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Meson Theory of the Magnetic Moment of Proton and Neutron

J. M. JAUCH

Palmer Physical Laboratory, Princeton University, Princeton, ¹mJersey

(Received March 8, 1943)

The magnetic moment of proton and neutron is determined by a second-order perturbation
calculation, A new limiting process secures the convergence of the integration in momentum
space. The result for both pseudoscalar and vector meson is the same and leads to a positive
magnetic moment for the neutron if the magnetic moment of the vector meson is assumed to be
one meson rnagneton (ek/2pc). Agreement with the known values of the magnetic moment of
the heavy particles can only be obtained if we give the vector meson an anomalous magnetic
moment of about three meson magnetons.

HF relativistic wave equation of particles
with spin —,

' leads in a natural way to a value
of the magnetic moment of one magneton
(eA/2mc), where m is the mass and e the charge of
the particle. In the case of proton and neutron the
magnetic moments differ appreciably from the
values which they should have according to this
theory. Measured in units of nuclear magnetons
the experimental values for these moments are:

p„=+2.785 &0.02

for the proton' and

p = —1.935'&0.02

for the neutron. ' The minus sign in the case of the
neutron indicates that the spin points in the
opposite direction of the magnetic moment.

It was pointed out by Kemmer' and others4
that the meson theory of nuclear forces would
also lead to anomalous magnetic moments of the
nucleons, due to the virtual emission and re-
absorption of mesons by the nuclear particles.
Unfortunately a second-order perturbation calcu-
lation leads to divergent integrals. This diver-
gence difficulty was dodged by cutting off the
integrals suitably, which is equivalent to intro-
ducing a finite size of the nucleon.

This procedure, however, is highly unsatis-
factory for two reasons:

(1) It introduces an arbitrary constant into
the theory, the physical significance of which is
not quite clear.

(2) It destroys the relativistic invariance of
the theory.

In spite of these grave objections one feels that
the meson theory of the magnetic moment is
essentially correct and that a theory of interaction
of nucleons with the meson field, formulated in
such a way that the divergence difficulties disap-
pear, should give the correct value for these
moments.

Recently a theory was proposed by Dirac' for
the interaction of an electron with the electro-
magnetic field, which avoids all divergence diffi-
culties for that case. The theory consists of two
essentially different parts. The First part is the so-
called X-limiting process, first investigated by
Wentzel. ' It is essentially a classical procedure
and consists of using the difference of retarded
and advanced potential at the position of the
particle. Dirac showed' that the 'A process may
best be introduced in quantum mechanics by a
change in the commutators of the field quantities
entering into the interaction energy. In this form
the procedure may easily be generalized to
charged fields with rest mass different from zero.

The integral which causes the divergence of the
meson theory of the magnetic moment is the
integral

t k4/(k'+ p')'dk
~ 0

' Kellogg, Rabi, Ramsey, and Zacharias, Phys. Rev. 56,
728 (1939).' L. W. Alvarez and F. Bloch, Phys. Rev. 57, 111 (1940)' N. Kemmer, Proc. Roy. Soc. A166, 127 (1938).

4 Frohlich, Heitler, and Kemmer, Proc. Roy. Soc. A166
154 (1938).H. Frohlich, Phys. Rev. 62, 180L (1942). Th
result announced in this note, that the pseudoscalar meso
gives no magnetic moment, is incorrect. I am indebted t
Professor Frohlich for correspondence on this point.

' P. A. M. Dirac, Proc. Roy. Soc. A180, 1 (1942).
G. Wentzel, Zeits. f. Physik 86, 479, 635 (1933);87, 726

e (1934).
n ~ P. A. M. Dirac, Am. de 1'Inst. H. Poincare, 9, 13 (1939).
o For a detailed account see an article by W. Pauli, to be

published in the Rev. Mod. Phys.
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with p=meson mass. This integral will be made
convergent with the X process. We must, how-

ever, remark that this integral occurs only if a
second-order perturbation theory is applied and
if the mass m of the heavy particle is infinitely
large. In higher approximations in the coupling
constant and in p/m other integrals will appear in

addition to this which no longer converge with
the X process alone. In general only integrals
which for large values of k behave like

tk'"dk

with n integer will be made to converge with this
method. A limitation to a second-order pertur-
bation treatment would not be justified if such
higher order divergent terms remain.

In order to make the other integrals converge,
Dirac has introduced another kind of field oscil-
lator corresponding to states with negative
energy and quantized according to an indefinite
metric in Hilbert space. ' Dirac has shown that
the two methods lead to the elimination of a11

divergencies in the quantum theory of fields.
Serious interpretation difficulties still remain,
however.

It may easily be seen that the higher order
terms lead always to integrals of the form'

sQO

R(kp, k)dk

with a rational function R(kp, k) for the integrand
containing only even powers of k. The introduc-
tion of the negative energy oscillators changes this
integral into the form

meson may have a magnetic moment different
from one meson magneton can agreement with
the experiment be obtained. The contribution of
the meson field to the magnetic moment has then
a certain value M which is positive for the proton
and negative for the neutron, so that we shall
have for the magnetic moment of these particles

p„=1+M, JM„= —3f.

By choosing 3f +1.9, agreement with ex-
periment will be obtained within the limits of our
approximation.

The objection may be raised that this assump-
tion of an anomalous magnetic moment of the
vector meson introduces a new constant into the
theory and we stand where we were before. The
situation is, however, not quite so bad. We must
bear in mind that we have introduced the new
parameter in a way which does not destroy the
relativistic invariance of the theory. Moreover,
the constant has a definite physical meaning,
namely, the magnetic moment of the vector
meson, which may be checked with an experi-
ment, deciding for or against the theory here
presented.

2. THE PSEUDOSCALAR THEORY

In the following we often use one single letter
"a" for a four vector with components a„. Here
a=a~ is the space part of the vector. The invari-
ant scalar product of two four vectors shall be
denoted by (a, b) = (a, b) a'b' =—a„aI'. (a p ———a'. )

Charged particles of spin zero are described by
a complex field P(x) satisfying the field equation

[R(kp, k)+R( —kp, k)]dk
0

and this is sufficient to make all the remaining
integrals occurring in this perturbation treatment
converge.

The calculation of the magnetic moment due
to the meson field with this method leads to a
positive value for the neutron both in the
pseudoscalar and the vector theory. This is in

disagreement with the experimental result. Only
by making use of the possibility that the vector

' This is not true for the theory of holes, where integrals
of the form J'dk/(k2+m2) & occur, which are logarithmically
divergent, even in this theory.

where p is the meson mass in units k/c and
=8'/»&Bx„. It is quantized according to the

commutation rules

&L4 (x) 0*(x')]=D(x —x'), (&)

where D(x) is the invariant D function defined by

I
d'k

D(x, x') = — exp Li(k, x)j sin k'x', (2)
(2pr)' 0 k'

kP = + (kP+ pP)

The operator for the current density vector is

. (~4'"
s„=i

E»"
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and the total magnetic moment of the field

e
M~~ = f (xpsg xysp) d x,28

where the positive number "e" is the magnitude
of the charge of the mesons in units (hc)».

For our calculations it is somewhat more con-
venient to introduce two real fields P& and P& ..

the Hamiltonian leads to an additional term in
the current so that the total current now is"

(4) s„= (i»&)/Bx~))fi2 (—8)fig/Bx&))fi)

+g(47r) lo„(r,P) r)»»—2) 5(x—z). (8)

1 . 1
()fi)—if.)—, »i'* = (p—i+i/2);

V2 v2

for which we have the commutation rules

i{P.(x), Pp(x')]= i)„pD(x —x').

The spin dependent interaction of the heavy
particle with the coordinates s may be written"

II'= g(47r)»r (e, grad)P, (s). (6)

The T represent the matrices for the isotopic
spin and e = (o.„o.2, ir,) is the ordinary spin
vector. They satisfy the equation

T1T2 = —T2T1 =ZT3, ' ' &1&2 %201 =103
T12= = ~32 ——1

"In the complex notation this term corresponds to the
expression

IZ'= g(8m. )&LT (o', grad)p*+T+(e, grad)f)
with r~=1/2(T1~iT2). Our g is therefore V2 times the
coupling constant which is usually used in the literature.

together with all the other equations which can
be obtained from them by cyclic permutation of
the indices. The summation over 0. is extended
over the two indices a = 1, 2. In the symmetrical
theory there is a third real field»»3 present repre-
senting the neutral mesons, and the summation
goes then over all three indices. Since neutral
particles do not contribute anything to the cur-
rent and to the magnetic moment, we can restrict
ourselves to the first two indices.

The interaction energy contains only the non-
relativistic part of the heavy particles. This ap-
proximation can be made since we are only
interested in the effects which are of highest order
in»i/m, and they are independent of m. This
amounts to setting the mass of the heavy particle
infinitely large, and then relativistic effects of the
heavy particle are of course unimportant. The
mesons, however, are treated relativistically all
through the calculations. The interaction term in

This definition of the y (k) and y *(k) is useful
since they are constant operators if there is no
interaction between heavy particles and field. In
case of an interaction they are slowly varying
according to the law"

dq, /dx'=i[II', y ]. (10)

From (1), (2), and (9) it follows that the
commutation rules for the y (k) are

{ q (k), happ*(k')] = k'i» s8(k —k'), (l1)

. from which it follows in the well-known way that

X (k) = (1/k') p.*(k) p (k)

has the eigenvalues 0, 1, 2, . and represents the
number of mesons in the state (n, k).

The interaction energy is

r d3k
II'=ifr )I (o, k)k'

with
g {+ (k)si(k, z) + ic(k)s i(k, z)

} (1 2)—

f=g/2s

The X process may be introduced, as Dirac"
has shown, by a change in the commutation rules
of the field operators which enter into the inter-
action energy. In x space these commutation
rules may be written

'L4' (x) A(x ))= h i)»(x —x )
where

D),(x) =-,'{D(x+X)+D(x—X) }.
(13)

(14)

X = {2, X' } is a time-like four vector, (X, X) (0, (15)

"See W. Pauli and S. M. Dancoff, Phys. Rev. 62, 105
(1942).There would be a third term in the total current due
to the proton which, however, in our approximation is zero,
since the velocity (although not the momentum) of the
nucleons is zero.

"See W. Pauli, Rev. Mod. Phys. 13, 210 (1942)."P.A. M. Dirac, Ann. de 1'Inst. Henri Poincare 9, 13
(1939).

We develop the field operators into eigenstates
in momentum space

1 d'k
P (x) =

~ {q.(k)e'&" *)
v2(2~)» J

+~.*(k)s-""*'} (9)
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which ultimately goes to zero in such a way that
the inequality (15) is always satisfied. If
transforms like a four vector, then the scheme is
evidently relativistically invariant. In k space the
introduction of the X process shows itself in the
commutation rules

[p, (k), pp*(k')]=k0i) t)8(k —k') cos (k, X) (16)

which follow from (13).
A possible representation of the y (k) in terms

of the p (k) is given by

the exponential and subsequent integration by
parts

e I' t
d'l d'I'

4(22r)'0 J fp fp'

8 ((0&(1) 8 P&*(1)
X l. ~i(L, x)+ ~

—i(l, s)
Bl" Bl"

X {p (12)ei(i', g)+ p e(12)e—i(i', g)
I

—sym. (12)&—sym. (sv)). (20)

(k, X) (k, X)
(k) = 1(0 (k) COS —sl&1 ——

2 2

Using

){ exp [i(1, x) ]d'x = l)(1)
(22r)' J

(fi, X) (k, X)
y.*(k)= p.*(k) cos +sin

2 2

The quantities which depend on the field alone
remain unchanged. "For instance, the magnetic
moment may be written

(&) (2)
2'„,= Jt/I„„+3f„, ,

I (~p& 0&&ty2

21&gv
———

II x
2 Lax ~~ )

f'8/2 8/2—x.{ P2 —
&f2& {

d'x'
&ax~ ax~ )

=.;: ~'' ("~"~"'-,
,
'",

,

'
X[{p (1)ei( ig) p «(1,) e

—i( 2, g)
I

X {p (1')2('e. +&~ (1')2(e' *&
I

(17)

—sym. (12)&—sy . (vv)), (18)

where sym. (&2v) stands for the preceding expres-
sion with the indices p and v interchanged.

8 1
M„„=-g(42r)2(s„(r„—s,,o„)

2 v2(22r) t

f d'k
X [r2{y&(k)e'(" *&

k'

we find

e I' d~l (Brp2(1)
M'„. =—

„)'
—f,, { p&( —1)e

—"' *
43 lp

~() 2*(1)
+ —p&(1)+compl. conj. {

Bl~ )

—sym. (1, 2) —sym. (&2v) . (21)

i(BQ/Bx') =H'Q. (22)

We look for stationary solutions of this equation
which are correct up to the second order in g. For
that purpose we write

Q =Qp+Qg+Q2+

where Qp, Qi, Q2, ~ represent those parts of the
functional with 0, 1, 2, - mesons present. The
leading terms of these functionals will then be of
zeroth, first, second, ~ order in the coupling
constant g.

Let u represent the state of the nucleon which
we choose in such a way that 03u=u. The spin
then points in the positive s direction. Further-
more, let co represent that state of the field in

which no mesons are present, so that

I he Schrodinger functional Q satisfies the
Schrodinger equation

+y&*(k)e '(" *&
I
—sym. (1, 2)]. (19)

The first of these two expressions may be
simplified by replacing x„by a differentiation of

'4 This definition of the adjoint operators of the ~ is
a generalization of the Hermitian conjugate, similar to the
one described by Pauli in a paper to be published in the
Rev. Mod. Phys.

(k)(d =0.

Then we have for Qp ——ufo.

We then write the equations for the Q's

i(d Q /dx'i) =H'Qp,

i(dQ2/dx0) =H'Q2.

(23)

(24)
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If we can integrate these equations, we can use
the 0's to calculate the expectation value of
Mg2 =—M3.

353——0*3530=20p*M3(') 02+ Qg*M3'"Qg

+2Q&&Mp&'&Q& (25)
since M3 is Hermitian.

It is seen from the last equation that only
terms of zero order in g which occur in Qp will

contribute anything to the magnetic moment in
our approximation. With this remark in mind we
can integrate the equations (24) approximately.
The first one with the help of (22) and (23) reads

d f d'k
i Q( —— ifr —

I ((r, k)(p *(k)e '&" *'u(p
dx' J k'

or
d'k

Q, =ifr
~

((r, k) e ~(k)e—'&" *&u(p (26)(
p

and from this and the second equation of (22) we

get

. d f d'k'
i Q2 f'r rp ——I ((r, k')&(& *(k')e—(&~' *&

dx' J k"

I
d'k

X) ((r, k)e '&" *&u&u

kp'
26 g

d'k' d'k
Q2 ———r, rpf2) ((r, k') ((r, k)

kp'(kp+kp') kp'

X(p *(k')(pp*(k)e '&"'+" *&ua).

These integrations are only approximately
correct since the operators y and y * are slowly
varying according to (10). But this variation
would lead to a correction term to Qp of the
second order and a similar term in 0~ of the third
order. Another term of the second order has been
neglected by including in the expression H'0&

only those terms which correspond to two mesons
present. In view of the above remark, we may,
for our approximation, neglect all these terms.
With these wave functions we can now calculate
the expectation value of the magnetic moment.
First we prove that the last term in (25) does
not contribute anything in this approximation.
This term is proportional to

p d'k
u ((& (sltrm s2(rl)~I {r2(p&(k)e" ~ *' —sym. (12)Ik'

d'k'
Xr.)I, (&r, k') p, '(k')e '"' *&u(p,

0

which is equal to
p d'k

$u (sl(r2 s2(r() rp ((r~ k)u cos (k, 7()
kp'

when we use the commutation relations. The
integral vanishes and therefore

0,*3f,&»0, =0.

Of the remaining terms let us first calculate
0&*3EI30&——M3'. We notice at once that only the
part in 353 which contains an emission and an
absorption operator can give a contribution to
this expression. The remaining part may be
simplified by adding to it the expression

( (& (7

{ k2 —k( { {p(*&p2+ p&p2*I
(&k( (&k2)

which vanishes when integrated over k space. In
this way we obtain for the part M3' of 3f3"

e &' d'k ( Bq 2(k)~a'=- i' k, { &p(*(k)
2 J kp2 & Bkg

(&(pm*(k) l
+ (p((k) {

—sym. (xy)
Bk )

e ~ pd3kdak'
cV,'= f'u*a)*r rp —

I ((r, k)(a, k')

(27)
t

d'l ( (&(p2(1)Xe""-' *'e-(k)J —i, { ( *(1)
lp' 4 Bl

(& q 2*(l) &

+q &(1) {
—sym. (xy)

(tl,

X «& p'(k') u(o.

This expression may be simplified by using the
commutation rules (11).We have

~( 2(1) ~( 2'(1) )~*r.rpy. (k) i, { ( (*(1) +( ((1)
Bl, Bl,,

—sym. (xy) &(&p*(k')co

( 8= rrrml&&2 l„{ iI(k —1)—&1(1—k')

8—b(l —k')—i&(k —1) —sym. (xy) cos (I,, X),
al.

"In order to avoid ambiguity we have put p =x, v =y.



MAGNETI C MOM ENT OF PROTON AN D NEUTRON 339

so that after a partial integration"

p d'k
Mo' —— i—f'u*ro ' [o~ko —aokr}(ir, k)ucos (k, lj.).

kp4

If we choose a special coordinate system for
which the space part of X is zero, we may first
carry out the integration over the angles and
obtain

8~ I (ki'
M '= f'—u~rou I

}
—

} cos koXodk.
3 J &kp)

The integral may be evaluated in the following
way

I (kl'
J~ }

—
} cos koXodk =

J
cos koXodk

Eko]

f kp4 —k4
cos kphpdk.

kp'

The first integral is zero in the limit Xp ——0, as is
shown in the appendix, and for the second we get
—(3or/4)p, by going to the limit Xo ——0 before
carrying out the integration so that finally

Mo' ——W2n'f'ep= w(gp)'(e/2p)

The upper sign is for the proton and the lower
for the neutron.

For the calculation of 20p*3f302 we need only
to consider that part in 353 which contains two
absorption operators

e I d'k t' aoo, (k)
(—k)

' —sym. (12)4~ k2 ak. )

sym (xy) e
—oiopxo

e I' doi 6 ao o(1)
Mo = f u"io*r re —

ll
——' lo} ooi( —1)

Bl,

Xe '""*'—sym. (12) }
—sym. (xy)

J J ko(ko+ko') ko'

X q "(k') (pe*(k)e '&'+' *&uio-

"We have dropped terms which arise from the differenti-
ation of the cos-factor and which tend to zero as X goes to
zero and terms coming from the differentiation of the
exponential function which leads to an expression of the
form o~z2 —0.gz~ and which is zero after averaging over z.

—sym. (xy) e.*(k') ooe*(k)uu&

a
=2iu'roloo b(1+k')

}
l„a(1—k) 1, —5(1—k) }

E "al. Bl„)
( 8—8(1+k')

} l„a(l—k')
g Bl.
—l„—a(1—k')

} cos (k, X),"ai.

r r d'k' d'k
gg»=2ief'u*roJ Jl ko(ko+ko') ko'

X (o ik, ' —o ok'') (ir, k) &(k+k') u

8~ p(k~4
ef' I

—
}
—

} cos (k, X)dku*rou
Ekp)

The total magnetic moment due to the
pseudoscalar meson field is

Mo ——W2(gp, ) '(e/2p) (30)

for the proton and neutron, respectively.

3. THE VECTOR THEORY

The mesons of spin 1 are described by a com-
plex vector field P» satisfying the equations

i'» Ii tp0», at/»/ax» =0.

It is quantized according to

(31)

8'

XD(x —x'). (32)

The current is defined in terms of the quantities
p„and p„„=(ap. /ax») —(a&„/ax").

s» =i(P» f" P*"P» ) (33)

and the magnetic moment is then again given by
Eq. (4) of the preceding section.

We decompose the field again in the real fields

by
1 1 2

Jl p 0 pV pV p

Again applying the commutation rules we have

( ao o(1)
u*id*r. re l„} e&(—1) —sym. (12) }

al, j
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We put otj= {|lk}(k=1,2, 3) and write for the For H' we get from (34) in momentum space
interaction energy

H'= f..J" {(,[kXy-])e'& *&

H'=g(4yr)'T (&p curl)ktj (s), (34) J k'
-(~, [ Xy.])e-'&k * }, (40)

with this interaction present the current is

1 2
sp = (jl'p, ,

july

"—jl'p„jl'")

+g(4~) '* {~X (0'ro —4'r&) }p~(x —*) (33)

The second part corresponds to the second
part in (8) in the scalar theory. It will give rise to
an additional term in the magnetic moment. A
consideration similar to the one given above will
show that this term does not contribute anything
to the expectation value of the magnetic moment
within the limits of our approximation.

We develop jlyp and P„„ in eigenstates in
momentum space

~2(2 )-:J ko

f=g/2or

The X process is again introduced by defining
the operators y„and p„* as was done in the
scalar theory. As before this is equivalent to
replacing the D function in (32) by the D&,

function. This alters the commutation relations
(38) in momentum space to

1
[&op (k), oy„*e(k')]=k'ij j&{ g,„+ k„k„—}

~2 j
Xb(k —k') cos (k, l&). (41)

The magnetic moment operator

(' {xp(P pj's'" jty p4")2J
x„(P„,jty' —P„,&iy' ) }d—'x (42)

and

X {op„(k)e'&k*&p&p„* (k)e—'«*&} (36) may be transformed with a calculation exactly
analogous to that which led to the expression (21)
in the scalar theory to give

~2(2.):J k

X{(kpp (k) —k.v. (k))e""*'

—(kp&p„*m(k) —kzoy *m(k))e '&" *& (37)

Because of the subsidiary condition Bpp/exp=0
the &(yp (k) satisfy the equations

(&, k) =(&j* k) =O.

From the commutation relations (32) it follows
that

e &' d'l ( t&(p, o(I) B&o.'(I) l
4~ lp' & Blp Blp )

X +1p( 1)e—2&jzzo

( ~& p*'(I) ~&.*'(I)~
+ { l. l

} oo'p(I)
Blp Blp j

+c p(. ceo&. —ym. ((2& —zym. (Zc&). (43&

The solutions of the equations

i(d/dx') Q& ——H'Qp, i(d/dxo) Qo ——H'Q (&44)

[o. (k) o.*'(k')] cor'responding to the solutions (26) in the scalar
theory are then

1
=ko{ g„.y—k„k„}~( -k')~, (38)

E. p,

The q„, y„* again are defined in such a way
that they are slowly varying according to

(39)

I
d'k

Q& ifr J
——(&p, [kxp ])oe "" 'uoo,

ko'

d'k d'k
Q, =-f,.„r' „(,[kxy* ])

ko(kp+ko') ko'

X (~ [ky X y ])cogjjz&k+k', z&o&~

(45)
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p d'l
X((T LkXp ])e'&"—"'

*&~l
102

'al, )
( g~ g32

X

The part M31 corresponding to (27) is

p d'k d'k'
Mp' = 'ef'-u*(p*T Te k'k"

Integrating by parts over 1 first we get a term
from the differentiation of 1/lp' which, however,
is zero just as in the scalar theory because it con-
tains a factor 0&oplplp=0 since t4p.

The other part gives a term

(02k2+ 03kp) 02(02k2+03k3) 01

—(o Ik1+(Tpkp) 01(o 1k&+apkp) o 2

+(0 Ik1+apkp)(k302 k203)(TI(T3

x(, [ xy ])
Writing

((3, [kX& ])= ia, a—.k, (T&., (T.WS)

+compl. conj. —sym. (xy) (alk1+ 02k2) (k3al kla3) 0203 ~

g(3 u (46) Most of these terms will give zero after the
integration over the angles. The only term
different from zero is

we can simplify the expression (46) considerably
by using the commutation rules (37)

( g~ g32 Q~ g(2)
(0 TzzT((agagkgkg(T&g

~
l(( l p I (&&

23—0(k&2+ k22);

introducing this in (47) we get
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cos kp&&pdk = T 2(T'ef'&3
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res
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'
(&03* e(p The term 3f" is

1 i a
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X b(1 k') o(apk(' c—os (k., X).

t. Q p

After multiplying with

(dpk'/kp'2) exp [i(k —k', s) ]
and integrating over k' we get by using

d'k d'k'
M, II f2eu*(ooT

~J 0 kp(kp+kp') kp"

f I&&(g
2

X e
—(&3+3', z&

l3' ( Bl Bl j
X &0"(—1)e "'o*o—sym. (xy)

X(a, I:kX&f*.])(a, [k'X&&i*3]).

A calculation similar to the one above leads to

d'kd'l
2„f„*„I', t'

(o,k,)
kp(kp+lp)lp'

Q o,o.k,k, =0
k0 8
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0
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g 5(k 1)——

1

fop—sym. (12) cos (k, X).
tQp

so that (46) becomes

fop—sym. (xy) e'&"—' *& cos (k, X),
t/p

In comparing this with (47) we find that again
we have

p d'k d'l
eif'u*T3 I

—(o.,k,) (l„o., l,o„)(o(l,)o p-
k0 l0'

8
X—(&(k —1) —sym. (xy) e"" ' *' cos (k, (&).

Bl,
f/p, t4p

Mp" ——W22rpef2&3

so that the total magnetic moment in the vector
theory is

Mp ——Mp'+ Mp" ——W 2 (g&(() '(e/2&3) .
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The upper sign is for the proton and the lower for A similar calculation for 3f3"'——200*35302 leads to
the neutron. This is the same result as for the the same result so that
pseudoscalar meson.

Mz'= Mz'z+3Ez"' ——&2K(gzi)'(e/2zi). (51)
4, A VECTOR MESON W'ITH AN ARBITRARY

MAGNETIC MOMENT

The Lagrangian for a vector m=son field is not
unique insofar as it is possible to introduce terms
in the Lagrange-function which are proportional
to the external electromagnetic field. " Such a
term makes itself felt in an altered expression for
the current density and consequently a change in

the magnetic moment. The additional current
density is

The total magnetic moment in the vector
theory is then

Mz ——&2 (K—1)(gzi) '(e/2zi) (52)

for the proton and neutron, respectively.
Taking the two theories together and assuming

for the vector meson twice the mass of the scalar
meson, but the same coupling constant, we find

M'= &2(gzi)'{2(K—1) —1}(e/2') (53)
8

s„'= —zK (Pz*if'„P„*gz)—,
BXp

(48) for (gp)-'-0. 1, p —,', m, K-2,
3f w2,

where E is a dimensionless and arbitrary con-
stant. The change in the magnetic moment
operator is then from Eq. (4)

(0z 4' if' zf'z) d'&

=eK){ (P 'P ' —P 'P ')d'x

r d'k
=-,'eK

I {L(p '(k)p„'( —k)e """
ko'

for the magnetic moment of proton and neutron,
respectively, due to the meson field only. If we
add to that the magnetic moment of the nucleons
(0 for the neutron and +1 for the proton), we
find agreement with the experiment within the
limits of our calculation.

This problem was suggested to me by Professor
W. Pauli of the Institute for Advanced Study. I
am very grateful to him for his generosity in
taking time for discussion and helpful advice.

+ q„'(k) q „*'(k))—compl. conj. ]
—sym. (z v) }. (49)

We have, therefore,

(' d'k d'k'
Mz' = 2eKf'Zi &o*r re ~

— (ir, LkX Zl j)

r d'l
Xei(k —k', z)~ + 1(1)+ Oz(1)

$ 2

X L~, Lk'X y*e])u~,

4zr p (k~4
2eKf'zz*r—z~z II

I

'

}
—cos (kph4)dk

3 ~ Eko)

= ~K(g )'(e/2&). (50)

'~ See H. C. Corben and J. Schwinger, Phys. Rev. 58, 953
(1940).

APPENDIX

The integral I= cos kpkpdk may be evaluated in the
p

following way. With the substitution k =pi sin vhpp=a, we
have

$p +
(eia cos v+e—ia cos v)dv

4 -zm

For the second integral we substitute v by m —v.

+'~ —'Cco+7pI=— cos ve' "' vdv+ cos ve'a "' "dv
4 'm +z00+ zr

The paths of integration have to be taken in the regions for
which Im(cos v) &0, in order to secure the convergence of
the integrals. They may be chosen in such a way that the
contribution from the branches leading to infinity cancel,
and we are then left with the expression

Zp 2 1l'
ia cos vcosve' ' ' vdv= ——J ( ) lim I(&) =0.

2 p 2' ' a~p


