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The low-energy theorems for the scattering of massless bosons are discussed. Photon and graviton scat-
tering is examined in detail, using techniques which make no high-energy assumptions. It is shown that
the low-energy form for the amplitude is given by the dispersion-theoretic Born approximation, and that
the energy dependence of the neglected terms is determined by the spin of the scattered boson. It is demon-
strated that Schwinger terms and sea-gull terms do not cancel in gravity theory.

I. INTRODUCTION

ECENTLY, some attention has reverted to the

exact low-energy theorems for the scattering of
massless bosons off massive particles. These theorems
were first proved by Low! and by Gell-Mann and
Goldberger? for the case of massless spin-1 particles
scattering off spin-} systems, viz., Compton scattering.
Pais and Singh? have extended Low’s considerations to
higher energies, and Bell* has shown that Low’s ap-
proach does not contain any high-energy assumptions.
Abarbanel and Goldberger® have given a derivation of
the Compton-scattering low-energy theorem from an
S-matrix point of view, using the techniques of dis-
persion theory. Gross and the present author® used the
method of Abarbanel and Goldberger to give a low-
energy theorem for massless spin-2 particles scattering
off spin-0 systems, viz., graviton scattering.

The purpose of the present paper is to reestablish the
graviton-scattering low-energy theorem by a method
which minimizes the assumptions of the derivation.
Specifically, we show that this theorem follows, in a
model-independent fashion, from gauge invariance and
from assumptions about the analyticity structure of the
scattering amplitude at low energies. The present
argument differs from the methods previously used
to establish the low-energy theorems, in that the dis-
persion-theoretic results®® are established without use
of dispersion theory. In order to illustrate our argu-
ment in a simple application, we first use it in Sec. II
to study the case of photon scattering. Then, in Sec. III,
we given the low-energy theorem for gravitons. In
Sec. IV, we discuss the divergence conditions in gravity
theory, and show that Schwinger terms do not cancel
sea-gull terms in this theory.
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II. SPIN-1 SCATTERING, PHOTON CASE

We examine briefly some aspects of the usual deriva-
tions of the low-energy theorems. The dispersive ap-
proach®® has the attractive feature of using only
physically measurable quantities, since one works with
helicity amplitudes. However, a ‘no-subtraction”
hypothesis seems to be required, since one writes un-
subtracted dispersion relations for the helicity ampli-
tudes with their kinematical zeros divided out. This
state of affairs should be circumvented, because one
believes that low-energy behavior is independent of
subtractions. Moreover, the dispersive approach, as
applied to graviton scattering, suffers from further
shortcomings. First, the partial-wave expansion used
in determining the kinematic zeros fails to exist be-
cause of the long-range force between matter and
gravity, which arises from graviton exchange, and which
leads to a pole in the forward direction. Second, the
dispersive approach does not yield the optimal estimate
for the energy dependence of the neglected terms.
Specifically, the result obtained is that the neglected
terms are quadratic in the graviton energy; yet an in-
dependent argument can be given to show that they
are in fact quartic.® A final technical shortcoming of
the dispersive method is that a separate argument is
given for different spins of the target particle. As the
result can be stated in a fashion which makes no refer-
ence to the target spin, a more unified treatment is
preferable.

The method of Low,! in its original form,concentrates
on the evaluation of the time-time component of the
scattering-amplitude tensor. Evidently a specific theo-
retical framework, such as the Lehmann-Symanzik-
Zimmermann (LSZ) formalism, is required to give a
definite expression for this object. In addition to the
general assumptions inherent in this formalism, specific
assumptions about sea-gull terms and Schwinger terms
are made to arrive at the desired fact that the time-time
component is given by the time-ordered product of
charge densities. Although such assumptions can be
justified in definite models of electrodynamics, the
situation in gravitation theory seems to be more obscure.
Bell’s modification® focuses attention on the energy de-
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Fic. 1. Pole terms in scattering of photons.

pendence of the single-particle contribution, a program
we are unable to carry out for gravitation theory.

The derivation by Gell-Mann and Goldberger, as
discussed by Kazes,” exploits generalized Ward identi-
ties for the scattering amplitude continued off the mass
shell in all the variables. These Ward identities require
specific assumptions about the current commutators,
the Schwinger terms in these commutators, and the
sea-gull terms in the scattering amplitude. Alterna-
tively, one may assume invariance of the underlying
theory under gauge transformations of the second kind,
which then is sufficient to determine divergence condi-
tions (viz., Ward identities) for the four-point function.
Such assumptions can be readily made and justified for
electrodynamics. For gravitation theory, however, we
are unable to give the complete equal-time commutator
of the ““currents,” which are the sources of the gravity
field. Thus we prefer a different approach which does
not make use of Ward identities, so that no com-
muators are required.

Our approach, then, is the following. Consider
the scattering of photons, with initial (final) four-
momentum and polarization %, e* (£',e**), respectively,
off a target of arbitrary spin and initial (final) four-
momentum p (p'). (The polarization vector e* is com-
plex, and €*** is its complex conjugate.) The scattering
amplitude 4 is given by

(2.1)

where T, is the scattering-amplitude tensor, with
photon momenta continued off their mass shell, but
target momenta retaining their mass-shell value. The
polarization vectors satisfy z.e*=£,’¢**=0. Energy con-
servation is imposed, so that k+p=~k"+p'. T, satifies
a crossing relation

Tl-"’(k:k,) = TV#('—k,:'—k) ) (22)

which reflects the fact that, to every Feynman diagram
contributing to 7, there corresponds a crossed diagram.
Gauge invariance requires that3

T =k"T,,=0. (2.3)
In the following, it will be important that (2.3) holds
off the % and &’ mass shells.

7 E. Kazes, Nuovo Cimento 13, 1226 (1959).
8S. Weinberg, Phys. Rev. 134, B882 (1964).

A= EMG*VT,“. [ k2=k'2=0
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Our first assumption is that the contribution to T,
which is singular in % and %’ (in the precise sense to be
given below) can be identified and explicitly separated
from T,,. Call this singular part 7', 1t will not, in
general, satisfy the gauge condition (2.3). However, we
may add to TP a second term, regular in % and #/,
T, such that 7”,, summed with 7', satisfies (2.3).
We call the quantity 7',,*+7",, the gauge-invariant
pole term, and we have

Tw=Tw"*+T" w+ Ry, (2.4a)
kH(Typ2+1",,)=0, (2.4b)
k" (TwPe+T')=0, (2.4¢)

k*Ryu=0, (2.4d)
k"R,,=0. (2.4¢)

It is assumed that T,r°°47",, and R, separately
satisfy the crossing relation (2.2). Thus (2.4e) is
derivable from (2.4d), and similarly (2.4c) from (2.4b).
(We construct T',r'e+ 71", explicitly below.) The pre-
cise meaning of this regularity assumption may now be
given: We wish to conclude that the relations (2.4d) and
(2.4e) require that R,, be quadratic in the photon mo-
menta, or identically zero.

To see that is is true for regular R,,, we proceed as
follows. Considering R,, as a function of p, ', and %, the
last being arbitrary, we differentiate (2.4d) by &* to get

d
RW=—ko—Re.

Ok,

(2.5)
Thus if

lim —R®
=0 3,

exists, viz., if R# is differentiable by % at the origin,
then Eq. (2.5) indicates that R* is indeed linear in % or
identically zero. The crossing relation or the gauge
condition (2.4e) forces R* to be linear in %’ or identically
zero. Thus it is seen that the divergence conditions
(2.4d) and (2.4e) trivially enforce R* to be of order %
and of order . We show in Appendix A that in fact
R# is quadratic in the photon momenta. (Since £ and
B’ are not independent, this is not an obvious con-
sequence of the fact that R* is of order % and of order
%’.) When % and &’ are restricted to their mass-shell
values, this term is quadratic in the photon frequency.
Since no information is available about R*, we con-
clude that the terms whose form we can give explicitly,
viz., TP+71",,, yield a result accurate up to terms
quadratic in the photon frequency.

It is seen that the result that the unknown, neglected
term R* is quadratic in the photon frequency follows
essentially from that fact that there are two gauge
conditions (2.4d) and (2.4e) (or, alternatively, one
gauge condition and one crossing condition). When the
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scattered massless boson carries spin s, there will be 2s
gauge conditions? (or s gauge conditions and one cross-
ing condition). Thus we expect that for boson spins
higher than 1, the low-energy theorem will be valid up
to terms of order boson frequency to the power 2s.

Returning to our discussion of the photon low-
energy theorems, we discuss the calculation of the
gauge-invariant pole contribution 7P+ 77,,. One
method of doing this is the following. We take for
T ,*' the expression given by the single-particle inter-
mediate-state Feynman diagrams which arise in the
covariant Feynman-Dyson perturbation theory. The
vertices and propagators in these diagrams are the
complete, physical, renormalized quantities. The ap-
propriate expression is summarized by Fig. 1. Then we
explicitly construct 7”,, so that the sum T,rle+7",,
is gauge-invariant. This procedure, which is carried out
in Appendix C, is rather complicated, and uses the
Ward identity for the vertex opeator, which is a con-
sequence of gauge invariance, but does not require
current commutators, only current field commutators.
However, we assert here that this explicit calculation
is irrelevant, because our second method, which we now
describe, immediately gives T,,*°'*-7",,. In the above,
we have argued that once a gauge-invariant pole term
has been separated from the scattering amplitude, the
remainder is necessarily quadratic in the photon fre-
quency. But we can obtain this gauge-invariant pole
contribution by simply calculating the Born approxima-
tion for the scattering of light off a system whose single-
photon-emission amplitude is governed by the appro-
priate form factors, all evaluated at zero argument,
viz., total charge for spin-zero targets, charge and
magnetic moment for spin-} targets, etc. That this
expression is gauge-invariant is assured by the under-
lying Lagrangian formalism used in calculating the Born
approximation. That this is the entire pole contribution
is assured by the fact that the emission of physical
photons is governed by form factors at zero argument.

To make the above considerations explicit, we for-
malize the argument as follows. Start with 7,r° as
given by the single-particle Feynman diagrams of
Fig. 1. This is certainly the entire pole contribution, but
it is not gauge-invariant. Thus

Twrele=TH(p,p+k)D(p+k) T (p+k,p )+ T (p,p— k')
XD(p—k)THp—F,p'). (2.6a)

Here T'* is the complete vertex operator and D is the
complete propagator. No commitment about the degrees
of freedom of the target is made, and it is understood
that (2.6a) is restricted to the p and p’ mass shells.
Many form factors contribute to (2.6a), since the vertex
operators appearing there always have one leg off the
mass shell, e.g., T#(p,p+k&), with (p+4k)?#m? We now
note that an expression which is simpler than (2.6a), but
which has the same poles and residues as (2.6a), and
hence can serve just as well for 7,,7°'°, is obtained from
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(2.6a) by replacing the propagator D by D,, the bare
propagator with a pole at the physical mass. Further,
the form factors with one leg off the mass shell may be
replaced by form factors with both legs on the mass shell.
Hence we use for T',,*°l°, instead of (2.6a), the formula

Twroe=To*(p,p+k)Do(p+k)T¢ (p+k,p")+To (p,p—k')
XDo(p—k)To*(p—k,p'). (2.6b)

I'¢* contains the subscript to remind of the fact that
any form factors appearing in a covariant expansion
of T'¢* have both legs on the 7 mass shell. These form
factors are functions of the photon momenta k2, %’2,
which we do not as yet take to be on their mass shell.
The expression (2.6b) is not, in general, gauge-invariant;
so we still must construct 7”,,. When k2=%'2=0, (2.6b)
is simply the gauge-non-invariant pole term of the
Feynman-Dyson Born approximation to the scattering
amplitude for light off matter, where the electro-
magnetic interaction is given (in momentum space) by
To*(p,p+k) | 12=0 (e.g., total charge, magnetic moment,
etc.). But we know how to calculate the additional
terms which are required to make such pole terms
gauge-invariant : Simply calculate the lowest-order scat-
tering amplitude in a gauge-invariant theory where
the interaction is given by To*(p,p+k)|s*=0. Thus
we can certainly given 77, |i*—?=0. Now, proceeding
to the physical amplitude, we have

T | reprio=To*(p,p+k) Do(p+R) T (p+k,p) | k2=t =0
+T¢(p,p—F)Do(p—Ek )T (p—k,p) | k2=1r2=0

+ 77| g0 HO0(w?) . (2.7)

(Here w is the initial photon frequency.) This is the
desired result. The scattering amplitude, up to terms
quadratic in the photon momenta, is given by what is
seen to be the Born approximation in the dispersion-
theoretic sense. The explicit calculation in Appendix B
serves to confirm the above result.” We point out that
the above holds for arbitrary target spins.

As a concrete example of the above, we work out the
standard result for spin-0 and spin-} targets. For spin-0
targets, (2.6a) gives the Feynman-Dyson pole terms
with

Le(p,p+k) =L (2p+k)* f(m?,(p+E)* k%)
+krg(m?, (p+k)%E%) ]

We have decomposed the vertex operator into the in-

(2.8)

9 A subtle point arises in connection with this solution for
TyPole+T7,,. We have succeeded in giving 77, | x2=r?—0, which is
all that is required for physical applications. However, it is not
obvious that this solution is unique, viz., that if we could obtain
the form of 7", when k27%054k’2, that the limit of this 77, as
k? and k'2— 0 is the above-given 77,,|s?-k2=0. Explicit calcula-
tion for spin-0 and spin-§ targets does in fact show that the solu-
tion is unique. Furthermore, the calculation in Appendix C also
shows that the solution we give here is the correct, unique solu-
tion. I am indebted to Dr. J. S. Bell for calling my attention to
this point.
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variant form factors f and g. Recall that total physical
charge ¢ enters through

fom2m20)=e, (2.92)
and that charge conservation requires that
g(m®m?k?)=0. (2.9b)

Instead of the pole term (2.6a), we may consider the
pole term (2.6b), which differs from (2.6a) by nonpole
terms. Therefore, we use (2.6b) with

Lo(p,pt+k) = (2p+k)* f(m*m*k?) ,

Do(p)=(p*—m*)~". (2.10)

When k2=£%"?=0, (2.6b) has the form

2p+k) 29" +F),

Lo a0 62( p+E)u(2p'+E)

(p+B)—m?
2p—k"),(2p"—k),
e2( k)2 —E) . (2.11a)
(p—F)2—m?

This is just the pole term of the Born approximation to
the scattering amplitude of light off scalar particles of
charge e. In a well-known fashion, to make this expres-
sion gauge-invariant, it is necessary to add a sea-gull
term —2e?%g,,. Hence

T’p.u l k=K' =0~ —232g“y’ (211b)
and ( w
2p+k)*(2p" ')
T | yrmpr o= €2 ? ? )
2p-k
(2p—Fk")(2p'— k)"
—e* ? ? 2e%g#+0(w?) . (2.12)
2p-F

This is the theorem for spin-0 targets.
For spin-} targets, we use (2.6b) with

To#(p,p+k)=v*F(m*,m*k?)
— ik "G (m?m2k?),
Dy(p)=(p—m)~".

The total charge ¢ and anomalous magnetic moment
w are defined through

(2.13)

F(m2m?0)=e¢?,

G(m?m20)=pu. (2.14)

When £2=£2=0, (2.6b) has the form

T wP'e| kg imo=(p) [y ue— ko ap JLp+k—m ™
X [vvetik o,0uu(p’)+a(p) [v.e+ ik “opop]

Xp—K—m T [ve—ik¢ouupu(p’). (2.15)

R. JACKIW
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It is seen that this is just the pole terms of the Born
approximation to the scattering amplitude of light
from a spin-} particle of total charge ¢ and anomalous
magnetic moment u. No further terms are necessary to
make this gauge-invariant, since (2.15) already possesses
this property, as can be verified directly. Hence (2.15)
is the total scattering amplitude up to quadratic
photon-frequency terms. This is the theorem for spin-}
targets.

III. SPIN-2 SCATTERING, GRAVITON CASE

We now discuss the low-energy theorem for spin-2
massless particles, i.e., graviton scattering, closely
following the previous analysis of photon scattering.
The kinematics are as before, except that the initial and
final polarizations are now described by two-component
tensors, which may be taken to be of the form

€uy = €u€y,

e*e,=0, (3-1)
and similarly for the final polarization tensor €**f. The
scattering amplitude 4 is given by

A= GM”G*aBTM,aB I k2=k’2=0, (32)
where T,,qs 1s symmetric in uv and in o8, and satisfies
the crossing relation

Tpv,aﬁ(k,k,)‘:: Taﬂ,p,y('—k,,""'k) . (3.3)

The polarization tensors are transverse e*k,= e**%’,=0.
The gauge condition requires that?

BFT wy,a8=k'*T yy,ap=0. (3.4)

We now assume 7,6, i.e., that the contribution

to T'p,p, which is singular in % and £/, can be isolated,

and that a regular expression 77,,,.s can be given so

that 7,ag”+ 71" 1,8 is gauge-invariant. Thus we have

Turap=Tur,ag®®+ T .apt+Ryvag,  (3.53)
RA(T w08+ T 1y ,a8) =0, (3.5b)

B (T a8+ T 1,a8) =0, (3.5¢)
kR ,05=0, (3.5d)
E'*R,a=0. (3.5¢)

It is assumed that T,qs°%, 7" u,a8, and Ry, s sepa-
rately possess the same symmetries as 7,43, and that
R, «p is regular in %k and %’. Further divergences of
Tu,ag®®+T" 4,08 and Ry vanish by virtue of the
symmetry in ur and of.

The divergence conditions on R,, ., the regularity
assumption, as well as the symmetries, set restrictions
on the £ and £’ dependence of R, 4. As in the photon
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case, part of the restriction is obtained trivially by
differentiation. We have from k*R,, .s=0 the result
that

i)
Ruv.aﬂ= — kw___va,aﬂ .
ok,

(3.6a)

Now differentiate %,%,R* *#=0 with respect to %, and
k. to give

3 d
RoW @8 2R o8

’

2RV B4 2,

’

v "

62

kb Ruvef=(),

(3.6b)

’ ’

I v

The symmetry of R#*:*# has been used in (3.6b). Then
(3.6a) substituted in (3.6b) gives

62

Rwv eb=1F .k, Rv-eB (3.6¢)

u Oley!

i.e., R#*8 ig quadratic in k. Crossing or (3.5¢) gives the
result that R#*# is also quadratic in %’. Hence R#*#
is quadratic in % and &’. In Appendix B we show how to
give a closer estimate for R#:*E. The procedure,
analogous to that of the photon case, is very involved
because of proliferation of indices. We therefore show
only that R#*# is cubic in the graviton frequencies,
and indicate how the proof proceeds to the end that
RwaB js quartic in the graviton frequencies. For the
simpler problem, where R#*f arises from a spin-0
target, the result that R#*# is quartic in the graviton
frequencies has been proven explicitly elsewhere.5

To complete the discussion of graviton scattering, we
need to give the gauge-invariant pole contribution
T .+ T 1y,ap. The pole terms include, in addition
to the single-particle intermediate states, a term which
has a pole in the crossed channel, and which arises from
the exchange of a massless boson between matter and
gravity. All the pole terms are summarized in Fig. 2.
The graviton-exchange pole is of the form (for physical
gravitons) a/k-k’. For fixed energy in the forward direc-
tion this diverges. However, for fixed angle there is no
divergence with vanishing energy of the graviton. The
reason for this is that the residue o also vanishes as
energy decreases to zero, which reflects the fact that
gravitons interact with energy. It is seen, thus, that at
fixed angle not in the forward direction, a low-energy
theorem can be given.

As in the photon case, two methods are presented to
calculate the gauge-invariant pole contribution. One
method is to take for T, . the expression sum-
marized by Fig. 2, and to calculate 77,, . explicitly.
This is done in Appendix D, where the Ward identity
for the gravitational vertex is derived. The second
method is the assertion that the gauge-invariant pole
contribution is simply obtained by calculating the Born
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Fi1G. 2. Pole terms in scattering of gravitons.

approximation to the scattering amplitude of gravitons
off a system whose emission amplitude for physical
gravitons is governed by appropriate form factors at
zero argument. The reasoning which establishes this
result is the same as in the photon argument. We do not
repeat it now, but merely illustrate it in the case of a
spin-0 target.
The pole contribution of Fig. 2 has the form

T#vyaﬁp°1e= I',,V(P,P—f‘k)D(P—f- k) Faﬁ(?"‘kjpl)
+Tas(p,p— kK )D(p—E)T W (p—k',p")
<o (k)

F+ U wv,ap,v(k R )W

Teo(p). (3.7)

Here T',, is the matter-gravity vertex operator, U, a8,vs
in the three graviton vertex; and d7®<¢(k)/k? is the
graviton propagator. Since we must perform the cal-
culation to lowest order in the gravitonal coupling G
(otherwise our assumptions about the pole structure
are not correct), we can take explicit, lowest-order
perturbation-theory expressions for Uy, and
dv%¢¢. We do not give these terribly complicated
formulas here, as they have been recorded elsewhere.®
The general form of the vertex operator is dictated by
Lorentz invariance and symmetry to be

Tw(p,pt+k)=1G{F1(p% (p+ k)% k%)
X [(zﬁu"l'kn) (zpv+kr)+k2guv_kukv ]
+Fao(p? (p+ k)2 k) kg — Rk ]
+ F3(p?, (p+ k)2 kD gt Fa(p% (p k)% k)
XLQpA-k et 2pA4-k)E,].

Gauge invariance forces F3 and F4 to vanish when p?
and (p-+%)? are on the mass shell. Fi(m?m?20) is deter-
mined by the mass of the particle, and in the above
form is 1.

Instead of using (3.7), we may replace it by another
expression which differs from it by nonpole terms. In
the first place, we replace the vertex operators occurring
in the first two terms of (3.7) by vertex operators where
both legs are on the mass shell. We note that in the
third term the vertex is already on the mass shell. Also,
we replace the propagators D(p) by (p2—m?) 1= D(p).

(3.8
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F16. 3. Sea-gull term in graviton
scattering.

b «
Thus we replace (3.7) by the expression
Tor,ep™'*=T ", p+k) Do(p+ k) Tag’(p+,p")
+Tas"(p,p— k) Do(p— k)T (p—k',p")
dvoo(k—F)
Gk
Lw'(p,p+k) = 2G{F1(m*,m* k) [ (2put-ku) (2p,+ k)
B2 kb Fam ) Rog— T} . (39b)

+U v,a8,v8(k,R") Pewo(P’P/) , (3.92)

In the second place, the last term in (3.92) may be
simplified as follows. It is a property of the explicit
formula for U ,,qp,v5(k,k")d7% <?(k—k’) that contraction
of this with terms of the form (k—#')%ge,— (ke—%'c)
X (k,—k',) gives no contribution. Hence F, does not
contribute to the last term of (3.9a).% Also, the contribu-
tion to the last term in (3.9a) from Fi(m2m2,(p—p’)%)
may be modified by replacing Fi(m?m?(p—p’)%)
=Fim2m®(k—Fk')?) by Fi(m%m?0)=1, since the dif-
ference is not singular, viz., the difference cancels the
exchange pole. Finally, we note that certain contribu-
tions to the first two terms of (3.9a) may be
dropped, since they are proportional to k%g,,—k.k,
or k'?gas—k ok's. Such terms do not contribute to the
final scattering amplitude. Thus the form for T, .s*!®
which we use is

T v, 0= 75 G2F 1(m?m? k) F1(m?m? k%)
X{Do(p+k)2putku) 2pstk) 28 atk o) (28 s+ k'5)
+Do(p—k")(2pa—Fk ) (20— k'6) 20" u— k) 29" — )}

drbee(l— k')

e

X3G(p+1) (ot

+UMV.aB.76<k;k’)

(3.10)
To calculate
T,/.ul,aﬂl k2=k'2=0,

we note that 7T,,,«sP| s2—2—0 is exactly the pole con-
tribution to the Born approximation for the scattering
of gravitons off spinless matter of mass 7. Such a pole
contribution is not gauge-invariant. The additional term
needed is a sea-gull, which is given in Fig. 3. The ex-
plicit form of this is calculable from the Feynman rules.
Therefore, T”,y,a8| x?=1'2=0 can be evaluated. Thus the
scattering amplitude up to terms quartic in the graviton

R. JACKIW
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frequency is given by the Born approximation.! Note
that only one form factor (at zero momentum transfer)
contributes, which is a surprising result; i.e., F; plays
no role in graviton scattering to this order.

The explicit calculation from the Feynman rules of
the sea-gull term and of the entire Born term has been
presented elsewhere.® We record here the final result
for the total cross section for unpolarized gravitons, in
the matter rest frame and zero graviton energy:

do 14-6 cos20+cos*d
—= %G4m2|:—~—~——} s (3.11)
dQ (1—cosb)?

where 6 is the scattering angle. The calculation in
Appendix D serves to confirm this result.

This completes our discussion of the low-energy
theorem of graviton scattering. We repeat that it has
been unnecessary to appeal to anything beyond gauge
invariance of the scattering amplitude and the identi-
fication of the gauge-invariant pole contribution.

IV. DIVERGENCE CONDITION IN
GRAVITY THEORY

It has been possible to give the low-energy theorem
for photons and gravitons, without reference to current
commutators or divergence conditions. For gravitons
these commutators are not known. In the present
section, we shall show that the derivation of divergence
conditions in gravitation theory cannot proceed in the
same heuristic fashion as in electrodynamics; that is,
Schwinger terms (terms proportional to divergences of
d functions) do not cancel sea-gull terms.

Let us first recall the situation in electrodynamics.
Consider the scattering-amplitude tensor M#, off the
mass shell in all the variables. Then the divergence
condition is?

kM v =D7Y(p"\D(p'~ k)T (p' — k,p) = T"(p/, p+ )
XD(p+k)D1(p).

On the mass shell this vanishes, as it must by gauge
invariance. This divergence condition is obtained either
by exploiting gauge invariance of the second kind of
the underlying theory, or by explicit calculation, using
an expression for the scattering amplitude, given by
the LSZ formalism. The second method requires the
knowledge of current commutators. Experience in
electrodynamics shows that for purposes of calculating
this divergence, one can prefend that M* is given by a
time-ordered product of currents and that the com-
mutator of the currents does not contain Schwinger
terms. (The true state of affairs, of course, is that M#
contains, in addition to the time-ordered product of
currents, sea-gull terms whose divergence just cancels
the Schwinger term in the commutator.)

(4.1)

10 Comments similar for those of Ref. 9 apply here.
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One might hope that a similar state of affairs obtains
in gravity theory. However, we shall show that this is
not the case.

In order to being the derivation of the analog of
Eq. (4.1) for gravity theory, we consider a four-point
function consisting of the time-ordered product of two
spin-0 matter fields and two currents—sources of the
gravity field. The complete source is the energy-
momentum tensor of matter and of the gravity field.
However, since we have no information here about the
gravity-field energy-momentum tensor, we shall assume
that we may take the source to be given just by the
energy-momentum tensor of matter. The effective
content of this assumption in the present context is that
the commutation relations of the complete currents
with themselves are the same as those of the matter
energy-momentum tensor. Having made this assump-
tion, it is straightforward to calculate the divergence
condition. The result is

kuMw-8=(p' =)D~ (p")D(p'~ k)TF(p—F',p)
— (p+EYT8(p',p+E)D(p+k) D' (p)
+(p—pyT8(p',p), (4.22)
B oM 8= — (p'+k")PD~(p ) D(p'+E )T (p+Fk,p)
+(p—k)PTe(p,p—k)D(p—k")D~(p)
+(p'—p)PT(p',p).

Equation (4.2b) follows from Eq. (4.2a) by crossing
symmetry:

(4.2b)

MereB(p,p'; k") =MEw(p,p's —k',—k).  (4.3)
Schwinger terms have been ignored in the derivation of
Eq. (4.2). The first two terms in Egs. (4.2a) and (4.2b)
represent the commutator of the source with the field,
while the last term arises from the source-source
commutator.

There are two things wrong with (4.2) as a candidate
for the divergence condition for the off-mass-shell
scattering amplitude. First, the gauge-invariance condi-
tion is not regained on the mass shell, since the term
(p—p'yTB(p’,p) does not vanish. Second, (4.2) is not
crossing-symmetric. By this we mean that if we sub-
tract &', times the first equation, (4.2a), from k&, times
the second equation, (4.2b), the result is not zero. Thus
the point of view familiar from electrodynamics, where
one ignores Schwinger terms and sea-gull terms, is not
effective in gravity theory.

We now enquire if we might modify the divergence
condition (4.2) in a simple fashion to overcome its de-
fects. In deriving (4.2), we have ignored the Schwinger
terms in the equal-time commutator of H® with
H*8, (H® is the matter energy-momentum tensor.)
However, it is well known!! that this commutator does
in fact contain terms proportional to derivatives of
the & function. If we concentrate on the first derivative

1 D. Boulware and S. Deser, J. Math. Phys. 8, 1468 (1967).
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of the & function, then it can be verified by model cal-
culations that the proportionality factors are linear
combinations of energy-momentum tensor compon-
ents.}"12 Thus, if single derivative Schwinger terms
are included, Eq. (4.2a) is replaced by

ka6 (/= kYD (p)D(Y' —R)T2(p—F',p)
—(p+k)TB(p ,p+k)D(p-+E) DY (p)
+(p—p) T, p)+kS o™ 6T w2 (p',p) .

The last, noncovariant term in (4.4) is the effect of
Schwinger terms. S,,,*!%f is a numerical tensor, generat-
ing the linear combinations of the vertex function T'v¢.
It is seen, therefore, that even if the relation (4.4) is
extended into some invariant form [for example, by
replacing the last term byk wWuet” @I ee(p’ $) ], so that
the entire equation also is crossing-symmetric, such
an expression cannot be the divergence condition, since
the first of the above defects persists, viz., it does not
vanish on the mass shell. Therefore the divergence con-
dition on the amplitude cannot be obtained by this
cavalier elimination of sea-gull and Schwinger terms,
which is valid in electrodynamics. To obtain the
divergence condition, one must carefully account for
these singular objects. Alternatively, one might study
the gauge invariance of the underlying Lagrangian. We
do not pursue these considerations any further.

(4.4)

V. CONCLUSION

We have given a general derivation of low-energy
theorems for the scattering of massless bosons of spin 1
and 2, using a technique which does not use any high-
energy assumptions; nor does it commit one to any
model for the exact scattering amplitude. We have
shown that the dispersion-theoretic Born approxima-
tion gives the scattering amplitude up to terms in the
boson frequency whose order is determined by the spin
of the boson. We do not discuss spins greater than 2,
since it can be shown that such massless bosons do not
couple at low energy.® We do not have a theorem for
spin-0 bosons. The reason for this is that the main
ingredient of low-energy theorems is the limitation that
masslessness, viz., gauge invariance, places on the
amplitude. These limitations are consequences of the
fact that a massless particle can exist in, at most, two
spin states. But a spin-0 object has only one spin state
available, so that masslessness does not place any
further restrictions. The physically uninteresting but
conceptually intriguing case of graviton scattering—
with its attendant pecularities—is thus seen to be com-
pletely tractable within conventional techniques. How-
ever, it is seen that divergence condition in gravity
theory cannot be given in the same simple fashion as in
electrodynamics, since the Schwinger terms and sea-
gull terms do not cancel.

12The first-derivative Schwinger term in the [H% H""]
(¢, m,n, =1, 2, 3) equal-time commutator is not of this form.
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APPENDIX A
We show that R#(p,p’,k,k’), which satisfies
Re(p,p) bk )= R“(p,p',— k', — k), (A1)
kRw=0, (A2)

must be quadratic in the photon momenta (under the
usual regularity assumptions). According to (2.5), we
have the fact that R is linear in k:

R =k Rw(p,p' k), (A3)

where we have eliminated %’ by the energy-conservation
relation. Crossing, viz., Eq. (A1), now gives

Rw = _'k,ame(P)P/’ - k/) .

We expand R*** in powers of &:

(A4)

Reee(p,p',— k)= Reo#o—kgRi#1*8(p,p',k) . (AS)
Equation (A5) is exact by definition, when
Ryre=R(p,p',p'—p).
Therefore, from (A4)
R¥=—F R**+Fk okgR1™1*5(p,p" k), (AG)
and from (A1)
Rw=FkoRo”*+kok'sRy*\*5(p,p',— k). (A7)

It is to be remembered that £’ in the above is not an
independent variable, but only short for p+%,—p'.

We almost have the desired result. It remains to
show that the first term on the right-hand side of (A6)
and (A7) is in fact quadratic in the photon momenta,
viz., that Ry is linear in (p'—p)=(k—%’). To do
this, we combine (A6) and (A7):
kaRe otk sRoH(p,p, k)

= —Fk'Ro#+k kgRi™\ B (p,p' k). (A8)
We equate terms independent of £ and linear in % to
get

(p—1")eRo*=0,
Ry~ Ro#e= (p—p')sR1*'%*(p,',0)
—(p—p")sReH5(p,p",p'—p). (A10)

Next we impose Eq. (A2) on (A7) and equate to zero
terms quadratic in %:

kuko[ Ro**+(p—p")sRr#128(p,p',p'— $) ]=0. (Al1)

To show that R¢*« is proportional to ’'— p, we assume

(A9)
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the contrary and prove it to be zero. Assuming that
Ry#= depends on P=p-+p’, but not on Q=p'—p, we
have from (A9), (A10), and (A11) the fact that Ro»= is
antisymmetric in all its indices and transverse to Q.
Since R¢*< is independent of Q, the only way that
QuRo*= can vanish is if R¢*“ is proportional to P¥, since
P-Q=0. But R¢*« is transverse to Q when contracted
with any index; thus Ro** is proportional to P*P’Pe,
which violates the antisymmetric nature of R¢**, and
proves the desired result.

APPENDIX B

We give a calculation for gravitons analogous to that
given above in Appendix A for photons. The problem
is almost intractable because of the proliferation of
indices. We therefore simplify it by showing only that
R ig cubic rather than quartic in the graviton
momenta. We consider R#*# to be a function of p, p’
and k2. We then have

k Rwe8=0,
Rev(p,p' 1) = R (p, ', — ).

Rw.eB js symmetric in w and in «8. We have from
Eq. (3.6) that

(B1)
(B2)

Ruw,af— kwk¢RW’aﬂ’w(P:P/7k)

=Kk ReBwwe(pp,—F).  (B3)

Rebwiwe may be chosen symmetric in we. Expanding

Raﬁ'“v'w{"’(?)ﬁ/:—k/)
= Ryt es— b Rusbwwor(p,p1 )

Roaﬁ’w’wwERaﬂ'“”'w¢(P>p/’Pl—P) ’ (B4)

we have

RwreB= k’wk’«pROaﬂ”w’w¢—kvk,mk’qaRlaﬂ’“y’w¢'7(p;17,ak)
=kwk¢R0uv,aﬁ'w¢

HE skok Ry e (p,p',— k). (BS)

Equating terms independent of % and linear in % in the
above yields

(p_P/)w(P_ Pl) ¢Ro°‘ﬂ""’,w¢= 0,
20— 1) eR 7= (p— )b~ '),

X_Rlaﬁ.ﬂv,w(0,7(p,P/,0) . (Bé)

Finally, imposing (B1) on the second equation in
(B5) and equating terms cubic in % gives

kukwk«p[ROW'aﬁ'mp"_ (P—P,)‘Y

XRyred0en(p,p',p'—p)]=0. (BT)

To prove that R#:%# is cubic in the photon momenta, it
is sufficient to show that R¢*-*f¢ is proportional to
(p—p")=(F'—Fk). We assume the contrary, and obtain
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from (B6) and (B7)

QngaRoaﬂ'”"'w‘p:O R
QwRoaﬁ,uv,w¢=0 R
Eukok Ry a80e=0,

0=p'—p. (B8)

According to the first two equations above and the
symmetry in we¢, we have that

Roaﬂ,uv,wqc’: PwP(pRoaﬁ,#v ,
P=p'+p. (B9)

The next-to-last equation in (B8) shows that k,Ro##
=0, which forces Ro*##" to vanish, and establishes the
theorem.

The proof to terms quartic in the graviton momenta
makes use of further constraints analogous to (B6)
and (B7), which may be derived from (BS). It is also
necessary to remember that R**f may be chosen to be
traceless in uv and a8. We do not pursue this proof any
further here, but note that the simpler problem where
Rwof arises from a spin-O target (or is spin-averaged
for higher-spin targets) has been solved explicitly
elsewhere,® where it is shown that R#:*f is quartic in
the graviton momenta.

APPENDIX C

We give an explicit calculation of the gauge-invariant
pole term T,roe47",, in photon scattering. We start
from an expression for 7',,P°'°, given by Fig. 1, and then
explicitly construct 7”,,. This approach is tedious, and
has the additional disadvantage that it requires the
Ward identity for the vertex function. The analytic
form of T,,r° is, according to Fig. 1,

Twrle=T,(p ,p+R) D(p+E)Tu(p+k,p)+Tulp o~ &)
XD(p'—k)T(p—k,p). (C1)

No specific commitment about the spin or the other
degrees of freedom of the target particle is made. It is
understood that appropriate wave functions sandwich
(C1) if necessary, and that p?=p’2=m? The tilde in
(C1) serves to remind us of this fact.

Next, we exploit the Ward identity for the vertex
operator, which, it is remembered, is also a consequence
of gauge invariance and requires no current commuta-
tors for its derivation:

k LH(p,p+k)= D~ (p+k)—D'(p). (C2)
Therefore
AT o200 = Ty(p p+-B) — T(p— ' ,p)— TP o)
X D(p+k) D= (p)+D(p")D(p' — k)
B B X f‘v(lb_ k',P)
= FV(P/)P+k)_F”(P_k,)P) (Cs)

The second equation in(C3) differs from the first by
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terms which vanish on the mass shell. According to
Egs. (C3) and (2.4b), we must have

k"T/;wr‘ - fv(P,)P+k)+ fv(P/_k;P) .

Since the only condition that 7”,, needs to fulfill is
given by Eq. (C4a), we may impose a further require-
ment consistent with (C4a), and that is that Eq. (C4a)
is valid also off the mass shell, viz.,

kT = —T,(p',p+R)+T(p'—k,p)
T/,w= T/’;w .

(C4a)

(C4b)

T”, is taken to satisfy the same symmetry as T,.

Once we have arrived at (C4b), we have made con-
tact with the method of Gell-Mann and Goldberger?
and Kazes.” Accordingly, we may take over theirresult,
which is that (C4b) and (2.2) are sufficient to determine
T”, up to terms quadratic in the photon momenta.
The form for 7", is

T a (p,p)—k a Tue(p,p)
w= dp“ vP,P dp” ule P:P

d
+E—Tya(p,p), (C5a)
dp*

a
PI‘(P’7P) [ P'=p- (CSb)

ap’

PMIG(P)P)_;
The expression for the scattering-amplitude tensor may
be taken to be

Sw=T"(p,p+k)D(p+E)TH(p+k,p)+TH(p',p—F')
XD(p—k )T (p—Fk,p)
’ (p,p)—k ’ T#4(p,p)
dp bP dp,, la(D,P

"
d
+E'—T\2(p,p), (CO)
dpu

Tw=3Sw4+0(w?). (C7)

The term in S*, independent of the photon variables,
can be simplified, using the differential form of the
Ward identity:

SOWE FV(P’P)D(P)FM(P;P)+ P“(?:P)D(P) Pv(?r?)

I(})
VPP
d

= D—l(p)(d D(p))p—l(p). (C8)

ud Py

Finally, we note that any contribution to S**, propor-
tional to p* or $”, may be ignored, since in the end, p is
taken in its rest frame, and the polarization vectors
¢ and € may be taken to have zero time component.
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APPENDIX D

We give an explicit calculation of the gauge-invariant
pole term 7' 08”477 ,4,08 in graviton scattering,
analogous to the above derivation in photon scattering.
For simplicity, we restrict ourselves to spin-0 targets.
The pole terms are given, in addition to terms analogous
to those of Fig. 1, by a term which arises from graviton
exchange. Thus we take T',,,45%°' to be given by terms
whose diagrammatic representation is as in Fig. 2, and
whose analytic form is

T uv,a6”= Tog(p',p+E) D(p+E) T (p+E,p)
+ f‘”v(p”P_ k/)D(p'— k,) f‘aﬁ(ﬁ—k',P)
dveee(k—Fk')

—-(k—_WUw.w,qa(k,k )-

+f‘7‘5(P/7P) (Dl}

Here T'44 is the gravity-vertex operator, D is the matter
propagator, d%<¢(k)/k? is the graviton propagator, and
U co,u,ep 1s the three-graviton vertex. The tilde reminds
us that the target is on the mass shell. Since we are
performing the calculation to lowest order in G2, we
may take the lowest-order perturbation expression for
a7 o(k—k')U cp,uv,a8(k,k’). The explicit, complicated
expression for this has been given elsewhere.® We do not
offer the details here, as the only property we shall
need is that, on the p and p’ mass shell,

aroee(k—k')

kﬂf‘ﬁ(?l;p) (k.—-k')z Usp,w,aﬂ(k,k/)
= (k/_k)vf‘aﬁ(?lyp) -—k“F“a(P',P>gyﬁ
‘k”f‘uﬂ(plrp)gm . (DZ)

This follows from the explicit form of the lowest-order
graviton propagator and the three-graviton vertex.
(It may also be true more generally.)

Next, we shall need a Ward identity for T'wg(p’,p). To
derive such an identity in the usual fashion, it is neces-
sary to know the commutator of the matter field, with
the time component of the current, viz., with the time
component of the source of the gravity field. The source
of the gravity field is the total, symmetric energy-
momentum tensor density, which is the sum of the
matter energy-momentum tensor density and the
gravitational-field energy-momentum tensor density.
However, the gravity tensor, because it does not in-
volve any matter variables, commutes at equal times
with the matter-field operator. The zero component of
the matter tensor is just the four-momentum density.
When the usual assumption, that the density of the
generator of an invariance group does not contain
Schwinger terms in its equal-time commutation relation
with the fields, is made, then the relevant commutator
for the present problem is determined to be proportional
to the derivative of the field operator. Finally, since
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the field operators themselvse commute at equal times,
we have for the Ward identity of gravitation theory for
scalar particles the following expression:

kI (p,p+k) = p' D=1 (p+k)— (p+E)yD7H(p) .

This Ward identity plays a role analogous to that of the
Ward identity of electrodynamics. Thus one derives in
the usual fashion the (weak) equivalence principle from
(D3). Using (D1), (D2), and (D3), we can give the
divergence condition which determines 7”,,,qg:

'_k#T,pv,aﬁ= k”?#V,QﬁDOIezPi‘f‘dﬁ(plip—i—k)
—P"lraﬁ(P:_k/)P)_ (k’"‘k):f‘aa(Pl,P)
+k”Pua(pGP)gVﬂ"!'kﬂruﬂ(P':p)gw' (D4)

Finally, we set the ansatz that 7”,,,ag= 1", 48 Where

kuT" w.ap= — psTap(p',p+ 1)+ 2\ Tag(p—k',p)
+ (B —k)Tap(p'p) — k*T ua(p,0) g8
—k“‘r”ﬂ(p,p)gva, (DS)

and T, s satisfies the same symmetries as T, q8-
T"u,as may be determined from this equation. The
complete calculation through terms cubic in the graviton
momenta is very involved. We do not give it here, but
merely verify that the present considerations give the
correct zero-energy form. 7/, s, to zero order in
graviton frequency, follows from (D3), and is given by

(D3)

d
T”nv,aH: —%Pv Faﬁ(?r?) - %‘?n““raﬂ(%?)

dp* ap
—388Tua(p,p) — 58vaT us(p,9)
—38usTra(p,0) — 38uals(P:) -
The total zeroth-order scattering amplitude is

Suv,aﬂz Paﬂ(i’:p)D(p) FuV(?rp)'}’ Fuu(P>P)D(P)Faﬂ(P:P)

(Do)

d d
+Tos(0, ) i ap— 50— ap(p,0) — 55— as(p,)
dlb“ dp"

- %gVﬁF#a(P;P) - %gmr#ﬂ(P:p)'_ %guﬂrva(P’p)
—38uel'8(p,9)

T iy ap=Sp,ap+0(w). (D7)

[In offering expressions (D6) and (D7), we have sup-
pressed terms which do not contribute to the final
result; viz., expressions proportional to g or g*f, and
terms antisymmetric in u and », or @ and B, or w
and of.]

Examining (D7), we see that Sy,,qg is given by three
parts. The first part, comprising the first two terms in
(D7), is the contribution from the single-particle inter-
mediate states. The second part, consisting of the third
term in (D7), is the graviton-exchange contribution.
The expression F7° ,, . is the limit of

(a7 o(k— &)/ (k=) U cqpm,as(kE)
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as k and &’ go simultaneously to zero in all their com-
ponents. The third part, consisting of the remainder of
(D7), is the additional term which must be added to
maintain gauge invariance. In perturbation theory, it
corresponds to the “sea-gull” term pictured in Fig. 3.

The expression (D7) may be simplified. For this we
shall need the differential form of (D3):

3
T (p,p)= PE-D“(P)—g*"D“‘(P)- (D8)

[This is not manifestly symmetric in e and ¢. Symmetry
is established by recalling that D-'(p), for spin-0
particles, is a function only of p?, so that p<(8/dp,)
XDY(p) is proportional to p¢p®.] Next, we recall that
the scattering amplitude is given by contracting the
above with e*¢ and **€*8 with ete,= ¢**e*,=0. Also,
p may be taken to be in its rest frame, and the polariza-
tion tensors may be chosen without a time component.
Hence terms in (D7) proportional to p#, p*, p%, pP, g»,
and g*# do not contribute. It is seen that the first two
terms in (D7) do not contribute. The third term does
contribute. In the remainder, the only terms that are
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not proportional to a momentum are those that involve,
e.g., gfT'»>, However, from (D8) it is seen that I'*« ig
proportional either to a momentum, p#p*, or to DY,
which vanishes on the mass shell. Thus in the zero-
energy limit we may take for S, ap

Swia= FW(P,P)FW,WMS )

i.e., only the graviton-exchange term contributes. We
insert (D8); the portion of I'y; proportional to g7®D!
does not contribute, since D! vanishes on the mass
shell. Thus

(D9)

oDX(p)

Iu'-aﬁ=P‘Y aps F‘Ys,;w.aﬂ~ (Dl())

D! has the form (p2—m?)(1+2(p?)), where Z(p?)
vanishes on the mass shell. Therefore the final result

for the zero-energy scattering amplitude for gravitons
off spin-0 particles is
Spw,aﬁz 2?7?5F75,vp,aﬂ=2m2F°°,,,,,,a,g. (Dll)

The cross section which follows from (D11) is then
given by (3.11).
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It is proposed that all symmetry-breaking interactions H* are of the current-current form, and a calcu-
lational method suitable for obtaining sum rules is developed. The method essentially is to express the
matrix elements of H* in terms of the matrix elements of the double commutator of H* with SU (3) generators.
When the method is combined with the technique of reducing a pion, it can be shown that the S-wave ampli-
tudes of both the triangle relation and the Lee-Sugawara relation of nonleptonic decays correspond to sum
rules of photonic decay amplitudes and semileptonic decay amplitudes of hyperons.

1. INTRODUCTION

ARIOUS consequences of broken SU(3) symmetry
do not depend on the specific form of the sym-
metry-breaking interaction but only on its transfor-
mation properties or on the postulate that the sym-
metry-violating processes are dominated by tadpole
diagrams.! Nevertheless, the description of nonleptonic
decays in terms of the weak Hamiltonian of the current-
current form?
H"’dﬁjk]nj]nk: (1)

has been useful in correlating the experimental data,

_* Work supported in part by the U. S. Atomic Energy Commis-
sion.
1S. Coleman and S. L. Glashow, Phys. Rev. 134B, 671 (1964).
*Y. Hara, T. Nambu, and J. Schechter, Phys. Rev. Letters
16, 380 (1966). )

where J,* is expressible in terms of quark fields ¢ as
Jib=igv(1+vs)hgq=V,.r+ 4,5, (2)

and p=1, ---, 4, k=1, .-+, 8.
Then, the following equal-time commutation relation
holds for
Hi'\'d.;jk]“"],.k ,
[Qi’Hj]___ [Q5i,Hj]___ ifﬁka ) (3)
(O ]=ifinr®,

where

Qi(xe) = —1 / &3x V4i(x,%0)

Qs(wo)=—1 f @*x A4¥(x,%0)



