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We demonstrate that the arbitrary-spin Bhabha fields with minimal electromagnetic coupling are causal in
both the c-number and g-number theories. We first obtain the Klein-Gordon (KG) divisors in closed form in
terms of the elementary symmetric functions. c-number causality is easily demonstrated for half-integer spin
with the Velo-Zwanziger method and for integer spin by using Wightman’s suggestion involving the KG
divisors. For the g-number demonstration we set up an indefinite-metric second-quantized formalism, and use
the above KG divisors to show causality in closed form for arbitrary spin. In both the c-number and g-
number theories a special handling of the integer-spin subsidiary components is necessary. Our discussion
focuses on the Bhabha indefinite metric and on the connection between the number of derivatives in a theory

and the occurrence or nonoccurrence of causality.

I. INTRODUCTION

In this series of papers'™ we have been investi-
gating the properties of the Bhabha first-order
wave equations for arbitrary spin*®

(d°a+x)¥=0, 1.1)

where the Bhabha matrices a, for representations
up to maximum spin 8 are defined by the equations

[[au’ a,],a,]=a,6, -a,8,,, (1.2)
ﬁ(au—nl)=0, (1.3)
n==3

with unity I added by hand for integer-spin repre-
sentations.” That is, the a, correspond to the J,,,
generators of the algebra so(5).2*® It should be
observed that in two papers obscured by World
War II, Lubinski actually preceded Bhabha in in-
vestigating the so(5) Egs. (1.1)~(1.3). Also, work
by Madhavarao at least partially did the same.
(See Ref. 9 for details.)

As before, our a, matrices will be self-adjoint,
we will use the metric 6,, relating four-vector
quantities x, = (X, ix,), £=1,2,3,4, 8-a=9,a,, and
a, will be diagonal with eigenvalues + 8 to —8. For
the volume-element integration in Sec. IV we will
use d*x=dx,dx,dx,dx, to conform to standard us-
age.

Paper I (Ref. 1) discussed the C, P, and T
transformations of these equations, paper I (Ref.
2) discussed the mass and spin compositions, the
Hamiltonians, and the general Sakata-Taketani re-
ductions of the equations, and in paper II (Ref. 3)
the Poincaré generators were investigated.

At the end of paper III (Ref. 3) we reemphasized
a point made by Jauch and Rohrlich'® for the Dirac
field Poincaré generators. Given that the uncou-
pled generators satisfy the associated Lie algebra,
they observed that, since the interaction Lagran-
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gian iedv,A,¥ contains no derivatives, simply by
showing that the commutation relations of the sec-
ond-quantized minimally coupled fields are pre-
served, one has also shown that the interacting
field Poincaré generators satisfy the associated
Lie algebra.

In principle this observation should go through
for minimally coupled high-spin fields, such as
the Bhabha field where we have already shown®
that the free Bhabha generators in Eqs. (III1.5)-
(II11.9) satisfy the associated Lie algebra. How-
ever, in practice deep problems have arisen, es-
sentially from the constraint derivatives inherent
in most high-spin equations. Johnson and Sudar-
shan'! focused on the problem by showing that the
spin-3 Rarita-Schwinger (RS) field'? no longer
obeys the proper equal-time field anticommutation
relation (zero at spacelike points) when it is min-
imally coupled to an external electromagnetic field
using the standard canonically conjugate formal-
ism. Johnson and Sudarshan also demonstrated
the same effect for a mixed spin-3 and spin-3
field invented by Bhabha.!®* However, as has been
emphasized,®*™’¢ this field is not one of the fields
we are talking about in this paper, it is another
field. In fact, for the spin-% piece the Lorentz-
group content of this special field is that of the
RS field.

The results of Johnson and Sudarshan were
placed on a new foundation by the important dis-
covery of Velo and Zwanziger'™'® that the prob-
lem could be traced even to the c-number theory.
By using the method of characteristics to study
the form of the hyperbolic differential equations
involved, they were able to determine the propa-
gation properties of a number of interacting field
theories. In particular, they found that when min-
imal electromagnetic coupling is introduced into
the RS spin-$ and the tensor spin-2 theories, they
become noncausal. That is, the propagation goes
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13 BHABHA FIRST-ORDER WAVE EQUATIONS.

outside the forward light cone, no matter how
small the interaction. The same was found to be
the case for the spin-1 Proca field with electric
quadrupole coupling.

Given this background a large literature has
grown on the causality problem, and we cite a
number of examples.'*"s! These references con-
tain discussions on arbitrary- or multiple-spin
fields,'*"%3as well as on specific spin-1 fields,*"%°
spin-3 fields,****" and spin-2 fields,**** among
which there are a few disagreements %% We
also specifically refer the reader to the general
discussions of Wightman on causality and other
problems in constructing interacting field theo-
ries.zs, 24,50, 51

As of yet, no universally accepted demonstra-
tion has been given that there exists an interacting
high-spin (> ) field theory devoid of all problems.
In fact one of the motivations of this series of pa-
pers has been to see how devoid of problems the
Bhabha system is. It is the specific purpose of
this paper to demonstrate that noncausality from
minimal electromagnetic interaction is not a prob-
lem it has.

We begin in Sec. II by using the theory of sym-
metric functions,’** discussed in the Appendix,
to obtain general closed expressions for the Klein-
Gordon (KG) divisors of arbitrary-spin Bhabha
fields. We will use these closed expressions for
the divisors to help us in both our c-number and
g-number demonstrations of causality.

Section HI gives the easier c¢-number demonstra-
tion. We first review the prescriptions for deter-
mining causality or noncausality given for nonsin-
gular field equation matrices by Velo and Zwan-
ziger'™®2 and by Wightman,? and then for sin-
gular field equation matrices as discussed by
Wightman® for Duffin-Kemmer-Petiau (DKP)
fields, based on the work of Hérmander.5®%¢ We
then simplify the calculations of Nagpal®’3° and
others®? on causality for the Bhabha c-number
theory with minimal electromagnetic interaction.
Nagpal’s first calculation'® actually only showed
causality for the half-integer-spin case since he
was assuming a nonsingular a,. To show caus-
ality for the integer-spin case, where a, is sin-
gular, involves what is a special handling of the
subsidiary components, something that will also
be necessary in the g-number theory. Recently
Nagpal®® realized, as we did independently,® that
his previous c-number calculation did not apply
to the integer-spin case because a, is singular.
He then used a manipulation of the multimass Klein-
Gordon (KG) equation to explain how the integer-
spin c-number fields are causal.’® This method
is essentially the method we will use., i.e., that
discussed by Wightman.’**® However, our demon-
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stration will be simpler, being based on the closed
form for the KG divisors given in Sec. II, and the
properties of the a, matrices we have previously
discussed in this series. We will conclude this
section with calculations on nonminimal coupling,
renormalization, and a method of determining if
there is causality in the case of constant coeffi-
cients.®

The causality of the minimally coupled spin-3
Bhabha g-number field was first shown by Bai-
sya.!®?2 Nagpal later extended these results by
an iteration method to show how the calculation
goes through for arbitrary half-integer-spin Bha-
bha fields, but he also came to the conclusion that
the integer-spin g-number fields were noncausal.'®
However, recently Nagpal®® changed his previous
conclusions'® about the integer-spin fields being
noncausal and, by case-by-case analyses of the
systems of g-number equations, came to the caus-
ality conclusions we have independently® arrived
at. The advantage of our method is that we will
use a proper indefinite-metric quantization and
will be able to do the general calculations in sim-
ple closed form for arbitrary spin by using the
theory of symmetric functions®*™>* reviewed in the
Appendix.

In Secs. IV and V we will present our demonstra-
tion that arbitrary-spin Bhabha fields with minimal
electromagnetic coupling are causal in the g-num-
ber theory. Section IV presents the formalism.

In this discussion we will emphasize a physically
important variation of our method from that of
Baisya and Nagpal. We will perform an indefinite-
metric second quantization with an interaction
Hamiltonian that is metric-(pseudo-)Hermitian
(which, as discussed in Sec. II of paper IIL? it
properly should be). We also do this because one
should come squarely face to face with the fact
that there is a built-in indefinite metric®® in the
Bhabha system.52-%

Having presented the formalism, we then demon-
strate in Sec. V that the coupled Heisenberg fields
have the same form as the free auxiliary fields
for the half-integer-spin case, and hence show
that the field anticommutation relations are pre-
served. For the integer-spin case we will show
that although the coupled Heisenberg fields con-
tain new pieces, these new pieces are multiplied
by the projection operators onto the subsidiary
components §,(8) defined in Eq. (II3.8). Thus, the
physical particle-components fields have their
commutation relations preserved and so are also
causal. (This extra piece is well known to exist
in the DKP case.)

In Sec. VI we will review our results and com-
ment on a number of points. These include the
connection of the extra subsidiary-components



926 R. A. KRAJCIK AND MICHAEL MARTIN NIETO 13

terms in the integer-spin g-number theory both

to the c-number integer-spin subtlety and also to
the effects of extra derivatives in couplings. We
will also discuss the significance of the indefinite
metric to the physical interpretation and mathe-
matical consistency of the Bhabha theory. In paper
V of this series® we will discuss the indefinite metric
inmoredetail, and calculate the generalized Foldy-
Wouthuysen transformations for Bhabha fields.

II. KLEIN-GORDON DIVISORS

The Klein-Gordon divisors for general Bhabha
fields were discussed in principle by Umezawa
and Visconti®® (but see Glass®” concerning errors
with the Harish-Chandra®-"? algebra). Special
cases were calculated by Umezawa and Visconti,®®
Baisya,'s*? and Nagpal,'® who also gave a compli-
cated expression for general integer spin.*° In
this section we will derive general, closed-form
expressions for the KG divisors in terms of the
elementary symmetric functions. These explicit
expressions, to our knowledge, have never been
given before. We will discuss the half-integer-
and integer-spin cases separately, and then pro-
ceed in Secs. III and IV to perform the causality
calculations.

A. Half-integer spin
For the half-integer-spin case the Klein-Gordon
divisors D(9, 8 =n+3) are the solutions to the
equations

D(3, 8=n+3)A=D(9, 8=n+3)(8-a+x)

S§+1/2

= ;I [O-x2/G - %?)

s:1/2
= E (=1)3+1 72"k Jr(y2)841 /20
=0

X ¢s+1/z-k(l(s+1/z)), (2-1)

where the elementary symmetric functions ¢g,, /.,
of the (8+ %) quantities
1
= 2.2

lk (k - %)2 ( )
are described in the Appendix. For the reasons
given in the next paragraph, we can write the KG
divisors in the form

(9, a;=n+%)=sﬁ2 X521 (3 +@)/x]
i=0

X 2 O#4(d ~a)?cy,, (2.3)
J=0

where the c,;;, i>j, remain to be determined.
The factor [1 - (9+a)/x] in Eq. (2.3) comes about

because, since
X[1-(-a)/x]a=[x*- (2 a)] 2.9

and the right-hand side of Eq. (2.4) is a factor in
the characteristic KG equation for the ¢,, only
then will one have the proper even powers of x on
the left-hand side of Eq. (2.1). In particular, re-
writing (2.1) as

$-1/2 i
E X212y 2 _ (8- )?] Z Qi (8 ca)ec,,
i=0 j=0

§+1/2

= Z (- ]-)s'H /2ck Dk(xz)s*l /2k G5 /2-k(l(s»1/ z)),
k=0

(2.5)

one has just the powers X°, 2, ..., x>*.

Also, the second sum on the left-hand side of (2.5)
is the sum of all the possible products (3¢ ~#(8 » ¢ )%/
such that each term of the outside sum has the proper
dimension (mass)?***. Our problem is now reduced
to finding the quantities c;;.

Starting with the x***! term in Eq. (2.5) one sees
by inspection that

Co():(—l)s*l/zq)s“/z(l)- (26)

Next taking the x2**! term in Eq. (2.5), one has
the equation

Ocyo+ (8 *a)cy, - (9 @)’coy = (=1)%1/2Dgpg,, 5.4 (),
2.7
which yields the solution
€11= ooy 2.8)
o= (=1)%" /2¢s-1 72(D).

Similarly proceeding to the x5 and x**~° terms
yields the solutions

C33=Cap = Cyy = Coo= (=1)¥*1 /20, /,(D),
C32=C3=C1p= (=1)1/2 Gse1/2-1(0),
€31 =Ca0= (=1)*1 229, /,5(0),
C30=(=1)* 20,1 55 (D),
suggesting that the general solution for the c;; is

€= (=103 290 0 raetns(Ciser s 21)- (2.10)

(2.9)

The solution (2.10) can be demonstrated by induc-
tion. From Eq. (2.9), Eq. (2.10) is true for (z,5)
=0,1,2,3. Now assume that Eq. (2.10) is true for
n=72>j. Then by considering the case (n+1)=2>j
one finds that Eq. (2.10) still holds for (8 - %)
= (r+1). Finally, by inspection the solution holds
for the x° term.

Thus, the KG divisors for half-integer-spin
Bhabha fields are



8 =3 agrees with the Baisya'>’?? and Nagpal'® cal-
culations, and Eq. (2.15) agrees™ with Nagpal’s’®
calculation. Also, one can easily demonstrate
that the KG divisors in Eqgs. (2.13)-(2.15) satisfy
the original defining equation (2.1).
B. Integer spin

For the integer-spin case the Klein-Gordon di-

visors (3, 8=x) are the solutions to the equations

D9, 8=n)A=D(3, 8=n)(@*a +X)

S
= H ©-x/)
S

= D DS H=1)"* ¢ o(£15)),

k=0

(2.16)

where now we are dealing with the elementary
symmetric functions ¢, of the 8 quantities

1

£‘k:F' (2.17)

The solution proceeds in the same manner as for
the half-integer-spin case, and one finds that

S . i
D, 8=n)= <1_a—x‘5> BEDIS A4, (2.18a)
i=0 j=0

1_3‘(1 2(8-1)-1iA + -IZS:A
X X p ij X 8i»
=0

j=0

S-1

2

i=0

(2.18Db)

:D(ey 8 =1)= X-I[(a 'Ol)(x -9 .a) + (D— Xz)],

206, 8=2)= 1x(1 - Z2) {+[-50+ (0 -+ b lec?
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- 1 _s-l z 28=2i M . i=i(9 e g)2i(-1 S+1/2=i+f 1 )
:D(a, 8=n+ 2)— X 1- Z ] ( a) (_ ) ¢s¢1/2-i-1( {s+1/2}/s (2-11)
i=0 X i=0
$o=1, (2.122)
S+1/2
¢m(l(s~1/z})5[ Gianliar ‘li(j))jls (2.12b)
$(1)>i(2)>e 0 e>i (§)=1
L,=1/(k -3)°. (2.12¢)
Special cases are
o
(o, 8=%)=—4x{1—( X"‘)}, (2.13)
- RN 9+
o0, 8-9=-1x1 -2 i [1- L0y g0y, (2.19)
0
o6, == -#x[1 - L1t @y - g0l x (0 0y - 8 (0 ay0r BOF, (2.15)
Equation (2.13) is the Dirac equation KG divisor, Ay =0(00) (=1 ™ g 1,i(L1), (2.19)
only in the Bhabha normalization instead of the
usual Y-matrix normalization. Equation (2.14) for -1
¢0‘ ’ (2.208.)

S

¢j#o(£(s))=|: (£i(1)£i(2)”'£i(l))j|’

i(1)>i(2)>e00>i(f)=1

(2.20Dp)

1

£=?.

k (2.20c)

The second form in Eq. (2.18) comes by taking the
characteristic equation (1.3) for a,, multiplying it
by (8,)**' and then transforming it to an arbitrary
system, yielding

(0+a) iAsjzo.

§=0

(2.21)

The extra factor (9 °a), of course, comes from
the subsidiary components (the 0 eigenvalues of
a,), and is not accounted for in the KG operator
of Eq. (2.16). This will cause D(9, 8 =n) to yield
extra pieces in the integer-spin Heisenberg inter-
acting fields, as we will see in Sec. V.

Special cases of Eq. (2.18) are

(2.22)

—-50(3 *a)?+ (8 *a)?], (2.23)
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- K 3 9
0,895 - 52 5000 a5 -

-1
+§—6[36t33 — 490R(8 *@)?+ 140(8 *a)* - (8 *a)°].

Equation (2.22) is the DKP Klein-Gordon divisor.
The special cases (2.23) and (2.24) agree with the
calculations of Nagpal,*® aswellastheg=0, =2, 3
special cases of Wightman’s®® Eq. (2.35) general-
ized Harish-Chandra®-"? KG divisors. Again one
can easily demonstrate that the special cases
(2.22)-(2.24) satisfy the defining Eq. (2.16).

III. CAUSALITY OF THE ¢-NUMBER THEORY

The method used by Velo and Zwanziger'™!® to
discuss causality in the c-number theory consists
of first writing the wave equation in the form

A3, x,C)p=(8*a+x+C)P=0, 3.1)

where € is a matrix describing the interaction,
and then solving the determinant equation

DetA(8, — in,, X, ©(8, =in,))=0 (3.2)

for n,, where A is that matrix piece of A which
will yield the highest powers of 8, in the deter-
minant. The z, are the normals to the character-
istic surfaces, so for the propagation to be causal
one wants solutions of », from (3.2) which are nev-
er tiinelike. This method is applicable if the ma-
trix A is nonsingular.

For Bhabha fields, with the minimal substitution

pi=by-e4,, 3.3)

the interaction —ieA, enters into the matrix ele-
ments of A only as 8;. Thus, the determinant of
the highest derivatives will have only the highest
products of 9, without any A, involved, so that

DetA(in,) = Det(in ) =0. (3.4)

9, ~9,=9, —ied,,

To rule out timelike #, one can show a contradic-
tion. (At this stage it is an assumption that such
solutions do or do not exist.) Suppose that a time-
like 7, existed as a solution to Eq. (3.4). Then one
could perform a Lorentz transformation to a
frame where

0=DetA = Det(in,a.,). (3.5)

But then taking the diagonal representation for a,
in the notation of paper II,

a,=block diagonal[89}, (8 - 1)93.,, . . .,
-(8 - 1)95-17 —895], (3-6)

one would have

i;—a)[-—‘;gmh 140(8 *a)? - (8 *a)?]

(2.24)

r

0= Det?\

= (ino)["s(s's )=a(0) ]Oa(o) ﬂ (S _j)za(j)’
J=(1/2,1)

(3.7)

where the a(j) are the dimensionalities of the j
eigenvalue block of a,, and the dimensionality of
the matrices of anarbitrary Bhabha algebra (8, S) is

d(8,S)=%(28+3)(25+1)

x[(8+1)(8+2) - S(S+1)] (3.8)
S
=a(0)+ . 2a(j). (3.9)
i=(1/2,1)

For half-integer-spin representations, there is
no a(0), so (3.7) implies the contradiction 7,=0,
ruling out timelike solutions. (The same argu-
ment can be used to rule out spacelike solutions
for the »n,. In fact, the solutions are lightlike;
i.e., the propagation is bounded by the light cone.)

Because of the factor 02¢°’ in Egs. (3.7) for integer-
spin Bhabha fields (the a, are singular), the above
method is not applicable there. Then one has to
use the method Wightman®%'°67 attributed to
Svensson™ and discussed in Ref. 50 for Dirac and
DKP fields. This method states that given the KG
divisor, if one can show that

s
o, s)a@)= JI @ -o-x/P+K, (3.10)
F=(1/2,1)
where K is a matrix whose principal part involves
derivatives of order less than those in the KG mul-
timass operator on the right of (3.10); i.e., less
than order (28+ 1) for half-integer spin and less
than order (28) for integer spin, then the fields
are causal whether or not the a, matrices are
singular.
From the general closed forms for the KG di-
visors given in Sec. II, this can easily be shown.
First one realizes that the term K is nonzero
only because the 95 do not commute,

(03, 8;]= —ieF,,. (3.11)

So, the maximum power of 9, in K comes from
that piece involving a single commutation relation
of the type (3.11). Since the maximum power of 9,
in the half-integer-spin KG divisor (2.11) is (28),
the product of D(87) with A(8™) will yield a maxi-
mum power of 9, of (28+1). Therefore, the maxi-
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mum derivative in K will be of order (28 - 1), two
orders less than that in the KG operator on the
right of (3.11), implying causality.

For integer-spin fields, one should start with
the form of the KG divisor given in Eq. (2.18b).
Then, in a similar manner, the KG divisor is of
order (28), meaning the product DA will have de-
rivatives of order (28+1), so that the maximum

J

D(87,8=2)A(87)=(8"+0" = m?) +eF,, [y, 7./ (49),

IV. CAUSALITY... 929

power derivative in the matrix K will be of order
(28 —1). This is one order less than the (28) maxi-
mum power in the KG operator on the right of
(3.10), so one has shown causality for Bhabha
minimally coupled integer-spin fields.

For reference, using the standard notation in-
stead of the Bhabha notation, the Dirac and DKP
explicit results are

(3.12)

D(8%, 8=1)A(87) = (378" —m?) + Z—i,% [+ B)F u,BuB, + F Bu(® * B)B,+ 8iF BB, By — OuF B, — F 008, ).

Finally we mention a method for investigating
causality which is potentially extremely powerful,
but for now is limited to interaction matrices with
constant coefficients. Wightman?®® used this method
to show noncausality for certain higher-multipole
interactions in the DKP spin-0 and spin-1 so(5)
representations (1,0) and (1,1). Specifically,
Wightman found noncausality for the couplings
Fuv[ﬁu: B,] and Guv[{ﬁur B} + %5uvﬁ *B] in the spin-0
case [F,, (G,,) is antisymmetric (symmetric) in
pv], and noncausality for the electric quadrupole
coupling 8,F,,(5+28°B)B,B,B, in the spin-1 case.
This last agrees with the Velo-Zwanziger'® Proca
field result, and lends further interest to the
calculation of Peaslee™ that (owing to the higher
order of the algebra and the associated deriva-
tives) the spin-1 DKP current has new dipole and
quadrupole moment divergences in second order
beyond the usual first-order charge and mass re-
normalizations.”™ " (These divergences do not
exist in the DKP spin-0 case, and perhaps em-
phasize the fact that, since [8,,8,] is a spin op-
erator, it would be curious to have such a coupling
for a spin-0 particle, even if it were causal.)

This method®*'®° states that the principal part
of the determinant of the entire matrix A will test

J

DetA” =Det(ip™ *v+m - kF [y, v,)/4i)
- (69" - G - mF

(3.13)

r

causality, versus the determinant of the principal
part .7&, as in Eq. (3.2). Thus, It is only necessary
that A be nonsingular, even if A is not. The prob-
lem is that this method has so far only been shown
to be a theorem for constant coefficients?3:®° [€ in
Eq. (3.1) is a matrix of constant coefficients.]
However, it still has two useful applications for
us. The first comes from observing that if we
were to assume this method is valid for noncon-
stant coefficients, we would, exactly as in Eqgs.
(3.2)-(3.9), come to the same conclusion of the
causality of Bhabha fields with minimal interac-
tion. This is a further®® indication that this
method may be able to be shown to hold for non-
constant coefficients, which would be a very im-
portant result, indeed.

The second application is in demonstrating the
difference between the Dirac and DKP cases for
F,, coupling. Assume constant F,, and 4, in p;.
Further, note that since both F,, and A, are con-
stant: (i) They should not be considered to be
mathematically related as in Eq. (3.11) but rather
both taken as fundamental fields; (ii) in taking the
determinant below, all matrix elements commute.
Then we have for Dirac and spin-0 DKP

(3.14a)

+12{8psp + (B X B)+ 4[(B 572+ (B D)1 - 2 (p3)2 + ()2 1(E2+ B2) + 2m2(E2 - B?) + (B2 - BY)?+ 4(E *B)?},

DetAP®P = Det(ip™* B+ m — kF , [B,, B,1/1)
= (=mf{m?p7)? = (57 - m?+ k3 (E? - B?)]

+k3[2p5p" + (Ex B) + (B +p)2+ (B+p )2+ (E *B) - (93)°B* - G)°E*]},

For Dirac the principal part being zero means

(3.14b)
(3.15a)

(3.15b)
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0=P(DetA?P)
=[ps* - ®°F, (3.16)
which implies causal solutions for these constant interaction fields. However, for DKP
0= P(DetAP¥F)
= —m{m3(p,2 = 52)+ k%[2pD *E X B+ (E D)2+ (B +D)? - p,2B2 - p2E2]}, (3.17)

which imp_lies noncausal propagation for nonzero spin-0 DKP coupling of the form Fu,[ﬁ,,, ﬁv]. For exam-
ple, take B parallel to p. Then Eq. (3.15) means

0= (p® - )1 - k*B%/m?), (3.18)
which allows noncausal propagation in a frame where
1=°B*/m?. (3.19)

This is the same type of mathematical solution that Velo and Zwanziger'” found in their Eq. (2.17) for
minimally coupled RS fields.

IV. ¢-NUMBER FORMALISM

In this section we will perform an indefinite-metric second quantization of the Bhabha fields. (For ref-
erence we list a few'*®® of the standard works which describe second-quantized formalisms.) Our
method is similar in procedure to the positive-norm multimass method of Baisya'®’?? and Nagpal,'® which
in turn is a generalization of the single-mass techniques of Katayama,® Takahashi,®"®® and Umezawa.3"%¢
(The clear second-quantized calculations of Akhiezer and Berestetskii®® for minimally coupled Dirac and
DKP fields are also very useful to consult.) Besides properly taking account of the indefinite metric, we
will also discuss the renormalizations involved in interacting second-quantized field theories. Ultimately,
this section is devoted to deriving the critical Eq. (4.53), which will be evaluated in Sec, V to show caus-
ality.

A. Free fields

The second-quantized Bhabha free fields and adjoint fields can be written as
dap - . - . ipex { Tod] - =ipex
¢(x)= Z I (211)372[a<p5.73 s)u(p,],s)e +b (p’]’ s)v(p,],s)e ]5 (4'1)
s

J(x )= ‘pf(x ),

d3 - — -ipe > . —_— . o x
= 12 I (T,,;:%a[a*(p,j,S)u(p,J, s)e™# %+ b(p, 4, s)(D, j, s)e*"*], 4.2)

r

whzre 17, is the adjoint operator defined in Eq.

are to be used for half-integer-spin fields, and
(13.47), and a(®,j, s) and a' (5,7, s) (6,7, s) and

commutation relations

bT(" ,j,s)) are the annihilation and creation oper-
ators for particles (antiparticles) of momentum ﬁ,
mass state X/4, and spin state s.

The annihilation and creation operators satisfy
the relations

[a@, j, ), a'(®", 5, s)]=[6®,J, 9), '@, 57, s")],
=7430;3:05,6° (P -D’), (4.32)
[a,al,=[b,0],=[a, b"],
=<++(all other relations)°*°=0,

(4.3b)
where anticommutation relations

[a, a'],={a, a"}=aa'+ a'a (4.42)

la,a").=[a, a']=aa' - a'a (4.4b)

are to be used for integer-spin fields. (We will
always take the upper sign for half-integer-spin
fields, and the lower sign for integer-spin fields.)
If one accepts the standard arguments about the
connection of spin and statistics,®"%® along with
the requirement of a positive-definite metric and
energy density, then one desires

Ty -—‘7',,. =9d;,, (standard requirements). (4.5)

However, because of their indefinite metric,%2-%*
Eq. (4.5) will not hold for the general Bhabha
fields, as we will explicitly show.
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Proceeding with the formalism, Egs.(4.1)-(4.3)
imply that
_ dsp ., -
[lpa(x); Zpﬂ(x’)]*: zj: f ii;r%[FaB(xr x', P, ])
+ F;B(x’ x,’ 5,])]1
(4.6)

Fog(x, %, 5,5) =755 3 ua(B, 4, )
S
X (D, §, s)e ==Y (4.7)
F;B(xyxly gyj)ETjj 2 :Ua(ﬁyjas)
S

X 58(5,].’ s)e-ipa(x-x')‘ (4 -8)
For the well-known Dirac case (2x=m, 2a,=Y,),

j=z, Ty=1, 4.9)
- 1 : ipe (x=x’
F;B(xyxly p, %): _2_E5)a5(zp; Szé)ew ¢ )7
(4.10)
. - 1 . mipo (xmy?
Fozﬂ(x7 x" P, %)=+ ﬁbaﬂ(_zp; 8=%)e e (xmx )7

(4.11)
with D4(9, 8 =3) given by Eq. (2.13), so that
{9a(®), Ta(x")}” = —iDyp(d, 8=3)[A"(x - 27, 2X)
+ A (x = x', 2X)]
= —iDy4(0, 8=3)A(x - &, 2X),
(4.12)

where A(x — x’, X/j) is the single-particle invari-
ant A function of mass X /j. For the DKP case,®
one has (x=m, a,=8,)

j=1, 7,=1, (4.13)

Foalr, 5,1 =2 L (ip g m)ei# =), (4.14)

Foglx, ', P, l)=§;:§ (ip °B+m)e” == (4.15)

so that

J

M(8=n+ 3)=block diagonal[+ 895, —(8 - 1)d;_,, + (8 - 2)9,.,,

M(8=n)=block diagonal[+ 895, —(8 - 1)9;_,, + (8 — 2)4;_,, .

The 95(8) are the mass state +X/j projection op-
erators and §,(8) is the subsidiary-components pro-
jection operator discussed in Secs. IIB and IIIC
of paper II (Ref. 2) and also in Egs. (5.10)-(5.22)

m

[4a(x), Ta(x)P*P = _,-g("’_'m[m_—(a'_é)_]}

X[A*(x - 2", m)+ A™(x - 2, m)].

(4.16)
Thus, since
( _§>A(x_x',x/j)=o, (4.17)
where
Ax - x', X/f) = &%(x = ', X/5) + &™(x = &', X/5),
(4.18)

then from the form (8, $=1) given in Eq. (2.22)
combined with Eq. (4.16) we obtain

[9a(x), Fo(x)PEP = —iD4(8, §=1)A(x - ', m).

(4.19)

In obtaining the results (4.12) and (4.19) for the
Dirac and DKP cases, the crucial signs come out
correctly because of the normalizations for the
quantities

S 7@, sy, s)= 3 u' @, s, )

=+1, (4.20)
353, )06, 5) = 01, s, 5)
=+1 (4.21)

for Dirac, and

#([E)Bu (D) = u'(®)n, B, u®)

=+1, (4.22)
17(5)34”(5) = ”?(5)77484'0 (E)
=-1 (4.23)

for DKP. These signs are due to the general Bha-
bha metric

M=na, (4.24)
which, from the defining equations (IA18) for 7,
and the characteristic equation (12.31) for a, with
a, diagonal, has the form

eon, (=1)32 /2388

(=1)52/2387 . ..., —(8 = 1)85._,, + 893], (4.25)
., (=1)3%182,09,, —(-1)%4;, . .., + (8 - 1)d;.,, -89;].
(4.26)

below. [The matrix M in (4.24) is also the A =4
case of the matrices &, =7,a, (no sum) defined by
Madhavarao, Thiruvenkatachar, and Venkatacha-
liegar.%]
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For half-integer spin, Eq. (4.25) shows that the
particle and antiparticle ground states +x/8 have
positive norms, the first excited states +x/(8 - 1)
have negative norms, and so on. The simplest
case (8=%) is the Dirac equation which has on-
ly positive-norm states. For integer spin, Eq.
(4.26), there is an extra minus sign. From Eq.
(IA18) this is due to the extra minus sign in 7,
caused by the extra subsidiary-components block
projected by §,.

Thus, for DKP where 8=1, although the particle
state has a positive norm, the antiparticle state
has a negative norm [this being the origin of the
sign difference between Eqgs. (4.21) and (4.23)].
The standard resolution of this most simple nega -
tive norm is the Pauli-Weisskopf®” device of say-
ing this is a charge probability density instead of
the particle probability density for the Dirac case.
But for 8>1, such a resolution is no longer pos-
sible for either integer or half-integer spin, since
the first excited state of a particle necessarily has
the opposite norm, oscillating back and forth with
each further excitation, with an added minus sign
for the antiparticle normalization of integer-spin
particles.

Going back to Eq. (4.3a), we can now see that 7,,,
is just the sign of the metric (except for zero in
the integer-spin subsidiary-components block), or,
as a matrix,

7= sign (M)
=block diagonal[+ 8}, -85.,,+ 9%, .. .,
18;.,, 65, +67). (4.27)

What Egs. (4.3a) and (4.27) tell us is that we are
quantizing the Bhabha fields with a metric similar
to the Dirac®” indefinite metric used by Gupta,®’®®
Bleuler, %10t and Heitler'® for the photon field in
quantum electrodynamics, but without the fortunate
happenstance of quantum electrodynamics that the
negative-normed states are eliminated by a cer-
tain subset of the positive-normed states. At this
stage the negative-normed states remain in the
Bhabha theory, but we can proceed with the gen-
eral quantization.

Returning to Eqs. (4.7) and (4.8), the normaliza-
tion methods of Takahashi®® and Baisya's’?? now
straightforwardly lead to

S i sV.(D i =—Tuﬂ)a!(ip)
;ua(pyjas)uﬂ(p’];s) ZEIX(S,j) ) (4.28)
- . p— +=7T o -1
zs: ‘Ua(p,], S)UB(p,],S)=—2iéj—®}—{%é’—-%)', (4.29)
3 2 2
x@,9= ]I (Z.‘r—"). (4.30)
w120 ok

Putting these into Eqs. (4.7) and (4.8) we see that

the 7,, quantities are all squared, so that Eq. (4.6)
will read

- _ . $ dSP
[Va(®), Pa(x")], = —iDo4(8) 12 f @rY2E XG5
X (—iei?** 4 je=it*x)
A(x - x,9 X/j)

.(xz/jz - xz/kz)
k=(1/2,1)
k#j

S
= —iD,4(9) ;

= _iDaB(a’ S)As(x "x')y (4'31)

which is to be combined with the other free-field
commutation relations

[wu(x); ZPB(x')]g = [aa(x)’ JB(’I)L = 0- (4-32)

A crucial point to be emphasized is that if we
had not used the indefinite-metric quantization
procedure in Eq. (4.3), then the second equality
in Eq. (4.30) would have had an alternating minus
sign within the sum, i.e., a 7;. Such a propaga-
tor,

Br-x)= Yo —AE=END g
7 I (x@/iz-x/Re)
kr=(1/2,1)
k#f

as we shall see in Sec. V, would not yield causal
fields with minimal coupling. The extra sign is
important.

We note that Baisya'®?? and Nagpal (at least at
first'®) avoided A; in another way. They kept the
ordinary positive-normed quantization, but then
confidered not the fields ¢ and i, but rather % and
i, Y being

d=7e(j), (4.34)

where €(j) was an undefined signed quantity, which
turns out to be our 7,,. However, with this method
the Hamiltonian is not metric-(pseudo-)Hermitian.
We prefer to have the Hamiltonian metric-Hermi-
tian and use the indefinite-metric quantization pro-
cedure. We feel this is the correct method. Ob-
serve, however, that in his recent paper®® Nagpal
considered the commutators [#(x), $(x’)], without
stating that he had used an indefinite-metric sec-
ond quantization instead of the positive-normed
quantization of his'® and Baisya’s'*’?2 previous
works. Strictly speaking, Nagpal’s®® use of Eq.
(4.31) is only proper if, unstated, he were using
our indefinite-metric quantization. [Of course he
could still use the fields ¥ and J with positive-normed
quantization to obtain the invariant function

Ay (x - x") and not A4(x - x").] Once Ay(x —x") is ob-
tained, though, the calculation proceeds as fol-
lows.
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B. Interacting fields

Having the free-field commutation relations
(4.31) and (4.32), we can now proceed to the in-
teracting-field case. Here we are dealing with
the coupled field equations

OA,(x)=+ie¥(x)a,¥(x) = -j, (%), (4.35)
A8, Xpare) ¥(X) = (8 *Q + Xpare) (%)
=ieA,(x)a,¥(x) =j(x), (4.36)

where A, (x) and ¥(x) denote the interacting Heisen-
berg photon and Bhabha fields.

Following, as we do in this subsection, the dis-
cussion of Chap. 8 of Ref. 88, X,,.. refers to the
fact that with the standard mass renormalization,
Eq. (4.36) with its bare mass should be changed to

A(a, Xbare 6x)\ll(x) = A(a, xobs)\I’(x)
=[(Ax)¥(x) +ieA, a,¥(x)]
=j(), (4.37)

where with our simple first-order equation, 6x
=AYX. Equation (4.37) (one hopes)allows the relation

(| f (x)| one-particle state)=0 (4.38)
to be satisfied so that in turn one can have
lim (a7 ()[p)=0, (4.39)

allowing necessary integrals to converge in the
K3l1én'® and Yang and Feldman'®® discussion of
the Heisenberg field operators which will follow.
In our case, since both j(x) and j (x) involve no
derivatives and are linear functionals of ¥(x), it
will turn out that the existence of a 6x#0 will have
no bearing on the resulting final form of the Heis-
enberg field commutation relations for ¥(x).
Therefore we will take

dx=4ax=0,

xbare: Xobs = X,

_;(X) = ](x))
with the knowledge that in our final results Eqs.
(A5.12) and (5.20) below, one could resubstitute
j (x) for j(x), etc., and still obtain the same caus-
al physics.

Continuing with the Killén-Yang-Feldman pro-

cedure, one defines the Heisenberg photon and
Bhabha fields as

Ay () :Zsl/zau(x)in

(4.40)

N f d*x'DN (x — ), (x"), (4.41)

() =2, Wi [ dS0 N -,

(4.42)
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One also defines associated auxiliary fields as a
function of a spacelike surface o,

8u(r, 022,78, (Wya+ [ d*Dlx = x")ju(),
(4.43)
U, ) =22 BY(a) - | do'S(x =) j(). (4.49)

In the above, Z, and Z, are the usual charge and
wave-function renormalization constants. The
auxiliary fields @, (x, 0) and ¥(x, o) are photon and
Bhabha fields which satisfy the free wave equa-
tions and commutation relations, and which be-
come the renormalized iz fields as 0=~ —«. The
propagator Green’s functions are

D(x-x")=A(x-x", m=0), (4.45)
DreV (x — x") =0(x, — x4)D(x - ¥’), (4.46)
S(x - x')=D(3, 8)A4(x - x'), (4.47)
Stet) (x - x') =D(8, 8)0(x, — %) As(x — x’), (4.48)

where 6(x) is the usual unit step function.
Denoting by (x/0) when x is on the surface o,
Eqs. (4.43) and (4.44) yield

G, (x/0)=2,'"2@, (x);,
. f T a6y - 3D — 1), (),

(4.49)
Px/0) =2, 3(x);,

- d*x'e(xy — %)S°(x — x’) j(x"),

(4.50)
where the superscripts ¢’s mean that x is under-
stood to be on ¢ in the argument. [We will now
drop these superscripts since the restriction (x/0)
in the integrands will not affect the rest of the cal-
culation.] Equations (4.41) and (4.49) trivially im-
ply, as in ordinary Dirac quantum electrodynam-
ics, that

Au(x)=au(x/o), (4.51)
so that the photon commutation relations
[A,(x),A,(x")]=16,,D(x-x") (4.52)

are preserved. Equations (4.42) and (4.50) yield
¥(x) = 90x/0) + | a*x'lelx, - ), (9, 9)]
X Agx—x")j(x")

=(x/0) +3 j”d'*x’[e(xo - x1),D(8,8)]

X Aglx - 2)j(x"), (4.53)
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where

€(x)=0(x) - 6(-x). (4.54)
Equation (4.53) is the critical one. We want to
show that

¥(x) = Y(x/0) (4.55)

so that the Bhabha free-field commutation rela-
tions (4.31) and (4.32) are preserved, meaning the
Bhabha minimally coupled fields are causal.

V. CAUSALITY OF THE g-NUMBER THEORY

A. Half-integer spin

From Eq. (4.53), the quantity we need to calculate is

Y =z3{ex, - %), D3, 8)]a4x - x)

(5.1)

S

S=1/2 . i i XY . Alx — ' /k
=S 0 3 (R g gt )6l - 50, (1 - )0 | 3 AEETND),
i=0 J=0 X (8: )

r=1/2

(5.2)

where in (5.2) we have used Eqs. (2.11), (4.30), and (4.31). To evaluate the commutator in (5.2) we recall

the Katayama®'!** result
%[E(xo —xé): au(l)au(z) °0e 8u(7)]A(x - x" m)

s

—1 A ~
) <E|——_m2> 2 (D% ** B @hian ¥

q=0
cyclic

X ((;i-a)«_

where 7 is a timelike unit vector and the super-
script s signifies the space part, i.e.,

#,=(0,0,0,1), (5.4)

85, =98, + 71, (1 *9), (5.5)
and cyclic means all interchanges of the type
7,9, = 7,9,.

Since in the commutator of (5.2) (8 *a)¥ is
a sum of products of an even number of deriva-
tives, take 7 to be even in (5.3). The first two

terms in the sum of (5.3) (¢ =0 and ¢ =1) are zero.

The factor in heavy parentheses of the ¢=2 term
is just [-@ -mz)], which cancels the factor in
large parentheses in front of the sum. The factor
in heavy parentheses of the g=3 term is

[-(8 *n)(O - m?)]. In general the q=2n= (even)
factors in the heavy parentheses are of the form

[@-0)*" - (A -m?)]
=[(-82)" - (A - m?)"]

- —(D _ ,mz) 2 (_842)”'1""(A _ mz)u

n=1

= (0 -m?) Z (_a42)n-l-u

x ;O (_1)"(3) A m2),  (5.6)

—m2)e/2
(A_;L)__ {[“ (-1)7]+[1 = (=1)9] G })54(:; -x'),

(= 9)

(5.3)

so that the —1/(0-m?) is cancelled, the power
series in (m?) goes to (m?)"*’, and the highest
power occurs when 2z=7%. The next term, g=2n+1
=(odd), has a factor of the form

(@~ 0)[ (7 +9)>" — (& —m?)], (6.7

so it has the same powers of (m?) as Eq. (5.6).
Now consider the second term in the commutator
of (5.2), the one which contains the [-(8 *@)/x] in
front of the 0'/(8 *@)?/. In the relation (5.3) this
would add to any particular g = 2% =(even) heavy
parentheses factor, like (5.6), a factor of the form
(5.7), and to any g =2n+ 1= (odd) heavy parentheses
factor, like (5.7), a factor of the form (5.6) with
n-(n+1). Further, the highest-power term would
be when g =7 +1=(odd), so that one would have the
same highest power of (m?), i.e., a factor like

~E oy - (a- iy, (5.8)

Putting all these factors together means that in
(5.2) the commutator times an individual particle
propagator A(x, -x’, x/k) can be written as [re-
member, O in (5.2) is a derivative to the second
power]
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9*a

-5, (1= =)0 Jate-x, w01 - }ni:osmo‘z, a,0,4,5,m) 3 (o3 ar(f)am(5)"

(5.9)

The matrices M(#, a, 9, 4,7, n) can be explicitly determined from (5.2), (5.3), and (5.9). However, except
for one case in Sec. VB, it will not be necessary for us to calculate the J’s. All that is necessary for us
is to know that they are nof functions of the mass (x/k). Putting (5.9) into (5.1) gives

S=1/2 i
Y= iZ: (Xzs-z’)Z(—l)s’l/z-“jd’su/2-t+f(l[s+1/2))

0 J=0

d = L bl 2 /p2\v
XZW(ﬁ,a,a,i,j,n)Z<—642)"""‘Z(-1>v<z)w z; < (/%)
=0 u=0 v=0 kal/2

But the square-bracket terms in (5.10) are just
the homogeneous symmetric functions &, of Egs.
(A3) and (A4), which here reduce to

)

since 0Sv<u<n-1<i-1s8-3%. (5.11)

Therefore, Eq. (5.1) for Y is zero, meaning that
the second term on the right in (4.53) is zero.
Thus,

¥(x)=9(x/0), 8 a half-integer, (5.12)

which in turn yields the desired result that the
field anticommutation relations are preserved for
the minimally coupled half-integer-spin Bhabha
fields, and so they are causal. (The well-known

oY x -x).
(OB/K = x2/1?)
I1=1/2
1%
(5.10)

—

Dirac field is, of course, a special case of our
result.)

Two final points: If we had not used the indefi-
nite-metric quantization, meaning that instead of
the propagator A4(x —x”) we would have had the
propagator Ks(x - x’) of (4.33), the term in square
brackets in (5.10) would have had the extra factor
T Then the quantities in the square brackets
would not have been the homogeneous symmetric
functions, so (5.12) would not have held, and non-
causality would have ensued. The indefinite met-
ric is necessary for causality. Also, because
(5.12) does hold, our result would have been the
same if we had used the renormalized masses in
the KG divisors and the propagators and also had
used the renormalized current ; of (4.37) in the
second term on the right-hand side of (4.53).

B. Integer spin

For integer spin Y is of the form

YE%[€(XO—I(’,), D(a, S)]As("-x') (5-13)
] i N 9 - ) $ -,
- DR S g (B e ), (1 -0 v |3 SELEH, 6.14)

k=1

where this time Eqgs. (2.18), (4,30), and (4.31) have been used. The discussion proceeds exactly as for

half-integer spin, up to the point where one has obtained

S i
Y= Z xz(s-i )=1 Z (—l)s-“jt,'bs.g.j(‘c{s})
=0

=0

i m=1 u s
x LM, 0,0,4,3,m) 2 (=02 (-10(4) a3
n=0 u=0 =0

(x*/k%)"
w1 f[ (/K = x2/1?)

1=1
1#k

64(x - 7).

?,

(5.15)
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But now the square brackets contain the homogene-
ous symmetric functions

b))

{0 for all 0Sv<u<n-1<i-1<8-1, (5.16)
1 for v=u=n-1={-1=8-1,
so that we have one piece remaining in Y,
s -~ .
Y= X'l Z (—1)j¢j(£(s}m(ns a, a’ 8’ 7, S)
J=0
X (=1)5"16%(x — x*). (5.17)

Now we need to evaluate (%, a, 9, 8, 7,8). Ob-
serving that M(#, a, 8, 8, j, 8) comes from the Ag,
term in the KG divisor of Eq. (2.18), we use the
second form, Eq. (2.18b), which eliminates the
term in the commutator (5.14) containing the
(=9 °a/X) in front of 0¥Y(8 *a)’. Then using Eq.
(5.3), one can see that

m(ﬁ: a,d, S, J 8)= ("1)28(7"Z ';'2)8-"(ﬁ .a)”
= (-1*7(-1)(a)¥

= (-1)%a?). (5.18)
This result obtains because, since [in the notation
of (5.3)] g=7=28, only (#,)’s and no (83)’s are
obtained on the right in (5.3). Of these (#,)’s,
(8 — 7) pairs of them are dotted into one another
because of the (8 — j) powers of O in the commuta-
tor. The 2j remaining (7,)’s are dotted into a’s
because the remaining original derivatives in the
commutator were.

Thus, putting (5.18) into (5.17) we have

S
Y=o 3 1@ R [0 -2).

(5.19)

But from (Al) or (2.16) the quantity in the square
brackets of (5.19) can be written as

| o Tes-7
11 (-

The 9,(8) are exactly the projection operators onto
the subsidiary components for arbitrary integer
spin defined in (II3.8); i.e., they are the general-
izations of the special DKP case operator

9,(1)=(1-9), (5.21)

which Sakata and Taketani'®~1°® first used for the
8=1 DKP system to decouple the particle-compo-
nents fields and Hamiltonian from the subsidiary

components quantities. They have the idempotent
properties necessary for projection operators

=9,(8). (5.20)

[90(3) ]2 = 90(8)’

(5.22)
5,(8)[1 - 4,(8)]=0.
Thus, (5.19) and (5.20) mean that
Y= -x"9,(8)6*(x - x*), (5.23)
which from (4.53) means that
¥(x) = Y(x/0) - 8,(8)x™"j(x) (5.24)
= P(x/0) - 8,(8)x*[ieA,(x)a, ¥(x)].  (5.25)

It is an informative and simple exercise to ex-
plicitly verify Eq. (5.25) for the cases 8=1 and
8=2, One combines the KG divisors for $§ =1 and
8=2 given in Egs. (3.22) and (3.23) with the §=1
and 8 =2 invariant functions Ag(x — x’) of Eq. (4.31),
and then uses the corrected'®*'!'° special case
commutation formulas for up to four derivatives
of Katayama®® and Takahashi®® to end up with the
result (5.25) with the correct projection operators
of Eq. (113.11),

9(1)=1-02
8,0 = Ko -4)(a,* - D).

What (5.25) tells us is that the commutation re-
lations of the physical particle components of the
fields,

(1 - 8p)%(x) =(1 - 9)d(x/ ), (5.27)

are preserved. That is, the physical fields are
causal. The extra piece in the subsidiary-compo-
nents equation,

9o(8)¥ (x) = 9,(8)¥(x/0) - 8,(8)x* j(x),

is the g-number analog of the 0%‘°’ factor obtained
in Eq. (3.7) if one tries to do the c-number prob-
lem for integer spin using the Velo-Zwanziger
method.

These two apparent noncausality problems are
resolved when one realizes that it is only the non-
physical subsidiary components that are involved,
and then handles the calculation accordingly.

Finally, the comments made at the end of Sec.
V A pertain here, too. The calculation needs the
indefinite-metric quantization of Eq. (4.3a) to suc-
ceed. Also, if the renormalized mass x,,, had
been used, Eq. (5.24) would still have been ob-
tained, only with j(x) = j(x), meaning the same
causal physics for the particle-components fields
would have resulted.

(5.26)

(5.28)

V1. DISCUSSION

In this paper we have demonstrated, in a simple
closed form, the causality of both the ¢-number
and the g-number arbitrary-spin Bhabha fields
with minimal electromagnetic coupling. The c-
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number demonstration was done with the Wight-
man® modification of the Velo-Zwanziger!'” 12
method, as this modification allows the integer-
spin subsidiary components to be handled without
further complications in the calculations.

The g-number demonstration was done starting
with an indefinite-metric second-quantization
technique, necessary because the entire Bhabha
system has negative normed states built into it.
Then, with the aid of the symmetric functions to
keep track of the many terms, causality could be
demonstrated in closed form for arbitrary-spin
Bhabha fields. For integer spin there is an extra
piece in the Heisenberg fields which at first glance
can appear to imply noncausality. But this extra
piece turns out to be entirely composed of sub-
sidiary components, so that the physical-particle-
components fields are causal.

In both the c-number and the g-number causality
demonstrations, the subsidiary components re-
quired a slightly special handling. (This, of
course, has been true in the calculations through-
out this series of papers.) Here the need for spe-
cial handling can be technically traced to the ex-
tra derivative in the integer-spin defining algebra.

For half-integer spin both the KG operator of
(3.1) and the defining Bhabha algebra [see the
characteristic equation (1.3) and its relation to
the entire “half-integer-spin KG equation” (12.35)]
are of order (28+1). This means that the KG di-
visor (3.11) has terms with derivatives up to a
maximum power of (28) =(odd). This number is
one less than the number of physical mass states.

For integer spin, the KG operator of (2.16) used
to obtain the KG divisor is only of order 28, even
though the defining Bhabha algebra [see (1.3) and
now the entire “integer-spin KG equation” (12.34)]
is still of order (28+1). Thus in the KG divisor
(2.18b) there appear extra nonzero terms with de-
rivatives of maximum order not of (28 - 1), but of
order (28)=(even). This number is now equal to
the number of physical mass states. These terms
are the 0°(d *a)*/ in the Ay;, and are the terms
which lead to the additional pieces in the subsid-
iary components of the Heisenberg fields. The ef-
fects of the relative extra derivative were limited
here to the subsidiary-components Heisenberg
fields because those were the ones where the ex-
tra derivative came from to begin with [the extra
derivative in (12.34) vs the KG equation (2.16)].

However, one can thus technically, as well as
physically, see what higher derivatives will do;
they will eventually lead to noncausality. For ex-
ample, one could find in place of Egs. (5.11) and
(5.16), homogeneous symmetric functions of the
type k., #(0,1). Another example is in the stan-
dard discussion'' of the RS (Ref. 12) spin-3 field,
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where noncausality is ultimately due to the im-
position of external constraint conditions which
involve derivatives.!” A related example, as we
mentioned in Sec. I, is Wightman’s®® demonstra-
tion for the DKP 8=1 case that [8,, B,]F,, coupling
introduces noncausality in the spin-0 representa-
tion. Here the problem is involved with the order
and eigenvalues of the algebra.

Given all this, it is the minimal derivative na-
ture (first-order wave equation with no external
derivative constraints) and the particular algebra
of the Bhabha system which leads to causality with
minimal electromagnetic interactions.

Thus, so far we have seen that the Bhabha sys-
tem is CPT and Lorentz invariant with a well-de-
fined multimass and multispin spectrum, and is
causal with minimal electromagnetic interaction.
However, at this point, as was discussed around
Eq. (4.24), one has an indefinite metric. Since
(for convenience in our representation of the a,
matrices) the different normed states are coupled
by & matrices, this metric implies that the stan-
dard quantum-mechanical probability (or charge)
density interpretation is in doubt, for in principle
unitarity can be violated by a nonconservation of
probability (or charge). This is despite the con-
served-current condition

9,7y = %[ieiaxd)]zo, (6.1)

which trivially follows from the free-field and ad-
joint-field equations (12.24) and (12.45).

We will discuss this further in paper V, where
we will concentrate on the indefinite metric and
its meaning, as well as its relation to generalized
Foldy-Wouthuysen transformations!!'~!!3 for vari-
ous-spin fields,'%"!?® and the Bhabha system in
particular.
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APPENDIX: SYMMETRIC FUNCTIONS

The elementary symmetric functions ¢,(x;,) of
the » quantities x; are well known.**™* They can
be obtained from the product formula

0= H (A - x.f) = iAk('l)"-k‘i’n-k(x(n}): (AI)
=1 k=0

and thus are given by
$o=1, (A2a)

¢r#0(x(n})

n
={ Z [xi(l)xi(z)‘“xi(r)]%- (A2Db)
FQ>i(@275m e i (r)=1 ,

That is, the function ¢, “is the sum of the (7)
products of  different quantities” x;.53

We also deal with the functions %,, where a can
be a positive or negative integer, or zero. These
functions are defined by

hemaOi) = 30 52—, (a3)
= };Il(yk -y,
itk
and have the properties®
ho1a1=0,
ho=1,

hy=¢,, (A4)
hy=hy &, — by,

.

n=1

hn == ;‘; (_1)"-b¢n-bhb'

For a> 0, these functions equal the “homoge-
neous symmetric functions” &), of Littlewood,>*
so we call the entire set (A3) and (A4) this name.
(Louck and Biedenharn® denote these i, by 8,, a
notation we avoid, so as not to confuse them with
the DKP matrices B8,.)

The result quoted in Eq. (4.31) for the form of
the multimass invariant A function comes from
considering a special case of Eqs. (A3) and (A4),

h’-n (y(m-l.]): 0

n+l 1

=;§j@k-y,.>'

itk

(A5)

Separate the (z+1)st term in the sum, to give

-1 1
]I':IL(yml—yi) k=1 (yk—yn+1)jIj[ (yk—yj)‘

itk

(A6)

Now let y,,, = =p* and ¥4, = X2/4%, and you have

1 - Z": 1
@+xe/i) & @2 exe/f100/k2 - x2/52)

j=1

ik

(A7)

But (p%+ x%/k?)™ is just the momentum-space rep-
resentation of the standard invariant A(x — x’, x/&)
function for a single mass x/k, and the left-hand
side of Eq. (A7) is the momentum-space represen-
tation of the multimass invariant A function.

Thus, integrating around the appropriate contour®
yields the desired expression for Ag(x - x’) in Eq.
(4.31),

Afx-x")= f_:

R=(1/2,1)

Alx = x’, x/F)
o oe/r -/

j=(1/2,1)
itk

(A8)
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