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The recoil to the eikonal model in scalar electrodynamics is derived. We then make use of our gener-
alization of Low’s theorem, which in an earlier paper was derived for soft recoil due to real-photon
emission to infinite order in the coupling constant. Here, we generalize this further to yield hard recoil
due to virtual exchanged photons as well. Recoil is defined relative to the straight-line-path approximation
which we know gives the eikonal model. The recoil appears in terms of a correlation expansion where
the first term, which is noncorrelated, is the usual eikonal model. A second result is that this gives a
better and more explicit alternative to a Bethe-Salpeter ladder amplitude, since our ladder includes all

crisscrosses.

1. INTRODUCTION

In a previous work' we derived the covariant re-
coil to a generalized infinite ¢? ladder subjected to
the well-known eikonal approximation. The usual
eikonal result?~% could be identified as the first
term in this recoil expansion and the recoil ap-
peared in terms of a correlation expansion, which
was obtained by a rearrangement of the ordinary
perturbation expansion. The recoil is here defined
relative to the straight-line-path approximation for
the two throughgoing particles, which gives the
eikonal model. It should be mentioned that this
generalized ladder amplitude includes all types of
crisscrosses in contrast to a Bethe-Salpeter lad-
der, and the resuit is an explicit closed form. The
infrared (IR) factorization was then performed
without introducing any cutoff, and therefore full
relativistic invariance was guaranteed.

We now apply the same machinery in a true IR-
divergent theory and will therefore derive a simi-
lar correlation expansion for a generalized ladder
within the framework of scalar electrodynamics.
As we know, in such a theory of charged spin-zero
particles interacting via photon exchanges, mo-
mentum dependence then also appears in the ver-
tices. This situation is different from that in a
scalar ¢* model, where this dependence occurs
only in the denominators. By experience from our
generalized soft-recoil theorem® we further know
that this will contribute to the pair-correlation
current and give off-shell effects in the hard core.
The latter is here represented by the two vertices
and the propagator for the photon, through which
we eliminate the four -momentum -conserving 6
function. Furthermore we get an additional con-
tribution from seagull terms.

We here solve these problems, and as in the sca-
lar ¢® theory we find that one part of the amplitude
is totally factorizable and eikonalized. We fur-
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ther derive the corresponding unique generalized
pair -correlation tensor. All quantities are con-
served and the resulting amplitude is therefore
gauge-invariant. As in the previous work, we as-
sume that the correlation expansion will decrease
with increasing order of correlation. In most
cases it should therefore be sufficient to include
pair effects and neglect higher -order correlations.
However, in principle we can derive this correla-
tion expansion to an arbitrarily high order. For
example, the triple correlations are fairly easy to
calculate.' The method allows for inclusion of
self -energy corrections and vacuum -polarization
effects.

We first derive the result for massless photons,
thereby retaining a fictitious photon mass to cir-
cumvent IR divergences in the intermediate finite-
order calculations. Finally we generalize to the
neutral massive vector-meson case. The deriva-
tion goes via a soft-recoil expansion, and the re-
sult is then generalized to the corresponding hard
recoil, for virtual exchanged photons. As we will
see, this requires a further generalization of
Low’s theorem.®” In Sec. V we generalize this
a third time to include rather general core func-
tions with distorted propagators, spin effects, and
arbitrary off-shell effects which occur for all
physical sources which are not ¢ numbers.

II. SOFT RECOIL

The interacting Hamiltonian is here given by

ja *
5, =ieA,,<¢*%% -S%’; ¢> —e2p*pA, AV, (2.1)
where ¢ is a charged spin-zero field with which
we associate the two throughgoing particles of
mass m. The electromagnetic field denoted A is
first associated with massless spin-one photons,
with a fictitious mass to circumvent the IR prob-

2027



2028 LEIF MATSSON 10

lem in the intermediate finite-order calculations.
In the next step A, represents a neutral vector -
meson field with quanta of mass p. Following the
notations of our previous work!® the (n+ 1)th-order
exchange amplitude (Fig. 1), with exchanged mo-
menta denoted k, ..., k,,,, is defined by

(_ ie)2n+2

= M5 =75

o« JTT(&2m,00)

n+l

1@ (a-Z k), (2.2)

where Ag(k)=—i(k® —2*+i€)”! is the photon propa-
gator. As usual we define

9=Ppa =Pa’ =Py —Ds , 2.3)
t=q27 sz(pa"'pb)z; (2‘4)

where p, and p, are the momenta of the two in-
going charged spin-zero particles and the corre-
sponding primed subscripts denote momenta of
the outgoing particles. The quantity / is a product
of charged-particle propagators.

We eliminate the 6 function by integrating over
the 7 th photon momentum, thereby factorizing out
its two vertices I=1,V,, where V, is given by

V,=—e2(P,,+P4:) (Py+PB,), (2.5)
Jp-1 In+1
_Ekl’ Pa'=pa'+ Z k;, (2.6)
I=h =iy +1
is-1 ins1
Py=py+ 9 ki, Py=py= D k. 2.7
1= =g+,

For simplicity we first choose to work in the Feyn-
man gauge, and then, once we have checked that
derived currents are properly conserved, we can
move to an arbitrary gauge. The I, quantity is a
product of propagators and vertices, where we now
also include the coupling constants

J

oI

i) Hyte+n)

t

s

FIG. 1. A typical s-ladder diagram.

A, =iez(pa“kj1—“'"k!x_l)l-‘!(l)
i -2pa K, +K,?+ie
J1
K= 3 ke, 1=1,...,7-1 (2.8)
t=i
A’ z‘ez(i’a'**k:nl TRy

M T
o 2pa: K11+K112+l€

Zk,, l=r+1,...,n+1 (2.9)
=iy 4y

By, =i€ 2pothyt etk Dy
’ 2p,,-K,,+K“2+ie

Sk, 1

—jl

,$=-1 (2.10)

Bl"y(n_ ie 2(pb'_kls+1— -kh-—x)l‘l(l)
=2py K, +K; 2 +i€
iy
K= > ke, l=s+1,...,m+1. (2.11)
t=ig+)
The kernel is defined by
n+l
'sym Z Z I-IA“](') H A"I(l)
3152 DqDg' 1=
D{ oybyy
§~-1 n+
x E HBu/(x) n Bfu(z)' (2.12)
DpDpt I=1 I=s+1

To this we must add the contributions from seagull
diagrams (Fig. 2) due to the last term in (2.1):

t=1 Aallz DgDgtl=1
DT 2y Py

+(seagulls in the other prongs).

Seagulls with the 7 th photon involved are treated,
together with the off-shell vertex effects, later.
Here s, is the number of quanta going from a to b
without crossing the 7 th line (Fig. 3). Similarly

S, is the number of quanta going froma’ to b there-

rym= € Z Z Z HA"J(I) -2p, 'KJ,,,12+K1,HZ+.1'€ _l—r HiCn) H A#J(x) Z HBHJ(:) H Bﬂz(x)

I=r+ DpDp' ¥=1 1=s+1

(2.13)

r
by crossing the 7th line. These two numbers are
restricted through s, +s,=s -1, where s is that

bb’ vertex where the 7th quantum is absorbed. The
set D; (i=a,a’,b,b’) is the set of all internal per-
mutations among all quanta attached to the ith
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FIG. 2. Ladder with a seagull term.

prong and D% is the factor set D,/(D,®D,:), where
D, denotes all permutations on, for example, the
A={a,a’} side. A similar summation is, of course,
required on the B side, but since the A quanta are
in fact the same individuals as the B quanta, we
have already summed over some of them (cf. Fig.
3 and our previous work'). We therefore should
sum only over Dy=D,/(Dg® Dgpr) and Duy=D,e/
(Dg'5® Dgryr). The meaning of the subsets Dy; fol-
lows from Fig. 3.

Following the lines of our previous work,' we
first drop all &, terms, since those are easily
factorized and included afterwards anyway. We
also leave off-shell effects in the vertex function
(2.5) and longitudinal components &, in the nu-
merators for a separate treatment later in this
work.

We thus first work with the on-shell vertex

Vo=—32(Pa+Pa')'(Pb+Pb')- (2~14)

Following Ref. 1 we expand (2.12) and (2.13) in a
soft-recoil expansion where terms of essential
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order e"k™" and e”"k~""! are retained in the differ-
ent prongs. A direct application of the generalized
soft-recoil theorem,® by summation over D;, where
i=a, a’, b, or b’, shows that the ith prong con-
tributes with

B(i) B@i) B()
i — oi 0i oi
AI'SY"I_ H Uj(1)+ E Xuj(p)b 1) H f“i(l) :
1= ofi) ps 1#pq

d(iq) a(i)

(2.15)
The noncorrelated soft currents are given by
0i _ Dip 0Q _ of -
S le€ipi'k+i€ > Ju ?—; v, 9=4,B
(2.16)

and the partially factorized soft pair-correlation
current reads

1
0f  _(;:,)\2
Xppug= (ie) €D (k,+k,,)

x(p"upkﬂlq + p“‘qkﬂﬂb
Dik, pik,

Piu piy
B bk ) 210

The form (2.15) is easily proved by induction and
both J ?‘o and x‘,’,‘,, are conserved currents. In the
full amplitude the total pair-correlation tensor

Q i =
xgp“q _E xﬁ‘p“a , @=A,B

icQ

(2.18)

will appear. Inserting (2.15) in the (z+ 1)th-order
generalized ladder (2.12) and (2.13) and summing
over Df, Dy, Dui, S,, S;, and 7, after some
straightforward algebra'® we find

(n-r+1)leD .
. a

(n-r+1-s e D . .
& a o

(n=-s+1 Q!e :“v[ .

FIG. 3. Schematic picture of the permutation sets relative to the rth photon.
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n
- 0A yOBx
Isym_HJﬂlJ h

1=1

+Z (xup aJoB*y,JoB*uq

n
IR AT AN (| A Ay
I#pa
1
(2.19)

By insertion in (2.2) this simplifies further, since
under the integral sign the pair effects can be ex-
pressed in a form-invariant functional of an arbi-
trary pair of two correlating quanta. The sum
over p and ¢ then reduces to a multiplicative factor
(3), since this is the number of ways we can select
two quanta out of n, if we do not bother about their
internal order. We then get

. 1
-ZM,HI(S;t):m

xfd‘*xe“""AF(x)
L(zU)" ( ) 2p Uy 2] Ve,

(2.20)

where U is a scalar product
U(x-s-t)=if&2\ (R)e™™** J oA (k) T °B** (k)
'V (2_”)4 F K ’

(2.21)
and P is a pair-correlation functional
d’ky d’ke
@my @n)

0A 0B*xu 0Bxp
X(Xupu J rJ q

P(x;s;t)=i?

Brlep)Bp(kg)emihottd™

Xy, M IO (2.22)

Thanks to total decoupling of the one-particle sca-
lar products and partial factorization of a form-
invariant pair functional, (2.20) is now on a totally
summable form. However, first we generalize to
the corresponding hard-recoil amplitude.

I1I. HARD RECOIL

We here follow the scheme of Ref. 1 and approach
the problem via an infinite-order recoil expansion,
discarding all induc¢ed currents of higher-order
correlation than pair correlations. The simplest
part is to include uncorrelated recoil to infinite
order, e.g., the total factorization of 2% terms,
which is easily proved by induction. This modifies
the soft uncorrelated currents (2.16) according to

li_l zpi
K 2€¢,p; "k +k*+ie’

@3.1)
g9 = Zf , @=A,B

with €; =+1, - 1 for out- and ingoing particles, re-
spectively, on the A side. On the B side €; is re-
placed by -€;.

The pair-correlation tensor (2.17) is still kept to
first order in the recoil expansion, although some-
what modified by inclusion of the k,® terms.

i 2€ kpp i - 2€~kqp
A Z-ivPlg + I3 ie i P
Xup;q f y’q Ha y;q
1 11 - (e et (3.2)
Q

where x and y are defined by
i 2k,ck

Xpq = Pi

Ypq

Voa= 2605 (kp+hy) +hkp 2+ R, 7.

q
’

3.3)

We notice here that the currents f’ in (3.1) and yx’
in (3.2) are conserved quantities in the long-wave-
length limit where k,% terms vanish, but noncon-
served in the short-wavelength limit. As is shown
in the Appendix, this is cured by inclusion of lon-
gitudinal modes, which contribute to the totally
factorizable noncorrelated currents according to

2p{ +€;kp
€2, iDick+RPrie’

fu=i JP=2_ Sy, Q=A.B
icQ
(3.4)

and to the pair currents through the new f’s in
(3.4),

—i ; 2¢;k 2¢; k
i =fi je i Mlq+ i je ifvaup
x"‘P“a Hp y‘lw Haq y;q
i 2
~fhfh Xhy = (ie)? 2Ekeka (3.5)
yﬁa

Using the relation
k-fi=iee;, (3.6)

it is then easily verified that both J9 in (3.4) and
x in (3.5) are conserved.

In order to extract all pair-correlation effects
from (2.12) and (2.13) we must study the infinite -
order recoil expansion. We then notice that higher-
order recoil due to # dependence in the numerators
necessarily induces higher -order correlations and
this is therefore discarded. Similarly, higher-
order seagull contributions are higher than pair
correlated ones. Therefore, as far as higher-
order recoil is concerned, since we are just in-
terested in pair effects, we have reduced the prob-
lem to the same as that in the scalar case.' Thus,



only recoil from denominators in powers of x;,
contributes to higher -order pair-correlated recoil.
As in Ref. 1 we can put the mth order pair-corre-
lating recoil in the form

n n
i(m) = Z-t _ i \m-1 I'I i
Rofonn= Xiipu g (= %21) S
k<t k1
1

+higher correlations , 3.7

which after summation in m gives the total pair-
correlation currents to all orders in the recoil
expansion:

1

X‘ =X‘
Hphq KpHq 1+xp;a ’

Q — i —
Xupu.‘z Xppug o @=A,B.
icQ

(3.8)

The expanded form (3.7) is, of course, valid just
for |x|<1 values, but, as we showed in Appendix
C of Ref. 1, we can derive the form (3.8) for arbi-
trary |x| values by successively neglecting induced

terms of higher-order correlation. In other words,

we should keep the original form of the total pair-
correlation tensor as it appears already for two
quanta, in which case we can treat everything ex-
actly. Starting from the exact three-quantum
form, we could then also define the exact triple-
correlation tensor, etc. This defines the full cor-
relation expansion. However, here we content
ourselves with pair effects, the first correction
term to the eikonal model.

]

B (i)
Iym Vo= 2 I1 < fI fuj(n*z xu,u ‘H f“!(x) Ve (Po; P

3152 izaa’bb’ "\ 1=0(i)
DDy Py o

where ala)=1, Bla)=7r -1, al@’)=r+1, Bla')=n+1,
ad’)=1, Bb)=s-1, ad’)=s+1, and B(b')=n+1.
In the general case we assume that V, is a smooth
function in the momenta P; =p; +€;Kg(), With
Kgq)=kaw) +***+ksy), and can be expanded around
pi=m

V)= [Le 1§ Kb [ Ve, @)

where

Kb =€, Kpq* Fyes 4.3)

P

Factorization properties are most conveniently
carried out in the formal exponential form of (4.2):

i
v, (Pi)=exa(” Vo(by)
B(i)

= II et Vo(Pi), 4.4)

1=ofi)
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The inclusion of hard recoil, and longitudinal
k components as well, modifies the scalar prod-
ucts U and the pair -correlation functional P as
compared to (2.21) and (2.22):

. d’k —ikex A yBp
Ulx;s;t)=t (2—1r—);AF(k)e Iy, 3.9)

ceet) = d’ ky iﬁg_ A ~i(Rp+Rg)*x
Plx;s;t)=i* [ G Cahe B (k) e 0

X (0, TP 15

B Ap Ap A Buppg
FXupug IS T X X

(3.10)

The third term in (3.10) is of course not present

in (2.22), since there we kept only first-order re-
coil terms. It is interesting and important to no-
tice here that it is possible to rearrange the con-
ventional perturbation expansion in a consistent
and unique way with respect to the order of corre-
lation and simultaneously retain gauge invariance.
In fact, gauge invariance is directly necessary, as
we will see in Sec. IV, to solve the off-shell vertex
problem.

IV. OFF-SHELL VERTEX

We first observe that the off -shell vertex (2.5) is
invariant under D,, D,, D,, and D,.. Therefore
the factorization machinery (2.12)-(2.15) works
even for this case. The kernel can thus be put on
the convenient form

b)Pb')y (4-1)

where the one-photon operator k% is defined by

i . 2
ki=¢€k, Y 4.5)
The off-shell effects in (4.1) are now easily includ-
ed and related to the corresponding on-shell vertex
amplitude through the replacements in (4.1),

%

b~ =S e, (4.6)
Xipig ™ iff.u. =X ¢ B .1
Vr"VoE‘ez(pa‘*‘pu')'(Pb'f'Py). (4.8)

As is seen in (4.8), we are still in the Feynman
gauge, but in Sec. V we demonstrate the explicit
gauge invariance. The derivation of (4.1) is now
reduced to the corresponding on-shell problem
and can be performed by direct application of the
machinery (2.15)-(2.19). The (z + 1)th-order lad-
der kernel is then given by
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n n n -
Tom= | TLTAT ™14 37 (Rl 70 31200 gl e drtwa g, o) TT g 2wt | v, .9

= P<aq
1=1 1

where the total operator currents are defined by

Ji9=3" fii, Q=A,B (4.10)
iQ

3= % - (4.11)
icQ

The explicit evaluation of (4.9) inserted in the am-
plitude (2.2), with a general vertex function, could
be quite complicated. However, here it is given
by (4.8), and only first-order derivations with re-
spect to a particular prong and second-order de-
rivatives which are mixed with respect to A and

B particles are nonzero. Therefore the exponen-
tial forms in (4.6) and (4.7) can be replaced by the
first-order expanded forms

2ib _gi i pi
e =Fustfugks s

o R 3 i i 5i
Xigme = Xigue * Xugng (Rs+RY)

(4.12)
(4.13)

which yield exact results except for seagull terms
with the 7 th photon involved. As we remember
from (2.12) and (2.13) these had to be omitted in
order to eliminate the & function via integration
over the »th momentum. We thereby lost gauge
invariance. However, as we shall see, this can
also be cured.

The first term on the right-hand side of (4.12)
adds up through (4.10) to a conserved current,
whereas the second term does not. In the spirit
of the Low theorem” we must therefore add a

J

1= pa

r

leakage current l;s to restpre the conservation
properties. In fact, this I},  corresponds to the
seagull contribution where the 7 th photon is one of
the two involved quanta, since in this case the »th
photon plays the role of the “hard core.” Conser-
vation of currents then gives

ko fikisk 1 =0, (4.14)

which relates lf‘s to a known quantity. We notice
here that there are two different ways to extract
ks from the first term, but since lf,s corresponds
to the seagull, (4.12) must correctly contain the
pole in (p; +€; k)’ =m?, giving

he= =i

Hs (4.15)

ea—p‘;s .

The uncorrelated total currents are then given by

Fh=fhotDh, . 8= Ti., (4.16)
1Q

where the differential operators D}, are defined
by

Di =Sy Fi—ie =, DR=3 Dy (@D
Bs ieQ

When this result is included in the ladder kernel

(4.9), care should be taken before insertion under

the integral in (2.2). Namely, in the proper ex-

pansion of the first factor term of (4.9), with the

currents (4.16) inserted instead of (4.10), we get

n n n n

TA 7B A 1B A 1B A nB A B A 1B
[I74, 7% =] vf, 0%+ (0f, J2 1+ 4, DP* 14 D2 DB#)) [ U2 J241
1=1 1=1 s=1

n n
+Y U D, D s eyt Jh, T %) [ Jp, P

s<t
1

[It is easy to forget the double sum which generates
terms of type k,+k, in (2.5) with s#¢.] The last
term in the single sum of (4.8) generates k,® terms
in (2.5) since both operators depend on k,. This
problem is not present in the first-order deriva-
tive terms, nor in the pair-correlation sum in
(4.9), since such nonzero terms would give non-
zero contribution in the triple correlations. How-
ever, here we restrict ourselves to just pair cor-
relations.

A graphical interpretation of (4.18) is straight-
forward. The leakage currents in the first two
terms, linear in D, display seagull terms with
one of the end points of the 7 th photon involved

1#s
1

(4.18)

1#st
1

r

[Figs. 4(a)—(4d)]. The quadratic D, term in the
single sum generates “double seagulls,” where
both ends of the »th photon and an arbitrary sec-
ond photon are contracted [ Figs. 5(a) and 5(b)].
Correspondingly, the second-order derivative
terms in the double sum generate “seagulls, ”
where again both ends of the 7 th photon are in-
volved, but now connected with end points of two
different photons [ Figs. 5(c)-5(f)].

From the point of view of conservation there is
no need to add a leakage current to the off-shell
part of the pair-correlation tensor defined by
(4.13). Furthermore, if we take one of the two
pair -correlated photons apart and let it form a
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FIG. 4. Possible seagull formations with the rth
photon.

seagull term with the # th photon, then clearly the
single remaining photon from the original pair
cannot be pair correlated any more. Therefore

a paiv-leakage current must be zero. On the other
hand, if we start with the two-photon amplitude
and pick out that part from (3.5) and (3.8) which
corresponds to recoil from the denominator (which
easily compares with the ¢ case’), we get

-~ ~ -~ ~ . — ‘.
AL =TT 0T AT T
=f' 1 Fri 1 (4 19)
NP m‘g . .
Thus it appears that we should make the replace -
ment 7%~ f¢ (4.16) both in the uncorrelated and
pair -correlated parts of (4.19) in order to get a
smooth connection. In other words, we should
apply the Low theorem on each separate cur-
rent, irrespective of the correlation mechanism
(1+x%,)"!, which in fact implies additional leakage
currents. This paradox is easily solved if we work
it out for the rest of the pair-correlation tensor.

J

‘iMn+1(S;t)=mfd“xe‘“"‘Ap(x)[(iU)"+<r{)(i@) (iU)"‘1+<Z>i2ﬁ(iU)n-2] v,
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FIG. 5. Possible formations where both ends of the rth
photon are of a seagull type.

Adding leakage current everywhere in (4.13), dis-
regarding the correlation mechanism, and per-
forming the scheme (4.14)-(4.17), we find that the
leakage currents so obtained cancel completely.
Thus (4.13) gives the full pair-correlation tensor:

i:-‘sl-'t = 5Z{“s He
= Xhoue (1+RE+RY), (4.20)

where xf,sut is given in (3.5) and (3.8). The total
pair -correlation tensor is defined by

where U is again defined by (3.9), S is a “single”-correlated recoil functional given by

4
S(x;s;t)=i f———(‘;”’;4 Ap(R)e* XDy JP +J 4 D®* + Dy D),

and P is a pair-correlation functional which follows from (4.9), (4.18), and (4.21):

4 4
P(x;s;t)=i2[((12—;-‘; ?2—:)3;

A nA pBp yBuz  pA 7A JBu pBuy A FBuy 7Buyy 3B Apy JAB2 L oA oBuj g
X (J Dy, DP*1 24Dy I JPDH2 130 | JERLT 2h Xy pgd AT + 80, R ),

Bplk)Bp(ky)e i

RS 1,= 00 Xiugr 9=4,B. (4.21)
icQ
Insertion in the integral (2.2) then gives
(4.22)
(4.23)
(4.24)

where again all nonmixed second-order derivatives vanish due to the form of V.

Summing on # in (4.22) we obtain the closed form
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elV_1

M(s;t)=ifd4xe‘""AF(x){ T U

Correspondingly, if the »th quantum is not an ob-
ject identical to the other » exchanged quanta in
(2.2), we should divide by 7! instead of (n+1) in
(2.2) and (4.22), since then the #th quantum should
not be permuted over. Then the summed-up closed
form reads
;2
M(s; t):fd“xe‘“"‘A,(x)ew ( 1+i5+ ;—!13> v,.

(4.26)

This summation to a closed form became possible
through the factorization and partial factorization,
respectively, and the fact that we could define
form-invariant correlation functionals.

V. GAUGE INVARIANCE AND MASSIVE NEUTRAL
VECTOR MESONS

We have shown that it is possible to rearrange
the generalized ladder expansion into a correlation
expansion also in scalar electrodynamics. By ad-
dition of leakage currents I}, given by (4.15), all
currents (4.16) are conserved. In passing, we
remember that these leakage currents display sea-
gull diagrams which were earlier omitted. We now
demonstrate that our result is gauge -invariant by
proving invariance under the replacement

v kPRY
(g“ -C53 ) (5.1)

-g“” -1
Biiie ki

This replacement can be made because it does not
affect the factorization scheme. Obviously the
functionals (3.9) and (4.23) and (4.24) are invari-
ant, since all involved currents are conserved.

All we need to study then is the vertex function
(2.5) under the same transformation. For the sake
of completeness let us here include the 7th propa-
gator. Thus, instead of (2.5)-(2.7) we write

HY
Ve =-e*P, +Po )iz (Po+Por)y, (5.2)
where G is defined by
R,y b,
Guy =84y —c—-—%z—". (5.3)

Using four-momentum conservation we have

n+l

kr=q- Zkt

t=r

n+l

(re-Zk)- (b Z0)

t=r+1

:(p,,,_ik,>-<p,,+‘§ k,), (5.4)

t=1 =s+1

ellV_1 i§<iUe‘”—e‘”+1> i2P
22 h
iU

[(iU- 2)eiV+2

T AGUY i

] } V,.  (4.25)

r

from which we see that all functions of #, are
functions of ¢ and invariant under all n! permuta-
tions among the n other photons. The rest of (5.2),
which is just the “pure” vertex (2.5), is invariant
under the subsets D,, D,:, D,, and D,.. Inserting
V¢ instead of V, we can again exploit the invari-
ance under D; and obtain (4.1). As before, we
then expand in a series

Vo (P,)=ek8w) Ve, (pi)=

(5.5)
where the on-shell vertex is now given by
&' -cq*q"/q?
Ve, = =€*(ba+ba)y N e a— (Do +Dp)y -
(5.6)

Using the on-shell restriction for the external
particles

(pu +pa') *qg=q- (pb' +pb)
=m?-m?=0, (5.7)

we see that the term proportional to ¢ in (5.6) does
not contribute. This proves the gauge invariance.

In fact, this form still leads to an infinite-order
expansion because of the form of the propagator.
We therefore split up the “core” function (5.2) in
the pure vertex part (2.5) and the propagator of
the 7 th photon. The off-shell effects of the latter
are then included as before:

- f dx Ap(x)ettr™

B2 +ic
n+l
=fd4xA,(x)exp<iq-x -1 Z k,-x) ,
t=r
1

(5.8)

where again we have made use of (5.4). The k&,
dependence is then, as earlier, included in the
correlation functionals. The remaining operator
part in (5.5) is now linearized as in (4.12) and
(4.13) and easily included as before. This sepa-
ration of the off-shell effects is possible because
of the invariance of the propagator and G [see
(5.3)] under all n! permutations.

These effects could also be derived in an alter-
native formulation. With ¢%=(p, —p,-)? we have

n+l

1 _ 24 1
k,2+ie—‘I;Ire ‘q"’+ie ’ (5.9)
1

where &7 is defined by
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;A _ja  pa' Bi_e p .9
by =Ry +ky , ki=€;ky b,
In passing, we notice that we could also use ¢?
=(py—Dp)? if A is replaced by B in (5.10). In order
to prove that (5.9) also gives the form (5.8), we

use the transformation

(5.10)

1 _f 4 igex
P d*x Ap(x)e , (5.11)
which we insert in (5.9). Then by means of the

operator relation

et el  zexp(kt +igex +3[ kP igx])  (5.12)

and

3[k,iq-x] = —ik,-x, (5.13)

we again obtain (5.8). Thus we can safely wcrk
with this technique, which is particularly useful
when we want to demonstrate the explicit gauge
invariance (5.5)-(5.7).

Therefore all “off shell” effects in the variable
g for any arbitrarily distorted but smooth propa-
gator -vertex function can be managed by this tech-
nique. With a corresponding transform defined by

Fw(q)=fd“xa=w(x)e‘°"‘ , (5.14)
we can write
n+l
Fu k)= e F,.(0). (5.15)

t=r
1

Inserting (5.14) in (5.15) and by the use of (5.12)
and (5.13) we then get

Fuyle)= [ e gte

n+l
=fd“x fful,(x)exp< iq-x—z ik,-x).

t=r
1

(5.16)

The %k, dependence is then, as before, included in
the uncorrelated and correlation functionals. This
provides an extra little piece to the generalization
of Low’s theorem.®” In passing, we notice that
the same technique applies for real quantum emis-
sion as, for example, by bremsstrahlung.

We can now also permit scattering into resonant
states p;% = m}? (diffractive excitation). This prob-
lem is here reduced to that of finding the trans-
form of the second term in (5.6) of form

F'(q%) = Amg? Amy? —z .
(a%)

Clearly (4.22) shares the property of renormal-
izability with the original amplitude, provided that
it permits an extension to include all radiative and

(5.17)

vacuum corrections on this form. From Refs.
8-10 we can see that self-energies are as simple
as the exchanges. Further, we notice that a reg-
ularization of the photon propagator

1 1 a(k?;A?)
R G

(5.18)

does not affect the factorization scheme but just
gives a distorted propagator of the above-men-
tioned type.

A similar function enters by the insertion of
vacuum -polarization diagrams in each individual
photon line. All such photon self-energies can
therefore easily be included now since neither of
these functions disturb the factorization. Simi-
larly, the two-photon kernel contributes to the
pair correlation, and together with (4.24) this
gives the complete pair-correlation tensor. High-
er-order insertions would give rise to higher-
order correlations. To get an exact correspon-
dence to a certain order with the ordinary pertur-
bation expansion, since we want to simultaneously
reproduce these results exactly, we must also
include, for example, the three-two-one photon
kernel, etc. Including just photon self-energies to
the fourth order pair correlations without the
two-photon kernel, and dropping triple and higher
correlations, we can exactly reproduce the ordi-
nary sixth-order result and the rest to an infinite
order within the eikonal approximation. We close
this section by considering massive neutral vector
mesons, in which case (5.1) is replaced by

1 w_k“k”
- if+ie g iz )

In case of nonexcited external particles we get the
same result as in the photon case, but for the
presence of the vector-meson mass u#0. If we
permit excitation of the external particles, e.g.,
scattering into higher mass states (fragmentation),
in (5.19) we get a contribution from the second
term of type

(5.19)

Am® Am,’ 1
” 2y _ a b
F (q )‘ “2 q2_“2+i€

, (5.20)

which is just as simple as the first term in (5.19).

VI. SUMMARY

We have demonstrated that also in scalar elec-
trodynamics a generalized infinite ladder, includ-
ing all crisscrosses, in contrast to a Bethe-Sal-
peter ladder, can be rearranged into a dynamical
correlation expansion. By kinematical correlations
we mean those due to four -momentum conserva-
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tion, which is superimposed everywhere. Also,
here the infinite summation into a closed explicit
form (4.25) became possible because of the factor-
ization and partial factorization, respectively, and
the form invariance of the correlation functionals,
irrespective of which individual quanta were in-
volved.

The first term in this correlation expansion is
the usual eikonal result, which involves no other
than kinematical correlations. The rest of the ex-
pansion expresses dynamical correlations and de-
fines the recoil to the eikonal= straight-line-path
approximation. However, here we are not so cru-
cially dependent on a straight-line-path, infinite-
momentum, or high-energy limit, but obtain our
result from a direct rearrangement of the ordinary
perturbation expansion. Although we have here
just derived the expansion for exchanged photons,
as discussed in Sec. V, the radiative and vacuum
corrections could also be included in this form.

As in the scalar ¢°® model' we have here assumed
that the correlation expansion decreases with in-
creasing order of correlation, and for some re-
stricted domain of applicability it should then
be sufficient to include just pair correlations, e.g.,
the correction term to the usual eikonal result.
The loss of information by neglect of higher-
order correlations naturally requires a separate
thorough investigation. However, concerning the
simple case of exchanges, we notice that there is
no information loss in our result for three arbi-
trarily hard exchanged photons, whereas the rest
of the indefinite number of photons are accounted
for by the eikonal=soft current. This distribution
of momenta with three “hard” and an arbitrary
number of “soft” quanta is very likely for some
limited domain of momentum transfer ¢<¢,. In
passing, we notice that the usual eikonal model
for exchanges of photons, without dynamical pair
correlations, reproduces just the one-photon ex-
change amplitude exactly and the rest in the eiko-
nal approximation. If we want to reproduce the
four -photon amplitude exactly and the rest in the
eikonal approximation, which would enlarge the
above ¢, domain where this corresponds to the
actual physical situation, we must then also in-
clude all triple correlations.!

The recoil-correlation expansion was derived
via a soft-recoil theorem for real quanta,® which
is generalized here to yield hard virtual quanta as
well. This generalization eliminates the need for
any type of cutoff as long as the photon mass is
different from zero. Thus, in our approach there
is no difference between soft and hard quanta in the
traditional individual meaning, since all quanta are
present in both parts of the spectrum. This is
more realistic, since from the beginning all pho-

tons are integrated over the whole of each four-
momentum subspace. All photons have got a total-
ly factorizable and eikonalizable tail, and their
hard residual effects appear in terms of the cor-
relation expansion. Nevertheless, we could still
speak of “soft” and “hard” quanta, not in the strict
individual meaning but in an effective interacting
sense. This is so because of the fact that in the
uncorrelated current (3.4) there is a covariant
cutoff automatically built in through the %% term

in the denominator and a corresponding infrared
suppression in the correlation terms. The cur-
rent (3.4) has been known since 1961 as Yennie’s
form.''? However, because of technical compli-
cations in computation, the residual hard spectrum
was not so easy to evaluate. A strict mathematical
formulation of the IR problem, can be read about
in Refs. 13-16, and in Refs. 15 and 16 quantum-
dynamical recoil-correlation effects are also in-
dicated.

One reason for an infinite summation is the
infrared divergence, which in fact requires a
noncovariant cutoff. As we will see in a subse-
quent work, this changes this result just slight-
ly. However, it seems there is a second rea-
son. The tower insertions, as shown by Cheng
and Wu,? lead to a growth with Ins of a?. Thus,
for asymptotic energies the effective coupling
should tend to infinity, and only the summed-up
result could make sense. (This argument holds
to the extent that the tower estimations are cor-
rect.) Now, slowly increasing the bare coupling
constant implies that the lns influence already
becomes important at lower energies, and in a
strong-coupling theory we must therefore stick to
the summed-up form for all energies. Then, in-
cluding the exact two-photon kernels, which could
possibly be approximated with the towers, it might
then appear that we should sum over pair, double-
pair, triple-pair correlations, etc., together with
the iteration of towers. However, at this level
with simple exchanges of photons, there is no ap-
parent need to consider these higher-order cor-
relations, as was the case for infinite towers,
which must be iterated not to violate the Froissart
bound. It will be highly interesting to see if this
correlation of a simple pair of exchanged photons
affects the linear high s dependence. This will be
considered in a subsequent work.

A compromised presentation of the results of
this paper and those of Ref. 1 was made in Ref. 17.
We also suggested there a new multiperipheral
model.'®* Namely, to be consequent with the idea
of identical clusters we must coherently sum over
all crisscross graphs. This was performed there
for just scalar particles; however, from the re-
sult of this paper, we are now able to treat clus-
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ters with spin and more general off-shell effects.
This paper further shows that the correlations in
(4.25) and (4.26) are proportional to a°*?, where

c is the order of correlation. Therefore, in a weak
coupling theory, our working hypothesis is prob-
ably correct and explains why the eikonal approxi-
mation is rather good.
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T .
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APPENDIX: LONGITUDINAL MODES

For simplicity we first derive the formula for
two emitted photons from the zth prong. The gen-
eralization to arbitrary many photons is proved by
induction.® The exact two-photon amplitude is giv-
en by

«
< - 1+x12>’

r

(A1)

After summation over permutations, multiplication
by the dropped factor (1 +xi,)"!, and addition of
seagull terms, the amplitude reads

Mot f‘ i, i zeikluz i zeikzul
By Hg Hy/ B2 0% yi Ko 1
12 Viz

_Suuz ._._rl
vi ) 1+x3,

12

AT
=f:'1 u2+X:11uz' (A4)
Repeating this for 3,4 quanta, etc., dropping all

higher than pair correlations we are led to the
formula®®

Hf“l+z: Xua“tnfﬂz’

l#st

(A5)

which is easily proved by induction.
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