THE
PHYSICAL REVIEW

oA journal of experimental and theoretical physics established by E. L. Nichols in 1893

Seconp Series, Vor. 85, No. 4

FEBRUARY 15, 1952

Mesonic Proper-Field*

Hiroom: UMEZAWA, YASUSHI TAKAHASHI, AND SUsuMU KAMEFUCHI
Institute of Theoretical Physics, Nagoya University, Nagoya, Japan

(Received May 21, 1951)

A method is presented of treating the meson cloud around the nucleon. The meson cloud is described in
terms of the free field operators which coincide, on the world point on the space-like surface, with the usual
field operators in the Heisenberg representation. In the second and the third sections, the relation between
the field and its source on an arbitrary space-like surface is studied. The fourth and fifth sections are con-
cerned with the method of the phenomenological investigation of the meson cloud in our formalism and
with the treatment of the problem of the multiple production of mesons and the magnetic moment of the
nucleon-meson system. This treatment of the multiple production of mesons is shown to be the covariant
generalization of Bloch-Nordsiecks’ method for the multiple production of low energy photons.

1. INTRODUCTION

T is well known that the meson theory, based on the
quantum field theory, has been a foundation for the
study of models’of elementary particles, namely the
kinds of actual particles and their mutual interactions.
The experimental evidence of the creation of w-mesons
by nucleon-nucleon or vy-nucleon collisions seems to
afford testimony of the existence of the meson field
interacting with the nucleon. This meson field gives the
effect of the field reaction on the nucleon. Some of the
difficulties in meson theory have been resolved by
modifying the model into a two-meson theory, but the
problem of the field reaction still remains an important
problem to be investigated.

In quantum electrodynamics the problem of the
field reaction has been studied in detail in Tomonaga-
Schwinger’s covariant formalism, and it has become
clear that the effect of the field reaction plays an in-
dispensable role in the explanation of experimental
results (Lamb-Retherford-shift, etc.).

In the field of the meson theory not only are there
many problems which cannot be solved by renormaliza-
tion, but also various results depend on the method of
treating divergences.! This is probably due to the

* The contents of this paper were briefly reported in Prog.
Theoret. Phys. 6, 426, 628 (1951), but the publication of the
paper has been delayed.

1 For example, the C-meson introduced by Sakata in order to
construct a stable electron model does not show any observable
effects in the region of quantum electrodynamics, but it does have

an observable effect in the case of heavy particles. S. Sakata and
H. Umezawa, Prog. Theoret. Phys. 5, 682 (1950).

meson having a heavier mass than the electron, the
coupling between nucleon and meson not being in-
variably weak, the meson cloud having a greater singu-
larity in the vicinity of a nucleon, and so on. Therefore,
in the meson theory, it is probable that the “‘structure”
of the elementary particle will present a problem in the
investigation of its model, and that one of the most
important problems in the theory of the “structure”
of elementary particles may consist in the clarification
of the relation between the nucleon and the meson field
(meson cloud) attached to it.

In this respect, Heisenberg? has attempted, using the
results of Bloch and Nordsieck,® to consider the spec-
trum of multiple production of mesons as the difference
between the proper fields of the nucleon as it is and as
it should be after the scattering process; and further he
has assumed that: _ '

(1) the “spectrum” of meson cloud can be obtained
on the classical basis, and

(IT) the probability of the emission of mesons is sub-
ject to the Poisson distribution.

In this paper we shall attempt a general formulation
of the quantum theoretical treatment of the meson
cloud. To this end we introduce an operator which
denotes the “spectrum” of the meson field around a
nucleon, i.e., the meson cloud. Without making any re-
strictions on the magnitude of the coupling strength,

2 W. Heisenberg, Z. Physik 101, 533 (1936); 113, 61 (1939).
3 F. Bloch and A. Nordsieck, Phys. Rev. 52, 54 (1937).
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the discussions are developed exactly by a method based
on the quantum theory.

To express this meson spectrum in terms of time-
dependent operators of the meson field, we shall use the
Heisenberg representation. The various characteristics
of the meson cloud will be discussed in Secs. 2, 3,
and 4. The discussion of the relation between the
meson cloud and certain phenomena (the multiple pro-
duction of mesons and the magnetic moment of nu-
cleons) is given in Sec. 5.

This treatment of the multiple production of mesons
is the covariant generalization of Bloch-Nordsiecks’
method for the multiple production of low energy
photons (and so of Heisenberg’s semiclassical method).

A detailed consideration of the spectrum, i.e., com-
paring the various theoretical spectra with experimental
results and looking for their actual forms suitable to
the explanation of the latter, etc., are problems for
further investigation.

2. SPECTRUM OF THE MESON FIELD*

In this paper we shall discuss, for simplicity, a zero-
spin meson field, i.e., a scalar or pseudoscalar field.

The Lagrange function (in Heisenberg representation)

is given by

L= f {Lrf Lo Lron— V) do, (2.1)

where L™, L™ are the free parts of the Lagrange densities
of the meson and the nucleon fields, respectively, and
Lmn is the interaction part between them, which takes
the following forms:

— gvll_/vab U
—§ v‘]-’ou "WoU”/ %y

(scalar type), (2.2)

= { 2.2)

(vector type).

V is an external potential and ¢, U” are field operators
of the nucleon and the meson, respectively.
From (2.1) we get the following equations of motion:

O-U=gg0y=g0"(x),
(7,.6/6x,,+,u)¢= - (ngvUv+ V)‘»b

Firstly we shall consider, for brevity, the case of scalar
coupling. If there is no interaction in the remote past,
the solutions of (2.3) will be as follows:

2.3)

U(8) = Un’@)+g° f Av(i—2')0" (o), 2.4)
ORTNOR f See(w—1){g0°U" ()
+ V(@) Y@ )d%’, (2.5)

4 Throughout this paper natural units are used, i.e., sz=C=1.
and « and p represent the rest mass of the meson and the nucleon,
respectively. A* is the hermite conjugate operator of 4. 4, is
Ay, As, Az and A4=1A4,. In particular we may write xo=2. The
formulation in this section is closely related to Heisenberg’s
theory appearing in Ann. Physik 5, 339 (1931).
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where Uin”(x) and in(x) are incoming fields which co-
incide in the infinite past with U*(x) and y¥/(x), respec-
tively, and satisfy respective homogeneous free field
equations. Therefore, they satisfy the following com-
mutation relations:

[Win (), Y1 (¢) ]y = —iSap(2— "),

(2.6)
[Uw’(®), Unt(x)]=18,A(x—1").
Furthermore:
Aret(@—a") =3 {1+4€(x, &') } A(x—2'),
Sret(#— ") =3{1+e(x, 2')} S (x—2), (2.7

+1 for o(x)>o'(x'),
e(x, 2)=
-1 , for o(x)<o’'(&).

A given free meson field Uy(x) can be decomposed
into the positive frequency part tU;(x) and the nega-
tive frequency part ~Us(x) in the same way as in
Schwinger’s paper.® The Fourier components of U (%),
are introduced in

Uys(x)= f U ;(k) (k2 k2)etbuzudih, (2.8)

and U(k)(—k.e,>0) and U(E)(k,e.>0) are written with
+U(k) and —U(k), respectively, where € is a unit time-
like vector. As the magnitude of the vector +U (&),
i.e., TU*(k)tUs(k), represents the number of mesons
with momentum &, it is convenient to use the positive
frequency parts of the free meson fields U”(x, o), which
coincide with U*(x) of (2.4) on a space-like surface o,
in order to express the number of mesons on the sur-
face o. From (2.4), we obtain such free meson fields
U’(x, o) as follows:

U(x, 0)= U;,,"(x)-l—g"fa‘A(x-—x’)O”(x')d“x'. (2.9)

U’(xz, o) satisfies the homogeneous free equation for
fixed o and

[ve(®, o), P&, 0) ]y = —iSaﬂ(x—x')’> (2.10)
[0, o), Ur(, o)1= ibu(—4). '
U"(x/o')E[U"(x’ 0')]2 on o™= U”(x)_, (2.11)

using the notation x/¢ for x on ¢. Yang and Feldman®
have shown that U*(x,o) can be obtained by the
unitary transformation S from U’(x, o’) :

U(x, 0)=S"o, d")U(x, 6')S(s, ¢'). (2.12)
It follows from (2.12) that
U (w/0)=[S7(o) Uin"(*)S(0) oz, (2.13)

8 J. Schwinger, Phys. Rev. 75, 651 (1949).
8 C. N. Yang and D. Feldman, Phys. Rev. 79, 972 (1950).
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with
S(e)=S(c, — =). (2.14)
Furthermore, they have shown that
18S(0) /b0 (x) = H(x)S(c) (2.15)

and that, for various types of meson fields, H(x) co-
incides with the interaction Hamiltonian in the inter-
action representation in which U’(x) and ¢(x) are re-
placed by Ui,”(x) and ¢in(x), respectively.®

Since U’(x, o) satisfies the homogeneous free field
equation, we can split it into two parts, and from
(2.12), for the positive frequency part, we get

U (x, 0) =S o)t U (x)S(0), (2.16)
which can be written, by (2.9), as follows:
+U7 (x, a)=+Uin"(x)—l—g"f TA@x—2' )0 (') d%
- (scalar type), (2.17)
07 (x') =[S~ Y(o)in (& )O¥in(x")S (0) Jar/o, (2.17)

where tA(x) is the positive frequency part of A(x).
We call this *U(x, o) “the cloud spectrum in the Heisen-
berg representation” (c¢-spectrum), by which one can
express the number of mesons at x/0.7

As is evident from the definition, O(x) denotes the
change of the nucleon spin density due to the inter-
action H*® between meson and nucleon. This will be
called, in the following pages, the ‘‘effective spin”
(e-spin) of a nucleon in the meson cloud. It describes
the nucleon states in the meson cloud and, therefore,
plays an important role in the treatment of the meson
cloud. Now, we introduce *# as follows:

U (x, o)E+Ui.n”(x)+(—i)fw’fuy(x, o;x)d%’.  (2.18)

Here *u is an operator in the Heisenberg representation
and is called the “spectrum density”’ (d-spectrum) with
respect to ' contributing to the meson field at o.

Equation (2.18) means that the ¢c-spectrum at x/¢ is
the sum of the contributions of the d-spectrum at all
the points denoted by &’ and +Ujs.

In the absence of an external potential we shall
denote S(c), the e-spin and the spectra by Sy(s), O(x),
and (tU,, *uo), respectively. These spectra are related
to the mesonic proper-field.

(tU,, tuy) are obtained by replacing S(o) by So(o)
respectively in (2.16) and (2.17). When we restrict
ourselves to the case in which one nucleon and no
mesons exist in the remote past, the c¢-spectrum at a
definite time is called the “c-spectrum of the single

7”We can expect that when the interaction between the meson
and the nucleon is switched off on a surface o, mesons are emitted
according to the spectrum amplitude *U(x/0). This was pointed
out by Professor Tomonaga.
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nucleon.” In this case, there is the following relation:
Ui’ (®) Yme0=0

and so from (2.18) we have:
U (3, 0)nmo= (—1) f (2, 05 4 ) modiel. (2.19)

Operators *U” and *u” have forms of nonlinear inter-
actions containing many operators ¥in, ¥in, and Uin”.
From (2.18) and (2.17) we obtain

1+€(o, 2)
tu(x, o; %) ='ig”(———2————)+A(x—x’)O”(x’). (2.20)
Similarly, in the case of the vector coupling (2.2"), we
can obtain the corresponding d-spectrum:
tw(x, 05 )

L 1+¢(o, x’)\6+A(x—x’)
¥ ( 2/

0,/ (2.207)
0%,

with

0, (®) =[S (o )in(2)0¥in(#)S(0) Jeso.  (2.20”)

O(x) is uniquely determined from +U,(x, o) as will be
pointed out in Sec. 4.

Now, we shall proceed to define the “‘e-spin with the
forced vibration O(x)F[o(x)]’ of the nucleon, the
oscillation of which is forced by the effect of its past
processes that is described by F[¢(x)]. Such a forced
vibration of the nucleon may be possible when the
external disturbance is present. (See Sec. 5.) We shall
define “the ¢-spectrum of a nucleon with the forced
vibration” as follows:

[FU0F} (%0, 0)

r+Uin"(xo)‘f‘g"fg’*A(aco—oc)(7”(30)1“[(7(90):|d4ac

(scalar coupling), (2.21)

A

7 9tA (xo— x) _
O FTo() 1

U ote [
* (vector coupling).” (2.21")

(2.21), (2.21") also satisfy the homogeneous free equa-
tion of the meson field. From (2.19), we obtain

(U} (w0, 0))meo

o "ttty 73 )L ) o (2.22)

More generally we use the notation [AF} for the opera-
tor in which the e-spin O(x) of the nucleon with the
meson cloud contained in the operator 4 is replaced
by_O(x)F[o(x)]. Making the surface o flat, and using
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the relations

0% ()= f Or(R)eib=dh,

Flo()]= f roew, |

K= (k™4 «?)3,
ky=(ky, ks, ks, ka=1ko),
K#E (kly k27 k3) iK))

we find after some calculations the following relations:

g O(RFQ@)
CFU0F) (o, )=+ (i~ [————
2J K[b(k)+0b]
eiKn0gilb +8lidtkdh  (scalar coupling), (2.24)
g (K0 (R)F(b)
[+UF} (o, 0')=+Uiny(x0)+“f—i_u‘““——
2 K[b(k)+0]
X eiEgilb W)1+81¢d4kdh  (vector coupling), (2.247)
where ¢ is the time of the flat surface ¢ and
b(k)=k—K. (2.25)

As seen in (2.24) and (2.24"), ko is the energy transfer
on ¢ of the nucleon with the meson cloud, and so
O(k, k) and b(k) depend on the state of the nucleon
on the surface o through the variable k. Now, tUg* (%o, o)
can be obtained as the particular case of (2.24), (2.24')
in which F(x)=1 and so F(b)=4(?). It will then be

0 (k)
et =t [

X giEmog—itE=k0)td4f  (scalar coupling), (2.26)
or ~
g riK, 0, (k)
U, 0) = U )= [
2J K(K—hy)
X eiEz0g—iE=k0)td4k  (vector coupling). (2.26")

Here, let us introduce the number operator of mesons.

Since U(xq, o) satisfies the homogeneous free field equa-
tion, the ‘“number operator’” N(c) of this meson field
on the surface ¢ is defined as follows:

2 +U(x, o)
Nv(::)z—i[ f T, a))*a—-——f—dou]m

Xu
- f NoBd (2.27)

Using (2.26) and (2.26'), the expectation value of
(2.27) for the state of a nucleon can be written in the
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following forms (making the surface ¢ flat):
O @0 =1

g2
N g))n=1=~— 4
W= [
(scalar coupling), (2.28)
N __gz K.K, " .
NOpzy=; [ e i OrWrOr W) -y

(vector coupling), (2.28’)

which implicitly depend on ¢ through the variable &o.
Finally we will examine the relation between S(c)

and S,(o), when an external field ¢ Vi is present. When

we denote S(o) as follows as the power series of V(x):

S(o)=Ss(0)+S1(o)+- - (2.29)
then it is easily seen that
Sm(o‘)=So(o’)f dxlf dxg- - f dxm (=)™
X V(O', xl/O'l)V(O'l, x2/<72) e V(O'm,_l, xm/am), (230)

where

V(e; x/d’)
=3{1+¢(o, #) 1S5 (0" Win(®) V(@)in(2)So(0”)  (2.31)

is the external disturbance acting on the nucleon with
the meson cloud. Using these relations, we can obtain
the connection between *U*(x, ¢) and Uy (x, o).

Here we remark that for the state ¥, in which there
exist one nucleon and no mesons, we have the relation

So(oo)‘Po# \I’o, (2.32)

(where the notation = means the equality of both
sides except for a constant phase factor) under the
assumption that the interaction between the meson and
the nucleon is adiabatically switched on and switched
off at ¢=— o and o=+ =, respectively.’}

In our formalism which constantly makes use of the
Heisenberg operator, the transition probabilities are

8 x and u are the masses of the bare meson and the bare nucleon
respectively, and so they differ from the observable masses o
and uob: :

#= b= On.

5, and 8, are the self-energies of a nucleon and a meson, re-
spectively, which are obtained in Sec. 3. Their values are in-
finite in the usual quantum field theory. Masses appearing in the
A-functions and the spectrum *u are not (xob, pob) but (x, ) in
the present formalism, which differs from the usual renormaliza-
tion formalism in which masses appearing in the A-functions are
(kob, tob), and in which (8., 8,) appears in the interaction terms.
Considering the success of the usual mass renormalization in per-
turbation procedure, it is expected that the (8m, 8.) of the (x, u)
appearing in the A-functions cancels the infinities which originate
from the self-energies, although a general proof independent of the
perturbation procedure has not yet been given. If so, the infinities
of the constant phase factor in (2.32) will be calcelled. Such a
renormalization procedure with the use of (m, 8,) in the A-
functions is now being investigated.

t Note added in proof—This problem will be discussed in de-
tail by H. Umezawa and S. Kamefuchi, Prog. Theoret. Phys:
(to be published).

K= Kob— Om,
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obtained in the following way. In general, the state of
the system can be represented by the numbers #y, 74, « - -
of the mesons with the momenta ki, ks, - - . Then, the
average number of mesons is given by

N(o)={(i|N(o)|7)
=2(iS7(0) |0)(v[ S (@) | )N (0, v)  (2.33)

with
Nin(a)= —2if+Uin*(x)[a+Uin(x)/6x,‘]da,,

and

(V| V(o) |9)=Nia(o, )0,
because Ni(c) is diagonal in this representation. The
coefficient |(v|S(¢)]7)|% of Nin(o, v) in (2.33) is to be
interpreted as the probability that the state on the
surface ¢ is found in v. Thus, we find that the transition
matrix between the states 7 and v is given by

(0] S(@)9)-
3. RELATION BETWEEN THE MESONIC
PROPER-FIELD AND THE SPECTRUM

We shall discuss in more detail the relation between
the mesonic proper-field and the ¢-spectrum as defined
above.

First, we consider intuitively the energy of the inter-
acting meson and nucleon to be composed of the fol-
lowing three parts:

(1) The kinetic energy E™ of the free meson field
(meson cloud) which is given by

. atU*(x, o) tU (%, o)
La+U*(ac, o) 8T U(x, o)

(2.34)

ot ot

U, o) U, o) ]dv> 3.1)
z/o

- < f KN, (k)d4k>.

(2) The interaction energy E™" between a nucleon,
the meson cloud *U(x;¢), and the fluctuation field
~U(x, o), which, taking account of the Hermitian char-
acter of O(x), is given by

(3.2)

12(6)= (s [0 *UGs, 405, o)) e

(scalar coupling), (3.3).
d
wo)= (s [ 0V, 4T )
—38" | O4*(x)04(x)d
g f 2)O4(x v>m
(vector coupling). (3.3')
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Taking account of the properties Ui, nao=0, we see
that the term Ui, (x) in Ul(x, o) does not contribute to
Em*(g) for the state ¥(m=0). From (3.3), we obtain,
by means of commutability of O(x) and *U (x, ¢) for

x/o;

(scalar coupling). (3.3")

(3) The kinetic-energy E»(¢) of a free nucleon
¥(x, o), which is

2)=( [ [&(x, a)%a%:l/(x, 2

b (2, W, a)]dv> . (34)

z/a

where ¥(x, 0)=S5"1(c)¢¥in(x)S(s) and ¥ (x,0) satisfies
the individual free field equations.

We shall first discuss, under the approximation of
Bloch-Nordsieck, the total energy obtained by the
above intuitional consideration. The approximation
that o-spin and 7-spin matrices are regarded as ¢-
number unit vectors and O(k) is treated as the change
of these classical vectors corresponds to the treat-
ment of Bloch-Nordsieck? and Lewis-Oppenheimer-
Wouthuysen.®

In this case it is easily seen from (2.23) and (2.24)
that ko is equal to the energy transfer E,—E, of the
nucleon. Introducing the nucleon mean velocity v
= (v,+V,)/2,as in the Bloch-Nordsieck paper, we may
write

kﬂ:EP—Eq":: (V, P— q)= (V' k):

and, therefore,

1 rlg(a|OK) [ p)|*
o)~ | ———— " dk~ k)d*k
) 2f K(K—(v-k))f’d fN( )
(scalar coupling). (3.5)
Thus, we obtain
1 O(k 2
E’”(c)za f %d"'k (scalar coupling). (3.6)

Now, in the nonrelativistic and classical approxima-
tion, as the nucleon suffers the recoil —k from the
meson of momentum k, we obtain the following kinetic
energy:

Er(o)~— f (v-K)N (k)dk

lflg(qu(k)Ip)I2

— (vk)dk
K(K—(v/k))*

= 3.7

2
( 9L§wis, Oppenheimer, and Wouthuysen, Phys. Rev. 73, 127
1948). ' A
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Adding to this the interaction energy E™"(¢) and free
meson energy Em(s), the total energy E(c) will be as
follows:

|g(p+k|0(k)|p)l2dk
K(K—(v-k))

1
E=En4Erg Ern= "Ef

(scalar coupling). (3.8)

Equation (3.8) agrees exactly with the self-energy ob-
tained by Bloch-Nordsieck? and Pauli-Fierz!® by a
canonical transformation.
It can easily be seen that the energy of the meson-
nucleon system is given exactly by E= E*+ Em+ Em".
The total energy of the meson-nucleon system is, in
the Heisenberg representation,

- f T (@) dv= — f T () do— f T (®)dv, (3.9)

AU (x, a)]
ax,. z/o

6U(x/a)_ [
%, B [GU(x, o)

0%,

ox, o,

gnu(ny)

Xy

From (3.14) and (3.15), it is clear that — { /"T 4" (x)dv}
is-equal to Em*4-E". Using the zero-point energy E,
it is easily shown that

—{Tuim(x)dv} = Em+ E,, (3.16)

5 1
Fo=—i f [——+A(x—x’)] o= f Kk, (3.17)
4 a3042 T=x’ 2

If the zero-point energy is subtracted by the vacuum-
subtraction method, — S T44(x)dv, (3.9), coincides with
Em+ Er+E™ obtained by intuitional consideration.!
The fact that we must not neglect E»* means that the
cloud and the nucleon cannot be considered separately.
(The usual intuitive picture of the meson cloud is not
valid in this sense.)

It is noteworthy that E™ and E™" are determined
only by the ¢-spectrum, since O(x) is calculated from a
given spectrum +U (x, ¢) as shown in the next section.

So far we have considered only the real field operator
+U”(x, o), but the charged meson field with complex

10 W, Pauli and M. Fierz, Nuovo cimento 15, No. 3 (1938).

1 Thus, strictly speaking, in order to determine the binding
energy of the stationary state of the 4 nucleons system, we must
take into account not only the kinetic energy E™(4) of the 4

nucleons and the interaction energy E™%(4), but also the kinetic
energy E™(A4) of the meson cloud,

UMEZAWA, TAKAHASHI,
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where
(QU"(x) U (x)
+Lm(x)
ax4 6x4
(scalar coupling), (3.10)
Tu" @)=\ joUr(x) _ \OU*(x)
( +g”w04”¢) +In(@)
6x4 X4
(vector coupling), (3.11)
1. ) ) 3
T44"(x)=—{\P(x)w—tl/(x)+W(x)74—'l/’(x)l, (3.12)
2 8x4 8x4
10U (x) 9U*(x)
=—{ : + 20U (x) U () } (3.13)
20 9x, ox,

On the other hand, the canonical transformation S(c)
requires the following replacement:

(scalar coupling),
(3.14)

(vector coupling),
zfa

| (3.15)
i O (, a)] (vector coupling).

field operators U and U* can also be treated in a
similar manner.

+U* (positive frequency parts of &= charged meson
fields U%(xy, o)) are introduced as follows:

FUE(xy, cr)=+Uini(xo)+(——i)f Tt (xo, 05 x)d%x. (3.18)

When the interaction is of the form g@O™U
+Y0yU*), we get

Fut(wo/o; %) =g+ Aret(Xo—2)0~ (%),

} (3.19)
tu=(x0/0 ; %) =4g Arer(wo— %) O ().

4. AN EXAMPLE OF THE SPECTRUM

Since it is very difficult actually to calculate the
exact c-spectrum from the present quantum field theory,
we must solve the problem by using suitable methods
of approximation in various cases.

Here we shall give an example in which the d-
spectrum and the e-spin of a nucleon in the meson cloud
can be obtained from the given ¢-spectrum.

Let us consider the pseudoscalar meson with pseudo-
vector coupling under the strong coupling approxima-
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tion. In this case the interaction is given by:
L= —g(7tU~47U*+27#%)D(x), 4.1)

where D(x) is a spherical symmetric function repre-
senting the extended source. The Fourier component of
D(x) is

F(k)= f D(x)e=isdn, “.2)

and if we use 7o, as the radius of the source, then we
may write as follows:
F(k)=1 for k<1/(4xm)%,,
l» (4.3)
F(k)=0 for k=1/(4x),.

Under the condition of the strong coupling (kg>>7«,
7ok<K1) we get in the zeroth-order approximation the

following meson field :12
U(x/0) Ym—o= (g/8) (e'=£ie?)grad K (x) e~ ot } w
U2/ ) Ym—o= (g/4m2})€? grad K (x) e~ i*ot, :

where

K(x)=fD(x’)exp{——x]r—r’[ V0=t -dv.

We can obtain the source O(x) by means of (4.7):

eliet ~(K—kd)  dk
O5@nmo=—— f 2 e " ny
(4.5)
08 o= —— f R e
©Dna= 2K (2m)?

where eé(:1=1, 2, 3) is such a g-number as to make the
interaction Hamiltonian diagonal.
*U,(x, o) can be obtained from (2.26") as follows:

U (x, 9')>m=-0
f(e‘:er2 k) (K2—
2 K?

k') F(k)
2K(K—ko)
dk

(2m)?

=8
2

X e K payti(K—ko) to.

| (4.6)

U #, 0) )m=o
i f(e3, k) (K2—kd?)

)Ty Tk

F(k)
2K(K—kg)

X eiKpautiK—ko) o,

(2m)* )

Thus, if the meson field Uy(x/s) is obtained, by
whatever means it may be, the e-spins of the nucleon

2'W. Pauli and S. M. Dancoff, Phys. Rev. 62, 85 (1942).
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in the meson cloud are uniquely determined by the
following relations:

£0(x)= (]~ ) Us(x/o)

(scalar coupling)

=) Uo(x/0)

(vector coupling)!

4.7
—gaou(x)/axu ( )

+U,(x, o) can be determined by means of (2.26), (2.26'),
and the Fourier representation of O(x) and O,(x). Such
*+Uo(x, o) is obtained by replacing exp(ék) and
k, exp(ikot) in the Fourier representation of U (x/¢) by
(K2—ke?)/2K (K— ko) - exp{iKxo—i(K—ko)t} (for the
scalar coupling case) and K,(K2—£ko)/2K(K—Fko)
-exp{iKxo—i(K—ko)t} (for the vector coupling case),
respectively, where ¢ is the time on the flat surface o.

5. TREATMENT OF SOME PHENOMENA
BY THE SPECTRUM

It is, of course, not possible to observe directly the
meson cloud, and so its physical properties must be
found in the correlated phenomena. In this connection
we have considered, in Sec. 3, the self-energy of the
nucleon, which is rather an inadequate phenomenon
for our consideration in spite of its immediate relation
to the cloud, since its contribution is already contained
in the experimental mass. To find out the nature of the
proper field experimentally, therefore, we must put it
under the disturbance of external fields. We may take
up here the multiple production of mesons and the
anomalous magnetic moment of the nucleon, discuss
the relations between the spectrum of the proper field
and these two phenomena, and re-examine along these
lines the various theoretical results so far presented.

(1) Multiple Production of Mesons (Covariant
Generalization of the Bloch-Nordsieck
Method)?

The process of the production of mesons is described
by the transition from the mesonic vacuum state ¥,
to the state ¥(») with # mesons. Introducing an operator

W(xo)=[FUin(20) /0!, 6.1

the state ¥(m=mn) is given by W ,*(xo)¥,. (Taking into
account the change of the normalization factor!s
II,(2K ;) in (5.8)).

13 After completion of the work, we have received Phil. Mag.

42, 244 (1951) in which W. Thxrrmg and B. Touschek describe a
method of treatment of this problem, similar to the method of

this paper.
1 xP( 1 ° n), in which there are #» mesons with momenta
ki(i=1, ---, n) is equivalent, apart from the constant phase factor

exp(sz,xo) (%0 is a given space-time point), to
(kl, ) ,,IIL(ZK )§W(xo)*‘1’o.

This fact is taken into consideration when we use (5.1) and (5.8)
below.

18 Of course, the Fourier transformation of W=(xp) with respect
to xp corresponds to the creation operators of final mesons with

the given momenta ky, - -, kn.
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Then, the transition matrix element for the produc-
tion of # mesons on the surface ¢ is equivalent to the
[following matrix element between W¥y* and ¥, [See

(2.30)7:

S™(wo/0) = (W™(20)S(0) Ymso- (5.2)
We have the following relation:
0
i So () W™(%0)S (o)
o (x)
= +%u(x0, 4 5 x)So_l (a’) Wr—t (xo)S(O')
+V (o' 2)S (@)W (%0)S(0), (5.3)

where ¢’ is a certain surface later than o, V(¢’; x) is

31+ (o, )} LS (@) V(#)Yin () So(0) Jero-

V(d’; x) means the external interaction acting on the
nucleon accompanied by the meson cloud.

The solution of (5.3), which has the zero initial value
for o= — o (#>0), is given as follows:

Se7H@) W™ (%6)S(0) )0

w m2 n °' g
= ... --~fdx1~'-
7=0 m1=0 mj=0e_

® —0
X dxmidydami41- + - dxmdyidomi+1- - - da,

Xtug(xo, 03 %1)Tro(%0, o715 %o) « + - Frag(%o, om1—1; ¥m1)
X V(oma; y1)tue(xe, our; Tmi+1)- - -

X¥aao(s0, amj~1; Xmj) V(omgs y3)Fto(o, oj; ¥mi+1) - - -

x+u0(x0; Tn—1; xn) >m.—_:0- (53’)

This solution can be easily obtained by the following
consideration: From (5.3), we can get!®

i T= {a+u(x0, ‘7/3 x)+ V(‘Tl > .’XJ)} T,

do (x)
T=2_:0 a"SeH o) W (%0)S(0)),
T(e—— o )=1.

(5.4)

Thus, we get So~'(¢)W"S(s) as the nth-order term
with respect to atuo(xo, ;%) in 7. We may also see,
from (5.4), that T has the form of the S-matrix with
the interaction atuy+ V. Of course, we can see directly,
without using (5.4), that (5.3’) satisfies Eq. (5.3). Thus,
when we restrict ourselves to the approximation of the
first order with respect to V(x) (though we can also
treat similarly the case of the higher order), we obtain

16 g is a constant introduced from the dimensional consideration.
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S*(xo/0) from T:

S™(xo/0) = (-—i)”+1<f .- f dxy +  Amdyddpmgy -

X A% tho(20/ 7 5 1) T2t (20, 013 %2)

Xtug(%0, Om—1; %m) V(om; y)Htto(%o, 043 Xmpr) - -+

X+M0(x0, Tpn—1, xn)> )

m=0

(5.5)

where we have eliminated So() by the use of the
relation (2.32). By means of (2.22), we obtain, there-
fore, from (5.5),

S0/ )

- 2":<—¢>n+1[<+Uo>mV<+Uo>n~m}<xo/oo)> , (5.6)

. \m=0

where we have used the notation [A;As---A4.,}
=[A[AL - -[An, 4a}}---}. Equations (5.5) and
(5.6) show that the production of mesons is described
by the iteration of the spectra, the vibration of which is
influenced by the effect of the meson-production in
the preceding processes. Equation (5.5) shows that
*ug(xo/a, &) has a physical meaning which may corre-
spond to that of Heisenberg’s n-matrix.!” Moreover, we
may say that (5.6) is the quantum theoretical relation
which corresponds to the Heisenberg’s classical treat-
ment of the multiple production of mesons* based on
the classical meson spectrum which has been briefly
explained in Sec. 1.

The probability that #» mesons are produced is given
by

dw,= {TICK dk)} Sty - k[, (5.7)

S/ 0 )= f S(ky, - - -, Ky)e®ixdky- - -dk,,  (5.8)

where S(ky, - - -, k,) is the matrix element of S™(x/ )
responsible for the process under consideration.

Equations (5.5), (5.7), and (5.8) will afford a starting-
point for our discussion of the multiple production of
mesons. This is an exact relation obtained by the quan-
tum field theory and is valid for any magnitude of the
coupling strength between meson and nucleon fields.

Now, we shall investigate the relation (5.5) in detail.
We introduce v(?) as follows:

IOIVONG)= [oetnar. (5.9)

17 W. Heisenberg, Z. Physik 120, 673 (1943).
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Then, using (2.24) and (2.24’), we obtain, from (5.6):

*0(ka)v(t)O(kas1) - -
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'O(kn)>7n=0
(—1)25(byt - - - +but-lo)d*l

e -

S+ k=[] £ x" 57 0wao) -
: =1 (ZK) a=0 (perm)
X
1, ==+ m)
where >,  means the suimmation over all permuta-

(perm) .
tions of the group (ky, -+, k.) and 6;=b(k;). From
(5.9) it is seen that I,= (1, /o) is the energy-momentum
transfer of the nucleon accompanying the meson cloud
during the scattering process by the external potential
V(y). _
In (5.10), O(k) is defined by

O(%)
iK,0,(k) (vector coupling).

(5.11)
(5.12)

(scalar coupling),

O(k)=

Equation (5.10) gives the intuitive picture of the
multiple production of mesons: the meson-production

(5.10)

(Basst - - 4 ba)BrFbot - - Do)+ - (br-ba)by

with one another.
“ (2) The nucleon with the meson cloud before and
after the scattering due to the external potential v()
can be assumed to be in the states ( )" and ( ),
respectively. We denote O(k), b(k) in the states ( )
and ( )" as O(k), b(k)’, O(k)"", and b(k)", respectively.
Under these approximations it is shown below that
mesons are produced according to the Poisson dis-
tribution.
In rewriting (5.10) it is convenient to use the fol-
lowing relation:

n) and v(/) are commutable

is caused by the oscillation of the e-spin of the nucleon %™ L L
with the meson cloud in the external potential. Now, (p§m) Vbi(bitbs) -+ (bat- 400
in order to compare the exact formulas (5.5) and (5.10)
with the approximate result of Bloch and Nordsieck, =1/biby- - -b,, (5.13)
we examine (5.10) under the following conditions, which
are satisfied in the Bloch-Nordsieck case: and so we obtain
<f 2w Ok O(ka) WO (katn) " - - Okan)"Oka)" (= 1) >
iZo e b (b B) (b ) bar D) (bat "+ 020" g
Ok’ --O(k,)’ O(kl)”O(kz)’ O (kn ’) O(k)"O(ks)"O (k) - - 0—(len)’I
z[ bbby ( bbb ) ( b1"b,"by - b ' )
O(k )IIO(k )// O(kn)”
e (T
n O(k:)
-{a—}o),
i1 ’
e 0k) _OGY OG)"
A= . (5.16)
b’[ bil bi”
which denotes the momentum distribution of the dif- with
ference of two spectra in states ( )’ and ( )", and so is 21/ O(k)\? , .,
equivalent to (g —7s) appearing in Bloch and Nord- AN (k)EE E(A@) =N(k)'—=N(&)". (5.19)

sieck’s paper.
Then we obtain from (5.15) and (5.8),
O(k)\?

s Jor, s

dw,=

{ﬁ dk;

which is integrated over k;(i=1, 2, - -+) to give

=(1/nl){ f sz(k)dk]n[v(z)w, (5.18)

In (5.18) the three-fold integration in momentum space
is to be performed in such a way as to satisfy the energy
momentum conservation law. (5.17) and (5.18) show
that the multiple production of mesons is caused by
the change of the state of the nucleon accompanying
the meson cloud (spin, 7-spin states, etc.). (5.18),
which has been obtained under the conditions (1) and
(2), agrees with the Bloch-Nordsieck and Lewis-
Oppenheimer-Wouthuysen formulas for multiple pro-
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duction of bosons. In fact, by substituting the approxi-
mate spectra!® into (5.19) we can show that in the case
of scalar or pseudoscalar meson fields (5.18) gives the
same results as obtained by Lewis, Oppenheimer, and
Wouthuysen!® (see Appendix). Therefore, (5.5) and
(5.11), from which (5.18) has been obtained, can be
regarded as the generalized formulas of the Bloch-
Nordsieck result.

According to (5.18), the probability for the produc-
tion of # mesons due to a nucleon (¢)-nucleon () colli-
sion is found to be, under the conditions (1) and (2)
(Poisson distribution),

o 2 ()il fovaonf”

xi[ f ANb(k)dk}nb. (5.18)

’}’Lb!

A detailed account of this case, in which the conditions
(1) and (2) (Poisson distribution) are fulfilled, (the rela-
tion between the energy spectrum of produced mesons
and the c-spectrum of the meson field around a nucleon)
will be given in the Appendix.

(2) Magnetic Moment of the Nucleon

The magnetic moment of the nucleon may also be
interpreted as a phenomenon which expresses the
effect of the meson cloud around it.!® It is obtained by
computing the corrections due to the mesonic inter-
action of the operator

1
M- f [rx T e,

and for the case of a charged spinless meson field, J is
given by
Ju=J T4 Jm,
Jur=—%iepy(1—1)¥,
m=1e{ (AU*/dx,) U— (U /9x,) U*},
Jrn= ——'egt;O;“x//U— 6g¢0f¢ U*
w=1,23.

(5.20)

(vector coupling)

The mesonic correction of the moment M arising
from the mesonic current J™ is given by

My [rX (Im(x))]d 5.21
( >—2fr><< () Jdo. (5.21)

18 Such an approximation leads to the erroneous nuclear forces,
i.e., the ratio of exchange to ordinary forces becomes very small.
R. Serber and S. M. Dancoff, Phys. Rev. 63, 143 (1943).

19 While, by expressing the charge distribution p around the
nucleon in terms of the spectrum, the problem of neutron-electron
interaction is more easily treated than that of the magnetic mo-
ment, the information obtained from the former is restricted; i.e.,
it gives only the depth of the equivalent square well (symmetric
static part of the cloud).
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The external magnetic field exerts on the meson cloud
the following effects: (1) the scattering of mesons, and
(2) the pair creation and annihilation of mesons, by
which the current due to the meson cloud is disturbed
and then returns to its original stationary state. In a
manner similar to the self-energy case, J» can be
written in terms of the free meson field, i.e.,

(Jﬂm(x)>=ie<aU*(x) 0)/0%," U(x, )

—93U(x, 0)/0%,- U*(2, 0))uray  (5.21)
where the terms ~UHtU+, ~U—+U~ denote the scatter-
ing effects, and —~U+U~, *UU~ denote the pair
creation and annihilation, respectively. Actually, M~
has a nonvanishing value even for the spinless meson,
due to the fact that the positively and negatively
charged parts of the meson cloud have their respective
angular momenta. In the weak coupling theory, for
instance, the perturbation calculations show that the
contribution from M™ and, M™” is of the same order
of magnitude as the nucleon current.?®

By the same argument as in the derivation of (3.3),
the magnetic moment due to the current J»* is found
to be

)=t [Trx(0+ ) UG, )

— 0-(x) U*(x, a))]dv> (5.22)

z/o

It is worth noticing that M™ and M™* can be uniquely
determined in this way by the given c-spectrum *U(x, 7).

(Mm+M™) has the same magnitude but opposite
signs for proton and neutron, due to the different signs
of electric charge of the meson cloud.?* Remembering
that the existence of a small difference in the anomalous
magnetic moments of the proton and the neutron has
been experimentally confirmed, we may say that the
nucleon current contributes slightly to its magnetic
moment.

The magnetic moment M” due to the current J* is
determined by the behavior of 73- and o-spins in the
meson cloud; that is, it is given by the expectation

20 From the Case’s results for the anomalous magnetic moment
of the nucleon, the meson cloud is supposed to spread over a con-
siderably wide region around the nucleon. According to Brueckner,
on the contrary, to explain the isotropic angular distribution of the
mesons produced by y-rays it is desirable that the cloud should be
closely bound to the nucleon. In the problem of the meson cloud,
therefore, it is very important to look for a consistent model which
satisfies the above two requirements. Recently, an example of
such a model has been suggested by Y. Fujimoto and H. Miya-
zawa, who attempted to explain the isotropic angular distribution
of produced mesons by assuming the existence of isobar energy
levels of the cloud, an extension of which satisfies the requirement
of the magnetic moment. Y. Fujimoto and H. Miyazawa, Prog.
Theoret. Phys. 5, 1052 (1950).

2 This point has been proved, including the cases of higher
order approximation, in the perturbation calculation. Y. Taka-
hashi, Prog. Theoret. Phys. 6, 624 (1951).
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values of??
f [eX A (1 ro)y) Jdo.

But, in general, it is not always possible to calculate
Af{i(1—73)y} from a given spectrum. Therefore, we
have to be content with the following intuitive and
rough estimation: From an intuitive model, we shall
estimate M” as follows.

Mr~(e/2u) P,

where eP is the average value of the charge of a nucleon
in the meson cloud. Making a transformation (3.14),
(3.15) and calculating in the same way as in the self-
energy case, we get

em=<fpdv> i =<ef[{6—U+(x, 0)/0x4-TUH(x, o)

—0tU*(x, 0)/0x4-~Ut(x, 0)}
—{0~U~ (%, 0)/0x4-tU (%, o)

— o U(x, ) /04~ U(s, a)}]x/,,dv> (5.23)
m =0
‘n=1
Further rewriting gives the expression
em=e< f <N+(k)—N—(k)>dk>. (5.24)

The average value of the charge of a nucleon in the
meson cloud is obtained by the relation

eP=e;—en

(5.25)

where e, is the total charge of the nucleon-meson system.
(e;=e for an apparent proton and e¢;=0 for an apparent
neutron).

For the spectrum (4.5) given in Sec. IV, we can calcu-
late M™ from (5.21) and obtain the result, for the
system of a nucleon and no meson,

(M™),, —0= —2eg?es/12(4wry),
n=1 (5.26)
[erXes]=es.

For the spectrum (4.5), we get, from (4.6) and (5.22),
(Mmny,, _o=-egles/12(4xro). (5.27)
n=1

Adding (5.26) to the above expression (5.27) we obtain

(Mmr4=-M™),, o= —eg’es/12(4mry)  (for (4.5)), (5.28)
n=1

which is exactly the result obtained by Pauli and Dan-

coff. Equation (5.28) has opposite signs for proton and

neutron since the vector es has opposite signs for them.
For the spectrum (4.5), we find e,=0 and P=1 for an

2 A{3(1—7s)%} means O(x), where O=3(1—73)y.
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apparent proton and P=0 for an apparent neutron
and so M”=~0. Here it is to be remembered that, since
(4.5) is merely a leading term in the strong coupling
theory, e, does not vanish in the higher approximations.
Therefore, we expect that the next approximation may
give a nonvanishing and small M».8
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APPENDIX

Under the conditions (1) and (2), the relation be-
tween the most probable number of mesons and the
c-spectrum of the meson field around a nucleon can be
obtained from (5.18').

If we make the assumptions

KAN (k)= f(a)g(k),
KANy(k)= f(b)g(k),

where the function f depends on the nucleon variables
only and g on the meson variables only, w, will be

(A.1)

wa= 3 )/ (na) 1)

ng=0

-(f(a))""(f(b))""{ [ %g(k) ] (A.2)

For the large value of #, the above expression with the
summation over #, can be replaced by

N(zw)nlw}”{ fKEg(k)}", (A.3)

d1d1d2d2

Wa
n!

with
di=f(@)/[f(@+f®)], do=f0)/[f(@+f(})] (A4)

The most probable number 7 of emitted mesons is
determined by the following relation

wiis_ 2 f(@)+/() l cz« k)]zﬂ /

Wy n d1d1d2dz %
{fdka«); 1. (AS5)
—s } (A

Now, let us consider the case in which the spectrum

*U has the asymptotic form
+U(k)~K¢y/K* (A.6)

2 In fact, Pauli and Dancoff obtained —ee;/2u for M» (see
reference 12).
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in the high energy region. Then

N(k) < K, g(k) = K2et1, (A7)

Therefore, it follows from Dirichlet’s formula that

dk n n
{‘ f —¢(k) } a {4« f K2q+2dK}
K ZK; Semax

I'2g+3)}»
e (TOTED)
I'(2ng+3n+1)

where €max is the maximum energy transfer from the
nucleons to the emitted mesons and 7 will be

2n g+3n
’

(A.8)

When f(a) behaves as
f(@) = (emax)?, (A.10)
from (A.8), (A.9), (A4), and (A.1), we get the result

€max 2IT3ER) @atd)  for > __32’
fice ] (A.11)

€max? 10Z€max for ¢g=—%.

Under these approximations, the spectrum (p=0,
g=—1) gives
7o < l0g€max,

which agrees with the result obtained by Lewis ef al.
in the case of the scalar meson with scalar coupling.
The spectrum (p=0, g=—3) gives

- 2
N X €max?,

which is the result obtained by them in the case of
pseudoscalar meson with pseudovector coupling. Fur-
ther, from the spectrum

U (k)=F(k)(e-k)/K*(p=0, g=—1%) (A.12)

obtained in Sec. 4 from the strong coupling theory of
pseudoscalar meson with pseudovector coupling, it
follows

(A.13)

- 2
X €max®.
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Recently, Fermi?* has presented a new theory of the
multiple production of mesons based on statistical con-
siderations. His method consists in assuming that the
meson cloud is so rigidly attached to the nucleon that
an external disturbance is rapidly transferred to the
whole cloud. As a result of this assumption, the proba-
bilities for multiple production of mesons are determined
only by the statistical weight, i.e., the magnitude of
volume in phase space. Fermi’s idea is, therefore, essen-
tially different from our theory in which probabilities
are determined essentially by the cloud spectrum itself.
However, the result of his theory is reinterpreted in
terms of the c-spectrum theory in the following way.
Translating his theory into ours, it is easily found that
Fermi’s assumption

w, < volume in phase space
is equivalent, in our theory, to assuming that

N (k) is independent of K,

ie.,
g=0, (A.14)

and
Qe (emax) ™, (A.15)

ie.,
£(@) < (€max) ™" (A.16)

From (5.34) and (5.36) we obtain, by means of (5.29), .
(A.17)

N« emax%,

which is Fermi’s result.

Apart from the above assumption, it may also be
interesting to discuss the statistical probability factor
in connection with its Lorentz invariancy. Assuming
that the number of mesons in the Lorentz invariant
volume element dk/K of phase space is independent of
momentum k, i.e.,

N(k)dk«dk/K, (¢=—3), (A.18)
we obtain, in high energy region, the following result:
7% €max?. (A.19)

2 E, Fermi, Prog. Theoret. Phys. 5, 570 (1950).



