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PREFACE

Quantum field theory is a comparatively new branch of
physics that deals with complex mathematical representations
and basic physical concepts (those of quanta and fields) in
order to explain and predict properties of the fundamental
elementary particles, such as the familiar electron and proton
and the less familiar mesons and hyperons. The former con-
cept, which held that material particles obey the relatively
simple laws of classical mechanics, proved completely inade-
{ quate for use in interpreting the behavior of microscopic
g particles. The concept of quantum entities alone without fur-
‘ ther refinements was also inadequate. Only quantum field
{

1

:\'
i
N
i

theory, which combines the notions of quanta and fields (e.g.
electromagnetic felds), has given promise of satisfactorily ex-
] plaining certain physical phenomena, such as the creation and
) annihilation of particles, and the existence of newly discovered
| elementary particles (at present over 30 different types are
known). This branch of physics, in spite of its relative new-
, ness, is marked by a rapidly growing scientific literature and
B is occupying the attention of many of the world’s best mathe-
}
|

matical physicists.

J Quantum field theory represents the frontiers of modern
i theoretical researches into the mathematical relationships gov-
i erning the basic constituents of nature. As the theoretical
',f adjunct of experimental-particle physics, which is a large and
i growing branch of modern physies, quantum field theory is
called upon to interpret and predict the results of cosmic-ray
and particle-accelerator experiments where very-high-particle
energies are involved. According to world scientific literature,
these experiments and their theoretical interpretation by quan-
tum field theory are being actively pursued in close conjunction.

i : Because of its very basic and tentative nature, this com-
paratively new branch of physics is confronted with many
difficulties. These are mainly mathematical problems that
involve the formal manipulation of limiting quantities,* the
nonconvergence of mathematical series, and the extension of
the region of applicability of mathematical functions into
regions that have no known physical significance. Other dif-
ficulties concern the determination of how many independent
postulates must be established, how certain newly discovered
particles should be fitted into the theory, and whether mathe-
matical rigor and correspondence with reality are possible

simultaneously.

- . :

* Limiting quantities that owe their existence to the extremely small - -
dimensions of the elementary particles and to the extremely large num-
bers and energies of these particles.

/
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The solution of these problems could lead to a revision of
present-day theories about the nature of space, time, and mat-
ter. The basic concepts of quantum field theory are funda-
mental to the physicist’s understanding of nature. His mathe-
matical techniques in certain areas of modern physics, such as
solid-state physics and low-temperature physics, are closely re-
lated to those used in quantum field theory. A deeper under-
standing of the basic particles and of their forces of interaction
will be reflected in enhanced knowledge of general nuclear
phenomena and hence in the strengthening of the theoretical

bases underlying the technological utilization of the energy of
the nucleus.

The present report is based on avallable information from
January 1953 to September 1958. The work was carried out
under an external contract. The judgments expressed in this
paper represent the immediate views of the Office of Scientific
Information, Central Intelligence Agency.
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~ 'SOVIET QUANTUM FIELD THEORY

tum ﬁeld theory

[

PROBLEM

To assess the status and trends of Soviet research in quan-

L CONCLUSIONS

1 The Sov1et research effort in quantum
field theory is roughly comparable to the re-
lited U.S. effort; and the work of the best

- Soviet: mathematical phys1c1sts who are ac-
tive in quantum field theory is quite compara- -

ble-to that of the best U.s. phys1c1sts in- the
. field.

)

2. Th".number of phys1c1sts of “next-best”
3 tence in quantum field theory who
11d be cons1dered as a reserve pool of future
“bests” is considerably larger in the USSR

‘than in the West. Although the results of
Tesearch - efforts in this field by the “next-

best” group are at present often of only mod-
erate mterest and sometimes mediocre, they
are expected to increase gradually in quality
w1th no loss in quantity.

3. The number of Soviet publications in
quantum field theory is increasing at a greater
rate than is the number of U.S. publications,
and in the near future will exceed the num-
ber of U.S. publications.

4. The Soviets who have been mtunately
associated with the theory from its beginning
are fully aware of its general significance in
pure and applied fields of science and are
capable of making basic contributions to this
theory. In the USSR, research efforts in
quantum field theory are closely allied with
pertinent research efforts in cosmic-ray, solid-
state, and high-energy physics. The Soviets
are fully aware of the. apphcabmty of the
quantum field theory to other areas of physics
and to nuclear technology

5. Although the Soviets are fully engaged
in work on the outstandmg problems con-
frontmg quantum field theory, there is no
indication of any imminent major advance
in their research. '

6. Within the next decade, the Soviets
probably will take the lead over the West in
quantum field theory.

SUMMARY

- Considerable Soviet scientific effort is ex-
pended in quantum field theory. Research in
this area of modern physics requires great
mathematical capabilities, which are possessed
by many Soviet physicists, because of  the
strong traditional emphasis on mathematical

disciplines in Soviet schools. Soviet interest in
such a high-level subject as quantum field the-
ory is completely in line with the familiar So-
viet preference and aptitude for the theoretical
aspects of physical research. Many versatile
Soviet physicists and mathematicians who

e e S R e S e L B i
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are active mainly in other areas have pro-
duced one or more papers in quantum field
theory, indicating a large potential of Soviet
capabilities in this area of modern physics.
As clearly indicated by a survey of the world’s
scientific literature, a large and growing por-
tion of quantum field theory papers are by
Soviet physicists and mathematicians. Such
works regularly appear in the well-known So-
viet journals Reports of the Academy of Sci-
ences in the USSR (Doklady Akademii Nauk
SSSR) and the Journal of Experimental and
Theoretical Physics (Zhurnal Eksperimental’-
noy i Teoreticheskoy Fiziki), as well as in
many other high-level physics journals, both
Soviet and Western. Many of the Soviet
works are being translated into English.

The world-famous physicists L. D. Landau

and N. N. Bogolyubov are the most outstand-
ing Soviet scientists working in quantum
field theory. Their work can easily be com-
pared with that of leading U.S. physicists J. S.
Schwinger and F. J. Dyson. Landau and Bo-
golyubov, who are extremely versatile, are
competent both as mathematicians and physi-
cists. Landau, whose name is associated with

low-temperature phenomena of superfluidity .

and superconductivity and with numerous
topics in theoretical physics, has often been
called “the world’s best physicist.” Bogolyu-
bov’s mathematical ability is comparable to
that of the late John von Neumann (U.S.
physicist). Bogolyubov’s paper on dispersion
relations, important in quantum field theory,
was considered by many to be the most out-
standing paper given at the International
Conference on Theoretical Physics, held in
Seattle, Washington, in September 1956.
Since then he was awarded a Lenin Prize for
his works in theoretical physics.

Soviet physicists have been associated with
the development of the newest physical con-
cepts in quantum field theory. They include

V. A. Fok, Landau, I. Ye. Tamm, Ya. I. Fren-

kel’ (deceased), D. I. Blokhintsev, and Ye.
M. Lifshits. In 1953, A. I. Akhiyezer, who is
well known for his work in cosmic-ray physics,
and V. B. Berestetskiy did the first compre-
hensive work on quantum electrodynamics,
which may be described as an early form of
quantum field theory. :

clear Research, where the world’s largest

-quantum mechanics.

Important Soviet contributions to- quan~;
tum field theory include the Tamm-Dancoff |
scheme, developed by Tamm; field (second) i
quantization, further developed by Fok; new,'i
mathematical representations of Landau; anq
the rigorous mathematical proof of dispersion ;
relations (relating to the scattering of hlgh,
energy particles) by Bogolyubov. :

ern efforts in quantum field theory. They

I
2
o8
The Soviets are fully conversant with West: %
have published papers in such Western jour. {

" nals as Physica, II Nuovo Cimento, and The;

Physical Review. Soviets who are working in |
quantum field theory have appeared at varis |
ous international conferences and are ex: ;
changing preprints of works on quantum field }
theory with their Western counterparts. For |

example U.S. researchers are receiving pre-

Reésearch, Dubna, USSR

Many Soviet works on quantum field the‘
clearly relate to nuclear phenomena obsery
in high-energy accelerators and cosmic ra;
Such phenomena as the scattering of high
energy particles, nuclear forces of interaction
spin of particles, radiation from fast movin
particles, and creation and annihilatio of
particles are often discussed. Bogolyub
the chief Soviet worker in quantum .
theory, is the head of the Laboratory of
oretical Physics at the Joint Institute of

ticle accelerator — 10 billion electron
(Bev) —is located and where. extensive
perimental research on all phases of
energy particle physics is being condu

This indicates close cooperation between the- ¢ ‘ .
orists and experimentalists at this ‘center § }

Most of the authors of the quantum ﬁeld :
ory papers are doing research related g
cosmic-ray and high-energy physics at well
known Soviet un1vers1t1es

" Soviet physicists are pursuing research i
quantum field theory along two main |
The first, an older one, involves ﬁeld equas
tions and perturbation methods, and epre:
sents a direct outgrowth of the still ioldel |

The second and rewe ;
approach, which involves so-called axiomali®;

2 FOR-OFFICHUSE-ONEY
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ons to qua

.‘ joped to overcome the unsatis-
Famm-Dane methods develop

actory featurés of the first approach, deter-
rities, the ultimate. mathernatlcal properties
of the general field equations by gradually
restriéting their generality through ‘the im-
position: of eertain mathematical conditions

. symmetry and casuahty conditions.
These two approaches dre:closely associated
with the werk .of Landau and Bogolyubov,

‘ respectlvely In some cases, pertinent studies

ared at vari- 1
and are ex-: . o
'On the basis of the detailed data in' ap-

y bles have been prepared
sceiving pre- pend:lces D and E, table ve prep

t of Nuclear? gshe ini quantum field theory. Tables 1, 3,

4, and 5 represent Soviet activity, and table

1 field theory 2 summanzes U.S. work.
*na observed " ' '
cosmic rays. - TABLE 1
ng of high-::
interaction, ' NUMBER OF QUAN’I‘UM FIELD THEORY
fast moving PAPERS WRITTEN BY SOVIETS
dhilation of ., Bivori
Bogolyuboy, . 1993* 1953 1854. 1955 1056 - 1957 1958 Total
wntum field 't 4 5l 49 91 128 91 11, 465
ory of The- -’:; . "Before 1953 indicates the number of papers
‘tute of Nu- : that -were:-published before 1953, but they were not
] NU- reviewed or abstracted until after 1953
largest par- : !
ctron volts |
tensive ex- i " TABLE 2
s of high- 5, __
conducteq. || NUM ER OF FIELD THEORY PAPERS PUB-
. i ;
stween the- | LISHED IN THE U.S. PHYSICAL REVIEW
t::sﬁ center. | 1g53 - 1854 1955 1956 1957 1956  Total
eld the- 81 U102 114 93 - 93 56 549
related to g (61) = (68) (76) (62) (62) (38  (367)
cs at well- 3 *Figur in parentheses represent the articles
! that are on the type of research considered in this
report .
esearch in ,| — - - -
i 1 b
oam lines. S Table 1 presents the total number of pa-
1eld equa- + pers published by the Soviets in quantum
mfl repre- g field theory. The papers have been located
still older i/ through a survey of the Soviet literature.
ind newer ; Table 2 gives a comparable breakdown for a
axiomatic /' typical U.S. publication, The Physical Review.

fApproved for Release: 2022/03/16 C069272958

\ (amoms) correspondmg to. physical reality,

to show the quantity of work that has been

- were initiated in the West and further devel-

oped in the USSR. In other cases, studies
were initiated by Soviets and carried further

_by.Westerners. . In general, Soviet and West-

ern research in quantum field theory closely
parallel each other and rely on one another
for ideas and clarification. There are as yet
no indications of any radically new develop-
ments in or departures from present trends in
Soviet and Western quantum field theory re-
search.

'DISCUSSION

The figures of table 2 can be compared with
those of table 1 only in a very rough way.
They represent the number of articles listed
under field theory in the subject index of The
Physical Review. The term “field theory” as
used by the Soviets has a much broader mean-
ing than U.S. usage and includes many arti-

_ cles that might more properly be placed un-

der another subdivision. In table 2, only
about two-thirds of the numbers listed (those
in parentheses) would be articles on the type
of research considered in this paper. The
figures in table 2 represent the papers in only
one U.S. journal in which U.S. scientists pub-
lish research in quantum field theory, but
this journal publishes a large percentage of
the U.S. reports in the field.

According to tables 1 and 2, the quantity
of Soviet work in quantum field is about equal
to the U.S. effort alone, although probably
less than the total Western effort, especially
ifJ apan is included. '

Table 1 indicates that the Soviet effort is
growing at a more rapid rate than that re-
flected in table 2. The Soviet papers of 1957
and 1958 are still being translated and are
not all included, so that those numbers in
table 1 will be subject to revision upwards. It
is believed that this rate of Soviet growth is
probably a real one, not reflecting simply the

increasing availability of Soviet works. If

this rate continues, the quantity of Soviet
work in this field will probably equal and then
exceed the Western effort in the near fu_ture.
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TABLE 3

NUMBER OF PUBLICATIONS

NUMBER OF TOP QUANTUM FIELD THEORY PHYSICISTS
AT SOVIET INSTITUTIONS AND NUMBER OF
PAPERS PUBLISHED BY THEM '

INSTITUTE

No.of Before
Physicists 1953 1953 1954 1956 1956 1957

Early
1958 ‘Totals

‘Moscow State Univ 33 12

Physics Inst imeni
P. N. Lebedev, Acad
of Sciences, USSR 19 2

Various Institutes

of Physics of the

Acad of Sciences,

USSR 18 2

Leningrad State
Univ imeni
A. A Zhdanov 11 3

Joint Inst for
Nuclear Research 13

Inst for Nuclear
Problems

o 1
' Totals 1

—_—

0

&l
©|

13

1 13 26

6 18 14

3
32

=] W
gl
(- -]

—_—

19

12

12

R

8l -

4 98

6 13

—
|
1]

Table 3 presents data pertaining to physi-
cists and institutions. In some cases, authors
publish from several institutes. In other
cases, it was not possible to ascertain the au-
thor’s institution. Thus, the table presents in-
complete statistics and only represents a
trend. Furthermore, the Academy of Sci-
ences, USSR, is not strictly an institution, but
many papers are published with its designa-
tion. The tabulation indicates that there are

only a few institutions of dominating impor-

tance both in quantity and quality of their
output.

TABLE 4

NUMBER OF PAPERS WRITTEN ON
QUANTUM FIELD THEORY BY ONE
OR MORE SOVIET AUTHORS

No. oF
PAPERS

No. oF
AUTHORS

FOR OFFICHAH—YSEONLY
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Table 4 presents a breakdown of the §
work by number of authors.

almost invariably publish with others
field. Their counterparts
States, Schwinger and Dyson, almost
ably publish alone, but many very good ph!

cists in the West also usually publish joint}
e.g., T. D. Lee and C. N. Yang. The
percentage of single and multiple
ships is probably about the same for

viet Union as for the West.

Table 5 lists the top producers of pa

pers are a fairly good reflection of the
relative importance of the men in th
Some of the men, for

of physics.

areas of research.

The number

in the

A
»f
i
o
i
)
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‘TABLE 5

PAPERS WRITTEN BY TOP SOVIET
PHYSICISTS IN QUANTUM FIELD
THEORY RESEARCH

No. 6F
PAPERS AUTHOR
24 . Bogolyubov, N. N.
20 Sokolov, A. A.
16: . Ivanenko, D. D.
1 - Shirokov, Yu. M.
15 ' Khaldtnikov, I. M.
14 R Fradkin, Ye. S.
12:- S Galanin, A. D.
12 - Abrikosov, A. A.
11 . Medvedev, B. V.
10 Landau, L. D.
10 e Novozhilov, Yu. V.
10 Pomeranchuk, I. Ya.
9 o Zaytsev, G. A.
o Barashenkov, V. S.
Total 187 14

Moreover, there are about 200 additional
men (see appendix D) who have written only
a few papers on this subject. In all, this rep-
resents a large reservoir of potential workers

* in the quantum field theory, who presumably

at present are workmg in other branches of
seience. :

The number of physicists listed in table 5

who might be considered the best in the field
is sméller than a comparable list of Western
phys1c1sts would be. On the other hand, the
list of physicists in appendix D, which in-
cludes men who probably work in other fields
of seience, but who still have published in
quantum field theory in the last 5 years, is
perhaps somewhat larger than a comparable
Western list would be and presumably will
grow in the future. This latter fact repre-
sents a significant difference between the
USSR and the West, or at least between the
USSR and the United States, in attracting
young scientists to this field of research. In
the last 5 years or so, the West has been dis-
couraged with the difficult problems of quan-
tum field theory. As a result, fewer good
graduate students have been encouraged to
enter this field. Students have probably been
reluctant to enter this work in the United
States because of the mistaken impression

M/ pproved for Release: 2022/03/16 C06927295
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that such recondite research is not as reward-
ing financially as other less fundamental
work might be.

The total number of men qualified to work
in this field is probably about the same in the
United States as in the USSR. The Soviets
appear to have produced many new workers
during the last few years. Financial support
for this type of fundamental theoretical re-
search may be obtained more easily in the
USSR than in the United States.

The overall type of research in quantum
field theory done in the USSR is much the
same as in the West. They have worked in a
large number of different areas in quantum
field theory, with only a few of particular
interest.

The Soviets seem to be doing quite a bit
of work in the area of the strong-coupling
meson theory. They have attempted to work
out such a theory for ~—mesons (the mesons
of interest in nuclear-force problems) with-
out too much success.- Some work along the
same lines has been done in the West, but by
and large, the feeling has been that such an
approach to the nuclear-force problem was
too much like perturbation theory ‘and would
not be too fruitful.

Another such example of comparative So-
viet concentration is the application of the
Tamm-Dancoff scheme of approximation.
This is related somewhat to the strong-
coupling theories. This scheme represents a
slightly different approach to perturbation
theory, wherein the quantities of interest are
not expanded in powers of the interaction,
but rather in the number of particles in the
intermediate states. Of course, it is natural
that much of this work is being done in the
USSR, since Tamm was one of the founders
of this technique. Again, quite a bit of work
along these lines has also been done in the
West, notably by Bethe’s group at Cornell
and by Dyson at Princeton. In recent years,
this method has been virtually abandoned by
the West in favor of other approaches.

One such Western approach to the nuclear
force problem has been that of Chew and Low.
This was originally a semiphenomenological

EFOR-OFFICHAI—USE-ONLEY ' 5
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attack on the problems of low-energy =-

" meson scattering data. By the use of this

approach, Western scientists were moderate-
ly successful in correlating these types of ex-
periments, and were particularly successful in
explaining the resonance behavior observed
in =~-meson-nucleon scatterings. Subsequent-
ly, the approach was refined to the point
where it became of more fundamental in-
terest, because many of its ideas and conclu-
sions. were of a more general nature than
they were originally thought to be. These
early successes of the Chew approach, and
the subsequent theoretical refinements by
Low, Wick, and others contributed a great
deal in reviving the somewhat flagging in-
terest in quantum field theory.

Very little, if any, work on the Chew ap-
proach has been done in the USSR. This is
probably just a counter-example to the West-
ern reaction to their work in strong-coupling
theory, or, more appropriately, to the recent
work of Landau. A great deal of work on the
Landau approach has been done in the USSR,
whereas almost none has been done in the
West. . Western physicists have felt that this
approach contained basic mathematical er-
rors which made its results inconclusive. Not-
withstanding this Western reaction, many
Soviet papers along these lines continue to be

. published.

A final point to be considered here is a
general impression concerning the level and
effectiveness of .Soviet fraining in this field.
This, of course, can only be an impression,
based on a few text books, their general work,
and some conversations With physmlsts who
have visited the USSR.

In -general, the level of training in the
USSR in field theory seems to be very high.

For example, there seems to be official sup;&
port or encouragement for their best Workers;
to write textbooks. These textbooks are wr1t-
ten and pubhshed very quickly, so that theyf
have timely. interest. Since they are written '
by top men and reasonably priced, they prob.
ably are influential in enticing young worker |
into this field and in retaining those who arg | |
already in it. Just within the last few years;;

the following books have been written: Quan;é
tum Theory of Fields by Bogolyubov ang
Shirkov; Quantum Electrodynamics by Ak1e-§
zer and Berestetskii; Foundations of Quan:;
tum Mechanics by Blokhintsev; Classzcah
Field Theory by Ivanenko and Sokolov Clas: |
sical Theory of Fields by Landau and Llf,f
shits; Quantum Mechanics’ Non-Relativistig

Theory by Landau and Lifshits; and Probs

!
- lems in Dispersion Relations by Bogolyubov!%

Medvedev, and Polayamov. S

The books themselves, or then: proofs or
translations, indicate that not only are they’f %
written by the best men available, but, as'
textbooks, they are generally excellent. As ax
consequence some of the very.best books i
field theory available in English or German
are translations of these Soviet works, many?
published by American houses. Thus, these}
books are becoming standard and in many
cases they are the only textbooks in this field¥
in many American universities, noththstand .
ing the high cost of the translated versions.

The particular quality of some of the bett@g ,
Soviet- work in quantum field theory is besi§
illustrated by the work of Landau and§
Bogolyubov, which represents the only hnes
of Soviet research of special importance duf<§.
ing the past few years. (See appendices Bj
and C.) - C
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APPENDIXA

EXPLANATION OF Q.UANTUM me THEORY L

:‘_research in modérn physics can conveniently be broken: down

: is’ ons or steps acecording. to the size of the ob,ject under. -
first step is the study of very large objects -~ the universe
ineluding the galaxies, stars, and planets.. Studies on- '

o t&e nnd.ver"e lean heavily cn the ideas of special and general- relativity )
i m@nétopydrodynamics , classical mechanics » and- thermodynamics.

. The next step is the study of matter in:bulk of every-day size.

the’ ‘physics of solids ;- liquids, gases, and plasmas: ~In the"
.« last few decndes, this phase of physics has mede tremendous strides,
" as ‘evidenced directly by the sudden growth of advanced technologies. -

o '!he g«reat strides in the fundamental understanding of the properties

ter in bulk can be trdced to.contributions originally made in
of the next smaller stage.. . :

The third step embraces the constituents that make up matter in

- bulk -= the molecules and. their constituents, the atoms. It was at
- ghda 'stage that the revolutionary ideas of quantum physics were first
'.found necessary and introduced in the early decades of this century.

- deas and theories, linked with scientists such as Bohr, Planck,

- Bi s'lain,; a.nd Dirac, have gradually permeated physics, until today, ..-

the concepts of quantum théory are considered fundamental to under-

. stanﬁing of nature.in general. WNot only have these concepts. filtered
- ap to, the next higher step, the study of matter in bulk, but they

stand. . lead directly to the next lower step, the study of the elementary particles.

"Thus, the ideas of quantum theory must be used in the study of

;fconsztituents of the atoms themselves, the protons, neutrons, and .
. _électrons. In attempting to understand the interactions between these

fundamental "building-blocks " of matter in the universe, and their ndture
and structure » the most modern versions of. quantum theories must be

called into play.

| The fundamental _particles and. the various interactions between them
are described in terms of quantized fields, so that there is a one-to-one

‘correspondence between a quantum field and a particle or family of

particles, such as the proton and neutron.: The interaction itself, for
example, between two neutrons, is represented by another quantized field,
which in this case corresponds:to another real particle, first predicted
by Yukawa, the \yp-meson. It is the study of these various quantized
fields and their behavior under different conditions that is called
quantum field theory. )

-*
)
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Still another way to place quantum field theory in relation to the
rest of theoretical physics is to consider the energies involved in the
interactions oi forces between the particles making up molecules, stoms,
and nuclei. '

] The unit of energy generally used in discussing atomic and nuclear g
3 physics is the electron volt. This is defined as the energy acquired by 7
! - - one electron in falling through an electric potential difference of one fﬁ
R volt: The thermal kinetic energies that molecules in the air have at i
: :‘1, ' - ordinary temperatures, just for their random motions, are about‘one-fortietgi
| wiai ‘of one electron volt, =~ o o o
1] The interaction energles between ions or molecules in a solid* is "
o1 about a few tenths-to a few electron volts. This is the same order of
magnitude &s those energies that bind the constituent atoms of molecules,
and represents the energies of general interest in chemistry. -

The energies invélved in binding the electrons within the atom itself :
range from about tens of electron volts, in the lightest elements, to
some thousands of electron volts in the heavier elements. It is this
order of magnitude-of energies that is involved in atomic transitions
responsible for the emission of light in flames or light from the sun
and in the emission of X-rays in & X-ray machine. g '

|
A

On the next level, within the nucleons of .an atom, the interaction
energies are very much larger, and are of the order of 10 Mev. (million
electron volts). This is vwhy so -much more energy is released in an o
atomic explosion, which involves. the reélease of these interaction energies, ¥
compared with a chemical explosion, such as TNT, which involves the I

- molecular interaction energies. . R R - E

All . of the energies except the nuclear are quite small compared -
with elementary particle rest-mass energy, i.e., that energyEto which . 4
the mass m of a particle corresponds in the Einstein relation, £ =mc% ‘
The rest-mass energy of an electron is one-half Mev; that of a ‘fp-meson,
140 million electron volts; and that:of a proton is about 1 Bev. As
long as the interaction energies. are very small in comparison with the
rest-mass energies, so that there is no question of having enough energy
to create new particles, quantum field theory is not generally used,
although ordinary quantum mechenics is. When the interaction energies
become 50 large that eleméntary particles might be created, as they do o :
in the nucleus, then quantum field theory is essential, for it treats | '
these interactions not so much in terms of indivisible particles, but ¥ |
rather in terms of fields wherein the nunber of particles ¢an change by
creation or annihilation. - c

*f{ﬁ; *The strength of these energies determines whether the substance
R is a solid rather than a liquid or gas.

- A2 - . . _fﬁlv
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ptum field theory. is necessary in that region of energy

ebout I milllon electron volts (creation of electron

nuclear energies of 10 to 100 Mev to the highest

se are from high- energy partlcle accelerators* and ,

- At these energies, all sorts of particles are created.

e some, called K-mesons, whose mass is between that of

" , and the proton; others called hyperons, whose mass is
hen one proton mass, but less than two proton masses, and

yoJ: as yet undlscovered new particles. :

SO Qnamtum fleld theory can be diV1ded into two approaches.(l) the
:older approach 1nvolving field equatlons and. perturbation theory,_
- and (2) ‘the new. or axiomatic approach _ o

The older approach was. a. direct outgrowth of the even older
' 1920-30) quantum mechanics. This approach attributes certain
athematical functions called wave functions or fields to such. - . ..
phys al entities as elementery partlcles. These fields are- assumed .-
to -obey certain mathematical eqnations, the form. of which is
‘determined by certaln physical properties of the flelds realized in
‘nature - for ‘example, its. equations are Lorentz—lnvariant and have
; 5 symmetry propertles. The physical interaction between

» - . particles) is deseribed by a certain mathemstlcal combination
‘- : of the fleld functions of. the interacting particles. and this inter-
‘. ' action term is 1nserted 'in the fleld eqnation in the appropriete place.

‘ Thus the field eqnatlons, w1th the 1nteraction terms,-could be
‘ written down’ directly and should determine the form and behavior in
. space and time of the field functions. With the determination of
T these field functions, it is. possible to calculate such interesting
- physical quantities as the energy of interaction between two inter-
‘acting particles, such as two protons in a nucleus- scattering cross-
sections, which are a measure of the probability of one particle
scattering from another in a ‘certain way in experiments that could be
performed with high-energy accelerators, the life-~time of unstable .
particles; the internal structure of such elementary partieles as the .
proton: and many others. :

While the field'eQnations can be written down, their solutions
can not, in general, be obtained. Only approximate solutions are.
p0551ble, in prectice, and these are obtained by an approximation
Procedure ‘called "perturbation theory " This mathematical technique
consists in first obtaining solutions to the field equations when
the 1nteraction term 1s neglected.__This corresponds physically

" ¥Ebout 10 Bev wherein proton pairs are created.
**¥Extremely high energies from a thousand to a million Bev.

- A3 -
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to assuming the neglected interaction energies are quite small in
comparison with other relevant energies, such as the kinetic energies.
Having this "unperturbed" solution, one finds corréctions to it in
which the interaction is allowed t6 act only once (first-order _
perturbation theory). Corrections to this correction are then found,
in which the interaction acts twice (second-order pérturbation theory),

and so on.

One of the decisions to be made in quantum field theory is whebher
or not such a perturbation-theory approsch to these equations' solutions
is valid.. "In using this approach, it soon became clear that it was

formally meaningless. Mathematically infinite quantities appeared in~_5

the equations. A successful but not entirely satisfying method was
developed for removing these quantities in the "renormalization” )
progrem when it was noted that they alwsys appeared in relation to &
few fundamental properties of the field, like its mass and charge.
Thus, the original or "bare" mass and cherge of the field put in the &
equations could be combined with these divergences to give, by
definition, the real, or renomalized mass and charge of the particle.
Actually, the equation changed the charscter of the so-called vacuum
from being a state of nothingless; so to ‘speak, to a quantum mechanical
state in which no resl particles were present, but in which virtual
‘particles could comtinually be created and destroyed. Thus, in going
from a particle's "bare" charge to its real or "renormelized" charge,
the particle has essentially interacted with this vacuum in such a way
that virtual pairs of particles surround it and alteir its original
charge. The prediction of this type of strictly quantum field.
theoretical effect, confirmed by some extremely accurate experiments,

was one of the grest successes of quantum electrodynemics.

Nevertheless, although these effects are observed, the fundsmental -

mathematical structure of the theory is still very unsatisfying. .

Tn an attempt to by-pass these unsatisfying featureé‘of quantum
field theory, a fairly new, axiomatic, approach has started to

develop. . This approach does not use field equations and the strictly = §

dynemic properties of fields, but rather attempts to speak very
generally about the ultimate mathematical properties that the field
funetions, or certain combinations thereof, must have. ’

Thus, certain physical properties of neture, like Lorentz- ;
invariance, causality (roughly: no signal traveling faster than light,’
or no output before input),,and certain invarisnces in space and time
are translated into mathematical terms. These properties are used as
restrictions on the functions themselves rather than to determine field -
equations that the functions must satisfy. This provides a very broad

class of mathematical functions. Then, one by one, restrictions are
- Ah -

FOR—OFFICTATLUSEONLY

B/ pproved for Release: 2022/03/16 C06927295

e i Do

SR

R

e
bl gk

_out the
. proced
- limits

integr:

' equati

. which
- clear.
... .appear
S WABS.
v 1s &.d

placed

+o phys
which t
In cert
relatio
reflect
hoped t©
will co
field £

Th
(1

(2
suitabl

(z
(k

present

Tk

- aifPicy

Tt
probabl

Tt

Tl




n
rgies:
in -

id,
1eory),

‘hether

lutions
as

d in

a5

oL
25
<]
K
r
LY
Ao

fa

e T
e

gk SNSRI SN O S A S

a2 e ey

&
)
&
i
i
it

'placed on these

- In eer '_a:m .insta”.ﬁ'c‘es, the restrictions lead to equations called dispersion
: rela tions. If a set. of restrictions that are an exhaustive and accurate

h"f’ '_'d. that the set; of functions that are left will be so limited that they

h suitable'?

~.difficulties and require ﬂ:rbher research.
proba.bly aceounts for the lack of Western interest in the Soviet work.

out that there is no justification s mathematically , for using cut-off
) .preeedures.o ‘Especially in the . two- cut-off case, the method of taking the
T limits is arbitrary. Whether one can interchange limits like this’with
mtegrations is unknown . ) ,

, eq.uation 15, ‘appendix B, part II. This appears &t a momentum of

-which is extremely high » but f:.nite. What this means physically is not

. 18 & double "ghost " state in the Iee model sense, a residue of the wrong

functions by means of ‘the basic axioms (which correspond
srties). These restrictions are represented by equations
is rmst satisfy, entirely different from field: equations.

whic

en of nature can be successfully vlaced on these functions, it is

Towing, q‘_ugstians still need to be' answered:

(l) Can a .selt of . restricted fu.nétions.be obtained?
(2) I:I':' a set of restricted ﬂmctions is obtained. will they be
(3) Are the axioms really restrictive?

(h) Are the axioms mutually contrad.ictory? 1t they are, the
present concept of nature must be changed.

'].’hus, both. approaches in q_uantum field theory are beset by severe _'

There have been several severe criticisms of this method which

The first few, general criticisms, are made by Dyson. 16/ He points

The problem of the s:.ngularity in the proton propagator is shown in¥

K2 2= e31r/a . m2 2=e1000,2

clear In the case of the meson. theory , equation 14, this singularity
appears at experimentally observed energies M, where M is the nucleon
ma.ss. Besides this, the analytic form of equation 15 means “that there

"¥AIL equaticps referred to in thie' eectiori are in appendix B, part IIi

- A5 -
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sign, and at imaginary mass values . Again, this seeis %o méke for ,
- problems in ‘physical interpretation. Hfo T .
= - v R A t e P T e ] - s T . : . (;

' §ti11 more severe criticisms of & ‘mathenatical mature are made vy

Kellen. 17/ These oriticisms are baséd on the approximetions mentioned
~ with reference to ‘the equation for the Vertex function, equation 6, and
~ its solution. It is gtill mot clear ‘what effect the terms neglected
" there might have. In solving equation 6, one expands the integrend in §
s perturbation:sum, integrates, and ‘then takes the sums of the series
again. For integrating,cone ‘répl’adeiﬂx_thé-_Jt‘emhf:;by»iasémﬁe_&fiasyihpﬁéﬁic
forms, and then assumes 4het the sum of these asymptotic terms is really ¢
the asymptotic limit of the original sum. There is always & cut-off. R
Tt is expected that & higher-order process does nbt become important B
until therenergy is well above its threshold. Thus, for & given cut-off '§
energy, the asymptotic value for a process is belng-assumed in an energy
region where the process might still be small. In other words, if a .
given cut-off in the integral eliminates processes whose thresholds are
above the cub-off, the resulting sum ‘of - integrated expressions is'a
1imited one. When the cut-off then goes to infinity, asymptotic
expressions for processes that have already been excluded should be _
included. Thus, the expression for the sum:may not at all be its e |
asymptotic form. Perhaps this explains why ‘the presumably divergent
sum of dlvergent terms gives such simple,’ convergent results. Kallen
approaches the problem of summing the seties of asymptotic terms from - -
a different point Bf view, l.e., at high energy, & process is & mul'biple g
of the corresponding Born approximation. He gets an answer entirely .
different from that obtained by 1gndeu and his co-workers. Lo

R

The work in quantum field theory by Tandeu and his co-workers a,ppieara? .
to be  open 1o very serious gquestions on rigorous mathematical grounds. @ .
This ghould not be teken to imply, however, that this is true, in generalik
of Landau's work. Iandau is probably one of the best physicists in the ¥
world. While work on guanbum Pield theory is open to questions, it had.
the positive effect of again stimlating thoughts on these subjects
throughout the world. This probably led to some of Kallen's more recent '
work as well as to some of the jdeas in the axiomatic approach to quantu %

field theory. o ‘ R |

In addition, Landau has made very significant contributions in many
other fields. Most recent,:aiid perhaps most spectacular, of these is:

. work on the two-component theory of the neutrino, and its connection
with the parity experiments. ‘ Before that, be did very early and good wor
on the properties of liguid helium. "He has contributed significantly
the theory of multiple production of mespns in cosmic rays. There arel
other examples. Thus, this analysis of the Iandau approach o quantun

~ field theory should be taken merely as an example of one of many appros!

- A6 -
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s £ this appreach,

e l.e there are some questions as to the validity o

1t’h:s not been proved incorrect. It may not be an example of lLandau's
’ petter work, bub it does demonstrate his versatility and the influ@nce
by ~vtha$ his work has on other Soviet work.
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APPENDIX B

. pHE QUANTUM FEELD THEORY WORK OF L. D. TANDAU °
+ion epprosch to quentum electrodynamics. If certain simple
| coyréctions were computed straight forwerdly, such as the effect of |
. am electron's self-energy ‘(mass) because of its interaction with the
. electromagnetic field, mathematically these corrections were infinite,

_¥er many years, thé problems of .divergénc'es-'blagde& the

 pethier than smsll, as they should be.
“ In ONT,, Kramers bbserved that all such corrections to the mass of 3

tron, while they might formally diverge, were st1ll only to be ™
sted a5 changes in the particle's mass. Since a mass .is observed
1y, presumably of the electron interacting fully, the fictitious,

. oxlginel free electron mass together with all its correections should be

. 2déntified sd the true, observed mass. Thus, these divergent ‘gquentities

. were to be absorbed with the original electron mass, and the result =
defined as the ugual finite observeble mass. This 1s the basic idea
behind the renormalization program in gusntum electrodynsmics. When'

. . gimilar ideas were applied to other quantities, like the eélectric

... charge, it could be shown (see, Dyson) that all divergences were thus

- 'yemoved from guantum electrodynemics. Similar considerations ‘hold for
gome forms of meson theory: H. A. Bethe and F. de Hoffman.

T e - L e e

.4 - With this successful removel of divergenciles by renormalization ‘
" &nd the subgegu_en‘b‘éx'perimezntal‘ confirmation of the very precise

* theopetical, predictions, it was hoped that the inconsistencies had
been removed from guentum electrodynemics. It soon became clear that
" whether or not they had been removed was still open to gquestion.-

. T. D. Lee gave a good example of a theory which could be renormalized

" &nd in which the S-matrix* is nonunitary. L4/ 5/ Such a situation
- gorresponds to a physical situation in which states of negative probability 818

. oteur; hence it is inadmissible. ;
o . Still another matter that had to be determined was the rather formal ,,
. onie of the nature and source of the divergences removed by renormalization. 3
The problem was to determine whether these multiplicative constants were {
N infinite because of an unwarranted usage of perturbation theory (e.g. the 4
perturbation series perhaps diverges) or whether the infinities ihherent f
{%  in the theory were ihdépendent of perturbation series expansion.
bt
¥S matrix - The scattering matrix - the quantity that contains allthe ; )
‘[ . information of the theory on scatlering processes. !
- A8-
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o Kallen and Iehmann showed that at least some of the renormalization
constants were inherently infinite. Thus, there still remains the

P question of the origin of these infinities. 6-8/ . Gell-Mann and Low have
attempted to investigate the high-energy (or, equivalently, very small :
distance) aspect of the functions involved in guantum electrodynamics, o
R using perturbation theory as well as some -group. properties of these o 2
g functions. 9/ Their results, while interesting, were rather inconclusive. -
‘4 Recently, Bogolyubov hes refined the group theory approach to this matter,’
% without essentially changing its inconclusiveness.. 10/

(R

Throughout these more recent doub'ts as 'bo ‘the inconsistency of S
electrodynamics, there has long been the question coneerning the " ‘
connection’;between the point-like nature of the interaction assumed in o
electrodynamics and the infinities that arise. It was felt that, while
this problem wes still somewhat puzzling, no fundamental< guestions were
involved. 4

{

!

{

{

- In quantum electrod,yna.mics, this question of point interactions, ‘of !
course, corresponds to very high-energy asymptotlc. behavior of the relevant §

. | functions. This whole question was reopened by Landan, who used & :

| : potentially very powerful technique not necessarily restric'bed to a ) 5
ki . perturbation—theory approach. L o . g
!

%

IR S

The approach ad,opted by landaun is based. on the field. equations
derived by Schwinger and Fradkin. In principle , these equations are.

exact and independent of perturbation theory. In practice, certain’ .
approximations must be made in order to solve these equations and these i
approximations depend strongly on a perturbation approach. This approach Eé
gives much the same answers and conclusions for the meson theory and even

for beta-decay types of coupling. The physical coupling vanishes :Ln the £
point-interaction limit. S kb

ho__
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PART II. . .-

\TES OF ‘i, QUANTUM FIELD THEORY WORK OF L. D. LANDAU

" In bis Work o quantum field theory, L. D. Lendau used several field
aigtions to-determine "Green's functions.” In this context, a Green's

W’t;ﬁon*’ contains 811 the information necessary to find the behavior of

elé,ﬁ;i»gg;fﬁ_ﬂé#é; function in space and time; i.e., in principle, it
e the information necessary to answer questions about scattering
_gnd other problems. The term npropegster” is used almost interchangeably
" ylth the- term "Green's function." This usage reflects the fact that
¢ this Pumetion, contains the information on how the particle propagates in -
. gpace end. time (or, more strictly, the Fourier transform of G(p) does).

_ As an exsmple, the Dirac equation for a free élec'bfon in momentum
. - gpace in terms of the corresponding free-electron's Green's function,
- 6°(p) is given. This is

where m; is the electron's bare (in this case actual) mass. This equation
 'is really symbolic, in that it is & matrix equation as well as a -
. differential equation. The symbol /D stands for the four-dimensional. -
gcalar product ¥ .p, where the four-vector Y 's are the Dirac matrices.

ﬂ ¢ .. Tt is clear from equa.tion 1 and the above explenation that there is

. .16 term in equation 1 referring to interaction (hence, G (p) is designated
as the "free" propagator). 3

If the electron is allowed to interact with the electron-magnetic

TR field, then Schwinger's exact equation for the electron propegator becomes

o . G(W{/f;‘ ”"at‘%f ﬂ:(") P-k;K)G Q’"“?ﬁ Do W%} =1

N In eQub.tion-2, thethird term. in curly brackets is theveffect-of the

5 . electromagnetic interaction. e is. the bare electric charge (this equa‘bién

-1g, of course, unrenormalized).” ¥v¥ is, as before, the Dirac matrices. "
[, (P, P-k; k) is known as the vertex function; it containe the information
c¢dacerning the form of the interactions, and is to be determined from its
equation. Dwwv (k) is the photon's Green's function, and it, too, is -

~ determined by its equation. - It is also clear from equation 2 that we mnow.

5 ‘ - ¥For- the'veleétron, this is'--d.enotéd as G(p),— a functioﬁ of the electron's
~f_0u1-‘-momen'tum_P.:- S e S : Lo

**¥The summetion convention on fqur-vector and tensor ind:ices is used 'in

all of these equations. ‘
- A10 -
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deal with complicated mabrix equations of the integro-differential type
(the differential operators in space-time being here Just P; the integral 1
equaticn form coming from the G(p—k) under the integral). o

‘I‘he corresponding equation for the photon propagator D (k_) is\

o (0= Dy () =5 £ D (9 X
Xs&}ﬁpF%P?4oDGQIQ% ]D w>
Here, AD 1, (k) is the "free" A noniﬁteré,cting pizoton Gréén 's function;

analogous to G°(p). Thus, where G°(p) satisfies the free Dirac equa‘bion g
1, and ha.s the ‘solution o

. @ =Fm I
D /ul (k) satisfies the free Maxwell equation, and. has the solutn.on |
5. tD“V (k) — kz ] .

The opera:bion Sp means that one should. take the spur » OT tra.ce, of the
ma'brix quantity in the square brackets o L - :

Fina.lly s 'bhe equatlon tha:b Landau uses for 'bhe vertex :E‘unction is
r@?ﬂu e
j'f“ (PP-k; ) 6 (P k) o (P -k P-kA /Z)x--\

: >< 6-<P~kj;,e) y (P k=4, -1 k)D NG at‘*k

This equation is the most complicated of the equations 2, 3, and 6,
becsuse it is a matrix, nonlinear integral equation. It is nonlinear
because the unknown funct:Lon T"P_ (--) appears more then once under the
integral :

In all. equat:.ons , it is sometimes useful to think in ‘berms of
Feymman graphs. In a very rough way, these graphs show the electron
and photon propagating in space-time. The electron is indicated by &
solid line and the photon by & broken line. When c¢(p) appears, it
- corresponds to an electron; when Duy (k) appesrs, it corresponds to a
‘photon; when /i (-=) appears, it corresponds to & point of interaction
between them; and D /,w°(k) or G°(p) corresponds to propagation with
no 1nteract10n.

- M1 -
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Eiisctron (photon) is complete with interaction, G(p), (D _

id d (broken) lines are double. When the vertex is the - |
(--) it will be represented by a circle &t the line

(o When it is ‘only the "pare" interaction, it will be just

on, ‘Thus," eqpation 3 can be graphed a8 follOWS‘ - o B

B uation 6 may be graphed as follows° | Y o y

9.

e original equation of Schwinger includes these graphs and all other : =
ssibtlities. Neglecting these is the approximation mentioned above - B
fIandau makes in Schwinger 8 equations. : C E

In all- these eqpations, ‘the integration ‘varisbles (say P ‘or k)

‘ gorrespond ‘to the energy-momentum of intermediate-state particles (in

terms of graphs, the internal lines).’ The investigation of the effect

or point interactions is introduced as ‘follows. - The original interaction

‘.between the electron field and the: electro-magnetic field was considered
to occur at a mathematical point in space.  This restriction is dropped,
and it i& considered that this interaction takes place lﬂ a small region
of space-time, say of dimension & (presumably about 107L* to 1071
éentimeters, from present-day experiments) In these eqpations, which
are in momentum-space, this spread corresponds to an upper limit on ‘the
intermediate-state particles' momenta, 1.e., the integrals in the above
eqpations are cut off at an upper limit of momentum, of the order of
I == l/a. Thus these integrals are made finite. It is hoped that when

. & calculation is. completed, the 1limit a—>o, orA>vo, will correctly

: correspond again ‘to a point interaction, and, in passing to this llmit,

: something will be 1earned of the diVergences. Thus, Landau s program

5
U
F: l

B A L ;.* . A12;-
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ig sn sttempt to solve *the simltaneous _.‘integrQTdiffngen‘pia,l equations
2, 3, and 6, inco_rpora,ting the upper .limit on the integrals, and. ‘then

passing ‘to the 'péin‘b,.]_v.li‘mit. .

Since the divergences that occur in the perturbation solution of . L
these equations are logarithmic with momentum, the major contributions
to the integrals come from the high intermediate momenta. It is
pecause ‘the divergencies- are logarithmic that Lendeu uses equetion 6
rather than the complete equation. He feels that this equation contains
all the terms contributing jmportantly to the divergence.

To solve these equations Landau assumes that
becomes very high, the Green's functions assume ce

agymptotic forms.

P . T T |

when the méx;len'lﬁum
rtain simple

10. G(P)= _B;{/_;;_) - | |

Ceah=ya @
o } iy Kukv o kuke
D (R = Fx Al G - kil +4, () ity |

where £2 is any P2 @ 12 if they are of the same order of
megnitude, and, if not, should be: the jargest. The functions of
B XK ,d¢ end dp are slowly-varying function of their

argqments .

Substituting these expressions in- equations 2, 3, and ?_4 lae_ o
w \Ps

solves for the functions. In doing €0 in the equation for v-K; 2%
ption-in finding the. dependence Eg

k), {andsu mekes sn additional assum
om o in comparison with k.

on the second variable P when it differs fr
(--) in going from P=0 to

This is, that in Vfinding_the..change inIp
small p, he cen consider _the changes -in the integral in equation 6 as
£ the. integrated expressions. : o

the sum of the changes O

As s-plnti_.ons'fl;_d these equations;_ Lendsu finds that within the |
spproximations made in writing down egquation 6, the functions X ,/g
cen be chosen &s 1; i.e., there are no corrections to the electron- |
fyree Green's function or to the “free” vertex function 6’# . However; A%

the 'phqtdn propagator is changed from i_ts',free value of dr = 14t

B g =[lrsie@E ]

C 612 is ‘the bare, unrenormalized electric charge.. To, pub the .
propegator in renormelized terms, it must be yritten in such & way
that it does not depend. on the unphysical quentities e12 and ‘the,
cut-off /2. To do this, the real, observed electric charge €

(-":-1/137) is defined in terms of e12 in the following wey:
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e

uations., -
1d then

1 %o

¢orresponds to defining the electric .charge as the = .
e Compton scattering of zero-energy:photons (or, : .
, that Coulomb's law gives the potential between two real .-

¢ distances). When equation.12 is used: in equation 11, : .

;don of !
butions -
s - '

ion 6 e
containg : _ eqpatipns. result: .
s ) » 2
13.. e? — . €4
atum o A 2 2
- = N
PR o
e 2 e* -
ot @)
37T m
A= 5 T
| 3 A
endence ;m;@ thus s if we multiply dt(k ) by the renormalization constant ey /e ’
h k. the renormalized propagator does not depend on any unphysical quantities.
to el
5 “In al] these equations, the point interaction limit is taken by

as )1 U i e
- T le“tting A2->oo « Originally, Landau asgumed that the bare charge e12<< 1.
g ‘-F{;'omgquation 14, it is clear that asAf increases, .eventually e12>> 1.
Thig difficulty is eliminated by Pomeranchuyk » Who introduces two cut-offs,

ﬂ . . one for the intermediate bosons (photons).Ak, and one for the intermediate
U § fermions (electrons) Ap, and . o Ap DAk pk.
ver, - y Results similar to those in equation 13 are obtained.

k-2 . The conclusiogs to be drawn from eqﬁation 13 is somewhat startling.

I?br, as long as e >62(necessgry for unitary S-matrix), irrespective
i . Of the variagion of e, withAZX, we have the limiting conditions: as
£ A2>oo e —> O, us, choosing a point interaction corresponds

: to no physical interaction at all.

B ' - A1y

‘i | . FE S T T T S .‘
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“This work has been followed by hany works in the USSR that apply
the same analysis to other theories. 1/ - . w’

" It is essential to remember that in this a.nalysis ,J\_represents an B
upper limit to the momenta. If, for example, the photon momentum k>/\ |
then Landau finds I;j"a ji>o0 tather than'fy =y4 . This is as it _' :
should be, because as the energy becomes very la. ge,- it is expected = - f‘
that the effect of the (presumably):smill interaction will’ vanish. N
This result was also shown by Lehmann qui‘ce generally. 2/ BN

- A15 -
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apply .. APPENDIX C.

' "P'a.rﬁ_ I
ents an o SR N ' N
1 kDA s THEQUANTUM FIEI.D THEOBY-, WORK OF.N,.. N. BOGOLYU,BOVA
18 it - R ; A o L -
ed o

¥. N. Bogolyubov* is probablg the most im;por‘ba.n'b Soviet contributor
quantum field theory at ‘the present time. He has provided:the first
rous. proof of the so-called "dispersion relations” for other than

ard scattering and this work has greatly stimulated the most. prom:.s:.ng
approa.ch to quantum field theory at 'bhe present time. A

In order to make a thorough appra.isa.l of the work in quantum field
heory of Bogolyubov and his. collaborators, -all available translated
gources were read, includ:.ng his publlshed papers that are listed in
a*ppendb: E.. The past year has seen an exchange arrangement under which
pr rints in quantum field theory: and rela.ted 'bopics are received from the
boratory of Theoretlca.l .Physies, Joint: Institute for Nuclear Research,
‘Dubne, USSR, in exchange for publications on the same genera.l topics :
from comparable groups in the ‘United States. Since Bogolyubov has = .
' recently been appointed director of: the Ls.boratory of Theoretical Physics,
‘this arrangement affords a good oppor‘bunity toifollow his work. In
addition to the exchange arra.ngement and published transletions of
Soviet articles, several other sources were used. Forcexample, the
- page proofs-of the first 428 pages of the:forthcoming English version of
‘the book fhtroduction to Quantum Field Theory by Bogolyubov and D. V. Shirkov 3
have been obtained recently. Unfortumately, the page proofs from the. ;
entire book are not yet available, but those that have been received include |
the first 34 of the 52 sections of the book.. When Bogolyubov visited }
the United. States to attend the International. Congress on Theoretical
' Physics at Seattle, Washington, in September 1956, he presented his ,
find:.ngs on dispersion rela'blons, which were definitely the most important
. presenta.tion at this meeting. Because of ‘the wide interest in his work,
he left a manuscript on The Problems of. the Thoery of Dispersion Relatiens
. (co—-a.uthors are Medvedev and Polivanov), which was subsequently .
~translated and circulated.. A revised vergion of the menuscript has also
recently a.ppea.red. in the Fortschritte der Physik. Bogolyubov later
sent in an mportant ma‘bhematical supplement to this paper to the
Congress and it was then translated. In view of the special importance
of the paper, a careful study was made of the monograph of Bogolyubov
and collaborators, and alspo of the mathematical supplement. Similar works
¥ by other authors have been ‘studied. Thus. a good background. bas been
acq_uired. to use in appraising the present work of Bogolyubov . even though
not all of his works have been translated.. _

~ *Tnis speliihg is used to be consistent with the system of trans-
literation followed throughout this report even though the translations
issued by the a.uthor spell the name Bobollubov and Bogolubov.

¥ S A16 - :
EDR_OH'-IGE&-UBE—GET
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As is characteristic of meny of the world's best mathematical 1

physicists, Bogolyubov has made impqrtant contributions in several 11
different fields. He is fundamentalﬂfy a mathematician of great gbility |
whose contributions to physics have been primarily the presentation of
rigorous methematical ’d;eveloi)me‘nts”,for.f’c’:onjedtures or vague physical &

programs that were proposed by others. The nearest parallel among

present Western workers might be Professor F. J. Dyson of the Princeton *
Tnstitute for Advanced ‘Study. - He® also began as & mebhematician and has ;
made ‘”con’cribu‘biOﬁs-"fthat ‘are comparable’ guaxi%ifta’cively and qua].i'b‘a.tiv'elsr‘ X
to those of Bogolyubove Perhaps Bogolyubov' s work i even more clearly !
 mithematical than +hat of" Dysom. An alternative Western parallelmight’ i

be the late John von Neumann, although his’ contributions to msthematics
are g_f & Ag_zr'ea'b'er :i.mpo;'tance than jbhose of Bogolyubov. '

Bogolyubov first gained wide pecognition for his work with

N. Kryloff on nonlinear mechsnics: " good summary of the pasic work
of Kryloff and Bogol ubov in this field is contained jn the collection
of papers translated by Solomon Lefscl etz and published ‘by'_the’-Prin’ce'rl;Qn ‘
University Press in 1943 under the title:- Trntroduction to Non-Linear -
Mechanics. This book gives a list of 4o references of The original '
Soviet papers of the ‘authors.’ :As Dr. lefschetz stresses, this Soviet
work . introduced powerful new methods in nonlihear mechanics and gave
new importance to this field. -It also stimulatéd general “developments
in the theory of nonlinear 3ipfarentisl equations. = ' L

" ‘perhaps ‘the next reslly-outstanding contribution to BogolyuboV Was
. “4n’the general “theory of the stetistical methencis ‘of interacting =
particless. “iin this field he con’cributéd'partiCUlé.rly to the problem
‘of':condenséation of dense systems in approxiniate"‘equilibrium. © This ' °
pield is too complex to review 1t-here in preat detail, but it showld -
be mentioned “that ‘Bogolyubov did’ develop a hierarchy of aifferential’ -
)equa'bioﬁs usually called the BRGKY equations ‘because they resulted: = -
“from the work of the “Pollowing people:” Bogolyubov, Born , Green, plwood
- This hierarchy of equations ‘replaces ‘the Boltzmann eqr
of the more. simplified pregentations. . ‘Bogolyubov. then ‘ghowed & mew
gpproach of -gpproximation to +the solution of this fiererchy of BBEGKL
equations which -depends primarily on classifying the vyarious =
characteristié time intervals in the relaxation of a dense system..
Much work still ‘remains to be- done in ’_chis"’jfield,“ but "B'Ogolyubqv"lsgn

papers constitute “the :'étar'bixigpoint for '-many"‘inyes"ti’;.gation‘s.y ‘

- Bogolyubov has made SOmE contributions to problems of the T
of the solid state.: In 1950; he ‘published an '1mpdrtan'b"pa;pé goi:
polaron problem, which deals with the ‘effects of the polariz
electrong within a crystal in suéh a way as to lead to & reduc

the electron's energy and possible localization of the electron
& "self-trapping". mechanism. The first approaches 0 this .propled Wers
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g wea,k coupling expansion,- i.e., an expansion in powers of %the

cal
ral . Difficulties in this method of expansion occur that are:
ability > to the difficulties of the perturbation theory of quantum'electro-
tion of ;. which have been discussed in this report. Bogolyubov developed
sical oupling limit, which involves expansion in inverse powers of the
ng coupling eonstant. _/ The approximation of Bogolyubov is still
rinceton Por an accurate treatment, and altérnative approaches involving
and has te coupllng have been developed by other workers (e.g., T. D. lee
atively ). Much work rémains to be done before a complete theory and
clearly ' ' agreement ‘with experiment are obtained in this field, but
1 might . Begolyubov was certaa.nly an mportant contri’bution.
ematics . '

An éven more important contribution by Bogolyubov to solid-state

”“:"i.es; has beéen his recent contribution to the theory of superconductiv:.'by.

‘Present theories of superconductlv:.ty, stemming from the theory of - ‘ ‘

work m-gmich ; depend upon determining how the interactions between elec'brons
getion - éan; under proper cond.:.tlons, create a gap in energy between the lowest
rinceton ' gtate of the system and the next highest state. - Various workers. have -
inear - '&emsed theories that predict this energy gap and a specific model was
22l developed récently by Bardeen, Cooper, and Schrieffer. g/ The theore'bical
viet © . reésults of Bardeen and his co-workers had meny attractiwe features-bu
ave artificially exclude many of the contributions that a general theory’

ments : ~would rediet. Bogolyubov developed a much more exact mathematical - -
' S X wlgtion, which returned to the original Hamiltonian of Frohlich rather
C oosing an arbitrary model, and he showed how to obbtain more :

ov vas B rigarously an approximation that producéd the same results as the theory
;- B “ofBardeen. 3/ The problem of superconductivity is still not fully

lem | . solved, but vorkers in this field generally agree that Bogolyubov'

5 B .recent WOTK: has been a very 1mpor’cant steps

ould B S

ial ;AN - It is not surprising that Bogolyubov has made outstanding contributions
d : : in statistical mechsnics and in the theory of superconductivity as well
Kirkwood, & ‘:a.s in quentum field Yheory, for there are many similarities in the

ation ¥  ‘mathematical treatment of these various fields of physies. In quantum
2w ¥ ;f;ald theory, the time dependence of relevant functions normally is

3 ‘ g  -glVen as exp [-_:Et/g vhere E is an energy. In statistical mechanical

i - Problems, the probability function depends upon the temperature through
. | ;| - ‘the fimction exp L-E/kTJ where T is the absolute temperature. Thus we
3 & ®ee that the time in the mathematical equations of quantum field theory
‘correlates with an imaginary temperature in the equations of statistical
mechenies.: This analogy is only one of the similarities between

ory N 'S'batistical mechanics and field theory. Another-is that the creation of
‘he §  fleld quanta can be made to correspond to a general excitation process
of - in a statistical system. This mathematical similarity is in fact quite
t in far-reaching and allows many statistical mechanical problems to be
rough 4 computed by the method of Feynmen diagrams, which was developed for

| were quantum field theory and is the principal ‘technique for practical

- A18 -
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. vauantuzueele,ctrodyn,amic@l:»c,qmpufcati,onﬁ. &t the.present time. Thus,
- Of the ablest physicists- in;guantum field theory. (e.8., Feynman, .gel]
- Brueckner; T. D.. Iee,. G, N.:Yeng, and K..Watson).have recently mage

~1lmpertant contributions. to sstatigtical - pro'_b;l.ems, ~Just as Bogolyuboy
gdone..... .. T Yo e ST :

Lo ey

- 88 & perturbation.. This method -of presentation. has the advantage tha:
the dependence of the original Lagrangian of the system on the field
operaters.is usually :glven in.a relatively simple. form. However, . 4]

- flelds.which correspond to "baye! particles without interactions do 'n

‘ describe the real physica-l,-.pgrtieles s -for even a real isolated parti

orig;inal.;;x,_;intrqq.ug:ed_-»i_n,_. the theory... Because of the infinities inve
7 in relating the real.particles to "bare” particles, a new approach hag
been developed in recent years which attempts +to define the basic thec
entirely in terms of the quantities for real particles. Thus, it is
assumed that the fields are already renormalized. In this case ;. one -
~-dges not :know explicity how the.field operators enter into the lagrangi

or other.important quantities, such ag the peattering matrix S.

theless,. certain -,genera;_,‘math,e_ma‘_tical relationships between bhese o

quantities can be determined, --Bogolyubov. has been one of the many people

who have conbributed. to the development :of these general mathematical

formulations. One assumes "bhaLt -8 _quantity such as the scattering matrix

is a general functional of the fields @(x) ang introduces the concept
w2 OF 2 functional derivativeSS/Sp(x). This functional §

Tul generalization of the -idea of an ordinary derivati- ] ,
the way in which § varies when the operator suffers a small alteration
in the neigl;borhooq of x,. j_ﬂ(;[‘hi.:,s: statement is nonrigorous but gives the
general idea.) Bogolyubov published a, paper in 195k that . contributed
to.ithg.'.c_lgvelopmeni; -of this;fo::;mula_i;ipn,_ and he and Shirkov have used it

extensively in their work on the quantum theory of fields. Many quantities]

and. Bogolyubov.has used them to.define the generalized currents of the d
theory and to reformulate the causality principle. In his work on the COrre
functional approach to quantum, field -theory,. Bogolyubov. was to a large whick
extent simply stating the research results of other people in slightly - said
different form. ... .. . S T : ob¥ic

Bogolyubov end Shirkov. ‘haye also introduced the idea of a "charge £ o outd
brenreefzgtion. group” in quantum field theory.  This is a Lie growp of & = tom
tra.nsfozymat_;j,:ons:_.tha:t can be- introduced to clarify some of the ideas of 8 -  bow:
the renormalization Proeess and to remove some ambiguities in it. The

"”"""J’“‘“":“—’““""‘*‘“"‘““"“““’“mmm‘Approved for Release: 2022/03/16 C06927295
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15, many . technique has permitted the authors to clarify some of the steps in
1, -Gell-Mann, £ perturbation procedures and in particular to deal with some of the
made = ‘}  problems connected .with the introduction of am artificial cut-off of
rubov has large momenta. It is not felt that the work mentioned was of unusual
| importance, but it was certainly sound. work that ‘helped improve the

: i formalism of quantum field theory and constituted the first appreciable
up i | contributions of Bogolyubov in -quantum field theory. :
.ng non- 3 + Indefinite Metric -
lese fields & T . - e A }
ige that "jj { - 'One’ of the major problems ‘in quantum field theory is the intro-
field duction of infinities by the renormalization Procedure. At first,
ir, . these E workers in this field ‘thought that ¢ se difficulties should be
18 do nob associated with the use of a perturbation procedure, but it was later
particle : proved by various theorists (principally Kallen of Sweden) that

the = . infinities must occur even if the theory is treated accurately with-
l s0 as - - ~out the use of the perturbation method. Kallen and Lehmsnn showed.
those - that the divergencies were a very essential property of the theory
i involved related to the singularities of the Green's functions. . SR
vach has. 3k T Co o L
sic theory 4 In the case of the renormalized coupling constant, these funetions
it is ; -are defined over all space-time » but become infinite on the light cone.
},.one ‘It was hoped at first that these infinities in the Green's function
Tagrangian ght be removed, or at least decreased, by.the normalization Procedure.

Never- llen and Iehmann broved,: by very general arguments, that the

e | renormalized Green's functions must at least be ‘as singitlar as the
any people original functions. This result showed that it would be difficult
wtical Pprove the logicsl consistency of quantum field theory. Furthermore »
.ng matrix seemed to’prevent the construction of nonlinear theories of s

concept isfactory kind:- o E

;eration
tives the
*ibuted

y used it
1y quent
lerivati
s of the

: on the:
a large

1ightly

1] char@ %
group of,

deas Q?

- The TLehmann-Kallen theorem depended upon- some very general
"lihematicalfpostulate‘s; one' of these was that the appropriate space
A which to describe the states of ‘the quantum field is a "Hilbert
'*ce‘." "This is a generalization of & vector space to an infinite
%€r of dimensions. A1l of ~the states in this space have a positive
1, i.ev, all veetors have Positive length. Heisenberg and others
8ted that the difficulties posed by the Iehmann-Kallen theorem
be avoided by introdueing states of negative norm. . These would
Spond to states with a 'negative probability." * Such a space, in
doich the length of vectors can be either positive or negative, is
to have an “indefinite metric." These negative probabilities
ously have no direct physical meaning. PBarlier, Gupta and
‘°r had used a theory with such an indefinite metric to carry
- “he quantization of  the electromagnetic field in such a way ags
orerly elimirate the longitudinal photons, and they had shown
OV, this ‘indefinite metric does ‘not need to lead to unphysical results

i

-~ A20 - -
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if the real physical states.are limited bo.the..subspacé of the states -
of positivé norm. -Bogolyubov and: Shirkov considered in quite general.
fashion' the usefulness of introducing such. an indefinite metric. . ~They
find :that there are-difficulties with the use of indefinite metric and
that its introduction does not .appear to.offer a particularly simple-
solution-to the problems of nonlinear.quanbum fiéld theories. . Interest
in the idefinite metric in quantum. field-theory. stems now in great part
from use of such a metric in the program of Heisenberg for a unified :
field theory for elementary particles. This program is still too indefiniii
to permit any clear appraisal. The publications by Bogolyubov and Shirkov
as well as articles by theéir associates on the siubject of the indefinite B
metric, . such as a 1958 preprint by Medvedev and Polivanov entitled. . .
On a Classical Model of Indefinite Metric; indicate. that Soviet workers =
are- continuing their interest in- this fields S :

Ce.usality and Dispersion Relations

'I‘he work of Bogolyubov a.nd collaborators on the rigorous derivation
of dispersion relations in quantum field theory is.believed to be the .
most 1mportant contribution that Bogo]yubov has made in qus.ntum field
theory. el L ‘ Lo rig.orcﬂ
of Bog
The work on the proof of the dispers:ton rela.tions by Bogolyubov the o8,
and his co-workers represented an outstanding piece of work which was.
extremely difficult from a technical standpoint.,. The most difficult

part was the mathemstical supplement, which appears to have been done -

Possib

by Bogolyubov alone. . The methods that he used have since been' (iis S
simplified by Bremermenn, -Ochme and Taylor, who have restated his o Pﬁe
proof in terms of general theorems about the .holomorphic envelopes B bp dev
of domains of many complex variables. However, some idea of the difficulty§ d{spex
of Bogolyubov's theorem can be gained from the fact that it took these ' A is
three expert workers over 6-months to restate Bogolyubov's proof; they apolic
agreed theat it was-very unlikely that they would have come to a proof rdg;ls’pe:
of the. theorem without Bogolyubov's theorem to guide them. - Iabor:
The essential step in: these proofs 5 as- ha.s been clarified by : ﬁg:az
Bremermann, Ochme -and Taylor, is to extend funections which are originally £ield
. proved to be analytic in a small domain, called D. Then by very general the U
theorems it is proved that any function which is analytic in a domain L Pollo
D must also.be analytic in & larger-domain D, which is the pseudo-convex %o th
hull of D and :is called the: holomorphic envelope of D.. While the domain _ found
D is by itself not large enough to prove - the dispersion relations 5 the ' The a
extended domain is. : , : e : : S 3 - easie
The proof of. Bogol;yubov and- his group stimulated. many . other workers.
The current proofs for: dispersion relations. are found to be valid only of tt
for those values of A less than:a.certain maximum value of A e dispe
: ' probe
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. 2 As the proofs have been’ im roved, the Vdlue of Amaxhas ‘been increased,
e This 15 done as better and better methods are found for approximating the
AR holomorphic envélopé. - The ‘Soviet workers' best 'value for A< max was
nd - . approximately 2 M where MW is the biond rest' mass. More ‘recently an” '
- o explicit Fepreséntation Has been ‘found fromtthe work of Dyson, Jost, -and
est i Lehmann, ‘whichial Lows: one to extend-the limit’for '-‘A-e,‘m to‘about 3 fue :
ark. g B These ‘last thiee: workers have shown that the-current methods of proof -
L te - § cannot be extended to greater value SOFA S msix’ becslise they have d counter
}ﬂ:?fm o S example for which dispersion rélations break down at this critical
Zg;?:cv : momentum transfer. This example is not sufficient to prove that. ‘the

dispersion relation is not really valid for a great momentum transfer P

for the current préofs do ‘not make ‘use of the unita

- | ry principle, which

ers. wey easily extend the ‘range ‘of validity ‘of the-'-b"ﬁeorem.;f T T
- -':Dispersion.relations have now beén proved for'other Processes in
additionvto.pioﬂ-ﬂﬁclédﬁﬁséﬁtﬁerinéif The méthods of Bogolyubov, as N

oo - ‘extended to date-by others s have not been -sufficient to.prove ‘dispersion

ation " relations inmany intéresting cases. - ‘For' eXample R diépersibn'~rélations_ C

he - for nonforward scattering of nucleons by nucleons cannot be proved '

14 rigorously. It is clear that the Soviets appreciste the great importance
of Bogolyubov's achievement in this proof because it wag cited as one of

ﬁ . the major reasons that he was recently awarded the Lenin Prize, )

Es’ - Possible Future Work of Bogolyubov

Jne -

, Both in the USSR and in other countries » many applications of
disperston relations have been made. - The Soviet workers have aiso

applied dispersion relations to photo-produiction and scattering of pidns
: ‘by ‘deuterons. The Soviets seem to be aware of the full potential of

- dispersion relations. They have begun considering relations in which
A is varied and @ held fixed

applications. All or nearly all the imp

el presumably a result of his influence and interest in this
LgLns. Some 1dea of the amount of effort in this particular field in
fenex: ) relative to the rest of the world may be indicated by the
tain Wing comparison. A bibliography of all significant papers related
=CO development of dispersion relations in quantum field theory was
domain Wd to contain a total of 187 papers of which 37 are by Soviets. 4/
; the 42 above comparison may be somewhat misleading because it is obviously
. er to obtain papers of Western workers. ’
workgf is difficult +to predict exactly what the future contributions
Only Soviets will be in quantum field theory. The usefulness of the
ge oo, lations ag such will probably decrease and emphasis will
£t to other generalceonsequences of the ampalytic properties
- A22 .
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of . the scattering functions. . 0f : coursge, this is. a;elosely related
field, 'E.;Rééen'ﬁ,..maj.or.}a;ehiévemggts_ in this direction have.been the proof. ;
Of“%héf"CPT'theorem"“in:thiszway:by,ﬁh¢”SWiss“physicist»Jostand.a~~a, -;
general proof of the comection between spin and statistics ‘by Burgoyne,
and. by Luders and.-Zumino.. The Soviets :have not as yet made an oubstan
contribution in.this particular. direction, but there. seems to be every .
reason to.expect. that they .will do 80+ The Soviets are quite competent
in the basic -field of mathematics

fiel *iies, which is most. closely related to thig
rerticular field of. physics; this is.the theory of functions of several.
complex variables. . . e e TS

:On,a longer range basis, it is clear that new ideas are needed in .
quantum field theory and that a further development is very-apt to- .
require a combinetion of the methods already developed by Bogolyubov sikhe N
several complex veriables, and. & much more detailed:

A

: _‘- A23- |




yding

alled
-5

this -

7ibﬁ'bion v

_* only from the time t=0 4o t=00. The F

Approved for Release: 2022/03/16 C06927295

" PART II

- 'BOGOLYUBOV'S DERIVATION GOF DISPERSION RELATIONS.

The term “the asémnption' of .c-aﬁsality" ,b as used in current. work: in
quantum field ‘theory, refers. to the_physical»assumption-that. "no effect
can be. observed before its cause." ‘While this may seem to be a very .

scattering system. The nature of this mathematical correction and the
need. for it will be explained brieflv. ~ Assume that an input or scurce
1s introduced at the time t=0 and then removed almost immediately., -
‘Let G(t) be a function that gives a time dependence of any resulting
physical observable. This will be called an output. scattered wave.
The input at t=0 can excite many transients:in the physical ‘system
and therefore an output G(t) may-:continue to be observed for a long
time after the input pulse has stopped. However, the output cannot .
oceur before the: input, and therefore G(t) must equal O for t <€ 0, . ..

Let g (@) be the Fourier. transform of the output G(t), which is '

| : | Foo R
: el wt,
o ser=g famtar
. Bince’ G(t) vanishes for t<0 s The integration domain actually extends -
ourier transform g (W) is
' originally defined only for real frequencies@) . * However s We can now:
“extend this definition to ‘complex values of @) using the property that
o erHayt = gt giot

we note that the factor e-wjrt has absolute value less than 1 for all

positive:t and all positive G, ; hence. the. factor: depending on ;s
only decreases the integral for g(t). The damping faector is in fact
a strong damping term since it is exponential, and it will therefore
Sominate- any power of t that might be introduced by diffei'entiating

expression for g(G) with respect to Cu under the integral sign.
“sing these properties, we can therefore show that the function g(ew)
-8nd all its derivatives are well defined for all values of cJ such :
thetew; >0 . TIn this way, it can be proved that the function g (w),
riginally defined only on the real G -8xis, can be extended into g
etion that is analytic in the upper half of the complex €y-plane.

ermore, the presence of the demping factor e“%’t implies that the - !

o8 Of the function in the upper half Plane are. always dominated ]’
the values of the rvesl - axis. : - ' wo

OB OFFETAT: FGEATTUSE ONLY

Approved for Release: 2022/03/16 C06927295



Approved for Release: 2022/03/16 C06927295

As ig ,
that 1a anagyei.i.ckgown from the;-,thgory of complex varisbles any. fy
& contour ahoyt thn @ reglon can be given by en integral formla

b at region, This formila is ‘ealled Gauchy's for

Since the ' p 3 1f
) boundary of the upper half plane is the real axis s One

function g 3 " S CE
cansali tygﬁzczggﬁpgggégiy--:Eunded'.,) -In this way, one sees that the
which. 1 . ‘D& made equivalent ¢ R : s e

?I},l.n ’bhe simplest cases takes-'the;-follo;iig ggiﬁ?r.smn' ,I’?Jfatlor‘l"’n

Sy =L " Imgw) , ,
| cgl = 5 ——dw' .
Thie . - < T o) oc@/—w .
is gim N BT : o
' P;'-? dispersion relation.is “the- type of mathematical rela.tioni- :

freguency -
Plane, Furth re | 3 - c :
of g (W) an sumore, if both the real and the imaginary part |
- real axis, 'frsmg‘zg:ntgnly on a small interval of fI‘GQuenciegi-on' 'thzm

the function g( Py ) : eory. of a_.nalyt‘ic continuation it ig known" that
If the physica) oy ‘t? then already. determined at ali other frequencie
region is known ex ctlon g( &) at the low energy or low frequency .

p actly, then it is knowm ‘aecurately at all othery

otherwise bo - _ . where measurements
are deriveq tlligzsq.:le‘. Thus, from the causality principle ﬁfﬁ:ﬁgz
ohe kind from thepe;zcml: ‘the prediction of observeble information on
information, | 8t knowledge' of completely different observable

.For.beic L e g tiof ) 4 - oat
- fgx;ptgé if. the function g( @) is the forward scatterin,
L *OL the scattering of energy  ¢J) , then the imaginary paft

- A25 - t B

. ’ P : B
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etion - - The causality assumption.in, quartum -field :theory is usuvally stated
ound S as the requirement. that ‘measurements at. a space-time point x and at -
da. R another space-time point .x'.cannot liave . eny -effect on one another if

n . ‘ the -two events are simmltane ' X

as quantities at such points must commute.. .This is expressed by the = -
e following equation - < 2| [ - a(x), B(x' )J | 1> =0 for (x=x')2
: << 7_~ 0, where A and B are -any. two. local physical operators and
o ‘ [ 1> and: 12>  are any possible states of the system. A metrie
v ,is used in which the space-time length is positive for time like
he directions. and negative for special directions.. 1/ - - o
g, . The causality assumption alone is not enough for the derivation of
- dispersion relations in quantum field theory. In addition s we mist use’
. 'the following general limitations -on our ‘theory: - , o
_ - (1) BRelativistic Invariance:  The. relativistic invariance. of the .
{on- theory demonstrates that the commutator expression written above must
} be Lorentz-lnvariant so that e.g., if. | 1> and | 2>are both the -
ce - vacuum state .| 02> , this éxpectation value is & function of ‘only
T the one h-vector (x-x') and not & function: of ‘both x and x': separatély.
tion ‘Furthermore, such expressions :can depend. upon the four components. of
ex .. x=x' only through the Loren'bz-inva.riants of these quantities whei ;
- part combined with the  other vectors, tensors; ete. > in the theory.:: Thus,
hée . the principle of relativistic: invariance leads to a very largeireduction
hat in the number of variasbles of the theory and simplifies the form of
encies., . -mBny functions. SR : . e ' ‘
y o (2). Asymptotic Condition: It is assumed that each of the: docal -
‘ot field operators for the interacting. system approaches (in & proper. . -
ions - mathematical semse) a solution of the equations for a noninteracting
on Bystem when the differences and times involved become infinite.
able R N ‘ e
oA{3) Energy Spectrum: - A natural assumption is made that a vacuum.:
- is the state of lowest energy, -so-that all other states have positive .
ng ~‘ebergy. Each operator of the theory then has ‘s spectral ‘representation
art - in terms of the contributions from the states of differentienergy in the
Se . ‘bheory These states include both discrete or bound states and
continuum states. S o
;er-- . 'One other -very strong restriction thet:a true ‘quantum field should .
' " Batisfy is the unitéry principle. . This Prineiple expresses. the conservation
o 'Géf"probahility and -is»—:given.-mathematically by the requirement that “the . e
heoTy - smatrix must be unitarys This particular requirement has not been used ;j
s time ULY in most of the proofs of dispersion relations that are discussed .- f
L .
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oo : Sinee fhe 1

workers: have 5~éev235_§ pgp'e?:'c’f Gell-Menn, Goldberger and ‘Thirring,
However, -the opfaior: dispersion relations: in .quantug. fielq o D&
should ‘properly ga;z:lggre_.sentationsg lacked mich’ rigor -ang th;;l:g y
A o én-considered gs eon. ) = oo Lelatd

generally . <88 eonjectures- e
v eXpected that they follow :from Vef‘yg:;:;;la;:?ggil )
: es- THe

relations were - ) !
Were..extremely ’-V&J&‘iﬂbleuin::fbheoretlcal physies: e th
2rouD: 1 vecal physies; e.g., they:

of the coupling eor , oo

time that.}:)hi:gb::zimtant between pions angd. nucleons. This was Zemina&,

of muclear forces, cc:ogigp%;ng gonstanti ‘which characterizeg tZe. -g:rﬁﬁ
\ etermined in a manner free f v

rom the gres

by the German oat
S men physicist g ik i :

Bogoyubov -and. ki e am .o menzik. Only. s1ightl: 4 indene ,
for pion“ehuc:lr.l:or}:lzé:g"ggi{iersfgeveloyed"a :Prg()fl zfl:?gjfsggi;gges;?::?t
ing. The reilatj > voring that.wes valid for .a1]. directi of seati
nrolven oia8tion, which was .con : 8L directions of seatt
invol: ol gt . o 8 conjectureqd . ; :
all. fgfhtlfe'latlng scattering .amplitudes go:arli?r by Goldberger and ot
Rt e same value of the momentum tranég:ilquisc‘eﬁergies

amplitude of pion: gg : particular representation for the 'vsca.t'ber'l
momentun transter A oy s (& : yA ) scattering of plons throy
: oo ThI8 representation utilizes the spectraio:ugh

such negative yal: '
Mo ,;, ) are nes-of the M2 -and the necess
T P ary analytdi i '
oSt B 16 e hack o the pariea it SIS, contimugtion: 1 goe
. VRS PAysically meaningfMil real positi< .
) » positive value,
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In order to prove that thi :

nany nis analytic e
ry 2 / made of a powerful theorem dealing wig thexzszsl;g?cizypgixﬁeéfuse e
ctions- 3:;}?:%& gen;;:lizedfﬁmction of five complex variables and one rea.i
qos | : . broof of the necessar

The provided i;z ‘a mathematical supplemen%r ‘E;ogzgg;ibg\fr.tms function 1s
hey
dty
e

yrminatio
1e first
strength
great
ions.
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S L S0 APPENDIX D

‘ The following list was extracted from the bibliography of appendix ¢,
- k.. part IT. It constitutes the basic data-from which the tables in the! .
: - discussion were drawn and upon which -‘m‘os_’t of the- conclusions are baged.

The 115t glves the various suthors, their institution, and the nvmber
of articles which they published » either alone, or jointly. ~The following:

the system: _
: o 1953 195k 1955 1956 1957 igsg
 Bogolyubov, N. N. Leningrad State Univ. 1% - 2 28/2 5/2 2/34

(1) Numbers appearing in any given coluimn represent ar&icles""o'z‘ig'-ihally
published in that year (uswally in Russian), -although abstracts and/or
'r reviews appeared at a later time.

(2) Numbers a pearing to the left of the dotted vertical line wunder
the 1953 column refer to artieles found abstracted, etec. » in 1953, but
originally published before 1953.

(3) Whole numbers, or integers, refer to papers published by the
man alone. Co e :

(k) Fractions refer to Joint awthorships. _

The denominator indicates how many authors wrote the article
icluding the author opposite whose name the number appears). ]

. The numerator indicates to how many distinct articles of that
ampber of authors the particular author conmtributed. ..

- Thus the 1 in the 1953 column opposite Bogolyubov's name indicates - -
t. he published one baper alone in 1953. In 195k, he bublished two

_8nd collaborated with another author on one article. In 1958, he
borated with three authors on two separate articles; and he

borated with four okher authors in one more article. -’
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Aleksin, V. F.
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Assnov, A. R.

Askaryan, G. A.
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Avrorin, Ye.“ N. |

_Akhiyezer, A. I. .
o et pechnieal Tnst, AS,
Hkrainian BSR o s met e 4 PRI

. Alekseyev, A. I,

Arzhanykh, I. S.
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Afrikyan, L. M. .

. -Ps-N. Lebedew,. Acad .

Moscqw Engineering ST T, I
* « Physics: Inst: e e

- Technical. Inst, As, i

. Mechanies . imenj ..

"'Phys:.cs Inst imeni o 1
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" Physics Inst imeni
= .Pe Ne Lebedev, Acad
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(e 1953  195h 1955 1956 1957

Inst of Physical . ' 5/3 1 22/3
Problems imem. Sa ;L.
Vavilov, Acad of
Sciences, USSR

Nf—

LN

of Sciences ’ USSR

Physics Inst :mena

Sciences » USSR

Ukrainian Physico- 2/2 1/3 1

Belenkiy
(decease

Belyayes

Perestet

E Nl"".";':‘ .

Ukrainian Physico- e 1/3 '
Ukrainian ‘SSR - | | |

Inst of Math and 2

V. I. Romanovskiy, :
AS, Uzbek SSR

Electrophyéi'cai’” S - oy

' = : V- Ln

P. N. Lebedev, As, A
USSR ¢

i oy e g

Borovi
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e S 1953 195 1955 1956 1957 1958

b Bareshenkov, V. §. Chief Administrator, 1 2 3 g
N © ' ‘Maln Administration . - % .. . R
e for Utilization of -

. O 3 Atomic Energy s

Baldin, A. M. Physics Inst imeni - % v L e 1
' _ P. N. Lebedov, AS USSR -

M=

Bayer, V N. Inst of Physics,' AS, . oc.
Ukrainian SSB :

- Bazarov, I. P, Moscow State Univ | : 1

Belenkiy, S, Z.  Physics Inst imeni ... . . 2 1
© (deceased 1956) P. N. Iebedev, AS, USSR - - S _

.- Belyayev, 8. T. Inst Atomic Eiiéfgy,'
- AS, USSR e

VO

=
[\

,‘.’Bérestetskiy, V. B. Physics Inst iméni ' S
: , P. N. Lebedev, AS, USSR '

Bllenkiy S. M. Joint Inst for = - . oo 1/3
- Nuelear Research ERPR

Blank, V. z. Woscow State Univ - . 1 ali y3ys3

s

Blokhintsev, D. I. Joint Inst for 2 2 1

Nuclear Research ' 7 i o o ' _
Bogolyubov, N. N. Ieningred State ' - U 2d 28/2 5/2 2/34 i
Zhdsnov = R _ _ o ) _ i

3

Moscow State Univ 15

)=
,...l
[

Dnepropetrovsk - S A 1 4 1
State Univ imeni :

300th Anniv of

Union of Russia .

and Ukraine B

B g
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Brodskiy, A. M. Moscow State Uniwpi.1x1/ -2/3 2

Budker, @. I. Inst of Nuclear
Physics Siberian
Dept,:AS, USSR

Bumistrov, V. M. | Inst of Physi"é;';
Ukrainian SSR ETR

Bychkov, Yu. A. Acad of Sciences »
USSR _ TEAT TG e

Chavchanidze,;v. Vi Inst of Physics, . ... Fe T et el D
'  Acad Sciencesyiir vp s ]
Georgian SSR

Chernavskiy, D. S. Moscow Mining "™ " " % i
Inst imeni I. v.
*Stalin RSO S

Chang-Iee Leningrad State " 1.
£ Univ imeni A. A. o . o Ca Tt
Zhdanov Sl s

Cﬁou--Kuang-ChaQ “Joint Inst for I we b e e
' Nuclear Res (Lab
sof Theor Fhys)

Chernavskiy, D. S. Physices Inst imeni
S R, P. NQJSIEbedgv, AS, .- R
USSR op e

(VI
© N

Cytovie, V. . Moscow State Uniy -zl-

‘ : s L R S
Demkov, Yu. N.- Leningrad State 1
’ Univ imeni A. A. '

Zhdanov o
Dolginov, A. 7. Leningrad State - 1 1
Univ imeni A. A.

Zhdanov

Duan-I-Shi i Joint Inst for AN T
Nucleaz: Research

- A32 . _4‘
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1953 195k 1955 1956 1957 1958

Dyatlov, I. T. - leningred Physico~ ~ ... .- £ -1/3

Technical Inst, As; '; ST S .
b _ USSR o

Dykman, I. M. - Inst of Physics, AS, 4:
_ N Ukrainian SSR o

Faddeyev, L. D, Leningrad State’ Univ" ERER ‘ 1l

Amehl N sA,.uZhda.nov AT ' _
i  Faynberg, V..Ya. Physics Inst imend:v i . 1%' 1/3 l%
anendy P. N. Lebedev, AS,' o .
o USSR ‘

dorov, F.:I. Inst of Physics amd & .. - 1
Math, AS ’ Belorussia.n
SSR

=
=

Peyrberg, Ye. L. Physics Inst imeni
T P. N. Lebedev, AS,
USSR ’

; imonov, G. F. Moscow State Univ

. -

dkin, Ye. S. Physics Inst imeni:. .. .2 = g ;3 2/2 2%
‘ P. N. Lebedev, As,
USSR

, Ya. I. Deceased 1952 1!

B, A B.  Ingt Physical - 3! 38/3 1/3
Problems imeni

S. I. Vavilov,
A4S, USSR -

=
)]

an, B. T. Moseow Pedag-o.gvical | 5 ' 2
: Inst imeni v. I. o
Lenin e

o

d, I. m. Moscow State Uniy 1/3

-I. F. Moscotr Staté.Univ | R co 1

L Y

e

, V. L. Physics Inst imeni
: P. N. I.ebedev, ‘AS,_
USSR -

‘N

-‘_*33,‘-
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Gol'fand, Yu) A.

Golubenkov, V. N.

Gor'kov, L. P.

Grigoryev, V. I. :

GUI‘e‘Vich, Ac..'V-
Gurzhi, R. N.
Hing Hu

Heber, Va. G-

Ingarden, R. S.

Toffe, B. L..

Ivanenko, D. D.
Yzmirilov, S. V.

Kalitsin, N. S.
Karpman, V. I

Kaschluhh, F.
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USSR

Koles:

nj-
)

S~
W

2/3.

1/3 3/2
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Moscow State Univ
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Minsk Pedagogical
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Joint Tnst for
Nuclear Research
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Khalatnikov, I. M.

Khaelfin, I. A.
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1956 e T 1953 195k 1955 1956 1957 1958
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USSR
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| Markov, M. Physics Inst imeni 1 1 2
e P. N. Lebedev, AS,
USSR |
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. APPENDIX E
BIBLIOGRAPHY

This bibliography is a complete listing of all the articles of
interest in this study. It was compiled by canvassing all the
appropriate available journals* on quantum field theory. Wheré an- '
article has ‘been abstracted or reviewed » those references are also shown.

About 25 of the articles listed in the bibliography are preprints
from the Joint Institute for Nuelear Research in Moscow.. These articles
are designated by the word "Preprint” in parentheses at the end of the

citation.
Abrikosov, A.A." S Lo ’
On the Compton Effect and Mutual Scattering o6f Particles at High
Energy in Quantum Electrodynamics and Pseudoscalar Theory,"
DAN 102, 1097** NsA 655L (1955) - o e
"On the Infrared Catastrophe in' Quantum Electrodynamics,"” ZKETF 30,
- .96 (1956). MR 18, 17k (195T) Phys Abs 4811 (1956) .
: "Sc_attering" of High Energy Electrons by Electrons and Positrons,"
" ZHETF" 30,°(1956). Phys Abs 670k (1956) 2
----- and Khalatnikov, I.M. ' -
- "Asymptotic Expression for Green's Function ‘of ‘Electrons in Quantum
. Electrodynamies," DAN 95,773 (T95h): NSA k469 (1954)

 "The Use of Two Iimiting Momenta in Field Theories," m;';gg,g% (1955)

- "Green's Functions in the Thc(aoryhcif Mesong with ? Wéa.l): Pseudoscalar

Coupling," DAN 97, 793 (1954). MR 16, 317 1955)- - -
 NSA v711_£5f(195h)“1"-.- N e '
Phys Abs 7970 (1956)

"=--and Galanin, A.D.; Joffe, B.L.; and Pomerancuk, I.Y. ‘ |
Green's,mmctions in Meson Theories," Nuovo Cim VIII, 782 (1958)

' *Abbreviations- for the journals are found at the end of the bibliography.
*’_‘Inl these citations, the underlined number appearing after the name of
Journal indjicateés the volume, and the second number indicates. the page.
: DI hat the article appeared in DAN, volume
Page 1097..
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Abrikosov, see Landau, L.D.

Adirovich, E.I. and Podgoreckii, M.I. B
"On the Interaction of Microsystems with Zero-point Fluctuations of
an Electromagnetic Field," ZhETF 26, 150 (1954). ‘

MR 16, 101 (1955) Phys Abs 9914 (1954) "Re
Afrikyan, L.M. . _ N . o S -
"Multiple Pair Production in Quantum Electrodynamics," ZHETF 33, .
531 (1957) JETP 6, ¥k (1958) _ : ’
" - v s : . N i o Askarli'y
On the Theory of Creation and Annihilation of Anti-protons," - =0
ZhETR' 30, T34 (1956) A: 1, 43 (1957) S
"Theory of the Production of Electron Positron Paifs‘in)Collisions
of Slow - Mesons with Nuclei," ZnETF 33, 280 (1957) . " Asanov
JETP 6, (1958) - . o Bsonod
Akhiyezer, A.I. (also.Akhiézer) . _
"Diffracted Radiation of Photons by Particles with Spin 1/2," Averba!
DAN gk, 651 (1956). MR 16, 548 (1955) S . 5
Phys Abs 1892 (1957) "
----- and Polovin, R. o _ : : - :
"Radiative Corrections to the Scattering of Electroms by Electrons,"
DAN 20, 55 (1953). Phys Abs 8223 (1953) =
"Removal of Divergengies in-Quantum_Electrodynamics,"‘UFN'2},-3 )
(2953). MR 16, 317 (1955) NsA 126k (1954) . . Baldil
----- and Aleksin, V., and Volkov, D. . ’. S ,
2-CKX81n, V., ana v 2 _ . ‘
"On Some Effects Resulting from the Interaction of an Electromagnetic
Field with a Vacuum of Scalar Charged Particles," DAN 104, 830
(1955). MR 17, 103k (}956) S SRR
Alekseyev, A.I. . = L S
"Covariant Equation for Two Amnihilating Particles,"” JETP 5, -G
696 (1957) msA 12, 8 (1958) o
Aleksin, see Akiezer
o Bara
Aleksin, V.F., and Volkov, D.V. -

"Radiation Corrections. to Particle Scattering in External Field
and to Compton Effect in Scalar -Quantum Electrodynamics," .
ZHETE: 33, 1084 (1957) JETP 6, 803 (1958)

"Interaction of the Electromagnetic Field with the Vacuum of Nuclear
Charge of Particles,! DAN 104, 830 (1955). NSA 1964 (1956)
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Arzhanykh, I.S. : o Lo e
~ "Coupled Systems of the Meson Fleld," DAN 110, 351 (1956).
Phys Abs 1903 (1957) A: 1631 e N
MR 19, 365 (1958)

"Representation of the Meson Field by Retarded Potentials," DAN 110

1 9537°(1956). ' Phys Abs 3960 (1957) A: 1702 e T
NSA 3624 (1957) S , _

MR 19, 2 (1958)

Askar?'yan,.G.A. ’
On the Effect of the Oscillation of the Meson -

on the Probability of Particle Interaction

'

Shell of Nucleons
8," ZhETF 26,

751 (1954) . NsSA 458 (1955)
Asanov, A.R. N |

'_:ﬂnqte Qn:a Variant of‘Ndn—LocaltField Equationé," ikmmF 30, 619
" (1956). Phys Abs 98 (1957) . . ST

Averbakh, B.L. (also Auerbach)
----- and Fradkin, E.S..
"Renormalizability of Pseudoscalar Meson Theory with Pseudovector -
- . Coupling," ZhETF @, 756 (1956); sup to- 30, no b,7,
~ JETP 3, 862 (1957) o T
MR 18, 176 (1957)
NSA k206 (1957)
Phys “Abs 7129 (1956)
Baldin! A. - S e . C e : :
' On a Rule for the Interaction of the Electromagnetic Field with
Nucleon and Mesonic Field," Nuovo Cim ITT

: III; series X
© no 1 (1956). =TS

"isotopiévlﬁvariancé 6f77-MESOﬁ Field"'DAN 96 9&9 (1954
NSA 6002 (195k4) = 74)
----- and Mikhailov, V.

“On the Two Types of Charge Invariange, " EAN 91, 479 (1953).
NSF, tr, 101 Phys Abs 3101 (1954) = < T

Barashenkov, V.S.-

"Compton Effects‘ih the Extended Electron "ZhETEP T  6 ﬁ~ 1956
~ JETP 4, 559 (1957) ’ L 09 (a56)

"The Construction of a Phenomenological Scattering Matrix with Non-
local Interaction," ZhETE: 32, 368 (1957) JETP, 5, 313 (1957)
Phys Abst 7613 (1957) o .
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"Contribution to the Theory of Non-local Interactioﬁé," ZHETF 31, -
837 (1956). .Phys Abs 2975 (1957) | S
JETP L, 5 (1957) R
NSA 12, b, (1958)

A: 1773 -
"Some Observations on Possible Formulations of the Theory of —
: Extended Particles," ZhETF 28, 579 (1955).
JETP 1, 467 (1955)
MR 17, 221 (1956) !
NSA 6041 (1956)
Phys Abs T694 (1955)
"On the Renormalizability of the Hamiltonién Formulation of Theory T
with the Form-Factor," Nuovo Cim V, 1469 (1957)
"Concerning Some Possibilities of.Formulation of a Relativistically ' Belye
Invariant Theory of Extended Particles," ZhETF 32, 566 (1957) - SEEEs = ——
JETP 5, 470 (1957)
NSA 12, 6 (1957)
—-—-'--B.nd Barbasev, B»M; ; C . ' N Berel
"Statistical Weight of a System of Particles. with Arbitrary Spins," S
Joint Institute for Nuclear Research, Laboratory of Theoretical
Physics - Nuovo Cim, sup VII, series X, no 1 (1958)
"Statistical Theory of Particle Multiplé Production in High Energy
Nucleon Collisions." Joint Institute for Nuclear Research,
Iaboratory of Theoretical Physics, Nuovo Cim, sup VII} _——
series IV, no 1 (1958) . S -
"Electrical Polarizability of the Meson Cloud in & Nucleon," Joint
Institute for Nuclear Research - Laboratory of Theoretical ———
Physies. A: P-169 (1958) (Preprint)
Barbasev, B.M. see Barasenkov, V.S.
Eg_iiyer)", V.N. , ?&}
————— and Pekar, S.1I. : Ble

"Strong Coupling Nucleomesodynamice. II. The Ground and Iscbar
States, Nucleon Charge and Spin," ZhETF 30, 317 (1956);
sup to 30, no 2,6. :
JETP 3, 340-350 (1956).
MR 18, 174 (1957)
NSA 2206 (1957)
Phys Abs 4836 (1956)
A: B-6
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teraction," DAN 110, 38 (1956).

Soviet Physics Doklady 1, 520 (1956) o

Belen'kiy, 5.2. - L -

_ Connection Between Scattering and Multiple Production
: '_.(.19’56). Nuclear Physics 2, 259 (719'57 ) o ;

";I'hedry Mof mltiplé ‘Produetioh' of Pa.rtic’iesv at High Energy,"
~ ZhETF 28, 111 (1955). NSA k025 (1955) |

of Particles,"

Hydrodynamische Theorie der Mehrf&cherzeugupg‘ von Te’ilchen,~"
UFN 36, 309 (1955) Fort der- Phys.3; $36:04955) - .
Belmev, S.T. o

-"""-and Bud.ker GoIo . ’ ) 7 .
"The Relativistic Kinetic Equation," Proceedings of the Academy of
" - Sclences, USSR, 107, 6-(1956) Soviet Physics Doklady 1, 27 (1956) ‘
Berestetskiy, V.B., (also Beresteckii, V.B.) ]
' Asymptotic Behavior of Ele netic - ] 'of the Vacuum 4
' Mes veractions," ZhETF 29, 585 (1955). :
JETP 2, 540 (1956) , - !
moaly 922 (9s6) . X
Phys Abs 2638 (1956) - : '

"K-Meson Scattering with Change of Intrin'sic_'Pa,rity,"f Nueclear -
y Physies 3, 153-156 (-1957) . : Lt

ﬁ__”-and Kroklin, OGN- a-nd Iﬂllebnikov,- -AAK;
- "Radia,tive_Correction, to the Magnetic Moment of the u-meson,"
ZhETF 30, (1956). Fhys Abs 7127 (1956) . . .. ,

' Bilepkizz S.M., see Bogol@ov2 N.N.

Blank, v.z. o
-Behavior of the Green's
DAN 104, 706 (1955).

"Beha.%ri_o:; of the Vérte# Part »a..t High Energies,"” DAN 10 , 389. (1956),
- Phys-Abs 4810 (1956)" i - e

Function of the- Electron for Smg1; Momenta, , "
MR 17, 1032 (1956) S

"Application of g Renormalized Group to Different Scattering Problems
in Quantum Electrodynamics, " ZhETF: 32, 932 (1957) JETP 5,
759 (1957) ' : ,
NSA 12 no. 8 (1958)
Fhys Abst 8378 (1957) -
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----- and, Shirkov, D.V. (also Sirkov, D.V.)

-+ "Asymptotic.Investigation of Vertex Part in Qeantum Electrodynamics,
DAN 111, 1201 (1956). Phys Abs 50&0 C19579 .

"Inverse Dispersions Relations," ZhETF 33, 1251 (1957)
JETP 6, 962 (1958) (Preprint)

Improvement of Quantum Electrodynamlcs Perturbatlon Thecry“with
Help of Renormalization Group." Nuclear Physicg g, 356 (1956)
" Phys Abs .5829 (1957) o o . DRI

————— end Bonch-Bruevich, V. L., and Shirkov, D V ¢

"Remarks on the Multlpllcation Renormalization Group in Quantum
 Theory: of Fields," ZhETF 33, 265 (1957)
JETP 6, 204 (1958)

Phys Abs 61, 2L
NSA 889k (1958)

Blokhintsev; D.I..

"A Non—Hamiltonien Method in the Theory of:Elementary Particles,"
ZhETF 17, 266 (19h7) '

"Non-Linear Field Theory and the Theory of Relat1v1ty, - o = -
Nuovo Cim, III, sup 629 (1955) :

"Non- Local and Non—Llnear Field Theories," UFN él-(1957)_ ~“iﬂ~‘t
NSA 7381 (1957) ‘ R { -
Phys Abs 5840 (1957) ‘ _ -

"Theory of Nucleons" ZhETF.29, 33 (1955).
JETP 2, 23 (1956)
Phys Abs 8496 (1955)

"When Does a Weak Interaction Become Strong?" Joint Institute of

{
Nuclear Research (1957) NSA- 12, no 2 (1958) ;

"On a Possible Limit of the Applicability of Quantum Electrodynamics,
Joint Institute for Nuclear Research (Preprint)
A:s P-148 (1958)
Bogolyubov, N.N.
"Casual Operators in Quantum Field Theory," DAH 99, (195h)

"Conditlon of Casuallty in the Quantum Theory of Fields,“ IAN 19,
237 (1955). NSA 7595 (1955)
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