of connection between the values of a parti-
cle’s state in time is different in principle from that in clas-
sical physics. The wave function describing the state of
a particle describes not the particle ‘by itself’ but the po-
tential possibilities of its interaction with instruments,
i.e. definition of the wave function at the initial moment of
time makes it possible to obtain probabilities of results
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of measurements of each quantity, measurements that can
be made of a particle inTa given state.*

We would be justified to draw the following general con-
clusion from what has been said: the wave function deter-
mines the probabilities and at the same time satisfies the Schro-
dinger equation; this means that there is an inner necessary
connection in quantum mechanics between its probability
(statistical) and dynamic regularities.

The connections between the quantities of quantum
mechanics relating to the time variation of a state thus do
not have solely a statistical or solely a dynamic regularity.
This is the novel feature of thestatistical (probability) laws
of quantum mechanics. Its laws inseparably combine the
statistical and dynamic aspectsof the mechanism of atom-
ic phenomena (which is most adequately expressed in the
operator equations of quantum mechanics).

It follows from everything said above that quantum me-
chanics, like every scientific theory, is deterministic, although
its determinism differs® from the Laplacian determinism
of classical mechanics and from the wave determinism of
classical field theory. And as regards the question of cau-
sality in quantum mechanics, i.e. whether quantum me-
chanics is a, so to say, causal theory, the answer suggests
itself. Quantum mechanics recognises force effects on mi-
cro-objects; it is therefore a causal theory, since these effects
or actions necessarily generate corresponding changes in
the objects’ further motion. These force' effects are there-
fore a cause. The temporal connections (i.e. the course of
atomic processes in time) that are reflected by the wave
equation also include these causal connections.

To conclude this section, let us consider the statements of
contemporary physicists about the relation between deter-
minism and the principle of causality.

In Heisenberg's view the principle of causality gradually,
as philosophy and physics developed, proved to be ‘tanta-
mount to the expectation that the event in nature is
uniquely determined, that exact knowledge of nature or of a
certain sector is sufficient in principle at least to predict
the future’.!® He believed that this was exactly the situa-
tion in Newtonian physics, in which a system’s state at

* For details of the analysis of the problem of measurement and
interaction in quantum mechanics, see Chapter I1X, sections 6 and 7.
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a certain time makes it possible to calculate its future mo-
tion. ‘If we interpret the word “causality” so narrowly, we
also use “determinism” and mean by it that there are firm
laws of nature by which the future state of a system can be
predicted unambiguously from its present state.’!®

Heisenberg thus did not distinguish between causality
and determinism, and understood the latter in the spirit
of a mechanistic outlook.

Max Born drew a line between causality and determinism
in physics. According to him, determinism coincided with
Laplacian determinism. Hence one can understand why
Born fought for indeterminism in quantum mechanics,
as we said in the first section.

There is much in common between Born and Leon Bril-
louin in their understanding of causality and determinism.
In Brillouin’s opinion, ‘determinism assumes a “must”:
the cause must produce such and such effect (and very often
one adds, “right away"!).’2°

Causalzty, he continues, ‘accepts a statement with
a “may”: a certain cause may produce such and such effects,
with certain probabilities and certain delays.’®!

Brillouin thus rejects dynamic regularity (and the'mechan-
ical determinism associated with it) and accepts stati-
stical regularity only, formulating the concept of causality
accordingly.

And yet, Brillouin’s probabilistic formulation of causal-
ity not only does not disprove determinism (which, of
course, cannot be reduced to mechanical [determlnlsm, i.e.
to a determinism such as corresponds, in spite of its limi-
tation, to a certain domain of connections between the phe-
nomena of nature) but, on the contrary, enables one to
comprehend it deeply. Indeed, his formulation essentially
does not cancel the genetic connection between cause and
effect, as would appear at the first glance; this idea remains,
but effect appears in it as a multitude of certain potential
possibilities that are realised in certain conditions. Interpre-
ted in this way causality is close to the idea of transform-
ability in the modern theory of elementary particles.

March understood by causality in physics ‘the concept of
order in application to natural processes’.?2In his inter-
pretation a causal relation connects a present event not
with a past event as its cause but connects it, in his words,
‘with the whole past of the world’.??
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This understanding of causality led him to accept causal-
ity in both classical theory and quantum mechanics. ‘Eve-
ry physicist,” he wrote, ‘must believe in the possibility of
drawing inferences about the future from the present; aban-
donment of this principle would be tantamount to an inter-
pretation that natural events take place quite anarchically,
which would deprive physics of any content. A causality
also exists in quantum mechanics, and it consists in the
principle, as in classical physics, that it is possible to
infer from the state at the moment of a system that is under
a given influence what its future state will be. The differ-
ence from classical physics lies solely in the interpretation
of the concept “state”, which quantum mechanics does not
understand in the same way as classical physics.’?

Consideration of the concept of state led March to con-
clude that there is ‘strict causality’ in classical mechanics
and ‘statistical causality’ in quantum mechanics with no
essential difference between the two and statistical causal-
ity including the strict one as its special case.?® He did not
use the concepts of determinism and indeterminism.

March’s reasoning, which touches in one way or another
upon the question of the relation between determinism and
causality in physics boils down, as a matter of fact, to his
calling statistical regularity in the processes of nature
causality and assuming that probability underlies all laws
of phenomena occurring in time.

With physicists who hold to dialectical materialism the
matter of the relationship between determinism and causal-
ity is also not quite determined. They have demonstrated
the incorrectness of mechanical determinism as applied to
the processes of nature, emphasised the acceptability of
Laplacian determinism for phenomena within the domain
of classical mechanics, and rejected it for the atomic pro-
cesses with which quantum theory is concerned. As for the
terms for denoting objectively real, necessary connections
in time between atomic phenomena, however, they have not
yet developed a generally accepted point of view. Lange-
vin, for example, preferred the term ‘determinism’ to de-
scribe the temporal course of the atomic phenomena that
are reflected by quantum mechanics, drawing attention to
the various forms of determinism in various physical theo-
ries and to the need for new concepts and new formulations
of the problem when new phenomena were being studied.2®

155



Fock, Blokhintsev, and Terletsky prefer the term ‘causality’
to denote necessary connections in time, and point out the
need for new forms to express causality in nature and, cor-
respondingly, for new concepts.

Fock, for instance, says: ‘We need to introduce two terms,
for example, “Laplacian determinism”, which means a con-
viction of the possibility in principle of infinitely precise
forecasts, and a more general term “causality” in the sense
of the existence of laws of nature. Laplacian determinism is
actually disproved by quantum mechanics, but causality is
fully retained, only with its expression acquiring new forms.’27

The question under consideration was treated quite clearly
in Terletsky’'s Dynamic and Statistical Laws of Physics
(1950). He distinguished between a general law of causa-
lity that manifests itself in the ‘existence of an objective
reciprocal connection and the conditionality of phenomena
and objects’ and the two main forms of itsexpression in phys-
ics: (a) classical determinism understood ‘as a notion of the
full reflection of a physical process by a certain set of quan-
tities that are completely determined at any moment of
time when the initial conditions are given’, and (b) a state-
ment to the effect that ‘every successive event is always
a consequence of certain preceding events, or causes’.’®

It will readily be noted that Terletsky used the term
‘causality’ in the sense of ‘determinism’. And when he
uses the term ‘general law of causality’, he means by it what
we, following the philosophical tradition, have called ‘de-
terminism’. In this case it would be better to use ‘the law
or principle] of causality’ to denote what figured with Ter-
letsky as the second main form of manifestation of the
‘general law of causality’.

Which terminology is more appropriate and accurate?
That can only be answered correctly in connection with
the history of philosophy and the development of its con-
cepts, which have found their highest result and summary
in dialectical materialism. The term ‘determinism’ signi-
fies determinacy, reciprocal conditionality, an all-sided
connection between phenomena of the material world; the
term ‘causality’ signifies a certain part of the world con-
nection; the terms ‘dynamic regularity or laws’ and ‘sta-
tistical regularily or laws’ signify various manifestations
of the world connection in the sphere of phenomena
studied by physics.

156



3

Statistical Laws and Determinism

Statistical conceptions are inseparable from the atomistic
picture of the world. The development of atomistic views
of matter involved and more and more brought out the idea
of statistical laws.

Even the atomists of antiquity held concepts in embryo
which, in developed form, contributed to the notion of
statistical law in classical physics. Democritus made exter-
nal necessity the most important principle of atomism;
the atoms, which moved initially in all directions, collided
with each other forming vortexes that generated countless
worlds in the infinite void. The chaotic motion of atoms
in all directions,’according to him, was the basis of every-
thing that happened in the great world, whose phenomena
did not resemble the motion of atoms in the void.

Epicurus modified Democritus’ atomistic teaching substan-
tially. The famous declinatio atomorum a via recta (‘decli-
ration of atoms from the straight line’) introduced by him
represent$ an inner necessity inherent in atoms. As Lucre-
tius correctly said, it violated the ‘laws of fate’, Democri-
tus’ fatal necessity. Whereas the ‘vortex of atoms’ (or the
‘motion of repulsion’) in Democritus’ theory was an act of
external, ‘blind’ necessity, Epicurus saw in the ‘motion of
repulsion’ a synthesis of inner and external necessity, ex-
ternal motion and the motion inherent in the atom.?® As we
shall see later, the question of the synthesis of external and
inner necessity is decisive for a correct solution of the rela-
tion between dynamic and statistical necessity.

The idea of random motion of infinitely small particles
underlies classical physics’ explanation of phenomena in
the macroworld. It comes out in Democritus’ well-known
dictum: ‘cold exists only according to opinion, heat exists
only according to opinion, but in reality there are only
atoms and the void’.3°

Democritus’ necessity is essentially the same, abstract,
simple necessity as that with which Laplace’s superintellect
deals, or rather, it represents the hypostasis of the latter.
L t us consider what that means.

It is usually said that statistical laws are laws of mass
random phenomena. This statement opposes statistical
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laws to dynamic ones and at the same time, in fact, records
that the random is necessary, since regularity does not
exist without necessity. When, however, statistical laws
are studied, various points of view on chance arise.

(1) It can be assumed (as mentioned above) that elemen-
tary processes are indeterminate (nature decides with re-
spect to elementary phenomena). The determinacy of pheno-
mena that exists in the macroscopic world can be explained,
on this assumption, by the law of large numbers. But tle
law of large numbers itself appliestomassrandom phenom-
ena and therefore does not explain the determinacy of
macroscopic phenomena but only their statistical charac-
teristic. The law of large numbers, which means that in
certain conditions the sum total of the effect of a huge number
of random factors yields a result that is nearly independent
of chance, in fact expresses the organic link between chance
and necessity that we shall discuss later in more detail.

Moreover, the justification of statistical regularity by the
law of large numbers disagrees with the history of its origin.
Thus, in Democritus, the originator in natural philosophy
of the concept of statistical regularity, atomic collisions
were inevitable because atoms could not independentlychange
the very different directions of their motion. Moving atoms
would thus collide with the same necessity as that of the
intersection of an infinite number of straight lines with
different directions in space. In other words, every event
in the life of an atom and therefore of everything in the world
without exception was predetermined for eternity: ‘every-
thing (occurs) because of necessity’ (Democritus).

(2) It can be assumed that the elementary phenomenon
is determined but, for some reason or other, the factors
determining it remain unknown (e. g. the observer does not
know whether a molecule is moving a bit to the right or
to the left before colliding with another molecule, which
would strongly affect the result of collision); on this as-
sumption, such incomplete knowledge also leads to statistical
conclusions.

Mechanical materialism (as mentioned above in another
connection) takes this assumption to be true. Representatives
of ‘physical’ idealism, who have taken on the job of dis-
proving determinism, also accept it in their own way. The
standpoint of mechanical materialism on statistical laws,
which means in principle acceptance on the whole of neces-
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sity in nature, in practice rejects necessity for each individ-
ualj phenomenon and leaves it at the mercy of pure chance.
That the situation is just so is confirmed specifically by
Max Born's views on law in physics. Pleading that determin-
ism allegedly implies the existence of an initial state with
absolute accuracy, Born rejects it in physics in general,
and in classical mechanics in particular.3! We shall con-
sider his views on this point below.

(3) It can be assumed that each elementary phenomenon
occurs independently of every other one while, at the same
time, in'their aggregate they determine macroscopic phenom-
ena. It is this aggregate of elementary phenomena that
is the substance of statistical regularity. Natural philo-
sophy’s surmise about this, as we mentioned above, was
expressed by Democritus; the assumption found adequate
form in the hypothesis of the total randomness of statistical
physics according to which the individual elements with
which statistics operates are completely independent of each
other. This understanding of statistical regularity links
the chaotic motion of primary particles with necessity in
nature, but what had been a conjeeture in Democritus
gradually received systematic development on the basis
of the data of natural science in the work of Robert Boyle,
M. V. Lomonosov, Leon Boltzmann, and Josiah Willard
Gibbs.

Thus, necessity, according to Democritus, existed in
nature only in the form of external, abstract necessity:
in his view, randomly moving atoms could not spontaneously
change their motion, and from that aspect the Democritean
chaotic motion of atoms was the expression of external
necessity.

At the same time, in antique philosophy, as noted above,
Epicurus expressed in his ‘declination of atoms from the
straight line’ a conjecture about the inner necessity inherent
in atoms; he also synthesised, in his ‘motion of repulsion’,
the external and inner necessity, the forced motion anrd
the motion inherent in the atom. This feature of his atomi-
stics, which remained beyond the understanding of all non-
Marxian{ philosophers, was first brought out by the young
Marx in his doctoral thesis. Marx then, on the whole, of
course, held an idealist point of view and accordingly cri-
ticised the atomistics of Democritus; he was deeply interested,
however, in a dialectic understanding of motion, and.
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this approach enabled him to determine the difference
between the atomic theory of Democritus and that of Epi-
curus.

As we see it, the difference established by Marx is very
important for elucidating the philosophical sources of
modern scientific atomism—a question that has engaged
the attention of many researchers. Heisenberg, for example,
when considering the philosophical problems of atomic
theory in connection with quantum physics, and rejecting
invariable atoms, stated in particular that ‘the development
of recent years. .. has veryclearly been—if we draw a ge-
neral comparison with ancient philosophy—the turn from
Democritus to Plato’.3% In reality, as we have shown here,
if a comparison is to be made at all with ancient phllosophy,
the development of quantum physics has made a step for-
ward from the materialist Democritus to the materialist
Epicurus. This also finds expression in the problem of sta-
tistical regularity.

Scientific conceptions of statistical regularity, in contrast
to the natural-philosophical conjectures of the Greek atom-
ists, have developed since systematic study of nature began,
when quantitative methods of understanding matter
evolved, and physics (above all mechanics) reached prelim-
inary, completlon If Newton, whose atomistic views played
an important role in his theory of matter, had not yet ar-
rived at statistical ideas, his older contemporary Boyle who,
as Engels put it, made chemistry a science, explained the
properties of matter by the statistical behaviour of atoms;
he demonstrated that the relation between the pressure and
volume of a gas in a vessel could be understood if one as-
sumed gas pressure to be the result of vast number of atom-
ic collisions with the vessel’s wall. The ideas of the great
Russian scientist M. V. Lomonosov are particularly remark-
able in this connection. Drawing on ‘corpuscular philos-
ophy’; he; gave a first sketch of a physical explanation of
thermal phenomena, and built a molecular-kinetic theory.
When it is said, for instance, that the concepts ‘temperature’,
‘pressure’, and the ‘amount of heat’ are inapplicable to
individual atoms or molecules, the origin of this statement
can be traced to Lomonosov, according to whom ‘the pro-
perty of elasticity [as regards gas—M. O.] is not manifested
by individual particles devoid of any physical complexity
and organised structure but is produced by their aggregate’.33

160



From the time of Maxwell, who introduced probability
conceptions into the kinetic theory of gases, and especially
of Boltzmann and Gibbs who created statistical mechanics,
statistical concepts began to be employed systematically
in problems of the structure and properties of matter. In
statistical mechanics the motion of individual particles
is regarded as subject to the laws of classical mechanics
with the addition at the same time of statistical postulates
to the latter’s propositions.

According to Boltzmann and Gibbs, the need to introduce
statistical probability concepts into physics could be ex-
plained as follows: the mechanical properties of a complex
system consisting of a vast number of particles are not fully
known because of the crudity of the human sense organs and
measuring instruments employed. From this point of view,
the concept of gas temperature would not be needed if, for
instance, the positions and velocities of gas molecules
were known. Boltzmann and Gibbs thusinterpreted statis-
tical laws as a result of our ignorance of fully determined
but seemingly chaotic, extremely complex motions of a
vast number of particles forming a system (whole). In rea-
lity, to come back to the example of temperature, the behav-
iour of a gas cannot be reduced to the cumulative behav-
iour of theindividual moleculescomposingit; the gas and its
behaviour are a new quality, and this fact is reflected in
thermodynamic concepts and laws. The dialectical thought
that the concepts that apply to an element of a set (whole)
are by no means applicable to the set (whole), and vice versa
(an idea shared by Lomonosov, as we have seen), has be-
come widely accepted today, and many authors who
are subjectively remote from dialectical materialism
hold it.

We must now define several of the concepts discussed
above, and make the appropriate generalisations.

The necessary is that which in given conditions can be
and cannot fail to be, which can be only such-and-such and
not something else, whose being or a kind of being has its
basis in itself.

The random or accidental (chance), on the contrary, is
that which in given conditions may or may not be, which
may be such-and-such or something else, whose being or
non-being, or being of one kind or another has its basis
not in itself but in something else.
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In accordance with these definitions every something,
representing a certain whole and at the same time regarded
as an clement of a certain other whole, has ils basis in it-
self and at the same time in another, i. e. something is
neither necessary nor random, but both random and neces-
sary at the same time. An inner necessity thus appears on
the scene that is not opposed to chance as something exter-
nal (the latter being inherent in abstract necessity) but
considers it an element of itself.

From the point of view of everything said above about
the necessity and chance, dynamic and statistical laws
are internally connected with each other, and represent
a single pattern of nature in which neither the dynamic nor
the statistical aspect can be reduced to the other.
Dynamic and statistical laws—forms of a necessary,
regular, causal connection between phenomena of na-
ture—are not only linked by transitions from one to
the other but are united in their opposition. A dy-
namic law expresses a change in time of the state of
a material system.considered in certain conditions in isola-
tion from other systems; it is realised as a direct necessity.
A statistical law applies to a set or aggregate of material
systems taken in certain conditions as independent of each
other. A statistical law is realised as an internal tendency
making its way through a mass of random events and mani-
festing itself in them as an average of numerous random
deviations. When the number of systems constituting a set
(statistical ensemble) is sufficiently large the generic prop-
erties inherent in all the systems, i. e. the properties es-
sential for a given set (which are expressed by statistical
averages, their study leading to statistical laws),come to
the fore. When, on the contrary, the number of systems
forming the set is smaller, the generic properties appear
less definitely and properties typical of the individual
systems, i. e. the inessential, random properties of the given
set, are revealed more definitely.

The concept of statistical law thus actually has nothing
to do with the incompleteness or insufficiency of knowledge
when very complex systems are studied or with the assump-
tion of the ‘lack of cause’ (pure chance) of elementary
phenomena. A statistical law exists in objective reality just
like a dynamic law, and it is neither ‘worse’ nor ‘bet-
ter’ than the latter in terms of its truth, definiteness (accu-
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racy) and validity. The concepts of statistical and dynamic
regularity taken by themselves always simplify the objec-
tively rcal connection belween plhenomena; in certain cir-
cumstances of research, however, each of them corresponds
to the real situation.

4

Statistical Laws, Determinism,
and the Uncertainty Principle

Although Boltzmann and Gibbs considered statistical
law and chance in a subjectivist manner, their studies
actually included the concept of chance in the category of
a physical law; or rather they abandoned the concept of
necessity as a category in physics isolated from chance and
came to regard chance itself in connection with necessity, in
spite of their mechanistic views on causality. The dialecti-
cal process of the approximating of the concepts of neces-
sity and chance in physics that had begun with the creation
of statistical mechanics was developed further in quantum
theory. It was at the level of quantum physics, when non-
classical atomism became established, that the transitions
between and the unity of statistical and dynamic laws
were discovered, and the idea of quantum determined new
approaches to statistical regularity. We shall leave discuss-
ing of the relevant points to the next sections, and consider
here certain aspects of the problem of the nature of statis-
tical laws.

A mechanistic view according to which statistical laws
were subjective in character was common among physicists
of both the classical period in science and in modern times.
This view was quite consistently applied by Heisenberg Lo
both classical and quantum mechanics (his relevant state-
ments were cited above). Max Born supported this view;
he overstressed the idea of the subjective nature of statis-
lical laws and rejected ‘determinism’ even in classical
mechanics (let us recall thathe employed the term ‘determin-
ism’, like many other physicists, to denote the dynamic
regularity that these physicists usually identify with objec-
tive regularity in general). It is of interest to consider his
argument.
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From his analysis ef the concept of determinism in phys-
ics Born concluded that the possibility of determinism
is defined by our precise knowledge of state (taking it in the
sense of classical mechanics). He tried to show that the situ-
ation in classical mechanics, contrary to the commonly held
opinion, was also such that precise definition of state had no
physical meaning and that the statistical method had there-
fore always to be used, even in the case of a single particle;3*
in other words, that classical mechanics was indeterminist
(Born, of course, identified statistics with indeterminacy).

His reasoning boils down to the following. Let us assume
that a mass particle moves without friction along a straight
line (the z-axis) under no forces, and is elastically reflected
at the termini. In order to say where it will be at any mo-
ment of time, it is assumed that its velocity (and co-ordi-
nate) are exactly known. If, however, there is even the
least inaccuracy in the determination of velocity, the inac-
curacy of the prediction of co-ordinate (Ax) will increase
with time and may attain a very large value. Thus, at time
t, = l/Av,, where [ is the distance between the termini,
and Av, is the inaccuracy in the determination of velocity,
Ax becomes equal to /. From that he inferred that if there
was the least inaccuracy in the determination of velocity,
determinism turned into indeterminism.3®

One cannot agree with Born. Strictly speaking it is a mat-
ter here of the transition from a dynamic form of regular-
ity to a statistical one, and that happens, according to
him, because there is no absolute accuracy of measurement.

In this case Born issayinginfact that whether a regular-
ity is dynamic (when the measurement is accurate) or sta-
tistical (when the measurement is inaccurate) depends on the
accuracy of the measurement. This approach, however,
does not agree with the content of physics. Both dynamic
and statistical regularities are objective, and the fact that
a falling of a stone is governed by a dynamic law and the
Brownian motion of particles by a statistical law does not
depend at all on the accuracy of the measurement of the
quantities that characterise the object of measurement.
It would be nonsensical, for example, to make the mea-
surement of quantities describing the motion of a stone so
precise that the precision exceeded the limits of a certain
microscopic scale, because beyond that limit a qualitative
change occurs in the quantity and it already acquires an-
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other physical content. The concept of absolute accuracy of
measurement is meaningless if it is employed without tak-
ing the concrete content of the measured quantity into
account. When this content is allowed for, however, abso-
lute accuracy of measurement becomes a concept with a defi-
nite meaning, and it is infinitely extensible refinement of
the values of a quantity that gives an absolute, infinitely
precise value to the measured quantity built up from an
infinite number of values each of which is characterised by
limited accuracy.

To illustrate our point, let us consider Born's example
above. In it the inaccuracy in prediction of co-ordinate at
a certain time grows with time and is Az = tAv,, where
Av, is the inaccuracy in the determination of the initial
velocity (which, according to Born, cannot be eliminated).
After the critical moment ¢, = I/Av, is reached, where
l is the distance between the termini, the inaccuracy or
deviation Az becomes greater than I, and the particle is
located somewhere in the interval 0 <<z <<1 {where 0
is the initial point of the interval, and z is the particle’s
co-ordinate). When Av, decreases, the critical moment ¢,
is only moved back, but remains finite for each finite Av,.
Born notes that ¢, = oo only for Av, = 0, but he excludes
an absolutely accurate’ value of velocity. In reality, how-
ever, Av, = 0! means passage of Av, to the zero limit,
so that his interpretation of the absolutely accurate value
of a quantity and his conclusion about the indeterminacy
of the final position lose their point.

Let us now consider theuncertainty principle from a differ-
ent angle: does it actually disprove determinism, as certain
authors state (examples have been given above). To make
our discussion more specific, let us consider the uncertainty
relation for position and momentum.

The uncertainty principle is a relation between quantum
momentum and quantum position. This relation is a funda-
mental quantum mechanical law and, like every fundamen-
tal physical proposition, has great heuristic value. It was
possible, by means of it, for instance, to establish that there
are no electrons in the atomic nucleus, and that particles
are not in a state of rest at a temperature of ahsolute zero.
Modern experimental technique is sufficiently refined to
confirm the truth of this relation, as Blokhintsev has point-
ed out.3®
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The fact that the uncertainty principle is a relation be-
tweenquantum momentum and quantum position seems to
us to be a crucial point in quantum mechanics for correct
interpretation of its physical meaning. The various real
and imaginary paradoxes associated with it are then auto-
matically removed. As L. I. Mandelstam stressed: ‘the
uncertainty relation troubles us just because we call xz
and p position and momentum and think that it is a matter
of the corresponding classical quantities. Let us call =z
and p quasi-position and quasi-momentum. Then the rela-
tion between them will trouble us as little as that between
v and t’ (frequency and time in wave optics).??

The Copenhagen interpretation of course makes use only
of classical concepts in describing atomic phenomena. Ac-
cording to Heisenberg it is impossible in general ‘to construct
the whole physical description from a new “quantum-theco-
ry” system of concepts’.3®

The question arises: why is it impossible? Heisenberg,
citing Weizsiicker (as was mentioned in Chapter II in con-
nection with another matter), points out that the role of clas-
sical concepts in the interpretation of quantum theory is
similar to that of the a priori forms of contemplation in
Kant’s philosophy. Just as Kant declared the concepts of
space, time, and causality (which are a prerequisite of every
experience in his philosophy) to be a priori concepts, so
(Heisenberg says) the concepts of classical physics are the
a priori basis of a quantum-theoretical experiment. At the
same time, in his opinion, the a priori concepts of classical
physics can be employed to describe quantum-mechanical
experiments only with a certain inaccuracy. He arrives,
as a result, at the conclusion that it is a question of not na-
ture itself in quantum mechanics but of nature comprehend-
ed and described by man through classical concepts that
are either innate or obtained through contemplation.

In this case Heisenberg ignoresin his reasoning the dia-
lectics of concepts, which reflects the dialectics of things.
The dialectical idea of the mobility and development of
concepts has already been employed in science for a long
time (unconsciously in the past). Whereas the concept of
number used to mean what is now called ‘a positive inte-
ger’, it was extended and its contentenriched by the devel-
opment of mathematics, which introduced negative num-
bers, rational numbers, irrational numbers, real numbers,
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and imaginary numbers. The same thing is happening in
physics; its development, for instance, altered an initial
meaning of the words ‘light’ and ‘sound’: there is invisible
light, and sounds that cannot be heard, the concepts of
mass and energy have also been altered, retaining something
in common with the initial concepts while acquiring a deep-
er content.

Non-classical physics is no exception. As physics penet-
rates into the realm of phenomena occurring at enormous
speeds approaching the velocity of light, and into the atom-
ic world, the classical concepts are necessarily being altered
and becoming subject to new, broader, more meaningful
concepts expressing the fact that another step has been
taken along the path of understanding nature. A well-known
example is the behaviour of an electron in an atom, which
to some extent resembles the motion of macro-particles;
the electron, however, at the same time has wave proper-
ties that make it on the whole dissimilar either to a moving
macro-particle or a propagating wave.

When non-classical physics was being constructed and its
concepts formed, the following feature acquired essential
significance. In a non-classical theory, say quantum theory,
the classical concepts are not excluded but are retained;
they figure, however, not like those in the conceptual sys-
tem of classical physics but as an element of a quantum con-
cept being formed. The concept of quantum momentum,
for instance, retrospectively, so to say, retains classical mo-
mentum in the form of the eigenvalue of the momentum op-
erator.

This kind of law of the moulding of concepts when a the-
ory that is broader and more meaningful grows out of another
one is valid not only for the transition from classical to
non-classical physics but also within classical physics it-
self (development of the concepts of radiation and mass),
in mathematics (development of the concepts of number
and set), and in many other sciences.

It is not the business of this chapter to go fully into this
question.* What we have said is enough to conclude that
quantum concepts, as new ones reflecting laws of the atomic
sphere, assume the existence of corresponding classical con-

* Light is thrown on various aspects of this matter in other chap-
ters.
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cepts as an element of them; the link between the concepts
of quantum theory and instrument readings that inform
about real atomic objects is effected through classical con-
cepts. Heisenberg’'s argumentation above about classical
concepts as the a priori basis of quantum theoryin fact rec-
ords the same thing, but in a mistaken, idealistically
Kantian form.

Let us consider in greater detail whether the uncertainty
relation confirms or disproves determinism in physics.

By itself this relation elucidates the connection between
certain quantum quantities and consequently confirms de-
terminism. When, however, it is said that it disagrees
with determinism it is not this aspect of the relation that
is implied, but something else, namely, that the uncertainty
relation renders Laplacian determinism meaningless when
the behaviour of atoms is being considered, and that because
of this determinism is allegedly bankrupt in quantum
mechanics.

Determinism, however, does not only have a Laplacian
form (which corresponds to the motion of macro-particles
according to the laws of Newton’s mechanics). Furthermore,
neither rejection nor confirmation of Laplacian determin-
ism, which is associated with the concept of dynamic reg-
ularity in classical mechanics, follows from the uncertainty
relation. The latter clarifies the content of the concept of
quantum state, i. e. it states that a quantum state is such
that the eigenvalues of operators of momentum and posi-
tion do not exist simultaneously in it. And the quantum
state itself, of course, is described mathematically by a
wave function that satisfies the Schrodinger equation, and
this signifies in the final count that quantum state at a
certain moment of time is necessarily connected with a pre-
ceding quantum state (i.e. that determinism is valid in
quantum mechanics).

The uncertainty relation would only violate Laplacian
determinism in the case when it were instrumental in prov-
ing the following: viz., that the initial state (characterised
by position and velocity) of a system subject to forces does
not unambiguously, in accordance with the laws of Newton's
mechanics, determine the state of the system at any other
moment of time. Such proof, however, has nothing to do
with the uncertainty relation in the same way as the latter
has nothing to do with demonstration of the validity of
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Laplacian determinism (within the limits of classical me-
chanics).

A typical feature of quantum state, namely, its radical
difference from classical state, is thus expressed in the un-
certainty relation (principle). Although quantum mecha-
nics is a determinist theory, its determinism is not identical
with Laplacian determinism or in general with the deter-
minism of classical physics. The uniqueness of the laws and
relations of quantum mechanics is determined not by the
behaviour of micro-objects excluding determinism'and caus-
ality but by their dual particle-wave nature.

The interpretation of the uncertainty principle (relation)
considered here, which assumes acceptance of determinism
in quantum mechanics, rests on the fact that quantum-
mechanical concepts are new ones differing qualitatively
from those in classical physics. If, on the other hand, it is
interpreted from the classical point of view (which is of-
ten met in the literature), then grounds are created for
idealistic ghosts in quantum theory, including indetermin-
ism. Let us dwell, in conclusion, on this point.

According to Heisenberg, the uncertainty relation estab-
lishes the impossibility of simultaneous determination of
the position and momentum of an atomic particle with
an arbitrary accuracy. Either its position can be measured
with great accuracy, but then knowledge of its momentum
is lost to some extent because of the interference of the
instrument; or, on the contrary, knowledge of position is
lost because of the measurement of momentum. There is
therefore a lower boundary of the product of the two
inaccuracies, which is determined by Planck’s con-
stant.3?

By interpreting the uncertainty relation in this way
Heisenberg reached the conclusion that ‘incomplete knowl-
edge of a system must be an intrinsic ingredient of every
formulation of quantum theory’ and because of that ‘quan-
tum-theory laws must be of a statistical nature’.#® Further-
more, he stated, the statistical element of atomic physics
is incompatible with determinism.** This interpretation of
the uncertainty relation, which starts from the idea that
new quantum concepts do not, in principle, exist in quantum
mechanics, cannot be regarded as consistent, as was brought
out in the foregoing exposition. Let us now summarise the
position.
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(1) The uncertainty relation does not so much establish
the limit of errors in simultaneous measurements of the po-
sition and momentum of a micro-particle as the boundary
of the applicability of simultaneously the concepts of posi-
tion and momentum (or of the concept of a classical particle)
to (say) the electron. This boundary exists not by virtue of
the uncontrollable interaction of the micro-object and the
macroscopic instrument, but because the uncertainty re-
lation is a relation between quantum momentum and
quantum position. In fact, it follows from it in operator
form that there is a limit to the applicability of the
classical particle concept (from the commutation relation

Phx)f — Xﬁx=h/i one can mathematically deduce a re-
lation AzAp,. =h).

(2) To cite the fact that the data discovered by atomic
experiments do not fit into the theoretical schemes of clas-
sical physics in order to assert that knowledge of a micro-
particle is incomplete (in principle), that the behaviour of
a micro-particle is without cause, and so to revise the con-
cept of objective reality, means to commit a philosophical
error. The content of the concepts of objective reality,
determinism and causality, and cognition cannot be fre-
duced to the content these concepts are associated with in
classical theory, or in general in any physical theory what-
soever. These philosophical concepts are immeasurably
broader, and no single scientific theory, or science as a whole,
can do without them. Niels Bohr, who in one of his last
articles did not use the concept of ‘uncontrollability in
principle’ that he had employed in his earlier work, was
inclined in his own way to support this idea. It is relevant
to cite again here his idea that we quoted in Chapter II
in another connection: ‘It may be stressed that, far from
involving any arbitrary renunciation of the ideal of caus-
ality, the wider frame of complementarity directly expres-
ses our position as regards the account of fundamental prop-
erties of matter presupposed in classical physical descrip-
tion, but outside its scope.’?

(3) The novel statistical nature of quantum-mechanical
laws is by no means the result of our incomplete knowledge
of the system being an inseparable part of the formulation
of the laws of quantum mechanics (differing in this respect
from statistical mechanics, which, according to the erro-
neous subjective view discussed above,recognised incomplete
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knowledge of a system only in practice but not in principle).
Quantum statistical laws, like those of statistical mechan-
ics, are objective laws. The connections between quantum
quantities relating to change of state in time do not have
simply a statistical character or only dynamic regularity;
and that constitutes the novel feature of the statistical
(probability) laws of quantum mechanics. It is incorrect
to reduce the laws of quantum mechanics just to statistical
laws. The point here is not one of accepting some hidden
aspect of statistical laws that are governed by a dynamic
regularity. That (i.e. recognition of the primacy of dynamic
laws) is as wrong as recognition of the primacy of statistical
laws. In quantum mechanics there is a synthesis of stati-
stical and dynamic conceptions of atomic laws, and not
theirreductionto each other. This feature of quantum laws
finds adequate expression in the mathematical apparatus
of quantum mechanics. In quantum mechanics it makes
sense, for instance, if the eigenvalue of the operator of an
electron’s position is determined with absolute accuracy.
This also means that the electron (in such and such condi-
tions) occupies a certain position. It would be wrong to
consider such examples as only special cases of a more gen-
eral statistical relation. Without them the very concept
.of a quantum quantity represented by a mathematical op-
erator would become quite meaningless.

The uncertainty principle, by bringing out the content of
the concept of quantum state, thus poses the question of
the statistical nature of physical laws and the nature of
probability in physics on a much deeper level than they
were posed and solved after its fashion in classical physics.
In quantum mechanics the concepts of possibility, proba-
bility, and chance are included in the category of the fun-
damental law, and became integrally interwoven with the
concepts of reality, necessity, and regularity.

5

The Concepts of Actuality and Possibility in
Classical Physics

Works have appeared of late by physicists in which the
meaning of the concepts of actuality and possibility as em-
ployed to deal with the philosophical problems of quantum
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theory is clarified. Heisenberg has written much—in the
spirit of Plato’s idealism, however —on possibility as an
objective category and on its important role in analysis of
the concept of quantum state.?® There are several important
statements by Max Born about actuality and possibility
as applied to atomic physics.* A major role in understanding
the significance of the idea of possibility for quantum me-
chanics was played by V. A. Fock’s paper On the Interpre-
tation of Quantum Mechanics,** and by his more recent
publications discussed in other chapters of our book (they
indicated from various aspects that it wasimpossible, without
the category of objective possibility as it is understood by
dialectical materialism, to deal properly with the philo-
sophical problems posed by quantum mechanics).

Different meanings are often attached to the concepts of
actuality and possibility, and to many other general con-
cepts used in philosophy and science. Max Born, for instance,
drew attention to the fact that the concept ‘actuality’
is often used with the meaning of ‘truth’. This concept also
has other meanings. Much confusion rises from the multi-
ple meanings of concepts, about which more than enough
has been said in the philosophical literature. We shall
consider ‘actuality’ and ‘possibility’ as categories that
reflect objective reality and material objects and processes
from certain definite aspects (the specific nature of these
aspects will be defined later). In this way we emphasise,
first of all, that we do not intend to identify the concepts
‘objective reality’ and ‘actuality’; cognition of actuality
is a higher stage in the cognition of phenomena and pro-
cesses of objective reality.**

Let us look more closely *actualiuy’ and ‘possibility’.

Hegel defined actuality as the unity of -essence and exis-
tence, or of the inner and the outer, that*has become imme-
diate.*® This contains the profound idea that immediate or
direct phenomena and the essence, law, etc., found in them
are in fact inseparable, that cognition of objects, processes,
etc., in their actuality, is cognition of the unity of their
essence and existence. The actuality offan object combines
in itself both the mediation of its essence and the immediacy
of its being.

* See Max Born’s papers cited above.
** These problems were discussed in Chapter II, Section 4.
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Possibility is a moment of actuality, the inner of actu-
ality; whetheritor the other is possible, i. e. the possibility
of the one or the other being realised, is determined by the
whole aggregate of the moments of actuality. In the appro-
priate conditions possibility passes into actuality, and this
means disappearance of one actuality and at the same
time the birth of another actuality, with its possibili-
ties. Generally speaking, the categories of actuality and
possibility come to the fore when one studies the develop-
ment of an object, the passing of a certain something into
a dilferent something, the process of the disappearance of
the old and simultaneous origin of the new.

The possibility of something (an object, event, property)
is such a being of something as is equivalent to its non-
being. The concept of the possibility of an event implies
that this event may occur in one way or another but not
just in the one way and not in another. Otherwise possibil-
ity would not be a moment of actuality but actuality itself;
in other words, realisation of a possibility in just this way
and not in another one, in exactly such a form and not in
another one, would have been predetermined for ages. It
follows from this that the possible and the chance are con-
nected with one another, because, as we know, the existence
of objective chance reduces acceptance of the fatal necessity
in nature to nought.

The concept of probability developed by the physical
and mathematical sciences has a major role in understanding
objective, law-governed, necessary connections in nature.
It is a concept of the same order as that of possibility; it
is not one that characterises the degree of our knowledge;
similarly, possibility is not a concept that characterises
conceivability, though just these meanings can and should
be ascribed to the concepts of probability and possibility
in certain cases. The probable is an objective category
representing the possible in its, so to say, quantitative
aspect; probability is the measure of the possibility of a
certain event’s taking place in such and such definite
conditions, which can be repeated as often as you
wish.

In classical physics whose object of study made it pos-
sible within certain limits to ignore the transformability
of material realities into one another, the concepts of pos-
sibility and actuality could be treated as independent of
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each other. Theoretically this meant that only one actu-
ality was recognised as an object of science; inscientific prac-
tice this led to possibility existing alongside actuality and
being opposed to it.

Thus, there was a thesis in classical mechanics that events
in the future were predetermined by events in the present,
and possibility consequently should be realised exactly in
the form in which it was realised.The possibility of an event’s
occurring did not differ in classical mechanics from neces-
sity; probability, consequently, was out of the question on
the plane of principle in classical mechanics (compare
Laplacian determinism). On the other hand, the impossi-
bility of predicting events in classical mechanics beyond
certain limits, including temporal ones, was interpreted as
due to the incompleteness of our knowledge of the initial
conditions; random events were therefore admitted in prac-
tice and probability concepts introduced.

The statistical theories of classical physics also present-
ed no exception. Gibbs, for example, believed that the ap-
plication of probability concepts in physics was due to the
crudity of the human sense organs and of measuring instru-
ments. On the other hand, when problems relating to mass
phenomena of a certain type were being dealt with, they
could not be solved without employing probability concepts.
Ideas associated with these concepts arose inevitably in
classical physics, but in the form of assumptions supplement-
ing the principles of a, so to say, dynamic type on which
a given theory rests. The kinetic theory of gases, for example,
added the hypothesis of molecular chaos to the principles of
classical mechanics.

In summing up our brief analysis of the problem of the
possibility in classical physics, we would like to emphasise
the fact that in' classical physics this question could not be
answered in the aspect of its connection with actuality,
since from the angle of classical physics probabilities could
not be included in basic laws but developed in theory inde-
pendently of them.

The coexistence within classical theories of assumptions
associated with the notion of probability and dynamic
principles, determined to some extent the content of the
so-called theory of levels (Louis de Broglie, David Bohm,
J. P. Vigier), the philosophical ideas of which were devel-
oped by Bohm.%® Let us briefly consider these ideas.
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It is well known that the irregular fluctuations of the
Brownian motion of a particle have their basis in the effect
of chaotic molecular motion. Bohm slated that ‘all the
factors determining the irregular changes in the Brownian
motion were not assumed to exist at the level of the Browni-
an motion itself, but rather, most of them were assumed to
exist at the level of atomic motions’. If, therefore, the level
of the Brownian motion itself were considered, only sta-
tistical regularities would be treated, ‘but for a study of
the! precise details of the motion this level will not be
sufficient’ (p 80).

To explain ‘a very strange combination’ (as Bohm put
it) ‘of determinate and statistical aspects’ (p 78) that phys-
ics encountered in the atomic domain, a similar assumption
was introduced. In order, for instance, to consider all the
details of the motion of an individual electron or quantum
of light, we would transfer to a certain, deeper level as yet
unknown, the relation of which to the atomic level is the
same as the relation of the latter to that of Brownian motion.
In that case it would be quite possible that those properties
which are determinate at the atomic level are determined by
factors existing at the atomic levelitself, while other prop-
erties of a statistical nature are determined by factors
cxisting atan even deeper level. From this angle, for instance,
one could ‘conceive of the division of these “indivisible
atoms of energy” at a more fundamental level’ (p 81).

Thus, according to Bohm, there is a ‘sub-quantum me-
chanical level of continuous and causally determined motion,
which could lead to the laws of quantum mechanics as an
approximation holding at the atomic level’ (p 94). If only
those entities are considered that can be defined at one
quantum-mechanical level, their motion will be indetermin-
istic in the full sense, ‘because determining factors that are
important . . . simply cannot be defined at this level’ (p 106).

From the standpoint of the statement of Bohm’s ‘causal
laws’ and ‘laws of chance’ coexist, representing two aspects
of one and the same real process. Or, as Bohm put it: ‘The
various kinds of things ... have been found to be orga-
nised into levels. Each level enters into the substructure of
the higher levels, while, vice versa, its characteristics
depend on general conditions in a background’ (p 140).
That is why the system of purely deterministic laws cannot
be absolutely valid, because it covers only a finite number
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of objects and does not take into account the infinite number
of factors contained at levels below and above that which
includes these objects. As a result, ‘causal laws’ and ‘laws
of chance’ should be regarded ‘as effectively furnishing dif-
ferent views of any given natural process, such that at
times we may need one view or the other to catch what is
essential, while at still other times, we may haveto combine
both views in an appropriate way' (p 143).

Although the theory of levels is free from such a radical
drawback of mechanical determinism as thedenial of objec-
tive chance (in spite of the fact that this theory criticises
indeterminism and develops an important dialectical idea
about the qualitative infinity of nature), there are serious
flaws in it, in the form it is expounded by Bohm.

First of all, Bohm isolates necessity from chance and in
fact opposes them to each other. He says, in particular, that
‘it is not the existence of indetermination and the need for
a statistical theory that distinguishes our point of view
from the usual one [meaning the Copenhagen interpreta-
tion—M.0.].... The key difference is that we regard this
particular kind of indeterminacy and the need for this par-
ticular kind of statistical treatment as something that exists
only within the context of the quantum-mechanical level’
(p 106).* One cannot be agreed with all that. Dynamic and
statistical regularities operate in their inseparable con-
nection at the levels of macroscopic processes, atomic phe-
nomena, and subatomic processes, and physics reflects them
in their unity with one degree of completeness and depth
or another depending on the specific nature of a given level,
allowing for its connections with other levels, the research
conditions, and the special features of the objects studied.

Furthermore, from the standpoint of Bohm's theory of
levels the chance is not by any means explained by the
necessary. According to this theory an approach to a phe-
nomenon from the aspect of the category of chance is only
corrected and supplemented by allowing for the necessary
connection, and vice versa, an approach from the aspect
of the category of necessity should be corrected and supple-
mented by allowing for the random insignificant factors.
Bohm writes, for example: ‘A causal law can arise as a

* We ignore the inaccuracies in Bohm’s terminology. He uses
‘indeterminacy’, for example, to denote statistical nature.
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statistical approximation to the average behaviour of a large
aggregate of elements undergoing random fluctuations,
a law of chance can arise as a statistical approximation
to the effects of a large number of causal factors undergoing
essentially independent motions’ (p 143).

When it is a matter of a ‘causal law’, however, the question
arises of explaining the basis of the random fluctuations,
i.e. to accept either the primary determinacy or the primary
indeterminacy of elements. When, however, it is a matter of
a law of chance, it is necessary to remember that ‘a large
number of causal factors undergoing essentially independent
motions’ represents a statistical ensemble, i.e. the same
dilemma arises again: the elements of a statistical ensemble
are either primarily deterministic or primarily indeter-
ministic. The theory of levels, instead of resolving this
dilemma, sidesteps it, since, according to Bohm, although
the necessary and the random are mutually connected,
this connection is exclusively external and represents only
a coexistence of the random and the necessary.

Certainly, Bohm’s statement that ‘actually neither caus-
al laws nor laws of chance can ever be perfectly correct’
(p 143) is valid, but its validity follows not from the fact
that ‘each inevitably leaves out some aspect of what is
happening in broader contexts’ (p 143), but from the neces-
sary being as chance as chance is necessary.

Finally, the theory of levels does not contain the idea
of objective possibility, and in that respect does not differ
from the conception of mechanistic determinism. In clas-
sical physics the fact that the apparatus of the theory of
probability is accepted not so much from the angle of reflec-
tion of objective reality by probability concepts as from the
angle of its serving statistical regularities was also vali-
dated by this, that classical theory studied the patterns
of mass random phenomena on the assumption that the
individual particles forming statistical ensembles moved
according to the laws of Newton’s mechanics. The theory
of levels endeavours in fact to extend the same approach
to include the laws of quantum mechanics, and quantum
physics in general, although, as is clear from the content
of quantum theory (with which we are concerned throughout
our book), there are actually no grounds for such an approach
to atomic phenomena. Micro-particles are not the corpuscles
of classical mechanics; their dual particle-wave nature
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means that the problem of the probability and statistics
in quantum theory cannot be solved in the spirit of classical
notions.

In this case Bohm holds another point of view, which can
be formulated as follows. It is assumed that every elemen-
tary particle is connected with a body that ‘in most appli-
cations at the atomic level ... can be approximated as
a mathematical point’ (p 111). The body is associated with
a wave that ‘is assumed to be an oscillation in a new kind
of field’ described by the y-function; ‘the y-field and the
body are interconnected in the sense that the y-field exerts
a new kind of “quantum-mechanical” force on the body,
a force that first begins to manifest itself strongly’ only
at the atomic level but that ‘has not previously turned
up in the study of the large-scale domain’. The body in
turn acts on the 1p-field, and this reciprocal action, which
may be significant ‘in the sub-quantum mechanical domain’,
is ‘small enough to be neglected in the quantum-mechanical
domain’ (pp 111-112).

It is assumed, furthermore, that the 1p-field undergoes
‘random fluctuations about an average that satisfies Schro-
dinger’s equation and that these fluctuations communicate
themselves to the body. The details of these fluctuations
would then represent properties of the field associated with
a sub-quantum mechanical level (p 113), while at the quan-
tum-mechanical level the behaviour of micro-particles
would be regarded only statistically. The assumed fluctuat-
ions ‘produce a tendency’ for more or less random motion
of the body, a tendency opposed by the ‘quantum-force’,
‘which pulls the body into the places where 1p-field is most
intense’(p 113). In the end ‘a mean distribution in a sta-
tistical ensemble of bodies’ results ‘which favours the regions
where the 1p-field is most intense, but which still leaves some
chance for a typical body to spend some time in the places
where the 1-field is relatively weak’ (p 113).

Thus, in any process ‘both wave and particle could be
present together in some kind of interconnection’, as Bohm
writes (p 111).

The ‘interconnection of waves and particles’ in the theory
ol levels is thus not a dialectical unity of the opposite
particle and wave properties of matter but a certain ‘combi-
nation of particle and field’ (p 116), a coexistence of waves
and particles in a certain mechanical picture. It is under-
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standable that such an interpretation of a micro-particle
inevitably leads to the already known notion of the coexis-
tence of ‘causal laws’ and ‘laws of chance’. Hence the natural
absence of possibility and probability from the theory of
levels as objective categories.

In summarising Bohm's point of view on probability and
statistics in physics, we must add that it opens up the way
to identifying probability with the statistical concept of
‘frequency’, the illegitimacy of which is well known. He
considers probability and statistics in quantum physics
in the aspect of mechanical classical concepts, and says,
for instance, that the results of the theory of levels show
‘that mechanical concepts can go further in the quantum
domain than had hitherto been thought possible’ (p 128).

In our view one cannot agree with statements of that
kind. The theory of levels does not reflect what in quantum
mechanics is called the symmetry of particles and waves,
and, in particular, an essential feature of quantum mechan-
ics is left out: namely, the quantum state is described by
a wave function in a coordinate representation, and with
the same justification by a wave function in a momentum
representation, while in fact only the particle interpreta-
tion, ‘corrected’ in the spirit of the mechanical ideas of
classical physics, is legitimated.

To sum up, Bohm’s theory of levels solves the problem
of the nature of probability in quantum mechanics in the
spirit of classical ideas, which contradicts the content of
quantum theory.

6

The Concepts of Reality and Possibility in
Quantum Physics

In quantum mechanics probability as a measure of possi-
bility is numbered among the main laws, i.e. possibility is
integrally linked with actuality, while probability cannot
fail to be objective, and reflected in the corresponding
concepts of quantum mechanics. It is possible in quantum
mechanics, of course, to indicate the eigenvalues of the
operators of quantities from the wave function if this wave
function is the eigenfunction of the operators, and to cal-
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culate the mean values of operators or the probabilities
of their eigenvalues, knowing the wave function, if it is
not their eigenfunction. This also means that probability
should not be approached in quantum mechanics as some-
thing subjective and isolated from reality. Let us consider
this last point in greater detail.

Imagine a flux consisting of a large number of electrons
hitting a screen with two slits from the left; the electrons
passing through the slits then form a diffraction pattern on
the right on a photographic plate. The essence of this well-
known imaginary experiment is this: the components of the
flux passing through the slits interfere with each other. If
one assumes that the electrons are classical particles, the
diffraction pattern would mean that electrons sometimes
annihilate one another and at other times arise from nothing,
but that is excluded by the laws of conservation. It remains
to assume that the electron interferes with itself,*” in other
words that the electron possesses wave properties simulta-
neously with!particle ones. But then the probabilities of an
electron hitting such-and-such places of the photographic
plate cannot be interpreted in the sense that they are the
result of ignorance of certain details of its motion: from
the point of view of classical theory it is absurd that the
probability of an electron reaching a certain spot on the
photographic plate through two apertures is zero, while
for one aperture (it is irrelevant which one) the probability
of an electron hitting the same place has a definite non-
zero value.

The dual corpuscular-wave nature of micro-particles deter-
mines that probability in quantum mechanics is by no means
the result of mere application of the propositions of the
theory of probability to the motion of particles of classical
type. Quantum mechanics resembles statistical mechanics
in that both theories accept probability in the initial state.
Quantum mechanics also resembles the general theory of
stochastic processes since both theories accept probability
when there is a transition from one state to another. As
regards its theoretical foundation, however, quantum
mechanics is by no means identical to the statistical theories
of classical physics, and the wave function used in it to
calculate the probabilities of the eigenvalues of the corres-
ponding operators differs radically from the probability
distribution function in classical statistical theory.
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What is the nature of quantum probabilities? Or what
are the grounds for probability in quantum mechan-
ics?

From what we have said above, the answer suggests itself.
The grounds for the probabilities of the values of quantum
quantities are in the unity and identity of the opposing
particle and wave properties of micro-objects. These prob-
abilities are not therefore something alien to the laws of
atomic phenomena, arising as a result of ignorance of certain
circumstances, but are a necessary element of these laws.
From that angle the wave function pertains to a single micro-
object; at the same time it characterises those properties
that a micro-object possesses in the given conditions and
those properties that it will possess in other conditions
which exclude the given ones. This fully accords with the
concept of quantum probability, since the probability of
one behaviour of a micro-object, or another, is not brought
in from outside but is internally connected with the prop-
erties the micro-object possesses at a given moment of its
existence.

In studying laws of atomic motion thatinvolve probabil-
ities, quantum mechanics, of course, solves the problem of
the transition of possibility into reality and of the real-
isation of probability laws. This question cannot be side-
stepped in quantum mechanics, if only because experimental
determination of the numerical values of probability becomes
necessary, without which quantum mechanics would not
be a physical theory.

As concerns the philosophical aspect of the matter, pos-
sibility is not cognised directly but in a mediated way,
through the cognition of reality. The mediated way of cog-
nising possibility corresponds to the possible’s being the
inner of actuality, i.e. exists owing to actuality, its other,
and not in itself. From the standpoint of physics this means
that, for the passing over from possibility to reality, from
the probability of a process or of the value of a physical
quantity to the realised, either unlimited repetition of the
conditions in which realisation occurs or an unlimited num-
ber of phenomena representing the possibilities being real-
ised inithe given conditions'are necessary; in short, it is neces-
sary to introduce the concept of statistical ensemble into
quantum theory. This is justified by the fact that quantum
theory deals with physical phenomena that arise not as
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a result of the action of separate individuals but of vast
aggregates of them (spectra, a-radioactivity).

Dialectical ideas of the unity of actuality and possibility,
and also of transformation of possibility into actuality,
have thus found broad application in quantum mechanics,
which cannot be understood correctly without them.

Let us now summarise Heisenberg’s point of view on pos-
sibility and actuality in quantum mechanics by means of the
following scheme:

Symbolic Representation Physical Knowledge

of Atomic Processes of Atomic Processes
Symbolic representation of state by Description of state by means
means of the wave function of classical concepts

A wave equation of dynamic type Statistical laws
Knowledge of ‘actuality’ is in-
complete knowledge

The wave function governing pos- A description by means of

sibility symbolically character- classical concepts inevitably

ises the state of an atomic particle  contains a ‘subjective’ element,

completely i.e. a statement about the ob-
server (instrument)

The characterisation of atomic

processes by means of the wave

function is a complete, objective

one, i. e. contains no references to the

observer (instrument).

The transition from possibility to reality (actuality),
or from the mathematics of the atom to its physics, is made
by introducing classical concepts or references to the obser-
ver (instrument) into quantum theory.

Thus, according to Heisenberg, the possibility of an
event is something lying between the idea of an event and
the actual event. The statistical element, however, is intro-
duced simply because atomic processes cannot be described
by any means other than classical concepts, which are only
applicable to atomic processes with limited accuracy. In
other words, Heisenberg believed that quantum theory
dealt not with nature as such but with nature subjected to
the effect of human methods of investigation; that is why
statistics comes into quantum theory.

For a critical review of these views of Heisenberg’'s we
refer the reader to the preceding sections; here we should
discuss other topics of our theme.

In analysing determinism in quantum physics the thesis
of the infinity of nature, the inexhaustibility of matter and
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of any of its particles, and the infinity of matter in depth
and breadth is very important. This infinity is composed of
an infinite number of finite objects at various stages (ele-
mentary particles, atomic particles, macroscopic bodies,
cosmic formations—to sketch the division roughly), the
transition from one stage to another being transitions of
quantity into quality and vice versa.

Taking this thesis as our guide we can say that knowledge
of an object (or process) is knowledge of it as an element of
a certain whole (e.g. the atom is an element of the molecule)
and at the same time knowledge of it as a certain whole (the
atom consists of a nucleus and electrons). One-sided devel-
opment of the first aspect leads to a tendency to explain
all nature’s phenomena from knowledge of elementary phe-
nomena (the atomistic approach). One-sided development
of the second aspect leads to a tendency to explain elemen-
tary phenomena from knowledge of the whole (the integral
approach).

In classical physics the atomistic approach came to the
fore and found its extreme expression in the mechanistic
picture of the world. In relativistic physics an integral
approach began to arise though it did not receive final
expression. Both approaches are interwoven in atomic and
quantum physics, the link between the atomistic and the
integral aspects in investigating nature becoming more and
more organic and inseparable with the development of quan-
tum physics. Thus, in modern conceptions, the atom not only
cannot be reduced to the sum of nucleons and electrons but
these structural units of it themselves differ in many of
their properties from electrons, protons and neutrons in
the free state. The modern theory of elementary particles
provides even more striking examples of unity of the at-
omistic and integral approaches (see Chapter VII).

In the transition from the whole to its elements and vice
versa, when the appropriate round of phenomena is studied,
it becomes crucially important whether the whole is an
aggregate of a large number of objects to which the sta-
tistical method can be applied. If the situation is such, sta-
tistics and its related theory of probability are necessarily
brought into the theory of the sphere of phenomena heing
studied, with all the conclusions and generalisations follow-
ing from this. The transition from macroscopic phenomena
to molecular or atomic ones, for example, and to elementary
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processes, and the reverse transition from elementary phe-
nomena to macroscopic ones are impossible without sta-
tistics and the theory of probability. Philosophical problems
of law and causality, necessity and chance, actuality and
possibility therefore inevitably arise in both macroscopic
and microscopic physics (which we discussed above).

Let us note, in connection with the question raised about
the atomistic and integral aspects of the approach to cognis-
ing physical phenomena, that both of them affect under-
standing of statistical regularities. Let us also recall that
the atomistic approach leads in its extreme expression to
mechanistic Laplacian determinism and the denial of
objective random events. The truth, however, as follows
from the laws of dialectics, lies at the juncture of the two
approaches, and consists in the fact that dynamic and sta-
tistical regularities are actually inseparable, that macro-
scopic and microscopic phenomena are linked by transitions
and are in fact united. Our whole book is essentially con-
cerned with this point; here we shall consider its related
topics from the standpoint of this section.

It would be trivial to state that it is impossible to extract
information about the behaviour of an individual molecule
or a single atom from phenomenological (classical) thermo-
dynamics. On the other hand, knowledge of the positions and
momenta of all the molecules of a gas would not by any
means lead to or be a substitute for knowledge of the gas’s
temperature. The truth was found (and its discovery marked
a great advance in physics) when the thermodynamic internal
energy of a system, which depends on temperature and other
macroscopic parameters, was identified with the mean
statistical value of the kinetic energy of microscopic par-
ticles, which depends on their velocities and mutual position.
This identification of the dynamic and the statistical,
which combined the properties and microstructure of macro-
scopic bodies into something united, made it possible to
validate thermodynamics in a profound way, to overcome
the drawbacks of classical thermodynamics (including such
a philosophical flaw as the formal possibility of assuming
‘thermal death’), and to explain and discover new facts
(e.g. the fluctuation of thermodynamic quantities).

Within the limits of classical physics, however, the prin-
ciples relating to probability concepts are, of course, only
an addition to the basic laws, and the probabilities of var-
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ious possible events do not figure in the content of these
laws. It cannot be otherwise from the angle of classical
mechanics since, in it, a particle that moves with constant
velocity in space and time remains everywhere and always
identical to itself and alters its velocity only when acted
on by other particles (when the number of such actions
is large enough and they are mutually independent, we
have movement similar to Brownian motion). The theory
of relativity did not add anything new, compared to clas-
sical physics, on the nature of statistical laws and of prob-
ability in physics, and only quantum theory, as we know,
introduced radical changes into this problem.

This can be explained as follows. Quantum theory posed
the task of revising the concept of a particle identical to
itself—the most important concept of pre-quantum physics.
In quantum mechanics a moving particle is no longer con-
sidered identical to itself since it has not merely particle
properties but dual particle and wave ones. The relativity
of the concept of a particle identical to itself becomes more
definite in relativistic quantum mechanics according to
which matter and field do not exist separately, and the law
of conservation of the number and kind of particles ceases
to operate. The concept of the inseparability of particles
and fields accordingly becomes filled with new meaning,
which is expressed by the wave function, which becomes
an operator in quantum field theory. In quantum field
theory, of course, the probability interpretation of the wave
function is not only not removed but undergoes further devel-
opment (which we will not discuss).

As quantum field theory develops, the boundaries of the
applicability of the concept of a self-identical particle are
being made more precise, the relativity of the concept is
being brought out more completely and more deeply, and
the idea of the reciprocal transformability of particles is
coming to the fore and subordinating the idea of the self-
identity of a particle to itself.

The statement that the idea of transformability does not
exist in classical and relativistic theory is not, of course,
true; to disprove such statements, it is sufficient to give
an example from the law of the conservation and transfor-
mation of energy. It was assumed in pre-quantum theories,
however, that the matter studied by physics ultimately con-
sisted of constant elements of one kind or another (the
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material points and empty space of classical mechanics;
the continuous field of Maxwell’s theory and the theory of
relativity). Quantum physics eliminated the idea of the
ultimate invariable bricks of the Universe; it regards ele-
mentary particles as mutually transformable, and the law
of reciprocal transformation of elementary particles forms
the foundation of the theoretical building of modern physics.

The theory of elementary particles hasnot yet been built,
and the job of building it is at the centre of attention of
present-day physics. There are still only the sketches of a
theory; we shall recall here Heisenberg’'s programme for
a unified theory of matter, but shall not go into it. Let us
just note that it would have to remove the difficulties of
quantum relativistic physics (the divergent expressions that
figure in it in place of finite values observed in experiment
for a number of quantities), unify microscopic particles
and fields, theoretically deduce the properties of elementary
particles known from the experiment and the types of trans-
formation of elementary particles. Let us, in conclusion,
consider certain aspects of the problem of causality and
determinism in connection with the theory of the so-called
scattering matrix formulated by Heisenberg, in particular, to
eliminate divergencies in the theory of particles and fields.

Heisenberg suggested a new formalism—a scattering mat-
rix for the subatomic spatial and temporal domain with
its extremely short distances and durations—instead of the
Schrodinger equation which determines the values of the
wave function at an arbitrary moment of time from its
values at the initial moment of time (the so-called Hamil-
tonian formalism, which assumes the continuum of space
and time). The scattering matrix is an operator that trans-
forms the wave function of particles before scattering into
their wave function after scattering. If the scattering takes
place in the subatomic domain, the state corresponding to
the first wave function and that corresponding to the second
wave function should be separated by a time interval greater
than the temporal subatomic domain. Then the equation
Yo = SP_o (wherep is the wave function and S is the
scattering matrix) expresses the connection between the
values of the wave function at a moment of time remote in
the past { = —oo and its valuesin the remote future ¢t =+ oo.

From this point of view the transfer of the interaction
in such subatomic space and time domain occurs at a velocity
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greater than that of light and the time sequence of events,
it would seem, and the connection of cause and effect are
violated (as was assumed by Heisenberg).

There is no need, however, to draw odious conclusions
against materialism from such an interpretation of processes
occurring in the subatomic domain. Several authors, and
Heisenberg himself (in his programme for a unified theory
of matter) assume the existence of a minimum length (of
the order of the radius of a light atomic nucleus 1013 cen-
timetre), a universal constant that is part of the basic laws
of nature. This assumption may mean that a geometry found-
ed on the principle of continuity alone (mathematical con-
tinuum) is insufficient for describing the spatial properties
of matter at subatomic level (the same must also be said
about the temporal properties of subatomic processes,
which, it must be assumed, cannot be described just by the
continuity of time). As a result, we arrive at the following
conclusion: discontinuity, being intrinsically connected
with continuity, must come into the space and time con-
cepts that relate to the subatomic domain, and the space
and time concepts of physics should be revised accordingly.

But in that case the concept of velocity for subatomic
domain would also need to be altered. It will have to reflect
the discontinuity of space and time, and will therefore receive
a new content compared to the concept of velocity employed
for the macroscopic and atomic domains. Then the concept
‘a velocity greater than that of light’ ' may have a sense that
is by no means relativistic. What we have said does not
cancel the proposition of the theory of relativity that the
value of the velocity of light is a limiting value; it only
expresses the idea that the future theory will give a deeper
substantiation of this fundamental proposition of the theory
of relativity by determining the boundaries of its appli-
cability.

The theory of the scattering matrix, incidentally, should
not necessarily pose the problem of causality on the plane
discussed above. A scattering matrix can be constructed in
such a way that the construction assumes a condition of
microscopic causality by which the physical action, i.e.
signal, cannot be propagated at a velocity greater than that
of light in ultrasmall spatial and temporal domains (just
as in the domain of large space-time scales). Thisconstruction
could be used to deduce the so-called dispersion relations,
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study of which provides important information on the
nature of reciprocally interacting elementary particles.

Since dispersion relations contain directly observable
quantities, they make it possible to examine a large deal of
experimental material. Checking their validity at high
energies enables us to determine the limits of applicability
of the notion about point interaction and consequently
to confirm or disprove the validity of the condition of cau-
sality in the special form we are concerned with here. Such
verification of the validity of dispersion relations is under-
standably of enormous significance for both physics and
philosophy.

We would like to add that the most general formulation
of the condition of causality employed in quantum field
theory is that given by Bogolyubov and Shirkov: ‘Any event
occurring in a system can influence the system’s evolution
only in the future and cannot influence its behaviour in
the past.’#® This formulation leaves a possibility for*gener-
alising the Lorentz transformations, not to mention that
it excludes the assumption of velocities higher than that
of light.

In connection with what has been said above, the concept
of a particle identical to itself should also undergo radical
change in as much as its transformability is beginning to
play a main role. From this angle a particle before scatter-
ing is not identical with a particle after scattering. A theory
that has to reflect the processes allowing not only for the
continuous nature of space, time and motion but also for
their discontinuous nature, the appearance and annihilation
of elementary particles, the transformation of matter into
field and vice versa undoubtedly cannot make do with the
concepts and principles of classical and modern physical
theories; it must develop new concepts and principles,
preserving the results of all the preceding work of physics
as a limiting case.

In quantum field theory and the physics of elementary
particles, in which the idea of the reciprocal transformability
of elementary particles engenders (or rather should engender)
their whole theoretical content, new physical concepts and
statements are thus needed, and not rejection”of the objective
reality of the physical world, and objective necessity and
causality in nature. The so-called virtual processes, which
witness in fact not to an imaginary violation of, say, the

188



law of the conservation of energy but to the need for a further
development of the basic physical concepts and principles
about the deeper levels of infinite matter, point in their
own way to the same thing.

7

A Contribution to the Problem of Causality in
Non-Local Quantum Field Theory

Causality or a causal relation, as noted above, is an
objectively real genetic connection between (at least) two
events or phenomena occurring in different places. If it has
been determined that, in such and such conditions, event
A is the cause and event B is the effect, it is concluded that
event B occurred after event A. In classical mechanics
it is assumed that the changes in a system produced by an
external factor may (but not necessarily because of long-
range forces) form a causal chain. If one allows for the fact
that a causal relation is by necessity a connection in time,
then this thesis about causality is expressed in the form
known in physics: namely, a signal cannot be transmitted
to the past but only to the future. The laws of classical
mechanics, however, since they describe reversible mechani-
caljprocesses, do not contain any statement about causality
pertaining to the signal. This statement is an addition to
the laws of classical mechanics, which by themselves do
not determine the direction of time.

The situation is quite different in the theory of relativity
and in quantum mechanics, which accept the thesis about
causality in the sense above but with a new element that is
essential to the theory of relativity, namely, that in it the
velocity of light in a vacuum is the limiting velocity of a
signal.

The separation of events into those consecutive in time
and the quasi-simultaneous, which is closely related to
causality, follows as a consequence of the existence of a
limiting velocity in the theory of relativity. As it turns out,
if two events are connected with each other by a causal
relation, only then is their sequence absolute, i.e. the tem-
poral sequence of these two events is preserved in all iner-
tial reference frames. As to quasi-simultaneous events, i.e.
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events that cannot be connected through interaction, their
sequence is relative, i.e. it depends on the frame of refer-
ence. The well-known philosophical dictum ‘post hoc can
never justify propter hoc’ is thus given a novel and clear
expression by the theory of relativity.

In this connection Einstein’s remark about events con-
nected by a signal with a velocity greater than that of light
(W > ¢, where W is the velocity of propagation of a certain
signal, and ¢ is the velocity of light) and the time 7 neces-
sary for transfer of the signal from 4 to B, presents interest.
Einstein wrote: ‘The velocity v [i.e. the velocity of the
observer—M.0.] can assume any value less than c. If,
therefore, W > ¢, as we have assumed, v can always be so
selected that 7 < 0. This result means that we must take
a transmission mechanism as possible by which the effect
obtained precedes the cause. If this result also does not,
in my view, contain any contradiction, taken purely logi-
cally, it still contradicts the character of our whole expe-
rience to such an extent that the impossibility of the assump-
tion W > ¢ seems adequately proved thereby.®

The question of causality in quantum field theory, it
seems to us, should be considered from a rather different
plane than in pre-quantum physics and (non-relativistic)
quantum mechanics.

With the so-called axiomatic approach to the construction
of quantum local field theory, the latter adopts the principle
of relativistic invariance and the unitariness and locality
principles (let alone certain other requirements that we
ignore). Quantum fields are associated with elementary
particles, and the process of interaction between (very
high energy) elementary particles is described by the so-
called scattering matrix, which is an operator translating
the wave function (state) of particles before the reaction
(scattering) into their state after the reaction.

In descriptions employing the scattering matrix, it is
important to remember (and this is the source of the new
approach to causality in quantum field theory compared
with classical physics) that the point consists not in elu-
cidating the behaviour of particles when they are brought
very close together but in the problem of the final (post-
reaction) states, and the probabilities of their arising.

From this point of view the concept in the theory of high
energy particle interaction (only now being constructed)
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of details of behaviour of particles when the distances be-
tween them are small does not make sense (is unobservable
in principle).%°

The assumption that this concept is unobservable in prin-
ciple opens up certain perspectives for non-local quantum
field theory (this theory has developed in its initial form
soon after physics came up against the paradoxes of the
divergencies inherent in modern quantum theory with its
postulate of the localisation of field interaction). In ‘nor-
mal’ quantum theory, in fact, the postulate of an interac-
tion’s localisation is borrowed from the classical theory
of point particles. It requires that field interactions pertain
to one and the same point of space-time. This requirement
accords with the theory of relativity, which rejects an
assumption about the dimensions and structure of ele-
mentary particles because it has to be supposed otherwise
that a signal can be propagated at a velocity greater than
that of light, and therefore (as was noted above) to assume
that the effect-event could precede the cause-event.

It is thus impossible to separate the postulate of an inter-
action’s localisation from the thesis of causality that the
cause-event cannot follow the effect-event.

Non-local quantum field theory was intended to rid
modern quantum physics of difficulties with divergencies.
It abandons the postulate of locality of field interaction and
tries to do so in various ways; consequently more than one
variant of non-local theory is being developed. We shall
not dwell on these variants or forms or on the difficulties
of non-local theory (it now appears that the last are not so
fundamental). We are interested in the philosophical
essence of the theory: is it true that there is nothing left
of the principle of causality in it, and that it leads to a
need to reject the space and time concepts as applied to the
world of elementary particles, as some authors assert? Or
rather, how do things stand with the principle of causality
and with space and time at that level of matter known as the
elementary particle?

Let us recall that, from the standpoint of materialist
dialectics, causality is only a tiny part of the objectively
real universal connection. Lenin gave a very positive esti-
mate of the fact that Hegel had paid comparatively little
attention to the theme of causality so dear to Kant’s fol-
lowers. For Hegel as a dialectician, Lenin wrote, ‘causality
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is only one of the determinations of universal connection,
which he had already covered earlier, in his entire exposi-
tion, much more deeply and all-sidedly; always and from
the very outset emphasising this connection, the reciprocal
transitions, etc.’®® It is on this plane that the problems
posed in regard to non-local theory incorporate something
unusual.

This theory, first of all, should satisfy the possibility of
meeting the condition of macroscopic causality, i.e. it
should not lead to experimentally observable consequenceo
disagreeing with the statement of causality on the macroscop-
ic (including atomic) scales of space and time. This means,
in essence, that when non-local theory is generalised for
the large scales of space and time it turns into ‘conventional’
local quantum theory (in accordance with the correspondence
principle).

A new universal constant appears in non-local theory,
that of the dimension of length (or elementary length),
which ‘separates’ (as it were) the domain of ultra-small
dimensions in which causality is ‘violated’ and perhaps
a radical revision of physical notions about space and time
is called for, from the space-time domain in which the
principle of causality and the laws of geometry hold. A spe-
cific constant for high energy physics is thus added to the
universal constants ¢ and 2 on which quantum field theory
is based; it links (or should link) short-range and long-range
interactions into something united.

The introduction of elementary length,* with certain
assumptions, puts the question of revising geometry in its
usual form on a physical basis; metric space-time geometry
ceases to exist; the concepts ‘nearer’ and ‘more remote’,
‘before’ and ‘after’, ‘length’ and ‘duration’ lose their mac-
roscopic meaning in the ultra-small. The separation of phe-
nomena into cause-events and effect-events should, of course,

* The point is that the concept of local interaction can be revised
in various ways in relation to the ‘ultra-small’. One way is to regard
the very concept of point interaction as unobservable in principle,
by analogy with the fact that the classical concept of trajectory itself
is meaningless in principle in quantum mechanics. Another possibi-
lity is associated with the assumption of the unobservability in prin-
ciple of the concept of a definite space-time point (which leads to the
theory of quantised space-time). We shall not consider the concrete is-
sues relating to these possible ways of constructing a non-local theory
in this book.
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also become invalid, and the theory's mathematical appas
ratus should reflect this situation.

Does this mean that the philosophical foundation of
non-local quantum field theory contains a certain idealist
and fideist line on causality? The answer to that question
becomes quite clear as soon as we consider how materialist
dialectics understands the causal relation.

In its usual interpretation the causal relation does not
exhaust the forms of connection and mutual dependence. The
present-day development of quantum physics is leading
to the discovery of new forms of connection and mutual
dependence between the phenomena of inanimate nature
which cannot be fitted into the schemes of existing physical
theories. This once more confirms, in particular, the objec-
tive nature of the universal connection, its inexhaustibility,
the transformation of some of its forms into others that are
deeper and more general. Causality, as it is usually under-
stood, may have no meaning in the ultra-small; in this
domain a deeper, more general form of connection—inter-
action—comes into prominence in conditions of mutual trans-
formation according to certain laws of the fundamental
particles of matter. It appears, however, not as a constant
change of cause and effect but as their foundation and the
whole generating them.

In abstract reasoning one is not forbidden, of course,
to regard interaction as cause®®; in this case, however, we
are not dealing with cause as it is conventionally under-
stood. The latter is an individual cause which acts at an
individual moment of time and at individual location, i.e.
such form of connection which was called causa efficiens
(efficient cause) in the old philosophical systems. But inter-
action as a cause is not a causa efficiens but rather, to use
the old philosophical concepts, causa firalis (final cause);
Spinoza’s well-known dictum substantia est causa sui is
concerned with ‘final cause’.

There is no reason, however, to pour the wine of modern
science into old philosophical bottles. It was Eagels who
noted that ‘already in Hegel the antithesis of causa efficiens
and causa finalis is sublated in reciprocal action’.%

In the world of the large (including atomic dimensions)
the abstraction of individual phenomena taken out of their
universal connection and consequently considered separately
(with respect to space and time) is internally justified; as
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we can see from what has been said, the principle of cau-
sality implies the legitimacy of this abstraction. In the
ultra-small world, however, or the world of high energy
elementary particles interacting with and transforming
into one another, such abstraction loses its meaning and
the thesis of causality in its usual understanding is also
deprived of confidence and status.

Experiment undoubtedly has the last word in clarifying
these points, which are very important for high energy phys-
ics; at the same time one must not neglect the fact that
objectively applied, comprehensive, universal flexibility
of concepts is of great importance in the quest for their cor-
rect solution.® Strictly speaking, it is experiment also that
confirms that the flexibility of concepts has been objectively
applied, i.e. is a correct reflection of the eternal evolution
of the world.

The development of quantum physics and theory of ele-
mentary particles is opening up new forms of the universal
connection, that are not covered by the schemes of existing
physical theories. The points discussed above reflect the
round of ideas of the transition from one form of connection
and reciprocal dependence to another that is deeper and
more general. On that plane the work of Tamm, Bogolyubov,
and Blokhintsev devoted to space-time and causal relations
in the microworld, various aspects of which have been dis-
cussed in this chapter, present special interest from the
angle of dialectics.®® Modern physics is providing remark-
able confirmation of Lenin’s words: ‘From coexistence to
causality and from one form of connection and reciprocal
dependence to another, deeper and more general.’®?
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VII

THE PROBLEM OF THE ELEMENTARY
AND THE COMPLEX IN QUANTUM PHYSICS

1

On the Concepts of the Simple and the Complex
in Philosophy and Physics

The concepts of the simple and the complex or compound
are usually associated with that of development. In Marxist
philosophical literature one finds definitions of development
as a transition from the lower to the higher, from the simple
to the complex.!

Such statements, it seems to us, do not so much define
development as express one of its many aspects; develop-
ment itself still has to be defined. Indeed, if the complex is
the developed simple—and the concept of the ‘complex’
should not, it seems, be defined except through ‘develop-
ment’—then the content of this concept is elucidated through
understanding of development as such. Let us assume that
development is understood as diminution and increase,
as repetition (the metaphysical conception of development);
then the complex is just the ‘augmented simple’; now let
us suppose that development is understood as a unity of
opposites (the dialectical concept of development); then
the complex differs qualitatively from the simple and at the
same time repeats the simple in some way. All this follows
from Lenin’s analysis of the concept of development in his
famous fragment On the Question of Dialectics.?

In the history of philosophy the problem of the simple
and complex in application to the Universe appears as the
problem of the substance of the world from which the con-
crete diversity of things is formed. Two main tendencies are
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to be observed in study of this problem in the history of
materialism and of science. The first (which in essence pre-
supposes a dialectical understanding of development) regards
the world as regularly developing matter that is one in its
diversity. The second (in its complete form it is the trend
of mechanical materialism) recognises only external com-
bination and dissociation of the constant elements underlying
the Universe.

Before the rise of Marxism the mechanistic conception
seemed to be the fuller, and related to the concrete tasks
of science. The atomistics of Leucippus and Democritus,
Descartes’ physics in the new philosophy, Newton’s Prin-
cipia, the philosophical theories of the eighteenth century
French materialists, Lomonosov’s scientific work and his
‘corpuscular philosophy’, the notions about matter and its
structure of the coryphaei of classical physics—such are the
landmarks in the history of the mechanistic doctrine. At
the same time we must not forget that the work of these
thinkers devoted to the ‘structure of the Universe’ or ‘the
world order’ contains many elements of dialectics: suffice
it to recall Descartes’ cosmological theory, the ideas of an
internal connection between matter and motion of the atom-
ists of antiquity and of the French materialists, and Lomo-
nosov's thesis of the conservation of matter and motion—
although it is impossible to separate their philosophical
views from their metaphysical understanding of nature as
something basically constant and invariable.

In the history of philosophy the dialectical conception
as applied to problems of the Universe is represented by the
teaching of Heraclitus, the atomistic ideas of Epicurus and
Lucretius, the natural philosophy of Giordano Bruno, and
the philosophical views of Alexander Herzen, as regards
the materialist trend. The dialectical conception developed
spontaneously in natural science, and in the classical period
(the seventeenth to nineteenth centuries) it was not fully
expressed: the law of action and counteraction in Newton’s
mechanics, the differential and integral calculuses devised
by Newton and Leibniz, which made it possible to depict
the processes of nature mathematically, Kant’s and Lap-
lace’s cosmogonic hypothesis, the law of the conservation
and transformation of energy, and classical electromagnetic
theory did not shake classical physics’ scheme of space-
time-matter.
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The theories of idealist philosophers contain many dia-
lectical constructs relating to the philosophy of nature. They
often brilliantly guessed the dialectics of modern science.
In this connection Aristotle’s analysis of the relationship
of matter and form as that of possibility and actuality, or,
say, Leibniz’s theory of monads, which considered individual
monads as closed yet at the same time connected with the
whole world, are of considerable importance for the modern
theory of elementary particles. The idealists’ natural-phil-
osophical, dialectical constructs, however, did not directly
yield science any new scientific results; having grown out
of ‘pure’ thought they, like all idealist philosophy in gener-
al, were isolated from the concrete concerns of science,
and the atomistic ideas of Democritus-Newton-Dalton
dominated classical science.

These ideas and classical physics’ scheme of space-time-
matter were struck a crucial blow from the positions of
science itself by relativistic and quantum physics, which
made a further advance in the cognition of nature. The
deep transformations and progress of modern science are
integrally linked with dialectical materialism, as Lenin
had already demonstrated at the time when the new physics
was being created, and as has been confirmed by its subse-
quent development.

What are the simple and the complex as applied to matter?

The simple (we do not distinguish it from ‘elementary’)
and the complex (or compound) cannot be defined by the
difference between genus and species. They are defined,
like other opposite philosophical categories, by analysing
their reciprocal connection. In one way or another the
simple and the complex resemble the individual and the
general, the discontinuous and the continuous, the chance
and the necessary, the possible and the actual. Lenin’s
ideas about the individual and the general or universal are
of the greatest importance for the theme of this section.
Let us recall them here: ‘the individual exists only in the
connection that leads to the universal. The universal exists
only in the individual and through the individual. Every
individual is (in one way or another) a universal. Every
universal is (a fragment, or an aspect, or the essence of)
an individual. Every universal only approximately embraces
all heindividual objects. Everyindividualenters incomplete-
ly into the universal, etc., etc.’® ‘Every individual is
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connected by thousands of transitions with other kinds of
individuals.’®

It follows from this statement of Lenin’s, in particular,
that knowledge of the laws of nature enables us to discover
new phenomena, i.e. the laws make it possible to identify
the reciprocal connection between many phenomena; every
law is narrow, incomplete, approximate®; the laws of nature
are reciprocally connected. This same statement of Lenin’s
leads one to the idea that objects united in a certain whole
(and appearing as elements of a system) exist as elements
only within the connection that makes them a whole, and
the system exists only through its elements. In abstraction,
however, the system and the element are separated and
opposed to each other.

We have come close to a definition of the elementary
(simple) and the complex (compound), but to make the
last step we must define such concepts as a thing or object
(which are treated here as equivalent), property, and rela-
tion.

We shall omit the appropriate argumentation and give
the following definition: a thing is an aggregate of prop-
erties.® The essential element of this definition of a thing
through its opposite is that a thing is interpreted as con-
stant and invariant with respect to the variation of prop-
erties, since one property differs from another. Our defini-
tion corresponds approximately to Ashby’s interpretation
of a system as ‘a list of variables’.?

A thing’s diverse relations to other things reveal its
properties, i.e. they are relative, although the metaphysical
mind frequently ascribes the same absolute meaning to
a property as it does to a thing. Discovery of the relativity of
one property or another of an object in physics more than
once constituted an epoch in its development (the relativity
of mechanical motion in classical mechanics; the relativity
of the extension and duration of events in the special theory
of relativity; the relativity of the particle and wave prop-
erties of micro-objects in quantum mechanics). Things
themselves are dialectically contradictory; each thing is
connected with every other thing, each property passes
into every other property; the development of a thing is an
endless process of discovering new properties, relations,
etc., etc.8 We shall not go into details here of the dialectics
of things, properties, and relations.
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Now let us consider the definition of a system and of
structure. If objects are linked through relations with one
another into a single whole, these objects become the ele-
ments of a system that possesses structure. The following
examples are well known: atoms can form a molecule, an
atomic nucleus and electrons an atom, neutrons and protons
an atomic nucleus. In this case the atoms, the atomic nu-
cleus and the electrons, the neutrons and protons, which
are connected by certain interactions, are elements of
corresponding systems—the molecule, atom, and atomic
nucleus, which have a structure. Every system has a struc-
ture, which remains unchanged in certain transformations
of this system; from that angle structure is an invariant
of a system.

This definition of system and structure accords with the
view of these concepts that has become established in the
contemporary mathematical literature. ‘To define a struc-
ture,” we read in Bourbaki, ‘one takes as given one or several
relations into which these elements [of a set—M.0.*]
enter ... then one postulates that the given relation, or
relations, satisfy certain conditions (which are explicitly
stated and which are the axioms of the structure under con-
sideration)’® (my italics—M.0.).

A system of objects, which has structure, is something
complex in relation to the objects that are its elements.
Systems of objects, or complex objects, in turn, may be
elements of a system of a higher level with respect to the
initial systems. The elements of a system, on the other
hand, may be objects that have been formed from objects
of a deeper level. A hierarchy of various levels of systems
or structures thus emerges. In the next sections we shall
consider the relations between the levels of structures and
whether there is a finite or an infinite number of such levels.
As modern science has demonstrated, the world is a hierar-
chy of material structures.

In the same way that a thing’s properties are revealed
in its relations with other things, so the elements (and their
relations) of a system of a certain level are revealed in its
relations with systems of other levels. In that sense a mate-

* A set is also called a class, system, complex, family, domain
(S. C. Kleene. Introduction to Metamathematics (New York-Toronto,
1952)). We do not distinguish between the terms ‘set’ and ‘system’,
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rial system’s structure is something relative. Here are a few
comments on this relativity.

First of all, there are systemg of varying degrees of com-
plexity in nature, in addition to simple ones. The great
complexity of these systems depends (1) on their embodying
some part of the hierarchy of material systems (a macroscop-
ic body, for example, consists of crystals, which consist
of molecules, which consist of atoms, and so on); (2) on
the fact that the number of a system’s elements may be
very great, and so may be their connections. Macroscopic
bodies, for example, with typical dimensions of the order
of 10* to 102 centimetres include molecules and atoms
with typical dimensions of the order of 10-% centimetre;
the atom includes the atomic nucleus with typical dimen-
sions of 10~12 centimetre, while atomic nuclei are formed of
protons and neutrons, which are elementary particles with
even smaller typical dimensions. One has to remember here
that the elements of a system and their various combinations
regarded as systems of the same level as the initial one
(e.g. at molecular level there are mono-atomic molecules)
represent the parts, while the initial system represents the
whole. Parts are independent in relation to each other to
the extent that they constitute a whole (which is opposed
to the parts). This dialectic of the whole and its parts also
finds application in study of the problem of the structure
of matter.

When very complex systems are cognised, the principle
known as the law of the transition of quantity into quality
(and vice versa) operates. As the system becomes more
complex, i.e. as the number of elements and the connected-
ness of the system increase, the properties of the whole
differ qualitatively from those of its parts. Generally speak-
ing, an object as a system is exactly a connected unity and
not an agglomerate, and this unity is a new quality formed
as a result of the combining of a large number of the sys-
tem’s various interconnected elements. From this angle
there is no need, for instance, to employ the laws of atomic
physics when designing a locomotive; for that purpose the
laws of classical physics dealing with macroscopic phenom-
ena are quite adequate.

Knowledge of the properties and behaviour of structures
of a deeper level provides the key to explain phenomena and
laws that belong to a higher level, but not at all in the
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sense that the laws of chemistry, for example, can be reduced
to the laws of quantum mechanics and the Pauli principle.
The laws of structures of various levels differ qualitatively
from each other; and at the same time they are related
through transitions (quantum mechanics, for instance, is
related to classical mechanics through the correspondence
principle).

A decisive methodological role is played in analysis of
the problem of the simple and the complex in relation to
matter by the idea of the infinite diversity of nature, the
inexhaustibility of matter in any of its parts, the infinity
of matter in depth and breadth. This infinity is composed
of many finite objects of various levels of a single matter,
and the transitions from one level Lo another represent
transitions of quantity into quality and vice versa. Defini-
tion of a system consists in essence (1) in separating the
part from the whole, and (2) in unifying the parts into
a whole.

From this position one can say that knowledge of an
object is knowledge of it as an element in a certain system
and at the same time knowledge of it as a certain system.
The first aspect was predominantly developed in classical
physics, which led to a tendency to explain the phenomena of
nature in terms of elementary phenomena. The second aspect
is typical of relativistic theory in which a tendency to
explain elementary phenomena from the standpoint of
knowledge of the whole finds a certain expression. Quantum
physics unites both aspects, and this connection is getting
closer and closer as quantum theory develops. When an
object representing a very complex system is cognised and
the mental transition is made from the elements to the
system and from the system to the elements, a need arises
to employ statistics and the theory of probability. That
is how matters stand in the transition from macroscopic
phenomena to molecular and atomic ones, and in the reverse
transition from elementary phenomena to macroscopic
ones.

The question of the system and structure of matter thus
cannot be separated from the philosophical problems of
regularity, necessity and chance, possibility and actuality.
We shall discuss this more concretely in the sections that
follow.
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2

Classical Science on the Elementary
and the Complex

The atomistics of Leucippus and Democritus was applied
and developed in classical physics and chemistry. Not only
was the basic idea of invariable fundamental particles of
matter moving in empty space taken into the arsenal of natu-
ral science in the seventeenth to nineteenth centuries but
concepts of the atomistics of antiquity are also met in the
theories of classical science that appear naive even from
the standpoint of those theories (let alone of modern science).
Democritus’ atoms, for instance, were furnished with hooks
so as to combine by means of them into sensibly perceptible
bodies; the same idea in rather modified form was held by
Boltzmann, although Lomonosov had already criticised the
theories of his day for their ‘wedges, needles, hooks, rings,
bubbles, and numerous other figures of particles created
in the head with no foundation of any kind’.1® According
to Boltzmann an atom resembled a sphere with a sensitive
process (each atom having a definite number of processes);
atoms were repelled when they collided with one another,
except when the processes overlapped; then a molecule was
formed.'! We shall consider Boltzmann’s atom again below;
the ideas of classical chemistry on the eve of its transfor-
mation into modern chemistry found visual expression
in it.

In classical science, which (as we know) began the system-
atic scientific study of nature, the idea of atomism had
already been expressed quite fully and with the greatest
clarity by Newton. Although the author of the Philosophiae
Naturalis Principia Mathematica held strictly to his dictum
hypotheses non fingo, he created remarkable hypotheses
when the tasks of investigations required it. His idea of
atomism, which he set out in detail in his Optica and related
works, and also in his short memoir De Natura Acidormu
(1692), was just such a hypothesis.1?

Although Newton’s Principia did not explicitly contain
the concept of the atom, it is impossible without it to com-
prehend correctly the definition of the ‘quantity of matter’,
which (according to Newton) was measured by its density
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and volume conjunctly.* One can get an idea of Newton’s
atomism from the following extract from his famous ‘31st
optical problem’, which is often cited: ‘God in the beginning
formed matter in solid, massy, hard, impenetrable, movable
particles, of such sizes and figures, and with such other
properties, and in such proportions to space, as most con-
duced to the end for which he formed them; and ... these
primitive particles being solids, are incomparably harder
than any porous bodies compounded of them; even so very
hard as never to wear or break in pieces.’!3

For Newton, as for the atomists of antiquity, matter was
discrete, but unlike them he put forward a conception of
a hierarchy of systems of successively diminishing solidity
containing indestructible, absolutely hard particles only
at the deepest level. In place of the kinetic conceptions of
the ancient atomists about direct collisions as the sole
cause of a change of atoms’ state of motion (in the new phi-
losophy these notions were shared by Descartes), Newton
employed a dynamic scheme: particles moving in a vacuum
became a sort of focus of forces acting at a distance.

Newton thus arrived at a hierarchic scheme of the struc-
ture of matter. The foundation of the hierarchy consisted
of absolutely hard, invariant particles. Being connected
with one another by great forces they formed systems of
great strength and very small dimensions. These systems,
being linked by interactions of less force, formed new (more
complex), less strong systems of larger size, and so on, up
to the bodies observed in everyday life, which could be
broken up relatively easily.

As Vavilov convincingly demonstrated, one can say with
great certainty that the founder of classical science arrived
at an atomic conception that retained its significance fully
for the whole period of classical physics.!* The development
of physics after him, down to the twentieth century, added
nothing essential to this conception. It has also passed,
in a transformed version, and on a new basis, into modern
physics. Let us consider the atomic conception of classical
physics in greater detail.

The atomism of classical science rests on Newton's scheme

* One cannot, therefore, agree with Sommerfeld, who calls this
definition of Newton’s meaningless’ (Arnold; Sommerfeld. Mechanics.
Lectures on Theoretical Physics, Vol. 1 (Academic Press, New York,
1952), p 4).
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of space, time, and moving matter. According to him space
and time have no internal connection either witl each other
or with the matter moving in them; the motion of matter
itself is understood as the displacement of particles, which
is changed by the effect of forces acting between particles
and dependent solely on distance. Newton’s theory of matter
was the pinnacle of the view on matter developed in clas-
sical science. It explained a certain circle of thermal phe-
nomena in accordance with experience and provided a
consistently mechanical picture of the structure of
matter.

A kinetic conception developed alongside Newton’s
dynamic scheme in classical physics, and in struggle with
it, a conception based on Descartes’ ideas of natural philo-
sophy and Huyghens’ related physical ideas (the ether as
a continuous medium; the wave theory of light). The con-
tradictions between these two conceptions, which led through
their development to the Faraday-Maxwell theory of an
electromagnetic field, were resolved by Einstein’s theory
of relativity, which arose from the problem of field and
was the last theory of classical physics and at the same time
the first theory of non-classical physics. It created a new
physical doctrine about space, time, and moving matter
in which these concepts lost their ‘classical’ isolation.

Within classical physics itself there were the premises
for its transition into deeper, non-classical theories. The
idea of forces acting at a distance in empty space thus poten-
tially included the concept of field (in Newton, though,
in the form of a mathematical presage). From the point of
view of mechanism, indeed, action at a distance without
the mediation of a substance filling space is meaningless.
The idea of mutual contact between particles, however, pre-
ferred by the kinetic conception, did not differ essentially
from the idea of action at a distance. There can be no abso-
lute contact between particles; otherwise they would merge
together and matter would not be discrete. It was left to
assume that particles had forces that did not allow them to
merge with one another. Contradictions of this kind were
resolved with the development of field theory in phys-
ics.

Although the idea of a hierarchy of structural levels of
matter was first legitimated in classical science, the prin-
ciple of development that goes with such a scheme and
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c¢annot be separated from it did not receive consistent appli-
cation. From the standpoint of classical science the same
mechanical laws operated, in the final analysis, at all rungs
of the hierarchic ladder, and the job was to explain all
non-mechanical phenomena and regularities exactly, or to
subordinate them to the laws of mechanics (as fundamental
laws). Mendeleev, for example, had no doubt that chemical
processes would be explained in terms of Newton’s mechani-
cal laws.!® Boltzmann and Gibbs explained the need to
introduce statistical concepts into physics by the circum-
stance that the mechanical properties of a complex system
consisting of an enormous number of particles were inacces-
sible to cognition because of the crudity of the human sense
organs, measuring instruments, etc. Maxwell’s electromag-
netic theory was long misunderstood by physicists because
it could not be reduced to mechanics (such reduction had
to be abandoned in physics, of course).

Classical atomistics is thus inseparable from the mechan-
istic rejection of qualitative transitions in the development
of matter. This development is interpreted, in the last anal-
ysis, simply as quantitative growth, and the complex as the
augmented simple. From this position matter is governed
everywhere and always, at all levels, by the same laws of
mechanics.

The natural form of determinism for classical science
and its theory about the structure of matter, and the only
one, was ‘mechanical determinism (most clearly represented
by Laplacian determinism in classical mechanics). Much
has been written in Marxist philosophical and physical lite-
rature about its being impossible to reduce determinism,
i.e. the theory of the objectively real, universal connection,
to mechanical determinism, about causality (as convention-
ally understood) being only a small part of the universal
connection, and about statistical and dynamic laws being
of equal value in the pattern of nature.l®

According to classical mechanics, a material object is
a dynamic system governed by the laws of mechanics, i.e.
a determined system in the sense of Laplacian determinism.
The theory of relativity left the foundations of mechanistic
determinism undisturbed, but quantum mechanics demon-
strated its inconsistency and connected dynamic and sta-
tistical laws into a single whole, which made it possible
to get a deeper understanding of determined systems. Quan-
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tum physics brought complex objects (especially those of
great complexity), before whicl, as a matter of fact, clas-
sical theories had come to a halt, into the sphere of deter-
ministic analysis.

Classical science, in explaining the development of nature,
ultimately stressed constancy in transformations, repetition
in natural processes, and renewal of one and the same forms
in the phenomena of nature. The facts of the relativity of
such constancy and repetition, and the need to explain
this relativity, were ignored. Accordingly the idea that
universal change was based on constant, eternal primary
particles incapable of transformations and moving by one
and the same laws, appeared absolutely correct. The indes-
tructibility and constancy of the moving primary particles
should, from the standpoint of classical scientific concept-
ions, determine the constancy of everything happening in
nature and the repetition and recurrence of its phenomena.

Another characteristic idea of classical notions about
matter was that of the separation between matter, on the
one hand, and motion, space, and time, on the other. Matter
was discrete particles whose combination into systems of
various complexity, and the dissociation of the latter into
their components, determined the diversity in nature. Mo-
tion, space, and time, however, are represented in classical
science as continuous entities. With this is associated the
fact that various absolutes are often encountered in clas-
sical physics, e.g. mechanical ether, absolute motion,
absolute time, etc.

Finally there is a typical tendency in classical science
(expressed in its notions about the structure of matter) to
consider that it is possible in principle to calculate and
cognise the parameters of material systems of any degree of
complexity, i.e. of any material objects, from the proper-
ties of primary particles. This classical tendency also oper-
ates to some extent in modern physics, when the idea is
expressed that it is possible to explain the properties (and
behaviour) of any material system in the universe in terms
of elementary particles and the laws of their behaviour.
The development of the theory of relativity and of quantum
field theory, however, has advanced an opposite tendency,
namely to explain the properties of particles by those of the
systems formed by them. We shall consider the problems that
arise in analysis of these tendencies later.
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3
The Problem of Simplicity in Microscopic Physics

Physics, like its mother, philosophy, has always striven,
but in its own ways, to penetrate the most fundamental laws
of nature. Its founders, Galileo and Newton, and the physi-
cists of the classical period who continued and developed
Newton’s main ideas, assumed that science had cognised
the laws underlying the universe. Lagrange aptly expressed
this typical feature of classical physics when he called
Newton the happiest of mortals since he had discovered
great truths which, Lagrange considered, could only be
discovered once.

Had classi¢al physics, however, comprehended the most
fundamental laws of nature? The development of twentieth
century physics has given an answer to that question which
does not agree at all, of course, with Lagrange’s view:
fundamental laws of nature in the sense that this was under-
stood by the creators of classical physics, were not dis-
covered by classical science and its understanding of the
structure of matter, nor by all the developed versions of
the system of principles of classical mechanics, nor by
classical field theory, nor by Lorentz’s theory of electrons.

The problem of studying the laws of nature that underlie
all the physical phenomena now known is resolved by quan-
tum theory. It emerged and developed on a broad empirical
foundation; that is its strength and the guarantee that its
principles and concepts are not in the least a priori con-
structions, in spite of their being far removed from the
‘visualisable’ ideas and theories of classical physics.

Even in its historically first forms (Bohr’s atomic model,
modern quantum mechanics), quantum theory successfully
resolved many of the problems that confounded classical
science (though by no means in the ‘classical’ spirit). When
chemistry was establishing itself as a science, for instance,
the concept of a chemical element (with its smallest part,
the atom) and the law of the conservation of mass linked
chemical phenomena into a single chain. But is there a con-
nection between chemical elements? This question, which
is very important for the theory of the structure of matter,
came to the fore in the nineteenth century when a great
many elements were discovered.

14—0975 209



Mendeleev's periodic law linked all chemical elements
together; it received deeper substantiation, however, in the
nuclear model of the atom, by which it was possible to ex-
plain exactly why chemical elements (resp. atcms) are
the elementary structural units in chemistry, and to under-
stand that chemical properties are associated with electron
shells and are determined by the electrical charge of the
atomic nucleus.

The nuclear model of the atom in the original form in
which it was proposed by Rutherford served in physics
rather as a scout than as an established theory: the atom,
regarded as a classical electromagnetic system, could not
exist as a stable material formation. The stability of atoms
(preserving the nuclear model) was explained in terms of
quantum laws (Niels Bohr). The principles of quantum theory
as applied to the forces of electrical origin that connected
atoms also made it possible to explain the various connec-
tions between atoms and the formation of molecules and
crystals. Thanks to quantum theory, chemistry became
an exact science in the full sense of the term; at the same
time it became clear (and no longer simply on the basis
of general considerations) that chemical laws cannot be
reduced to mechanical ones, as was assumed by nineteenth
century scientists.

On the other hand, the elassical approach to the relation-
ship between matter and field remained to some extent
unaltered in ¢hemistry, or rather in the theory of the struc-
ture of matter transformed in accordance with quantum
laws. From the angle of quantum mechanics, fields still
remained ‘classical’ but the behaviour of particles acquired
features of wave motion which created an affinity between
matter and field.

This last circumstance found reflection in quantum mechan-
ics’ understanding of structure. On the one hand, quantum
mechanics radically revised the concept of physical system
(structure) as a system of particles capable of strict local-
isation and connected by forces, the behaviour of which
was governed by the principle of Laplacian determinism.
On the other hand, quantum mechanics preserved the clas-
sical separation of matter and field, and accordingly the
kinds and number of elementary particles were regarded
as invariable.

Quantum mechanics, it is true, following the theory of
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relativity introduced a new element (compared with classical
mechanics) into the question of the extension of fundamental
particles. Whereas fundamental particles could be regarded
as absolutely solid bodies according to classical mechanics,
from the standpoint of the theory of relativity there are
no such bodies, and elementary particles therefore had to
be regarded as points. Although quantum mechanics has
altered the situation, it too approaches the problem of the
extension of fundamental particles in accordance with the
principles of the theory of relativity.!?

New possibilities of solving this problem have been given
by the latest development of quantum theory and experi-
ment (this point will be discussed below; here we would note
once more that, according to quantum mechanics, ele-
mentary particles are stable formations whose number and
type are invariable during their interaction).

The problem of the elementarity of particles in quantum
physics was radically altered with the development of
quantum field theory (which, like quantum mechanics,
originated from Planck’s quantum hypothesis). This branch
of quantum physics combines the ideas of quantum mechanics
and the theory of relativity and in essence is a relativistic
quantum theory of elementary particles. In its general
form quantum field theory is still far from complete; it
has already, however, reached a most important position,
the experimental conclusions from which are now well
known, and the philosophical implications of which can
hardly be exaggerated.

Quantum field theory considers elementary particles from
the angle of their emergence and disappearance and of their
reciprocal transformations in accordance with certain prin-
ciples (conservation laws). It contains no statement about
invariance of the number of interacting particles. Funda-
mental particles are produced and annihilated during inter-
action with each other. In other words, modern atomism
which has grown on the soil of quantum physics, is some-
thing new in principle compared with the atomistics of
classical science.

The ideas and methods of quantum electrodynamics, i.e.
the quantum theory of electromagnetic field, led quite a long
time ago to the discovery of anti-particles and mesons.
Hyperons were detected for the first time in cosmic rays.
The establishing of various types of interaction between ele-
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mentary particles during their transformations (strong,
electromagnetic, weak), and the discovery of certain sym-
metries and conservation laws that govern the scattering,
creation, annihilation, and reciprocal transformation of
particles were of great significance.

Research in the field of high energy physics has added new
knowledge and posed new problems in the theory of ele-
mentary particles. Without going into an analysis of the
many points relating to this, let us consider those that are
directly concerned with our theme.

Not so long ago (1960) about 30 particles were known
(among them, the electron, proton, neutrino, and photon
were classed as stable; the rest were unstable). Now, since
the discovery of groups of so-called resonances (particles
with an extremely short half-life, even in terms of nuclear
time), the number of known types of elementary particles
considerably exceeds 100, and physicists suggest that this
is not the limit. New, unexpected properties of strong inter-
actions have been discovered, and the new data on weak
interactions may possibly lead to a radical change in physi-
cal notions about the symmetry of space and time that once
seemed unshakable. The concept of the structure of an
elementary particle is becoming more and more important,
with a content unusual from the standpoint of classical
theory; physics is now more and more departing from the
notion of a point particle.

One of the most significant problems posed by all these
discoveries and others is that of elementarity. How do mat-
ters stand with the elementarity of the particles that are
usually called elementary, if there are so many of them?
Are they indeed elementary? Is their number finite? What
is the relationship between the elementary and the complex
(if there is one) in the world of fundamental particles? Is
the posing of the question of structure to be preserved in
this world in the form in which it was expressed before
the theory of elementary particles?

In pre-quantum physics the problem of the elementarity
of particles was solved, of course, in the following way:
matter consisted at bottom of stable, indivisible particles
capable of quite accurate localisation in space and time,
which formed the structure of the more complex forms of
matter. This idea was realised to some extent in chemistry:
Prout’s hypothesis that chemical elements consisted of hy-
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drogen is realised in one way or another, only the role of
hydrogen is being played by the charge of the atomic nu-
cleus, which determines the number of electrons in the atomic
shell, and the element’s place in Mendeleev’s periodic sys-
tem. It must be remembered, however, that the atom as
a system (its structure and properties) is governed by quan-
tum laws: the parameters of the simplest atoms are calculated
by means of quantum mechanics, while those of complex
atoms are calculated by approximate methods.

The problem of elementarity has arisen again in connection
with the discovery by modern physics of a great number
of elementary particles and their various types of interaction
and a whole set of diverse quantum properties. Can it be
solved as was acceptable before the discovery of elementary
particles? Or are new approaches needed? In order to clarify
the situation, we must allow for its being impossible, for
instance, to consider stable particles that do not decay
without an external influence (the group includes, as was
noted above, the proton, electron, photon, and neutrino)
as truly elementary and to regard all the remaining ele-
mentary particles (metastable ones and resonances), which
decay spontaneously, as compound. Thus, a neutron does
not consist of a proton, an electron and an anti-neut-
rino, although in its free state it decays into these three
particles.

It would seem reasonable to reduce the problem of elemen-
tarity to the existence of a certain sequence in the levels
of matter in which each of them is an ‘elementary’ stage for
the next higher level and a ‘compound’ stage for the preced-
ing deeper level. This idea of the hierarchy of elementarity
found one of its embodiments, in particular, in the New-
tonian conception of matter as a system of particles of a
mounting degree of complexity; it also finds expression, to
a certain extent, in the contemporary understanding of the
structure of matter (the level of elementary particles—
the level of atomic nuclei and atoms—the molecular level,
the series being continued toward the macroscopic world
and, in the opinion of some authors, toward the microscopic
world).18

Will the idea of a hierarchical system really serve as the
key to solve the problem of elementarity in modern physics?

Assume that the sequence of levels begins from the ‘ele-
mentary’ side. Then matter will be represented as an ordered
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set of elementary particles and systems (particles) of various
degrees of complexity that consists ultimately of these
same elementary particles. Thus, we face a version of clas-
sical atomistics. The scheme of the Japanese physicist
Sakata, which consists of three fundamental particles,
namely, the proton, the neutron, and the lambda-hyperon
(together with their anti-particles), from which all strongly
interacting particles are constructed, can serve as a novel
expression of this version among contemporary conceptions
of elementary particles.!® We must, however, remember (1)
that in Sakata’s scheme it is not so much, in fact, a matter
of three particle-bricks as of the three laws of the conserva-
tion of the electric charge, of the baryon charge, and of
strangeness being valid in the processes of strong interaction;
and (2) that the choice of the three main particles is not
unambiguous—they may be xi-hyperons (E--) and (E-9)
or lambda-hyperons (A). These peculiar features of Sakata’s
scheme diverge from classical atomistics.

More recently other physicists have returned again to
the notion of three fundamental particles, having altered
and refined Sakata’s scheme. It has been established that the
quantum numbers of these particles (known as ‘quarks’)
have to be represented by fractions. Only experiment, of
course, can settle the matter of the existence of quarks.
Yet another scheme has been suggested, according to which
all particles are constructed of four fundamental par-
ticles.

Now let us assume that the sequence of the levels of
matter is infinite (i.e. has no beginning) from the ‘elemen-
tary’ side, this infinity representing a constantly recurring
transition from the compound to the elementary and vice
versa. According to this assumption, the ‘elementarity’
of objects is only relative, and the objects themselves are
something compound (complex). We arrive at the idea that
there are no ‘elementary’ objects as such, i.e. that matter
does not consist of elementary particles.

Many physicists today hold this view of matter in one
way or another. Hofstadter, for instance, who discovered
the structure of the nucleon, suggests that ‘the search for
ever smaller and more fundamental particles will go on so
long as man is thirsty for knowledge’.2?

In their logical essence the remarks above on the ele-
mentary and the compound resemble Kant’s second anti-
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nomy: there exists nothing that is not either itselt simple,
or composed of simple parts (thesis); in general there does
not exist in the world any simple substance (antithesis).?
From his argumentation Kant drew agnostic conclusions.
A dialectical critique (Hegel, Marxist philosophy) corrected
his argument and resolved his antinomies.

Dialectical principles, it seems to us, make it possible
to outline an approach to the problem of elementarity that
excludes both the concept of purely relative elementarity
and the point of view of classical atomism. This approach
(matters relating to it will be analysed in the next section)
wholly corresponds, in our view, to the trends of develop-
ment of the physics of elementary particles.

4

The Concept of the Elementary and Structure in
the Physics of Elementary Particles

The infinite sequence of levels of matter, as Engels pointed
out, is ‘various rodal points which determine the various
qualitative modes of existence of matter in general’.?? From
this standpoint matter is not just elementary particles and
their combinations and is also not just substance that does
not consist of elementary particles; matter in general has
simultaneously the properties of both the elementary and
the compound or complex.

There are grounds in classical physics for abstracting
the unity of the elementary and the complex and considering
them in isolation from one another (and this understanding
is confirmed by experiment). In quantum physics the situa-
tion is fundamentally different, the reason being that the
further physics penetrates into the heart of matter the more
strongly its theory is bound to be affected by discovery of
the reciprocal transformability of all elementary particles.
In modern atomistics the concept ‘transformation of the
one into the other’ has come to the fore, to the plane on
which the problem of elementarity and complexity is posed
and solved in a way quite different from that in classical
atomistics (in which transformation is understood in the
final analysis as ‘the eombination and dissociation ef cer-
tain constant particles’).
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The concepts of the elementary and the complex, as
applied to elementary particles, have lost their abstract
opposition to one another and so their literal meaning.
Elementary particles are not elementary in the classical
sense; they resemble but are not classical complex systems.
The properties of the elementary and the complex are
united in them, i.e. an elementary particle is simultaneously
both an elementary entity and a system.

The concept ‘to consist of’ has accordingly also changed
its meaning as regards elementary particles. It had already
undergone a certain metamorphosis in nuclear physics.
In the statement ‘an atomic nucleus consists of neutrons
and protons’, the concept ‘consists of’ has a meaning rather
different from that in the statement ‘a molecule of water
consists of oxygen and hydrogen atoms’; the neutron and
proton are considered as two states of the same particle,
the nucleon, while it is quite a different matter with oxygen
and hydrogen atoms.

The change in the concept ‘consists of’ is especially strik-
ing as regards resonances. A lambda (1520)-particle can
decay into a sigma-particle (Z) and a pion (m), or into
a neutron (N) and a kaon (z~), or finally, into a lambda-
particle (A) and two pions (m); but that does not mean
that the lambda (1520)-particle literally ‘consists of’ the
particles into which it ‘decays’.

These examples emphasise that ‘elementarity’ and ‘com-
plexity’ are not inherent in the interacting elementary par-
ticles by themselves, irrespective of the conditions in which
their transformations occur, but in their intrinsic link with
these conditions.

For a particle involved in an interaction to decay, certain
conservation laws have to be observed, which in this case
operate as the conditions of the possibility of decay. In
strong interactions, for example, only those decays can
occur the initial and final particles of which have identical
values of all the quantum numbers conserved. For the
possibility of decay to become actual, the initial particle
must have total energy (rest energy plus kinetic energy) at
least equal to the sum of the total energies of the particles
into which it should decay, i.e. the law of the conservation
of energy must be observed.

The above may be illustrated in a certain sense by the
set of experimental data from which it was possible to infer
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the existence of the omega-hyperon (Q-). A high energy kaon
colliding with a proton produces an omega-hyperon (2°),
and two kaons (a K*-meson and a K ~-meson); then the
omega-hyperon decays into a pion (si~-meson) and a xi-hy-
peron (E°); the last decays into two gamma-quanta and
a lambda-hyperon (A°), which in turn decays into a proton
and a pion (m-meson).

In this reaction the kaon and the omega-, lambda- and
xi-hyperons (-, A°, E°) behave as compound systems only
because the total energy of each of them is sufficient for
them to decay into the corresponding particles without
violating certain conservation laws. In other reactions the
total energy of one or more of these particles may not satisfy
this requirement; the corresponding particles are then no
longer compound formations.

An interacting particle thus cannot be regarded as ele-
mentary or complex without mentioning the total energies of
all the particles involved in the reaction. In that sense the
concepts of ‘elementary’ and ‘complex’ are relative as regards
elementary particles.

This understanding of elementarity has nothing in com-
mon with its understanding in the sense of pure relativity.
‘Purely relative elementarity’ is unimaginable without
a supplementary statement that the object by itself is com-
plex. From the point of view developed here the situation,
as we have seen, is quite different. The relativity of the
‘elementarity’ and ‘complexity’ of elementary particles
is similar to the relativity of size of a body and duration
of a process in Einstein’s theory, or the relativity of par-
ticle and wave characteristics in quantum mechanics, in
spite of the different content of these ‘relativities’. Without
relativity in this sense, it would be impossible to employ
classical concepts with the necessary refinement to describe
those phenomena of nature that do not fit into, or cannot,
in general, be made to fit into classical theories.

In conclusion, let us consider the notion of structure
in elementary-particles physics. If a fundamental particle
can be complex, it can consequently have a structure. And
as the concept of the ‘complex’ has no ‘classical’ meaning
as regards elementary particles, the concept of ‘structure’
should not be identical in relation to elementary particles
to the classical understanding of structure. Since Hofstad-
ter's experimental proof of the structure of a nucleon, the
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existence of structure in elementary particles has ceased
to be a matter of debate and has become an object of research
in modern physics.

The concept of structure is inseparable from those of set
and element, i.e. from the concept of discontinuity. As
materialist dialectics has demonstrated, however, the con-
cept of discontinuity is one with its opposite, continuity,
i.e. the opposition between these concepts is not absolute,
as metaphysical philosophy considers. On this fundamental
question quantum theory has followed the path of dialectics:
in quantum mechanics the corpuscular concept (pertaining
to discontinuity) and the wave concept (pertaining to con-
tinuity) are considered in their internal connection. Niels
Bohr developed this interpretation of quantum mechanics
most fully; it has been developed further in quantum field
theory.

The specific quantum concepts of virtual process, virtual
state, and virtual particle also have a direct bearing on
the problem of the structure of elementary particles.

On this plane Berestetsky’s remarks on the composition
of strongly interacting particles are of great interest. He
distinguishes between the concepts ‘consists’ and ‘composed
of’. If, for example, it is said that ‘the nucleus consists
of nucleons’ it is implied (1) that a nucleus with quantum
numbers A and Z can be formed of Z protons and A-Z neu-
trons and (2) that its mass defect is small. There are systems,
however, for which the first proposition is true and the
second is not. In that case, according to Berestetsky, we
should say ‘may be composed of’ or ‘is composed of’ instead
of ‘consists’; for instance, non-strange mesons are composed
of nucleons and anti-nucleons.??

In this scheme the particles of which a system is com-
posed are virtual. For them the law of the conservation of
energy, it is said, does not hold or rather it is meaningless
to apply the law of conservation of energy to them. From
this angle elementary particles constitute a part of other
elementary particles not in their real form but in a virtual
state; in other words, elementary particles have virtual
structure.

The concept of a particle’s virtual structure was developed
in quantum theory quite leng ago. Underlying it is the idea
that an interacting particle is the somrce of a field whose
quanta transfer interaction. In an interaction particles
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exchange virtual quanta of the field; a nucleon, for example,
with a baryon charge produces and absorbs virtual st-mesons,
quanta of the nuclear field.

It can be shown that the probability of two or more
n-mesons being produced at the same time in strong inter-
action is quite big. As a result, the nucleon proves to be on
average (in time) in an atmosphere consisting of virtual
n-mesons. This atmosphere of virtual mesons (which has
certain dimensions) cannot be separated from the nucleon,
and from this angle it must be said that the latter has a n-me-
son structure.

A nucleon is a source of K-mesons or kaons, in addition
to n-mesons or pions. The corresponding argument leads
to the conclusion that a nucleon engenders kaons when
hyperons are formed. It is also possible for a nucleon to
engender virtual nucleon-antinucleon pairs. They, too,
contribute to the general virtual structure of a nucleon.

Thus, a nucleon has virtual structure as a consequence
of its interaction with other elementary particles. Virtual
processes occur within it: the nucleon spends part of the
time in the state of a nucleon with pions, part of the time
in the state of a hyperon with kaons, and part of the time
in the state of a nucleon with nucleon-antinucleon pairs.
The superposition of sets of virtual particles of different
kinds (various virtual structures) also gives the nucleon’s
general structure that can be observed in the experiment.

The structure of the nucleon was first observed in Hof-
stadter’s experiments on the scattering of fast electrons by
protons. Its structure becomes real after being virtual
through the transfer of energy to it by the moving electrons.
It has been demonstrated in experiments that the proton
scatters electrons as if its charge were distributed in space
and not as if it were a charged point particle.

Hofstadter’s experiments, in particular, left no stone
standing of March’s philosophical construction, by which an
elementary particle is quite without structure so that, there-
fore, the concepts of extension and shape are inapplicable
to it. March said that there was no experiment that would
resolve whether an elementary particle was point-like or
had extension, since all the relevant data were based on
hypotheses. Analysis of these hypotheses led March to infer
that the application of conventional spatial concepts to
elementary particles resulted in contradictions; the way
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out of these contradictions March saw in the thesis that
modern physics excludes the concept of matter.%

Hofstadter’s experiments were the experiments whose
possibility March had denied. They showed that the ele-
mentary particles do possess structure but that this structure
is not the ‘classical’ structure of normal bodies.

In the light of these ideas about the structure of elementary
particles, the ‘bootstrap’ hypothesis put forward by Chew
and Frautschi is of great philosophical interest.?® According
to this hypothesis every strongly interacting particle
hellis create other particles which in turn form the particle
itself.

Chew and Frautschi’s hypothesis, according to which
no single particle can exist without the existence of other
particles interacting with it, is interesting philosophically
in that it puts forward the idea of freeing fundamental
theory of purely empirical quantities not related to its
postulates, and tries to connect these quantities with the
postulates of the theory and so explain them and understand
the necessity of their existence. In short, this hypothesis
has a resemblance to the ideal of a perfect physical theory,
in which, as Einstein thought, there would be no purely
empirical constants and all the physical constants would
admit of theoretical definition and follow from a theoretical
principle reflecting the harmony of the universe.28

Modern atomistics thus does not at all require the diver-
sity of known particles to be reduced to a few elementary
entities or, on the contrary, elementary entities to be exclud-
ed in general from scientific use. Elementary particles,
which form the deepest level of matter at present known,
unite the properties of the discontinuous (particles) and
the continuous (fields). The number of the various types
of particles is unlimited; at the same time they are one;
this feature of thelevel of elementary particles distinguish-
es it from the higher levels of matter, in the consideration
of which the intrinsic unity of the discontinuous and con-
tinuous can be abstracted in certain conditions.

Heisenberg held the view that ‘there is no difference in -
principle between “elementary” and “non-elementary” micro-
particles’.?” From everything said above about the elemen-
tarity of particles it is clear where one can agree with Heisen-
berg and where one cannot. There is a difference between
the ‘elementary’ and the ‘non-elementary’ in the world
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of elementary particles but it is relative in nature and not
absolute (as in the_sphere of macroscopic phenomena).

As noted above in Section 2, classical atomism linked
the fact that there is a constancy in the development of
nature (sameness of its forms; recurrence of its phenomena;
repetitions) with its basic propositions (in particular, with
that about the finite diversity of types of elementary en-
tities). From that angle there could be no constancy in
nature if the number of types of elementary particles were
infinite.

This line of reasoning of classical atomism, however,
has no justification in the light of the modern data on
elementary particles. The latter are transformed into one
another in accordance with certain laws of conservation
(which do not permit arbitrary reactions between elementary
particles). It is on these conservation laws, which at the
same time are laws of the transformation of elementary
particles, that constancy in nature rests (and also the re-
lativity of this constancy).

In conclusion we would like to draw attention to the
following. The concept of the relativity of the difference
between the ‘elementary’ and the ‘complex’ or, say, the
radical alteration of the classical concept ‘to consist of’,
etc. (discussed above), from being a kind of a regulative
idea, has now become an idea of action leading the theory
of elementary particles to new advances.?® This can be
seen from the work of Soviet scientists, in which disper-
sion relations for the photoproduction of mesons were first
formulated and demonstrated (in terms of the fundamental
principles of quantum field theory). The physical charac-
teristics of the processes of photoproduction of pions were
linked with those of the strong interaction of pions and
nucleons, and reliable quantitative results were obtained
for photoproduction processes in a quite wide energy range.

This work was discussed in an article in Pravda by N. Bo-
golyubov and Bruno Pontecorvo (members of the USSR
Academy of Sciences), ‘A Major Contribution to Particle
Physics’. It is of interest to note that, analysing the present-

™ day development of the physics of elementary particles,
they wrote: ‘The old naive conceptions about matter’s
being divisible into parts and the very concept “consists of”
thus prove to be inconsistent.’?®

In summing up this section we would like once more
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to stress that the concepts of discontinuity and contin-
uity, possibility and actuality, and the infinite and
the finite are becoming closely interwoven within the
problem of the elementarity and structure of matter in
contemporary physics. Physics, which reflects eternally
developing nature, has followed the path of materialist
dialectics in solving this problem. New perspectives in
understanding the structure of matter are also being opened
up on this path. Modern quantum field theory is full of
difficulties and paradoxes. It was not possible to unite
the various types of interaction, and the particles involved
in them, on its basis, although physicists have not given
up looking for approaches to a solution. Modern physics
is also far from linking the world of cosmic dimensions
and the atomic and subatomic world up into a single theory.
The problems emerging, one must suppose, will necessitate
new physical principles and basic concepts, and that will
lead to deeper knowledge of the structure of matter. The
idea of the inexhaustibility of the electron expressed by
Lenin long before discovery of the abundance of the elemen-
tary particles and of the laws of the microworld is also
stimulating the development of physical theory today.

5

The Elementary Particle of Matter and the Universe

The title of this section cannot now appear as extravagant
from the standpoint of exact science as it undoubtedly
would have been in the first twenty or thirty years of this
century, let alone in past centuries. The problems of the
relationship between the fundamental particle and the Uni-
verse have now left the unsure philosophical ground that
at one time engendered them and have become burning
issues in physics and astronomy.

The reasons for this can be found in the development
of science itself. The discovery of the electron and of ra-
dioactivity created real grounds for the solving of two of ~
the great enigmas pertaining to the problem of matter in
its micro- and mega-states, namely, atomic structure and
the source of solar (stellar) energy. Discovery of the quan-
tum of action gave rise to non-classical atomism and to
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a new understanding of the relation, internally connected
with it, between the fundamental and the complex, the part
and the whole, the element and the system, which was
unknown to the old science, and which could not help
but embrace the problems of elementary particles and
problems of the Universe, so combining them in one way
or another.

Major philosophical problems began to emerge in physics
(now one can speak rather of the posing of them; they are
still very far from being solved) and, as always in
such cases, the posing of questions of the history of philo-
sophical thought may prove useful here, in the sense that
one might be able to extract pointers to possible solutions
from it, though not, of course, in a concrete form.

When we consider the great philosophers of the past
who studied problems of the Universe when there was no
science as such, we can, as a matter of fact, easily find
ideas in them that are in the forefront of the modern science
about nature.

An outstanding philosophical predecessor of Giordano
Bruno, the dialectician Nicolas of Cusa, with his theory
about the coincidence of opposites (coircidentia oppositorum)
expressed the proposition that the absolute ‘minimum’
(any, even the most insignificant object) coincided with
the ‘absolute maximum’ (the whole world).%®

According to Leibniz, the monads that he believed to
form the basis of everything were both closed and connected
with the whole world, themselves representing, as he put
it, ‘compressed Universes’.

And for Democritus, the great materialist of Ancient
Greece, one of the founders of atomism, atoms figure not
only as indivisible microscopic formations but also as whole
vast worlds. In their own way they very much resemble
Markov’s ‘friedmons’ — the fruit of ultramodern notions
about the microworld and the Universe that have grown
on the soil of the general theory of relativity (we shall
discuss them below).

Let us now consider ideas relating to the theme of this
section more systematically. To that end, let us return
to Berestetsky's comment about the composition of strongly
interacting particles (see Section 4 above).

Let us assume that a strongly interacting particle (a
hadron) A turns (‘decays’) into a combination (becomes
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a system) of hadrons B and C:
A—- B+C,

the probability of such.a transformation being very close
to 1. Then, in accordance with the conservation laws,
the sum of the corresponding quantum numbers of hadrons
B and C should coincide with the quantum numbers of
hadron A; this is a necessary condition of the above trans-
formation of hadrons.

Another condition, of course, is the existence of a mass
defect. If the defect of particle A is small, i.e. if it has
enough energy for the transformation (‘decay’ into particles
B and C) in fact to take place, it is said that particle A
consists of particles B and C. Let us assume that particles
B and C consist, in turn, of particles with still smaller
mass, and that these consist of particles of even smaller
mass; then how far can this process of constructing a particle
of a given mass out of particles with smaller and smaller
masses be continued? An’answer is provided by the uncer-
tainty relation; it turns out that there is a limit to the
process beyond which the total mass of the particles forming
the structure of the initial particle begins to exceed the
mass of that particle.

If, on the other hand,”the mass defect of the particle
A is great, i.e. its energy is not sufficient for the trans-
formation in fact to occur, it is said that particle A is
composed of particles B_and C. What, however, does that
statement mean?

In this case B and C appear as virtual particles, and
the particle A has virtual structure. A particle of given
mass is constructed, as it were, out of particles of larger
mass. How is this to be understood?

(1) If the process of combining particles B and C is accom-
panied, because of energy release, by a decrease in the sum
of their masses, that is evidence precisely of the formation
of a system (B + C) that differs qualitatively from the
simple combination of particles B and C. (2) Although,
during the formation of system (B + C) the energy radiated
diminishes the sum of the masses of particles B and C ac-
cording to Einstein’s equation of the relation of mass and
energy, only strong interactions can lead to a big release
of energy and, therefore, to a big mass defect of the system
(B + C). In this case particles B and C cannot really exist
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in the structure of particle A, and do not; they exist only
virtually, in a possibility that becomes actuality in certain
new conditions when particle A receives a corresponding
amount of additional energy.

Such is the necessary concretisation of the material about
the concepts ‘consist’, ‘elementary’, ‘complex’, etc., that
were discussed in the preceding sections.

Let us recall from this angle that any elementary par-
ticle can be regarded as complex, and a complex funda-
mental particle as an elementary one: the answer depends
on the existence of the appropriate conditions for the trans-
formation of the particles (the relativity of the concepts
of elementary, complex, and structure in the world of
elementary particles). From the same angle it is held that
hypothetical quarks have a mass exceeding that of nucleons.
In general, all such assumptions are based on the idea
that strong interactions are responsible for the relevant
mass defect created in particle systems.

Let us now assume that known elementary particles are
‘composed’ of quarks, and the latter, of yet heavier particles,
etc.; what conclusions would such reasoning lead to? Would
we have to recognise the existence of fundamental particles
of infinitely large mass?

This problem was studied by M. A. Markov, who demon-
strated that there is an upper limit for the masses of fun-
damental particles; he used the term ‘maximon’ to denote
the heaviest fundamental particles. According to Markov,
maximons, which are gigantic particles (on the microworld
scale), are combined in smaller particles, a new mechanism
beginning to operate in this combination, namely, gravi-
tational collapse, by which astronomic phenomena are already
explained.

Gravitational collapse (increase of a system’s spatial
density through the effect of the gravitational forces be-
tween the bodies composing it), which almost instantane-
ously increases the energy of particle coupling, leads to
an enormous mass defect, to a tremendous difference between
the sum of the masses of the maximons and the mass of
the particle to which they are condensed by gravitational
collapse. For the collapse to begin, there has to be a colossal
density of matter that does not now exist in the part of
the Universe known to us. Such density could have existed
when the Universe (according to Friedmann’s theory) once
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began to expand. From the angle of the idea of maximons
the beginning of the appearance of the elementary parti-
cles now known thus coincides with the beginning of ex-
pansion of the Universe, which is still going on.3!

It was not our intention to go into the details of the
maximon hypothesis, especially in view of its presentation
here being very sketchy. Let us simply stress that it devel-
oped on the basis of the notions and principles of modern
physical theories. Problems of this sort, it seems to us,
will be solved more accurately on the basis of fundamental
physical theories that are more general and profound than
contemporary ones, and that do not contain the contra-
diction between quantum and relativistic physics existing
at present. We would like to stress the idea that modern
physical theories pose the problem of the unity of the ele-
mentary particle and the Universe, of the ultimately simple
and the ultimately complex, in a quite concrete way. Re-
search on the relevant plane continues and will do so in
the future; new truths will undoubtedly be discovered
along this path, which science is still only approaching
without yet knowing how close it has come to them.

Markov’s quite recent hypothesis of ‘friedmons’ provides
confirmation that this is precisely the way matters stand.
Let us consider it briefly.

According to the general theory of relativity, there could
be cases when gravitational interaction would lead to a
large mass defect, i.e. play the role of strong interaction
in the appropriate systems. Because of the large gravita-
tional mass defect, for example, the total mass of a closed
Universe is zero; to put it differently, the mass of all the
bodies of the Universe is reduced to nothing by the gra-
vitational interaction between them.

If, on the other hand, Friedmann’s Universe is considered
as not completely closed (‘nearly’ closed), its total mass,
depending on the degree of this ‘nearly’, can be arbitrarily
small, in particular, it can equal to the neutron’s mass,
and for the external observer its behaviour will not differ
from that of an elementary particle like the neutron (al-
though it may contain a whole system of galaxies).

Note the following fundamental property of such univer-
ses: if a semi-closed universe emerged with an arbitrarily
large electric charge, it would prove to be unstable; it
would tend to reduce its total mass (by giving rise to various
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kinds of pairs of charged particles and decreasing its total
electric charge) and so to close as fully as possible. It turns
out that the system tends to a certain identical limiting
system with a total electric charge of a definite value re-
gardless of the magnitude of the initial electric charge,
which can be of any size.

It is assumed that the final value of the limiting system'’s
electric charge may be close to that of an elementary par-
ticle. In its final state this system is called a friedmon.
Markov points out that friedmon with its amazing proper-
ties is not a figment of poetic imagination; the Einstein-
Maxwell system of equations contains friedmon solutions.32

Contemporary physical theories thus make it possible to
interpret the Universe as a micro-particle, while the micro-
particle may contain the whole Universe. In other words,
modern physics unites the opposite properties of the su-
perlarge and ultrasmall worlds.

For all the hypothetical nature of these propositions and
arguments, especially if we remember that they take only
partially the quantum character of the laws of the micro-
world into account and regard the laws of the theory of
relativity as applicable without limit to very small dis-
tances, it is still possible, in the present state of science,
to consider it proved that the gulf created by the mind
between the Universe and the microworld does not really
exist, and that the problems of the Universe and those
of the elementary particle are closely linked with one
another. Besides, let us note once more that such a unity
and connection are not the result of ‘foggy’ philosophical
reasoning but are referred to by such a very rigorous science
as physics in the precise language of its concepts.

In conclusion let us discuss a statement of Zelmanov's
that is closely related to our theme. According to him,
three concepts of the Universe should, apparently, be dis-
tinguished in cosmology, and the following expressions used
to denote them: ‘the Universe in general’, ‘the Universe
as a whole’, ‘the whole Universe’. The first of these concepts,
Zelmanov says, denotes the whole irrespective of its parts,
the second the whole in relation to its parts and all the
parts in their relation to the whole, and the third, finally,
denotes all parts irrespective of the whole. Confusing of

these concepts can lead to very serious misunderstand-
-t
ing.

15% 227



What Zelmanov has written about the relation between
the whole and the parts in application to the Universe,
it seems to us, can also be applied mutatis mutandis to the
elementary particle.

In our view one should distinguish between three con-
cepts of the elementary particle, for which we suggest the
following labels: ‘the elementary particle as an elementary
particle’ (this resembles Zelmanov’s first concept of the
Universe); ‘the elementary particle as a system’ (this resem-
bles the second concept of the Universe); ‘the elementary
particle as an elementary particle and at the same time
as a system’ (this is a concept of the elementary particle
which means that the existence of each elementary par-
ticle leads inevitably to the existence of others — had-
rons are implied—and resembles the third concept of the
Universe).

There is thus yet another aspect of the unity between
the Universe and the elementary particle, which finds ex-
pression in their concepts.
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VIII

QUANTUM PHYSICS AND THE TRANSFORMABILITY
OF FUNDAMENTAL PARTICLES. THE ABSOLUTE
AND THE RELATIVE

1

The Transformability of Elementary
Particles

If one takes it that the qualitative diversity and va-
riability of the phenomena of the observable world are
not an illusion, then knowledge of observable phenomena
implies motion of the substance underlying them. This
applies both to continuous substance (the material primary
elements of the lonian philosophers, Aristotle’s matter,
Descartes’ matter, the ether and field of classical physics)
and discrete substance (the atoms of the ancients, Newton’s
hypothetical, absolutely solid particles, Hertz’s material
points). The diversity and variation of the observable were
explained from the standpoint of antique and classical
atomism by the combination of moving ‘indivisibles’ and
the dissociation of bodies into primary particles. On the
other hand, if bodies consisted of an infinite number of
infinitesimal parts, the manifest repetitions and relative
constancy of nature would be impossible.

Motion was thus considered an inalienable property of
matter even by the atomistics of antiquity, although it
interpreted motion, and matter, in a one-sided way that
was later expressed very concretely in the mechanistic
views of classical physics.

The development of classical physics itself, in spite of
its additions and innovations, did not change the essence
of the ancient atomists’ mechanistic understanding of mo-
tion. Newton was an adherent of ancient atomism and,
while refining the notion of the particles composing bodies,
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did not go beyond the framework of the mechanistic idea
of motion. The discovery of the law of the conservation
of energy and creation of the classical theory of field and
statistical physics could, seemingly, have destroyed the
notion of invariable particles given once and for all, moving
in space, and forming the foundation of the Universe, but
the physicists who discovered this law and created the
classical theory of field and statistical physics thought
differently: the views about matter and motion, which
fell within the stream of classical atomism, held by the
outstanding physicists of the nineteenth century like Helm-
holtz, Maxwell, Gibbs, and Boltzmann, who completed
the classical period of development of physics, are well
known.

At the same time, it must be acknowledged that this
situation could not be avoided; there were not yet suffi-
cient experimental data in classical physics to pose the
question of the motion occurring at the very foundation
of matter in a new way and in a spirit quite different from
the mechanistic tradition. Such data were accumulated much
later: the theory of relativity and the development of
quantum theory prepared the necessary premises, on the
basis of experimental data that no one had even dreamed
of in the nineteenth century, for a solution of this physical
problem gravitating towards the idea of the reciprocal
transformability of elementary particles.

Philosophy had already, long before, created a doctrine
on the development of matter that accords with the expe-
rimental data on the transformability of elementary parti-
cles. Progressive philosophical thought, which has always
fertilised science with seminal ideas (atomistic views; Des-
cartes’ and Lomonosov’s ideas on the conservation of matter
and motion; Kant’s cosmogony), is now giving science
an understanding of development in its deepest form,
free of one-sidedness, in the form of dialectical materialism.

The two following features of the dialectical understand-
ing of the motion and development of matter must be
stressed.

(1) The motion and development of the world’s pheno-
mena and processes is a struggle of opposites, the division
of unity into the mutually exclusive and at the same time
reciprocally connected elements. In his fragment ‘On the
Question of Dialectics’ Lenin defined the splitting of a single

232



whole and the cognition of its contradictory parts as the
essence of dialectics.! Each contradictory part of the whole
develops into its opposite and the opposites pass into one
another; in this way a given contradiction is resolved,
giving rise to a new phenomenon, a process with a new
inherent contradiction. Without unity of opposites there
is no evolving phenomenon or process; without the struggle
of opposites there is no development or transformation of
a given phenomenon into a new one.

(2) Development, as a unity of opposites, implies that
the unity is relative, while the struggle of oppositles is
absolute.

The dialectical understanding of the development of phe-
nomena is not compatible either with the subjectivism and
relativism that turn the world into a chaos of empty chan-
ges, or with the metaphysical outlook in general that im-
mortalises constancy and rest in one way or another.

Does the dialectical interpretation of development cover
the data on the transformability of the elementary particles
that, in the notions of modern physics, form the foundation
of the matter known to us? All our subsequent exposition
will be devoted to this question.

Let us point out once more that, in accordance with the
experimental data of modern physics, reciprocal transforma-
bility is an inalienable property of elementary particles.
Motion is a mode of existence of matter, motion being
not only change of place but also of quality. The experimen-
tal data on elementary particles convincingly confirm this
very important proposition of dialectical materialism and
give it new content.

Elementary particles like, say, photons, can be engendered
during quantum transitions in atoms, accelerated motion of
charged particles, and the decay of a pion and certain other
particles, or during the annihilation of an electron and a
positron, or, in general, of a particle and an antiparticle.
They can also be absorbed and ‘disappear’ in interactions
with molecules, atoms, and atomic nuclei; they can be scat-
tered by other particles, and can form so-called electron-
positron pairs. Pholons themselves exist only in motion with
the velocity of light; their ‘stopping’ means either their ab-
sorption or transformation.

All other kinds of elementary part;cles are also capable
of being transformed, and are actually transformed into one
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another in the appropriate conditions; this has been proved
in experiment, but we shall not go into the relevant data.?
Let us just note two moments relating to the discovery of
the law of the universal transformation of elementary par-
ticles. (1) This law was partially expressed, in essence, in
Dirac’s theory that synthesised quantum and relativistic
ideas in regard to the electron. (2) The beginning of its expe-
rimental proof was the discovery of the positron (1932), and
its completion the discovery of the antiproton (1955). Dis-
covery of the positron led to discovery of the transformation
of the electron-positron pair into photons and vice versa.
With discovery of the antiproton (and later of the antineu-
tron) the proposition, which was to some extent justified
and had a touch of classical atomism in it, that existing
heavy particles (the proton, etc.) always remained heavy
particles and could not be transformed into lighter ones
(and conversely, that light particles always remained light
ones) collapsed.

Reciprocal transformability is inherent in all known ele-
mentary particles, the transformations of which are governed
by certain conservation laws. The view has been expressed
that these laws limit the possibilities of the transformations
of elementary particles. This assertion in fact states that
these transformations are not a chaos of arbitrary changes
but are regular ones governed by law.

The conservation laws ensure transformations of elemen-
tary particles in accordance with their general and specific
nature. We are obliged to conclude that the transformations
of elementary particles and the conservation in them of cer-
tain quantities are two aspects of one and the same phenome-
non. The conservation laws (some of which were discovered
long before modern physics) reveal what is constant and pre-
served during transformations of studied objects. If a certain
quantity in a physical process remains constant according
to such-and-such conservation law, the process itself and
the conserved quantity are regarded as something united.
Before going more closely into the relationship of conserva-
tion and transformability in elementary-particle physics, let
us consider this question from the historical aspect.

The understanding of the variation of bodies according
to which the basis of this variation is the combination and
dissociation of fundamental, discrete particles, assumes con-
servation of the number of these particles (only their con-

234



figuration and relation to one another changes). In corres-
pondence with this understanding, the conservation of matter
in its transformations was interpreted ultimately as conser-
vation of the number of these particles, in other words, the
development of uncreated, indestructible matter was re-
duced to the motion (behaviour) of the initial discrete par-
ticles.

This mechanistic interpretation of the development of
matter, which prevailed in classical physics, could not in
fact be finally exploded by quantum mechanics: it could be
assumed that fundamental particles (the kind and number
of which do not vary according to the notions of quantum
mechanics) moved according to this theory’s laws. The sub-
sequent development of quantum physics (quantum field
theory; the theory of elementary particles) finally buried the
idea of the ‘bricks of matter’; a profound understanding of
the development of matter at its very foundations became
established in physics, an understanding that is inseparable,
on the philosophical plane, from the conception of dialecti-
cal materialism.

The mechanistic understanding of the development of mat-
ter led to a mechanistic interpretation of such a fundamental
conservation law as the law of the conservation of energy.
Helmholtz, who shares credit for the discovery of this law
with Mayer and Joule, considered the law of the conservation
and transformation of energy in the spirit of mechanism, in
particular as proof of the reducibility of all physical pro-
cesses to mechanical motion. Engels criticised this mecha-
nistic interpretation, pointing to the transformability of the
forms of motion as the essence of Mayer's, Joule's, and Helm-
holtz’s discovery, linking the law of the conservation of
energy and the law of the conservation of matter together in
one law.® These ideas of Engels’ have found fruitful appli-
cation in modern physics.

The conservation laws that figured in classical physics
have been enriched in content and have acquired certain new
aspects in contemporary physics, especially in connection
with discovery of the reciprocal transformability of elemen-
tary particles; conservation laws unknown to classical phy-
sics have been discovered. The new element introduced into
the interpretation of these laws by modern physics consists
in constancy and conservation being regarded in intimate
connection with the development of matter, while this devel-
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opment is understood as the transformation of the various
forms of matter into one another (contemporary physics
provides no grounds for the idea of reducing physical chan-
ges to the motion of certain eternal constant elements).

In modern physics the conservation law asserts that a
certain physical quantity remains constant during a physical
process. It is important to mention here that immutability
and variation are regarded by the conservation law as some-
thing united, internally connected with each other; from
this angle unchanged quantities remain even during the
transformations of fundamental particles (there was no con-
cept of ‘particle transformation’, of course, in classical
physics), and are used to describe the world of elementary
particles.

This feature of the conservation laws is also reflected in
their very content compared with the understanding of them
in classical physics. From the standpoint of the latter fun-
damental laws determine what should or what will neces-
sarily happen to matter; they order the particles that form
the basis of the Universe, as it were, to behave in a certain
way and not in some other one (the abstract imperative of
the Laplacian superintellect dominates the scene).

The situation is quite different from the angle of modern
physical conceptions. The conservation laws limit the pos-
sibilities of the transformations of elementary particles;
they define which events may and may not occur, and the
probabilities of the possible events in the world of funda-
mental particles. Necessity remains operative in them, but
it figures in them not in abstract form but as an actual neces-
sity leading to multiple-valued results and associated with
the probabilities of possible events and the conditions of
the possibilities being realised.

In present-day views, elementary particle interactions
are governed by the following conservation laws, which can
be divided into two groups: (a) exact or rigorous or strict
conservation laws, which include the laws of the conserva-
tion of energy and momentum, and of angular momentum,
the laws of conservation of electric, baryon and lepton char-
ges (these laws are valid for all interacltions of elementary
particles, strong, electromagnetic, and weak, and are not
violated in any of them, which is why they are called rigo-
rous), and (b) conditiornal or approximate laws which include
the laws of conservation of strangeness and parity, the law
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of conservation of isospin, temporal parity, charge parity,
combined parity.

The development of modern physics indicates that the
conservation laws are not absolute in character. Each of
them, as is becoming more and more clear, turns out to be
valid, not in general, but in certain conditions, determina-
tion of the boundaries of which means the cognition of a new
stage in the development of matter with the laws inherent to
that stage. The conservation laws consequently change as
regards their content and form, becoming deeper and more
concrete; the class to which they belong also changes.

Thus, the law of conservation of baryon charge was modi-
fied until it took on its present form. This law, which speaks
of the impossibility of transformation of the nucleons within
an atomic nucleus into leptons and photons, had the follow-
ing form before the relevant discoveries: in particle trans-
formations the number of protons remains constant before
and after interaction; in symbolic form: N, = const.

After the discovery of the neutron, antiparticles, and
hyperons (and, correspondingly, of their decay reactions) the
law of conservation of baryon charge is now written as follows:

Ny+Npy+Nao+Ns+d Ng—(Ng+ Ny +Ng+ Ng+Ng)=
= const,

where N denotes the number of particles, and the subscripts
p, n, A, etc. denote the proton, neutron, various hyperons
and, correspondingly, their antiparticles.

Let us consider another example. The law of the conser-
vation of energy and the law of the conservation of momen-
tum, which existed separately, so to say, in classical physics,
were unified in the theory of relativity and enriched in con-
tent in the process by acquiring new aspects; they were con-
verted into a broader law than the classical ones. The con-
cepts of energy and momentum were altered correspondingly:
they relinquished their ‘classical’ independence and formed
two, internally connected aspects of one and the same es-
sence (expressed mathematically by the concept of a four-
dimensional energy-momentum vector). The concept of rest
mass, unknown in classical physics (which is important in
the theory of elementary particles), emerged; mass and energy
accordingly proved to be intimately connected with each
other, which led to important theoretical and practical con-
clusions.
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The law of conservation of parity is of special interest from
the angle of these ideas. The quantum concept of parity is
inextricably linked with the principle of mirror symmetry,
which we shall dwell on later. Before the experiments sug-
gested by Lee and Yang, the law of the conservation of parity
wasregarded as a strict one. Its violation in weak interactions
gave rise to serious difficulties. The ways they were resolved
led to Landau’s hypothesis and a new law, thought strict
at the time, which was called the law of the conservation of
combined parity.

Anticipating a little, let us make the following assump-
tion: every conservation law at present known as strict can
(and in certain circumstances does) turn into an approximate
one, but that serves as a prerequisite and reason for the dis-
covery of a new, broader and more concrete strict law, i.e.
the difference between the concepts of strict and approxi-
mate conservation laws is relative, and these laws are con-
nected by transitions. It cannot be otherwise, since the indi-
vidual laws discovered by man are various manifestations of
the universal law of the conservation of matter and mo-
tion.

The conservation laws governing the transformations of
elementary particles express the uncreatability and indestruc-
tibility (conservation) of eternally evolving matter at its
deepest level at present known. The uncreatability and inde-
structibility of evolving matter is a necessary condition of
its objectivity and reality; therefore, the conservation laws
discovered and discoverable by science again and again con-
firm the objective reality of the developing world, and science,
in turn, in discovering conservation laws, is based on accep-
tance of its objective reality, i.e. on acceptance of an external
world that exists and develops independently of human con-
sciousness.

Modern physics has not simply connected the ideas of
conservation and transformation in regard to the fundamen-
tal particles of matter. Its concepts and statements relating
to the transformations and interactions of particles clarify
the basis of this uhity and bring out the reciprocally deter-
mining connection between the conservation laws and the
so-called symmetry principles. Many types of symmetry were
discovered by classical physics (some were known even ear-
lier); they did not, however, play an important role in the
understanding of physical phenomena and their laws. In
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modern physics not only have new types of symmetry not
known before been discovered, but, and thisis the main point,
the close connection between the symmetry principles and
conservation laws, and their important role in physical
theory, have been clarified. If we approach the symmetry
principles of modern physics (and the theory of elementary
particles) from the philosophical aspect, the deep truth of
Lenin’s words becomes clearly apparent: ‘Dialectics in the
proper sense is the study of contradiction in the very essence
of objects: not only are appearances transitory, mobile, fluid,
demarcated only by conventional boundaries, but the es-
sence of things is so as well.™®

The symmetries in the theory of elementary particles are
precisely ‘contradictions in the very essence of objects’
‘translated’ into the language of modern physics. We shall
now take this point up, leaving aside, however, important
aspects of the problematics of the symmetry of the laws of
physics (in particular, the so-called dynamic or non-geomet-
ric symmetries; when physicists, as Wigner put it, ‘deal
with the dynamic principles of invariance [they] are lar-
gely on terra incognita’)®.

As we noted above, there is an internal connection bet-
ween the conservation laws and symmetry principles. A cer-
tain symmetry leads to a certain conservation law corres-
ponding to it; such-and-such a conservation law entails a
corresponding symmetry, although the link connecting the
symmetry and the conservation law is not always simple,
and much experimental and theoretical work is required in
order to determine the connection between them. The in-
ternal relation between the two makes it possible to get a
better understanding of the content of the conservation laws
and at the same time to determine the great heuristic role
of symmetry principles in cognising the laws of nature. Let
us consider the philosophical points appertaining to this
theme.

The properties of symmetry in nature are expressed ma-
thematically by transformations of the space and time coor-
dinates. The equations that express the laws of nature have
to be invariant with respect to the corresponding transfor-
mations. The invariance of equations expressing the laws of
nature or, in short, the invariance of the laws of nature in
respect of transformations of one kind or another, also leads
to a conservation law of one kind or another.
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The symmetries and connections hetween them known to
modern physics do not exhaust the wealth of symmetries and
connections existing in nature. Let us consider certain most
important symmetries.

Symmetries of classical physics. In classical mechanics
there are transformations of translation, shift of time scale,
rotation, spatial inversion, temporal inversion, and Ga-
lileo’s transformations.

Transformations reflect symmetries; transformations of
spatial inversion, for example, reflect right-left or mirror
symmetry; Galileo’s transformations reflect the symmetry of
rest and uniform motion in a straight line, and so on. Sym-
metries lead to conservation laws (the conserved quantities
are invariants of the corresponding transformations); inva-
riance of the physical laws with respect to spatial transla-
tion, for example, leads to the law of the conservation of
momentum, while invariance of the physical laws with res-
pect to shift of the time scale leads to the law of the conser-
vation of energy. In classical physics not all symmetries
entail corresponding conservation laws. Thus, the prin-
ciple of right-left symmetry in classical physics does not
lead to a conservation law, but a law corresponding to this
symmetry arises in quantum theory: namely, the law of the
conservation of parity.

Symmetries of the theory of relativity. This theory does
not simply take over the symmetry principles of classical
physics; it introduces new symmetries, or new invariances,
corresponding to regularities that cannot manifest them-
selves within the limits of applicability of classical theories.
In that connection the classical principles of symmetry are
altered at the appropriate points in the theory of relativity.
Thus, the Lorentz transformations reflect not just the sym-
melry between rest and uniform motion in a straight line
(like Galileo’s transformations in classical mechanics),
but also, at the same time, a symmetry between space and
time that is alien to classical physics. In the theory of rela-
tivity physical laws are invariant in respect to transforma-
tions of the rotation of the four-dimensional space-time
continuum (these transformations can be broken down into
transformations of spatial rotation and Lorentz transfor-
mations).

Symmetries of quantum theory. This theory introduces
new symmetries corresponding to the microworld regulari-
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ties discovered by it, about which pre-quantum physics could
not have an adequate notion. They are the symmetries of
particle and wave, charge symmetry, or the symmetry of
particles and antiparticles, and invariance with respect to
isotopic spin. The laws of conservation of nuclear and lepton
charges, and of strangeness, are manifestations of deep sym-
metries. Quantum theory also subjected the symmetry prin-
ciples of pre-quantum physics to profound reconsideration;
the new conceptions of right-left symmetry can serve as a
striking example of this.

The discovery of quantum symmetries meant that physics
had begun to study the contradictions in the very founda-
tion of matter. In modern physical theory symmetries have
acquired great heuristic significance and play a particularly
important role in its development. Suffice it to recall that
discovery of the symmetry between particle and wave deter-
mined, if one can express it so, the main axis of quantum
ideas: the laws of quantum mechanics are, of course, inva-
riant with respect to the symmetry between particle and
wave, i.e. quantum mechanics reflects this symmetry.

Of vital interest, however, is approach to the symmetry
problem that is becoming more and more defined in modern
physics and which, as it seems to us, acquires the total cla-
rity from the philosophical aspect in the light of the dialec-
tical principle of contradiction. In this respect discovery of
the breach of the conservation of parity and the interpreta-
tion of this violation provide the necessary point of support.

We shall not go into the physical details associated with
the quantum concept of parity. This concept characterises
how the wave function describing the state of a micro-par-
ticle will change with mirror reflection of the spatial coor-
dinates (coordinates z, y, z being replaced by —z, —y, and
—2). The concept of parity makes it possible to express mir-
ror symmetry, or the symmetry between left and right, ma-
thematically, in the form of a conservation law. The fruit-
fulness of the concept of parity became clear during the devel-
opment of quantum mechanics, and it was demonstrated
that conservation of parity was a consequence of the Schré-
dinger equation being invariant relative to inversion of
left and right. For each state of an atomic system it is pos-
sible to determine its ‘mirror state’, which is connected with
the first one in the same way as any object is connected with
its reflection in a mirror.
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The law of conservation of parity or, correspondingly, the
principle of mirror symmetry, operated, it was once thought,
in all regions of the macro- and microworlds. The experimen-
tal data on weak interactions, however, posed new problems
of the principle of mirror symmetry. As Lee and Yang
showed, it followed unambiguously from experiments with!X-
mesons that the law of conservation of parity did not hold
for weak interactions, i.e. instead of symmetry, there was
asymmetry between right and left in weak interactions.

A situation thus developed in which the law of conserva-
tion of parity was valid for strong and electromagnetic inter-
actions but ceased to hold for weak interactions. In other
words, one had to assume that space was homogeneous and
isotropic and at the same time asymmetric with respect to
left and right. It did not hold together.

Among the possible solutions for the difficulties, the greatest
philosophical interest attaches to the idea put forward at one
time by Landau and independently of him by Lee and Yang.

In order to consider this idea and the consequences flowing
from it that are essential for the problem of symmetry in
nature, we must discuss the matter of the symmetry between
particles and antiparticles.

It used to be assumed that there was a substantial asym-
metry between positive and negative electricity, which did
not manifest itself in electromagnetic phenomena but the
basis for which lay in deep laws not yet discovered, pertaining
to elementary particles. The first decisive blow to this as-
sumption was struck by the discovery of the positron, which
was the direct opposite of the negative electron; now (since
the appropriate theoretical research and discovery of the
antiproton and other antiparticles) the principle of the sym-
metry between particles and antiparticles, or the principle
of invariance with respect to charge conjugation, has become
a leading proposition of the theory of elementary parti-
cles.

It became clear, however, that the situation with the prin-
ciple of charge symmetry was far from simple and was to
some extent similar to that with the principle of mirror sym-
metry. Beta-decay experiments indicated that, in weakinter-
actions, not only was the law of conservation of parity violat-
ed, but also invariance with respect to charge conjugation,
i.e. the principle of symmetry between particles and antipar-
ticles. It could appear that it was necessary to return to
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the initial idea of the asymmetry of positive and negative
electricity, appropriately modified.

Reality, however, proved to be ‘smarter’. Landau’s idea
gave a possibility of a better understanding of symmetry in
nature than that existing before it.

In strong and electromagnetic interactions, as experiment
witnesses, the principle of the symmetry between particles
and antiparticles and that of symmetry of right and left
operate independently of each other, i.e. both charge and
parity are conserved. As for weak interactions, Landau as-
sumed that for them the conservation laws did not hold when
taken separately, but that a law, called the law of conserva-
tion of combined parity, did. This law is as follows: an anti-
particle with mirror-symmetrical spatial properties is as-
sociated with every particle; the transformation of charge
conjugation and of spatial inversion were accordingly unified
by Landau in a new transformation that he called combined
inversion; physical laws were invariant with respect to com-
bined inversion, i.e. with respect to charge and mirror sym-
metry simultaneously. Landau’s idea thus excluded mirror
asymmetry of space and charge asymmetry of matter; at the
same time it did not allow the principles of mirror and charge
symmetry to be converted into certain absolutes.

Landau’s approach thus, in essence, posed the question
of the symmetry and invariance of the laws of nature in a
quite new way. Those symmetries that had seemed exact, in
fact proved to be approximate and relative; at the same time
a new exact symmetry was discovered which turned out to
represent a novel unity of the old symmetries that had become
approximate. One is led to think that the difference be-
tween exact and approximate symmetries or, correspondingly,
between exact and approximate conservation laws is due to
our reflection and is not absolute; approximate and exact
symmetries are inseparable, like relative and absolute in
dialectics.

From this angle the concept of symmetry in physics is,
so to say, fluid. The different symmetries cease to lead a
separate existence; they are bound together by transitions,
more and more deeply and completely covering the phenom-
ena and processes of nature, and their essence and laws.
The discovery of combined inversion is an important step
towards establishing a universal, concrete connection be-
tween symmetries in nature. When physics resolves this
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problem more completely, it will be possible to determine,
in particular, why some symmetries have a broader charac-
ter than others, why such-and-such symmetries exist pre-
cisely in certain interactions and not in others, in short, it
will provide a chance of identifying the kinds of symmetry
more clearly and will lead, in general, to solution of the
problem of the relations between, and hierarchy of, sym-
metries. We shall consider certain details of the problem posed
here in the next section.

On the plane of what has been said, the following point
is of philosophical interest: is it possible to arrive at a really
unified picture of moving matter that would reflect both
the microworld and the vast regions of the Universe?

Dialectical materialism gives a positive answer to this
question. The world is single, and its actual unity consists
in its materiality; the world, i.e. moving matter, is cogni-
sable. From these propositions of dialectical materialism
there follows the possibility of a picture of the world that
reflects ever-evolving matter, and this picture must include
knowledge, when such is obtained, of the subatomic and
atomic worlds, the macroworld, and the world of cosmic scale,
because these worlds are ultimately one and the same world
of evolving matter, in spite of their qualitative differences.

As for inorganic nature, physics has, at one stage or anoth-
er of its historical development, put forward a fundamental
physical theory that was the most mature one for its time
and should, it seemed, lead to a unified picture of the then
known world. The achievements of classical mechanics, for
example, made it possible for the mechanistic picture of
the world to emerge in the old physics, in accordance with
which the phenomena in nature were reduced to the motions
of eternally given particles of matter governed by Newton'’s
laws. The attempt to understand the world on the basis of
classical mechanics proved (as was demonstrated by the theo-
ry of relativity and quantum theory) to be a relative truth
valid only within certain limits.

For the same reasons the attempt to construct a unified
picture of matter in motion on the basis of classical electro-
magnetic theory also failed. In our day we face the task of
building a single theory of moving matter in terms of the
theory of relativity and quantum theory. Let us note the fol-
lowing philosophical aspect of this task, which applies to
any scientific picture of the world.
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A scientific picture of the world is impossible that re-
mains unshakeable not only in its details but also in its
main features and does not change with the progress of sci-
ence. The modern physicist accepts this idea in one way or
another; for the dialectical materialist it was clear from the
very beginning. We would remind the reader of anidea
that has been referred to more than once in our book on the
appropriate plane. At the turn of the century, when the elec-
tromagnetic picture of the world was established in physics,
Lenin wrote, disagreeing with the spiritualist-philosopher
James Ward, who ascribed a ‘mechanistic’ picture of the
world to materialism: ‘It is, of course, sheer nonsense to say
that materialism ever maintained ... a “mechanical”, and
not an electromagnetic, or some other, immeasurably more
complex, picture of the world of moving matter.’s

It is this immeasurably more complex picture of the world
compared with the mechanistic or electromagnetic picture
that is being created in contemporary physics, which could
be called a relativistic quantum picture since it is built
on the basis of the achievements of both relativistic and
quantum physics.

It is now only being built and is very far from that harmo-
nious whole, from that single, consistently developed pic-
ture that the mechanistic picture once was. This is due mainly
to there still being no unified relativistic quantum theory
of elementary particles free of internal contradictions, but
several theories relating to individual types of particle and
their interactions (e.g. quantum electrodynamics deals, in
spite of the difficulties in it, with questions of the inter-
actions of electrons and positrons with photons; the meson
theory, which is not related to quantum electrodynamics,
studies the meson-nucleon interaction). Analysis of the
difficulties and contradictions of the modern theory of ele-
mentary particles would lead us away from our theme. Let
us simply stress that the creation of a unified relativistic quan-
tum theory of elementary particles and an associated scien-
tific picture of the world has great progressive significance,
because it would mean a new step forward in understanding
the material world.

Among the attempts to create a picture of the world as
moving matter in terms of quantum physics, the programme
for a unified theory of matter (it is a matter mainly of a prog-
ramme, since there is as yet no theory that is in any sense
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complete) suggested by Heisenberg, taking some account of
the related work of Dirac, de Broglie, and others, is of great
philosophical interest.

The great plus of this programme compared with the mecha-
nistic and electromagnetic pictures of the world that now
belong to the historical past is that it is based on the idea
of the reciprocal transformability of all elementary particles
rather than on certain constant elements or invariable sub-
stance. Since, from this point of view, whichrests on exper-
imental material, elementary particles represent a single
whole that is internally connected, the foundation of all
physical phenomena should contain ‘primordial matter’,
so to say, a single field whose quanta are elementary parti-
cles of all kinds. This field is characterised by the operator
spinor wave function, and the elementary particles correspond
to combinations of the latter’s base components. It is non-
linear, i.e. its equation reflects the fact that this fundamen-
tal field interacts, engendering elementary particles, not
with other fields but with itself.

Heisenberg’s non-linear fundamental field is thus a kind
of illustration of Engels’ philosophical remark: ‘Spinoza:
subst'ance is causa sui strikingly expresses the reciprocal ac-
tion’.?

According to Heisenberg, the equation that describes mo-
tion (interaction) of ‘primordial matter’ should be invariant
with respect to all known transformations with which the the-
ory of elementary particles deals. Having found this equation,
Heisenberg obtained information from it about the masses
of elementary particles and the elementary electric charge
that agreed more or less with their experimental values,
and other data about elementary particles.

In spite of the definite positive results of the theory, main-
ly qualitative, the attitude of theoretical physicists to it
“luctuates extraordinarily’, as Tamm put it. Its mathema-
tical basis is recognised as far from satisfactory. In addition
the indefinite metric introduced by Heisenberg, and the ‘ne-
gative probabilities’ associated with it (they were to help
the modern theory of elementary particles get rid of the di-
vergencies, i.e. of infinite values for the mass, charge, and
other constants of elementary particles figuring in the the-
ory, instead of the finite values known from experiment),
still leave certain essential matters appertaining to this
problem obscure, as Tamm has shown. Finally, Bohr’s well-
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known statement that Heisenberg’s theory is not ‘crazy
enough’ for a new theory throws into relief the fact that
the theory is vulnerable as regards its methodology. In this
case Bohr stressed the fact that the ideas of Heisenberg’s
theory, like his ‘negative probabilities’, are not yet ‘bizarre’
enough to build a really new theory with.

Heisenberg himself affirmed that the equation he obtained
possibly adequately described the law of nature relating
to matter. But there was no answer to this question as yet,
he continued; it would only be obtained in the future on the
basis of more accurate mathematical analysis of the equation
and its comparison with the experimental data being accu-
mulated in ever growing quantities.8

In our view it is necessary, in creating a unified theory
of matter, (1) to take account inter alia of the possibility of
a radical revision of ideas about symmetry and invariance
in the spirit of the views considered above, and (2) to be
guided not only by the methodological principle of explain-
ing the whole by means of its parts, but also by the prin-
ciple, dialectically connected with it, of explaining the
parts by the whole. It is necessary, in particular, to consid-
er the existence of gravitational fields, without which it
is hardly possible to construct a really unified theory of
matter in the proper sense of the term.

It must be assumed that such a theory would provide a
positive solution of the problem of revising space and time
ideas in relation to the scale of elementary particles. The
need for such a revision follows not only from general consid-
erations but also from special ones that it would be out of
place to discuss here. There is the problem of quantising
space and time, i.e. the question of their possibly being dis-
crete. Democritus, for instance, ascribed an atomistic struc-
ture equally to space and time as to motion: there existed
tiny bits of space and time that were sensibly imperceptible,
and also discrete units of motion that could only be compre-
hended by scientific thought. These ideas of Democritus’
are little known to scientists.

The conception of abstract, pure discreteness of space,
time, and motion, and also the abstract, atomistic interpre-
tation of matter do not accord with the facts; its one-sided-
ness was overcome during the history of philosophy and
science. The dialectical materialist point of view on the
problem of the discontinuity and continuity of space and
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time is briefly expressed in Lenin’s following words: ‘Mo-
tion is the essence of space and time. Two fundamental con-
cepts express this essence: (infinite) continuity (Kontinuitdit)
and “punctuality” ( = denial of continuity,discontinui-
t y). Motion is the unity of continuity (of time and space)
and discontinuity (of time and space). Motion is a contradic-
tion, a unity of contradictions.®

From the philosophical aspect, the various approaches to
resolving the problem of quantising space and time cannot
avoid dealing in one way or another with this statement of
Lenin’s. Thus Heisenberg postulates a third universal con-
stant (in addition to those already known, i.e. Planck’s
constant and the velocity of light)— ‘fundamental length’
of an order of magnitude of 10-!3 centimetre (the same order
of magnitude as that of the radius of the lightest atomic nu-
cleus), below which present-day quantum field theory is
inapplicable, i.e. he postulates a length below which distan-
ces are meaningless. He introduced this third universal con-
stant from considerations of dimensionality in an endeavour
to overcome difficulties with divergencies.

It is hardly possible to solve the problem of fundamen-
tal length in a purely atomistic, formal way. In order to
solve this problem, it is necessary, it seems to us, to unite
the general theory of relativity and the quantum theory of
field, because the problem of quantising (real) space and
time cannot be solved outside and independently of that
of the discontinuity-continuity of moving matter.

2

On the Absolute and the Relative
in Modern Physics

In modern physics the concept of the absolute, which
was brought down from the Olympus of the speculative con-
structions of traditional philosophy, ‘works’ effectively.
This concept, one of the ‘loftiest’ ones in the old philosophy,
turned out in fact to be quite ‘earthly’ in its content. True,
in order to become ‘earthly’, it had to undergo thorough
transformations and to become linked with its antipode,
the concept of the relative; the old philosophical notion of
symmetry then appeared once more on the scene of physics,
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To put it briefly, the ideas of the absolute and the relative
(moreover, exactly in their materialist and dialectical in-
terpretation) have full force in non-classical physics and
play a tremendous heuristic role in it. The theory of relativ-
ity and quantum mechanics, and also the modern theory
of elementary particles, are inconceivable without the con-
cepts of absolute and relative.

. What then are the absolute and the relative? We will not
recall the numerous definitions of these concepts in the phi-
losophical literature, since most of them are not employed in
science at all. By ‘absolute’ is meant that which exists (or
makes sense—in this case one has in mind a concept, and not
the objectively real) through or in itself. By ‘relative’ is
meant that which exists (or makes sense) through or in rela-
tion to an other. Dialectics assumes a profound connection
between the two; in that regard Lenin’s idea is very impor-
tant: ‘In life, in movement, each thing and everything is
usually both “in itself” and “for others” in relation
to an Other, being [transformed from one state to the
other. "0

In modern physics the concept of the invariant has the
meaning of the absolute (with no metaphysical overtones).
It arose in mathematics and found embodiment in physics
above all through the work of Einstein. It was not fortuitous
that some authors suggested interpreting the theory of rela-
tivity as ‘the theory of the absolute world’. What, then,
should we understand by invariance?

By ‘invariance’ is meant the property of immutability in
respect of a certain class of changes of physical conditions.
If, for instance, a working mechanism is loaded onto a train
moving at constant speed along a straight line, the processes
in the mechanism will go on in just the same way as if it
were standing in one spot, i.e. all the laws of mechanics will
remain the same (the invariance of mechanical laws with
respect to motion at a constant velocity along the straight
line).

Here is another example. If an instrument works in a cer-
tain place and is then transferred to another, similar place
(from Kiev to Moscow, say), then (if the instrument is not
altered during the transfer) it will work in exactly the same
way at the other place, according to the same laws (in-
variance of the laws of physics' with respect to spatial
translations),
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The mathematical sense of invariance is immutability or
constancy with respect to a group of transformations. Var-
ious quantities and equations expressing the laws of nature
can have this property. Moreover, in classical mechanics, in
the theory of relativity, in quantum mechanics, in any logi-
cally closed physical theory in general—and this is very
important—there are invariants and relative transforma-
tions proper to them. Lengths and durations, for example,
are invariant in classical mechanics but are relative in the
theory of relativity, and only their special combination in
the form of an interval (the most important concept of the
theory of relativity) is an invariant of this theory.

It will be clear from what we have said about invariance
that invariant formations are independent of the so-called
frames of reference in which the physical conditions are real-
ised (in which the physical phenomena occur).

There are inertial reference frames in classical mechan-
ics, i.e. ones in which the law of inertia holds (they are
connected through Galileo’s transformation.)

In the theory of relativity the frames of reference are sys-
tems in which the law of inertia holds, and the velocity of
light (in a vacuum) is independent of the velocity of its
source (they are connected by the Lorentz transformation).

In quantum mechanics the frames of reference are the
means of observation (instruments). One can say that the
laws of one physical theory or another are invariant with
respect to transition from a frame of reference appropriate
to a given theory to another one.

An invariant formation is therefore a certain independent
formation in the context of a given theory whose interpreta-
tion does not necessitate the existence of other formations.
Minkowski stressed this brilliantly in his own way when he
said: ‘From now on space for itself and time for itself must
sink into the shadows and only a kind of union of the two
will prove independent.’!!

In an analysis of the absolute and relative in physics it
cannot be ignored that the class of reference frames includes
elements that appear opposite in respect to one another.
When the transition is made in classical mechanics, for in-
stance, from one inertial reference frame to another moving
at a constant velocity with respect to the first, these two iner-
tial frames are thereby treated as opposites. The same can
also be shown mutatis mutandis for other classes of reference
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frame. In quantum mechanics, for instance, when a state is
expressed in representations of position and momentum,
the existence of mutually exclusive types of means of obser-
vation (which fix the state) is thus recognised.

The crux of the matter here is that rest and the uniform
motion in a straight line are not isolated opposites but are
one and the same in certain conditions (in an inertial ref-
erence frame, and in a frame of reference moving without
acceleration in respect to it, all mechanical phenomena are
governed by the same laws, although the kinematic aspects of
the reference frames are different). In quantum mechanics,
similarly, the opposite particle and wave properties of
matter are regarded as inseparable, which is expressed in
Bohr's complementarity principle. The position with re-
gard to frames of reference is more complex in Einstein’s
gravitational theory according to which gravitating matter
is inseparable from the space-time continuum (we shall not
dwell on this point).

The principle of invariance means in essence that the
laws of nature (physical laws in particular) remain constant
with respect to certain variations of physical conditions.
Depending on the features of the class of variations a whole
set of the principles of invariance arises (some of which have
been discussed above): namely, uniform motion in a straight
line (the Lorentz transformation),* displacement in space,
displacement in time, rotation by a fixed angle, reflection
of space (mirror invariance), time reversion (7-invariance),
and replacement of a particle by its antiparticle (charge in-
variance). The concepts listed signify that invariance of the
laws of nature is understood as their symmetry.

The idea of invariance has a very concrete significance
in the development of modern physics. This development
occurs through the passing of certain theories into others
that are more general (and profound) and differ qualitatively
from them. This kind of generalisation of a theory is neces-
sarily associated with loss of certain concepts (that figure in
the initial theory) and the formation of new ones (without
which the new theory is not a theory).

Let us now draw certain epistemological conclusions about
the idea of invariance. The concepts of classical mechanics

* In the example of the working mechanism cited above it was a

matter of the laws of mechanics. In it the appropriate transformation
was Galileo’s, which is a limiting case of the Lorentz transformation,
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(and the discipline on the whole) are in essence, of course,
approximate. This was demonstrated concretely and in var-
ious ways by the theory of relativity and quantum mechan-
ics when they determined the limits of applicability both
of classical mechanics itself and of its concepts. The uncer-
tainty principle, for instance, established the limits of ap-
plicability of the classical concept of particle (absolute in
a certain sense). In this case, with the limit of applicability
of the classical concept of particle determined, it was taken
into consideration that, say, electrons and protons have wave
properties in addition to corpuscular ones. In other words,
establishing of the limits of applicability of the classical
concept of particle meant deeper study of the particles of
matter than was possible in terms of classical mechanics.

Bearing in mind a number of modern physical theories
of the increasing degrees of generality (classical mechanics—
quantum mechanics—quantum electrodynamics—the quan-
tum theory of field—the theory of elementary particles)
we can say in general that the relativisation of old absolute
(invariant) concepts during the generalisation of a theory
means an ever-deepening cognition of objective reality in
which the one-sidedness of the individual physical theories
disappears (and the subjective constructions associated with
it), and the theories themselves, while retaining their con-
tent corresponding to objective reality, acquire a more inte-
grated character.

We must not, when analysing the concept of invariance,
ignore that domain of physical laws and phenomena in
relation to which the principle of invariance (or group of
principles) is valid. Defining of this domain, i.e. defining
the limits of the applicability (initially in experiment) of
a fundamental physical theory, is an essential moment in
the development of physical knowledge; it allows knowledge
of nature to rise to a higher level of abstraction and to com-
prehend the object of study more deeply. Einstein’s gravita-
tional theory (or the general theory of relativity), for exam-
ple, having identified the limits of applicability of the special
theory of relativity, overcame them by advancing new prin-
ciples and basic concepts, and making the special theory of
relativity its limiting case.

The principle of relativity and the principle of the con-
stancy of the velocity of light of the special theory of rela-
tivity do not hold beyond the limits of its applicability
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(i.e. invariance with respect to the Lorentz transformations
is violated), but that does not mean at all a return to pre-
relativistic ideas about absolute nature of simultaneity,
space, and time as isolated entities.

This dialectical law of negation not only operateswhen
it is relatively easy to compare the old and new theories
that have already developed, as with Einstein’s theories,
but also operates when new facts that supposedly should
completely eliminate invariances already known to physics
are being discovered or just beginning to be interpreted.
This ‘negation’ is not stark negation but an element of the
profound development of a theory, and modern physics dis-
poses of very rich material in this connection. Let us consid-
er, for example, the principle of mirror invariance already
discussed in the previous section. This principle, called for
short the principle of P-invariance, can be formulated as
follows: the laws of nature are imvariant when ‘right’ is
replaced by ‘left’ and vice versa. It appeared to be an abso-
lute principle, but in 1956 it was discovered that it was
violated in weak interactions of elementary particles. A para-
doxical situation developed: it turned out that there might
have to be internal anisotropy of space.

Things, however, proved different. In order to demonstrate
this, let us note that the situation with the principle of mir-
ror invariance was rather like the principle of invariance with
respect to charge conjugation or, in brief, to the C-invariance
according to which the laws of nature are invariant with
respect to particle-antiparticle transition; it was found that
the latter principle did not hold for weak interactions, and
this also gave rise to certain difficulties. The way out of
this impasse was indicated by Landau. According to his
idea (although the principles of mirror symmetry and charge
conjugation taken separately did not apply in weak interac-
tions) physical laws were invariant with respect to combined
inversion, i.e. a transformation that united transformation of
charge conjugation and that of mirror reflection (so-called
CP-invariance). The principle of combined inversion excludes
mirror asymmetry of space, and at thejsame; time does
not allow the principles of mirror invariance and charge
conjugation to be turned into metaphysical absolutes.

We have the right to ask: are the principles of invariance a
kind of metaphysical absolute or is the situation different?
The material already discussed makes it possible to answer
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it to some extent, and now, since experiments that demon-
strated that invariance with respect to combined inversion is
violated in nature, the answer becomes quite definite.

The invariance principles donot have the absolute char-
acter of final, unquestionable truth in the metaphysical
sense. They are absolute only within certain limits which
are expanded or narrowed as physics develops. In other
words, the laws of nature are invariant not in a strict, abso-
lute sense but in an approximate, relative way. To restrict
ourselves toC-, P-, and T-invariances and their combinations
in the theory of elementary particles, we can say today that
only CPT-invariance out of all invariances appears not to
be violated. The violation of CP-invariance leads to rejec-
tion of invariance relative to time reversion, which is re-
garded as a cornerstone of physics. If we disregard the viola-
tion of T-invariance, then the paradoxical conclusion can be
drawn from violation of C-, P-, and C P-invariances that the
laws of nature prefer either ‘left’ or ‘right’. There are other
possibilities, also paradoxical. A final answer can only be
given by experiment, of course, and that is reflected in the
deepening and possible fundamental restructuring of exi-
sting theories.

As for C PT-invariance, which (as we noted above) remains
the sole one today that is not, in principle, violated, this
is evidence only of the truth of the general foundations of
quantum electrodynamics and the (special) theory of rela-
tivity. Naturally, when a logically closed theory of ele-
mentary particles is created and the future synthesis made
of Einstein’s gravitational theory and quantum physics,
new and even more spectacular ‘surprises’ may emerge.

Modern physical theories, by reflecting in their develop-
ment nature ever more fully and deeply, are thus enriching
our picture of the material world. One can find a varied ex-
pression in modern physics of Lenin’s dialectical idea that
there is an internal connection between the absolute and
the relative, that the absolute exists in the relative, and
that the difference between the two is relative.?
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IX

PHILOSOPHICAL ASPECTS OF THE THEORY
OF MENSURATION

1

Preliminary Remarks

It has long been known that a natural science is converted
into an exact study of nature through measurement. Progress
is also impossible in applied science without measurement.
The idea of the leading role of measurement in physics has
been established in scientific thought since the days of Ga-
lileo. The whole history of natural science and philosophy
witnesses to the mounting significance of mensuration in the
development of human culture and scientific understanding.
The thinkers of antiquity, and Leonardo da Vinci, Descartes,
Newton, Leibniz, Lomonosov, Kant, Hegel, Gauss, Helm-
holtz, Mendeleev, Einstein, and Bohr made a profound anal-
ysis of fundamental aspects of the problems arising, devel-
oping the theory of mensuration and its logical foundation.
Light was thrown on the methodological and epistemolo-
gical foundations of this theory from the standpoint of dia-
lectical materialism in the work of the classics of Marxism-
Leninism. This was first done by Karl Marx in Capital
on the material of political economy, and in other works;
the whole course of Marx’s ideas about measurement,
as Engels noted, had| a direct; bearing on mensuration in
science.!

So one cannot agree with those authors who—in this
case either knowingly or unwittingly ignoring the history
of science and philosophy—do not see any broad theoretical
problems in the idea of measurement. Measurement cannot

256



be reduced to the simple procedure of ‘look and see’, record-
ing the readings of a measuring device. In this respect Le-
besgue is certainly right when, speaking about the measure-
ment of geometric quantities, he draws attention to the fact
that though ‘a geometrical measurement begins physical-
ly..., it is only achieved metaphysically’.?

This statement is valid not simply to the measurement
of geometric quantities: ‘metaphysics’, or rather theore-
tical thinking, cannot be banished from the measurement
either of geometrical or of any other quantities. Indeed,
it is impossible, in particular, in measurement, to avoid
the concept of infinity (with which, for example, the con-
cept of absolutely accurate measurement is conjugate),
and infinity cannot be studied in a visualised, empirical
manner.

Let us note in addition that no physical theory that re-
flects objective reality can ignore the need to link its mathe-
matical apparatus up with the readings of the experimental
devices. How is the passage made in physics from mathemat-
ical abstractions to the ‘observed’ in experiment, and from
the observed experimental data to the equations of theory?
Analysis of this question leads to most important philosoph-
ical problems specially connected with the development of
modern, non-classical physics, which usually deals with
objects and phenomena not directly perceivable, understand-
ing of which does not fit into the schemes of classical theo-
ries.? On the other hand, problems of determining physical
principles on the basis of measuring observable properties,
and the transition from the principles of the theory to the
measured properties, had already been posed by classical
physics.

Mensuration thus unites the formulas (the mathematical
part) of theory with the ‘visualisation’ (the ‘visualisable’
part). Problems of the accuracy of one theory or another
cannot be solved independently of measurement. Mensura-
tion also belongs, of course, to the crossroads, so to say, of
the ideas of discontinuity and continuity in the cognition of
nature. This list alone is sufficient (analysis of the related
problems is also our concern) to conclude that the philosoph-
ical status of mensuration is still very, very far from crude
obviousness.

What, then, is mensuration? If we bear its definition in
mind we can justifiably say that it is a cognitive process
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in which information is obtained through experiment on
the numerical value of a measured quantity. This definition,
like definitions of this kind in general, is necessary for every-
day use.? On the other hand, it is necessary, in order to get
a quite complete scientific understanding of mensuration, to
analyse its manifold real forms in their interconnection.
The act of measurement itself usually implies the following
elements as constituents of mensuration: (1) the object of
measurement, i.e. the measured quantity; (2) the unit of
measurement, i.e. the quantity with which the measured
quantity is compared; (3) the observer, i.e. the subjcct mak-
ing the measurement, and also the measuring instruments;
(4) the methods by means of which the measurement is made
and (5) the result of the measurement of the quantity.
Some of these elements, which can be distinguished rela-
tively clearly when we are dealing with an individual com-
pleted measurement made by an observer, may drop out
when the measurement procedure is continuous and is included
in the general system of operation of an automatic device.
The observer may then not be directly involved in the
measurement, since the information produced by the devices
recording the measurement results is processed directly by
the automatic device itself, which uses it to generate com-
mands for its own working units.

Do the possibility and fact of automatic measurement
mean that mensuration itself, in some cases at least, is
ceasing to be a cognitive process? One meets such statements
in the literature.’> One cannot, however, agree with them.
Any automatic device, no matter how ‘perfect’ it seems, is
essentially an artificially constructed organ of labour or
organ of man’s cognition, and it would be only a physical
system outside its relation to and peculiar connection with
man (which connection expands his field of activity, includ-
ing cognition). This circumstance also answers the question
posed.

Let us note, finally, that any accurate measurement is
impossible outside application of the laws governing the
measured quantities, and is based on definite theoretical
premises.

These remarks outline the context of the exposition that
follows. 1t does not in the least claim to be a complete anal-
ysis of the problems of measurement.
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2

The Concept of Measurement.
Direct Measurement

If one says that physics (in the broadest sense of the term)
is a science about the general laws of variation and trans-
formation of realities in inanimate nature or, more defi-
nitely, about the laws of variation and transformation of
fields and matter, one always implies that the properties of
physical realities cannot be separated from their quantita-
tive determinations, i.e. (which is the same thing) that a
physical quantity is a kind of synonym of a certain property
of a physical reality, and that the regular connections be-
tween these properties are expressed as relations between
physical quantities (the equations of physics).

The objects of physics are studied in experiment and in
the final analysis should be perceived either directly by the
sense organs or in a mediated way, through the readings of
the instruments. A necessary premise of the cognition of
nature in physics is therefore that, in taking both the quan-
titative and the qualitative character of physical quantities
into account, it finds the correspondence between the empi-
rical data and the quantitative determinations (numbers).
The establishing of this correspondence is sometimes called
measurement.®

There are objections to this definition of measurement:
it is said to be, at least, incomplete.” And indeed, in our
view, it contains too much and at the same time too little
for an understanding of measurement. Is it possible, for
example, to call determination of the moment of an event
measurement? Or does mineralogists’ determination of the
hardness of a body by the Mohs scale of hardness in which
the hardness of a certain ten minerals is taken as the stand-
ard of hardness (the hardness of talc is 1, of gypsum 2,
etc., up to diamond, whose hardness is taken as 10) repre-
sent measurement? In other words, can one call the instant of
an event or, say, hardness quantities, if it is assumed that
a quantity is what can be measured?

We have arrived, consequently, at the following questions:
what is measurement, and what is a physical quantity?

Measurement differs from so-called arithmetisation, and
from what, in our view, should be called quantitative rank-
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ing; as will be shown below, they are the conditions of
existence of mensuration, although they may also make
sense (exist) without it.

The arithmetisation of a certain class of properties of
things is the establishing of rules by which it is possible to
determine from the property of a class a number (or certain
set of numbers) corresponding to it, and from a certain num-
ber (or set of numbers) to determine the property correspond-
ing to it. If, for instance, one ascribes a pair of numbers
to each point on a plane, according to a certain rule (each
pair of numbers corresponding to one point and one point
only on the plane), one thereby arithmetises the plane (since
each point on it possesses the property of having a certain
position on it).

Arithmetisation considered by itself is a totally arbitrary
process (in the example above the plane can be arithme-
tised by means of the Cartesian system of coordinates, the
system of polar coordinates, or other coordinate systems,
and all these methods are equivalent), but in everyday life
and scientific research it is governed by quantitative ranking,
and through that by measurement, which constitutes its
starting points and its peculiar ‘cellule’.

If the properties of a certain class are such that it is pos-
sible to employ the concepts ‘bigger’ or ‘smaller’, they are
called intensities (or intensive quantities). If this class is
arithmetised in such a way that a higher intensity corres-
ponds to a bigger number, the arithmetisation is quantitative
ranking. A liquid B, for instance, is denser than another
liquid A if the latter floats on the former, but not conversely
(symbolically B > A or A << B). Other examples of inten-
sities, in addition to density, are temperature, the colour of
a monochromatic beam (if a certain additional definition is
introduced), hardness, and viscosity.

A set of different intensities 4, B, C, D, etc., can be ranked
in a sequence of intensities 4 << B << C << D, and so on,
in which A precedes B, B precedes C, and so on. If the diffe-
rences between two successive intensities in this sequence are
equal (symbolically B>A =C > B =D > (), the in-
tensities are called extensities (or extensive quantities),
and the sequence itself becomes a sequence of extensities.

The arithmetisation of a class of extensities (e.g. a class
of lengths, volumes, electrical resistances, masses, etc.) is
measurement. The employment of a unit of measurement
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established arbitrarily is typical of mensuration. When
the lengths of things are being measured, for instance, we
count how many times a certain rod, selected as the unit of
length, can be laid along each of them in a certain way. The
situation is analogous to the measuring of, say, the volumes
of vessels by means of a measuring vessel, or the masses of
bodies by weighing. Such examples are endless, but it is es-
sential to note that such-and-such a type of quantity is meas-
ured by means of a method that is specific for it; the quali-
tative aspect of the physical quantity finds expression, in
particular, in that.

So, in mensuration, we determine the relation of a (meas-
ured) quantity to another homogeneous quantity (which is
taken as the unit of measurement); this relation is expressed
by a number (which is called the numerical value of the
measured quantity).

A few words are called for on a fuller and logically closed
definition of an extensive quantity, without which mensu-
ration cannot be comprehended. It can be given axiomati-
cally, and there is more than one system of appropriate axi-
oms. Nagel cites Hoelder’s system of axioms characterising
the concept of an extensive quantity.® This point is also
clearly made in Kolmogorov’s article on quantity in the
Great Soviet Encyclopedia,® which formulates axioms of
division, continuity, etc., in addition to the axioms of
order and combination. The axiomatic method employed to
study the concept of quantity makes it possible to establish
all the necessary fundamental characteristics of this concept
more fully.l® If the concept of an extensive quantity is gen-
eralised so that the class of these quantities includes nega-
tive ones and zero, in addition to positive quantities, then,
when an arbitrary positive quantity is selected as the unit of
measurement, all the others can be expressed in the form of
Q = ¢ [Q] (the basic equation of measurement), where Q
is the measured quantity, [Q] is the unit of measurement, ¢
is a real number, and ¢ [Q] is the result of the measurement.

Extensive quantities are more fundamental in physics
than any other kind of quantity. They make it possible to
get a quantitative expression of intensive quantities on the
basis of established regularities: the value of temperature,
for example (as the level of the thermal state), is determined
by measuring the temperaiure interval between the zero
value and the determined one. On the other hand, the very
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definition of an extensive quantity contains an indication
towards ‘bigger and smaller’. Extensive and intensive quan-
titiés are thus two aspects of one and the same concept.

Let us return to measurement. From the methodological
standpoint, or rather from the angle of the general methods
of obtaining the results of measurement, the division of meas-
urements into direct and indirect ones is of very great inter-
est. In direct measurement, the result is obtained from
the act of measuring the quantity itself independently of
measuring other quantities. In indirect measurement the
result is obtained in terms of direct measurements of quanti-
ties that are connected with the measured one by a certain
mathematically expressed dependence. In this section we
shall discuss only direct measurement.

Measurement in science, unlike measurement in everyday
life, is above all accurate measurement. There is a well-de-
veloped classification of ‘accuracies’, including the ‘highest
accuracies’ in the theory and practice of measurements.!!
The concept ‘metrological accuracy’ is essential for our theme,
for this reason: metrological accuracy is the highest accu-
racy that can be attained in the measurement of a given quan-
tity in certain established units.!? Allowing for the fact that
measurement results are no more accurate than the standards
are,* one can say that measurements made with metrologic-
al accuracy are those that are reducible to standards.

We now have to consider on the logical plane: how did
measurement with metrological accuracy arise, or how did
that form of measurement which we are entitled to call its
standard form arise?

The standard form of measurement developed from sim-
pler ones. The initial form is the random or individual form of
measurement, whose specific feature is that a certain kind
of quantity, characterising one thing, is measured by means
of any other single thing characterised by the same kind
of quantity.

Thing A = b things B (the equals sign means ‘equal with
respect to such-and-such a property’).13

* In metrology by ‘the accuracy of a measure or measuring device’
is meant the degree of certainty of a result obtained by means of the
given measure of device. See M. F. Malikov, Osnovy metrologii (Funda-
mentals of Metrology), Part 1, Committee for Weights and Measures,
Moscow, 1949, p 308.
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This form already reveals the special features of measure-
ment as a cognitive process providing information about
the measured quantity. The measured property of object A
is expressed qualitatively through the capacity of another
object B to be comparable with respect to this property; its
quantitative expression is that B appears as a numerically
determined property of A. The property of an object (in its
quantitative determination) does not exist simply in its
expression by means of another object, but independently of
any such expression, i.e. it is not the result of measurement
that determines the quantity but the quantity itself that
determines the result. On the other hand, within the limits
of the relation between object A and object B in terms of a
common property, B is not expressed in any way, i.e. it
functions simply as a measure.

Furthermore, a feature of mensuration is that the individ-
ual becomes the representative of its own opposite, the
general, in measurement. We would stress yet again that
here the individual represents the general only within the
limits of the relation of the things in terms of this general:
a definite quantity of iron represents only heaviness with
respect to a sugar-loaf whose weight is being measured by it;
iron fulfils this role, however, only within the context of
the weight relation (into which it enters with sugar), and
sugar enters this relation only because both iron and sugar
possess weight.!* Finally, it must be considered a specific
feature of measurement that a thing functions in it as a prop-
erty.

The individual form of measurement is only met in the
early historical stages of the development of production and
human culture. In Babylonia, for example, there were three
separate, unconnected groups of measures of length, which
had arisen independently of one another: one based on the
‘cubit’ (a finger’s breadth [digit], span, and cubit), which
measured short intervals; one based on the gar (approximate-
ly equal to six metres); and a third group—the ‘mile’ and
‘hour’s walk’—measures for long distances.®

The individual form of measurement is quite unsatisfac-
tory for the tasks of measurement. In it a thing expresses the
properties of only one object; all other objects possessing
the same property are not involved in the expression. At the
same time the individual form of measurement passes by
itself as it were to developed or expanded form. By the first
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form the property of an object A is only measured in one
thing B, regardless of what this thing is (a span, cubit or
arshin, or metre if the matter in hand is, say, the length oy
object A). To the extent that one and the same thing enters
the relation with respect to one and the same property some-
times with one and sometimes with another thing, various
individual expressions of measurement result. The individ-
ual expression of measurement thus turns into a number
of various individual expressions, and we obtain the devel-
oped, or complete form of measurement:

Object A=0b objects B
=c objects C

Leaving aside analysis of the developed form of measure-
ment,* let us simply point out its drawbacks:

(1) the series of expressions is not finished; (2) they are
not connected with each other; (3) if the properties of all the
objects that constitute a given series are measured in this
form, a vast set of series is obtained, extraneous to one an-
other.

Each of the equations involved in the complete form of
measurement (and, therefore, the whole series) can be re-
versed.** In this case we obtain the universal form of measure-
ment

[

Object B= — of object 4

<

Object €= of object A

In this form the properties (of one and the same kind) of
things are measured by one and the same thing singled out
from the aggregate of these things; for example, the lengths
of solids are measured by the metre and so represent their
lengths through their relation to the metre. In this case the

* Note, in partlcular, that a developed formof measurement exist-
ed, for example, in France historically before introduction of the
metric system.

** Tts practical realisation took place (when we appeal to history)
when, for instance, the meridian of Paris was measured in feet in a
quest for a ‘natural’ unit of length, and conversely when the length of
the metre was made more precise and expressed in terms of the length
of a meridian of the earth.
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metre, in realising length, differs from itself as an individual
element and from all other solid bodies as individual ele-
ments, and thereby expresses what it has in common with
other bodies, i.e. expresses length. In their equating with
the metre the solids possessing length prove to be not only
qualitatively equal, i.e. lengths in general, but at the same
time quantitatively comparable magnitudes of length.

Reasoning abstractly it can be said that every thing in
a set of things characterised by the same property can be
the universal measure of this property. Historical practice
and science, however, necessarily choose one definite object
as the universal measure which is therefore singled out
from a set of things (it is not necessarily a natural thing but
can be made artificially).

As a universal measure a thing has only one specific prop-
erty with respect to other things from which it has been
singled out, namely, to be their universal measure. When
the singling out proves to be the final lot of one definite
thing, it begins to function as a standard. In general, we
call the standard of a quantity that object whose physical
properties coincide with the ‘property’ of expressing this
quantity or, in short, a standard is an objectivised (em-
bodied) universal measure. That is how the standard metre,
represented by a platinum-iridium bar with a certain cross-
section, got the privileged position of the standard of length.

With the transition from the individual form of mensu-
ration to the developed one, and from the developed form
to the universal, essential changes take place from the angle
of the accuracy of measurements. In the transition from the
universal form to the standard, on the contrary, progress
consists solely in the ‘property’ to be a universal measure
now finally merging, by virtue of circumstances we shall
discuss in the next section, with the physical properties of
the standard as a definite body.

3
Standards and Units

In this section, as in the preceding one, we shall frequently
speak, for clarity’s sake, of the measurement of lengths, but
all our reasoning also relates mutatis mutandis to the measure-
ment of other quantities.
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One can assume that things that possess length cannot be
compared with one another, and therefore be measured, with-
out a standard. In actual fact, however, if the lengths of
objects are commensurable, they possess this property inde-
pendently of whether or not there is a standard of length.
It is by virtue of this commensurability that they convert
such an object as the standard metre into a measure of
length common for them all.

A measure that has completed its cycle of development
returns in the form of a standard of measurement to the form
in which it existed in the individual form of measurement,
but this is not just a return to the initial form but rather
a new step forward (the ‘negation of negation’). On the other
hand, the metre as the standard of length expresses its length
only in the developed form of measurement, i.e. the metre
has no standard of length.

This idea, or rather its essence, can be formulated in
another way: the very concept of a standard as a universal
measure requires the existence only of one standard. In
metrology this requirement is met through a hierarchy of
measures of the measured property, the foundation of which
is formed by the so-called primary standard.*

What then is the necessary condition for a thing to func-
tion as a standard? For this purpose, it must satisfy a cer-
tain set of conditions. The first condition is that a thing rep-
resenting a common property of a set of compared objects
should have the ‘property’ of representing purely quantita-
tive differences. And this property implies uniformity,
qualitative identity between copies of the standard. It is
realised in metrology by the requirement, for instance,
that working metres be made of the same material, that
measurements by them be made in identical conditions,
that the working metres themselves be made and kept in
exactly the same conditions. Working metres, however,
are not identical as things: they are affected by differen-
ces in macroscopic structure, and by the fact that their
conditions of use and production are not absolutely iden-

* Standards are divided into the following groups according to
their metrological purpose: (a) fundamental standards (including pro-
totypes); (b) master standards; (c) standard copies; (d) reference stan-
dards; (e) standards of comparison; (f) working standards. The furda-
mental standards are primary, the working ones tertiary, the remain-
der are secondary (see M. F. Malikov. Op. cit., pp 318-325).
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tical. Analysis of facts and considerations of this kind con-
firms that measurements reducible to standards in essence
signify measurements by ideal average standards.

A second condition of converting a thing into a standard
follows from a standard’s having to represent purely quanti-
tative differences: namely, that only that thing can be a stand-
ard that can be divided into any number of parts and com-
bined with itself without losing its qualitative definiteness.
Working measures or gauges are produced in such a way that
this requirement is met as far as possible: measure sets,
measure shops, gauges. But what does the arbitrary divisi-
bility of a thing mean, or its arbitrary combinability with
itself, the more so that a real finite object does not possess
these properties to an absolute degree? Points like that will
be considered in the sections that follow; let us note here
that measurements that can be reduced to standards are ideal
standards from the angle of the second condition of meas-
urement.

The whole content of the first section actually amounted
to this, that the property of compared objects is not created
in measurement but simply expressed, i.e. that measurement
by itself does not in principle alter the objects compared.
But since measurement is exzperimental comparison, in
which the compared objects may form physical relations
and physical situations may arise that are ‘bizarre’ from the
angle of classical physics, possibilities of this kind must neces-
sarily be analysed so as to construct a theory of mensuration
in modern physics. Our further exposition is devoted to the
relevant issues. At the same time, since a standard repres-
ents an objectivised universal measure, i.e. serves for meas-
urement, it should not change either in the process of mea-
surement or outside it, so long as it remains a standard.
I'ts immutability means that the property materialised by a
standard is preserved unaltered in the thing that serves as
a standard, and that all changes experienced by this thing
due to certain conditions (temperature, various fields, etc.)
can be allowed for. This is the third condition for an object
to function as a universal measure.

No real object serving as a standard, of course, has the
property of immutability in the absolute, but it is chosen
or produced in such a way that it has a certain minimum of
constancy that is much higher than the constancy of the
things measured by it. Measurements that can be reduced
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to standards are undoubtedly ideal standards from the
angle of the third condition of measurement.

A standard can thus perform’its job in essence as a stand-
ard that is ideal in three respects: (1) the quantity is meas-
ured essentially by an ideal average standard; (2) the
thing is arbitrarily divisible and arbitrarily combinable
with itself only in the abstraction, while remaining qualita-
tively the same thing, and the standard measures only
when it is such an ideal object; (3) immutability is an axio-
matic property of a standard, and only an ideal thing can
be absolutely constant.*

When things are measured, it becomes necessary to relate
them to a standard as a materialised unit of measurement. The
latter is then expanded into a scale through division into
equal parts or through combining with itself. Every object
that serves as a standard has such scale even before being
converted into a standard, since the thing, according to the
second condition of its functioning as a standard, can be
divided into any number of parts and combined with itself.
Because, for instance, the lengths of things are related to
each other as similar quantities measured by the metre, the
latter is turned from a measure of length into a scale.

The measure of a quantity and scale are two different
functions of the standard. The standard of length is a mea-
sure of length as the materialised common property of things
compared for length; it is a scale as a definite thing. As
a measure of length, the standard of length provides the
material for expressing lengths, in order to convert the
lengths of things into a mentally imagined number of me-
tres; as a scale, the standard of length measures this number
of metres. The measure of length measures things as pos-
sessing length; a scale, on the contrary, measures various
imagined numbers of metres by a given metre (which is
then the unit). The definition .of the unit of measure, and of
its subdivisions and multiples, is a purely arbitrary matter;
at the same time it must be generally accepted and be obli-
gatory within the limits of mensuration practice.

Measurement of the lengths of things thus has a dual, insep-
arably interconnected significance: (1) to measure the

* It does not follow by any meansfrom this that an ideal stand-
ard underlies measurement. On the contrary, the existence and role
of an ideal standard in measurement are determined in general by
real standards.
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length of any thing means to express its length in terms of
a specific thing that has length (this specific thing being
called a standard); (2) to measure the length of any thing
means to compare the magnitude of this length (expressed in
the standard) with the magnitude of the length of the stand-
ard adopted as the unit. This applies mutatis mutandis
to direct measurements of other quantities.

Let us now consider the views of certain other authors
on the standard and unit.

Wallot stressed that units should be absolutely constant
and readily comparable with the measured quantities, and
defined the unit (for direct msasurement) by means of a ‘pri-
mary measure’ (Urmasse).'® According to him this ‘primary
measure’ was, for instance, the line-standard metre; he did
not, however, answer such questions as what the ‘primary
measure’ was, or why such-and-such measure was primary,
and so on.

The neo-Kantian Sigwart said that if it was impossible
to find an absolute scale of value it followed in the final
analysis that we were faced, following the direct empirical
path in mensuration, with the impossibility of attaining
objective results.!” Sigwart obviously could not manage the
dialectics of direct measurement. Because the things that
figure as standards are variable (since they are real objects),
he doubted the possibility of obtaining objective data about
a measured quantity in experiment.

The neo-positivist Reichenbach denied measurement any
objective meaning whatsoever. He distinguished statements
about facts from so-called real definitions, by which he
meant conventions, purely arbitrary agreements about phy-
sical objects. The definition of the metre through its proto-
type kept in Sévres was, in his opinion, a real definition. He
thus reduced the functions of a standard to that of a scale,
and since the establishment of a unit of measurement is an
arbitrary agreement, he concluded from that erroneously
that the defining of the measure of any physical quantity is,
in principle, conventional.!®

In conclusion let us consider the limitations of direct
measurement.

1. Any thing that is measured must, on the plane of direct
measurement, be measured by as many standards as it has
properties in common with other objects; or, to put it differ-
ently, there must be as many standards independent of one
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another, from the aspect of direct measurement, as there are
kinds of quantities in nature, regardless of whether they
are connected by regularities.

(i) It is impossible to have as many standards as there
are different properties, the more so that new physical phe-
nomena are being discovered that have to be covered by the
theory. (ii) It is wrong in all circumstances to abstract the
regular connections between physical phenomena, but di-
rect measurement does not allow for precisely that point.

Thus, the problem arises of measuring quantities of many
kinds by a limited number of standards. Direct measurement
neither does nor can solve it.

2. The thing measured is not internally connected with
the standard, in direct measurement, i.e. the measured quan-
tity and the unit of measurement are external to each other.
That is thereason why, in experimental conditions of measur-
ing, the result of the measurement, in certain circumstances,
reflects not so much the measured quantity as variations in
the thing serving as the standard. This limitation can only
be overcome if the measured quantity is internally connect-
ed with the unit of measurement (and that is beyond the
limits of direct measurement).

3. Direct measurement cannot determine the value of
quantities characterising, say, celestial bodies and pheno-
mena, or the values of quantities characterising physical
bodies not directly perceptible by the sense organs (atoms,
electrons), and, in general, the values of quantities not amen-
able to direct experimental comparison.

In Section 5 it will be shown that the limitations of direct
measurement are overcome by indirect measurement.

4

Sensory Perception and Abstract Thought
in Mensuration

Things observed, that are comparable in some common pro-
perty, may produce an impression of identity or difference
in respect to this property on our senses. Quantitatively
such identity and difference can be called equality or ine-
quality of the things as regards this property. For example,
if a colour studied in a colorimeter proves to be perceptibly
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identical to a mixture of certain known colours, it is said
it and the colour of the mixture coincide. Our sense organs
themselves provide only scanty information about meas-
ured quantities expressible by the ‘equal’ or ‘not equal’, the
more so that their structure puts definite limits on our abil-
ity to see, hear, smell, and in general sense (and even within
these limits this ability does not provide accurate informa-
tion about our environment).*

A problem arises of how to go beyond the limits imposed
by sense perception and to obtain accurate knowledge about
the measured quantities.

Measuring the length of a field by pacing it, determina-
tion of the area of a forest by eye, and determination of the
volume of a body by feel give satisfactory information (for
certain practical purposes), in spite of their ‘inaccuracy’
(in this case the term ‘sensory measurement’ would be legi-
timate); it was not fortuitous that, in the historically first
forms of measurement, when there was not yet science and
developed technique, the role of a unit was played by parts
off the human body (which is expressed by the terms ‘cubit’,
‘foot’).

For accurate knowledge such measurements are quite inade-
quate, of course; and with the development of industry and
growth of trade and a private economy more accurate data
about quantities were needed. This wassolved by the histor-
ical development of practice and science, which gave so-
ciety experimental devices and measuring instruments.

The first experimental devices (the measuring rod, divi-
ders, and scales), as a matter of fact, simply made more pre-
cise what man already knew from simple observation.

The development of the experimental science and technique
in fact also disclosed the imperfection of the sense organs,
a fact that stimulated some physicists (including Helm-
holtz) to doubt the possibility of any exhaustive cognition
of the world around us. In reality, however, the fact that
we can demonstrate the imperfection of our sense organs and
that this proof is based on perceptions coming from these
imperfect senses, indicates that human cognition is not only

* Perceﬁtion takes place in certain conditions: there are upper
and lower thresholds of sensation; there is the Weber-Fechner law; and
the observer’s psychophysical state has to be taken into account. These
and similar circumstances have to be allowed for by the measurement
technique and by the general theory of mensuration.
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able to surpass the limits imposed by the special structure
of the human organs of perception but actually does so in
its study of nature.

Perception is also inevitably involved in accurate measur-
ement by means of instruments. Nobody, for instance, will
determine the base line for geodesic measurements by eye;
at the same time, however, it is only the eye that detects the
coincidence of a hairline and the reference object; or, to take
another example, one cannot mark the coincidence of a
column of mercury and a division of the scale with one’s
eyes closed.

Perception is thus a necessary component of any accurate
measurement, and this implies the coincidence, say, of a
needle, a spot of light or the top of a column of mercury
with a scale division, or the matching of colours. An instru-
ment reading perceived by the senses underlies a judgment
about the result of the measurement, with a more or less
long chain of inferences between the reading and the result.
For instance, a researcher, observing the displacement of
an ammeter needle, records a variation of current; a string
of bubbles is perceived visually in a cloud chamber, but
the conclusion concerns the trajectory of an alpha-particle.

Perception is not usually independent in mensuration; its
true role in cognition of a quantity can only be understood
from the standpoint of the measurement process as a whole,
when thought, processing the material of observations into
concepts, recreates in the researcher’s mind a quantity that
actually exists outside it. If everything occurred differently,
it would have been impossible to extract the result of the
measurement of a quantity from an instrument reading about
the quantity measured.

Perception is thus only the starting point in the study of
quantities. Even direct measurement cannot be reduced to
‘pure’ empirical observation of certain phenomena but is
a complex cognitive process in which abstract thought plays
an essential role. In measurements of quantities reducible to
standards the fundamental significance of theoretical thought
for determining the result of the measurement is quite clear.
Let us take an example first in order to characterise the role
of thought in measurements. In this example, we would note,
it is not at all a matter of the method, which is typical of the
measurement of length, although it stresses a certain aspect
of mensuration, but rather of a kind of mental experiment.
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It is required to compare the lengths of intervals A and B
with each other, adopting the length of B as the unit of
measurement. B is laid along 4 the maximum possible
number of times (without division). It may happen that it
fits precisely ¢ times (a whole number) into A. Then the rela-
tion between the lengths of 4 and B will be A = Bg.

It usually happens, however, that an interval R remains
over, whose length is smaller than that of B; in symbolic form
we have A = Bq + R. The same operation can be performed
with intervals B and R, R and R,, R, and R,, and so on, and
we obtain a series of equations:

B=Rq;+ Ry,
R = Ryq,+ Ry,

Rn—z = Rn—iQn + Rm

where q, q;, 95, . . .q, are integers, and R, R,, R,, ..., R,
are decreasing lengths of the corresponding remainders.

In practice, there will be always n for which R, = 0;
then R,_; will be the common measure of the lengths of two
intervals (commensurate intervals the ratio of whose lengths
is expressed by a finite continued fraction). But there may
also be incommensurate intervals (as is proved in geometry),
i.e. which have no common measure of their lengths.

In the last case the ratio A/B can be expanded into an
infinite continued fraction:

(

A 1
B9t 1 1
qbot
q2 qn

It can be demonstrated that this infinite continued frac-
tion is a finite irrational number, and A/B can be computed
with an arbitrary degree of accuracy by means of rational
numbers.

This well-known Euclidean algorithm interests us in
many respects. (1) It can be shown directly sensually that
the lengths of intervals are commensurate and only com-
mensurate, which is due to the existence of a threshold of
sensitivity in our sensory organs. When they are equipped
with the appropriate devices, this only increases the num-
ber of steps in the measurement; from the aspect of percep-
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tion, however, the proposition above is still valid. The nume-
rical result of measurement is therefore always directly re-
presented by a rational number. (2) It can be shown, in terms
of geometrical theory, that there are both incommensurate
and commensurate ratios of quantities. Hence, (3) the percep-
tible result of the comparison of quantities (without the
appropriate theoretical correction) is not yet an accurate
result. Generally speaking, exact ratios between (uniform)
quantities cannot be established by their directly perceptible
comparison: such a comparison yields only the preliminary
material for determining the exact ratio of quantities. (4)
Accuracy of measurement is intimately related to the con-
cept of infinity, and the incommensurate ratios only witness
to this in their own way.

Geometrical measurements are not the only ones that
need thought. Theoretical thought is an element of the meas-
urement of any physical quantity. In the next section we
shall consider the role that physical laws (the ratios of quan-
tities) play in obtaining exact measurement results. Dis-
covery of a law necessarily implies mental activity. As we
shall see later, the finding of exact expressions for the results
of measuring quantities, the simple form of which is the A/B
considered above, coincides with the discovery of laws of
nature.

Physics is thus not satisfied with individual empirical
measurements; it uses them to move towards exact knowl-
edge, generalising the empirical material and ridding
it of haphazard elements.

Since physics became established as a science (Galileo,
Kepler, Newton), its systematising factor and the most im-
portant source of its coneepts (together with experience)
has been mathematics; conversely, mathematics has grown
from physics. Mathematical ideasshape the notions and prin-
ciples of physics, and in modern physics they play a tre-
mendous heuristic role on their own. But in relation to phy-
sics mathematical abstractions acquire physical flesh, so
to say, only through measurement; on the other hand, exper-
imental observations are only raised to the level of theoret-
ical generalisation through measurement.

From this it will be clear that the concept of the connection
of mathematical abstractions (which figure in physical equa-
tions) with experimental observations, or the ‘measurement
recipes’ (as Mandelstam put it!?), are extremely important
for interpreting physical concepts. Each period in the devel-
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epment of physics and mathematics has made its contribu-
tion to analysis of this concept. Any logically formed phys-
ical theory of broad scope has its own mathematical appa-
ratus or formalism (e.g. classical formalism has numbers and
vectors, the formalism of quantum mechanics—linear ope-
rators) which corresponds to its own specific rules of the
relation between its mathematical abstractions and exper-
imental observations.

On that plane a physical concept is a kind of synthetic
result of perception and abstract cognition, the physical
concept itself being interpreted according to the specific
features of the formalism of a certain physical theory. In
this interpretation, the point of view of Niels Bohr is of
fundamental significance. He never tired of explaining that
it would have been impossible to describe real experiments
without employing concepts of classical physics that re-
present a generalisation of everyday experience.

According to him, the question of the physical meaning
of the abstractions of classical mechanics (which expresses
most clearly the epistemological and methodological features
of classical physics) did not lead to any special difficul-
ties in it (the values of the variables of its mathematical
apparatus are numerical values of physical quantities ma-
thematically expressed by these variables). In non-classical
theories matters have become more complicated. In quantum
mechanics, for instance, solution of the problem of how to
express the physical meaning of the concepts of its formal-
ism, considering observation data described in classical
concepts, has proved far from trifling. It is not the purpose
of this chapter to analyse this solution; matters relating to
it were discussed in Chapter III, but we would like to make
a comment relevant to the theme of this section.

In quantum formalism the eigenvalues of its operators
correspond to the numerical values of physical quantities
that are represented mathematically by operators. The specif-
ic nature of quantum operators and relations between them
reflects the specific nature of quantum quantities.* In order

* The uncertainty relation for position and momentum, for exam-

. . . . P_— EEY h

ple, is derived from the commutation relation P,X — XP, =—:
(where P, and X are the momentum and position operators, % is

Planck’s constant divided by 2, and i =1/ —1).
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to infer the position of an electron, say, from the observed
distribution of specks on a photographic plate, a system of
definite principles and concepts that are ‘odd’ from the stand-
point of classical physics (e.g., ‘relativity with respect to the
means of observation’, ‘probability, as the numerical meas-
ure of the potentially possible’, ‘the difference between the
potentially possible and the realised’) is required.*

On this basis appropriate conclusions about the physic-
al quantities relating to micro-particles not directly perceiv-
able are drawn from the observation data. If, for instance,
the isolated concepts of a particle’s velocity and position
employed in classical theory reflect the fact that the latter
studies the motion of macroscopic bodies, in quantum mechan-
ics the situation is quite different. The electrons in the
atom do not behave either as particles or as waves but pos-
sess particle and wave properties simultaneously: it is then
already impossible to speak of an electron’s isolated posi-
tion and velocity; it is necessary to employ new concepts
that are remote from the usual classical ones and yet con-
nected with them.

The roles of perception and abstract thought in a phys-
ical theory are thus equally important in their own way,
and this comes out quite definitely in the measurement of
physical quantities.

In summing up, we would like to stress that both sensory
perception and abstract thought have a place in mensuration,
or rather the dialectical unity of the two.

5

Laws of Nature and Measurement.
Indirect Measurement

In practice the process of indirect measurement is clear:
quantities connected with the measured one through a cer-
tain mathematically expressed dependence (relation) are
measured directly, and the value of the measured quantity
is determined from the dependence. But what is the funda-

* The considerable theoretical significance of ‘new primary con-
cepts’ in quantum mechanics was noted by Fock, who gave a rough
list of them (V. A. Fock. Comments on Bo¥|r’s Paper About His Dis-
cussions with Einstein. Uspekhi fizicheskikh nauk, 1958, 66, 4: 599-600.
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mental basis of this form of measurement? That is to say,
of the measurement which, as noted above, removes the limi-
tation of direct measurement and makes possible progress
of scientific cognition? In particular, what is the unit in
indirect measurement? Analysis of these questions is the
theme of this section.

Let us note to start with that metrological direct meas-
urement is indirect measurement in its formal content.
Indeed, metrologically accurate measurement of a quantity
is a measurement that can be reduced to ideal standards
and instruments and to ideal conditions; and such reduction
implies the use of dependences that relate the measured quan-
tity to certain other quantities. In order to get a true result
in metrological weighing, for instance, it is necessary to
introduce corrections for the loss of weight in air, to exclude
the effect of inequalities in the arms and the errors in the
weights, let alone observing the scales’ state of sensitivity
and determination of the zero point from the oscillation of
balance arm.

As regards its actual content, however, metrological direct
measurement is direct measurement, because it is not the
external circumstances in which the result is obtained that
is essential but the method, the form of obtaining it.

Metrological direct measurement isthus ideal direct meas-
urement. It is the starting point of accurate indirect meas-
urement.

Indirect measurement is not only such according to its
formal content, but also to its actual content. The heart of
the matter in ideal direct measurement is reduction to ideal
standards, instruments, and conditions; mathematical de-
pendences are only used to introduce ‘corrections’ into the
results, while the measurement itself can be done in princi-
ple without using them. In indirect measurement, however,
the corresponding reduction to ideal standards is only a pre-
liminary condition for obtaining the result. The very idea
of ‘corrections’ (in the sense of ideal direct measurement)
is totally alien to indirect measurement, and determination
of the measured quantity without resorting to dependences
does not make sense in principle in indirect measurement.*

* The historical precondition for the establishment of indirect
measurement in science was discovery of the internal unity and trans-
formations of various physical bodies and processes. In this respect the
years between 1819 and 1850 were typical (the work of Oersted; the
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Let us pass to the problem of the unit in indirect mea-
surements.

The equations of physics express dependences (relations)
between quantities characterising not only individual,
concrete systems and processes but also classes of systems
and motions. Although the second dependences are the most
essential, we shall begin our analysis with the first since they
represent the elementary form of the relations that physics
is dealing with.

Assume that it is possible to say, on the basis of the appro-
priate experiments, that at a pressure of one atmosphere
and a temperature of 20°C, a cubic centimetre of mercury
weighs 13.6 grammes, two cubic centimetres 27.2 g, three
cubic centimetres 40.8 g. We obtain a dependence between
the volume of mercury and its weight that is expressed by
the equation

P, =136V, (1)

where P, is the result of measuring the weight of the mercury
(in grammes), and V, is the result of measuring the volume
of mercury in cubic centimetres.

If the weight and the volume of mercury were measured,
respectively, in any other units differing from the gramme
and cubic centimetre, it could be demonstrated that the
structure of all the corresponding equations would not differ
from that of equation (1). In the symbolic form we have

P=kv, 2)

where P is the weight of the mercury, V is its volume
expressed in units which are not quantitatively specified,
and k& is a proportionality factor that depends on the
choice of the units of weight and volume.

Equation (2) can also be written as follows:

P[P]=kV[V], @)

where [P] and [V] are the units of measurement of weight
and volume, respectively. Since % is the result of dividing

discovery of thermal electricity; the work of Ampére; the discovery
of electromagnetic induction and of the law of the conservation of
energy). On this basis the so-called absolute system of Gaussian and
Weberian units emerged, which became the cornerstone of the theory
of indirect measurement.
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P by V, we can denote it by

.
k=57

Let us divide the numerical value of 2 by the numerical va-
lue of V and introduce a symbol [P/V]; then

e=(7)[+] @

Equation (4) can be interpreted as follows: the propor-
tionality factor k is a certain quantity whose numerical value

is (%) , and the measurement unit is l—-i,i]

In general (as is illustrated by our example), the value
of the proportionality factor is always associated with the
unit of measurement, which differs from the units of quanti-
ties that are measured directly in its mediated nature; it
depends on the units of other quantities (which figure in the
equation), and is characterised by a structure with respect
to those units. The proportionality factor accordingly func-
tions as the embodiment of the dependence (relation) between
the quantities.

In a single equation the proportionality factor is a deriva-
tive of the other (primary) quantities. The importance of the
concepts of the proportionality factor, dependent and inde-
pendent units, and a derivative comes out quite clearly when
we pass from single equations to systems of equations and
to a system of systems of equations, i.e. to a physical theory.

The modern physical theories are usually logically closed
systems of principles and basic concepts in accordance with
the axiomatic method of their construction.* From this posi-
tion the concepts of basic and derivative quantities are legit-
imate since the first are defined (indirectly) in terms of the
theory’s system of principles (in classical mechanics, for
instance, in terms of Newton’s axioms of motion; in thermo-
dynamics in terms of its two principles), while the second
are derived when the axioms are employed in concrete situa-

* Some theories (e.g. classical or quantum mechanics) are logically
closed systems; others (e.g. the theory of elementary particles) are
only being logically constructed. Matters of the connection between
logically closed and open theories, and of the trends in modern phys-
ics toward a logically whole system of theories are not discussed in
this chapter.
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tions from the sphere of phenomena that is covered (or should
be covered) by the given theory (and its system of axioms).

From this the’concepts of basic and derivative units emerge,
as units of measurement of the corresponding basic and deri-
vative quantities, respectively, that characterise a certain
sphere of phenomena, and also the concept of a system of
units that includes the basic units (as the basis of the system)
and the derivative units. The metric system was a system
of units for measuring geometrical quantities; but the first
developed expression of a system of units for measuring
physical quantities was the Gaussian and Weberian system
of absolute units mentioned above.

How do things stand with basic quantities and, correspond-
ingly, with the basic units, in non-classical theories? The
approach to solving the problems arising is ultimately deter-
mined by the fact that (1) classical mechanics is the limiting
case of relativistic mechanics (when ¢ — oo, where ¢ is the
velocity of light) and the limiting case of quantum mecha-
nics (when h — 0, where & is Planck’s constant); and (2) non-
classical theories cannot avoid using classical concepts in
measurement, which are relativised in appropriate fashion.*

Thus, the sphere of both the theory of relativity and quan-
tum mechanics includes classical basic quantities, but as
approximate quantities (with respect to classical ones),
with an accuracy determined by ¢ and & as fundamental quan-
tities of the theory of relativity and quantum mechanics,
respectively. As for the basic units of measurement in these
theories, we shall consider them below in connection with
analysis of so-called dimensionless quantities.

But let us return to basic and derivative units.

By making use of axioms and the more complex dependen-
ces consistently obtained from them (which determine the
equations) we can link the basic and derivate units by similar
dependences, the proportionality factors being taken as uni-
ty. Dimensional theory is concerned with problems of this
kind.?® Its fundamental concepts include dimensionality,
which shows how the derivative unit is linked with the basic
ones. In classical mechanics (with its basic quantities of
length I, mass m and time ¢ and the basic units [L], [M],

* We use term ‘relativised classical concepts’ (in the broad sense
of the term ‘relativised’) to denote the analogues of the classical con-
cepts in non-classical theories that are governed by the principles of
these theories.
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[T] corresponding to these quantities), for example, the
dimensional formula for all units of derivative quantities
has the form of an exponential monomial L' M™ T,

This form of dimensional formula is determined by the
following condition, as dimensional theory demonstrates:
the ratio of two numerical values of any derivative quantity
is invariant in relation to the choice of dimensions for the
basic units. The use of dimensional analysis is based on this
invariance principle: the validity of physical equations can
be checked by the dimensional formula and, in the appro-
priate conditions, the law governing one physical phenome-
non or another determined. In this respect this invariance
principle has the same heuristic value for establishing
the laws of phenomena as other, deeper principles of invar-
iance.

A dimensional formula can serve as the definition of a
derivative quantity in a logically closed classical theory.
This method of defining a quantity or, on a broader scale,
of defining a quantity by specifying the method of measuring
it, is common in classical physics. Bridgman unjustifiably
turned it into a certain philosophical principle (the opera-
tional method of definition) that supposedly embraced the
whole of physics, but as Born correctly noted, this method
of definition is limited to classical physics.2!

Now let us consider how many basic units there should
be in a system of units and what their nature should be. The
answer, it would seem, follows from the exposition above:
the number and nature of the basic units are determined by
the number and the nature of the basic quantities, i.e. by
the system of units that forms the foundation of a theory.
There are many systems, however, differing both in the num-
ber and nature of their basic units.?? In general, there is a
common point of view in the literature that the number of
basic units is arbitrary and can be increased or decreased.??
On the other hand, there is also the view that it would be
more useful to discard systems of units (it is supported, for
instance, by the physicist Robert Pohl).

In order to get an understanding of all this, let us first
consider some examples. As we have already mentioned,
there are three basic quantities in classical mechanics in
accordance with Newton’s axioms of motion: length I, mass
m, and time ¢, with the units [L], [M], and [T], respectively.
When Newton’s axioms are extended (or generalised) to
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include (weak) gravitational fields, and certain observation
data are taken into account,* we obtain Newton’s gravita-
tional theory, with the law of universal gravitation in which
a dimensional constant y appears that does not come into
the equations of mechanics (it is called the universal gravi-
tational constant, and its value is determined experimental-
ly).**

Thus, in Newton’s theory of gravitation, the basic quan-
tities known from classical mechanics are supplemented by
the universal gravitational constant. '

The gravitational constant y makes it possible to ‘rid’ the
LMT system of units of the basic unit [M]. To this end, we
take [y] as unity, in other words, use the equation [y] =
= [L3M-T-?]. Hence we obtain [M] = [L3T-?], i.e. the
formula of dimensionality of the mass unit in the unit
system LT.

This unit system is natural in the problems in which the
gravitational force is taken into account. Besides, in this
case it is not that the basic unit [M] is ‘removed’ {rom the
unit system LMT, but this system is transformed into the
system of units y LT in which [y] is considered as a dimen-
sionless unit.

Another example. When the axioms of motion of classical
mechanics are extended to include electromagnetic phenom-
ena (taking into account such data as the results of the
Michelson-Morley experiment, etc.), we get the equations
of the special theory of relativity, containing the univer-
sal constant c—the velocity of light irn vacuo. It makes it
possible to get rid of the basic unit of time. For that, the
constant ¢ is regarded as a dimensionless unit, and after
a certain argument the conclusion is reached that the time
during which light travels a unit of length in vacuo should
be taken as the unit of time. In several branches of physics
and astronomy dealing with phenomena in which the veloc-
ity of light in vacuo is essential this unit of time (with the
dimension [L]) is more natural than the second, the defini-
tion of which is based on the Earth’s rotation around its
axis. In this example it can also be shown that it is not so

* Extensive observations of the planets’ motion were generalised
by Kepler in the form of the laws known by his; name (1609-1619).

** There is a qualitative difference between gravitation and all
other forces since the gravitational acceleration of a body is indepen-
dent of its mass.
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much that one basic dimensional unit is ‘removed’ from the
system of units as that another dimensionless unit is ‘substi-
tuted’ for it.

Asalast example in our argument let us consider the Inter-
national System of Units (denoted as S7), adopted in 1960
by the International Committee of Weights and Measures.
There are six basic units forming its foundation: length
(metre), mass (kilogram), time (second), electric current
(ampere), thermodynamic temperature (Kelvin), luminous
intensity (candela). By establishing uniformity in the units
of measurement, it covers all spheres of pure and applied
science, linking measurements of mechanical, electrical,
thermal, and other quantities, and taking their specificity
into account. From the angle of their practical application
it is very convenient. On the other hand, for certain areas
of measurement, and for theoretical analysis if one has in
mind their special features, other systems of units prove to
be convenient (as was briefly mentioned above).

Thus, by generalising the material cited and other mate-
rial like it we reach the following conclusions: (1) the num-
ber and nature of basic (dimensional) units is adequate,
generally speaking, to the number and nature of the basic
quantities, but in certain theoretical and practical condi-
tions such correspondence is not necessary; systems of units
are possible only on the basis of the laws appertaining to
certain spheres of phenomena, and the connection between
them reflects on the logical plane (or should reflect) the con-
nection between the spheres of natural phenomena belong-
ing to them; (2) the basic units of a system may include
both dimensional and dimensionless units; the number of
dimensional and dimensionless basic units equals the num-
ber of basic quantities in a given theory (excluding univer-
sal constants); (3) the different systems of units (in the sense
of the number and nature of the basic units) correspond
to different classes of dimensional and dimensionless quanti-
ties,* with the possibility of quantities’ changing their
dimensions or non-dimensionality in passing from one sys-
tem to another; (4) there is no predominant system of (di-

* Quantities whose numerical values depend on the dimensions
of the basic units are called dimensional. Quantities whose numerical
values do not depend on the dimensions of the basic units are called
dimensionless or non-dimensional; non-dimensionality is one of the
simplest forms of invariance. )
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mensional) units; all possible systems of (dimensional) units
are equivalent in measurement but that does not mean that
choice of the system for actual use is independent of the
conditions of the mensuration.

In the context of these conclusions let us consider the
so-called natural system of units. The father of the idea of
this system, Max Planck, was interested, above all, in get-
ting rid of the special features of those concrete bodies and
phenomena that form the basis of the modern system of measu-
rement units and measures, i.e. in eliminating the arbitrary
and random elements that are to some extent inevitable in the
modern system of measurement. Planck continued the work
of the authors of the metric system in the conditions of twen-
tieth century science. His natural units are based on four
universal constants: the velocity of light ir vacuo, the gravi-
tational constant, the quantum of action, and Boltzmann’s
constant; these should, in his opinion, be preserved for all
times and all extraterrestrial and extrahuman cultures,
as long as the laws of nature determining these universal
constants remained invariable.

In Planck’s single natural system of units the randomness
that is inevitable when physical realities are taken as stand-
ards of measurement is, reduced almost to nothing. The
role of standards in this system is fulfilled by the universal
laws of nature. These laws become ideal standards in the
fullest sense of the term, while the concept of dimensionality
itself disappears, which is the great significance in principle
of Planck’s natural system for the problematics of mensura-
tion. But the system itself is inconvenient to use either for
molecular or atomic phenomena (let alone macroscopic ones),
because of the smallness of the units for length, time and
mass.

The main drawback of Planck’s system in principle is that
the introduction of such a unified system of natural units
opens no perspectives for physical theories: in quantum
mechanics, for instance, the construction of units on the
basis of gravitational constant, the velocity of light and
Boltzmann’s constant is unnatural since they play no im-
portant role in the phenomena studied by it.

In this case the natural unit systems for individual physi-
cal theories that have appeared since Planck’s system are
more promising. The point is that the laws of nature are not
invariant with respect to the change of scale of certain do-
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mains of physical phenomena, and the universal constants
now known are on the boundaries of these domains; for
example, the laws of classical mechanics are applicable
in a domain in which velocities are small compared with
the velocity of light in vacuo, and effects are large in compar-
ison with Planck’s constant. This corresponds to the fact
that, in (non-relativistic) quantum mechanics, classical elec-
trodynamics, and quantum electrodynamics, say, there are
their own natural systems of units. For quantum mechanics,
for instance, the basic units are Planck’s constant %, electron
charge e (or rather its square), and electron mass m,; the
length scale here, in particular, is Bohr’s atomic radius

2
— while the velocity scale is the atomic unit of
0

T'p
velocity %; (h: Ehﬁ-) . Use of these systems has its theoret-

ical and practical advantages, which have been discussed
in the physical literature.?*

Is the perspective of ‘dimensionless physics’ broader
in any sense? It is still difficult to answer. As yet relativ-
istic quantum mechanics (in which . and ¢ play an important
role) does not exist as a logically closed theory. There are
no logical:bridges between Einstein’s gravitational theory
and quantum theory. Synthetic theories of this kind are
knocking on the doors of contemporary physics. Their crea-
tion would possibly mean the discovery of universal constants
as yet unknown, and appearance of new basic concepts and
principles that might include qualitatively new notions about
the most profound properties of space and time.

Questions like this are on the boundary of modern physi-
cal knowledge, and only assumptions of one kind or another
are possible at present. At the same time there is no doubt
that the explanation of ‘universal non-dimensionals’ em-
bodying the most fundamental foundations of modern’ physics
is not to be found in its known theories but at a deeper level.

To conclude this section, let us return to the questions
of measurement that are met in present-day physical lite-
rature.

It was noted above that the concept of measurement im-
plies acceptance of the idea that measurement does not alter
the properties of the object measured, that there are suf-
ficiently constant bodies (solids) and sufficiently constant
processes to serve as the appropriate standards. All these
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features are inconceivable if one ignores classical physics
and (a) its understanding of moving matter as an aggregate
of moving particles, and space and time as receptacles of
changing bodies of various degrees of complexity, and (b)
its methods of cognising nature. Classical physics did not so
much find the basis for and explain the properties of the hard-
ness of bodies, and the stability of atoms, and interpret the
properties of motion, space, and time in a definite way, as
simply accepted them as experimental data.

Non-classical physical theories have already found the
basis for such an understanding and explanation of the exist-
ence of properties and relations postulated by classical theo-
ries. Quantum theory, for instance, on the basis of‘knowledge
of the properties of electromagnetic interactions has dem-
onstrated the stability of the atom as an electromagnetic
system, i.e. the stability of atoms has been explained by
laws of nature. Atomic dimensions and energies have been
determined and explained on this basis, and the quantum-
mechanical description of atomic properties led in turn to
understanding of a host of characteristics of matter, and
of the constants on which so much empirical data had been
collected in classical physics.2®

All this was expressed by G. Chew in his comments on
Wick’s paper The Extension of Measurement®® presented at
the jubilee meeting devoted to the 400th anniversary of the
birth of Galileo, in the following way: ‘if there were no elec-
tromagnetic interactions but only short-range interactions,
it seems unlikely that matter would assume the required
sort of configuration.’?? According to Chew, if the interaction
between the measuring instrument and the object were nu-
clear rather than electromagnetic, it would not be at all
obvious that the measurement would retain its meaning,
because ‘the measurement notion depends on the possibility
that when one system is looking at another system it does
not completely change its nature’.2®

Many other physicists spoke in the discussion on Wick's
paper. Without going into its details, let us refer to the com-
ments of Wheeler and Feynman.

In Wheeler’s opinion, when measurements are made there
is the fact that the observer is spatially separated from the
object looked at, ‘but in the case of a closed universe, we
have no platform on which to stand to look at the universe—
there is no place on the outside to poke it from’,?® i.e. we
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have no observation point from which the universe could be
considered as an external object. He, therefore, put a num-
ber of questions; he asked whether or not it meant that
‘the whole character of physics is different when we look
at the u(:niverse as a whole than when we look at a part
of it...’.?

Feynman raised objections to Chew’s remarks: ‘I do not
see any sense whatever in discussing how measurements might
look if there were no electromagnetic interactions. On the
other hand, it is perfectly clear that when we learn more
about strong interactions we may find that our concepts of
physics, of philosophical bases of physics, just as many times
before, have been changed, may be changed in such a way
that ideas of measurement are in fact altered.’s!

It would seem that Feynman was much closer to the
truth than Chew. His argument about measurement fol-
lowed the line of development of scientific cognition: from
absence of knowledge to its existence, and from shallow
knowledge to deeper knowledge. All physical knowledge
about nature and its laws is found, in the final analysis,
from experimental material and the readings of measuring
instruments, which (data) are described in the language of
classical concepts. This was shown with extreme clarity
by Bohr when he studied measurement in quantum mechan-
ics. A physical theory, however, that reflects the phenome-
na of nature and their regular connections is not a set of
instrument readings or a set of some sort of formal equations,
but, as already established, a combination of these parts
in some higher synthesis, which, as a matter of fact, is the
only one that can be called a physical theory. Every funda-
mental (closed) theory, in particular, has its own rules
linking its formalism and instrument readings: quantum
mechanics enunciated this most convincingly for the first
time in history. It is necessary, of course, to find not only
the formalism (without which there is no theory in physics)
but also the rules of its connection with the experimental
data (without which there can be no physical theory), and
such a successful search is the constructing of a physical
theory.

Problems of this kind are resolved by the development
of physics as a science; the problematics of measurement are
a part of them. In this respect modern physics provides
excellent material.
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The same considerations apply to the problems of measure-
ment posed by Wheeler. The progress of modern astrophys-
ics, which studies stars, galaxies, and the Universe in gener-
al in their change and development, and not from a static
point of view, as was the case before the 1940s, can be taken
to provide concrete answers to these questions. We have
in mind the new element in the understanding of measure-
ment, which is inseparable from solution of problems and
study of phenomena that have been still unexplained in
the conditions of the twentieth century revolution in astron-
omy (the discovery of quasars, pulsars, etc.), rather than
general formulations of ‘answers’.

Modern astrophysics is closely related to the modern theo-
ry of elementary particles, and not just because it has been
recognised that nuclear reactions are the source of stellar
energy. These two leading spheres of modern physical science
are also connected methodologically. The problem of
the formation of a quantum of electric charge, of the spect-
rum of masses and charges of the elementary particles now
known, and why they, and not other particles exist, ques-
tions that even now lack theoretical interpretation, fall
within the competence of both disciplines. And does the idea
that the existence of each elementary particle cannot be
independent of the existence of each and all of the other
elementary particles, which figures in the modern theory
of strong interactions, have nothing to do with Wheeler’s
questions?

All these issues relate to the problem of measurement in
various modern physical theories. Our job, however, was
not to analyse it (in any sense thoroughly), or not even to
analyse the formulation of the problem but to stress the
fact that the problem of measurement becomes meaningful
only when it is considered as an inalienable part of theory (in
accordance with the concreteness of the theory and its cover-
age of reality). As a theory arises and is built, acquiring
a certain shape, the problem of measurement becomes deeper
and more meaningful in it.

This has been concretely established by quantum mechan-
ics in its own sphere, and in this respect it can serve as a
sort of prototype for other fundamental theories of non-
classical physics, including those being developed. The
next two sections of this chapter will be devoted to the prob-
lem of measurement in quantum mechanics.
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6

The Concept of Measurement in Quantum
Mechanies

In this section we shall consider only what is most typical
on the plane of the problem raised.

The classical interpretation of measurement is both the
starting point (the recording of macroscopic parameters) and
the finish (the experimental checking of physical statements)
of the description of experimental data in the theory of rela-
tivity and in quantum theory, but the measurement data are
comprehended in these theories in their own way, in accor-
dance with what distinguishes non-classical theories quali-
tatively from classical physics. In what follows we shall be
concerned with the influence of quantum ideas, which express
the spirit of modern physics most clearly, on understanding
of the essence of measurement; we shall not discuss rela-
tivistic ideas here.

The idea that the effect of measurement (the measuring
instrument) on the object measured cannot be reduced to
zero is most characteristic for a quantum interpretation of
measurement. This idea constitutes the main content of
the uncertainty relation (principle), which is frequently
formulated as follows: the greater the accuracy in determin-
ing a particle’s position the smaller is the accuracy in deter-
mining its momentum, and conversely. There is also another
interpretation: namely, that measurement puts the object
into a new state, some of the influence exerted by the instru-
ment on it remaining in principle indeterminable.

A number of philosophical questions thus arise if we have
in mind that measurement provides information about
a quantity. It can be assumed, for instance, that the opera-
tion of obtaining information about an object alters the
object itself in a way that is indeterminable in principle;
such an assertion, however, sounds more than strange from
the standpoint of science. Some, it is true, consider that an
object has less reality from the quantum-mechanical aspect
than the measuring instrument, or that it exists only in
coordination with the instrument. We analysed these notions
in Chapter Il and shall not dwell on them here.

It can also be assumed that the act of obtaining informa-
tion about an object cancels out the previous information
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about it, and that this is stated in quantum mechanics in
the language of the wave function; the latter as it were repres-
ents a record of information about the object’s state, and
measurement simply means the observer’s revision of the
information about the object.

Such a seemingly reasonable interpretation of the uncer-
tainty relation is also unacceptable for science: according
to it, a physical equation containing the universal constant
h describes only the observer’s knowledge about material
realities, rather than the realities themselves. The term ‘in-
formation’ can, of course, be given the meaning it has in
information theory. There is nothing, in general, against
that, but it would be wrong to think that it solves the prob-
lem of measurement in quantum mechanics, the more so
since Planck’s constant 2 (which underlies the uncertain-
ties of measurement in quantum mechanics) and Boltzmann’s
constant & (which plays a fundamental role in its own way
in information theory) cannot be reduced to one another.
Or rather, the fact that measurement yields information
about a quantity does not mean at all that the theory of
measurement should be a special case of information theory,
just as the analogy between the processes of translation and
radiation does not mean at all that the theory of radiation
is a special case of the theory of coding.%?

So, what is measurement in quantum mechanics? Let
us note first that quantum mechanics deals with the measu-
rement of quantities characterising the motion (behaviour) of
electrons and in general of micro-objects. Only in some
cases can their motion be regarded roughly as the motion of
‘classical’ particles or propagation of ‘classical’ waves;
in no experiment, however, do micro-objects behave exactly
like the particles and waves, that classical physics is con-
cerned with. To take an extreme case, micro-objects behave
as particles in some conditions of observation, and in others
as waves. It is the job of quantum mechanics to study the
laws and properties of this motion. Questions about the var-
ious types of charge, rest masses, and other parameters char-
acterising the electron and other elementary particles do
not come within its province.*

* Quantum electrodynamics and quantum field theory (the theory
of elementary particles) have their f)roblems related in one way or
another to measurement, but we shall not go into them.
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Issues relating to measurement once posed and solved in
classical theory have been continued and generalised in a
way in the problem of measurement in quantum mechanics.
They are, primarily, points about the frame of reference and
relativity and absoluteness (invariance). In classical mechan-
ics physical systems in which the law of inertia holds and
the concept of relativity in relation to an inertial reference
frame is introduced become the frames of reference.* In
Einstein’s relativistic mechanics the concepts of the frame
of reference and relativity were developed further.

The concepts of frame of reference and relativity in quan-
tum mechanics are being broadly and essentially developed
today in physics. In this theory, atomic phenomena cannot
be separated, in their description, from the conditions in
which they are observed. The means of observation (the
measuring instruments) become frames of reference in it
and accordingly the concept of relativity in respect to the
means of observation is introduced, which is alien to classi-
cal physics (and to Einstein’s theory).**

Let us consider the quantum-mechanical concept of
measurement in greater detail, taking the example of electron
diffraction. Let an electron beam pass through a crystal
and the electrons hitting the screen cause scintillations that
in the aggregate produce a diffraction pattern. This pattern
reflects the statistics of electron behaviour. From the distri-
bution of diffraction maxima it is possible to determine the
clectron’s wavelength and therefore its momentum before
passing through the crystal, i.e. to determine the quantities
that describe electron motion when it is in the state of de
Broglie's plane wave. The presence of scintillations indicates
that the electron, having passed through the crystal, is in the
state of a narrow wave packet, i.e. has a definite position
and an indefinite momentum.

* In classical mechanics frames of reference are connected with
Galileo’s transformation; in it, accordingly, relative quantities (e.g.
momentum), whose numerical values change in passing from one frame
of reference to another, figure, and also absolute (invariant) quantities,
whose numerical values do not change in such a transition (they in-
clude, for example, the duration of an event).

** This concept was first introduced implicitly by Bohr, who
made a deep analysis of the essence, of measurement in quantum me-
chanics. In its explicit form it was formulated by Fock, who developed
Bohr’s ideas and refined them. (See V. A. Fock. Kvantovaya fizika i
stroyenie materii (Quantum Physics and the Structure of Matter) Le-
ningrad University Publishers, 1965.)
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In this example the electron gun creates conditions in
which the electron exists in the state of a plane wave; the
crystal engenders conditions in which the electron exists
in the state of a wave packet; in that sense one can call the
electron gun and the crystal state-preparing devices, or
preparatory devices.

This example illustrates, in particular, that the state of
an object is something objectively real that exists indepen-
dently of whether the property of the object is recorded or
not (in our example, whether or not the electrons hit the
screen). In other words, the phenomena reflected by quantum
mechanics do not depend on any observation of them; as
Bohr remarked, ‘the decisive point is that in neither case
does the appropriate widening of our conceptual framework
[the point in question is the concept of complementarity
as compared. to classical concepts.—M.0.] imply any appeal
to the observing subject, which would hinder unambiguous
communication of experience’.?3

*® * *

Schrédinger’s paradox about the cat that was discussed in
the physical literature of the 1930s is of interest in connection
with these questions. The interpretation of the wave function
as the record of the observer’s information about the possible
results of the experiments relating to microscopic phenome-
na served as the condition of the paradox’s appearance.
Schriodinger talked about a cat that wasin a chamber togeth-
er with the following device, namely a Geiger counter
containing such a small amount of radioactive substance
that not more than one atom decayed per hour. The counter
registered a decay and operated a little hammer that broke
an ampoule of prussic acid.

The observer had to consider, from the standpoint of the
above interpretation of the wave function (and this is where
the paradox lies) that the chamber accommodated in equal
degree both a living and a dead cat. This allegedly followed
from the superposition of quantum states P = c;P; + ¢y P,,
where 1 describes the state of the whole system, 1, is the
state of the living cat (the counter is at rest), ¥, is the state of
the dead cat (the counter triggered).

What then is the solution of the paradox? In the view of
consistent positivists, the paradox arises because the com-
monsense point of view is ascribed to quantum mechanics
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by which its laws and concepts have objective meaning;
in reality, however, the positivists argue, the laws of quan-
tum mechanics connect initial conditions accessible to obser-
vation with the results observed. And it is meaningless to
go further. The absurdity of the statement about the cat that
it is half dead and half alive, in fact demonstrates that the
situation is seemingly just that—senseless.

According to the seemingly contrary view of Kovalchuk
and Lomsadze there is a paradox only ‘if the quantum-theo-
retical state, in this case that of the cat, is interpreted not as
the observer’s information about the cat’s objective charac-
teristics but as its certain objective characteristics’. From
the angle of this interpretation, the 1p-function of the whole
system means that ‘objectively the cat is either alive or
dead’, but ‘the observer does not know as yet whether it is
alive or dead’.3* Without going into the authors’ considera-
tions, let us simply note that such an interpretation contra-
dicts quantum mechanics since in this case the authors
mistakenly identify the ‘uncertainty’ andj ‘lack of know-
ledge’. In"general, the view that ‘the state of a micro-particle
should be understood not as an objective characteristic of
this particle but as the observer’s information about its objec-
tive characteristics’ means essentially that the classical con-
cept of a particle is absolute and cannot be replaced by any
other.

We shall not cite other similar interpretations that alleg-
edly make it possible to avoid Schrédinger’s paradox. It
seems to us that all of them, and the paradox itself, rest,
as Heisenberg aptly said, ‘on careless formulations in the
early quantum-theoretical literature’ that rightly needed
correction.%®

The paradox of the cat arose because in the relevant argu-
ment the cat, in a quite illegitimate manner, was likened
to a micro-particle with properties that are odd from the
classical point of view (the concept of quantum state was
applied to the cat), because the behaviour of a microparticle
was described in concepts of classical theory without being
revised on the basis of quantum-mechanical laws. Schro-
dinger’s paradox, regardless of its author’s intentions,
indicates, in its own way, that classical and quantum con-
cepts are not identical, that so as to describe the motion of
micro-objects, classical concepts are replaced by more gen-
eral and meaningful ones in which they constitute the lim-
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iting case. To put it bluntly, quantum mechanics is by no
means the best method to solve whether the cat is alive or
dead.

Schrédinger’s paradox and others like it have again be-
come fashionable of late in the literature on philosophical as-
pects of quantum physics, in which one observes ‘a turning
of the tide’, as the philosopher Max Bunge put it. In this
case Bunge had in mind the trend against positivist and
similar views in physics which is now supported by well-
known West European and American scientists and philos-
ophers.38

For our part, we would note that there is also a strong
antidialectical tendency in this ‘turning of the tide’, the
clearly expressed desire to return to ‘good old’ classical
ideas and schemes that we have already touched on in Chap-
ter 11.37 We cited Heisenberg’s statement above, when he
raised objections to contemporary opponents of comple-
mentarity principle and noted that their critical remarks
can be justly applied to careless (rachlissige) formulations
of the old (and not of the current) quantum-mechanical
literature.3® We should like to add that it is because the
terminology and reasoning in the complementarity princi-
ple have now been made more precise, and the logical formu-
lations further developed (compared with the literature of
the thirties and forties), that the famous paradoxes, which
arc being discussed again by present-day opponents of the
complementarity principle, were long ago resolved.

Something similar can be seen in the present-day Marxist
literature on the philosophical aspects of physics. Recent
publications of Blokhintsev’s on the fundamental issues of
quantum mechanics have in essence gravitated towards the
trend in the modern philosophical and physical thought
that Bunge referred to so figuratively.3® In this connection,
let us consider his ideas very briefly.

Blokhintsev presents his point of view as if the philosophi-
cal problems of quantum mechanics, discussed since this
thecory was created, are now considered on the same level
as in the forties, and as if study of them has allegedly made
no advance as regards the depth and the consistency of the
analysis (in particular, his publications make no mention
of the fact that through the combined efforts of physicists
and Marxist philosophers certain results have been achieved
in this direction during the past two decades). He even ignores
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(let alone analyses) the present-day interpretation of the wave
function and other very important concepts of quantum
mechanics developed from the angle of a refined and further
developed idea of complementarity (the wave function as
a reflection of potential possibilities of the interaction be-
tween the measuring instrument and the micro-object; the
concept of relativity with respect to the means of observa-
tion). Blokhintsev, avoiding all this, puts forward another
interpretation of quantum mechanics than the conception
of complementarity.

In Einstein’s discussion with Niels Bohr, Bohr, of course,
was right, although his argument cannot be considered con-
sistently materialist philosophically. In Blokhintsev’s view
‘it is important that this discussion gave grounds for inter-
preting the wave function as the observer’s “notebook™’.4

Is this statement of Blokhintsev’s correct? If Bohr was
right as a physicist in his argument with Einstein (because
it became clear that the state of an object may change even
when there is no explicit interference by any measuring in-
strument), the task was tocomprehend this fact logically and
epistemologically, without positivist ‘additions’ about the
decisive role of the observer, or about the wave function
providing information on the possible results of the experi-
ment (instead of an objective description). It was just this
that was resolved as a result of refining and critically rework-
ing and developing Bohr's ideas. Blokhintsev, as we have
already noted, followed a different path, and suggested a
(in his opinion) more progressive theory for understanding
measurement in quantum mechanics.** It is the right of
any scientist to do that, but Blokhintsev’s opponents also
have the right to ask him why he bypassed the present-day
development of the conception of complementarity, which
had in fact freed it of just those philosophical shortcomings
which Blokhintsev wants to eliminate from quantum me-
chanics from the standpoint of the conception of complemen-
tarity.

If we summarise Blokhintsev'’s view on the questions posed
here, it boils down, in his own words, to the following.
Quantum mechanics studies microsystems p in a certain
macroscopic situation 9. This sitvation can be broken down
into two parts: one dictates the conditions of the micro-
system’s motion (determines its state); the other is macro-
scopically unstable, and a micro-particle can produce a mac-
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roscopic phenomenon in it. Repetition (i.e. reproduction)
of identical sets M + p forms a quantum ensemble.?

We refrain from presenting the other considerations and
details of his theory, and would simply make two comments.

(1) In Blokhintsev's theory these ‘interactions’ that in-
clude the ‘interaction of the microsystem and the measuring
instrument’ are force ones; in general, he does not even men-
tion the non-force interaction. We would be justified to say
that, in fact, according to him, quantum-physical concepts
are not specific in character. Even though he recognises the
unity of the particle and wave properties of the micro-
objects, he accepts it simply as a pure, empirical fact that
actually proves to be outside the sphere of the mathematical
and logical apparatus of quantum mechanics. In other words,
Blokhintsev does not, in essence, accept quantum-physical
concepts (e.g. relativity with respect to the means of observa-
tion) that represent a step forward in cognition of the motion
of matter, compared with classical physical concepts, and
consequently also leaves out the dialectical transition from
the latter concepts to quantum-physical ones.

(2) The measured'micro-object, of course, affects the meas-
uring instrument; without that we would know nothing
about it (without the necessary cascade process in a cloud
chamber, it would be impossible to observe the track of a
particle moving in it). But does quantum mechanics study
this action of the micro-object on the measuring instrument?
If one sticks consistently to this point of view, classical me-
chanics studies not the motion of, say, a bullet but the
holes made by it in a target, and so on. Blokhintsev’s corres-
ponding statements, it seems to us, rather resemble the as-
sertions that neither particle nor wave are absolute concepts,
and that in quantum mechanics one cannot do without con-
cepts unknown to classical theory, but in his statements the
distinguishing quantum features and the very quantum con-
tent disappear.

* x %

Let us return to the problem of the measuring instrument.
It is quite essential to remember that it is necessary, in
order to learn about the properties of a micro-object, to use
a measuring instrument that combines a device preparing
the state of the micro-object and a recording device provid-
ing data allowing us to form an opinion about the micro-
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object’s properties. From this angle the measuring instru-
ment is both a preparing device and a recording device
united in a single whole. Measurement includes both prepara-
tion of a state and recording in the sense above.

The recording device cannot fail, in accordance with its
function, to be a classical object (system), i.e. a real object
(system) such that use of it for measurement implies the
existence of conditions making it possible to neglect the
quantum properties. It follows from this that the preparing
device also cannot fail to be a classical object (system).
Therefore, from the quantum-mechanical standpoint, there
cannot be a single device that puts the object into the state,
say, of a plane wave and at the same time of a wave packet.
There can be only two mutually exclusive types of device for
preparing the appropriate states of the object (or realising
the conditions for complementary phenomena: the comple-
mentarity principle). This is determined by the dual corpus-
cular-wave nature of the micro-objects.

Now let us pass to some conclusions about measurement
in quantum mechanics.

Measurement does not create physical properties in either
classical or quantum theory. It serves cognitive and practi-
cal purposes and provides information about the objects
being studied in accordance with the principles of the respec-
tive theory. The electron, before passing through a crystal
lattice, is in a state with a certain momentum (and an un-
certain position)*; after passing through the crystal it proves
to be in a state characterised by a certain position (and
uncertain momentum). Measurement alters the state of the
micro-object; the wave function that characterises its state
describes potential possibilities, which are converted into
reality in certain conditions realised by the instrument, and
this transition occurs in measurement.

The change of an object’s state under the effect of mea-
surement thus does not result from a force (physical) effect on
the object, like a gravitational or electromagnetic effect.
The basis of the effect of measurement on the state of a micro-
object, and the non-force character of this effect,** consist

* The ‘uncertain’ quantity has only a distribution of probabili-
ties.

** On the non-force interaction or effect see V. A. Fock. Comments

on Albert Einstein’s Creative Autobiography. Uspekhi fizicheskikh

nauk, 1956, 59, 1: 116. The non-force effect is closely associated with
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directly in the particle-wave nature of the micro-object.
There is no uncontrollable interaction between the micro-
object and the instrument that can be considered the basis
of a change in the micro-object’s state.

The change of quantum state under the impact of mea-
surement resembles the change of a body’s mechanical state
in classical theory when the transition is made from one
frame of reference to another moving in respect to the first.
The mechanical state, however, is unrelated to the measur-
ing instruments, whereas it is meaningless to consider
quantum state as unrelated to the measuring instruments.
Let us recall once more that Bohr was against the use in
quantum mechanics of statements like ‘disturbance of phe-
nomena by observation’ or ‘creation of physical attributes of
objects by measurements’ and noted that the term ‘measure-
ment’ should be ‘used in its plain meaning of standardized
comparison’.*3 The effect of measurement on the state of
the object is a non-force one, as we said above, and the
preparing device is wholly responsible for this effect. As
for the recording device, it provides information on the
state of the object before recording and does not, as one
should expect, provide any information about the object’s
state after the recording.

The uncertainty relation reveals the specific in the under-
standing of quantum state. According to it the quantum state
is one in which a certain value of momentum and position
does not exist simultaneously, or, in symbolic form, AXAp, >
=h/2n, where AX is the uncertainty in the value of position,
and Ap, is the uncertainty of the value of momentum.
This relation can be also expressed as follows: the greater
the uncertainty in position, the smaller is the uncertainty
in momentum (the limiting case being de Broglie's plane
wave), and the smaller the uncertainty in position, the great-
er is the uncertainty in momentum (the limiting case being
an infinitely narrow wave packet). It is because, we repeat,
a micro-object is not a particle in the classical sense and

the concept of the ‘petentially possible’. This connection is obvious
in quantum mechanics. The situation with other non-force effects is
similar not only in quantum mechanics but also in science in general.
Take an example from everyday life. When a woman bears a child,
her father’s state 1nev1tably changes: he becomes a grandfather. (There
is no direct ‘force effect’ here. And of course, when a daughter marries,
her father is a potentially possible grandfather )
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has inseparable corpuscular-wave properties that its position
and momentum do not both have a certain value at the same
time.

The mathematical form of the uncertainty relation is in-
cluded in the mathematical apparatus of quantum mechanics,
which expresses the relations and dependences between the
relative (in the above sense) quantities in the language of
linear operators. The uncertainty relation, in the form in
which it was given above, can be derived from a certain,
more general operator expression.

In the literature the term ‘inaccuracy’ is frequently used
alongside the term ‘uncertainty’ or ‘indeterminacy’ in discus-
sions of the ‘uncertainty relation’: for example, ‘the more
accurately the position of the electron is determined, the
more...". Fock noted that use of the term ‘inaccuracy’ is
insufficient and sometimes incorrect.#* Indeed, in its lit-
eral sense, ‘inaccuracy’, when applied to the uncertainty re-
lation, served the idea of uncontrollability in principle,
which turned the uncertainty relation into an agnostic enig-
ma. This can be traced, for instance, in Brillouin, who justi-
fies the uncertainty relation (and one cannot agree with this)
by ‘experimental errors’ and the fundamental'inaccuracy of
measurement.*® The ‘uncertainties’ belong to the sphere of
stochastic and statistical concepts, and they are usually
employed in quantum theory with a meaning deeper than
in, say, thermodynamics. The term ‘uncertainty’ should
therefore undoubtedly be preferred to ‘inaccuracy’ when it
is a matter of quantum effects.

The uncertainty relation is associated in its own way with
the problem of the absolute accuracy of measurement which
was developed even in classical physics. Let us consider it
in winding up.

A single measurement, like a single fact, is of little signifi-
cance by itself in science. Even the establishing of the very
simple relation a = kb between two quantities a and b
calls for their repeated measurement. On the other hand,
the laws of nature are laws only when they can be checked
at any time, in any place, and by any observer; and for that,
again, repeated measurements are necessary. Measurement
thus has meaning for science only when repeated a large num-
ber of times, i.e. when its result appears as a certain set.

The results in the set of repeated measurements of a quan-
tity do not usually coincide empirically. The question

299



arises which of them depicts the quantity most reliably, i.e.
the problem of the accuracy of the measurement arises.
High accuracy implies that the result of the measurement
is independent of the effect of the individual special fea-
tures of the observer, the measuring instrument, the method
of measurement (the problem of so-called systematic errors),
and the effect of the chance factors (from the point of view
of measurement) that accompany the measurement process
(the problem of so-called random errors). In order to exclude
the random errors that are inevitable in observations and
experiments, the law of large numbers of the theory of
probability is employed, which is based on the principle of
the unity of the necessary and the random.

The problem of accuracy presents special interest when
measurement is considered in its, so to say, pure form un-
obscured by the effect of circumstances foreign to the measure-
ment itself. Measurements of a certain length, for instance,
first by a carpenter’s rule, then by a standardised yardstick,
then by an eyepiece micrometer, then by an interferometer
lead to results of increasing accuracy. One can ask whether
an absolutely accurate value of the measured quantity exists.
The question cannot be answered without the principle of
the unity of the discontinuity and continuity of moving mat-
ter, which is associated with the dialectic approach that
has not been reached by classical theories.

In Max Born’s view it is physically meaningless in general
to speak of the absolutely accurate value of a quantity ex-
pressed by a real number, since it contradicts the principle
of observability. The statement ‘coordinate z = m cm’,
for example, should be excluded from the usage of physics,
because, by cutting off the infinite decimal fraction expres-
sing m at the 20th or 25th digit, we get two numbers that
cannot be distinguished either from each other or from =
itself.48

Indeed, = is meaningless as the numerical value of a cer-
tain length when the length of an interval and the circum-
ference are directly compared. If, however, one starts with
certain geometrical laws, there is nothing nonsensical in
the statement that ‘the circumference of a circle whose
diameter is one centimetre equals m centimetres’. The con-
cept of ahsolute accuracy of measurement cannot be sepa-
rated from cognition of the infinite, and the latter cannot
be reduced to infinite repetition of one and the same thing.
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It is meaningless, for example, infinitely to increase the ac-
curacy of the measurement of quantities characterising the
motion of a bullet, because at a certain stage a qualitative
change of the quantity occurs, and it acquires an already
different physical meaning: this is clearly demonstrated
by the uncertainty relation. The concept of absolutely accu-
rate measurement is a meaningless one if it is employed
without allowing for the concrete content of the quantity
measured. When this content is taken into account, however,
absolutely accurate measurement becomes a quite legitimate
concept; it is the continuous refining of the value of a quan-
tity with the development of science and technique.

That this definition of absolute accuracy of measurement
opens up a broad philosophical perspective can be seen very
clearly in the problem of improving the accuracy of the
measurement of length. As Ising demonstrated, the Brown-
ian motion of the parts of instruments sets alimit to increase
of the accuracy of measurement. For instance, the length
of a measuring rod fluctuates owing to the thermal motion
of its atoms, and for that reason direct measurement of
length by it results inevitably in an error of an order of mag-
nitude corresponding to the distance between atoms. This
limit, however, is not the absolute limit of accuracy, al-
though there exists a contrary point of view.4” This is quite
definitely demonstrated, let us say, by the fact that the
definition of the metre as the standard of length by the in-
ternational platinum-iridium prototype, operative before
1960, was replaced by a new definition based on the prop-
erties of luminous radiation. According to the latter defi-
nition, the metre is the length equal to 1,650,763.73 times
the4:vavelength in vacuo of the orange radiation of krypton-
86.

There is equipment to reproduce the metre in luminous
wavelengths, and problems of a possible further improve-
ment of the accuracy of the standard method for reproduc-
ing the metre in wavelengths of spectral lines are being
studied, taking into account such outstanding results of the
advances of modern physics as atomic beams in wvacuo,
lasers, and the Moéssbauer effect. It is worth noting that the
transition to the ‘light metre’ is a fundamental step in the
sense that now not a body possessing certain properties
functions as the standard here, but the laws of nature, in
this case quantum laws. In fact, the wavelength of the radia-
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tion of an atom is taken here for exact definition of the
unit of length, and the fact that this length is a constant
follows from quantum considerations. The idea that the
laws of nature can serve as a kind of ideal standard seems
quite obvious when one remembers that there are laws
(as, for instance, in the atomic world) that lead to charac-
teristic dimensions and strictly defined sets. The discovery
of such laws brings joy to the admirers of precision in the
cognition of nature.

The question of absolute accuracy of measurement ac-
quires a special interest from the angle of the above consider-
ations the further we descend into the structural levels of
matter. According to Brillouin, it is absolutely impossible
to measure distances that are much less than 10-1% centi-
metre, simply because there is no yardstick available for
such small orders of magnitudes. Let us assume, he argues,
that we would like to measure a length of the order of
10-%0 ¢cm. The wavelength appropriate for the purpose, that
could serve as a standard, would possess such a quantum of
energy that it would be ‘capable of blowing to pieces the
laboratory and the whole earth’.4® These considerations, he
concluded, were ‘sufficient to prove the absolute impossibi-
lity of measuring 1075° ¢m’.5° There is an error in his conclu-
sion similar to that noted above. In quantum mechanics,
for instance, the uncertainty relation establishes limits
of applicability of the classical model of an object’s behav-
iour, or the classical method of description, which ignores
the fact that the object has wave properties, in addition to
corpuscular ones, that are inseparable from the latter, rath-
er than a fundamental limit to the accuracy of measurement.

Brillouin’'s imaginary measurement of lengths of the order
of 10~%° ¢m gives roughly the same picture. Are we justified
in applying to the world of interacting high energy elementa-
ry particles that are transformed into one another spatial
and temporal conceptions (and also those connected with
them) of a nature corresponding to the macroscopic and
atomic scale? It is enough to pose the question this way to
see the illegitimacy of Brillouin’s argument from the
standpoint of the logic of modern physics’ development.

In the theory of elementary particles being developed
there are serious grounds for assuming that the question of
the details of particles’ behaviour at very close distances
is meaningless. Instead of the ‘customary’ Hamiltonian
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formalism, the formalism of the scattering matrix has come
to the fore and also various forms and versions of non-local
quantum field theory with the new universal constant of the
dimension of length, so-called elementary length. A revision
of the idea of metric space-time that seemed eternal in phy-
sics is accordingly not excluded in the realm of the ultra-
small. It is quite possible that the concepts ‘further away’
and ‘closer’, ‘earlier’ and ‘later’ will lose their ‘macrosco-
pic’ meaning in the high energy physics. In short, we can
now think of the birth of a very modern physics in which
fundamental physical concepts and principles already es-
tablished are perhaps only approximate.

The last word in clarifying these issues, which are extreme-
ly important for high energy physics, and are formulated
in a particularly hypothetical form, belongs to experiment,
of course, but there is no doubt that (objectively employed)
all-round, universal flexibility of concepts will have the
greatest significance in their solution,®' and not some pro-
claimed principle or other of thelimited nature of cognition.
In fact, Brillouin’s imaginary experiment, which in some
respects closely resembles Heisenberg’s famous one with
the X-ray microscope, says as much. In its own way, it
leads one to accept the (nowcommonplace)idea that the dev-
elopment of physics is not limited by the boundaries of its
classical concepts and principles.

Thus, the unceasing cognition of ever deeper and deeper
laws of nature is the source and basis of absolutely accurate
measurement in the sense discussed above.

7

On the Interaction of the Atomic Objects
and Measuring Instruments

Since the time of Galileo, the identifying of the concepd
‘observation’ and ‘measurement’ in physics has provet
in a certain respect justified, because physics became (and
will forever remain) a quantitative or, as it is said, an exact
science. Something similar happened in quantum mechanics
in which, from Bohr’s day, the interaction of a ‘classical
object’, called in a certain connection an instrument, with
a ‘quantum object’ (e.g. the electron) is spoken ef as mea-
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surement. It is noted that this interaction occurs independent-
ly, and without the participation, of an observer. In Landau
and Lifshitz’ excellent course of theoretical physics one can
find precisely such a statement, and there are as many as
you like in the literature on quantum mechanics.52

Such identifying of ‘interaction’ and ‘measurement’ in
quantum mechanics (frequently discussed in the works of
Bohr, Heisenberg, and the other founders of this physical
theory) also has its definite content and meaning from the
philosophical (logical and epistemological) aspect. This is
also often mentioned in current literature on quantum theo-
ry. Their analysis, which is the task of this chapter, should
certainly present interest in more than a ‘quantum-mechan-
ical’ respect.

Let us discuss the interaction itself of the measuring instru-
ment and the measured object to begin with. Any measure-
ment, and not just in quantum mechanics, always implies
the possibility of a reciprocal change of the state of the instru-
ment and of the object. (1) Without a change of the instru-
ment’s state nothing would be known about the measured
object; (2) the very process of measurement can affect its
result. This possibility is realised in certain conditions, since
both the measuring instrument and the measured object
are physical realities (physical objects) and there is force
effect between them (with transfer of momentum, energy,
or both, from the one physical object to the other).

Are we dealing with that kind of interaction in quantum
mechanics?

When it is a matter of measurement in classical physics,
the very essence of the measurements necessitates existence
of the concept of a force effect in the theory of the appropri-
ate measurements. The interaction of the instrument and the
object, which is practically inseparable from the measure-
ment itself, affects its result; in classical theory, however,
this influence can be abstracted in the final analysis, and
ignored, since the force interaction of the measuring instru-
ment with the object measured can be arbitrarily small in
principle (which is reflected in the theory of the processes
being studied). If we want to measure accurately the tempera-
ture of the water in a container by a thermometer, for in-
stance, we must allow for the change in the water’s tempera-
ture as aresult of immersing the thermometer in it. But, on
the basis of the theory of heat exchange, we can draw a conclu-
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sion about the water’s temperature before the thermometer
was immersed in it from the thermometer readings, i.e.
‘get rid’ of its distorting effect on the water’s temperature.

The situation with measurement in quantum mechanics
would seem to be exactly the same. Let us assume that an
electron flux (from an electron gun) passes through a crystal,
and that the electrons hitting a screen produce scintillations
that form a diffraction pattern. De Broglie’'s wavelength
and, consequently, the electron’s momentum before passing
through the crystal, are determined from this pattern, i.e
the data of the diffraction experiment, plus quantum theo-
ry, allow us to infer the electron’s state before the crystal
that altered it was used.

And yet, while the formal structure of measurement is the
same in classical theory and in quantum mechanics, their
essential content is profoundly different. It was not fortui-
tous that there was such an intense polemic around the prob-
lem of measurement in quantum mechanics. The point is
that quantum mechanics is a radically new theory, as regards
its foundations, compared with classical theories, including
relativistic physics; it contains the concept of the wave func-
tion* (in our second example it is expressed by de Broglie's
wave), specific to its theoretical content, and since meas-
urement is impossible without applying the theory of the
phenomena being studied to the instrument readings, the
difference between the content of ‘quantum’ and ‘classical’
measurement becomes clear from that.

We would emphasise once more that any measurement,
since it is based on experiment, is inconceivable without
a force action (effect) of the measuring instrument (device)
on the object measured; the problem in measuring an object
is in fact to get rid of the outside influences, external to the
measured object itself (and its inherent quantitative character-
istics), that distort the measurement result. In that one can-
not do without the theory of the respective phenomena, and

* The laws of classical mechanics (and consequently the laws of
those theories that employ its fundamental concepts in one way or
another) are used to study the motion of systems (objects) when the
dimensions of the region in which the phenomena occur are large com-
pared with de Broglie's wavelength. This is equivalent to a require-
ment that the quantities of the dimension of the effect for a process
should be larger than Planck’s constant & (i.e. than the universal
constant specific to quantum phenomena).
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some or other of its principles: in this case they are intended,
so to say, to clear the result of measuring a quantity of every-
thing that is not proper to the measured quantity itself (in
the context of the theory of the relevant phenomena), i.e.
to obtain thereby an adequate expression (in certain meas-
ures) of the quantity itself (the parameter of the object
measured).

As already noted, it was always possible in principle, in
classical theory, to ‘exclude’ (eliminate) the relevant effect
of the measurement or observation, which meant exclusion
of the measuring instrument and, therefore, in the end, of
the observer, since the instrument is a kind of extension of
the observer, his artificial organ of cognition. In this case the
sting is not that the physicist can make the instrument, but
that the object serving as an instrument is linked, as it
were, by the physicist to his sense organs thus, so to say,
‘extending’ his brain.

It seems to us that this ‘classical path’ of understanding of
measurement was actually also followed by quantum mechan-
ics in the first stages of its construction as a physical
theory. Such a ‘classical’ beginning of the understanding of
measurement in quantum mechanics was inevitable not just
historically. As we shall see later, however, the development
of this understanding proved to be quite unique, resembling,
at first glance, the development of the problematics of meas-
urement in classical physics but characterised, in fact, by a
content unknown to classical physics.

The famous imaginary experiment with an X-ray micro-
scope conceived by Heisenberg so as to illustrate the physi-
cal meaning of the uncertainty relation, brings out the es-
sence of the initial understanding of measurement in quan-
tum mechanics which we arbitrarily called ‘classical’ above.
From the standpoint of this experiment, the electron can-
not be observed (its position cannot be determined) if there
isno interaction between it and a photon (i.e. if it is not illu-
minated by light of a certain wavelength A)*; the momen-
tum p = A/A transferred by the photon, however, introduces
an uncertainty Ap, ~ %/A into the electron’s initial mo-
mentum; as a result, increase in the accuracy of measure-
ment of the electron’s position leads to a loss of accuracy

* The error Az in the determination of the electron’s position will
be of the order of a wavelength A, i.e. Az ~ A.
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in the measurement of momentum AzAp, ~ #; in other
words, the photon-electron interaction makes simultaneous
accurate determination of the electron’s position and momen-
tum impossible.

Reasoning of this kind also contains the source of the idea
of an uncontrollable (indeterminable) interaction between
the measuring instrument and the micro-object; at one time
this idea was regarded as the core of the conception of com-
plementarity, and the dialectics of the atomic processes were
revealed and at the same time obscured in it. We shall not
dwell on the principle of uncontrollability (indeterminacy)
(it has been extensively discussed in the physical and phil-
osophical literature), but, we would like once more to stress
here that the conception of complementarity, in the sense
of the accuracy and perfection of the terminology and rea-
soning (and consequently of the further development of the
theory’s logic), is now very far removed from the formula-
tions that.can be found in the relatively early work on quan-
tum mechanics. To this end, let us consider some of Bohr's
ideas.

He spoke, in 1935, of ‘the impossibility, in the field of
quantum theory, of accurately controlling the reaction of
the object on the measuring instruments, i.e., the transfer of
momentum in case of position measurements, and the dis-
placement in case of moment of measurements’.5?

And how did the uncontrollable interaction arise? We
learn this from Bohr’s following considerations: ‘The finite
interaction between object and measuring agencies conditioned
by the very existence of the quantum of action entails—
because of the impossibility of controlling the reaction
of the object on the measuring instruments if these are to
serve their purpose—the necessity of a final renunciation
of the classical ideal of causality and a radical revision of
our attitude towards the problem of physical reality’.%*

Thus, from this angle the interaction between the measur-
ing instrument and the measured micro-object can be clas-
sified as a force effect that is, however, uncontrollable. The fact
that classical physics does without an uncontrollable (force)
effect can be explained by quantum of action’s being very
tiny so that we are justified, when considering the interac-
tions between macroscopic objects, in abstracting ourselves
from its existence. On the other hand, when atomic phenom-
ena are discussed, it is in principle impossible to neglect
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the existence of the quantum of action (because of the
smallness of the phenomena), so that it is necessary to assume
that the effect in transfer of momentum or energy cannot
be smaller than the value of the quantum of action and,
consequently, that effect of the measuring instrumeni omn
the object cannot be reduced to nothing in measurement,;
these are considerations that cannot be by-passed from the
standpoint of the idea of uncontrollability in principle.

Discovery of the quantum of action thus seemingly leads
inevitably to acceptance of the idea of uncontrollability in
principle, and the quantum-mechanical probabilities, and
the impossibility of separating the behaviour of an atomic
object from its relation with the measuring instrument (in
the study of phenomena) are seemingly necessarily linked
internally with the uncontrollability principle. We shall
now try to clarify whether this is true or whether the heart
of the matter does not consist in the ‘force effect’ between
the atomic object and the measuring instrument.

* ¥k ¥k

Bohr’s discussions with Einstein on the problems of the
theory of knowledge in atomic physics can help us deal with
the question posed. Bohr, as we know, could not convince
Einstein of the fruitfulness of his interpretation of quantum
mechanics when they argued about the resolving of the para-
doxes posed by Einstein, although he always managed to
demonstrate the inconsistency bf these paradoxes and, there-
fore, that Einstein was wrong. A half-joking remark by Eh-
renfest, who was a close friend of the two great physicists, has
come down to us: ‘I’'m ashamed of you, Einstein. You put
yourself here just in the same position as your opponents
in their futile attempts to refute your relativity theory.’%

It seems to us that there is a deep meaning in all this. At
that time in the arguments on quantum mechanics the term
‘uncontrollability in principle’ was pushed to the fore with
Bohr, in the meaning that was discussed above. The term
‘complementarity’, which also appears in his publications
of that period, was not yet clearly separated from ‘uncontrol-
lability in principle’ (as happened in his later works). The
argument, properly speaking, was concerned with the content
of the concept of the measuring instrument’s interaction
with the micro-object and, as we shall show later, that
helped solve the problem.
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Einstein, in rejecting Bohr’s conception, denied the uncon-
trollability principle in the form in which it existed at that
time in the development of quantum mechanics. Bohr, in
defending his conception, advanced as its basis the comple-
mentarity principle, which was not then, however, clearly
defined (it was the dispute in fact that promoted its defini-
tion) and got lost, as it were, in the idea of uncontrollability.
It would be quite instructive to trace in detail the logic of
the remarkable dispute between Bohr and Einstein on the
philosophical positions of quantum mechanics. It is probable
that it would then be found that Einstein was to some extent
justified in disagreeing with the idea of the uncontrollable
interaction, while Bohr, in defending his interpretation of
quantum mechanics, also, in essence, did not support ‘un-
controllability in principle’, although he used the term.
We shall make only some general brief comments to clarify
this point.

The essence of Bohr-Einstein discussion on the philosoph-
ical problems in quantum physics (which took place in 1935)
consists in the following. If a system composed, say, of
two electrons (which at some time were in a physical inter-
action*) is characterised by means of the wave function, the
effect associated with measuring the first electron alters
the state of the second one even when it is very far removed
from the first. Einstein saw a paradox in these statements,
which accord with the content of quantum mechanics, since
they are incompatible with the principle of short-range
interaction which implies the existence of independent
realities in two parts of space distant from each other. In
his view, the answer to the paradox was to recognise that
modern quantum mechanics gave an incomplete, indirect
description of reality, which would later be replaced by a
complete, direct one. The last comment was directed against
the understanding of quantum mechanics that did not essen-
tially distinguish between the states of micro-objects (char-
acterised by wave functions) and possible information about
them, i.e. which converted micro-objects’ states into some-
thing very far from objective reality.

* In this case ‘physical’ is a synonym of ‘force’. Force effects are by
no means identical in their physical nature. The interactions of electric
charges, for example, differ from the gravitational effect in classical
physics, and both of them differ in nature from the interaction of an
electron and a photon in quantum physics.
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Such was Einstein’s paradox to which he returned in other
publications.%,57 One cannot, however, agree with the solu-
tion he suggested; or rather, there is no paradox here, as
Bohr demonstrated, although his argument does not appear
satisfactory from the standpoint of the revised terminology
and reasoning of his last works.

Einstein was certainly right when he recognised the mo-
mentum and spatial characteristics of an atomic object, i.e.
its quantum state, as objective, in other words, as existing
independently of the instrument readings perceived by man;
he was wrong, however, when he identified these characteris-
tics in essence with classical concepts. An atomic object’s
momentum and spatial characteristics do not appertain
to the object as such but to it in certain conditions that are
recorded by instruments of various kinds; the quantum state
has something to do with the potential possibilities of an
interaction between the object and the measuring instru-
ment (which may be either, say, a cloud chamber or a
diffraction device). The underlying philosophical reason for
this state of affairs is that an atomic object does not behave
either as a classical particle or as a classical wave but as
a material system that unites the properties of particles
and waves (fields) in a unique manner. The interaction of
two such atomic objects considered by Einstein differs qual-
itatively from all interactions between particles or fields
known in classical physics, and this is reflected by quantum
mechanics.

Fock regards the interaction between two atomic objects
with a common wave function (the case analysed in Ein-
stein’s paper) as a special interaction which he calls a non-
force one. He believes that Einstein was wrong when he
renounced all interactions except the force ones.®® In reality,
as he suggests, there are many different kinds of interaction
both in science and in everyday life which are non-force
ones.

It is worth adding to what has been said about non-force
interactions that the specific feature of the non-force inter-
action that figured in Einstein’s paradox was that it was not
an interaction of particles in the sense of classical physics
but of the micro-objects simultaneously possessing both
corpuscular and wave properties.

The understanding of the interaction between the measur-
ing instrument and the measured atomic object as uncontrol-
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lable interference with a phenomenon, an understanding
which was considered to form the basis of quantum mechan-
ics, created an erroneous impression both of the content of
this theory itself and of the new element that it contributed
to philosophy. The idea of uncontrollability in principle
is a distorted, exaggerated expression of the need to reflect
in the logic of concepts something unexpected introduced
into science by the development of atomic physics. The quest
for these concepts or, in Bohr’s words, the perfecting of the
terminology and argument, and the development of the for-
mulation of the approach to the cognition of atomic phenom-
ena that he described by the concept of complementarity,
all this is discussed in his famous book Atomic Physics and
Human Knowledge, the deep philosophical content of which,
in our view, is still far from being assimilated.

One can clearly trace in this book how Bohr (who never
attributed decisive significance to formal schemes in logical
analysis), surmounting the contradictions, came, not
directly, but by azigzag path, to a materialist and dialecti-
cal interpretation of quantum mecanics in order to become
convinced in and steadily follow an already definite, clear
philosophical road. Whereas, in his first articles (during the
thirties and forties), when discussing the problems of quan-
tum mechanics, he spoke not so mueh of the objective char-
acter of the quantum description as of the observer and as-
cribed to the idea of uncontrollability in the sense mentioned
above the main role in establishing order in the apparent
chaos into which physics had been plunged by the quantum
theory, he changed his point of view, as is well known, in
his last publications. The turning point in this respect was
his paper Discussion with Einstein on Epistemological Prob-
lems in Atomic Physics (1949).5° One can clearly see in it the
struggle between concepts that in time would leave the pages
of his works and concepts that were in betterl accord with
quantum mechanics and'its mathematical apparatus that was
established and checked experimentally. Let us cite, in this
connection, what seems to us the most lucid passage in this
paper.

In stressing the idea that no matter how far phenomena
might go beyond the context of a classical physical explana-
tion, the experimental data should be described by means
of classical concepts, Bohr concluded that a sharp line could
not be drawn between ‘the behaviour of atomic objects and the
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interaction with the measuring instruments which serve to
define the conditions under which the phenomena appear’.
Furthermore, he formulated an idea about complementarity
that quantum effects were responsible for the impossibility
of comprehending the ‘evidence obtained under different
experimental conditions ... within a single picture’; rather
the evidence ‘must be regarded as complementary in the sense
that only the totality of the phenomena exhausts the pos-
sible information about the objects’.%

When one puts together everything that Bohr said in his
discussions with Einstein, and bears in mind the interaction
between the measuring instrument and the micro-object,
one has to note that this interaction is not a physical or
force interaction. Fock in pointing out the unsatisfactory char-
acter of Bohr’s term ‘uncontrollable interaction’ said:
‘As a matter of fact, it is a matter here not of an interaction
in the proper sense of the term but of the logical connection
between the quantum and classical methods of description
at the junction between that part of the system which is
described in quantum-mechanical terms (the object) and
that part which is described in classical terms (the measur-
ing instrument).’s!

Ideas of this kind led to the now well-known propositions
that the classical conception about the motion (behaviour)
of a particle is limited (this is expressed by the uncertainty
relation), that there is relativity with respect to the means
of observation characteristic of quantum mechanics, and that
atomic objects are described through physical concepts that
are more precise and general than those of classical theory.

In this book it is neither possible nor necessary to set out
the logical aspects of these considerations in greater detail,
but we would like once more to emphasise that Bohr never
tired of developing and logically perfecting the approaches
to the cognition of atomic phenomena which he had defined
through the concept of ‘complementarity’. Correct applica-
tion of this concept, according to him, implied recognising
that the interaction between atomic objects and the measur-
ing instruments constituted an inseparable part of the quan-
tum phenomenon, and not recognition of observation as
‘interference with a phenomenon’.

The following scheme summarises what has been said in
this section about the interaction of the measuring instru-
ment and the object measured.
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Classical Theory. The force interaction and controllability.
Einstein saw the ideal for the quantum theory as well in an
understanding of measurement of this kind.

Quantum Theory. a) Force interaction and uncontrollability
(complementarity). This understanding of measurement
in quantum mechanics was developed by Heisenberg and
Bohr in the thirties and forties.

b) Non-force interaction in the sense of a logical interrela-
tion and uncontrollability (complementarity). This under-
standing of measurement in quantum mechanics was held
by Bohr in 1949.

¢) Complementarity and relativity with respect to the means
of observation. The concepts of controllability and uncont-
rollability have no meaning. This is the contemporary un-
derstanding of measurement in quantum mechanics.

It must be remembered that points (a), (b), and (c), when
regarded on the historical plane, were not, so to speak, rigid.

* ok %k

In conclusion, let us make a few comments on the role of
the instrument in the theory of knowledge in relation to
atomic physics, without which the content of the above may
not appear concrete.

We shall not consider the instrument here specially as the
most important means for cognising physical phenomena;
scientists are quite familiar with this question in practice;
as for its theoretical aspect, that has been thoroughly ana-
lysed in the existing literature on physics, and it is not our
business to go into the details of it. We would like simply
to note that the natural shortcomings and limitations of
the sense organs that supply us with information on the ex-
ternal world are surmounted in the cognition of nature, as
we well know, by combining them with the activity of
thought; the material expression-of this is precisely that
man makes and uses instruments.

The progress of pure and applied science has led to the
creation of a system of instruments, or experimental de-
vices, unified into a single, organic whole that can be called
a developed experimental set-up.

Every developed experimental set-up usually includes
four clements: (1) a recording device that fixes the phenome-
na in the instrument by which the objects being studied
are judged; (2) apparatus that makes it possible for phenome-
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na not directly perceivable by a given sense capacity to be
comprehended in a mediated way, through other phenome-
na that are directly perceivable by this sense capacity; (3)
apparatus that expands the limits of perception of a given
sense capacity; (4) an experimental device that supplies the
energy to bring the recording instrument into the state in
which it can perform its functions. The elements of a devel-
oped experimental set-up can be combined with one another,
and the last three elements exist just so that the recording
apparatus can best perform its task, i.e. fix the appropriate
phenomena in the instrument.

The experimentation implies, besides use of an instrument
by which a phenomenon or object is studied (it figures above
as an element of a developed experimental set-up; it can be
called an instrument in the proper sense of the term), the real-
isation of certain conditions without connection with which
the existence of the phenomena being studied cannot be dis-
covered. These conditions are either sought in nature (natu-
ral conditions: in this case experimentation passes into
observation) or created by the experimenter by means of
the appropriate experimental set-up. Examples of such set-
ups are provided by the physics equipment and instruments
of all kinds that eitherreproduce the appropriate set of phenom-
ena or create conditions in the absence of which it is impos-
sible to knowanything, in acertain respect, about the phenom-
ena being studied (e.g. vacuum equipment to study the
properties of a gas in a strongly rarefied state; prisms to
study light; diffraction devices and the cathode-ray tube to
study electron behaviour). It can be called iritial-state
preparation apparatus* and it also constitutes an element
of a developed experimental set-up.

To do its job the initial-state preparation apparatus is
joined to the set-up proper and forms a united whole with
it during the research.

These two types of experimental apparatus cannot, how-
ever, be identified either physically or logically, although one
can find cases in the literature where it is done. Fock has
stressed the need to distinguish between them (in the terms

* The term ‘initial-state preparation apparatus’ is justified from
the standpoint of the measurement problem in quantum mechanics.
It is also used when discussing measurement problems in classical
mechanics. (See Willis E. Lamb, Jr. An Operational Interpretation of
Non-relativistic Quantum Mechanics. Physics Today, 1969, 22, 4: 23.)
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of the experiment) when it is a matter of measurement in
quantum mechanics.%?

In classical theory the preparation apparatus provides
the conditions in which the phenomenon being studied is
least distorted by disturbing effects as yet unknown to the
researcher. In quantum mechanics this apparatus creates
conditions outside which, and independently of which, there
can be no phenomena for cognising the corpuscular and wave
aspects of an atomic object’s behaviour. Thus, we repeat,
a part of the apparatus is included in the phenomenon, while
the instrument proper is something external in relation to
the phenomenon it serves to cognise.

At the same time, the difference between the preparation
apparatus (which belongs, in a certain respect, to the system
observed) and the instrument proper (which in a certain re-
spect cannot be separated from ourselves) should not be exag-
gerated; it is relative, not absolute. Bohr well understood
that a sharp line cannot be drawn between the cognised object
and the cognising subject, the system observed and the equip-
ment used to observe it (he analysed many aspects of this
question in nearly every one of his publications). One illustra-
tion that he gave himself is striking. If a blind man holds
his stick firmly in his hand ‘it can serve as a sort of prolon-
gation of the latter to explore the surroundings by touch’. On
the other hand, if it is held loosely, ‘it becomes itself an
object whose presence is revealed to the hand by the sense
of touch, and it loses thereby its function of instrument of
observation’.®

Let us return to Heisenberg’s experiment with the X-ray
microscope. The observer learns the electron’s position with
an accuracy that is the greater the shorter is the light wave-
length, i.e. light (with its wave properties) serves as a means
of cognising the electron’s behaviour; the quantum properties
of this same light (which represents a flux of photons), how-
ever, make it a sort of inseparable part of the electron’s
cognised behaviour. In the end, the electron’s position and
momentum prove to be complementary concepts.

Still, the relative difference between the preparation appa-
ratus and the instrument as a means of observation consid-
ered above, or, if the matter is considered more broadly,
between the cognised object and the cognising subject, or,
even more broadly, between matter and mind, is not a rela-
tive and only a relative difference. It was the understanding
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of this difference as exclusively relative that lay at the
philosophical foundation of the interpretation of quantum
mechanics in which uncontrollability in principle, the idea
that a wave function is a record of the observer’s informa-
tion, was lauded to the skies by positivism and other
idealist trends in contemporary philosophy.

When we analyse philosophical concepts and statements
appertaining to the problem of the interaction between the
measuring instrument and the atomic object, we cannot
avoid the basic philosophical question of the relation be-
tween matter and mind. In Materialism and Em pirio-criticism
Lenin developed Engels’ formulation of this question and
stressed the absolute nature of the opposition between mat-
ter and mind within the context of the basic question of
philosophy, namely, what should be taken as primary, and
what as secondary. ‘Beyond these bounds,’ he wrote, ‘the
relative character of this antithesis is indubitable.’® This
relativity which has been ‘blown up’ by positivists and
subjective idealists in a one-sided way, was not seen by
representatives of metaphysical anti-dialectical material-
ism.

Lenin’s ideas provide the necessary basis for successful
quests for a solution of philosophical problems concerned
with the relation between the cognising subject and the cogni-
sed object.
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X

AXIOMATICS AND THE SEARCH FOR PRINCIPLES
AND FUNDAMENTAL CONCEPTS IN PHYSICS

1
The Axiomatic Approach to Physical Research

Nature is one in its diversity and is matter in motion
This idea of dialectical materialism has become a common
view of modern physics that is reflected in its methodology
and logic as well as in its content. The two principles of the
development and the unity of nature are also linked by mod-
ern physics in its explanation of and search for new phenom-
ena and laws; one of the main tasks of this chapter is to
demonstrate this.

Strictly speaking, the definite general view of nature (the
world-outlook problem) held by physics at one period or anoth-
er of its historical development has always been internal-
ly connected with the logic of research characteristic of
it at the same period (the methodological problem). That
was the situation before classical physics, when physical
knowledge based on the everyday observation and lacking
(with certain exceptions*) systematic methods of research,
corresponded wholly with the very general and indefinite
views of the philosophers of the period and their sometimes
(if one thinks of ancient philosophy) inspired natural-philo-
sophic guesses. That was also how it was in classical physics
when the method of research proclaimed by Newton, and
later called the method of principles, which was a sort
of modification of Euclid’s axiomatics, had a certain corres-
podence with the atomistic approach to nature (which was
held by Newton himself).

The unity of nature is reflected in the unity of cognition,

* We have in mind Archimedes' statics.
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This unity found its original form in axiomatics; geometri-
cal knowledge was the first part of the knowledge of its time
to become a science, in being constructed axiomatically by
Euclid. Euclid’s geometry is a logical system of geometrical
concepts where statements follow from one another so pre-
cisely and consistently that from the point of view of the
thinking mind none of them raises any doubt.

At the same time, Euclid’s geometry was not created by
reason out of itself and was by no means an a priori con-
struction. The word ‘geometry’ (‘land measuring’) itself
witnesses that it developed out of practical needs, namely,
from the requirements of measuring plots of land (in the
states of antiquity) and from astronomical observations (in
ancient Egypt and Babylon), as a generalisation of the cor-
responding observed data. Before Euclid, the mathematicians
of the day were occupied in solving many mathematical
problems of everyday life, the connection between which
they did not always grasp, and with the properties of indi-
vidual geometrical figures (the triangle, circle, etc.); they
knew individual theorems but they could not deduce them
from a single logical principle. This empirical approach to
geometry (and in general to mathematics) was historically
inevitable in its first stage of development. After Euclid
(it has long been a commonplace) such an approach was no
longer necessary.

Does this circumstance mean that geometry (and, there-
fore, its development) has not drawn anything from experi-
ment since Euclidean times? To answer that, let us compare
the axiomatic construction in geometry (at least its general
features) with the axiomatic approach (or axiomatic meth-
od of research in the broad sense of the term) in physics,
which has been established in this science since Newton,
and analysis of which is one of the main tasks of this
chapter.

The complete or closed system of one physical theory or
another (classical mechanics was the first to take this path)
consists of basic concepts and principles (called axioms in
geometrical language) which link these concepts through
certain relations, and of corollaries that are deduced from
the axioms by logical deduction. It is these corollaries
that should correspond to the experimental data (be checked
in experiment). A physical theory cannot be physical
without this, or rather experiment and only experiment
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is the criterion of truth of physical theories, i.e. only exper-
iment finally certifies that a theory reflects objective
reality and, therefore, certifies that the matlhematical
apparatus (formalism) of the theory is appropriate.

The axiomatic approach in physics thus enables its
theories to master the truth through logical thinking. Mod-
ern physics distinguishes six closed systems of concepts,
connected by axioms each of which describes a certain
sphere of phenomena of nature. The first system is Newton-
ian or classical mechanics, which includes statics and
dynamics. The second system formulated for the purposes
of the theory of heat is connected with (but by no means
is ‘reduced’ to) classical mechanics through the statistical
approach. The third system was deduced from the study of
electricity and magnetism (and given shape by Maxwell).
The fourth system is the (special) theory of relativity, a kind
of combination of classical mechanics and Maxwell’s elec-
tromagnetic theory that was given final form in the work
of Einstein and Minkowski. The fifth system embraces
primarily quantum mechanics, and through it the theory of
atomic spectra and chemistry. Finally, the sizth closed
system of concepts is the general theory of relativity, which
was given this name by its author, Einstein, and has not
yet found its final form as a physical theory (it mainly con-
sists of a developed mathematical apparatus). In addition,
the possibility of the existence of a seventh closed system of
concepts must be mentioned which may have to be formu-
lated in connection with the construction of a modern theo-
ry of elementary particles, and which would link quantum
mechanics and the theory of relativity in a deep synthesis.

Each system of concepts in physics has a corresponding
mathematical apparatus (formalism) inherent to it, which
describes a definite domain of physical phenomena, evidence
about which is provided by experiment; the limits of the
applicability of a system’s concepts are also established
by experiment (as regards their correspondence to nature).
We shall discuss the relation between these axiomatic sys-
tems in the sections that follow.

The experiment, of course, has no direct connection with
the closed systems of geometry, but the needs of the exper-
imental sciences (i. e. all the sciences about nature) fre-
quently present mathematics with certain tasks (the physical
sciences usually do it through their formalisms), which
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the latter either fulfills, or will later. In this sense (in a me-
diated way) the mathematical disciplines are also connected
with experiment. Even in the direct sense, although not
altogether conventionally, geometry may be an experimen-
tal science. One can read this in Newton's works*, and in
Einstein it is formulated even more definitely. ‘If ...,” he
wrote, ‘one regards Euclidean geometry as the science of
the possible mutual relations of practically rigid bodies in
space, that is to say, treats it as a physical science, without
abstracting from its original empirical content, the logi-
cal homogeneity of geometry and theoretical physics be-
comes complete’.!

The whole strength of mathematics is that it not only can
but has to abstract from ‘its original empirical content’
if it wants Lo obtain new scientific results. In certain con-
ditions, however, especially when the matters of the rela-
tion between mathematics and objective reality, or the
objective meaning of its concepts and theses are being
studied, it returns to its ‘empirical content’, which provides
new stimuli for its development. This was the case, for exam-
ple, when the differential and integral calculuses were for-
mulated, or when Gauss failed to confirm the ideas of non-
Euclidean geometry through measurements; and it was done
in its own way, and at a higher level of development of
mathematics and physics, by Einstein’s theory of gravi-
tation.

Thus, it follows even from this preliminary sketch of the
axiomatic and empirical approaches to geometry and
physics, that these approaches do not contradict each other
and do not totally exclude one another. Such a counterpos-
ing was quite frequent, nevertheless, in the rising science
and philosophy of the ancient world, and in the Middle
Ages; according to the thinkers of Ancient Greece, experi-
ments were an improper occupation, while the medieval
schoolmen who, of course, respected only the authority of
Holy Scripture, succeeded only in developing formal logic.
From the time of Renaissance, which corresponds to the
starting point of the modern science (in the broad sense of

* In Newton’s words, ‘geometry is founded in mechanical practice
and is nothing but the part of universal mechanics which accurately
proposes and demonstrates the art of measuring’. Sir Isaac Newton's
Mathematical Principles of Natural Philosophy and His System of the
World (CUP, Cambridge, 1934), p XVII.
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the term) and the new philosophy, counterposing of the
axiomatic and empirical forms of approach as the absolute
opposites slowly but consistently disappeared from basic
research and Lhe struggle of ideological trends. These oppo-
sites became relative, while the axiomatic and empirical
approaches proved to be aspects of a single general method
of research in modern science, though even now one runs
across relics of the old counterposing of these approaches
in the relevant literature.

* ok ok

Let us consider certain features of the axiomatic method
of research more closely.

This method has changed and been enriched with new
possibilities of explaining and predicting the phenomena
studied since Euclid’s times. Whereas it could be spoken
of in its initial, as one might say Euclidean, form as ‘infor-
mal’ or ‘material axiomatics’? (as Kleene puts it), now, since
Hilbert's famous work and studies in mathematical logic,
axiomatics appears as both ‘formal’ and ‘formalised’.
These two notions differ from the first in the concepts and
their relations appearing in them in their pure form, as
it were, free of empirical content, and in formalised axioma-
tics the language of symbols (formalism) is employed instead
of verbal language, while in the material axiomatics deduc-
tion is not in fact isolated from empiricism and visualisa-
tion.

This also applies mutatis mutandis to axiomatic construc-
tions in physics. In the axioms or principles (sometimes
called fundamental laws) of Newton's mechanics it is a mat-
ter of inertial mass and force, acceleration, space and time,
and the relations between these concepts. They (i. e. the
relations and concepts) are the original ones in the context
of Newton's mechanics and by themselves are idealised
expressions of experimental facts. First expounded in New-
ton’s Principia, they can serve as a model of informal
axiomatics in classical physics.

The development of the axiomatic method in physics
for the most part repeats its development in geometry.
In modern physics, with its very complex and ramified
mathematical apparatus, one has every right to speak of
the existence of formal, and especially of formalised, axiom-
atics (which in a certain sense is the pinnacle of develop-
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ment of the axiomatic method). This has become absolute-
ly clear since the establishment and construction of the
theories of non-classical physics. A rigorous, and to some
degree exhaustive, analysis of the related questions would
take us far beyond the framework of this chapter; we shall
try to give just a general idea of what the issue is.
Consider the equation
d (mv)
F= ar

It expresses Newton's second law, which implies that the
mass of a body is constant. This equation, however, can be
also considered in the context of the special theory of rel-
ativity; in this case m denotes

m,

m = __1/1*_ 1)2/62 ]

where m, is the mass of a motionless body, (‘the rest mass’),
v is the body’s velocity, and ¢ is the velocity of light. This
equation thus expresses the law of relativistic mechanics
which implies that the mass of a body changes with its
velocity. It may also express the law of motion in quantum
mechanics; it is well known that in quantum mechanics,
and in classical mechanics, quantities are connected (as
we know) by the same equations, but in quantum mechanics
they contain operators, i. e. concepts of a different mathe-
matical nature than those of classical mechanics.

The reader may rightly ask what the basis for such ‘sub-
stitutions’ in the equations is (i. e. for replacing numbers by
operators, and m by a more complex expression), and what
is in general their logical meaning. To answer this means to
talk about the very content of classical, relativistic, and
quantum mechanics, the transition from the special theory
and its concepts to the deeper, more general theory, whose
concepts are more meaningful than those of the special
theory, i. e. from the angle of the above, it is equivalent
to speaking about the understanding of mass in relativistic
mechanics and of the way this understanding was reached,
and of the fact that, in quantum mechanics, operators mathe-
matically depict physical cases that are never met by clas-
sical theory, to talking about the very logic of the rise of
the special theory of relativity and quantum mechanics.

We would like, thereby, to emphasise that the formal
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and formalised axiomatic constructions of a physical science
embrace the development of its content, promoting deeper
and deeper comprehension of nature. It must be noted here
that the interpretation of its formalisms has special signifi-
cance in physics compared with the analogous problem in
mathematics; we shall discuss this below.

In what way is the axiomatic method essential for phys-
ics? In its logical and methodological aspects, the signifi-
cance of this method in physics (both in the form of mater-
ial axiomatics and in its higher forms, the formal and
formalised) is not simply great but, as we shall try to show,
cannot be overestimated. When it is compared with other
methods of research, one cannot but agree with Hilbert who
said about the axiomatic method in mathematics, that
‘notwithstanding the great pedagogical and heuristic value
of the genetic method, the axiomatic method is preferable
for the final representation and full logical substantiation
of the content of our knowledge’.3

It seems to us, we repeat, that what Hilbert said about
the axiomatic method in mathematics applies as well to
physical axiomatics. In this case, of course, as always, one
must not succumb to the extreme view and exaggerate
Hilbert's profound thought.

Let us begin with the genetic method mentioned by
Hilbert. We shall touch on its content, but in a way rather
different from Hilbert’s.* We wish to speak of the role of
the genetic method in cognition and at the same time,
unlike Hilbert, to stress that it is, in its own manner,
‘included’ in the axiomatic one.

How is the concept of number introduced? Assuming the
existence of zero and starting from the statement that when
a number is increased by one the next number emerges, we
obtain a natural series of numbers and develop the laws of
counting with them. If a natural number a is considered and
one is added to it b times, we obtain a number ¢ + b and
thereby define (introduce) the operation of addition of nat-
ural numbers (and with it a result called the sum).

Let us now add @ numbers b times; we thus define (in-
troduce) the operation of multiplicatiorn of natural numbers
and will call the result of the operation the product of
a and b, denoting it by ab. In a similar manner, omitting
the corresponding argument, we define the operation of
raising to a power.
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Consider the so-called inverse operations of addition,
multiplication, and raising to a power. Assume that we have
numbers a and b; how can one find the number z that sat-
isfies the equations a + = = b,ax = b, 2% = b? Ifa - z =

= b, then z is determined by substraction; z = b — a
(the result of which is called the difference). The operations
of division, extracting the root, and computing the logarithm
(the last two operations are inverse in relation to raising
to a power) are introduced in a similar manner.

With these definitions as the basis, it is possible to con-
struct the axiomatics of natural numbers. The relevant
axioms can be grouped: a) axioms of conjunction; b) com-
putational axioms; c¢) axioms of order; d) axioms of conti-
nuity. We shall not dwell on their analysis (Hilbert’s book
has everything necessary about this, the difference between
his presentation and ours being, however, that in his work
these axioms function as those of a real number; this point
will be clarified below).

We have come to the main point of our argument. As
follows from the practice of looking for solutions of equa-
tions in which these numbers appear (they were interpreted
as natural numbers, but from the standpoint of arithmetical
axiomatics they are usually considered as the positive in-
tegral parts of a rational number; it seems to us that this
is only correct when they are approached retrospectively),
the inverse operations (subtraction, division, root extrac-
tion) cannot be performed in every case. We shall not cite
the relevant facts; they are well known now to any school-
child, but will assume that the inverse operations are real-
ised ir all cases. As a matter of fact, this assumption came
true in arithmetic during its historical development, and
in the end as a kind of logical résumé of this development,
whole numbers of integers and fractions, positive and nega-
tive numbers, rational and irrational numbers entered it.

This kind of dividing of a natural number into these two
opposite elements, and the relation between them led to
the concept of relative number, of number as a ratio, and
of a real number; the last consequently developed from the
simple concept of a natural number through successive gener-
alisations. The concept of a real number is being developed
further in modern arithmetic, but what we have said is
sufficient for our purposes.
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To go deeper in points considered above would mean to
sink ourselves completely in the content of scientific disci-
plines appertaining to mathematics that were created
to analyse them. We are interested only in what
follows.

In assuming that inverse operations are realisable in
all cases, for instance, if one has subtraction in mind,
that it is possible to subtract a bigger number from a
smaller one (i.e. to solve the equation a — b = z where
b > a), we thereby already go beyond the context of the
theory of natural numbers. Assumptions of this kind imply
looking for and introducing (defining) new concepts of num-
ber, broader and more meaningful in their totality than
the concept of a natural number. To do that axioms formu-
lated during introduction of natural numbers are employed,
which are regarded as embracing new numbers which make
it possible to give appropriate definitions of the latter. One
can demonstrate in an example of subtraction that as a
result of applying axioms we can obtain, say, (14—6) —10 =
=(10--2) —10 or 4—6 = 0—2.

Similarly one can define (introduce) the numbers 0—1
or —1, 0—2 or —2 (which we have done), 0—3 or —3,
0—4 or —4, 0—5 or —5, etc. By comparing negative num-
bers with natural numbers, we can easily see the opposi-
tion between them; therefore, if the natural numbers are
denoted as positive integers, the new numbers should be
called negative integers.

Introducing natural numbers we deduced the axioms ap-
plying to them; now these axioms define a new class of
numbers which appear as positive and negative integers
(i.e. as relative numbers). The formal aspect of the axioms
themselves remains the same, but their content becomes
richer: it is already impossible to define the addition of neg-
ative numbers, and the addition of negative and positive
numbers as a consecutive increase of a number a by one b
times, although all forms of addition unknown to the theory
of natural numbers (as well as the addition of natural num-
bers) are covered by the system of axioms formulated as the
axiomatics of natural numbers. Only now the symbols in
the axiom equations signify new numbers found through
these axioms, rather than natural numbers.
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Fractions and integers, irrational and rational numbers
are introduced in a similar manner. From this angle a series
of natural numbers is a set of positive integers and rational
numbers that oppose negative integers, fractions and irra-
tional numbers that do not belong in this series.

Feynman called application of the axiomatic method
to determine new, broader classes of numbers (in our exam-
ple, natural numbers — relative numbers — numbers as
ratios — real numbers), an application in which the heuristic
function of axiomatics, so to say, becomes explicit, an ‘ab-
straction and generalisation’.®? This method was, as a mat-
ter of fact, used by Marx in his Mathematical Manuscripts,
when he developed the dialectics of the transition from
algebra to differential calculus.® A dialectical analysis
of certain aspects of questions arising can be found in the

work of I. A. Akchurin et al (1968).7

In this application of axiomatic method it is stressed
in fact that axiomatics by no means excludes acceptance
of the variability of basic concepts and logically closed
theories; on the contrary, it implies the necessity for new
basic concepts and principles to arise. Everything that
makes the axiomatic method so valuable for the logical
shaping and the full logical substantiation of scientific
theories gets its true (and not in the formal-logical sense)
completion and expression adequate to reality through this
kind of application of axiomatics.

Bourbaki expressed this beautifully about mathematics:
‘The unity which it [the axiomatic method—Ed.] gives to
mathematics is not the armor of formal logic, the unity of
a lifeless skeleton; it is the nutritive fluid of an organism
at the height of its development, the supple and fertile
research instrument to which all the great mathematical
thinkers since Gauss have contributed, all those who, in
the words of Lejeune-Dirichlet, have always labored to
“substitute ideas for calculations”.’®

The situation in physics is much the same. The principle
of relativity, for instance, which is a consequence of the
principles of Newton’s mechanics, i.e. the principle of
relativity in Galileo’s form of it, did not hold in the case
of the propagation of light. The phenomenon was governed
by the principles of electromagnetic theory. It thus hecame
a matter of expanding the sphere of applicability of mechan-
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ical principles by including electromagnetic phenomena
in it. This meant, however, that the principles of Newton's
mechanics should form a single integral system with the
principles of electromagnetic theory. Their combining led
to the birth of new concepts that were broader and more
meaningful than those of classical mechanics. The concepts
of space and time were the first to undergo change; the con-
cepts of absolute space and absolute time disappeared; they
were replaced by the concepts of relative space and relative
time, which proved to be aspects of a single four-dimensional
space-time continuum. Galileo’s transformation (which
connects inertial reference frames in Newtonian mechanics
and implies absolute space and time) was accordingly re-
placed by the Lorentz transformation (which connects
inertial reference frames and implies relative space and
time). The principle of relativity had already appeared in its
generalised Einsteinian form, and relativistic mechanics
emerged.

Our second example is provided by quantum mechanics.
In this theory (which is discussed here with its logically
closed form in mind) there is a basic postulate: namely
that for each physical quantity (dynamic variable) in clas-
sical mechanics there is a certain linear operator in quantum
mechanics which acts on the wave function; it is assumed
that the relations between these linear operators are the
same as between the corresponding quantities in classical
mechanics.

In quantum mechanics a postulate that connects an oper-
ator with the value of a quantity characterising the reading
of the measuring instrument (by means of which knowledge
of the micro-object is obtained) also has a basic role.

Our two examples represent a kind of logical summary of
the state of affairs that had developed in the theory of rela-
tivity and quantum mechanics when these theories were
constructed. Like any summary, it does not depict the whole
diversity of the logical and actual situations that had built
up when these theories were being created, does not repro-
duce the details of the combination of thought and experi-
ment which brought the principles of these leading theories
of modern physics into being. In order to avoid possible
misunderstandings in clarifying the method discussed here
by which the new concepts were found (by means of axi-
omatics) we must draw special attention to the fact that
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axioms, having been deduced in the defining of such-and-
such fundamental concepts become in turn the basis for
deducing new, broader, more meaningful fundamental
concepts than the initial ones. The equations expressing
the axioms now contain symbols without real meaning;
and the essence of the matter is how to find these real mean-
ings, i.e. to find new concepts (and that means to construct
a new theory). This is done, as we know, by the methods
of mathematical hypothesis, fundamental observability,
and other theoretical techniques of modern physics.

When one takes such circumstances into account, it be-
comes clear that although (we shall take a well-known exam-
ple) the structure of the axioms of relative numbers or
real numbers is identical with the structure of natural
number, it is impossible still to learn just from this iso-
morphy, how, say, one should add or multiply negative
numbers. Similarly, the fact that the structure of the prin-
ciples in classical, relativistic, and quantum mechanics
is the same does not by itself guarantee knowledge of the
main laws of relativistic and quantum mechanics (when
the laws of classical mechanics are known). It is useful to
recall Engels’ remark here on the law of the negation of the
negation. Knowledge of the fact that this law of dialectics
covers the development of grain and the calculus of infini-
tesimals, he said, ‘does not enable me either to grow barley
successfully or to differentiate and integrate®’. As we have
seen, the situation with axiomatics is similar. That, how-
ever, does not diminish the fruitful methodological role
of the laws of dialectics, or of axiomatics, in any way;
it is worth stressing once more that this methodological
role is not the dogmatic finger of the Almighty even when
this deity appears disguised as a scientist.

* ok %

The problems of axiomatics considered above necessarily
include the problem of interpretation. We shall discuss
it here in concluding this section. M

The concept ‘interpretation’, as it originated in mathe-
matics and was adopted in modern logic, does not coincide
with the normal usage of the concept (or of ‘comment’).
Interpretation brings out the meaning of the symbols and
formulas in scientific theories in which the axiomatic method
plays a leading role (in the deductive sciences which, ac-
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cording to Einstein, include physics as a fundamental sci-
ence). Interpretation rests not on a visualisation but on cer-
tain logical foundations which we shall not analyse here.
It establishes a system of objects that form a domain of
values of the symbols used in a theory, and its job as a log-
ical operation consists precisely in determining the objects
in which the symbols and formulas of the theoretical sys-
tem can be realised.

The following difference in the meaning of the concept of
interpretation in mathematics and physics, which individ-
ual authors sometimes find it difficult to see, is of great
significance. The logical operation of interpretation can
play a decisive role in mathematics in certain conditions
in clarifying matters that are very important for mathemat-
ical knowledge (for instance, the problem there used to
be of the consistency of non-Euclidean geometry). But for
all that, the main point is not the connection of the sym-
bols (terms) and formulas (relations) of its theories with the
objectively real world. Mathematics is not liberated in
principle from this connection, of course, regardless of at-
tempts of idealistically-minded authors to do so (about
which we have spoken above). There is no immanent neces-
sity, however, in mathematics itself for the values of the
symbols of its theories, and through them also the symbols,
to be connected with the data of observation and experi-
ment. This fundamental feature of mathematical theories
is expressed quite clearly and definitely in the systems of
formal axiomatics. In Hilbert's Grundlagen der Geometrie
(Foundations of Geometry) for example, ‘points’, ‘staight
lines’ and ‘planes’ denote those things (objects) and their
relations in respect of which only one assumption is made,
namely, that they satisfy the axioms; in Hilbert’s geometry
one abstracts oneself from the visualised points and straight
lines of Euclid’s meaningful geometry (which represent
idealisations of the normal solids, and the relations between
them).

What is the situation in physics in this respect? In both
physics and mathematics the formalisms of their theories
can be given more than one interpretation. For instance,
the axioms formulated by Hilbert can be interpreted in
a way in which they are given in Euclid’s Elements, and
also in such objects of Lheoretical arithmetic as real numbers
(analytic interpretation). And in physics, if we take, for
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example, the expression
_pr 7
E= (2”1) + ¥ pots

it can be interpreted as a formula of total energy in clas-
sical mechanics, and also as the Schridinger equation if
one has in mind the operator form of this expression;-it
then becomes
P ;
(E—%-—L)«p:o,
where

ki I
l—a_ p;x=Tl_‘ etc

Notwithstanding this, however, the symbols of formal-
isms in physics are necessarily connected with the readings
of instruments and with observational and experimental
data, i.e. the symbols in physical theories must be connect-
ed through interpretation with the objectively real world.
Mathematics, as we have seen, operates differently. Without
so-called empirical, or natural interpretation a physical
theory is not a physical theory, in the same way as without
formalism a physical theory is not a physical theory.

From this standpoint, if every scientific theory* in gener-
al is built up from logical (or, in certain special conditions,
mathematical) apparatus (formalism) corresponding to it
and its interpretation, a physical theory consists of a formal-
ism (mathematical part) and an empirical interpretation
(the visualised part). This does not, of course, mean that
such-and-such a physical theory (or rather, its formalism)
cannot be interpreted through the objects of another physi-
cal theory; it means only that no physical theory, if, we
repeat, it is to be called a physical theory, can do without
empirical interpretation. The transition from the data of
observation or experiment to the formalism of theory, and
from the formalism of theory to the data of observation or
experiment (it is only as a result of such a transition that
a real theory can be formed) is a very complex process, a
leap that can only be analysed by dialectical logic.

With construction of the theories of modern physics, the
view became common that the laws of classical mechanics,

* We would remind the reader once again that this concerns deduc-
tive theories.
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say, were not absolute universal laws of nature and were
limited to a certain realm of physical phenomena or (in
a rather modified and more general form) that it was impos-
sible to regard the laws of the macroworld as valid in the
microworld. This understanding of the laws of physics was
consistently introduced in relation to the mathematical
apparatus of the theories (in the developed formalism of
the special theory of relativity four-dimensional vectors
were employed, in quantum mechanics linear operators).
But with respect to the rules of the relation of the concepts
of the formalism (i.e. mathematical abstractions) to the
experimental data (without which these concepts have no real
physical meaning) such understanding of physical laws is
not accepted by all authors, or rather they do not allow suf-
ficiently for the fact that the rules of the connection between
the formal concepts and the experimental data (or the re-
ceipts for the transition from mathematical quantities to
physical ones) do not necessarily coincide in classical and
non-classical theories. It is worth recalling here the inter-
pretations given to the mathematical apparatus of the spe-
cial theory of relativity and quantum mechanics by the op-
ponents of Einstein’s and Bohr's conceptions.

One can consider the rules of connection of the concepts
of a theory’s mathematical apparatus with the experimental
data, or the concrete receipts that govern the connection of
the mathematical quantities in the formalism with the phys-
ical ones, as expressions (definitions) of the corresponding
physical concepts. This means, from this standpoint, that
the construction of a new fundamental theory implies the
exclusion of certain old fundamental concepts (which are
retained in the old theory) and the introduction of new ones.
The exclusion of the old fundamental physical concepts in
the cause of creating a new theory is far from simple. So
far the idea is still maintained in one form or another in
the scientific literature that it is necessary and sufficient
to be satisfied with the fundamental concepts of classical
physics (space, time, motion, particle) in any physical
theory. The receipts of the transition here from mathemati-
cal quantities to physical ones in the new theory do not so
much make it possible to embrace the new objective reality
at which the old theory came to a stop, as serve simply as a
means of computation. Questions relating to this have becn
considered throughout our book.
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Translation of the language of formalism into the language
of experiment, and vice versa, in one physical theory or
another or the reflection of objective reality by a theory,
or, in short, the physicist’s conversation with nature is
a process of a kind in which one cannot take a step without
dialectics.

2

Certain Aspects and Functions of the
Axiomatic Method

Knowledge acquires its most developed and perfected form,
as we know, in science (its model being physics), which
ensures adequate cognition of nature. Systems and structur-
al approaches are inherent in science as the highest form of
knowledge, unlike other forms. Their presence means that
a set of concepts considered outside the theoretical construc-
tion is not yet science.

From this point of view, the axiomatic method plays a
most important role in science since it was developed histor-
ically as a method of theoretical construction of science
and, therefore, as the method determining its architecture.
The axiomatic method helps cognise the most general laws
operating in the sphere of phenomena covered by any one
science; axioms arise, or principles of an (axiomatically)
created scientific system, which unite the set of intercon-
nected phenomena under study into a single structure.

In an axiomatically constructed theory its statements are
deduced from axioms. It would seem to follow from this
that the axiomatic method, which ensures exactness of the
concepts employed, and certainty, consistency, and con-
clusiveness in the argument, excludes the idea of flexibility
of concepts, recognition of the variability of scientific pro-
positions, and a transition from certain scientific theories to
other, deeper ones. Hence the conclusion can easily be
reached that this method simply serves in science for the full
logical substantiation and final shaping of the content of
scientific cognition, : nd :hat, by its nature, it is alien to
dialectical thinking.

This assertion, however, is undoubtedly an extreme one.
Introducing order into the language of scientific or theoret-
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ical concepts is an essential task of the axiomatic method,
but it cannot be reduced simply to such putting into order.
As we showed with examples in the preceding section, the
axiomatic method allows one to find the new elements in
physics not only in the sense that concepts or statements
that exist potentially in a given theory are brought out and
made explicit in the course of deduction, but also in the
deeper sense that the method makes it possible to find new
principles and fundamental concepts that are used as the
logical foundation of a new theory. We find the same thing
also in mathematics, to understand the essence of which is
the major goal of the axiomatic method. According to Bour-
baki, ‘where the superficial observer sees only two, or seve-
ral, quite distinct theories, lending one another “unexpected
support”... through the intervention of a mathematician of
genius, the axiomatic method teaches us to look for deep-
lying reasons for such a discovery, to find the common ideas
of these theories, buried under the accumulation of details
properly belonging to each of them, to bring these ideas
forward and to put them in their proper light’.'?

Bourbaki’s point of view on the axiomatic method in math-
ematics reflects the content and spirit of modern mathemat-
ics. It seems to us that the axiomatics in modern physics
is similar to that about which Bourbaki writes; we shall
try to demonstrate in what follows that that is the position.

How do physicists themselves deal with the question of
axiomatics in their science? We shall briefly discuss the
views of Einstein and Feynman.

Einstein believed it is possible, through the use of purely
mathematical constructions, to find those concepts and
regular connections between them that provide the key to
understanding the phenomena of nature. The corresponding
mathematical concepts could be prompted by experiment but
they could not in any case be deduced from it. Einstein
dwelt more than once on the point that experiment remains
the sole criterion of the suitability of the mathematical
constructions of physics. ‘But,” he emphasised, ‘the crea-
tive principle resides in mathematics. In a certain sense,
therefore, I hold it true that pure thought can grasp reality,
as the ancients dreamed.’'!

Feynman, it would seem, disagrees with Einstein. So long
as physics is not complete and we are trying to discover
new laws, he says, ‘we must always keep all the alternative
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ways of looking at a thing in our heads, so physicists do
Babylonian mathematics, and pay little attention to the
precise reasoning from fixed axioms’.!?

According to Feynman, this situation will change when
physicists know all the laws of nature, i. e. when physics
becomes complete, and he believes that quite probable.!3

Let us consider Einstein's and Feynman's statements in
greater detail.

Both of them stress the explanatory and predictive func-
tions of the axiomatic method as most important for any
theory, but which do not lead beyond the context of this
theory. While Einstein accepts this without reservation,
Feynman acknowledges their greatest significance for theory
in principle, i. e. for the time when physics has cognised
all the laws of nature, which is quite probable (on the other
hand, physics in the incomplete state it is in today needs
a Babylonian, i. e. empirical, method when much is known
but it is not completely realised that this known can be
deduced from a set of axioms).

Thus, both Einstein and Feynman deny the function to
the axiomatic method that we would call heuristic, i. e.
the function of searching for a new fundamental theory (and,
therefore, new axioms) that was discussed in general at the
beginning of this section; in Einstein’s statements this can
be seen directly, but in Feynman’'s understanding the func-
tion of the search for new fundamental propositions belongs
to the Babylonian method.

These considerations of theirs about the axiomatic meth-
od need, however, to be understood cum grano salis.
Both of them draw attention to the fact that one cannot be
content just with employing mathematics in physics.
Mathematics, Feynman says, prepares the abstract reasoning
that the physicist can use if he has ‘a set of axioms about
the real world’; but the physicist should not forget about the
meaning to all his phrases, and ‘it is necessary at the end to
translate’ the conclusions into the language of nature.
‘Only in that way can (the physicist) find out whether the
consequences are true. This is a problem which is not a
problem of mathematics at all.’'4

But the physicists’ reasoning, he continues, is frequently
useful to mathematicians; one science helps another. With-
out dwelling on this, let us look at Feynman'’s final thought:
‘To those who do not know mathematics it is difficult to
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get across a real feeling as to the beauty, the deepest beauty,
of nature.’!®

Einstein said approximately the same thing, but unlike
Feynman he put forward an additional idea that is quite
essential on the plane of our problems.

Einstein more than once developed the idea that ‘the
axiomatic basis of theoretical physics cannot be extracted
from experience but must be freely invented’.1® That, how-
ever, does not mean at all that he adhered to Plato’s phi-
losophy or defended the a priori approach or questioned the
possibility of finding the right way to understand nature.

Einstein’s statements have to be considered as a whole so
as to judge his philosophical and methodological ideas in
physics properly. He maintained that ‘experience is the
alpha and omega of all our knowledge of reality’,!” and that
‘there is ... a right way, and that we are capable of
finding it’.'® He took his stand on the many-sided nature
of cognition; this dialectical feature of his epistemological
views was discussed in the first chapters of this book.’t?
Here we would like to draw the reader’s attention simply to
the following point.

One has to agree with Einstein when he stated, with the
formal logic in mind, that the axioms of physics cannot be
deduced logically from the empirical data. The axioms of
physical theories, he noted, could not be reached by the
‘logical path’ but only by that of ‘intuition based on pene-
tration into the essence of experience’.2’ The term ‘intuition’,
it seems to us, should be replaced by ‘fantasy’; the most
rigorous science cannot do without fantasy, as Lenin aptly
said in his Philosophical Notebooks.?> And that is not far
from the idea that scientific creative work and dialectics are
always in harmony. In Section 3 of this chapter we shall
consider matters related to this more fully.

* ok %

Einstein considered that there were shortcomings to
some extent in Newton’s views on the principles of mechan-
ics, which consisted in the fundamental concepts and
principles of his system, in the belief of the author of the
Principia, being deduced logically from experience. The
same idea about the basic laws and fundamental concepts
of physics permeated the views of most scientists of the
eighteenth and nineteenth centuries.
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According to Einstein, as we have seen, such an under-
standing is erroneous; it was only the general theory of
relativity that brought clear recognition of its erroneous-
ness. The general theory of relativity, he said, ‘showed
that one could take account of a wider range of empirical
facts, and that, too, in a more satisfactory and complete
manner, on a foundation quite different from the New-
tonian.’®2

We do not think that the views of Newton and the scien-
tists about whom Einstein spoke, do deserve such a charac-
terisation. The axioms of classical mechanics were, in
fact, deduced from the data of experience, but that does
not mean at all that they were logically deduced (i. e. by
means borrowed from formal logic). The principles both of
classical mechanics and of other classical theories are gener-
alised facts of experience, and the corresponding general-
isations are made at the level of experimental data. As re-
gards generalisation, it is not simply an operation in for-
mal logic. ‘The approach of the (human) mind to a partic-
ular thing,” Lenin wrote, ‘the taking of a copy (a concept)
of it is not a simple, immediate act, a dead mirroring,
but one which is complex, split into two, zig-zag-like,
which includes in it the possibility of the flight of fantasy
from life.... For even in the simplest generalisation, in
the most elementary general idea (“table” in general),
there is acertain bit of fantasy.”®® In the princi-
ples of classical theories this is expressed through their con-
tent’s possessing elements that cannot be deduced by the
logical means of the given system.

The fundamental laws of many of the theories of classi-
cal physics were discovered in a similar manner (by the
method of principles). Maxwell’s electromagnetic theory was
an exception since its principles were obtained by the me-
thod of mathematical hypothesis. This theoretical method
has become widely used in non-classical physics; it visibly
demonstrates the correctness of Einstein’s idea that the
fundamental laws and concepts of physics are free creations
of the human mind. This method has great significance
in finding from nature the principles of quantum mechan-
ics and quantum electrodynamics. The method of funda-
mental observability had the same importance in obtaining
the principles of quantum mechanics and of the special
and general theory of relativity. Let us consider the general
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theory of relativity in the light of Einstein’s remark above
about it.

In Einstein’s view the fact that one can point to two,
essentially different theoretical foundations (classical theo-
ry and the general theory of relativity) that explain the
appropriate set of experiments reveals the speculative na-
ture of the principles that underlie the theory. But is the
example of the general theory of relativity convincing in
this respect?

Newton's theory of gravitation and Einstein’s gravitation-
al theory were in fact built and constructed as a general-
isation of the same data of experience. The predictive
function of Einstein’s theory, however, as became clear,
proved to be broader than the corresponding function of
Newton's theory: the general theory of relativity predicted
and explained phenomena which were obstacles to Newton’s
theory of gravitation (the motion of Mercury’s perihelion;
the deflection of light in the Sun’s gravitational field).
In addition, both theories also differ in certain respects,
which precludes their comparison on one and the same log-
ical plane, proposed by Einstein. The general theory of
relativity could not have been created in Newton’s time;
furthermore, this theory itself would not have been construct-
ed if there had not been the special theory of relativity,
and the latter would also have not been formulated if clas-
sical mechanics had not existed.

In other words, Einstein’s example is too abstract, al-
though it can be used to illustrate his idea of the specula-
tive nature of the basic principles of a theory in the sense
above. If this example is translated to the plane of reality,
it speaks not simply of principles being just suggested by
the experiment (as was assumed by Einstein) but of the
formation of the principles of a theory being dependent on
circumstances appertaining to the level of development of
physics and science as a whole, including philosophy, and
also on the state of spiritual and material culture. This
is the basis of the answer to the question why a theoretical
system is almost unambiguously determined by the sphere
of observations, although there is no logical way from the
observations to the theory’s fundamental principles and
concepts.

Does all this mean that the principles of classical theory
are generalised facts of experience, and the principles of
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non-classical theories something else? Let us note for the
present (it will be discussed in greater detail in Section 3)
that the principles of non-classical theories are also gener-
alised facts of experience. Unlike classical theories, how-
ever, in which the generalisations are made at the level of
experimental data, in non-classical theories the generalisa-
tion is made at the level of theory: the point is that, for
example, classical mechanics was necessary for the special
theory of relativity and quantum mechanics, as the basis
for the description of experiments. With this is associated
that function of the axiomatic method in physics whose
existence could not be even suggested in eighteenth and
nineteenth century science, and whichtook shape as non-clas-
sical theories developed. We shall now pass to questions
relating to this.

We have several times pointed above to two functions of
the axiomatic method. One of them, the ordering function
(which unites the explanatory and predictive functions)
expresses the tendency of a theory (as a certain system)
toward logical completeness, and in this sense to the comple-
tion of its development as a certain theoretical system. The
other function, the heuristic one (in which the axiomatic
method finds ways of resolving the paradoxes that have
arisen during the development of a theory), expresses the
theory’s tendency to go beyond the context of its system
that makes it precisely such-and-such a theory and not anoth-
er one. Below, to the end of this section, we shall discuss
the axiomatic method from the aspect of its ordering func-
tion (the heuristic function being considered in Section 3).

The axiomatic method arose in physics, as we know,
together with classical mechanics. Like Newton’s mechanics,
it is in some respect a product of Newton's Rules of Reason-
ing in Philosophy that he included in the third book of
the Principia. These Rules have something in common with
Descartes’ Regles pour la direction de 1'esprit. In the lit-
erature one more often meets a stressing of their differences,
determined by the personal philosophical positions of
Descartes and Newton (for example, Newton’s sharply neg-
ative attitude to Descartes’ theory of vortices is well known)
than any mention of their similarity. In our view it is es-
sential, in order to understand the philosophical essence
of classical science when it was being built, to pay attention
rather to the common element in Descartes’ Régles and

341



Newton’s Rules. It constitutes a part, as it were, of the
‘spirit of the times’ that also put its stamp on the content
and laws of development of the science of the time, thereby
promoting its very comprehension. Let us compare the two
sets of rules in this connection.

Descartes:

1. Only that should be regarded as true which appears be-
fore the mind in such clear and lucid form that it does not
provoke any doubt. ‘

2. The difficulties that one encounters should be divid-
ed into parts so that they may be overcome.

3. It is necessary to start with the simplest objects and
to ascend gradually to the cognition of the complex, assum-
ing the presence of order even where the objects of think-
ing are not given in their natural connection.

4. It is necessary to compile the lists and surveys of the
objects under study as fully as possible.

Newton:

1. ‘We are to admit no more causes of natural things than
such as are both true and sufficient to explain their appear-
ance.’

2. ‘The same natural effects we must, as far as possible,
assign the same causes.’

3. ‘The qualities of bodies, which admit neither intensi-
fication nor remission of degrees, and which are found to
belong to all bodies within the reach of our experiments,
are to be esteemed the universal qualities of all bodies.’

4. ‘In experimental philosophy we are to look upon prop-
ositions inferred by general induction from phenomena as
accurately or very nearly true, notwithstanding any contrary
hypotheses that may be imagined, till such time as other
phenomena occur, by which they may either be made more
accurate, or liable to exceptions.’?

Newton’s Rules served as the foundation that produced
the axiomatic method in physics as an experimental science.
Descartes’ Régles do not mention experiment at all; his
position implied that the initial assumptions (axioms) of
physics should be treated only as hypotheses, while clarity
and obviousness were regarded as the criteria of truth.

There is thus a sharp difference in the interpretation of
axioms and truth in physics in Newton and Descartes. One
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should remember, however, the hypothetical element in
the content of the principles of Newton's mechanics (dis-
cussed above). According to Descartes and Newton, more-
over, cognition developed from the simple to the complex
and, if one allows for the fact that, as follows from Descar-
tes’ Régles, clarity is a kind of synonym of simplicity, and
that Newton stressed, in his explanations of his Rules,
that nature is simple and did not affect ‘the pomp of su-
perfluous causes’, one can see that there is much in common
between the two sets of rules in spite of certain serious
differences.

There is nothing surprising in that. Descartes, a great
philosopher and the founder of analytical geometry, oc-
cupied himself with mechanics, optics, astronomy and
acoustics from his youth, and made outstanding discoveries
in them. And he saw in mathematics a general method for
studying the physical world. His ideas had a great influ-
ence on the development of classical physics and have, to
some extent, affected the development of physics to the
present time. Huyghens’ wave theory of light, the analyti-
cal mechanics associated with the names of Euler, Lagran-
ge, and Hamilton, Maxwell’s electromagnetic theory, the
field theory, modern quantum mechanics—all these disci-
plines, in one form or another, and to some extent or another,
emerged and became established under the influence of
Descartes’ ideas. His methodological rules are a kind of
spiritual ancestor of the method of mathematical hypothe-
sis in modern physics, and of the modern view on the role
of the mathematical apparatus in physical theory if one has
in mind simply the mathematical form of the ‘hypothetical’
physics against which Newton fought. Let us, however,
return to our theme.

One can see from the content of Descartes’ Régles and
Newton’s Rules that a constructed physical theory should
satisfy the principles of completeness, independence, and
consistency in so far as it remains a finished system. This
idea was expressed explicitly much later, when the logical
foundations of modern mathematical knowledge were laid.

Let us touch on certain features of Newton’s methodology
compared with Descartes’.

Newton's fourth rule says that the statements drawn from
phenomena by means of induction are trustworthy so long
as they are not disproved by new phenomena. This rule
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directly points to the fact that ‘experience is the alpha and
the omega of all our knowledge of reality’; it would seem
to be at a total variance with Descartes’ methodology. The
words quoted, however, are Einstein’s?® who did not diverge
at all from Descartes in saying: ‘But the creative prin-
ciple resides in mathematics.’*® We are consequently con-
vinced once more that the opposition between Newton’s
and Descartes’ Rules is not absolute, that the ‘empirical’
and ‘mathematical’ approaches in physics, when understood
correctly, are not opposed to each other but complement one
another, and form an inseparable unity.

Finally, let us make the last comment on the ‘empirical’
and ‘mathematical’ methods in physics, whose founders
were Newton and Descartes respectively. Classical theories
arose and developed, for the most part, in such a way (we
mentioned this in connection with a different point in
Section 1) that determining the formulas for measuring
quantities in them (the definition of physical quantities)
preceded the search for equations (i.e. the propositions and,
finally, the axioms) of the theory, while the content of
the physical concepts itself appeared to be independent of
the axioms. Newton’s definitions of relative space, relative
time, and relative motion* were formulated independently
of the axioms of mechanics; and these concepts figure in
his axioms. In addition, he introduced definitions of ab-
solute space, absolute time and absolute motion, but these
concepts play the role in his theory rather of a certain purely
philosophical supplement and not of physical coneepts.**
Newton’s axiomatic method can be described as close to
informal axiomatics.

Modern physical theories, on the other hand, arose by
another axiomatic path that is close to formal axiomat-
ics. When a theory is created in modern physics, its mathe-
matical apparatus is first found, the physical meaning (con-
tent) of its concepts being still (totally or partially) unknown;
their content is only revealed later as they become defined.

* Newton wrote of the concept of ‘relative time’, for instance:
‘relative, apparent, and common time is some sensible and external
(whether accurate or unequable) measure of duration by the means of
motion, which is commonly used instead of true time, such as an hour,
a day, a month, a year (Sir Isaac Newton. Op. cit, p. 61).

** Newton's ‘relative time’ and ‘relative space’, let us recall, do
not coincide with the ‘relative time’ and ‘relative space’ of Einstein’s
theory of relativity.
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Generally speaking, when an axiomatic theory is con-
structed, its fundamental concepts do not exist indepen-
pently of the axioms; being governed by the latter, they
can be defined through them. This circumstance was indi-
cated, as a matter of fact, by formal axiomatics. To take an
example from classical theory, Newton’s first axiom can
serve as an (implicit) definition of the inertial reference
frame, one of the fundamental concepts of classical mechan-
ics.??

Such are certain features of the axiomatic method in
physics, when we consider its ordering function.

L S

In conclusion, let us consider briefly the principles that
must be satisfied by the axioms of a logically complete (axiom-
atised) physical theory.

The axioms underlying the theory of a certain sphere of
natural phenomena are elements of a system that has a cer-
tain structure. This means that they are connected through
relations, which include the independence of axioms and
their consistency and completeness. Such an aggregate of
axioms is called the set of axioms.

The independence of axioms expresses the fact that each
axiom in a set is exactly a fundamental statement in a giv-
en theory; that is why it belongs to the set only of the fun-
damental propositions of a theory, in which no statement can
be deduced from any other. If it is affirmed, for in-
stance, that the exposition of a theory should begin with
the simplest relations between its objects, it is the inde-
pendence of the axioms in the content of the axiomatic
method that expresses this statement.

The consistency of axioms means that no axiom of the
set can contradict any other. When there is such a contra-
diction, it is impossible to interpret the theory constructed
on the axioms; as regards empirical interpretation this
amounts to experiment not confirming the theory. The
consistency of a system of axioms is thus a necessary re-
quirement of their truth. By itself, however, the require-
ment is not sufficient to resolve the problem of the truth of
a theory based on a consistent system of axioms. Here
experiment, experience, and practice, of course, come to
the fore. On the other hand, consistency of axioms is the
necessary and sufficient condition for unity of the proposi-
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tions of a physical theory, if the latter is a deductive one.
One has to take into account, however, that an axiomatised
theory reflects adequstely the sphere of phenomena corre-
sponding to it, if one abstracts the connections between this
sphere as a whole and others, and abstracts the transitions
of the phenomena of this sphere to those of a broader sphere.

For the purposes of our book, the principle of the comp-
leteness of the axiomatic system of a given theory can be ex-
pressed as follows: as regards the system of axioms, this
requirement consists in the system’s being adequate for
the theory of a certain sphere of phenomena to cover all the
phenomena of that sphere (i.e.” to explain all the known, and
to predict all the unknown, phenomena of this sphere),
linking them in a single chain of deductive reasoning.

We shall not discuss the criteria of the completeness of
an axiomatic system; in physics, however, when it is a
matter of the completeness of such-and-such a theory,
experience frequently plays the decisive role. The para-
doxes at the junction of classical mechanics and classical
electrodynamics, for instance, combined with the negative
result of the Michelson-Morley experiment, led to the con-
clusion that neither the axiomatic system of classical me-
chanics nor that of classical electrodynamics was a complete
system if each was assumed to cover phenomena apper-
taining to the electrodynamics of moving bodies. Einstein
solved this problem, as we know, when he created his theory
of relativity which has now become an engineering discipline.

It is necessary to emphasise that only the totality of
the requirements of independence, consistency, and complete-
ness of the system of axioms forming the logical founda-
tion of a theory ensures the deductive integrity of the lat-
ter, unity of its concepts and of the varied relations between
them.

As for the guarantee of a theory’s fullest reflection of
its sphere of phenomena (i.e. of the phenomena plus their
essence, laws, etc. ), the requirement of completeness is the
most significant one in its axiomatic construction. The
other two requirements (of independence and consistency)
simply support completeness; without this ‘support’, how-
ever, completeness would be unable to do its job.

The objects of a given axiomatic system, connected
through certain relations, are its initial fundamental con-
cepts defined implicitly by axioms (which provide an ac-
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curate, complete description of the relations between the
system’s objects). The theory of such related objects is
considered built when it is possible to deduce logical corol-
laries from the system of axioms (according to certain
rules), abstracting all other assumptions (statements) with
respect to the objects concerned. How is this axiomatic
ideal realised in a physical theory (or in physics as a whole)?
Analysis of the matters relating to that goes beyond the
frame of this Section.

3

On the Axiomatics of Contemporary
Physical Theories

Let us first consider the meaning of the expression ‘phys-
ically exact concept.” Above we stressed, in one connection
or another, that a physical concept in any physical theory
is neither an instrument reading nor a mathematical ab-
straction; in a physical concept that reflects the objectively
real, the two are fused together as it were. Exact physical
concepts are exact for the reason that they correspond to
the objectively real (in the final analysis, this correspon-
dence is established by experiment).

So-called abstract physical concepts cannot be counter-
posed to so-called visualisable physical concepts on the
planes of their relation to the objectively real, or of their
accuracy. Both the former and the latter reflect the objec-
tively real and, if they correspond to it, they are exact con-
cepts. No physical concept exists without a connection
with experimental data, but abstract concepts are connected
with such data by a more complex logical chain of reason-
ing (implying knowledge of the laws of nature) than visual-
isable concepts.

Both types of concept thus make use of the concepts of
everyday language in their definitions, but the degree of
this use cannot be compared; in the definitions of the visual-
isable concepts it is relatively easy to find the roots of
their origin in experiment, but abstract concepts are connect-
ed with the experimental data in a mediated, and fre-
quently very complicated, way. In the axiomatic construc-
tion of a theory its concepts and the relations between
them are defined quite exhaustively.
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At the same time, exact concepts can rightly be called
exact only within the limits of a certain closed system;
in that sense they are relatively exact or approximate con-
cepts if there is no single closed system.

The concepts of a theory thus contain both an element
of abstract thinking and an element of imagination. This
applies to both the classical and non-classical theories
of physics. In a classical theory, however, its concepts
are a direct generalisation of the experimental data (the
corresponding concepts of everyday language being raised
in it, so to say, to the first degree of abstraction); in quan-
tum theory, on the other hand, its concepts are not such
a direct generalisation of the experimental data; the data
are generalised in it in a mediated way, through the use
of classical concepts.

From this standpoint classical concepts are not at all
a priori with respect to quantum theory, in the sense that
quantum theory employs only classical concepts (with
the corresponding limitations). Quantum mechanics employs
its own basic concepts and principles; accordingly, its
concepts that differ qualitatively from classical ones, do
not differ from them in any way in the sense of their certain-
ty, clarity, and exactness. The same has to be said of the
concepts of other constructed non-classical theories.

The tendency to establish exact concepts in science that
arose from axiomatics does not by itself ensure adequate
cognition of nature. Nature is inexhaustible as a whole and
in any of its parts. Science and its theories and con-
cepts that reflect nature consequently have to change and
develop, reflecting it more deeply and completely; the
old concepts (and theories) cease to be exact as regards
the new sphere of ‘finer’ phenomena of nature, new exact
concepts and theories being developed that correspond to
the new sphere. Thus, when physics masters a new area
of natural phenomena, the limits of applicability of its
old concepts and theories are determined on the one hand,
and on the other hand new concepts and theories are devel-
oped. These two; processes, which appertain to concepts
and theories, are, as a matter of fact, a single process of
the development of science. Initially the inadequacy of the
old concepts in regard to the new sphere of phenomena
is established empirically,§and difficulties and paradoxes
arise in the existing theory (this is, so to say, the new theo-

348



ry's period of uterine development). Later the develop-
ment of scientific cognition leads to precise determination
of the applicability of the old concepts and theories, but
this means, at the same time, the formulation of new con-
cepts and their system: the new theory begins its existence.

That was how things stood with the theory of relativity
and quantum mechanics, which now represent -closed
systems of concepts (axiomatised theories). Such is the
situation with the modern theory of elementary particles,
in which the presence of difficulties and paradoxes speaks
of a need for fundamentally new concepts, and system
of ‘crazy ideas’.

As a result, the conclusion is inevitable that science
neither can nor does manage in its development just with
exact concepts. In certain conditions, when a
new theory is being born, i.e. when it is a theory only
‘in itself’ and has no developed system of concepts, science
uses, and cannot avoid using, imprecise concepts without
which it is impossible in practice to construct a rigorous,
consistent, complete theory.

The tendency in the development of science that leads
to the establishment of exact concepts in it is thus inter-
woven with, and merges with, an opposite tendency whose
specific feature is to employ imprecise concepts in science.
Imprecise concepts are inevitable with every advance
of science. They disappear when a certain cycle of its devel-
opment is completed, so as to emerge again at a new stage
of its development.

* ® Ok

There is not simply something in common between the
question of the physically exact concept and that of the
process of formation of this concept itself, but, as we see,
an inseparable connection between them. This point was
not considered, as a matter of fact, in eighteenth and nine-
teenth century physics and in essence could not be. It then
seemed that the sole system of axioms had been found that
covered existing physics and should embrace all future
physics; the physical equations and related concepts corre-
sponding to it seemed absolutely exact and not restricted
by any limits in this exactness. This system of axioms was
embodied in the system of principles of mechanics formu-
lated in Newton’s Principia, which could only be modified
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but whose basis remained the same; the theoretical devel-
opment of physics was regarded as consistent application
of Newton’s mechanics to broader and broader spheres
of natural phenomena, discovered in experiment.

Since the theory of relativity, and especially quantum
mechanics, became established, this understanding of axiomat-
ics in physics, of course, has radically altered; with
the new understanding of fundamental principles the ques-
tion arose of the formation of a physical concept as a cer-
tain logical process.

In Section 1 we mentioned six ‘closed systems’ of appro-
priately ordered concepts, definitions, and axioms in phys-
ics, each of which describes a certain sphere of natural
phenomena, and all of them are connected to some extent
with one another. These ‘closed systems’ undoubtedly
reflect the existence of discontinuities or leaps in nature
and correspond to the fact that the forms of motion of
matter are connected through transitions and differ quali-
tatively from one another.

In accordance with this understanding of physical axio-
matics the equations of physics, and the quantities figuring
in them, are never absolutely exact; or rather they are
absolutely exact only within their applicability, and beyond
it the question no longer arises. A more general and deeper
theory (for instance, the theory of relativity or quantum
mechanics) determines the field of applicability at certain
points of the special and simpler theory from which it
developed (in our example of classical mechanics, it is the
limiting case with the tendency of the velocity of light to
approach infinity and Planck’s constant—zero); in this
case the more special and simpler theory is an approxima-
tion of a theory that is deeper and more general, while the
corresponding quantities of the simple theory become
approximate ones (for example, absolute simultaneity
is an approximate quantity, i.e. a quantity such as pre-
serves its meaning only within certain limits established
by the theory of relativity).

We must stress that approximate quantities are no ‘worse’
(or ‘better’) than ezxact ones (which relate to a more gener-
al theory) in the sense of their being adequate to objective
reality in the same way as the laws of Newton’s mechanics
are valid within their sphere of applicability, and cannot be
‘improved’, whereas the laws of mechanics of the theory
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of relativity are valid in a broader sphere of phenomena
than that reflected by classical mechanics, without discard-
ing Newton’s laws. The more general theory, moreover,
employs approximate quantities in the appropriate condi-
tions without which its quantities would have no physical
meaning (suffice it to note that the practical procedures
of measurement in the theory of relativity and quantum
mechanics implied use of approximate quantities that
were, in the first place, quantities of classical physics).

Thus, the approximate nature (i.e. the limits of signifi-
cance) of a quantity in such-and-such a theory is determined
by the more general, deeper theory; the quantity then
sheds the illegitimate universalism that is inevitable until
a certain time.

The approximate nature of a quantity in a certain theory
is discovered through the more general, deeper theory
developing from it with its new underlying principles
and basic (fundamental) concepts. But the process of phys-
ical cognition can also go in the opposite direction, when
a theory is transformed into a more particular one with the
formation of concepts that did not exist in the
original theory. Fock, who brought out the fundamental
significance of approximate methods in theoretical phys-
ics, reviewed this process of physical cognition (which is
inseparably connected with so-called approximate methods
in physics).28

We shall not go into details of the philosophical problems
associated with the analysis of approximate methods in
physics, except to make the following comment. Modern
physics rejects the metaphysical prejudice that the cogni-
tive value of a special theory is less than that of a more
general theory; a special theory covers a narrower sphere
of phenomena—in that sense alone does the general theory
provide more complete and therefore more adequate knowl-
edge of objective reality; but in their own spheres of
applicability these theories are equivalent as regards cover-
age of their corresponding spheres of phenomena; from
the standpoint of cognition it is all the same whether we
move in one direction along a genetic series of axiomatic
systems or in the opposite direction. For modern physicsthe
absolute is by no means, therefore, ‘better’ (or ‘worse’)
than the relative as regards cognition; the same holds for
the relation between the exact and the approximate. To
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illustrate this, let us assume that in certain phenomena
in which atomic objects are involved the wave nature of
matter is not essential (particles moving in a cloud cham-
ber); then, in these conditions, we would be justified in
abstracting from the uncertainty relation, which limits
the concept of a particle; classical physics and its concept
of the trajectory of a particle, i.e. concepts that are impos-
sible in quantum mechanics, come to the fore.

When one reasons abstractly and takes into account the
view now widely held, one can say that every physical theory
and every physical concept are in principle approximate.

Why do we make the stipulation: ‘takes into account the
view...” etc? The point is that physicists have now become so
accustomed to the idea of the variability, relativity, uncer-
tainty, it would seem, of everything, that acceptance of the
relativity of the fundamental statements of science does not
cause much perplexity. What appeared to be heresy in
eighteenth and nineteenth century science, when its theoreti-
cal foundation rested on Newton’s indisputable mechanics,
isregarded in twentieth century science as almost hackneyed,
in view of the idea of the variability of fundamental phys-
ical propositions. On the other hand, the idea that physics
can arrive at something constant and final in the sense
of its principles now appears strange, although it was
considered quite normal in the days of classical physics.
Meanwhile the idea that physics can be ‘completed’ in the
sense of construction of its principles is now being voiced
by individual scientists2®;, because of that our stipulation
above was necessary.

Furthermore, by employing the expression ‘when one
reasons abstractly’, etc., we thereby stress the fact that
a physical theory (physical concept) contains a number of
elements of physical neglect about which nothing is known
at a given stage of development of physics but it is assumed
that something will be known in the future. In the exam-
ples above certain physical theories (certain physical
quantities) figured as really approximate theories (quanti-
ties), and not just approximate in principle, and their
approximate nature was demonstrated. Here, on the other
hand, we mean theory in general and the fact that it con-
tains neglected elements in principle.

This idea is based on semi-empirical/semi-general consid-
erations; since the rise of non-classical physics, fundamen-
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tal physical theories have been replaced by more general,
deeper ones, and physics is now apparently on the eve
of a new, similar change, in connection with the difficulties
of constructing a theory of elementary particles and for-
mulating a new cosmological theory; so it was and is now,
and so it will be in future.

Let us return again to real theories. In order to demon-
strate that such-and-such a theory is approximate, we have
to prove that it does not cover certain phenomena that are
covered by a more general theory. The methodology of
this question is, in fact, the methodology of the quest for
and construction of a new theory, and here (the point con-
cerns fundamental theories), non-classical physics has its
own theoretical methods (unknown to the old physics),
which achieve their end. These methods (the principle of
observability, mathematical hypothesis, etc.) have the
following inextricably connected premises in common:
(1) by cognising something unknown, i.e. by going
beyond the limits of the cognised, we extend established
concepts, principles, and theory to this something; (2) this
extension does not exclude but implies, on the contrary,
that one may have to alter (revise) some of the theory’s
established basic concepts and principles qualitatively
and, therefore, in the final result, to construct new basic
concepts and principles, i.e. a new theory. These two
premises, in spite of their opposite nature, are essentially
one, but depending on the conditions, which also include
the cognised something, one or other of them comes to the
fore.

As regards the first, it can be thought that it would not
be justified to extend principles and concepts that reflect
the circle of known phenomena to the unknown things, for
it would be wrong to extend the concepts of trajectory and
particle to atomic phenomena—that could be demonstrated
after long discussions and various theoretical misadventures
when, as it seemed, one had to proceed directly from the
appropriate thesis, and the truth would be found more
quickly!

The point, however, is that a new theory cannot be
constructed, as it is, in general, impossible to cognise,
of nothing and, therefore, one cannot, in cognising the
unknown, do without established knowledge. An establish-
ed theory (or one or other of its bits), when applied to
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unknown phenomena so as to cognise them, functions in
respect to them only as a hypothesis, with all the propo-
sitions and conclusions following from that fact. Without
hypothesis discoveries in science are impossible, of course,
and a hypothesis, understandably, in order to fulfil its
task, must satisfy certain requirements.

A hypothesis is internally connected with fantasy, but
fantasy cannot be unrestrained and unchecked in science.
Which theoretical structure can be more ideal; in this
respect than an established scientific theory, verified by
experiment, which operates as a hypothesis!

It is therefore logically justified that physicists, after
a really unexpected discovery, do not immediately put
forward staggering ideas and theories in order, so to say,
to catch the unexpected phenomenon in the net of cogni-
tion, but study the discovered phenomenon very thoroughly,
with, it would seem, unnecessary sluggishness, by means
of the old theories and established principles. The discovery
of radium did not immediately destroy the notion of the
atom’s invariance; the Michelson-Morley experiment was
analysed many times on the basis of the theories of classi-
cal physics; the same must be said of the phenomena with
discovery of which quantum theory began its development.

When we extend everything we already know to unknown
phenomena, or to new spheres of natural processes, more-
over, it is only thus that we open the way to scientific prog-
ress. What kind of science would it be, if it enabled cogni-
tive problems to be solved (and solved them) only from
the sphere of the known! The boundary between the two
premises of physical cognition discussed above passes
exactly through this point.

As for the second of these premises, the most essential
thing relating to it, in our view, has been analysed to one
degree or another in Marxist literature on the methodology
of modern physics, and we refer the reader to it.%°

All these problems gravitate to the idea of the dialectical
unity of absolute and relative truths. For physicists who
do not consciously accept dialectical materialism, this
idea is frequently a stumbling block. A vivid example of
this, on the plane of the issues discussed above, are the
statements of Richard Feynman, a distinguished physicist
who unconsciously, as we have often seen, applies the
principles of dialectics to resolve the problems of his science.
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According to him, ‘there is always the possibility of
proving any definite theory wrong; but ... we can never
prove it right.... Newton ... guessed the law of gravitation,
calculated all kinds of consequences for the (Solar) system
and so on, compared them with experiment—and it took
several hundred years before the slight error of the motion
of Mercury was observed. During all that time the theory
had not been proved wrong and could be taken temporarily
to be right. But it could never be proved right, because tomor-
row'’s experiment might succeed in proving wrong what you
thought was right.... However, it is rather remarkable how
we can have some ideas which will last so long’ (my italics—
M.0.).3

One finds such passages quite often in Feynman’s book.
From the standpoint of the unity of the exact and the
approximate previously discussed, it is not very difficult
to disprove Feynman’s seemingly factual considerations:
the deviation of Mercury from the motion predicted by
Newton’s theory can be explained by Einstein's theory
of gravitation, which is correct in a broader sphere of appli-
cation than Newton’s; the latter, on the other hand, is
a limiting case of Einstein's gravitational theory. In his
argument Feynman touched on statement that experiment
is the criterion of a theory’s truth, but he, it must be as-
sumed, is not familiar with the dialectical idea of the relative
nature of this criterion.3? In Feynman’s opinion, it would
seem, a physical theory, if it is correct (true), should be
universal and final; in his view physical science is moving
in essence to the latter; at least, we find the following
concluding lines in his book: ‘Ultimately, if it turns out
that all is known, or it gets very dull, the vigorous philo-
sophy and the careful attention to all these things that
I have been talking about will gradually disappear.’3®

* ok ok

It is held, and rightly so, that the presence of a system
of axioms in a theory is an indication of its logical com-
pleteness (closed state), but in the history of knowledge
and science the logical completeness of a theory has usually
been regarded as a synonym of sorts of its universality
and invariance. This was justified historically, we may
say, by 2000 years’ reign (to the middle of the nineteenth
century) of Euclid’s geometry as the sole geometrical
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system, or the 200 years supremacy (to the twentieth cen-
tury) of Newton's mechanics as the final, indisputable
theoretical system of physics. We have tried to show the
illusory nature of this notion when axiomatic ideas are
considered on the logical plane. The logical completeness
of a theory does not preclude its development but, on the
contrary, implies it; we propose to examine this idea more
definitely in the concluding part of this section.

The first blow against the ideal of the classical under-
standing of axiomatic construction in physics was struck
by Maxwell’s electromagnetic theory. In fact, however,
the essence of this understanding of axiomatics did not
change; during the heyday of the electromagnetic picture
of the world many physicists replaced the bodies of mechan-
ics and Newton's axioms by an electro:nagnetic field
and Maxwell’'s equations (an: Newton’s mechanics itself
seemed refuted, with no relation to the foundations of the
Universe). At that time the point of view of dialectical
materialism on this issue was expressed by Lenin. When the
electromagnetic picture of the world was being built up he
pointed out the inconsistency of the opinion that material-
ism asserted ‘a “mechanical”, and not an electromagnetic,
or some other, immeasurably more complex, picture of the
world of moving matter’.3* And, as the development of
physics since Maxwell's electromagnetic theory has demon-
strated, Lenin was right.

The final blow to the classical understanding of axiomat-
ics in physics was dealt by the theory of relativity, and
especially by the development of quantum mechanics when
it took on its contemporary shape.

It became clear (this fact was mentioned above in con-
nection with other matters), that Newtonian mechanics had
limits to the realm of phenomena that it was expected to
explain and predict, i.e. limits to its applicability, and
that electromagnetic phenomena on moving bodies, and
also atomic phenomena, could not be described and explained
by the concepts and principles of Newtonian mechanics.
Experimental studies of the relevant phenomena, plus
analysis of the theoretical situations arising in classical
physics, led on the one hand to the theory of relativity,
and on the other hand to quantum mechanics. Now, of
course, the physicist has become accustomed to the idea that
no closed physical theory is absolute, that there are limits
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of its applicability, and that, in this sense, it is approxi-
mate. But how is one to find the limit of applicability
of a theory? And what is this limit? Let us begin with the
second question. There are phenomena that cannot be
described in the language of the concepts of a certain theory
or, if they can be so described, cannot be explained by it;
such a theory leaves out the sphere of these phenomena,
i.e. the sphere of applicability of such-and-such a theory;
this is that realm of phenomena that is, or can be, explained
by it. In other words, another theory, already different
in principle, operates (i.e. describes, explains, and therefore
predicts) beyond the limits of applicability of such-and-
such a theory.

We shall not analyse the matter of a theory’'s limit of
applicability in detail. One aspect, however, deserves
attention. The expression ‘the limit of a theory’s develop-
ment’ is frequently used and, apparently, quite logically.
What does it mean? And how is it related to the expression
‘the limit of a theory’s applicability’ just discussed?

This question only seems artificial. The point is that
ordinarily it is said to be meaningless to speak of the devel-
opment of an axiomatic system. Indeed, all the theorems
of an axiomatic system can be interpreted as being implicit-
ly contained in its axioms and rules of inference. Only
the activity of a mathematician (or a corresponding device)
can make any theorem contained in it explicit (and there
is an infinite number of such theorems of various degrees
of ordering in an axiomatic system). At the same time
everyone knows that it is by no means easy to infer (or
deduce) theorems from axioms; and the obtaining of, say,
a geometrical (or mechanical) fact and statement from
the corresponding system of axioms is, as always with
cognition, the solution of a problem of searching for an
unknown from known data! Engels said that even formal
logic was a method for finding new results.

The deductive method (which includes the axiomatic
method proper), like any method employing formal and
dialectical logic, cannot do without imagination or fantasy.
It is worth recalling once more that, according to Lenin,
even the most elementary generalisation contains an ele-
ment of fantasy.3® The role of imagination increases greatly,
of course, when it is a matter of the ever broader and
deeper generalisations with which science is concerned

357



and without which it ceases to be science;* it is a gratifying
task to study this role.

Thus, in so far as the deductive method or, considering
its higher form, the axiomatic method, leads from the known
to the unknown and increases scientific knowledge, an
axiomatic system should be regarded as a theoretical one
that can and does develop in certain conditions. The devel-
opment of an axiomatised theory is the obtaining of new,
previously unknown facts and propositions within the
limits of its applicability. As follows from its definition,
this development of a theory occurs, so to say, within itself.
The theory does not go beyond its limits in this develop-
ment but remains the same from the standpoint of its prin-
ciples (system of axioms).

Let us turn to the question of how to find the limit of
applicability or limit of development of an axiomatised
theory.

The answer, of course, cannot be reduced to demonstrating
that one constructed theory contains another constructed
theory, with the first determining the limits of applica-
bility of the second in a way inherent to it and showing
that the latter is its limiting case. It is not a method of
solving the problem; rather it implies the existence of
such a solution. Can the limits of applicability of a theory,
or the boundaries of the realm of phenomena explained
by it, be found empirically?

It depends on the circumstances. The result of Michelson-
Morley experiments or the so-called ultraviolet catastrophe
became in fact the limits of the applicability of classical
theories: from these two ‘little clouds’ in the clear sky of
classical physics there developed the theory of relativity
and quantum mechanics. However, the motion of Mercury’s
perihelion which had been known for quite some time and
was not covered by Newton’s theory of gravitation, had
not by any means become the limiting point of the theory’s
applicability. Einstein’s theory of gravitation, which

* The use of cybernetic machines to solve the problems involved
(a machine has been able, for instance, to ‘discover’ a theorem unknown
to mathematicians) only confirms this idea. Any ‘intelligent’ machine
is a kind of extension of the human brain; it does not ‘think’ or ‘create’
by itself, but in combination with a person it greatly increases, tle
latter’s power of cognition; and there is almost no limit to this in-
crease. The point has been discussed many times in the literature.
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determined the limits of applicability of Newton’s, was not
found along the methodological path on which the theory of
relativity and quantum mechanics arose. The decisive role in
the creation of Einstein’s theory of gravitation was played
by the principle of equivalence, which implies the identi-
ty of inertia and gravitation, i.e. an experimental fact
played an essential role, namely that the acceleration of
all bodies falling in vacuo is the same; this fact was known
to Newton who did not include it in the theoretical content
of his theory of gravitation but accepted it simply empiri-
cally.

It happens sometimes that an established theory does
not explain certain known experimental facts; scientists
become accustomed to that; but, as it turns out, their theoret-
ical interpretation or explanation (justification) goes beyond
the limits of the established theory, and sometimes only a
person of genius can see this circumstance. That is how
it was with the general theory of relativity, or Einstein’s
theory of gravitation, which rested on the same experiment-
al material (the same experimental base) as Newton’s
theory at thetime it wasformulated, but added a set of new
ideas to it that were alien to classical conceptions. The
logical aspect of the rise of a theory in this way will be
discussed below.

So, how can one find the limits of the applicability of an
axiomatised theory and of its principles and concepts, i.e.
determine the realm of phenomena beyond which it is no
longer valid and a new theory is required?

A logically constructed theory or axiomatised theoretical
system that functions correctly within the context of its
applicability should be consistent and complete. Gédel has
shown that the consistency and completeness of a system
itself cannot be proved by its theoretical means. It is usually
accepted without proof (it was tacitly implied during the
historical development of Euclidean geometry and Newton-
ian mechanics) that such-and-such a theory is consistent
and complete if the specifically opposite is not required,
in the same way as it is accepted without proof that a theory
is universal if there are no facts contradicting it (as was
noted above). The consistency and completeness of any the-
oretical system means that none of the statements which it
contains implicitly and explicitly can be in contradiction
with it and all should be explained by it, i.e. that all of
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them are finally explained in it on the basis of its axioms
and fundamental concepts.

It follows from this that, if a phenomenon which is (say) to
be explained within the context of a given theory not only
cannot be explained but, on the contrary, contradictions
(paradoxes) arise that cannot be resolved by this
theory when explanation is attempted, we would be justified
in considering their presence as an indication that the
theory is nearing its limit.

It is possible of course that after due reflection stimulated
by the contradiction individual statements and concepts
of the theory may be revised, and the contradiction resolved
in terms of the given theory; in that case the contradiction
and the way it is resolved serve only to improve the theory
logically in terms of its principles. The same holds mutatis
mutandis for the question of a theory’s completeness. At one
time Einstein, Rosen, and Podolsky formulated proposi-
tions from which it seemingly followed that quantum mechan-
ics in Bohr's probabilistic interpretation was incomplete.
It became clear, however (as Bohr showed), that Einstein
was wrong: the initial proposition of his paradox in relation
to the problems of quantum mechanics was ambiguous.3®
We are not interested in such cases: they appertain to the
problem of logically perfecting agiventheoryin relation to its
axiomatics, and not to that of the limits of its applicability.

Let us now turn to the paradoxes that develop in a theory
and are not resolved by its means; they are indications that
the theory is nearing its limit, as was noted above. But
that means (and we draw attention to it) that the necessity
is arising to look for a new theory whose principles
and fundamental concepts differ from those of the first, for
a theory such as would resolve said paradoxes (or rather, in
which they would not exist). The main task of all our
further exposition is to analyse the corresponding problems.

First of all we would stress that the logical path (and
expression) of the historical movement from classical to
modern physics was the birth of said paradoxes in a (classi-
cal) theory and their resolution. To some extent this feature
was also characteristic of Maxwell’s electromagnetic theory,
the closest precursor of non-classical theories. Maxwell, who
unified all the experimental data on electricity and magnetism
found by Faraday, and expressed them in the language of
mathematical concepts, sawa contradiction of sorts between
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the resulting equations. In order to correct the situation,
he added an expression to the equation without any experi-
mental justification (it appeared later), and the theory of
electromagnetism was born. Maxwell’s method of mathema-
tical hypothesis also proved to be extremely fruitful in
further research,* it has frequently brought whole theories
to physics.

Einstein’s theory of relativity can serve as another exam-
ple. It was created at the junction of classical mechanics
and classical electrodynamics, as a result of resolving a
paradox, a contradiction between Galileo’s principle of
relativity and the principle of the velocity of light in vacuo
being independent of the motion of the radiating source
when these principles were considered together. Podgo-
retsky and Smorodinsky have called such ‘junction’ paradoxes
‘encounter contradictions’.3” The paradox above and its
resolution are an excellent model of dialectical contradic-
tion in relation to major problems of modern physics, on
which one can find relevant studies in Marxist philosophi-
cal literature®®. A most important role in resolving this
paradox, i.e. in formulating the theory of relativity, was
played by the method of fundamental observability.

Quantum mechanics also developed in a certain sense
as a result of resolving an ‘encounter contradiction’, in this
case, that of classical corpuscular mechanics (again Newton’s
mechanics) and classical wave theory. The role of the wave
theory, however, was played here not by the corresponding
theory of matter but by the theory of electromagnetism; the
‘encounter’ was therefore by no means as ‘simple’ as with
the (special) theory of relativity. Quantum mechanics
developed as a result of resolving not only an ‘encounter
contradiction’ but also a number of other contradictions,
some of which will be considered below. Here it is essential
to point out thata rising new theory is, in the language of
modern logic, a metatheory of sorts in relation to the origi-
nal ones (this also applies to the theory of relativity).

The problem that could be called that of the stability
of the structure of ordinary bodies, molecules, corpuscles
(particles) or of the atoms that, from the standpoint of
Newtonian mechanics, underlie matter and the motion of

* Maxwell himself thought that he was being guided by a mechan-

ical model of the ether; in certain circumstances, however, illusions
often represent something real.
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which determines, in the end, all universal changes, was
of the greatest significance for understanding how quantum
mechanics arose. Newton ‘found a way out’ by postulating
the infinite hardness (of divine origin) of the primary atoms,
etc.3® The same problem arose in all itsdirect visualability,
so to say, when it became clear that the ‘primary’ atom was
a system consisting of electrically charged particles (a posi-
tive nucleus and negative electrons), and the problem of its
stability had to be solved from the standpoint of classical
electromagnetic theory. ‘Rutherford’s atom’, as we know,
was unstable, but the problem was solved by a (then young)
Danish physicist Niels Bohr who constructed an atomic
model, applying Planck’s hypothesis of quanta to ‘Ruther-
ford’s atom’. ‘Bohr’s atom’ proved to be really stable,
which was explained in terms of the laws of nature, i.e. the
ancient atom finally acquired stability, and not because
somebody tried to convince himself and others of this in
his own name or that of God, but because it was necessi-
tated by the quantum laws of the motion of matter. From
there, too, development of the main stem of the quantum
theory sprang, whose content absorbed the idea of the unity
of corpuscular and wave properties of micro-objects and
led in 1924-1926 to the creation of quantum mechanics.

Nevertheless, when one thinks deeply about how the
problem of the stability of the structure of the atomic par-
ticles of matter was solved, the idea that it could have been
done differently and not as it was even seems strange.
For in fact, the properties and motion of macro-objects can
only be explained by the laws of motion and properties of
the micro-objects composing them when the latter are not
ascribed the properties and motion of macro-objects, if one
does not want to fall into regresus ad infinitum. That is
what was done by quantum mechanics, which brilliantly
demonstrated that the laws governing micro-objects are
quite different from those governing macro-objects. But then
the hardness of macro-bodies, the constancy of standards of
length and time, i.e. the physical characteristics of macro-
objects without which measurements and, therefore, physi-
cal cognition, are impossible, must get their substantia-
tion in quantum mechanics, as the mechanics of objects
at atomic level.

On the other hand, man (if we may be allowed to express
it so) is a macroscopic being; he learns about the microworld
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only when the micro-objects act on macro-objects that he
links to his sense organs; these macro-objects (they become
measuring instruments for him) enable man to learn about
the microworld in a mediated way. Thus man, when cognis-
ing the micro-objects, cannot help but use classical concepts,
since only in terms of them can he describe the readings
of instruments, i.e. since as he measures he cannot do with-
out using classical theories.

Such is the relationship between quantum and classical
mechanics, to put it briefly; it leads us to an understanding
of the relationship between the basic principles of the theory
of physics which, it seems to us, is typical of twentieth
century physics.

Note first that the mechanics of the atomic world (quan-
tum mechanics) not only cannot be reduced to the mechanics
of macro-bodies (classical mechanics) (the theory of electro-
magnetism also cannot be reduced to classical mechanics, and
does not absorb the latter), but the relationship between them
contains something more. Quantum mechanics, as was stated
above, is the basis, in a certain sense, of classical mechanics;
it justifies some of its fundamental concepts that reflect
the properties of macro-objects, i.e. it deals with these
concepts in the same way as classical mechanics, in which
the derivative concepts are justified by axioms.

It must also be added to this that the fundamental con-
cepts, in their connections that form the basic equations
of classical mechanics, were developed from notions taken
from everyday experience (hardness, inertia, force) and
the relations between them. That lends the axioms of mechan-
ics the necessary physical meaning without which these
equations would be converted into purely formal ones, and
it would be impossible to call them physical. As for the
main fundamental concepts and their connections, ex-
pressed by the basic equations of non-classical theories, the
mathematical abstractions corresponding to these equations
are connected with nature (i.e. have, so to say, become
physicised) in each theory according to the rules inherent
in it, using the concepts of classical physics.

From the standpoint of what has been said, a theory’s
axiomatic system contains basic concepts and their connec-
tions that are not logically justified in this system but are
postulated on the basis of certain considerations, which
are taken into account when the system is being construct-
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ed. In this respect the theory is called incomplete (and
open), but this incompleteness is different in principle from,
say, that of quantum mechanics which Einstein had in mind
in his discussion with Bohr mentioned earlier. The funda-
mental concepts and connections that form the axiomatic
system of a theory can be substantiated by a deeper, broad-
er theory than it, with new axiomatics, etc. On the logical
plane the status of the ‘substantiation’ of fundamental
concepts and their connections in the axiomatics of a theory
is similar to that of an axiomatic system’s consistency and
completeness, which, as Gédel demonstrated, cannot be jus-
tified by the means of this system. Or, in more general form,
the basic statements of a theoretical system cannot be ob-
tained by its logical means, but they can be found by the
logical means of a broader, deeper theory*?. Using the same
logical terminology one can say that quantum mechanics
is a kind of metatheory of classical mechanics.

Let us return to the example of KEinstein’s theory of
gravitation discussed above. Newton’s theory, and classical
mechanics did not ‘brood’ over the proportionality or (with
the appropriate choice of units) equality of the gravitational
and the inertial mass of a body; it was just stated by classi-
cal mechanics. To find the justification of the equality
between the gravitational and inertial masses of a body, or
better justification of the statement that ‘the gravitational
and inertia masses of a body are equal’ would have meant to
go beyond the limits of Newton’s gravitational theory and
to construct one that would be a novel metatheory with
respect to it. This was what Einstein did when he created
a new theory of gravitation, or, as he called it, the general
theory of relativity. We shall speak about this in Einstein’s
own words, with citations from his works, limiting our-
selves just to comments.

Having spoken about the proposition that ‘the gravita-
tional mass of a body is equal to its inertial mass’, Einstein
said further that it ‘had hitherto been recorded in mechan-
ics, but it had not been interpreted’ (in this case we employ
the expression: classical mechanics did not subsiantiate,
did not find grounds). And he concluded: ‘A satisfactory
interpretation can be obtained only if we recognise the
following fact: The same quality of a body manifests itself
according to circumstances as “inertia” or as “weight” (lit.
“heaviness”).*! By having formulated this idea he thus gave
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grounds for the equality of the gravitational and inertial
mass, empirically stated in classical theory, and laid the
basis for his theory of gravitation.

The following excerpt (which we give without comment)
from his paper What Is the Theory of Relativity? can serve
to illustrate his basic 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 relation to this system
must, according to Newton’s teaching, be regarded as effects
of inertia. But these centrifugal forces are, exactly like the
forces of gravity, proportional to the masses of the bodies.
Ought it not to be possible in this case to regard the coordi-
nate system as stationary and the centrifugal forces as gravi-
tational forces? This seems the obvious view, but classical
mechanics forbids it’.%2

If one draws together everything that has been said about
a theory and its metatheory, the following conclusion
suggests itself. The paradoxes arising in a theory that
cannot be resolved by its logical means are an indication that
the theory has reached its limits of applicability, and that
its axiomatics (axiomatic construction) is its highest logical
completion possible from the standpoint of its actual content
and axiomatic form. Such paradoxes differ fundamentally
from those that develop in a theory and are resolved by its
logical means, i.e. from those that provide evidence of the
theory’s logical imperfection (incorrectness in the reasoning
or inaccuracy in the premises). The existence of paradoxes
that are not resolvable by a theory’s logical means indicates
the need to search for more general, deeper theories in
terms of which they are resolved (the resolving usually coin-
cides with the construction of the general theory being
sought). The existence of this kind of paradox thus means,
in fact, that the physical cognition of objects does not stay
long at the level of such-and-such a theory but develops
further, embracing new aspects of material reality, without
discarding the knowledge already achieved by it; the ex-
istence of thistype of paradox also means that the theory that
contains paradoxes but does not resolve them inits own terms,
potentially contains a theory that is more general and deeper
than it. From this position every axiomatised theory neces-
sarily contains knowledge that cannot be substantiated in
its terms; otherwise cognition would become frozen at a
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certain point, and the knowledge gained would be converted
into a metaphysical absolute.

The development of a theory of contemporary physics
is ensured by a genetic series of theoretical systems repre-
senting axiomatic structures that are either closed or under
logical construction and connected through certain rela-
tionships, the more general theoretical system in the genetic
series of such structures growing out of the more special one.
The single axiomatic system of the whole of physics, in
the spirit of the mechanistic ideals of the eighteenth and
nineteenth centuries, was buried by the development of
physics. This system also proved to be logically impossible,
as Godel’s theorems have shown; the logical development
of a theory and of physical science as a whole is expressed
by a genetic hierarchy of axiomatic systems combining a
tendency to stability with one toward variability, which
are inherent in individual axiomatic systems and in their
aggregate.

A single axiomatic system (structure) in the spirit of
classical physics has been put an end to, but in the realm of
ideas, more than in any other, the dead clings to the living.
A single axiomatic system is being reborn in modern physics,
too, though in a form seemingly far removed from its ‘clas-
sical’ model. In our day we can find the following conception
about physical science in the literature: physics is construct-
ed in principle as a rigorous, consistent, axiomatic system
covering all its branches, in which the historically earlier the-
ory (and its axiomatics) is the limiting special case of the
historically later one (which proves to be broader than the
first). In due course the same happens to the last theory,
and so on. Feynman paints approximately such a picture
in the axiomatics of modern physics. The following question
then arises, however: does this ‘and so on’ continue to
infinity? We shall not go into its details and shall try to
answer it.

It is asked whether there really is an indisputable single
axiomatics embracing all physics that allows for its present
and possible future development.

The question is answered in essence by the material above
on the relationship of a ‘theory’ and a ‘metatheory’ in phy-
sics. All that remains here is to stress certain aspects of
the problem.

When a theory is generalised, i.e. when we pass from the
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special to the general theory, the former by no means disap-
pears completely in the latter, and the latter does not at
all become the sole true theoretical system in physics, as
would be the case if there were a single axiomatics in physi-
calscience. Inreality, the special theory is preservedin the gen-
eral one in a modified form (this also holds in respect of cer-
tain of its concepts); it remains in the general theory as an
approximate one, and its concepts are also preserved as approx-
imate. From this angle we can also speak of absolute simul-
taneity in Einstein’s theory of relativity. A theory is not
discarded when it passes into a more general theory, but
remains as relative truth, i.e. absolute truth within certain
limits; this is the very ‘best’ for a theory from the stand-
point of its relation to objective reality, since it is being found
how far it is true.

All this is associated with answering the following ques-
tions (some of them considered above). Why is it necessary
to use Euclidean geometry in seeking the ‘non-Euclidean
nature’ of a certain spatial form? Why do we learn about
the properties of the space-time continuum from separate
measurements of space and time? Why are the concepts of
classical mechanics employed to describe the experiments
that constitute the experimental basis of quantum mechan-
ics?

We are convinced that dialectical contradiction, the source
of every development of life, also operates in axiomatics.
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IN LIEU OF A CONCLUSION

The philosophical question of how objective knowledge is
achieved, and from what it follows that physical statements
are not purely subjective constructions and that nature
exists independently of experience and of the theory that
has grown from it long occupied an important place in clas-
sical physics.

From the standpoint of classical science the answer to
this problem did not appear very complex. For eighteenth
and nineteenth century scientists it seemed obvious to accept
the objective reality of the external world, reflected in
physical theories. It was customary to explain observed
phenomena in terms of a mechanical model. The concepts
in which the measurable properties of physical bodies and
their motions then known were expressed were not very far
removed in level of abstractness from those developed in
everyday experience. Materialism and mechanistic views
prevailed in classical physics and were shared by its repre-
sentatives, though frequently not philosophically consci-
ously.

As physics moved from the macroscopic objects perceived
in everyday experience deeper into spheres of phenomena
cognition of which called for non-classical theories and
their abstractions, unknown to classical physics, in addition
to very sophisticated experimental equipment, the problem
of the objective and the subjective became more and more
complex in physics. In modern physics this problem took on
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a form that differs essentially from that in which it appeared
in the physics developed under the aegis of Newton and
Maxwell. From the end of the nineteenth century, paradoxi-
cal situations began to arise in which the observed da-
ta did not fit into theoretical schemes and conceptions
existing at that time. The theory of relativity and quantum
mechanics emerged and developed, and became established
as non-classical theories, i.e. as theories with a mathemati-
cal apparatus (formalism) unknown to classical physics, and
basic concepts and principles quite different to classical
ones,

The physics of our day develops through the transition of
some fundamental theories into others that are deeper and
more general and differ qualitatively from the initial ones.
This kind of development is inextricably bound up with
the disappearance of certain basic concepts essential to the
initial theory, and the formation of new basic ones (without
which the new system of knowledge cannot be regarded as
a theory). The disappearance of the former and appearance
of the latter is a single process in which the former (if they
figure in it as a kind of absolute concept, or invariant) are
relativised in a way and become aspects of new absolute
concepts, or invariants, in a deeper theory. Instead of the
classical concepts of absolute length and absolute duration,
for example, in the theory of relativity, corresponding re-
lativistic concepts representing aspects of the most important
invariant of the theory of relativity became established,
i. e. the interval, which ‘combines’ length and duration
in a special manner.

When fundamental physical theories are characterised
epistemologically by increasing degree of generality, i. e.
classical mechanics and electrodynamics—the theory of
relativity and quantum mechanics—quantum field theory
(the theory of elementary particles), one is justified in say-
ing that the relativisation of the old absolute (invariant)
concepts and introduction of new absolute (invariant) ones
in the course of the generalising of a theory and its transition
into a new one signify a progressive movement from ‘sub-
jectivism’ to objective knowledge, and ever deeper, more
complete cognition of the objectively real in which the one-
sidedness and subjective constructions of individual phys-
ical theories internally connected with it become blurred
as it were. On the other hand, the theories, by preserving
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their content that corresponds to objective reality, become
more and more integrated in this progressing motion.

In our view this is the philosophical significance of the
idea of invariance as regards the relation between the objec-
tive and the subjective in modern physics. Thus, the theory
of relativity and quantum mechanics have concretely dem-
onstrated that certain of the fundamental concepts of
classical mechanics, and this science as a whole, are approx-
imate (although these concepts are absolute within the
limits of their applicability). The uncertainty relation, for
example, which established the limits of applicability of
the classical particle concept, took into account, let us
say, that electrons possess wave properties in addition to
corpuscular ones; beyond these limits the classical concept of
a particle has no objective meaning.

In modern physics Lenin’s ideas of the relationship be-
tween matter and consciousness, and between the objective
and the subjective, play a most important role. Matter
and consciousness, the objective and the subjective preserve
their absolute oppositeness only within the limits of the
basic question of philosophy.!

Lenin thus linked a materialist solution of the basic
question of philosophy inseparably with the dialectics of
cognition, with how knowledge is formed from ignorance,
how it becomes deeper and deeper, and more complete,
reflecting theexternal world thatexistsindependently of man.
In physical science, especially in non-classical physics,
this finds very clear, marked expression.

Positivism (regardless of whether it is a matter of Mach’s
views or of neopositivism) for which, as we know, the ex-
istence of a physical world independent of experience was,
at best, a pseudo-problem, by-passed the problematics of
the origin and source of physical knowledge, and at the
same time, the problematics of its development. Mach
criticised Newton’s theory of space and time from an ide-
alist standpoint adhering to the purest philosophical rela-
tivism on this issue, and rejected Einstein’s theory of rela-
tivity. Later positivists, including such eminent philo-
sophers as Carnap and Reichenbach, accepted the theory of
relativity and quantum mechanics, but for them physical
theories were only a logical means of systematising the ob-
served. Thus, Reichenbach ignored the real dialectical unity
of the particle and wave properties of matter, which was
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unknown to classical physics and which is considered in
Bohr’s conception of complementarity developed by Fock
and others. By introducing certain assupmtions about ‘par-
ticle’ and ‘wave’, which (in his own words) are ‘neither true
nor false’, he put forward a theory of equivalent descriptions
in his philosophical argument on quantum mechanics. Ac-
cording to this theory, in certain conditions the corpuscu-
lar and wave interpretations ‘both are admissible, and they
say the same thing, merely using different languages’.?
As for the objective and the subjective in modern phys-
ics, it is important to bear in mind that Einstein, Bohr,
Born, and its other architects held the same anti-positivist
position as regards cognition in physics, in spite of the dif-
ference of their philosophical views. Einstein, for example,
always stressed that in their theories physicists are dealing
with nature, which exists independently of the mind cogni-
sing it. While doing justice to classical physics and holding
Newton in high esteem, he considered the theory of relativ-
ity a new step in the development of knowledge in physics,
expressing the idea, moreover, that the modern theory of
relativity (i.e. theory of gravitation) should only be regard-
ed as a certain limiting case of a more profound theory
(not yet created). These considerations of the founder of
the theory of relativity speak for themselves. One can find
similar statements on this point in the works of Bohr,
Born, and other great physicists of our time, who have
opposed positivism and subjectivism in science.

* 0 ok ok

Spokesmen of the ‘philosophy of science’ and scientists
of the non-socialist world have become distinctly suspi-
cious of positivism of late. Without going into the reasons
for it, let us note that mounting attention is being paid in
modern bourgeois philosophy to the development of scien-
tific cognition; the study of this development is gradually
becomingthebasisfor comprehending the structure of science,
its theories that have taken shape, and the logical prob-
lems of established science. Unlike positivism, the subject-
matter of which was the logic of already existing knowledge,
the most recent trends in the bourgeois philosophy of sci-
ence aim at identifying the forms and methods that make it
possible to bring out the developing content of scientific
knowledge. In short, if the logic of the scientific revolutions,
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above all in physics, i.e. the logic of the transition from one
fundamental theory to another, deeper one, was outside the
purview of positivists, philosophical problems of this kind
of revolution are being brought to the fore in the post-posi-
tivist approach. Karl Popper has made the first steps in
this direction. His ideas, however, including his principle
of ‘falsifiability’, strictly speaking, only formulated the
relevant questions (leaving aside his latest publications).
For him, study of the development patterns of scientific
knowledge and the study of its logical structure were dif-
ferent, though mutually related, problems.

Imre Lakatos, taking Popper’s ideas as his starting point,
concludes that the logic of science can only be the theory of
its development. He scrupulously analyses the matters
involved in the fact that every empirical disproof of a theo-
ry (‘falsifiability’ in Popper’s terminology) poses a problem
of refining and progressively altering a theory. Lakatos
tries to clarify the rational reference points in the devel-
opment of knowledge during a scientific revolution.

Thomas Kuhn analyses the problem of revolutions in
science differently than Popper and Lakatos. In his view
there is a period in science of the predominance of estab-
lished principles that guarantee its ‘normal’ functioning,
and a period of crisis when new ‘paradigms’, i.e. sets of
new principles and new scientific methods and approaches
are taking shape. Unlike Lakatos, Kuhn suggests that the
change of paradigms cannot be explained rationally or
logically, and tries to justify his position.

We shall not discuss the views of Popper, Lakatos, and
Kuhn, and of other Western philosophers close to them,
about the development of scientific knowledge, but simply
note that these philosophers have not solved the problems
of development of scientific knowledge in its most essential
features. Popper, for instance, in his argument about the
contradiction between the theoretical and the empirical,
did not find ways of resolving it. Kuhn denied regularities
in the transition between ‘paradigms’. The methodology
of Lakatos’ ‘research programmes’ (in his interpretation
they play the role of Kuhn's paradigms) in fact lacks con-
structiveness.

From the Marxist standpoint the negative aspects of
all these and other views of Western opponents of positiv-
ism on the development of science are quite understandable;

374



they ignore materialist dialectics, above all the dialectics
of the connection between the objective and the subjective,
when they analyse the development of scientific knowledge.
The understanding of cognition as the reflection of nature
in human thought, an understanding that must not be re-
garded without motion, or free of contradictions, but in
an eternal process of movement and of the rise and resolution
of contradictions, is that which opens up a philosophical
perspective for dealing with matters concerning scientific
revolutions and the development of science.® Modern bour-
geois philosophers do not see this.

The enormous significance of the dialectics of the objec-
tive and the subjective in the philosophical problematics
of physical knowledge stands out clearly in dealing with
the problem of the relationship between the abstract-log-
ical and visualisable, or mathematical apparatus (formal-
ism) of a theory and the data observed in experiment de-
scribed in terms of our everyday language, a problem which
is essential to contemporary physics. This is also the prob-
lem of a mental picture of the concepts and theories of
contemporary physics. The line of materialism on this issue
implies acceptance of the dialectical unity of sensory cogni-
tion and abstract thinking that reflects objestive reality.
The combination in a single whole of the mathematical
formalism of a physical theory and of experimental data
expressed in the concepts of classical physics corresponds to
the line of dialectical materialism. Born was wrong when
he said that, according to dialectical materialism, it would
be sufficient to limit oneself to ‘the objective world of for-
mulas with no relation to perception (Anschauung)’.?

Asfor a mental picture, Einstein had an idea of consider-
able philosophical significance for physics. Its essence is
that the abstract-logical in a physical theory by itself does
not yet say anything about the objectively real; only in
connection with the mental picture does the abstract-log-
ical (mathematical) reflect the objectively real and become
an object of verification by experiment.® This profoundly
dialectical idea renounces from the very beginning the
conventionalist, positivist scheme for dealing with the
problem.

Bohr's idea which we have already mentioned is of great
importance in this regard: ‘However far the phenomena
transcend the scope of classical physical explanation, the
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account of all evidence must be expressed in classical terms.’®
When one ponders over this idea of Bohr's, its materialist
nature eomes out quite definitely. Quantum mechanics,
for instance, like other non-classical theories, grew out of
experiment and was confirmed by it, which means, however,
that it cannot help using classical, visualisable concepts
since its validity is checked by experimental means that are
macroscopic objects, and the readings of the means or in-
struments from which conclusions are drawn about atomic
objects and phenomena are perceived by a person. Nature,
with which science is concerned, is matter in motion, and
matter cannot be cognised if it does not act on the human
sense organs (either directly or indirectly, through the
instruments). What would man know about the atomic
world existing independently of his consciousness if it did not
make itself felt through macro-phenomena perceived by him
that are connected in a regular way with micro-phenomena?

Various fundamental physical theories (the theory of
relativity, say, or quantum mechanics) make use of experi-
mental data described in the language of classical concepts,
and the theories themselves (let us note) differ in their con-
tent. One may ask in what form the experimental data
described by elassical concepts are included into the non-
classical theory. The problem lies not in the description of
the data (that problem is solved) but in their comprehension
in terms of certain concepts connected with certain physical
statements covered by a certain fundamental theory.

On this score physicists are not unanimous. Many of
them do not bother about the question just stated, assuming
that it is sufficient to use the observed data and the theory’s
mathematical apparatus to find observable data not yet
known, i.e. that there are no new basic physical concepts
in non-classical theory. This semi-unconscious point of view,
incidentally, is not very far, in fact, from positivism, ac-
cording to which a physical theory is only a logical means
of systematising the observed.

In the case of the theory of relativity, according to Hei-
senberg, the new situation with concepts can best be des-
cribed in mathematical language. Physicists, he says, could
either try to adjust their language to the mathematical
formalism of the new theory (which happens in the theory
of relativity) or make do with the language of classical con-
eepts, knowing that it has only limited applicability (as
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happens in quantum theory)."” Heisenberg consequently does
not even pose the question of the new basic physical concepts
in a new fundamental theory, i.e. concepts such that their
content is determined by the basic physical laws of the new
fundamental theory, and interprets the change in the basic
classical concepts in such a way as to obscure this change
itself.

The change in the fundamental concepts when a new theory

is born from an old fundamental one does not mean adapta-
tion of the old fundamental concepts to the new mathemat-
ical formalism or their restriction to a certain sphere of
applicability, but signifies the rise of new fundamental
concepts differing qualitatively from the old ones and the
building at the same time of a new fundamental physical
theory. The theory of relativity, for instance, was born at
the junction of classical mechanics and classical electrody-
namics, as a result of resolving the contradiction between
Galileo’s principle of relativity and the principle that the
velocity of light irn vacuo is independent of the motion of
the source. The new axiomatics and the new basic concepts
that formed the conceptual basis of Einstein’s theory of
relativity were also a result of this. From this angle the
concepts of relative space, time, and simultaneity in Ein-
stein’s theory are not the classical concepts adjusted to the
mathematical formalism of the theory, but fundamentally
new physical concepts reflecting real space and time in their
deep, internal interconnection (the practice of physical
olll)se)rvation and experiment witnesses to the validity of
this).
Questions on this plane have been very thoroughly consid-
ered by scientists who are conscious adherents of dialectical
materialism and by Marxist philosophers.® As for Popper,
Lakatos, and Kuhn, who should not by-pass the dialectics
of the development of basic physical concepts, it would
seem, in their studies of ‘scientific revolutions’, they actual-
ly left this dialectics out of their purview—they do not
even use the term ‘change of a classical concept’. In Kuhn’s
view, the transition from, say, the physics of Newton and
Maxwell to the special and general theory of relativity has
no rational explanation, whereas these problems have been
solved in the research of Soviet scientists in terms of dia-
lectical materialism and its theory of knowledge and logic
(which was discussed, in particular, above).?
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Let us now consider more concrete aspects of these prob-
lems. The concept of relativity figures quite often in phys-
ics. Abstracting from it in classical mechanics and Einstein’s
theory, let us analyse it in quantum mechanics, which we
consider the pinnacle of its development in physics. The
point at issue is relativity with respect to the means of
observation; this concept is found implicitly in Bohr’s
work; explicitly, as a relevant principle, it was formulated
by Fock.'®

This principle requires objects and phenomena on an
atomic scale to be described in terms of the concept of rela-
tivity with respect to the means of observation. Assume
an electron beam to pass through a crystal lattice by which
one can observe the diffraction pattern produced by electrons.
With respect to this means of observation, the wave aspect
of electron motion is manifested, i.e. the concept of the
wave properties of the electron has no meaning outside this
relation. Suppose the positions of electrons hitting a pho-
tographic plate to be determined as certain dark points in
the emulsion; with respect to this means of observation the
particle aspect of electron motion manifests itself,
i.e. outside this relation the concept of the electron’s
corpuscular properties is meaningless. Thus, the idea
of relativity with respect to the means of observation
makes the particle-wave nature of electrons literally
visible.

If one remembers that the means of observation or in-
struments are a kind of extension of the human sense organs
and at the same time (as we have seen from study of atomic
objects) that they belong, on a certain plane, to' the ob-
served physical system, it follows that no sharp line can be
drawn between the objective and the subjective in experi-
mental research, and that there is no absolute difference
between the cognised object and the cognising subject, the
observed system and the measuring instrument. The differ-
ence between the objective and the subjective during an
experiment (observation, measurement) is not absolute, not
extreme, but relative, fluid in a way.

The question of the relation between the objective and
the subjective in physical cognition should thus not be
separated from that of relativity with respect to the means
of observation. In classical physics this problem was not
so much solved as posed; no bridge had been built so to say to
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connect the objective and the subjective in the experimen-
tal research.

Such a bridge began to be built in Einstein’s theory, but
the problem of the relationship between the objective and
the subjective in physical knowledge has been resolved most
fully in quantum mechanics and its concept of ‘relativity
with respect to the means of observation’. It was Bohr who
stressed that one must not draw a sharp line in experiment
between the observed system and the experimental set-up.
He analysed many aspects of this problem and emphasised
the idea that description of the effect of the measuring in-
strument is a sine qua ror in quantum physics for the deter-
mination of the phenomenon itself. On this plane his own
illustration from everyday experience, already referred
to above, is of interest. ‘When the stick is held loosely,’
he said, ‘we feel it as an external object; when it is held
firmly, the sense of an alien body is lost and thesensation
of content is localised directly at the point where the stick
is in contact with the body being investigated.’!!

At the same time, this difference between the objective
and the subjective in experiment, between the cognised object
and the cognising subject, is not purely and simply a rela-
tive one; it contains an element of the absolute. The source
of the experience is objectively real. An understanding of
this difference as purely relative became the philosophical
basis of the interpretation of quantum mechanics in which
the idea of uncontrollability in principle, the idea that the
wave function is just a record of the observer’s information,
and so on, were lauded by modern positivism and other
contemporary idealist trends. These ideas tried to delete
the dialectics of physical cognition; in the long run they
all suggest that in physics there are no new basic concepts
in the new fundamental theory apart from the basic con-
cepts of classical physics, and that there cannot be..

* ok ok

The problems discussed above have something in common
with what we shall call here the question of the activity
of human consciousness; it has acquired a new philosophical
nuance in modern physics.

According to Lakatos, there is an important difference
between (in his own words) the ‘passivist’ and ‘activist’
theories of knowledge. From the standpoint of the first
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‘true knowledge is Nature's imprint on a perfectly inert
mind: mental activity can only result in bias and distor-
tion. The most influential passivist school is classical empir-
icism’.’> From the standpoint of the second, he says,
‘we cannot read the book of Nature without mental activity,
without interpreting it in the light of our expectations or
theories’.13

Similar expressions can also be found in Heisenberg,
though with certain differences relating to what, according
to him, modern physics contributes to knowledge. Heisen-
berg believed that man describes and explains not nature
itself but nature as it appears to him because of his way of
posing questions and methods of research. Heisenberg highly
esteemed the statement of the German physicist and philo-
sopher Carl Weiszécker that ‘Nature is earlier than man, but
man is earlier than natural science’. ‘The first half of that
statement,’” weread in Heisenberg’s works, ‘justifies classical
physics and its ideal of total objectivity. The second half
explains why we cannot rid ourselves of the paradoxes of
quantum theory and the need to employ classical concepts.’!*

The authors of these statements, it must be assumed,
either did not know or ignored the theory of knowledge of
dialectical materialism. The person cognising nature does
not by any means treat it passively in doing so. As we know,
the kernel of the theory of knowledge of dialectical material-
ism was already contained in Marx's ‘Theses on Feuerbach’.
Man has been dealing millions upon millions of times in his
historical practice with objects and phenomena of macro-
scopic dimensions, and with their movement and changes,
which occur at relatively low speeds (compared with the
velocity of light). Classical physics, the first expression of
which was Newton’s physics, was based on this practice,
which also confirmed its validity.

But ‘the criterion of practice’, as Lenin wrote, ‘can never,
in the nature of things, either confirm or refute any human
idea completely.’t® The relativity of this criterion (as regards
the development of physics) is expressed in the fact that
the practice of physical observations, experiments, and
discoveries (about which classical physics did not and could
not know) became the basis of, and confirmation of the valid-
ity of, the theory of relativity and quantum theory. Phys-
ical knowledge has now become incomparably more com-
plete and rich than the physical knowledge of the eighteenth
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and nineteenth centuries. Convincing evidence of this is
the scientific and technical revolution of our time.

It is wrong to assert that only classical physics describes
nature as objectively real in its pure form and that the rise
of quantum physics has confirmed the view that science
describes nature affected by our methods of research. For
the classical picture of nature does not reflect it fully and
is much too coarse and idealised; this was demonstrated in
their own way by the theory of relativity and quantum me-
chanics, which describe and explain nature more completely
than classical theories. But then it is wrong to state that
classical physics describes and explains nature without
taking into account ourselves.

When the point is considered more broadly, we have
every right to say that the reflection of nature in the observa-
tions and abstractions of such-and-such theory idealises,
simplifies, and coarsens the reflected object in one way or
another. At the same time the progress of knowledge and
the development of theory and science as a whole are over-
coming these idealisations and simplifications, which are
inevitable in individual cognitive acts, in each individual
theory, and in its statements and concepts. The development
of physics from classical to relativistic physics and quantum
theory reflects nature more fully and deeply, without exhaust-
ing it. This progress of physical knowledge, which cannot
be imagined without ever newer changes of nature by the
person cognising it does not, by any means, resemble a
one-sided increase in the role of the subjective in science to
the detriment of its objective content.

The objective and the subjective thus cannot be opposed
and separated from each other in the course of knowing
nature, although Heisenberg, for instance, interprets the
difference between them in classical physics as purely ab-
solute, and in quantum physics as purely relative. The
one-sidedness of the objective and the subjective is being
overcome by the continuous development of scientific
theories and science as a whole, which are more and more
completely reflecting the material world. ‘Nature is both
concrete and abstract, both phenomenon and essence, both
moment and relation. Human concepts are subjective in
their abstractness, separateness, but objective as a whole,
in the process, in the sum total, in the tendency, in the
source.’'® These ideas of Lenin are expressed with surpris-
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ing clarity in the development of physics—from class-
ical theories to contemporary ones.

The theory of knowledge of dialectical materialism, which
Lenin raised to the higher level corresponding to twentieth
century science, makes it possible to eliminate idealist
speculation from around modern physics and to map out
proper ways of tackling its philosophical problems. West-
ern scientists’ disregard of materialist dialectics when
analysing these problems proves to be contrary to the sci-
ence they represent and makes them supporters and adherents
of reactionary philosophy and religion. In this sense Heisen-
berg’s last publications are typical: they contain statements
that if it is difficult to find a place for religion in the system
of concepts of classical science (according to him, it fol-
lowed the materialist path), the situation is quite different in
modern physics. This happened, he said, in connection with
‘an emancipation of our thinking, namely that we have
learned from the development of physics in recent decades
how problematic the concepts ‘objective’ and ‘subjective’
are.’’? He also stated that ‘it is difficult for Soviet philos-
ophy to come to terms with the theory of relativity and
quantum theory’.!®

There is no need here for a polemic against Heisenberg
on these issues. The development of Marxist-Leninist phi-
losophy and modern physics has adequately refuted him
and other voluntary or involuntary opponents of dialectical
materialism. The philosophy of dialectical materialism
is the only true philosophy of modern physics and of all
contemporary science. This has been demonstrated concre-
tely by the development of science in the twentieth century.

Today the struggle between two major philosophical
trends, two major parties in philosophy, materialism and
idealism, has become particularly bitter in the philosophi-
cal problematics of modern physics and science as a whole.
Modern materialism, in other words, dialectical material-
ism, gains ever new victories in twentieth century science.
Science’s ideological source of strength in the USSR and
other socialist countries consists in its having valued and
assimilated the very great and valuable tradition of its
great teachers, Marx, Engels, and Lenin: to be party-com-
mitted in philosophy from beginning to end, to support
the line of materialism consistently and fully against all
types of idealist obscurantism and reactionary ideology.
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The General Secretary of the CPSU Central Committee,
L. I. Brezhnev, in his vivid, profound speech at the ceremo-
nial session in the Kremlin Palace of Congresses on 7 Octo-
ber 1975, devoted to the 250th anniversary of the USSR
Academy of Sciences, said remarkably about the Party com-
mitment of Soviet science: ‘I would like to dwell especially
on one most important question, the Party commitment of
our science. Whatever discipline the Soviet scientists work
in, they are always characterised by a typical feature:
their high communist consciousness and their Soviet pat-
riotism. The Soviet scientist (if, certainly, it is a truly So-
viet scientist) bases his whole scientific activity on the
scientific ideology of Marxism-Leninism, is an active cham-
.pion of communism, fights any reactionary and obscurantist
forces. Our scientists subject all their practical activity to
the task of realisation of the noble communist ideals.’®
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problems of reality,
contradiction, determinism,
visualisation, observability, and
measurement. Much space is
devoted to discussion of
elementarity in quantum physics,
and there is a special chapter on
axiomatics and its connection
with the quest for basic concepts
and principles in physics.
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