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ODERN atomic theory has been trying to
draw as complete a picture of the mate-
rial world as possible in terms of as few
elementary constituents as possible. It

seemed that we came closer than ever before to the
goal in 1932, when the neutron was discovered. The
electrons, protons, and neutrons turned out to be the
only constituents of ordinary substances, whereas the
photons were associated with the electromagnetic field.
The positron was discovered in the same year, but
this was welcome as the confirmation of the already
successful theory of electrons by Dirac. However, it
was clear that the picture was not yet complete. There
were two outstanding problems: the beta decay and
the nuclear forces. The success of Fermi’s theory of
beta decay led us to accept the existence of the neu-
trino, which has been postulated by Pauli. A relati-
vistie field theory of nuclear forces led us further to
another new elementary particle. The duality of field
and particle seemed to presuppose the existence of
the mesons which were to be associated with the
nuclear-foree field. One type of meson, the mu-meson,
was discovered by Anderson and Neddermeyer in
1937 but later turned out to have little, if anything,
to do with nueclear forces. Instead, the pi-meson,
which was discovered by Powell in 1947, is the one
that is responsible for a part, at least, of nuclear
forces.

This ,appeared to be a little too complicated to be
accepted as something final, but this was merely the
beginning of further complications. Since 1947, un-
stable particles have been disecovered in cosmie rays,
in great variety, one after another. Some of them
were created artificially by high-energy accelerators.
It seems that more and more new particles are dis-
covered as we go further and further in search of
the high-energy region. It seems that we are in an
open world in the sense that a small number of ele-
mentary particles that have been familiar to us are
not likely to be the sole elementary constituents of
our world but are more likely to be the more stable
members of a large family of elementary particles.
Of course, there is still room for the argument that
most of the newly discovered unstable particles are
not elementary but are compound systems that consist
of two or more elementary particles in the true sense.
However, even if we take such a conservative view
of the present situation in the theory of elementary
particles, we cannot help asking ourselves the ques-
tion: What is an elementary particle?
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Reexamination of the Concept of Elementary Particle

At first sight, there is no difficulty in defining an
elementary particle in mathematical terms. In relati-
vistic quantum mechanics, which was established by
1930 chiefly by Dirac, Heisenberg, and Pauli, the
duality of wave and corpuscle is best represented by
the concept of quantized field. It is the totality of infi-
nitely many operators V.(z«), where z. is a set of
space-time parameters and o« is an index diserimina-
ting the components of a quantity such as a vector
or a spinor that transforms linearly under Lorentz
transformations. Let us call it a local field in order
to distinguish it from a nonlocal field, which is dis-
cussed later. Now, an elementary particle could be
defined as one that is associated with an irreducible
local field. A field is said to be irreducible if it can
no longer be decomposed into parts, each of which
transforms linearly by itself under Lorentz trans-
formations. In this way, the spin of the elementary
particle is defined: For instance, the scalar or pseudo-
scalar fleld with only one component is associated
with the particles with spin zero, whereas the spinor
field is associated with those with spin 14. The com-
mutation relationships between the quantized field
quantities determine the statistics of the correspond-
ing assembly of particles.

One of the most attractive features of quantum
theory of flelds was that it enabled us to deduce the
well-known relationship between spin and statisties:
The particles with zero or integer spin obey Bose-
Einstein statisties, while those with half-integer spin
obey Fermi-Dirac statistics. We take it for granted,
furthermore, that each type of elementary particle
has its unique mass m. The difficulty of the present
field theories arises in this connection. Suppose that
the free field satisfies the second-order wave equation
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as usual, where « is a constant with the dimension of
reciprocal length. Then, of course, the mass of the
associated particles is uniquely defined by m=4i%/c
as long as the particles are completely free. However,
in the present field theories, one can find no a prior:
reason for choosing one value or another for the con-
stant x or m. Therefore, what one does is to equate m
with the observed mass of the particle in question.
However, this again is objectionable because the par-
ticle in question is observable for the very reason that
it is not free but interacts with other particles.

(1)
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Thus, the problem of mass of an elementary par-
ticle cannot be separated from the problem of inter-
action between quantized fields. In the usual loecal
field theory, we assume a local interaction between
local fields. For instance, the effect of another field
@s(au) on the field Wa(xu) could be described by ad-
ding certain terms to the left-hand side of Eq. 1,
which are functions of @s and Y. at the same space-
time point xu. If we introduce such an interaction, the
mass of the particle that is associatéd with the field
Ya(zu) is altered by an amount that is ¢2 times the
self-energy. Unfortunately, the self-energies of par-
ticles turned out to be infinite or, at least, indefinite
in the known simple cases of local fields with local
interactions. This difficulty was known already in
1930, when quantum electrodynamics was established
by Heisenberg and Pauli. As a matter of faect, at least
a part of this pathological character of quantum
theory of fields was inherited from its predecessor,
classical electrodynamics. One must admit that the
precise definition of the mass of an elementary par-
ticle is impossible, unless one is able to get rid of the
infinite self-energy somehow.

Mixed Field Theories

The so-called “mixed field theory,” which was pro-
posed by Pais and Sakata, is of great interest in this
connection. Let us take the familiar case of the elec-
tron interacting with the electromagnetic field. The
self-energy of the electron owing to the electromag-
netic field produced by the electron itself becomes in-
finite. However, if we assume further that the elec-
tron interacts at the same time with another field of
appropriate kind in an appropriate manner, we may
hope that the self-energy due to the latter interaction
just counterbalances the electromagnetic self-energy
of the electron so that the resulting self-energy be-
comes finite. This is actually the case, if we choose as
the second field a scalar field, with which neutral spin-
zero particles with the rest mass of the order of meson
masses are associated, and which interacts with the
electron as strongly as the electromagnetic field.

Moreover, if we extend the same idea to the case
of the proton, we obtain the corréet sign and the
correct order of magnitude for the difference of the
masses of the proton and the neutron. This seemed to
give rise to a new hope of constructing a consistent
field theory that would be free of the pathological
divergence difficulties, by assuming the coexistence of
a number of fields, known and unknown, in such a
way that the self-energies of all the particles that
were associated with these fields would become finite
on account of mutual compensation. Such an attempt
was successful to some extent, but there is little hope
for arriving at the complete removal of all diverg-
ences as long as we hold to the local field theories
with local interactions. Namely, the divergence that
is related to the so-called “vacuum polarization” in
quantum electrodynamics cannot be removed by the
assumption of coexistence of various charged par-
ticles with different spins. In spite of this, however,
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the idea of mutual compensation is significant in in-
dicating that the coexistence of various fields and par-
ticles is not accidental; rather, one may be able to
find cogent reasons for it.

In passing I want to mention that a recent devel-
opment in quantum electrodynamics originated by
Tomonaga, Schwinger, and Feynman was remarkable
in that all experimental results so far known were
reproduced unambiguously and with great aceuracy,
but this was possible only after the theoretically in-
finite masses and electric charge had been replaced
by the observed finite masses and charge. Complete
justification for this renormalization cannot be found
in the theoretical framework itself.

Local Fields with Nonlocal Interaction

In connection with the procedure of renormaliza-
tion, the various types of local interaction between
local fields can be divided into two classes. The first
class includes all interactions that are renormalizable.
The familiar interaction between the charged par-
ticle with spin 15 and the electromagnetic field is
said to be renormalizable because the renormalization
of the masses of the charged particle and photon and
of the electric charge is sufficient to derive finite re-
sults for all other observable quantities. The scalar
or pseudoscalar interaction between the scalar or
pseudoscalar meson field and the nucleon, which is
familiar in the meson theory of nuclear forces, is
also renormalizable. There are a few other interac-
tions that belong to the first class. However, most
of the other interactions, such as those between elec-
tric and magnetic dipoles and the electromagnetic
field or the pseudovector interaction between the
pseudoscalar meson field and the nucleon, belong to
the second class, because the divergences appearing
in these cases cannot be removed by applying the re-
normalization procedure a finite number of times (7).

In this connection, one may raise the question: Is it
possible to describe atomic and nuclear phenomena
in terms of renormalizable interactions alone? The
answer is very likely to be negative. The interaction
between the electron-neutrino field and the nucleon
field in Fermi’s theory of beta decay is known to be,
in general, a linear combination of five types of in-
teractions, Among them, the tensor interaction, which
is mot renormalizable, is indispensable in aceounting
for a number of experimental results. It is not re-
normalizable, even if we accept the view that the beta
decay is not an elementary process but can be decom-
posed into two stages in which creation and anmihila-
tion of a virtual meson of an unknown kind take
place. Now, if the interaction between fields is not
renormalizable in the ordinary sense, it amounts to
the same thing to say that the procedure of renormali-
zation necessitates the introduction without end of
higher and higher derivatives of field quantities in
the interaction. An interaction that involves deriva-
tives of arbitrary order of field quantities is equiva-
lent to a nonlocal interaction—that is, an interaction
that refers to two or more field quantities at different
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space-time points. In other words, the introduction
of a nonlocal interaction in field theories can be re-
garded as a revival of the theory of action at dis-
tance that was thought to be contradictory to the
notion of field itself in classical physies. However, in
the quantum theory of fields, this may not be so, be-
cause the notion of the quantized fields seems to be
more flexible, field and particle being two aspects of
the same physical object (2).

Let us consider, for example, the case of a nonlocal
interaction between the scalar (or pseudoscalar) me-
son field u(z.) and the nucleon field Ya(zu). The field
equations ean be written, in general, in the form

a 2 ’” _
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where ¥ and M are masses of the meson and nucleon
in units of % /¢, and v. are Dirac matrices, Pas(2”, 27,
2””) is a matrix with four rows and columns, each
matrix element being a function of three space-time
points a4/, 2”7, #””/. The most general nonlocal interac-
tion as characterized by arbitrary three-point func-
tions Pas(a’, 2, 2”’). reduces to the familiar local
scalar coupling, if u(z) is a scalar field and

q)aﬁ(x’) ", ") =g Oap 6("6' —-2”) 8 (w” —a"),

where g is the coupling constant. Similarly, it reduces
to local pseudoscalar coupling, if u(xz) is a pseudo-
scalar field and

Bua (@, 0, 27) = g (13)a0 D& =0") B = ).

The quantization of the fields can be carried out as
usual. However, an essential departure from the local
interaction theory is inevitable on acecount of the
absence of a Schrodinger equation as such for the
whole system in nonlocal interaction theory. The role
of the Schridinger equation was to determine uniquely
the Schriodinger function or the probability amplitude
at any time instant ¢ in terms of the function at the
immediately preceding instant ¢ —d¢. This was pos-
sible in the usual field theory, because the Hamilton-
ian H(t) for the whole system depended only on the
field quantities at the instant ¢. Onee we introduce a
nonlocal interaction in a relativistically invariant man-
ner, we can no longer have a Hamiltonian that satis-
fies the afore-mentioned requirement. We really do
not know what would be the substitute for the Schrod-
inger equation, or anything about any final formula-
tion of nonlocal theories.

We know, however, that there is a formulation of
ordinary field theory which seems to be suited for
extension to nonlocal theories. Namely, one can define
an S-matrix, which characterizes the statistical rela-
tionship between the possible results of experiments
at a remote future (¢ —>+ ©) and the given results
of experiments in the remote past (¢ —>— ), in terms
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of Schrodinger functions at t=+ % and t=- % in
quantum mechanics. Heisenberg pointed out that the
S-matrix might well remain significant in future theo-
ries of elementary particles, whereas the Schrodinger
function itself might be removed from the picture. In
fact, the field equations in nonloeal interaction theory,
Eqgs. 2 and 3, can be integrated directly by using the
same method of successive approximation as is used
in ordinary field theory, which enables us to construet
the S-matrix as a series in powers of the coupling
constant. The trouble with local field theories with
local interactions was that each term in the power
series for the S-matrix was infinite because of infinite
self-energies and some other infinite quantities. Re-
cently, Mgller and Kristensen have shown that, if we
choose the form function ®aup(2’y 2, 2’”’) in nonloeal
interaetion theory suitably, the self-energies of both
the meson and the nucleon become finite, at least in
the first approximation. In other words, the masses of
these particles could be renormalized without getting
into trouble of divergence. This gives us a new im-
petus to proceed further in this direction.

Nonlocal Fields

The introduction of nonlocal interaction between
local fields was the first step toward the solution of
the problem of masses of elementary particles. How-
ever, another step must be taken, if we want to ap-
proach nearer to a unified theory of elementary par-
ticles. The concept of a nonlocal field (3) was intro-
duced in order to describe relativistically a system
that was elementary in the sense that it could no
longer be decomposed into more elementary constitu-
ents but was so substantial, nevertheless, as to be
able to contain implicitly a great variety of par-
ticles with different masses, spins, and other intrinsie
properties. For instance, a nonlocal secalar field is
defined as a sealar function that depends on two sets
2/, #7 of space-time parameters and can be written as

(@ @] 2”) = (X 1),
where
X, =3(x +x,), Tu=2) =2,
The free field equation is supposed to have the gen-
eral form
F(0/0Xu, 74,0/87.) (X, 1) =0, 4)
where the operator F is a certain function of ¢/¢ X,,
rs, and d/¢ru, which is invariant under any inhomo-
geneous Lorentz transformation. In particular, if we
assume that F is linear in 92/0X.0X« and separable
—that is,
s o ot 3
F=_6X“BXM+F( ) (ru'rwa,rua,rurrug;;)r (5)
then we have eigensolutions of the form ¢ = u(X)x(r),
where » and ¥ satisfy

[6%/02,82, — plu(X) = [F) —uly(r) =0, (6)

p being the separation constant. Thus, the masses of
the free particles, which are associated with the non-
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local field @, are given as the eigenvalues of the square
root of the operator F() which characterizes, so to
speak, the internal structure of the elementary non-
local system. If one chooses the square root of the
operator F(") such that the eigenvales \/u,=m, are
all positive and discrete, one can expand an arbitrary
nonlocal field into a series of internal eigenfunctions
Xn (1) :
@ (X, 1) =Zten (X) gn(r). (N
n
Now, when the nonlocal scalar field (2’ | @ | 2”7) in-
teracts, for instance, with a local spinor field Wa(zx),
the field equations become

(s 7w
—gziwa(X%)E(X%); (8)
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We insert Eq. 7 in Eq. 8, multiply both sides by the
complex conjugate of x,, and integrate over the four-
dimensional r-space, provided that x,(r) is quadrati-
cally integrable and, therefore, is normalized. The re-
sult is

9? — M2 ) U (B,7) =
axunamu» n nA\Tw J —
J‘ (I)n(x’, x", .Z",) % mﬂ(xf)wa(m/n) dxrdx/», (10)
where
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Similarly, we obtain from Egq. 7 the equation

a
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If we compare them with the field equations, Eq. 2
and Eq. 3, of the case of nonlocal interaction between
local scalar and spinor fields, we notice that the inter-
nal eigenfunction x,(r) characterizes the form fune-
tion for the particle with mass m,. The essential dif-
ference between the theory of nonlocal field and that
of nonlocal interaction is that, in the former case, we
have to take into account simultaneously all the par-
ticles with different masses m, that are derived from
an eigenvalue problem. Furthermore, the form fune-
tion for each of these particles is uniquely determined
by the same eigenvalue problem.

The foregoing general considerations can be illus-
trated by assuming a very simple form
62
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where A is a small constant with the dimension of
length. One may call this the four-dimensional osecil-
lator model for the elementary particle. It was con-
sidered first by Born (4) in connection with his idea
of self-reciprocity. However, our model differs from
his in that the internal structure of the particle ap-
pears explicitly in our case in connection with the
nonlocalizability of the field itself. One can easily see
that the mass spectrum for our case is discrete and
is given by

aa

F=- -
97,97,

(13)
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where n4, n,, 13, and n, are zero or positive integers.
The main trouble with the four-dimensional eigen-
value problems is the infinite degeneracy. The theory
will be necessarily more complicated, if we try to get
rid of this difficulty. In any case, what has been dis-
cussed here (5) is just the beginning of an attempt,
which may lead us to a possible formulation of a
unified theory of elementary particles, if we are lucky.

In conclusion, let me say that there are a number
of important points that are not discussed here at all.
One is the validity of the weak coupling approxima-
tions in the theories of elementary particles. We are
well aware of the limitations of such approximations
in eonnection with the problem of nuclear forces, but
we cannot depart from it easily, simply because we
do not have yet any satisfactory relativistic theory of
quantized fields which is free from the assumptions
of weak coupling.
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I have no economic radar to penetrate the future, but we can make it what we will it

to be. Of that I am sure.—~BERNARD BARUCH.
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