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and

T'(mm)= f r,t') explim(t—¢')]didt’.

By using (A20), the same limit becomes

£ exp[zm (h— tg) ]A = gZ22F (m,m) ("‘ w)_l (2609)—%,
fimtoo (A22)

tg——c0

which, together with (A21), gives
ZoT (mym) =g (— w) 2 XN (0) | P).

The left-hand side of (A23) is the ratio of the renor-
malization constants, Z,/Z;. The %k dependence of the
right-hand side can be eliminated by using the identity:

(N| Lo, 2| P)=0.

(A23)

By commuting a; with the total Hamiltonian, we have

(N|ax|P)= — g3 (22)"4(N| | P).  (A24)
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By comparing (A24) with (A23), we can express
the coupling constant renormalization (A14) as

8/8=2Zs/Z=(N|r_|P).

Thus g./g, if real, must be less than unity.

These proofs can be obviously generalized to other
renormalizable field theoretical problems. In the
charged scalar theory these identities can be applied
to calculate formally the values of Z; and Z; by using
both the weak-coupling and strong-coupling solutions.!®
They are:

(i) weak-coupling solution:
Zy=1-g2 S+,
Zo/Z1=1—g2 > 2u*Q)+- -+
(ii) strong-coupling solution:
Zy=7% exp[—gF QW) ]+, Zs/Z1=1%.
10 G. Wentzel, Helv. Phys. Acta 13, 269 (1940); 14, 633 (1941);

R. Serber and S. Dancoff, Phys. Rev. 63, 143 (1943); S. Tomonaga,
Progr. Theoret. Phys. (Japan) 1, 109 (1946).
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The Fierz-Pauli field corresponding to particles of spin 3/2 is quantized, and its interaction with the
electromagnetic field is investigated. It is also shown how the elements of the S matrix for collision processes,
involving photons and charged particles of spin 3/2, can be obtained in a simple way.

1. INTRODUCTION

THEORY of particles of arbitrary spin was first

developed by Dirac,! Fierz and Pauli,? and since
then several other theories have also been proposed.®
Such theories are of special interest at the present time,
because a number of new particles have been observed in
recent years, and some of them may have a spin higher
than one. However, except in the case of the gravita-
tional field, the interaction of a quantized field of spin
higher than one with other fields has never been in-
vestigated.

We shall, therefore, discuss in some detail the Fierz-
Pauli theory of particles of spin 3/2. We shall first carry
out the quantization of the Fierz-Pauli field, and con-
sider its interaction with the electromagnetic field.
It will then be shown that in the present case, too, the

1P. A. M. Dirac, Proc. Roy. Soc. (London) A155, 447 (1936).

2M. Fierz and W. Pauli, Proc. Roy. Soc. (London) Al73,
211 (1939).

3 A specially interesting field equation for particles with two
different mass states has recently been given by H. J. Bhabha,
Phil. Mag. 43, 33 (1952).

4S. N. Gupta, Proc. Phys. Soc. (London) A65, 161, 608 (1952).

contribution of any collision process can be obtained
from the .S matrix by means of simple rules, which are
similar to the Feynman-Dyson® rules of quantum
electrodynamics.

2. FIELD EQUATION FOR PARTICLES OF SPIN 3/2

According to Fierz and Pauli,? a field corresponding
to particles of spin 3/2 is described by the symmetrical
spinors

a%g,=a%s and b48=0F%

)

and the auxiliary spinors ¢, and d% The Lagrangian
density for the field is

L=—(a"as pP* 0%, +0"5% pus bg'?)
Fr(a* a5 0,548 07 0p)+ (pi# &** @Pap
Fpg ' b —a"eg pf A5 pg ca)
+3(d" pag dP+"s p*° cp)+6k(d" cat-c"e 49, (2)
5F. J. Dyson, Phys. Rev. 75, 486, 1736 (1949).
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Fic. 1. Components of the matrix y.

whence we obtain the field equations:
—phe ad,,— pér ab, — p B do—p,& dP42k b4 =0,
— Dai bg’P— Pp; ba*P— Pg* Ca—pa’ Cpt+2k P ap=0, @)
=5 @apt3pas dP4-6k ca=0,
—pg” b,*B4-3p% c54-6k d%=0.

The field Egs. (3) can easily be expressed in a form
analogous to that of the Dirac equation.® For, using the
relations

pri=—pi*= — pit=p= —id/0x5+ 9/ x4,
pri=—p*=pi'=—p*= —i0/ 0w+ 0/dxs,
pai= pil=— pob= — pMl= —i3/0x,— 0/ I,
pas=psl=pol = pl1=1i3/0x5+ 9/,

4)

we can express (3) as a set of sixteen equations involving

6 The above procedure for writing the Fierz-Pauli equation in
the Dirac form is due to K. K. Gupta, Proc. Indian Acad. Sci.
A35, 255 (1952). However, our choice of the components of ¢ and
the representation for the o’s is slightly different.
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only the ordinary space and time derivatives of the
field quantities. We can then write these sixteen equa-
tions as

o, (OY/0x,)+xp=0, (5)

where -is the one-column matrix shown in Fig. 1, and
the o, are given in Fig. 2.

By actual multiplication of the matrices a,, it can be
verified that they satisfy the relation

Z(auaﬂ—ap.v)a)\apzo, (6)

where Y denotes a sum over all possible permutations
of the indices g, », A, and p. Multiplying (5) by a,axe,d?/
0x,0x20%,, we get

aona,0, (0%W/ 0x,0x00%,0%,)

+ ke jona, (0%/ 0% ,0200%,) =0 (7)
which gives, on using (6),
0,00, (3%/ 02320%,0%,) + ket jonr, (3% 9%,0200%,) = 0. (8)

Further, using field equation (5), we obtain from the
above equation

K2(0%/dnd) — k=0
(=AY =0, ©

which shows that ¢ satisfies the second-order wave
equation.

or

3. LAGRANGIAN FORMALISM

In order to derive field equation (5) from a Lagran-
gian density, it is necessary to define an adjoint of ¢
in the usual way. For this, we note that the nonsingular
Hermitian matrix 5 of Fig. 3 satisfies the relations

e n=—a, Tlen=as, (10)
where an asterisk denotes the Hermitian conjugate.

Further, taking the Hermitian conjugate of (5), we get

— (") 0xs)as’+ (8¥"/dx)a’+1p*=0,  (11)
which, on being multiplied by 7, can be written as
— (3¢"/dxa)n(n7 s n)+ (9¢*/ dx)n (n " ei"™n)
+xpn=0. (12)
Hence, using (10), we have
(a‘;/axn)au—’“p: 0, (13)
where the adjoint ¥ denotes the quantity
y=y". (14)

The field equations (5) and (13) can be obtained by
means of the usual variational principle from the La-
grangian density

= Ch['i/a;t (a‘p/ax#)‘{"‘K';‘P] (15)
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F16. 2. The matrices ay. In these matrices a dot or a blank space indicates a zero or a block of zeros.

Although the field quantity ¢ transforms in a rather
complicated manner under a Lorentz transformation,
we can prove the Lorentz invariance of the above
Lagrangian density by showing that (15) is equal to the
invariant quantity (2) apart from a constant factor.
This also establishes the covariance of all the results
obtained from the Lagrangian density (15).

From (15) we obtain in the usual way for the current
density four-vector j, and the canonical energy-
momentum tensor .Sy, :

Ju=techad, (16)
S =cle, (39 9,). (17)

According to (16) and (17), the charge density and the
Hamiltonian density of the field are

p=js/ic=efagy=edy, (18)
H=—Su=ichoas(0y/dx0) = ichy1 (9¢/dx0), (19)

where _ .
Yi=das=y¢na. (20)
4. SOLUTION OF THE FIELD EQUATION

Since ¢ satisfies the wave equation (9), a solution of
(5) must be of the form

Y=y (k) exp[i(k-x—wi)]
or (21)
Y=y~ (k) exp[ —i(k-x—wx0) ],

where k is an arbitrary real vector, and
w= (k*+r®)h (22)

For simplicity, let us first consider the solutions of (5)
corresponding to k=0, which are of the form

Y=y¢1(0) exp(—ikxy) or Y=y (0)exp(irxy). (23)
Substituting (23) in (5), we get

(@s—1yYH(0)=0 and (ast-1)¥(0)=0. (24)
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Further, denoting the sixteen components of the one-
column matrix ¢*(0) as ¢y, c2, - -+, 16, and making use
of the explicit representation for as, we can decompose
the first relation in (24) into the following four sets
involving sixteen algebraic equations:

c1+c9 =0,
c1tcy =0;
cetc14=0,
ce+c1u=0;

(25)

(26)

V2es+c1st-5616=0,
65""%68_}"‘/2611:0}
2¢s+V2eyt-cis—3616=0,
(27)
2¢s+V2c11—c13—c16=0,
V2c3+ Cs+%58+2613=0)
V2¢3—c5+cs—2¢16=0;
52+%C7+\/§‘312=0)
V2est 610"‘%61.',: 0,
coFV2¢s—%cr+2¢10=0,
(28)
ca—V2egtc1—2615=0,
262+C10+\/2612+%515=0)
2¢7+c10—V2¢12—c15=0.

In order to solve the above simultaneous equations
we have to regard one of the ¢’s in each of the four sets
as an arbitrary quantity. Thus, taking ci, ¢s, ¢s, and cis

(
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Fic. 4. The four independent solutions for ¢+(0).

as an arbitrary quantities, we easily find

ci=arbitrary, o= —c; (29)
cs=arbitrary, cu= —cs; (30)
cy=arbitrary, c¢s=V2¢s,
C11= —¢Cs, o= —V2cs, (31)
cs=0, c16=0;
ciz=arbitrary, cio=V2cis,
C4= —C13, Co= —WCW, (32)
c15=0, cr=0.

Hence, there are four independent solutions of the first
relation in (24), which are given in Fig. 4. Similarly, it
can be shown that there are four independent solutions
of the second relation in (24), which are given in Fig. 5.

N I ()
, . : .
. . Z
|
|
z
|
T I AT R T B R S
=
\ .
. 1
v .
!
\ J L J L J ‘)

F16. 5. The four independent solutions for ¢—(0).
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We find that there are eight solutions of the field
equation for k=0, half of which have a positive fre-
quency while the remaining ones have a negative fre-
quency. But, any solution of the form (21) correspond-
ing to an arbitrary value of k can be obtained from (23)
by means of a suitable proper Lorentz transformation.
Therefore, it follows that corresponding to any arbi-
trary value of k, the field equation has eight solutions,
four of which have a positive frequency while the re-
maining ones have a negative frequency.

It can further be easily verified that each of the solu-
tions, given in Figs. 4 and 35, is an eigenvector of nas
corresponding to the eigenvalue 1. Therefore, if ¥/(0) is
any linear combination of solutions of the form (23), we
have

¥ (0)nay (0) =¢* (0)y (0) = positive definite. (33)

Thus, according to (18), the charge density due to the
component ¥(0) of the field is

0(0)= 70(0)/c=ey" (0) oy (0) = positive definite, (34)

where we have taken e as a positive quantity. Moreover,
there being no privileged direction for the vector k=0,
the current density vector due to the component ¥(0)
must vanish, i.e.,

7:(0)=1ecy" (0)naap (0)=0.

Since 7:;(0) and 4cp(0) form components of a timelike
four vector, it follows that under any proper Lorentz
transformation the positive quantity p(0) will trans-
form again into a positive quantity, which shows that

¥* (k)nagp (k) = positive definite, (36)

(35)

where ¢ (k) denotes any linear combination of solutions
of the form (21).

5. FOURIER EXPANSION OF THE FIELD
VARIABLES

Let us consider the equation
AYy=ABY, 37

where 4 and B are Hermitian matrices, ¥ is a one-
column matrix, A is a number, and ¢*By'>0. We can
regard (37) as a generalization of the usual eigenvalue
equation. Thus, we can call A an “eigenvalue” of the
matrix A corresponding to the ‘‘eigenvector” y. It
can then be easily shown that if Yy, ¥, -+, ¥, are n
independent eigenvectors of 4, we can choose these
eigenvectors in such a way that they form an ‘“ortho-
normal” set in the sense

lbm*B‘l/nz 5mn,
and we further have
Zm Ynm, ‘Y*wa‘l/m, p="0ap,

where Ym, 4", Bya, and ¢, s denote elements of the

(38)

(39)

SURA]J N. GUPTA

matrices ¥»", B, and ¥, respectively, and the indices
a, B, v can take the values 1, 2, -+ -, n.
Substituting (21) in (5), we get

(tkrortikaaatiksas—wastc)yt (k) =0,  (40)
(throy+Fikaast-iksas—was— k)~ (k) =0,  (41)
which give, on being multiplied by 7,
(ikmartikmastikmastmyt (k) =wnagt(k),  (42)
(ikmon+ikamastiksnas+ )y (—k) .
=—wnagy (—k). (43)

The above equations are of the same form as (37),
where the Hermitian operators ikimai+ikamastiksnas
—+#n and na4 correspond to 4 and B, respectively, w and
—uw are the eigenvalues, and na4 satisfies the condition
(36). Hence, all possible solutions of (42) and (43) can
be chosen in such a way that

.t (k). (k) = v,7(—k) v,(—k) =86,
u,1 (k) 2,(—k) = v, (—k)u,.(k) =0,

an
2 thr, ot (K)ttr, g (K)+ 1, oF (—K) 07, s(— k) J=00p, (45)

where the #.(k)’s are the independent solutions for
Yt(k), the v.(k)’s are the independent solutions for
¥~ (k), and

u,t (k) =" (K)nas,  ot(k)= v (K)neas.  (46)

Since we have shown in the preceding section that
corresponding to any value of k there are four inde-
pendent solutions for Y+ (k) as well as for ¢—(k), the
indices 7 and s in (44) and (45) can take the values
1, 2, 3, 4. On the other hand, the indices « and 8 in (45)
can take the values 1, 2, - -, 16.

We can now assume in the usual way that the field
is enclosed in a large cubical box of volume V, and
carry out a Fourier expansion of the field variable ¢ as

Vo=V > La,(K)u, o(k)eitx—u0
40, (k) vy, o (k) g—it-x—020 7]

where a,(k) and b,"(k) are arbitrary amplitudes. We
then also have .

"//‘IT = V—%Zk Zr[ar* (k)ur aT (k)e—(“‘ : x~wxo)
+br(k) Ur, af(k)e“k"—wo)],
6. QUANTIZATION OF THE FIELD

(47)

(48)

The quantization of the Fierz-Pauli field can now be
easily carried out. The canonical conjugate of ¢. is
given by

To=——=1Ps(cts) pa =10 l. 49)
(/1)
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Since fields of half-integral spin obey Fermi statistics,
the appropriate commutation relations in the present
case are

{Wa(x0), ¥s(xX,0} =0, {¥a!(x,0), ¥5'(x',1)} =0, (50)
{Ya(x,0), ¥s! (x' 1)} = 8apd (x—X'). (51)

Substituting (47) and (48) in (50) and (51), and using
(44), we get

{a.(k), a;"(K')} = 8,:0, 1,
{b,—(k), bs* (kl)} = 67‘36k, K’y
while any other anticommutator involving a pair of the
operators a,(k), e, (k), b,(k), or 5" (k) vanishes.
Again, substituting (47) and (48) in (18) and (19),

and using (44), we obtain for the total Hamiltonian
and the total charge of the field

(52)

=2k X, chola, (k)a, (k) —b.(k)b, (k) ], (53)

f pdV =54 5, Lo, (K)a, (k) +b, ()b, (k)] (54)

Using the commutation relations (52), and ignoring
the zero-point energy and charge, we can write (53)
and (54) as

o= 5 o0 (e, (K)-+5,K)b.K)T, (55)
f pdV =54 50 oo (0)a, () — b, (05, K) ] (56)

It follows in the usual way that the quantities
a*(K)a:(k), b:"(K)b1(k), ar"(k)as(k), b (k)bsa(k), . . .
can have only the eigenvalues 0 or 1, so that the present
field describes particles of positive energy obeying
Pauli’s exclusion principle. Moreover, the a,(k) are the
absorption operators for particles of energy cfw and
charge e, while the b,(k) are the absorption operators
for particles of energy chw and charge —e. The Her-
mitian conjugates of these operators are the corre-
sponding emission operators. Thus, if no particles of
charge e are present in a state ¥, we have

Yyrr=0, 57

and similarly, in the absence of particles of charge —e
in a state ¥,
YHr=0, (58)

where ¢+ and Yt denote positive frequency parts of
¥ and ¢, respectively.

7. COVARIANT COMMUTATION RELATIONS

We shall now obtain covariant commutation rela-
tions between the field variables at different times.
For this purpose it is necessary to use the variables ¥
and y, instead of Y, and ¥, '. It is, of course, evident that

{(Ya(@), ¥5(5")} = (Palx), Ps(2')} =0. (59)

1339

In order to find the required commutation relation
between ¥, and ¥ let us put

{Wa(x), ¥s(a')} = fupA (v —4"),

where the quantity f.s has to be determined, and
A(x—«') is a well-known singular function with the
properties

(60)

(M=) A(x—2a")=0,
[A (x—x’)]xo' =x0= 0,
[0A(x—x") /0% |z’ =wo= — 8 (x—X').

(61)
(62)

Since ¥, (x) satisfies the field equation (5), we must have

(s (8/9%,) 4 JapforA (x— ") =0. (63)
We also observe that
[ (8/0%.)+ Kk Losore, (83/ 3, 0200%,)
— ke, (92/02009%,) JA (x— ")
=aya,(02/9220%,) ((P— ) A(x—2")=0, (64)
which suggests that fg, should be of the form
foy="Cla,ana,(8%/dx,0x\0%,)
— ke, (9%/0%292,) 15y, (65)

where C is a constant. We have now to verify that the
commutation relation, given by (60) and (65), agrees
with (51), and for this we shall derive a relation between
¥ and yt.

We note that the relation (6) gives us

al—at=0 (66)

ado+ aloost oo+ ol — oo —ao,=0, (67)
oo, + asonouo - asonaio — Sl tonaas?

+ oot arada— o+ (i2k) =0,  (68)

where (i=2k) on the left-hand side of (68) denotes an
expression obtained by interchanging the indices ¢ and &
in the preceding expression.

Multiplying (13) by as—ead, ‘and using (66), we get

mﬁ (0[4—0543) = (a\l-//axi)ai(a,;—aﬁ),
which gives, on using (67),
KI,LOL4(1 —Ol42) = (a‘ﬁ/axi)m(a42a@-+a4a¢a4—i—aia42-—ai). (69)

Differentiating (69) with respect to x4, and using (13),
we obtain

k[rf— (3/0x ) J(1—asd)
= (8/9x;) (kP — (89/dx1)ar ]

X (a42ai+0£401i014+061‘0442_ Oii)y
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or

o 10y
V=vYal+- —(alat o)
K axl

1 0%

K2 Bx,()xk

ar (oot oot el —a;).

Further, using (66) and (68), we can write the above
relation as

o 1 0Jay
P=Jaitt-
K 6901
1 62\/;014

K2 6x,6x;,

(st o)

(it areit-arios— daad),
or

_ 1 oyt
v=ylaf+- *—(Ol4ai+01ia4)

K r’)xi

1 oxt

— ——— (ot oo+ aroa— dia®).  (70)
k2 9x;0%y
From (70) and (51) we get

{‘l/d (th')) ‘;ﬂ (xl)t) }
1 ik

19
= [a43+— — (aoitao)+

K ax, K2 axi’axk'

X (euopoit-onaua4-aroo— 5ik¢143)] 8(x—x')
af
19 1 9
= [a43—— — (it ao)+—
K ax, K> axiaxk

s(x—x’). (71)

X (oo apou+areaa— 5ik0143)]
af

On the other hand, substituting (65) in (60), putting
xo'= 120, and using (61) and (62), we obtain
{\ba (X,l), ‘l_/ﬂ (X/,t)}
i)
=1iC [x2a43—- k— (e o)
éxi

62

+

(caaraitarasoitareios)

02
———2a43] dx—x). (72)
aff

6%1'

Comparing (71) and (72), we find that the commuta-
tion relation (60) agrees with (51), provided that we
choose the constant C in (65) as

C=—i/k. (73)

N. GUPTA

Thus, from (60), (65), and (73) we obtain the com-
mutation relation:

{Wa(®), ¥ (2}

i 02 02
= -———(a,,am,, KON )
K2 0%,02\0%, 0x20%,/ o8
XA(x—ax"). (74)

8. ELECTROMAGNETIC INTERACTION OF
PARTICLES OF SPIN 3/2

Following the usual procedure, we can write the
Lagrangian density for the Fierz-Pauli field interacting
with the electromagnetic field as

. 1(8Ay aA,‘)2 1<6A,‘)2
B 4\ 9x, Ox, 2\ 0%,

_ a e _
—ch[g&a,. —_— u)\H‘KW], (75)

0x, ¢

which gives us the field equations:
a,(9¢/3x,) +xp= (ie/ch) Ay,
(89/ dx,)au— = (—ie/ch) A ey,
024 ,= —iedau.

(76)

In order to obtain the rules for writing down the
elements of the S matrix in the present case, it will be
very convenient to follow the treatment of Yang and
Feldman.” We first observe that the relation (6) gives us

] ]
() o)
0x, dx,

¢t
X(—?‘-a)\a —~D2+1)=D2—K2, W)
K

e 2
x\0%, K

so that, defining R*t(x—«') by

3]
Rret(x—a')= (a,, —x)
0%,

1 02 1
x(—axa,, ——m2+1)met<x—x'>, (78)

K2 912 0x, «*

we get

(o, (8/0%,)+ xRt (x—a') = —8(x—x").  (79)
Similarly, we define a function R*dV by replacing Aret
in (78) by A*dv, so that R»dv also satisfies the rela-
tion (79).

7C. N. Yang and D. Feldman, Phys. Rev. 79, 972 (1950).
We also refer to this paper for the definitions of the functions
Aret, Asdv ) Drot and D»dv) which we shall be using here.
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Further, we define “incoming field operators” ¢,
- . ( g p
¥in and 4,™ by the set of integral equations

Y (x) =y (%) — (ie/ch)
% f Reeb(w—a')da' A, (2 Yoo (o),
¥ () =y (x) — (ie/ch)
Xfxz(x')ayAy(x’)dx'Rad"(x'—-x), (80)
A, (%)= A, (x) e
X [ D= a)ar ¥ @ @),

and the “outgoing field operators” yout, gout and A ,°ut
by the set of integral equations:

¥ (x) =yor4(x) — (ie/ch)
X f Radv(x—a)dx' 4, () (o),

¥(x) =y°rt(x)— (ie/ch)
X f I ) d, (& )da R4/ —x),  (81)
A,(x)=A4,°%(x)+1e

><fDadV(x——x')dxlll—/<xl)au¢(xl)'

It can then be easily shown that both the incoming as
well as the outgoing field operators satisfy the free-field
equations and the free-field commutation relations.

We can now define the S matrix for the interaction of
photons and particles of spin 3/2 as the unitary oper-
ator, given by

yout(w) =S"yi(2)S,
Pout(@) =S (S,
A0 (x) =S4, (%)S.

(82)

One can obtain the matrix elements of the S matrix
by solving (80) by successive approximations in powers
of ¢, and then using (81) and (82). However, as pointed
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out by Yang and Feldman,” in practice one need not
take this trouble. For, if we compare the set of Egs. (80),
(81), and (82) with similar equations in quantum elec-
trodynamics, it is evident that the rules for obtaining
the elements of the S matrix in the present case will be
exactly analogous to the Feynman-Dyson rules of
quantum electrodynamics,® except that the vy, matrices
of Dirac have to be replaced by the a, matrices of Fig. 2,
and the function

Sr(w—a")=[vu(0/0%,) —x]JAr(x—2)

has to be replaced by

0
Rp(x—2')= (a, —K)
9x,

1 0?
X (-—cmx,,

K?

(83)

1

9x%)0x, «*

where Ap(x—2') is Feynman’s singular function, as
defined by Dyson.® It is interesting to note that if we
replace a, by v, in (84), Rp(x—x’) reduces to Sr(x—x').

Since Rp(x—«') involves third space and time deriva-
tives of Ap(x—x«'), it seems at first sight that the
divergencies in the present case are even stronger than
those in the case of charged particles of spin 1. However,
in order to see whether the renormalization theory is
really unsuccessful in the case of charged particles of
spin 3/2, it would be necessary to carry out actual calcu-
lations of the various possibly divergent matrix ele-
ments.

We have seen that the quantization of the Fierz-
Pauli field does not present any special difficulty.
Therefore, it seems to us by no means certain that
particles of spin higher than one do not exist in nature,
and it would be interesting to carry out further in-
vestigations of the properties of such particles. In
this connection it should be noted that the intrinsic
magnetic moment of charged particles of spin 3/2 has
recently been calculated by Belinfante,® and shown to
be equal to efi/2mc, where m is the rest mass of the
particles. As pointed out by Belinfante, this seems to
suggest that the intrinsic magnetic moment of every
elementary particle of nonzero spin is given by the
same expression e#/2mc, which depends only on the
charge and the rest mass of the particle.

8 F. J. Belinfante, Phys. Rev. 92, 997 (1953).



