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Using the Ward-Takahashi (W-T) identity and the Bethe-Salpeter (B-S) wave equa-
tion, we investigate the dynamical requirements imposed by electromagnetic gauge in-
variance on Compton scattering from relativistic composite systems. The importance
of off-shell rescattering in intermediate states, which is equivalent to final state inter-
actions in inclusive processes, is clarified in the context of current conservation. It is
shown that, if the nuclear force is nonlocal, there will be both two-photon interaction
currents and rescattering contributions to terms involving one-photon interaction cur-
rents. We derive the two-body W-T identity for the two-photon interaction currents,
and obtain explicit forms for the interaction current operators for three illustrative mod-
els of nuclear forces: (a) two-pion exchange forces with baryon resonances, (b) covariant
separable forces, and (c) charged one-pion exchange.
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lation. The nonlocal NN force has been well approximated by introducing a
number of heavy mesons {29] whose Compton wave lengths are even shorter than
the size of nucleon, or by a superposition of local Yukawa functions for 12 dif-
ferent mass parameters [30). These local models give fairly a good description of
the phase shifts. For example, the local “¢”-exchange is a good approximation
for the nonlocal force [31] generated by the two-pion exchange mechanism with
excited baryons (Fig. 1b). Another source of the nonlocality is the quark-gluon
exchange process, which generates a short-range NN repulsion, and this becomes
nonlocal if it is expressed as an effective NN interaction [32, 33]. In spite of these
interesting, clearly physical mechanism, it is hard to distinguish local interactions
from nonlocal ones within the context of elastic NN scattering.

If the electromagnetic field is present, however, we may expect a new mech-
anism to take place as a consequence of the nonlocality: within the nonlocal re-
gion, d = |z} — x| ~ |25 — z2| in Fig. 1a, the photon field may interact with the
charged constituents participating in the nonlocal interaction, V(z}, z5; 21, 2).
For example, a photon may interact with a pion or an excited baryon in the two-
pion exchange potential (Fig. 1b), or couple to a quark in the quark exchange
process [34]. In this way, interaction currents (Figs. 2a and b) are induced by
nonlocal nuclear forces, and this happens even if the effective nuclear force does
not involve any charge exchange.

Much attention has been paid recently to two-photon processes, such as the
polarizability of the nucleon, including the effect of the pion cloud [35]. The
dynamics of the # N system involves a nonlocality through the propagation of
A (and/or the Chew-Low type [36] iteration scheme) for the annihilation and
creation of pions. The method developed in this paper becomes extremely useful
in dealing with this topic, including photo-pion production from a nucleon.

This paper is organized as follows.. We start in Sec. II with a study of the
electrodisintegration of deuteron using the conventional impulse approximation
and final state interactions. The need for interaction currents when the forces are
nonlocal is demonstrated. In Sec. III we study the Compton amplitude including
the impulse and off-shell intermediate scattering processes. In Sec. IV the one-
photon interaction current and its rescattering processes are introduced, and we
show that the result is not gauge invariant unless two-photon interaction currents
are introduced. In Sec. V we derive the two-photon interaction current operators
from three simple models of NN force: (A) two-pion exchange interactions with
baryon resonances, (B) covariant separable interactions and (C) the one pion
exchange (OPE) interaction. By an extension of the results obtained by Gross
and Riska [24], it can be shown that the results we obtain for the two-photon
interaction currents are not unique, but this will not be discussed further in this

paper. We summarize this work in Sec. VI.

Throughout this paper (except for the interaction current derived from the
OPE in Sec. V) we consider charge non-exchange nuclear forces only, in order to
present the discussion in a simple and efficient form. We focus on the interaction
currents required by the nonlocality of the nuclear dynamics. We also restrict
ourselves to a nuclear two-body system, i.e., the deuteron, for simplicity. We
believe that these ideas can be extended to three-body systems described by
Faddeev equations, and to relativistic dynamics based on the Gross equation,
but these extensions will not be presented in this paper.

I1. ELECTRODISINTEGRATION

In this section we show that interaction currents are required if the forces
are nonlocal, even if there is no charge exchange. As a simple exercise, we in-
vestigate the dynamical structure of electrodisintegration process, and this leads
to the consideration of Compton scattering. Here, we assume that the relativis-
tic composite system (the deuteron) is described by the Bethe-Salpeter (B-S)
equation, and we use the matrix representation [37] for the two-fermion system.

A. Impulse amplitude and Final State Interaction
The B-S equation for the scattering matrix (Fig. 3), M(k', k; p), is given by

EQPS A»\. k:uv = «\QUEQQK. kwﬁv

. ﬁ&bwt
+i \ Vagier(K', k"3 p)Saxs ?=+ mv Myoersn (K", k5 p) Sere (R~ mv (2.1)

(2)*

where k' = (p} — p) and k = 3(p1 — p2) are the relative momentum of two
nucleons in the final and initial states, and p = p; + p2 is the total momentum.
Here, Sop(q) = [f—m + ..LMM is the propagator for the nucleon, and greek
characters are used for the Dirac indices. The solution has the form,

Tap(k'; D)Tsy(k; )
p* - Mj

Mapsy (k' k;p) = + Rap;s4 (k' k; p), (2.2)
where the first term represents a pole term due to the lowest bound state with the
mass Mp, and R(K', k; p) is regular at that energy. Inserting this expression into
Eq. (2.1) and taking the residue at the ground state pole; euwuwam (p® — ME) x
Eq. (2.1), we get the wave equation (Fig. 4) for the bound state vertex, I'(k; p).
Defining the B-S wave function by ¥.g(k; p) = [S(k + &)T'(k; p)S(k — )] ap? W
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This mnzm&ov expresses the violation of current conservation in the IMP + FSI
amplitudes in terms of the nuclear potential and the off-shell scattering matrix.

We now distinguish two cases. If the interaction is local and energy-
independent, it depends on the momentum transfer only, and V(k',k;p) =
V(k' — k). In this case the contents in each square bracket in Eq. (2.10) vanish
identically, and the IMP+FSI amplitudes satisfy current conservation. This is
the fundamental reason why conventional approaches using local potentials work
for the electrodisintegration problem. If the interaction is nonlocal, however, cur-
rent conservation is not satisfied by these IMP+FSI processes. The violation of
current conservation depends on the nonlocality, and is related to the difference
between the nuclear potential with the photon momentum (g) inserted before the
interaction, and afier the interaction (see Fig. 6). These terms do not cancel for
nonlocal interactions, except for the ¢ = 0 case. We must find a way to recover
current conservation.

B. Current conservation and Interaction Currents.

It has been shown [24-26] that there is usually a two-body electromagnetic
current associated with a two-body nuclear interaction (referred to as the in-
teraction current), and that even a charge-nonexchange interaction can gener-
ate an interaction current, J#(k', k; [p, g]), if the interaction is nonlocal [26] (see
Fig. 2a). This is because the electromagnetic field can interact with the charged
constituents within the nonlocal interaction region. Here, k’'(k) is the relative
four-momentum of the two nucleons in the final (initial) state, and p is defined to
be the total momentum before absorbing a photon with the momentum ¢. From a
study of elastic electromagnetic form factors using the bound state B-S equation
and the one-body W-T identity one obtains the following general expression for
the divergence of the interaction current

QE.NMEQ&AW\‘ k NF.QHVUQNV —ﬂ\ Ak M- k: H Bv - «\Ak\ xu+ M » H+Qv~9m.4h.

(2.11)

This two-body W-T identity is a necessary condition which any dynamical model
of the interaction current must satisfy. Now we add the interaction current and
the rescattering of interaction current to the amplitude of electrodisintegration, so
that all possible processes first order in the electromagnetic coupling are included.
The amplitude for the direct interaction current process (DIC), Fig. ¢, is given
by

Mip(010) =i [ 2t (b= 24 Lk -2 ) 0ac (- 5),

and the one for the rescattering of the interaction current (RIC), Fig. 5d, is given
by

A% [ d ;P
B =_ -2 (I AU
Map(RIC) = \ @n)? \ @y Mapine ? AL B ER AT v
xSip(k" + e (8 - E+ 2,0 =25 1y, é
xSxy (k' ~p) Woe (K = 2 ; uv (2.13)

By using Eq. (2.11) we observe that the divergence in the DIC and RIC ampli-
tudes cancels with the one in the IMP and FSI processes,

gu[MP(IMP) + MH(FSI) + M*(DIC) + MF(RIC)} =0.  (2.14)

The total amplitude, M#(IMP)+M#(FSI)+MH#(DIC)+MH#(RIC), is gauge in-
variant.

The two-body W-T identity is a general constraint which must hold for any
model of the nuclear force. It is a necessary condition which the interaction
current must satisfy. It shows that interaction currents exist but does not tell us
how to find them. In Sec. V we will complete the discussion by deriving explicit
forms for the interaction current operator in three different models, and show
that the operators we obtain satisfy Eq. (2.11).

III. COMPTON SCATTERING

In this section, we apply the procedures developed in the Sec. II to Compton
scattering. First we consider the impulse (IMP) amplitude and the intermediate
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ﬁn Bn ﬂn

x«\qis A\nt .l M l M.w\ I m. I Mmﬁ..v .m..;Qni I BVG\E A»\ .I .m I MK&.VW
2 dik dik! 4 ,

=¢ @n? ) (2n)° (¥ (Ks; )" S(k + Q)] op {O}passy Trs(Kispi), (3.52)

where we have used the bound state wave equation (2.3a) at the underlined parts,
and

..| n
(OYpasor = Vot (k=5 = 1 = 5= 3im)

.IE@Q%Q Akll.*.b »\ll+m.ﬁ+©v

d'k " "
(2r)* Mpa;pr(t,t";p + Q)Soan (k" + Q)

XVarpri69 Awt - w. - m. k'~ m T4 ﬁ.v Spr \.Awn - p), (3.5b)

+i

where " = k" — £ 4 2. Using the scattering equation (2. C to replace the second
term in Eq. Aw.wg, Sm get the following compact expression,

14 41
0,0 (IMP)+ € (BSI)] = ¢} \ m% / m% (ks Sk + Q).
X\N.be.&n Ab - k\ - Mw .Q + Wv G&Qﬂﬁ.wﬁmv. Aw.am.v

where T(k,k’;p,q) was defined in Eq. (2.10). Likewise, the divergence of the
crossed term is

q1» [C* (IMP) + C** (FST)]

_ dik ik — , q
Ia @) Awav»GQuAN?Evnwn by Aw+ w.w +m.m+ g Q- MV
x [S(E' — Q)y" (K i;p:))y5 - (3.6b)

The violation of current conservation is again expressed in terms of
T(k',k;p,q) defined by Eq. (2.10). If the interaction is local and independent
of energy, the Compton amplitudes C**(IMP)+-C#* (FSI) +-C* (IMP) +-C#* (FSI)
are gauge invariant because T vanishes identically. We emphasize that C*¥(IMP)
and C*”(IMP) are correlated through the 4* terms, which cancel only when both
terms are present, and hence all of the diagrams in Figs. 7 and 8 are needed.
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If the interaction is nonlocal, the sum of all of these processes is not gauge in-
variant, except for a special case with the momentum of the photons is zero
(T = 0 for Q = ¢ = 0). This is the principal conclusion of this section. In the
next section, we introduce the additional currents, associated with the nonlocal
dynamics, which are needed to conserved current.

IV. TWO-PHOTON WARD-TAKAHASHI IDENTITY

In Sec. II, we discussed the role that the interaction current, with rescattering,
plays in the electrodisintegration process. If the interaction is nonlocal these
additional terms are necessary to give a gauge invariant amplitude. In this section
we include the same terms in the Compton scattering case.

A. Impulse and Interaction Currents

We now include all possible processes to order ep? which arise from the lowest
order impulse (~ ep) and interaction (~ ep) currents. Many diagrams are gen-
erated through different combinations of these basic elements, with and without
rescattering by M. It is very efficient to use a unified current obtained by adding
the impulse current, iepy*, and the interaction current J§ = JA( k', k; [p, q]):

TheisoK ki a) = I+ 08, (4.1)
where
p
3 = 5 (1) oot (¢4 3).

This current is illustrated in Fig. 9. The extra factors in J{' convert this one
body operator into a two-body form, so that both currents in Eq. (4.1) have a
standard two-body structure. The neutron current, J, is zero in the examples
discussed in this paper. We can systematically generate all the processes of order
ep? by evaluating the four types of diagrams shown in Fig. 10:

CH(WXY Z) = C* (W) + C**(X) + C**(Y) + C* (Z). (4.2)

These diagrams are obtained by replacing the one-body current operators with
the unified current, J#, in the IMP, FSI and their crossed diagrams, Eqgs. (3.1a)
and (b) and Eqs. (3.2a) and (b). Note that each of these diagrams generates four
separate diagrams through the choice of J{' or J§ for the coupling with the first
and second photon. We distinguish them by the subscripts “1” (for J{') and “3”
(for J§). For example, the diagram in Fig. 7b is denoted as C#*¥(X;,) and the
one of Fig. 8a as C*¥(Y11).
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x[(1- st + Qs - D) wkis)]

dik’
Awﬂvn.m.incntu*.gv T\nb.»& A\nl _pr m.k\I p M.Bl Mv
—Vepirg At\l 4 m O 5t w ﬁ 8,5 (" — py¥or (Kii 3)
. [ d% 4% " " v Q ~ u Q
n.\ (2! \ Gy + D)Moy, T 225 2,09 g
. E T q P q._ ¢
xSgs(k" =~ P)Syr(k + Q) [Vowra (B~ 5~ 3.¥ =5~ 37— 3)

Vosin (F= 2+ 28 -2+ Lp4Q) | S0 F - ¥ (Kiim). (49)

Here Eq (2.11) was used again. Using the wave equation for the scattering matrix,
Eq. (2.1), the underlined parts of the above equation cancel and (4.6) reduces to

*S\M\wdm

= ¥ (K i pi) ~ i Am?: +Q)S™ (k' - mvvé Uos(Ki"'5 i)

the 4th term becomes

{4th term} =S, (k" + Q) [ST1 (" - Dyu(k” - £ - 4; )51 (" - p)| S =p)

=Sy (k" + Q)SGI (K" — 3)HrsK” = 5 — Zim),

and cancels the 2nd term. Likewise, the 5th term cancels with the 3rd term.
Only the 1st term remains to contribute to Eq. (4.5), so we conclude that

q1v[C** (Wa1) + C** (Was) + C*(Ya1) + C*¥(Ya3)] '
dik dik’
=€ Awa.va Aws.v» Dntm.?ﬁsv

X.N%Rg A&A&. K — M + I._ _.,B.*. Q, Inw“_V G.«QANA:FV AA mv

The remaining four amplitudes in Fig. 12, C*¥(Xs,), C**(X33), C*¥(Z31) and
CH¥(Zgs), are listed in Appendix B. The divergence of these amplitudes can be
obtained in a similar way, and the result is

q1u[C* (X 31) + C*¥ (X 33) + C*(Z31) + C* (Z33)]

. dik dik' (Ky3p))
' =€ Yap(Kyips
sk 4 QM (¥ - B+ -2+ L5 4Q) 54+ - ) (@)t J @r)?
xJ§,. Abllllwm\ lllnve K 4.9
x| (St + @)s~1(k - ) egé_ m passy [p 2] ) Crs(KLipi). (49)
n
diE From Eq. (4.3), Eq. (4.8) and Eq. (4. 3 the divergence of the total amplitude
(2n)? .wﬁ?: + Q&SE»@Q«: - m - m. k'~ m - m VGQ»Q& 3 Pvm\a?t —p) given by the W + X +Y + Z processes is
' -~ CW(WXY Z)=q[C** (W) +C*(X)+C*(Y) +CH (Z
AM“”» Amh—qw» .m.dnAwl + @vgn?eh Aw\\ - W Ml k— P + M.B.T @v .m.emeni v o A v .Et_” &Mk v+ &:nm v+ A v * A v“_
- , q K - == @ ] @ Wap(Ky; )1 posoy Lys (Kii pi), (4.10)
X.W\...A& + Qv«\..wam?v Aw - .wl - M,w - m - M WP— Mv ..mﬁ..v.m.ann |ﬁv~ AA..G
where

E—% K!=k —%—%and p— £ = p;. The other kinematical
K; , p, @ and ¢ are the same as in Sec. III. Using the bound state

where K}’ = k" —
variables, Ky,
equation,

diK’
ry S\K.anl p_1 tl L uvei )
(2n) 4

= TL@: - mzﬁz ~E - TS - p)
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¥ gasy = nm.w%nae Aw - m + MI. K- + ilp+Q, Inu_v

p
—epJ, Q?A IMIW.TIMIM.FII IQNHV

Note that I* does not vanish in general, and the violation of current conservation
is now expressed in terms of the one-photon interaction current. We conclude
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<A AIEM v>?|.ﬁmmv. (5.1)

where DQQV = [k2 - p® + i]™! is the v_.ovwmwao_. of the neutral pion with mass
p and T;, is the xNN* vertex. Here, K’ = 1(p} — p), K = 2(p1 — p2), and
P = p1+p2 = p} + ph are the relative momentum of the two nucleons in the final
state, in the initial state, and the total momentum, respectively. The propagator
of the baryon resonance is represented by S.(p); we will not need its explicit
form. The W-T identity for the YN* vertex, Ak. (see Fig. 14a), is given by

quAi. = ST (p+ 9) — 571 (). (5.2)

The one-photon interaction current is given by evaluating the Feynman diagram
in Fig. 14b to get

&t.ﬂmﬂ\.qu.c_vbbaq
4 1
dk T.,a_m..' Aﬁ+n+ K +NA+II.»“V Am20>tov

(2x)* 2

(4
x.m..ANV N+NIMI~«VF_

2 4 oy

1 r
T,m.ﬁsum+w+ +»v DAIN wumv

u& w A *

\l

xDAT£+MV, (5.3)

Note that p = p; + p2 and p+ ¢ = p} +p% , where ¢ is defined to be the absorbed
momentum. The n_.w_.mo of the baryon resonance is denoted by ey (ey» =1in
this model).

We now examine the two-body W-T identity for this one-photon interaction
current. Using Eq. (5.2) with the appropriate kinematical variables, g,Ak. =
Sl + KK 4 4 k) — STY(B + KK _ £ k), we get
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nté@. ANA\. MAW ?. &vnuws
~ dk* p,[K'—q/+K V ﬁ

-q/2]+ K + »v E_E

X T?w. Am - K’ )
XA Aill_kfw\w_lwvb ATII:AFQ%TJ

ene mnw.» Ta s, A?w q K+ :M +4/2) _ \nv L

x T,m. A?wa K :M +a/2 »v E_s

%L.M.I\ﬁvb A»l

o (k4 K- (K +rm)

2

— 4 —
= €N- T\z. AN wLﬂ v%} QPS_ 64
This is the desired result, satisfying the two-body W-T identity, Eq. (2.11).
The two-photon interaction current can be derived by evaluating the diagrams
in Fig. 15. Note that processes in which one of the photons couples to an external
leg and the other couples to a baryon resonance should not bé considered a two-
photon interaction current because all such diagrams are already included in
the amplitudes for the impulse x one-pholon interaction current, i.e. C*(Whs),
CH*(Wa1), C**(X13 ) and C*(X3;). The result for the two-photon interaction
current is therefore

JN(K', K;[p, a1, S._V%.S

- Ve ANQ.N+ w:c+ nv

dk? K'— u
= @%»? v A Jv
']
T,M.Amlxwa+=+av _
pt+u N~+~m u p K+K u
xTa.w.A +—t=- E.m..Al ———k)r| (5.5)
2 2 t1 2 4 oy
where
N~+~m
o= b S (24 KK 2 b)) (ene)
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where the vertices are given by Fap(K') = f(K'2)Qqp and F} Fi(K)=f! Qmwva%
The form factors f(K'2) and f! QA 2) depend on the relative Boiozga of the two
nucleons in the final state, K' = uAS p5), and the initial state, K = NAE p2),

a 4 —- 2 . .

(5.11b)

where p/(p1) and p(p2) are the respective four-momentum of the 1st particle with
charge e; and the 2nd particle with charge ez. The 4x4 matrix Q4p operating on
the nucleon spinors is assumed to be independent of any momenta. The dagger
attached to the form factor means that the Hermitian conjugate is to be taken if
a quantum mechanical operator is inserted as the argument. In coordinate space
(Fig. 16), the separable interaction is given by

S.i&iam. z5; €1, 22) = DnuAan. amv.\.ﬁiarauv. (5.9)

Aap(z),72) = .\ \ @%ﬁ»

dip,d? —p,1% » s
st [580 ([57]

are the Fourier transforms of the vertex functions, Fos(K') and F, QA ). Note
that the momentum variables in the form factors can be replaced by :_o derivative
operators, f ([2522]%) — f AlTlemﬁnv . We now introduce the photon field,
A#(zy,), through minimal substitution, 85 — 0F = 8P +ien AP(2,) , where ep, 2,
and @) are the charge, coordinate and derivative operator of the nth particle.
The line over the derivative operator will indicate minimal substitution of the
quantized photon field given by

Aue) = [ b {auta)e™® + @t} (5.10)

where

AN vl ipt
~ 1 M N_ bﬁb@!—hwﬁﬁuuw

and

where at 1(g) and a,(g) are the creation and annihilation operators of a photon
with BoBaunEs g and the polarization ¢,. The presence of the photon field
modifies the vertices,

%&A le\w ipy .t Py
Agp(zy, z5) anu?:awv \ \ Mws. v%w _ —Ifmllm_ Qape Pu&uuun.

(56.11a)

24

and each form factor involves the photon field ovonmno? The matrix element of
the one- photon absorption (Fig. 17) at the vertex is given by (O|A(z), awv_a* QVV
The presence of the photon field modifies the potential, and the variation is given
by

SV(z}, xh; 21, 32) = Az}, 25) Al (21, 22) — A(z), z5) Al (21, 22)
= Az}, 25) { B(ar, 22) - Al(ar, 22)}
+{BGE 7 - A, 2h) } Al(ar, 22).

This change of action also defines the one-photon interaction current, J#, and
the two-photon interaction current, J#¥, through the coupling of photon field:

%w\ = .\At.Nt + \ﬁtk&t.\t-\ + ..... . AW.H“V

The one-photon interaction current with momentum transfer ¢ can be derived
from

(5.12)

Ju(=], z5; 21,223 [q]) = —(27)*(O]6V|al,(9)), (5.14)
and
(OléVal(a)) = (O { B, 25) - Alst, z4) } lah(@))(01A! 21, 22){0)
+HOIA}, 2)IONO| {BT(er,22) ~ Al(e, 22) } lah (a)

The two terms in Eq. (5.14) are illustrated in Fig. 18; the details of the derivation
can be found in Ref. [26]. For a system with one proton(e, = e,) and one neutron
(e2 = e, = 0), the one-photon interaction current obtained from the separable

potential is given by

NtANﬂ~.Nﬂm F“_v”mﬁ *mﬁ —WVANA\ - W..Nﬁv — <A.~W~.Mﬂv~
[4K +q]* , q ,
" RE+d) TQ« K+ 5) = V(K .55. (5.15)

We point out that the current operator itself is expressed in terms of the separable
potential, and it is clear that the operator satisfies the two-body W-T identity,
Eq. (2.11). The two-photon interaction current is obtained from,

25
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Vaais(K', K;p) = 0575, 705 AK + K'). _ (5.21)

where K = 3(p1—p2), K' = 1(pi—ph) and p = (p1-+p2). Note that this potential
is not a function of the proton momentum transfer, K’ — K, and in this sense
it is a nonlocal potential which can be described by the formalism developed in
this paper.

The one photon interaction current generated by this OPE charge exchange
is shown in Fig. 20b, and is

Toys (K K [p,0]) = —20% ep5y75 A (K + K = 2) [K+K'PA (K + K+ )
(5.22)

where the electromagnetic coupling of the negatively charged pion gives a Feyn-
man factor of _

e (K k) = dep(K' + k), (5.23)

where k and k' are the four momenta of the pion before and after the interaction.
The famous Z-graphs must not be added as a separate contribution because, in
the relativistic formalism, the nucleon propagators include the negative energy
components which generate the Z-graph, and hence these contributions are au-
tomatically included in the nucleon current terms. Note that the one photon
interaction current (5.22) satisfies the correct W-T identity (2.11),

qlH(K', K;[p,q))=—giep 1° ®7° _D Ax +K' - mv -A QA + K+ WV_
=¢ [VIK' -4, Kip) - V(K K+ Lip+9)].  (5:29)

Next, the two-photon interaction current can be derived from the diagram
shown in Fig. 21. The result is given by

JHY(K', K; py, p2; [P, q1, 42]) = N {A(ks)[ks + k2]* A(kz)[k2 + k1" A(ky)
+A(k3)[ks + k2" A(k3)[k2 + k1P A(k1)
+ A(k3)(—2¢*")A(k1)}, , (5.25)

where N = —g} €2 7° ® 7°, and the new momenta are k; = p — p, k3 = po —p1,
k2 = p2 — p} + q1, and k) = p2 — p} — q2. The 1st, 2nd and the 3rd terms of
Eq. (5.25) correspond to the direct (Fig. 21a), crossed (Fig. 21b), and contact
(Fig. 21c) terms, familiar processes in the Compton scattering from a free pion.
The two-photon contact term contributes a Feynman factor of

28

(K k) = 2ig" €], (5.26)

for the yya-coupling. We assume that the pion is point-like, so that the vertices
given by Eqs. (5.23) and (5.26) do not have form factors. By using the W-T
identity for the yr vertex,

quite (k' k) = ie [ATY (k) — A™ (k)] (5.27)
we can evaluate the divergence of the two-photon interaction current:

qJ* (K',K;p1,p2; [P, 1, ¢2))
= N {A(ks)[ka + k2]* A(k2)[A (k2) = A7 (k1)]A (K1)
+A(ka)[A™ (k) — AT (k) A(RS) [k, + ki]* A(k:)
lwbﬁkwv;w -k + nwu_tDQJ:
= N {A(k1 — ¢2)[2k1 — g2]* A(k1) — A(ks)[2k3 + 2] A(ks + ¢2)} (5.28)

Each term in the curry bracket can be expressed in terms of the one-photon
interaction current. We obtain

g1, J* (K', K;p1,p2:[p, 01, ¢2])
= b~ oty —al) = T4 (K Q@ _
=¢€p —.N ANA 9 .Nﬂ. _Wf Qwuv J ANA .%ﬂ + 2 _wvu*- a1, QNQVEAU.MQV

in precise agreement with Eq. (4.13). We note that contributions from the direct,
crossed and contact terms are all crucial to get the result, just as they are for
Compton scattering from a free pion. In the derivation, we assumed that the
pion is point-like, and the use of the W-T identity Eq. (5.27) was crucial. If we
had form factors Fyx(q) and F,x(q) for the ym and yy7 vertices, we could still
obtain a gauge invariant result if we defined new off-shell currents with the form
factors confined to the transverse parts of the current. A complete discussion of
how to carry this out for one-photon interactions can be found in Ref. [24]. The
method can be extended to the treatment of two-photon interaction currents.

VI. SUMMARY AND DISCUSSION

There are four principal results in this paper.

(1) We derived a condition which the impulse (IMP) and final state inter-
action (FSI) processes must satisfy if current is to be conserved. (We use the
terminology “FSI” to denote both final state interactions in electrodisintegration
and also rescattering process in Compton scattering). If the forces are nonlocal,
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The divergence in the first four amplitudes is given by
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The overlined terms cancel by the wave equation for the bound state,
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The underlined terms also cancel. The doubly-underlined terms cancel if we use
the scattering equation
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Note that the underlined, doubly-underlined and overlined terms cancel them-
selves. We get {0},5= —¥ap(Ky;ps) , and this proves Eq. (4.9).
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(a) (b) (c)

FIG. 1. (a) A general nonlocal potential in coordinate space. (b) Diagram for the
ponlocal NN interaction including excited baryons. The dashed line is a pion with the
correlations (the dark circle), the shaded line is an excited baryon, and the solid line is a
pucleon. (c¢) NN interaction through the quark exchange process, where the fat solid line

is a nucleon, viewed as a 3-quark system, and the spiral line is a gluon.

Y
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FIG. 2. Diagrams for (a) the one-photon interaction current and (b) the two-photon

interaction current. The wavy line is a photon and the solid line is a nucleon.
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FIG. 3. Representation of the Bethe-Salpeter Equation for the scattering matrix,
M(K',k; p), with an interaction kernel V(¥,k;p). The matrix representation for 2 two-

nucleon system [35) is used.

V

FIG. 4. The Bethe-Salpeter Equation for the bound state vertex, I'(k; p), represented

by the open circle.

Fig. 4
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(a) (b)

FIG. 7. Diagrams for Compton scattering from the deuteron: (a) impulse amplitude,

C#*(IMP), and (b) the crossed impulse amplitude, C**(IMP).

(a) (b)

FIG.8. Diagrams for Compton scattering involving the scattering matrix M: (a) final
state interaction, C#*(FSI), and (b) the crossed FSI process, C*(F3I).
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FIG. 11. The eight amplitudes in Eq. (4.3), where the incoming (outgoing) photon
has momentum g1(gz) and polarization €(c,). i

31

31 31

LT
K XX X

FIG.12. The eight amplitudes in Eq. (4.4), Eq. (4.8) and Eq. (4.9). The two photons
are labeled as in Fig. 11.




‘[enuajod [eao[uou ayy jo apisui
Sugdnoo N4 Y3 Jo 2duasd ayy £q pajeiausl JUILIND UOIIRINUY uojoyd-auo ayy (q) pue

Sugjdnoo , y4 (%) :ee0uvuosdl uokieq Sujajoau| suojorsaguy dpaudewonsddg k1 "DId

‘uoid fexynou e sy aufj paysep ay *(saug papeys) saduvuosal

uokieq ayeipawialuy yyim {(dsy ¢, 31 )*Nj enuejod [eaojuou ayy 10§ ]9pow ¥ €1 "OI4



| 5 :
_._
_.. ’
. | 1 | “
“ “ “ ) Xq X,

FIG.15. Diagrams for the two-photon interaction current associated with the nonlocal FIG. 16. A rank-1 separable potential V(z'1,2's; %1, 2), where the shaded circle rep-

potential: (a) direct process and (b) crossed process. resents the vertex A(z'y,z'3) and the conjugate vertex At(zy,z3).
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(a) (b) ,

N m FIG. 20. (a) The OPE charge exchange NN interaction. Note that it is an exchange
interaction and hence is nonlocal in the proton momentum transfer pj - p;. (b) The OPE

interaction current, where momentum conservation p; + p; + ¢ = p} + p; is understood.

R R
1 k. k.
2 2 .
k, & k, | Ky
R R

(d) (a) (b) (c) Lot

FIG. 21. Diagrams for the two-photon interaction current derived from the one-pion —
exchange mechanism: (a) the direct process, (b) the crossed process and (c) the contact

FIG. 19. Terms which make up the two-photon interaction current, J*¥, associated term.

with the separable potential.
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