
PHYSICAL REVIEW D VOLUME 2, NUMBER 12 15 DECEMBER 19'lD

Interaction of a Gauge-Independent Spin-One Field*
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In a recent paper we considered a massive spin-1 Geld that was gauge invariant, at least in the free-6eld
case. We pointed out that when we have an interaction in order to maintain the gauge invariance we had to
impose certain conditions on the source functions. The object of this paper is to construct the interaction
Hami1tonian and to consider the consequences of these conditions.

I. INTRODUCTION d.~(ct):

where

~ 'HE gauge-invariant spin-1 field can be described d„q, ——asLd, q(8)d„(8)—
zE„(8)dpi'(ct)

j
by a skew-sytTiinetric second-rank tensor obeying [(g m~)/2m2j(b „b +b b „) (1 8)

the equations

(a —m')$„„=0,

4 p.+4"=0

l3plPpv =0.

These equations can be combined into the single
equation

d, i,(ct) =b.),, m'ct.-8i„

It is clear that, in addition to spin 1, both spin 0 and
spin 2 will props, gate through the last term in (1.8). It is
easy to see that if the interaction is such that the
equation of motion becomes

where

A.,„,(ct)$„„=0, (1.2) imp- p(~)4" (*)=J..(x).

then to retain (1.4) we must insist that

(1.10)

A„„„(ct)=—,'( —m') (5„.l„—h„,b..)
g (bvp8pctv bvvctpctp bppctvctv+bpv8vctp)

,'m'(bp—,b—„p+bppb„,) . (1.3)

Ke have shown' that this formulation leads to a com-
pletely gauge-invariant free-field theory and that if we
make the identification

2eepvvp~v~p z

the theory is identical to the Proca 6eld when the gauge
is 6xed.

If there is interaction present the situation becomes
much more complicated. The propagator is' '

J„„(x)+J„„(x)=0,
ct„J„„(x)=0.

This means that there exists some vector or pseudo-
vector current or their linear combination J„such that

Jpv ~26~„0pB J& &
(1.12)

where J, is not necessarily conserved. Thus the gauge
invariance leads to restrictions on the type of inter-
action Lagrangian possible.

In this paper we investigate some of the properties of
this spin-1 meson theory. In Sec. II we calculate the
interaction Hamiltonian for the interaction of the
meson 6eld with a baryon 6eld and in Sec. III we
illustrate certain properties of the 5 matrix.

and

&pvvp(&) = a (&pv&vp happ&vv)

(1/2m ) (bvpctpctv —bvvBpctp

—L(& —m')/2m'j(bp. b "+bppb-) (1.7)

The Klein-Gordon divisor dp.„(B)can be expressed
in terms of the Klein-Gordon divisor of the Proca 6eld,
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~Throughout this paper we have adopted the notation of
Ref. 2.

4g„=1 for p. =y=1, 2, 3; =—1 for p, =~=4; =0 otherwise.
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II. DETERMINATION OF INTERACTION
HAMILTONIAN

Consider the Lagrangian

Ov+CD'+ + i tZzz (2.1)

ZD = —g(x) (q„a„+M)B(x)

~'-z =Gep-.L~.C"(x)1I:~(x)~p&(x)j.
(2.2)

For simplicity we shall consider the real-6eld case, i.e.,
Pp„=ter„„.Then this Lagrangian lea, ds to the equation of
motion

(2 3)

where Zo is the spin-1-meson free Lagrangian given in
Ref. 1,
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J„„(x)=-Gp„.„a.LP(x)y,B(x)]
=GO.fp„„.,B(x)y,B(x)g (2.4)

where e„ is a unit timelike vector, i.e, ,

(2.15)

where

—(y„8„+M)B(x)=J(x),

J(*)= —G"-.L~.4"(*)3v p&(x) .

(2.6)

The interaction Hamiltonian can be calculated using the
general method outlined in Ref. 2. The first stage of the
calculation is to define the two auxiliary fields fp„(x/a)
and B(x/a-) in terms of the Heisenberg 6eld operators.
The Heisenberg operators are dehned by

—=GB.J„..(x) .

This J„„(x) satisfies the restriction (1.11) and also

J"(x) =J"(x).
The baryon field 8 obeys the Dirac equation

Using Eqs. (2.14) and. (2.11), we can express the cur-
rents in terms of the auxiliary 6elds:

J(x/a) = Gp—„„„(B,&„„(x/a))y pB (x/a)
+G ppvT pppvctlT+T+IRB (x/a)

XY.B(x/a)y„B (x/a), (2.16)

J„„(x/a)=GO, p„„.,B(x/a)y, B(x/a) . (2.17)

(B(x/a), SC;„,(x'/a, pi) j=jd(a)a(x x')—J(x'/a),

Llt p„(x/a), 3C;„i(x'/a, Pi) 1
=idp„„(B)h(x x')—J.p(x'/a) .

(2.18)

Ke now calculate the interaction Hamiltonian using the
equations

it „,(x) =Zp"'f„,(x)+G d'x'

X&.d„.s(~)&' "'(x—x')J.p.(x'), (2.8)
~;„,(x/a, ~) = —G.„„„P,4„„(x/a)3B(x/a)&.B(x/a)

+-', G'pi, N.J„„.(x/a) J„„,(x/a). (2.19)

B(x)=Zp"'B(x) — d4x'Si""(x—x') J(x') .

Then the auxiliary fields are defined by

The general theory states that the interaction Hamil-
tonian BC;„&(x,n) can be obtained by simply replacing
the auxiliary fields in (2.19) by the original field opera-
tors. Making this substitution and setting

P„,(x,a) =Zp"'P„,(x)+G d'x'a. d„„„,(8)J„,.(x'),
we anally obtain

2.10

—~BypB= Jp,

B(x,a) =Zp"'B(x) — d'xS(x —x') J(x') . K;„(x,e) = —2;„(x)+O'LJ,J,+ (ptJ)'). (2.21)

P„„(x/a) =g„„(x)+G

Ke have also performed the calculation of the inter-

Fro Eqs (2 8) (2 10) we th t B( / ) ~( ) d action Hamiltonian for other interaction Lagrangians
which lead to source functions consistent with the

00 restrictions (1.11).' In particular, we have performed
0 x the calculation including the isospin index explicitly.

—00 This calculation proceeds exactly as above and we ob-

XLg(xp x ) g d (g))g(x x )J (2 11) tained an analogous result.

We now make use of Eq. (1.7) and find that the second
term vanishes, i.e.,

III. 8 MATRIX

Also,
P„.(x/a) =&„„(x).

To second order in G, the 5 matrix for the interaction
(2 12) described. by the Lagrangian (2.1) is

B,gp„(x/a) = B,g„.( )+xG d'x' 5= 1+i d'x'. 2;„(x'):

XL8(xp —xp ) 8 8 d„.„(8)jh(x x')J„(x')—. (2.13)

After a lengthy calculation, we find that in this case not
all the normal dependent terms disappear. %e are left
with the expression

8,$„„(x/a)= B,gp„(x)+Gn, e J„„(x), (2.14)

d'x'(-,'G')pi, pi J„„(x')J„.,(x')

( i)'—
d4x' d4x" T(Z;„,(x') Z;.,(x")). (3.1)

2t
' For example, one can include a term P P»p», so long as ) Qnz.
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e „ id„„)„(B)dg(x —x')5X~aJp appv pvtvv 0

X~~, t,&t'J,(x'

&& T*(J,(x')J, (x")) d4xd4x'

So,

d' ' d4x"T"(Z;.,(x'), Z;„4d x
21

x' J„„.(x'). (3.2)+z dx 2 a ai 4 '(-G22)2z,zz,zJ„„.(x )

—8 Jr(x)52 I;(x—x')Br'J„(x'

+L(
—B.J„x)LBr8.5c(x—x')58('J„(x'

I8 J x) LB,B,d e(x—x')58r'J„xP

X2zL~,J„(x)

a ae x—x')5ar'J„(x'2i)/m25(B, J„(x)[8-„8.he x—' ' x'

—a„J, x)[BrBpz)4c(x x')—58r'J„(x—z)

+L~rJ.( )( ). ,
d4x' d'x

a 3.7) into the form

I

an cast . i

nt, x

b parts, we ca,Integrating yx" + (33)

5=1+i d'x'. 2; x' . (3.7)x —~„J, x)5L ~,(x—x')5~P„(x') ).

(3.9)

becomes

= (2i/zzz')8, .6(x x, .—— ' 3.10

XT*(Z;„,(x), Z...( ))

d4 ~n at lea, st to $(&) —G' d4x d xatrix calculation, at eas
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—p„„„, ', O'Acx —x"= &a ppv&). vrqL&dpvt I c

Ph s. Rev. 183, 1318 (1969).' E. Kyriakopoulos, P ys, 18 1969).

becomes

I' = ——
), a, —B,)(B.—B.)W.pI', = —— do), LWp), il, —,

8

(3.12)+W.p 4l,—,-p ~. ~ )(P- ~-)Wp~5,
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where

W y ——(8 Vp —BpV.). (3.13)

Vp~ Vp+Bph.

IV. CONCLUSION

(3.14)

The stimulus for starting this investigation was a
paper by Kyriakopoulos' in which a similar model was
considered but in which the antisyxzimetry had to be
imposed separately. This led to several diS.culties in

It can easily be shown that P, is conserved and, as we
have shown in Ref. 1, Po is positive definite. Expressed
in this form, P', is manifestly invariant under the gauge
transformation

applying the general methods that we have used. In
addition our approach has led to a completely gauge-
invariant formulation in the free-field case and also in
the interaction case if we impose the conditions (1.11)
on the source functions. These conditions limit the
possible terms in the interaction Lagrangian. For ex-
ample, a term gBo„„P„„B. is not possible for the inter-
action of a baryon and meson field. Ke have shown that
the terms that are permitted in the interaction
Lagrangian lead to effective interaction Hamiltonians
for 5-matrix calculations'that are just equal to —;„&,
thus obeying Matthew's rule.

It is also interesting to note that for 5-matrix terms
containing only internal meson lines the tn —& 0 limit
exists.
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Inclusion of Toiler-Angle Dependence in the Multi-
Regge Integral Equation, DzNNrs Sn.vERMAN AND

CHUNG-I TAN LPhys. Rev. D 1, 3479 (1970)j.
Equations (6) and (8) should contain factors like
Lf(t~', s&~', t~")/p2$""~'&. The denominator p' was
missing in the published text.

We would like to stress that the derivation of our
integral equation, Eq. (9), involves only dynamical
assumptions, i.e. , the parametrization of production

amplitudes. No kinematic approximations to the
phase space have been made. Equation (20) then
follows as a consequence of multiperipheralism.
These results do not correspond to the weak couPling
limit, contrary to claims made recently in literature.

We would also like to point out that we have been
informed recently of the work by E. Byckling and
K. Kajantie, Phys. Rev. 18'7, 2008 (1969), which
covered related topics, but with diA'erent emphasis.


