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We consider a field-theoretical three-dimensional spectral decomposition for the amplitudes of
low-energy 7N scattering, which, in contrast to the familiar quadratically-nonlinear Low
equations for this problem contains not only pions but also nucleons off the mass shell.
Correspondingly, the particle-exchange part of the inhomogeneous term of the proposed
equations consists of a sum of s- and #-channel 7V scattering diagrams and does not contain the
familiar u-channel crossing nonlinearity. We linearize these equations and then reduce them to a
Lippman-Schwinger equation, whose potential is unambiguously related to the inhomogeneous
term of the original Low equations. Based on these fully linear equations we reproduce the P,

resonant N scattering phase shift.

1.INTRODUCTION

The field-theoretic approach to the problem of pion-
nucleon (7N) scattering in the region of low and intermedi-
ate energies (up to 1-2 GeV) permits reproduction of the
microscopic picture of the interaction (the exchange of nu-
cleons and heavy mesons), including the requirements of
special relativity, chirality and crossing symmetry. Such an
approach to 7N scattering gives hope that also other impor-
tant properties of strong interactions that follow from QCD
can be included in the problem.

The relativistic description of 7N scattering usually em-
ploys the three-dimensional linear integral equations of the
Lippman—Schwinger type."'° Such equations are often
specified from the very beginning including relativistic kine-
matics,'™ but they can be derived by three-dimensional re-
duction of the Bethe-Salpeter equations®”’ or after lineari-
zation of the field-theoretic Low equations.®'® In the
approach based on the Low equations,®'* starting from the
celebrated Chew~Low model,'? there appears explicitly the
nonlinear u-channel term, which is obtained by crossing of
pions in the corresponding s-channel term with a pion-nu-
cleon intermediate state (Fig. laand 1b). Just such a nonlin-
ear term is also present in the dispersion relations for 7N
scattering,'® thus taking into account the important contri-
bution of the so-called left-hand cut. A similar nonlinearity,
which appears as a result of crossing the external pions in the
s-channel term, arises also in the Bethe-Salpeter equation
after inclusion of disconnected diagrams with the 77NN in-
termediate state.’ Further, as was shown in Refs. 8 and 9, a
similar nonlinearity arises in any field-theoretic formulation
of the 7N scattering problem which takes explicitly into ac-
count the crossing symmetry of the pions, due to the essen-
tially nonpotential nature of the crossing symmetry. The
presence of such nonlinear terms significantly complicates
practical evaluation of the integral equations. For this rea-
son they are often neglected, or included approximately,
which however violates the crossing symmetry of the desired
amplitude for 7N scattering.

Another difference in the approach based on the Low
equations or on the field-theoretic spectral decomposition of
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the scattering amplitude is connected with the historical tra-
dition of the Chew—Low model,'” according to which in
Refs. 9, 12, and 14 the P;; resonance is reproduced by solving
these equations without the introduction of any additional
parameters which could be related to the properties of a
““bare” A particle. In particular, in the approach based for
example, on the quasi-potential equations of Refs. 5-7, the A
resonance is viewed as an independent degree of freedom.
The necessary connection between these two approaches
was established in Ref. 16, where it was shown for the case of
wN scattering in the bag model in the static approximation,
that the “physical” solution of the Low equation contains a
Castillejo—-Dalitz—Dyson pole, which is due to the existence
in this model of a state corresponding to the “bare” A isobar.

The essential difference between the approaches based
on the Bethe—Salpeter and Low equations consists in the dif-
ferent virtual and off-mass-shell behavior of the amplitudes
that solve these equations. Thus the t-matrix, which appears
in the Bethe—Salpeter equation, is usually treated on the en-
ergy shell, while all the particles in the intermediate states
are off the mass shell. In contrast to this, all the particles on
whose momenta the 7-matrix that figures in the Low equa-
tions depends, are on the mass shell. In particular, in the
amplitude that is the solution of the Low equation for 7N
scattering,®'#!¢ both nucleons and one of the pions are on
the mass shell while the second pion, to which one assigns a
4-momentum calculated from the energy-momentum con-
servation law, is considered to be off the mass shell (Fig. 2a).
It is relevant that the -matrix in the Low equation does not
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FIG. 1. a) The nonlinear u-channel crossing term in the Low equation,
related to the s-channel term by crossing of the pion lines. b) The s-chan-
nel term in the Low equation, corresponding to the time-ordered product
of the two transition amplitudes FN—7"N" and 7"N" - 7'N'.
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FIG. 2. The mN-scattering amplitude a) with the pion off the mass shell
(N'(p's")j: (0)|N(ps), m(qi); in) and b) with the nucleon off the mass
shell (7' (q'1")| 1,5 (0)|N(ps), m(ai); in).

depend on the 4-momentum of this off-mass-shell pion. Con-
trariwise, if we view such a pion as being on the mass shell,
then the scattering z-matrix under consideration can be
viewed as prescribed off the energy shell. Below we shall
follow the second interpretation, in close analogy with the
potential theory of scattering. However, in agreement with
the generally accepted terminology we shall use for the z-
matrix determined in Sec. 2 the name “off-mass-shell z-ma-
trix.” Namely we consider all the incoming and outgoing
particles to be on the mass shell, while the total energies of
the 7N system in the in- and out-states, generally speaking,
do not coincide, i.e., the z-matrix that appears in the Low
equation represents the off-energy-shell -matrix. The con-
nection between the amplitudes that are the solutions of the
Bethe-Salpeter and Low equations is considered in more de-
tail in Ref. 17.

The potential in the Low equations consists of two
parts. The first part is determined by the equal-time commu-
tators of the field operators of two particles, while the second
part corresponds to particle-exchange diagrams with parti-
cles from intermediate states on the mass shell. The particle-
exchange part considered in Refs. 9, 10, 13 and 14 contained
exchange of particles in the s-, u-, 5- and #-channels, while
the equal-time commutator, calculated by means of the sim-
plest model ofa mN Lagrangian, corresponded to single-par-
ticle exchange of o and p mesons. Further, in the equations
of Refs. 9, 10, 13 and 14 the pions in the initial and final
states were off the mass shell. In this work we derive a differ-
ent version of the Low equation, which contains off-mass-
shell effects not only for the pion but also for the nucleon.
Correspondingly, the particle-exchange potential in the pro-
posed equation is described by 7N interaction diagrams in
the s-, z-, 5- and 7-channels, while the equal-time commutator
in the model with simplest 7N Lagrangians is determined by
the one-nucleon-exchange diagram in the u-channel. Using
the linearization procedure for these quadratically nonlinear
integral equations, which was proposed in our previous pa-
per,” we obtain linear integral Lippman-Schwinger equa-
tions. In the proposed equation the 7N-interaction potential,
in contrast to the potential of Ref. 9, does not contain the
nonlinear u-channel term, shown in Fig. 1a. The price that
must be paid for this total linearization of the Low equation
for 7N scattering is that the potential of this equation con-
tains vertex functions of the meson-nucleon system with off-
mass-shell contributions not only for the pion but also for
one of the nucleons. Moreover, the proposed equation is not
manifestly crossing-symmetric.

We further show that the numerical solution of this to-
tally linear equation can reproduce the P,, resonance, pro-
vided use is made of the accepted parametrization of the
vertex functions.
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2.THE LOW-TYPE EQUATION WITH OFF-MASS-SHELL
NUCLEON

To proceed further we need two kinds of 7V scattering
amplitudes: 1) the #N amplitude with nucleons in the
in- (N) and out- (N ') states on the mass shell and the pion 7
from the in-state, also on the mass shell:

tara (p, P)=<p’s’ |jo- (0) | Ps, qis in, (1a)

and 2) the 7N amplitude in which the particles 7* (out), 7
(in) and N (in) are on the mass shell:

2)

to'a (p', ) =—<q'" | npsr (0) | ps, qi; inY, (1b)
where ps, qi and p's’, q'i’ denote the 3-momentum, spin and
isospin of the nucleon and pion respectively in the initial and
final state. We consider the amplitudes in the center-of-mass
frame,i.e.,p= —qandp’' = — q'. Theindices a and o’ have
been introduced for an abbreviated description of the spin-
isospin indices of the 7N system in the initial and final states.
Herej, (x) and 7,, (x) denote the operators for the source of
the meson and nucleon fields, which are expressed in terms
of the Heisenberg field of the pion ®,(x) and nucleon
¥(x) as follows:

ji(2) = (OcAma?) Di(z),  pa(2) =8 (p8) (iVamM)P(2).

Everywhere in what follows we use the notation and
normalization from the book by Itzykon and Zuber.!® The
particles that appear in the state vectors in expressions (1a)
and (1b) are taken to be on the mass shell, i.e., p® = o, (p)

— (M2+ pz),l/z q0= w,(q) = (m127 + q2)l/2 and p:o
=oy()=M>+pHY? in (la) and ¢°=w,(q)
= (m% +q?)"? in (1b). Moreover the expression (1a)
does not depend on the pion 3-momentum q’, and the expres-
sion (1b) depends on the nucleon 3-momentum p’ only
through the spinor function #(p's’). It follows from the ex-
plicit form of the expressions (1a) and (1b) that we can
consider the 4-momentum of the pion in (la) and the 4-
momentum of the nucleon in (1b) as given in terms of the 4-
momenta of the remaining particles: ¢, = p, + g, — p,, and
P, =P, + 4, —q,,, respectively. Further, the mass-shell
conditions g;’ = m’ and p,’ = M? are satisfied only on the
mass shell, when |p| # |p’| in the center-of-mass frame. Con-
sequently we can view the amplitude ¢ " (1a) as correspond-
ing to the pion 7' in the out-state being off the mass shell, and
the amplitude # ® (1b) as corresponding to the nucleon N’
in the out-state being off the mass shell. These amplitudes
are shown graphically in Figs. 2a-2b. In these figures, and in
those that follow, the lines describing particles off the mass
shell are marked by a wavy line.

According to the LSZ formulation of S-matrix field the-
ory,'8 the relation between the pion-nucleon scattering ma-
trix S5 and the z-matrices (1a) and (1b) has the form:

8, i=1,+ (27)4i6W (P,—P) 1@,  a=1,2. (2)

where Pg;, is the total momentum of the wN system.
Further, making use of the LSZ reduction formalism in the
center-of-mass system, where p= — q and p'= — q’, we
have
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tia () = (p's" | (0) bin* (ps) | qi>

=<p’s"| (= [+ (0), b,.7(0)]

—if dee T G 0) (@) a2, (3a)
taa(p’, ) =—4q'i’ | npe (0) @i (qi) | ps>
=<q'i’ | ([ng+ (0), ag:* (0)]
i [dze T (e @1 @))) B>, (3b)

where b ;7 (ps) and a;} (qi) denote the nucleon and pion cre-
ation operators in the in-state, while the operators b ;} (x°)
and a,f (x°) are expressed in terms of the Helsenberg field
operators of the nucleon and pion as follows:

bt (@)=} % e (2) yu (ps), (42)

e

d
ag* (") =—1i jdsx e 9’

(4b)

D, (z).

The relations (3a) and (3b) provide the basis for the
derivation of the Low equation. Thus, if we introduce into
the second terms on the right-hand sides of relations (3a)
and (3b) the completeness condition between the source op-
erators and integrate over x, using the integral representa-
tion of the step function, we obtain similarly to the Low
equations in Refs. 9, 11, and 13:

@ ., @ @,
taa (P, P)=Yas (p'.P)+ Voo (p', D)

+Zjd””“ (P, p:)Et:a_l(()p, )

o, p=1,2, a%*p,

(3)
where  dp"=d’p"[M/(2m)20,(p")oy(")], E,
=w, (p) + oy (p) is the total energy of the 7N system in
the center-of-mass frame, ¥ (a = 1,2) denote the equal-
time commutators:

Yoo (0, D) =—<p’s"| [ji (0), bp,* (0)] | qid,
I [Tlp'a' (0)» aqi+ ()R] |ps).’

and V‘® (a = 1,2) correspond to the n-particle-exchange
interaction, when all the particles in the intermediate state,
in accordance with the completeness condition, are on the
mass shell:

(6a)

Yoo (p' p)=<q’i (6b)

p’s’ 0 nm)cﬁ"’ +q—P ..(n-in—,o i,
Ve (0,p) = (2m)* 3, 2 liv (0)| (p+q—P,)<n; in| Tz (0) g

_(0:! (P) (DN(P)

n¥EAN

p’s’ | M, (0) | m: in> 8 (p'—p—P.) <m; in|j . (0) | qi>c
e 1 |71 (0) | (p'—p—Py) 17:(0) lq

Pm"'—l-(g,, (p) —ox(p’)

m=0,p,...

+7oe (. D), (7a)
© D) = (@2n)° ; '’y (0) 'npmij( Siz—:;)) in,o in|j;(0) |ps>.
e —2«1 14(0) | m; m)fv:: J(:o—(?::) ir;:)mhw.- (0) [ps>
+Vee (', D) (b)

The first two terms in the relations (7a) and (7b) are
described by diagrams with on-the-mass-shell n-particle and
m-particle intermediate states (see Figs. 3a,b and 4a,b). We
denote the total 4-momentum of these intermediate states by

4 T .
7 n w
Sy P e g —
~ 7
e [n AN m e
N N N b N

FIG. 3. The mN-scattering diagrams a) in the s channel and b) in the ¢
channel with all possible n = N, 7N, 7N, ... and m = o, p, 27, NN, ...in-
termediate states.
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r
P,=(P°P,) and P,, =(P%,,P,,). Usually such terms are
called the s- and z-channel exchange terms of the potential of

the corresponding equations.'*'® The last terms in the rela-
tions (7a) and (7b) arise after cluster decomposition of the

FIG. 4. Same as Fig. 3, but with N’ and 7 off the mass shell instead of 7'
and M. This difference leads to a change from the temporal sequence of the
processes w—7' +m, N+m—-N' to the sequence N-m+ N’,
T+ m-a'.
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s- and t-channel terms,'>'® which corresponds to the inclu-
sion of disconnected diagrams in the passage to the n-parti-
cle or m-particle state. After this procedure only connected

matrix elements remain in the potential term of the Low

equation. These matrix elements are denoted by the sub-
script c.

) qide

1
PO D =@ee Y Sl Olanliin) 8 (p—P)Clin| Ty, (0)]0)
I= nN,wp—I.V, Plo—mN (p)
P L O)1; in) 8% (p + q—p'—Pu) b, p's's in [Ty (0
e Py + oy (p') — ©x (q) — oy (p) — i0
= . 76, ...
- (2 <01ji (0| gis m; iny 8¥(p—p'—Py,) <m, p's's in|Tips (0) |0
- - P’ + oy (p) —on (p)
O\ (0)| 75 in) 8 (—p—Pr) <7, p's's in | ji- (0) | Qi)
—_ 3
(2n) T _ﬁ\: P ot
=nN. ...
<p's'|Tips (O)\ i, ks in. 8% (p'—p—q—Pu) ks in]ji (0)|0)
273 ,
* “’Mﬁ}; Py T ox () + 0n (@ —0g (0)
—@ap Y <01 7ips (0)| i, I3 in) 8 (—q—p—Pr)<T, p's'; in i (0)| 0>
T P1® 4 on (p) + @ (q)

(8a)

Allsix terms V{2 are shown graphically in Fig. 5, in the same order as in Eq. (8a). The negative sign of the fourth and
sixth term in (8a) is due to the permutation of nucleon fields. A similar expression for ¥ (2 is given by Eq. (8b) and shown in

Fig. 6.

@ — 3 OInwv (0
V&, p) =2n) Z

)3;iny 8 (p + q—q'—Pi) <L, q'i'5in | (0) | psde

P’ — w7 (q) —on (p) + 02 (q") —i0

!=nN,
Q' | Mps (0) | ps, K5 inD 8 (q—Py) (ks in | i (0) | 0
+ @) P — 0 (q)
k=NN, =o, ...
0] nws (0) | pss m; ind 8 (q — ' — P,) {m, q'i'; in | i (0)] 0
+ ﬂé; PP — 0z (a) + 0x (q)
€01ji (0)| k; iny 8 (—q—Pu) <k, q'i'; in| Mg (0) | ps),
+ (@my? ..Sﬁl Pr0 T on (@)
— @y Z @'¥17:0)|ps, 15 in).8® (4 —a—p—Pr) (T; in|n, (0)|0)
= P® 4+ on (q) + on (p) — o (q')
<01ji (0)|ps, I; iny 8® (—p—q—Pr)<I, q'i'; in| 0y (0)|0)
—(2n)? )
- 1=N. aN Pr + o (q) + on (p) (80)
r

The main difference between formulas (6a),(7a),(8a)
and the corresponding expressions (6b),(7b),(8b) is that 7'
(out) and N (in) particles are off the mass shell in
(6a),(7a),(8a), while N’ (out) and 7 (in) particles are off

the mass shell in (6b),(7b),(8b). This difference leads to a
different form of the propagators of the particles in the inter-
mediate states in expressions (7a),(8a) and (7b),(8b).
Further, as can be seen from a comparison of Figs. 3b and 5

A N
N +
- _———— - A
x o n
P , = f 34
— A e - e e = Y -
+ N % +
f--=-=
N N
586
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FIG. 5. Graphic representation of the inhomogeneous
term 7" (8a). The first three terms correspond to an

expansion of the s-channel term and the last three—the ¢-
channel term.
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with Figs. 4b and 6, the particle-exchange potentials ¥ "
(7a) and ¥ ® (7b) differ in the temporal sequence of ab-
sorption of the in-particles 7, N and emission of the out-
particles 77, N ' and the interaction of these external particles
with the particles in the intermediate states.

The system of integral equations (5) for the amplitude
of 7N scattering with different off-shell behavior of ¢ "’ (1a)
and t ® (1b) is one of possible versions of the Low equation
for the wN-scattering problem. One usually considers Low-
type equations for 7N scattering with off-shell pions
only.3-'*16 Such a version of the Low equations contains a
smaller number of transition matrices in the particle-ex-
change potential ¥, whose hermiticity is violated only due to
the nonsymmetric form of the propagators of the particles in
the intermediate states. However, this potential also con-
tains the nonlinear z-channel term (Fig. 1a), which makes
the solution of these equations substantially more difficult.
In the formulation of the Low equations (5) considered here
such a crossing nonlinearity in the potentials ¥ " and ¥ ®
does not occur, the particle-exchange potentials (6a),(6b)
and (7a),(7b) contain only s-, #-, 5- and ?-channel terms. In
another version of Low-type equations for 7N scattering
with all the particles off the mass shell, which was consid-
ered in Ref. 20, there are also complications connected with
the u-channel crossing term (Fig. 1a). Similar complica-
tions occur also after the derivation of the Low equation
with only the nucleons N’ (out) and N (in) off the mass
shell, i.e., the equation for the scattering amplitude ¢ ‘¥
(1b).

To conclude this paragraph we write out explicitly the
unitarity condition for the sought-for solutions of Eq. (5). It
is shown in Appendix A that the following formula is valid
for the equal-time commutators (6a),(6b):

Y (0, p)=Ye' (p, )+ (Er—Eyp)
X<p's’ | [ (0),F(0) you(ps)]|gi>.  (9)

Further, it follows from formulas (3a),(3b) with
expression (9) taken into account, that we have on the ener-
gyshellE, =E ,:

tae (P, P) —tu (p,p)
——if dacp’s' | T (o ()Tl ()

+¢9'=T (jo+ (2) Nps (0)) 1qi>. (10)

Keeping in mind that the relation (2) between the S
matrix for 7N scattering and the amplitudes (1a),(1b) im-
plies
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FIG. 6. Graphic representation of the inhomogeneous term
¥V (8b), which is obtained after cluster decomposition of
the diagrams of Figs. 4a,4b.

)

tare (D, D) =toe (P, D), (11)

we obtain from formula (10) the desired unitarity condition
for the ¢ matrix of 7V scattering on the energy shell:

<p’s’|ji (0) | ps, —pi; in>—<ps’, —pi’; in|j; (0) | ps>

——@n) Dy S (e (0) s ind6

ne=aN aaN, .
X (p+g—P,) < in| Ty, (0) | qi. (12)

The same condition of n-particle unitarity is obtained
for the amplitude ¢’ (1a), which is a solution of the Low
equations with only pions off the mass shell.®'*!¢ These
equations contain a more symmetric inhomogeneous term.

3.LINEARIZATION OF THE LOW EQUATION

Linearization of the Low Eq. (5) can be achieved analo-
gously to the linearization of the similar equations with only
pions off the mass shell, which we considered in Ref. 9. To
this end we first replace the propagator of the particles in the
intermediate states in Egs. (7a),(7b) as follows:

1
P~ (p) —ox (p)—i0

P,'—E
[P, =0 (p) —0x (P) —i0] [Pr"—wa (p') —0n (p') +i0]

1

P,'+ay(p)—ox(p’)

. P, +ox(p)—oy(p’)TE—E,
[Pu’t+on(p) —ox (P') HPw'+toq(p') —wx(p)]

1

P+ 0. (p) —0(p')

L Ptaup)—o @) HE-E,
[P0 +0:(p) =0 () [Pn"+on (p) —0n(p)]

’

. (13)

It is not hard to see from the expressions (13) that for
E=E)=wy(p') + o, (p') these formulas become identi-
ties. We also carry out similar transformations in the propa-
gators from the potential ¥ "’ (8a):

1
P,°—mN(p)
P+, (P) —E
T TP o (D) 1P —0x (P V—0a (P’ ) Fon (p) F0]
1

X
P+ ox(p)—ox(p)—oa(p)—i0
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R Pl tay(p)—E
[P+ (0)—0n () =0 (0)=i0] [P/ =0, (0) ] '
1
P, tan(p)--wn(p)
pm0A+m&\.(p’)+m.1(l‘)"‘E
P o (@) —ox (P) 1 [2n"—0x (p) Fan ()]
1 Pl—w, (p )+E

4

Piton(p) 1P +on(p) ] [PPtes(p) Tox(p )—oa(p)] |

1
Pl+oy(p)to(p)—ox{p’)
Pl—ay(p) Tl
[P +ox (p) Tox(p) —ox(p') 1 [P Fwa(p) ]
1
P+oy(p) to(p)

[P +on(p) +0, (D] [B°+oy() 40, (p)]
(14a)

and, correspondingly, from ¥ ® (8b):

1
P'—ox(p)—w(p)two(p’)—i0
~ Pl +o.(p)—E
[P/~ (P)—0x(p) Fo-(p)—i0] [P —0x ()]
i
P —w, (P)

. P toy(p)—-E
[P —0wx (m P Hoy (p)—ox (p') —o.(p)+i0]

1
2. —w.(p)to.(p’)

_ Pt s (B) F s () E
[P’ =602 (P)+0x(p') Y Pw'+0x (P)—0x (p') ]

1 P L0, (p)+E
P Fo.(0) [P +0n(®) I[P Fos(p) T o (0) —ax ()]
1

P F0.(p) Fox () —0n (P

R PP—o.(p))+E

[P +0n(p) Fox (P)—0x (p) 1127+ ox ()]
1
Pty (p) to.(p)

_ PA+E
[Pty (P)F o (p) [P+ ox(p) T (p')]

(14b)

It is not hard to see that under hermitian conjugation
the right-hand sides of formulas (14a) go into the right-
hand sides of Eqs. (14b), and for E=E » these formulas
turn into identities.

We next introduce the notation for the inhomogeneous
terms of the system of equations (5):

A® . &, =,
Waa (P vp)=yn'a (P 7p)+Vﬂ'ﬂ (P vp)

and define the potentials

(15)
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Use (0" D E)=VYee (p'.P) T0uia 0, p: E) (16a)
FE—Ey)<p’ 5| [a,, (0).T(0)you(ps)}|qi>.

Ui (0,93 E)=Yaa (9, D) +0ara (0", p; E)
+(E—Ep)<q’ 7|[7 (p's")Y°$(0), a,* (0) ] {ps>,  (16D)

where the equal-time commutators Y () are determined by
Egs. (6a),(6b), and the potentials v{%, which depend linear-
ly on the energy, are obtained from the expressions
(7a),(7b) for the ¥ {2 by replacing the propagators accord-
ing to the formulas (13) and (14a),(14b). It can be verified
from the definition (16a),(16b) of the U (), the relation (9)
and the explicit form of the propagators (13) and
(14a),(14b), that these potentials satisfy the following rela-
tions:

Uve (p',0; E=Ep)=Weo (9, D), (172)
., (8y* ,
Usa (p'p; E=Ep) =We (p,p'), (17b)
(o) By
Uso (0,0 E)=Usar (p,p’; E), (17¢)

wherea, =1, 2 and a#p.
We can then show that the solution of the linear integral
equation

@ @
Toa (p 1p;E)=Ua’a (P ,PJE)

(%) (%)
~r? U:z'a" (P,, P”; E) Tu"a(p”» P; E)
+ 25 dp

18
Ep —E—i0 (18)

reproduces the solution of the nonlinear integral equation
(5). To this end, following Ref. 9, we can construct an itera-
tive series for Egs. (5) and (18). After making use of the
properties of the linearly energy-dependent potential U (%
(17a)-(17¢) and the identity for the product of the linear
propagators given in Ref. 9 [Eq. (3.11) from that work], we
can show that the solution of the Low equation (5) and the
linear integral equation (18) coincide on the energy shell:
Tua (0, 5 E5) =t (P, D), (19)

while on the half-energy-shell the solution of the nonlinear
Low equation (5) can be expressed in terms of the solution
of the Lippman-Schwinger equation:

a’ 7 (@ 7
£ (p’, pY=Wea (9, P)

(@) (%)
) Wa’a” /’ ' Ta"a 7 .
+ Zjdﬁ” (»’,p") (", p; Ep)

20
E,-—E,—i0 (20)
Next, the desired wN-scattering amplitude

|p’s’|j; (0)|ps, @i; in) (1a) can be calculated by solving the
Low equations with only pions off the mass shell,*'*'¢ and
the Low equations (5) with the pion and nucleon off the
mass shell. The solutions of these nonlinear integral equa-
tions can be found through the solutions of the correspond-
ing Lippman-Schwinger equations, namely Eq. (3.12) from
Ref. 9and Eq. (18). Here the part of the potential containing
the exchange of particles on the mass shell consists in our
case of -, t-, 5- and z-channel terms, while in the equations of
Refs. 9 and 10 this part of the potential consists of s-, u-, 5-
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and #-channel terms and contains the u-channel crossing
nonlinearity which is characteristic of the #N scattering
problem (Fig. 1a). Moreover, the potentials contain equal-
time commutators, whose evaluation requires the explicit
form of the 7N-interaction Lagrangian. In this approach all
the information about the u- and #-channel interactions is
contained in these equal-time commutators Y (® (6a), (6b).
Furthermore, it turns out to be impossible to extract from
these terms the nonlinear crossing term (Fig. 1a). These
equal-time commutators are evaluated in Appendix A in a
model based on the simplest effective 7N Lagrangian.

In this manner, Eq. (18), in contrast to the equations of
Refs. 9 and 10, can be viewed as the fully linearized version
of the Low equations for the 7N-scattering problem. How-
ever, additional complications arise with Eq. (18), connect-
ed with the nonhermiticity of the potential U®
(16a),(16b), for whose construction we must specify not
only the transition matrices with an off the mass shell pion,
but also the transition matrices with one nucleon from the
in- or out-state off the mass shell.

It is known from the theory of nonlinear integral equa-
tions that these equations can have a unique solution, as well
as an infinitude of solutions. Thus it was shown for the
Chew-Low equation in Refs. 21-23 that, under certain con-
ditions imposed on the interaction constants and the asymp-
totic behavior of the form factors, this nonlinear equation
has a unique solution on a specified class of functions. Ap-
parently similar studies need to be performed also for the
more general Low-type equations to clarify the relation of
the solution manifold of the Low Eq. (5) and the solution of
the Lippman—Schwinger equation (18).

4. MODEL OF SINGLE-PARTICLE EXCHANGE FOR THE wN-
INTERACTION POTENTIAL

The description of the particle interaction in the low
and intermediate energy region by the mechanism of single-
particle exchange is the accepted and simplest model for the
theoretical study of these interactions. For 7V scattering
already in the familiar Chew-Low model'? nucleon ex-
change in the s- and u-channel was taken into account. In
Refs. 13 and 14 for the Low equation with only pions off the
mass shell the need was demonstrated for including in the
potential for 7N scattering not only the exchange of a nu-
cleon on the mass shell, but also an antinucleon on the mass
shell in the5- and #-channels. The equal-time commutator in

these papers was described by the exchange of a o meson in
J

w -, oy ., .,
Usa (0',p; E)=Yoa (p',p) +(E—Ep)

the t-channel, while in Refs. 9 and 10 we have also included
the exchange of a p meson in the #-channel.

Let us consider the potential for Eq. (18) in the approx-
imation where only single-particle intermediate states are
included. The complication which occurs in such an ap-
proach to the calculation of the s-, #-, 5- and t-channel poten-
tials (7a),(7b) and, correspondingly, the potentials
U (p',p;E) (16a),(16b), arises because these potentials
are not hermitian due to the asymmetric way the transition
matrices that determine the particle-exchange potentials
(7a),(7b) are taken off the mass shell. It should be noted
that the similar potential in Eq. (3.12) of Ref. 9, containing
the 7(in) and #'(out) pions taken symmetrically off the
mass shell, is hermitian. For this reason no difficulties relat-
ing to the unitarity condition arise in the construction of the
potential in the single-particle exchange approximation in
Ref. 9.

In the approximation in which only single-particle in-
termediate states are included in the inhomogeneous term of
the Low equation the unitarity condition (12) reduces to the
so-called two-particle unitarity condition, containing in re-
lation (12) only the two-particle #N state. However, al-
though the relation (10) is also valid in the single-particle-
exchange model, to derive the identity (11) and hence the
very condition of two-particle unitarity additional efforts
are needed. We note that if in the construction of the poten-
tials ¥ ® given by (7a),(7b) one uses in the intermediate
states in place of in-states half of the sum of in-states and out-
states, then after the partial expansion these potentials will
be real. We show below that the reality property of these
potentials permits the reproduction of the unitarity condi-
tion also in the case when only single-particle intermediate
states are included. However, if we use from the very outset
the completeness condition 1= (2, + Z,0u)|n) (7|
then in the s-channel term of the Low Eq. (5) the expression
Re[t @t ©*] appears in place of ¢ (¢ ®*. In Appendix B
we demonstrate the equivalence of the two types of Low
equations with real potentials. The desired form of the sin-
gle-particle-exchange potential can be obtained in yet an-
other way. In Appendix C we show that, if we follow the
single-particle-exchange approximation, we can obtain di-
rectly from the expressions (7a),(7b) with intermediate in-
states the desired potential with a half-sum of intermediate
in-and out-states.

For a = 1 the potential U ‘® (E) can be represented as
follows:

<p’s’|js (0) | <Osy> (M—E) <0sx |75, (0) | qi>

X(p's' l ld:'i' (0),$(0) Yol (PS)] |qi> + ZI [M_m“ (p) —®N (P) ] [M—(l)x(p,)—‘mbl(p,) ]

SN

<P’ |ps (0) | (' —P)A> < (p"—P)A 1] (0) |qi>

Wo(p) (pl_p) — Wz (p)—mN (p,) +E

T = T0ue (' —P) Fox (P) —0x (p') ][ 0ae (' —P) T0x () —0x (P)] 2000 (P’ —P)
+ 1 <0]j: (0) |gi, (p—p")A> <(P—P")A, P8’ | 5. (0) | 0> @) (P—P’) +0a (p) +oy (p') +E
2 [0oe) (P—P") —0n (P) T0x (P) H 0o, (P—P") —0x (P) T« (p) ] 204, (P—P")

a,0(3)

1 | <0| 75 (0) | qi, 054> (M+E) <0s,, p’s’ | ji- (0) | 0>

(21

2= TH+0.(p) For (1) 1M +0,(0) For @)
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FIG. 7. The potential of the linearized equation (18) in the approximation
when only single-particle intermediate states are included.

where (4) denotes summation over the isospin and polariza-
tion variables in the terms corresponding to the exchange of
the p meson, while in the case of the exchange of the o meson
no summation is carried out. In the last two terms of expres-
sion (21) a double summation is performed—over in-states
and out-states. The explicit form of the equal-time commu-
tator, calculated using the model of the simplest phenome-
nological Lagrangian, is given in Appendix A. Expression
(21) is depicted graphically in Fig. 7, where the quadrangle
in the first diagram corresponds to the equal-time commuta-
tor in that expression.

We next write out the single-particle-exchange poten-
tial (21) explicitly including only N, N and o as intermediate
particles. For the 7NN vertex function with the pion off the
mass shell we have the well-known general expression, con-
taining a single scalar form factor:

p’s’|ji(0) [ps>=ia (p's’) vy‘u(ps) F* ((p'—p)?).  (22a)

When the nucleon is off the mass shell the general form
of the vertex function contains two independent form fac-
tors:?¢

v -a+m .,
—<p’s" | nps (0) | qi>= ia(p’S’)m‘[p—-ng——h ((p'—9)%
+p_ﬂ[«’_"((p'—q)2)]u(ps). (22b)

M

The invariant structure of the vertex functions for the
omm and oNN systems is given by the following expressions:

(kﬂlji’(o) |qi>=6ii’Gcnn((kv_q)z)v (23a)
' —ketM ,
@5 [0 0) o= (5| B P ()
ﬁl_"}cﬂ—M o ’
+ P (b Jun). @30)

The vertex functions in formulas (22a),(22b) and
(23a),(23b) are defined in the space-like region and are real.
However, in the 5- and %-channel terms in expression (21)
the same vertex functions occur in the timelike region, where
they are complex. The presence of the half-sum over inter-
mediate in- and out-states in the 5- and #-channel terms per-
mits, similarly to Ref. 13, the product of two complex form
factors to be replaced by the real part of that product.

In this way, after taking into account the explicit form
of the equal-time commutators, obtained by us in Appendix
A and shown in Fig. 8, we obtained for the potential (21)
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FIG. 8. The equal-time commutator (6a), calculated on the basis of the
Lagrangian of the linear o model. The solid circle denotes the 7NN vertex
function (22b) and the open circle—the 7NN vertex function in the tree
approximation.

W, N e . A
Uao (p,p; E)=—0(p’s")itsy TF+ ((p'—-9)%

+MF-”((P'—Q)”) }—,—-E——iw“{sgnmu(pS)
2M P —q—M

+W—-—_%—(%T_E)ﬁ(P's')ifs'“{ﬁF“((P'—n)’) 1;70 iTy®

x [ LEED=T 7 (n—gp)

+ A D= p ¥ (1 o]

Xu (ps) | ny=, ) — 7 +%;—( 15 T i (p's’) ity yS

-1 r,{'M(i—\ﬂ)—ﬁ
X p) ity i

X Re [F* ((p +n)2) F.N ((n + 9]

— M+ y)—gG
+ =GR = Ro (57 (0 + ) ¥ (n + )]

X u (p3) | ny=au, 0)

+ 1 Wg—q"—p° 4 E
200 (0g— p'®+ p° (0 —g° + q'°)
=i+ M ,

X & (5) | g .° (0 — )
M ,

+ p_—_ZJVi—_- F-o ((p - l)2)} Gi'iGcrm

X (L —9)*) u (ps) | 1= ow-p). p-p)

n 1 W05+ q°+ p°—E
205 (054 p'*— p°) (0 + ¢°—¢'%)

L I M
X @ (p's') b {?L—%Mi— Re [Gona
'+ I—M
X((+ 98 F,7 (0 + 0] + P5 = Re [Gaan ((+ 90

XE? (0 4 01} 09 (gt (20)

The expression (24) for the potential of Eq. (18) is
given in the form of a product of hermitian kinematic factors
and real functions, depending on the initial and final 3-mo-
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mentum and the energy E. Imaginary parts are absent from
these scalar functions because the full sum over intermediate
states is represented as a half-sum over in- and out-states.

Next we carry out the partial expansion of Eq. (18) for
the mN-scattering amplitude. To this end we utilize the pro-
cedure and notation from Refs. 13 and 9.

Uve (p',p; E)=4n ) Uyt (o', p; EYPA (p's’, ps) I (i),

1524
(25a)

Tye (0, p; E) = 4n ) Ty (0, ; E)Pi (p's’, ps) I (i'd),

131
(25b)
where P/ and II’ denote projection operators in spin and

isospin space. It is not hard to see that the potentials U {3’

will be real because the scalar functions entering expression
(24) are real:

a)* @
Uz(ﬂ) ', p;E)=Uy (', p; E),

while the condition that the potentials U (17b) be hermi-
tian, with the reality of (26) taken into account, gives a rela-
tion for the potentials under the exchange of p’ and p:

Ui (0, p; E)=U3;; (0, p'; E).

After this we obtain for the mN-scattering amplitude
from the partial expansion of Eq. (18)

(26)

(27)

T (o', p; E)

i (', k; E)Tiy) (k, p; E)

o U
U o'\ p; B)- ) dk

E—E,+i0 !
(28)
where
1 M 1
= e an () 2an (i) O
It is easily seen that
Tx(;:) (p, ps Ep)=Tl(Jn!) (p, p; Es). (29)

On the other hand, just as in the derivation of relation
(12), the condition that the potentials be hermitian yields
for the solutions of Eq. (28)

T (p, p; Eo) T4 (py p; Es)
= 2ni | ART (5, k: B) 8 (BumEy) TS (k, p: Ey). (30)

Formulas (29) and (30) ensure the desired two-parti-
cle unitarity on the energy shell for the solutions of Eq. (28).

5. CHOICE OF PHENOMENOLOGICAL FORM FACTORS AND
NUMERICAL CALCULATIONS

In this section we demonstrate that we can, on the basis
of the solution of the linear integral equations (28), repro-
duce the resonant P,; wN-scattering phase shift within the
framework of the accepted parametrization of the vertex
functions (22a),(22b) and (23a),(23b). In order to reduce
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the number of independent parameters in the theory as much
as possible, we have neglected the contribution of the p-me-
son exchange and confined ourselves to just the contribution
of the o-meson exchange. Note that according to Ref. 9 the
inclusion of the p-meson exchange does not qualitatively
change the behavior of the scattering phase shift in the P,
wave. In a detailed study of low-energy 7N scattering, which
presumes also the description of other partial waves, a num-
ber of important effects should be included. For example, the
exchange of the p meson should be included in the descrip-
tion of the P,, wave of 7N scattering,’ while for the case of
the S-waves the Low equation with a subtraction should be
used. We shall not be concerned with these effects in the
present work and as a first step in the description of 7N
scattering we shall only reproduce the experimental behav-
ior of the P;; phase shift.

For the pion-nucleon-nucleon vertex functions
(22a),(22b) we used the simple single-pole parametriza-
tion. [Note that (31b) is compatible in the tree approxima-
tion with the absence of pseudovector coupling in the 7N
Lagrangian, which is satisfied in the linear o model. ]

uNz—mnz

Px'—t

F*(t)=gann ’ (31a)
Ay*—M?

_ (31b)
A=t

F N () =—F_%(t) =gunn
where we have used for the 7N-interaction constant the val-
ue g,vy = 14.0, and for the cut-off parameters u, and Ay
after fitting we found the values u, = 1.195 GeV and
Ay =1.171 GeV.

In the potential U "’ given by Eq. (21) owr and oNN
vertex functions occur with arguments varying in the space-
like, as well as in the time-like, region. Therefore, following
Refs. 25 and 26, these form factors must be taken in the form
of complex functions:

Ganﬂ (t)
_ puz_'mna
Bonn Tt (11/2) [t (mat my) 110 (1= (ma )
(32a)
F.o(t)=—F_(t)
_ A=
B N = (i1/2) [1— (M) 210 (1~ (M me))
(32b)

In choosing the constants of the g7 and oNN interac-
tions, as well as in the construction of the equal-time com-
mutator, we started from the linear o model. Therefore these
constants were determined from the relations g,yx = Z.nn
and g, = g% yvM,/g.nnvM, which are valid in the linear o
model in the tree approximation, where the mass m, of the o
meson equals 500 MeV. Matching with experiment gives the
following values for the form factor masses: A; = 1.22 GeV,
#; = 1.0 GeV. For the parameters ¥ and I" we used the same
value y = I' = 1.232 that was used for the similar quantities
in Refs. 25 and 26. It was checked that changing the values of
these parameters in the rather wide interval 1<y, I'<1.5
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does not substantially change the behavior of the solution in
the P, partial wave.

In Fig. 9 we show various meson-nucleon and meson-
meson vertex functions, normalized to unity on the mass
shell for the fitting parameters given above. As can be seen
from Fig. 9 these form factors, as well as the 7NN form
factors from Refs. 25 and 26, are rapidly varying functions
near the mass shell in the time-like region. Similar behavior
of the 7NN form factor was obtained in Ref. 27 on the basis
of the dispersion approach with neglect of inelastic channels,
while taking inelasticity into account apparently ‘‘smooths
out” these rapid oscillations.?’

In Fig. 10 we show the scattering phase shift in the P;,
partial wave obtained as a result of solving Eq. (18). The
experimental data are taken from Ref. 28. It is seen from Fig.
10 that in the region ~200 MeV below the resonance we
obtain a fairly good description of the experiment, while

d o
o
0o’
50°
1 1 1
] 100 200 Joog
E iy » MeV

FIG. 10. The P;; wN-scattering phase shift.

592 Sov. Phys. JETP 75 (4), October 1992

FIG. 9. The meson—nucleon and meson-meson vertex functions G (¢),
normalized to unity on the mass shell. a) the 7NN vertex with the pion off
the mass shell. b) The 7NN vertex with the nucleon off the mass shell. ¢)
The omm vertex with the pion off the mass shell. d) The oNN vertex with
the nucleon off the mass shell. The vertices are shown for both space-like
[t<(m, — m,)?] and time-like [£> (m, + m,)?] values of the arguments.
For the 7NN vertex in the time-like region we used a parametrization
coinciding in form with (32a)-(32b), with the same values of the param-
eters y=T = 1.232.

above the resonance the solution of Eq. (18) lies below the
experimental points. Apparently this kind of behavior is
typical of the P,, scattering phase shift, calculated on the
basis of relativistic Low-type equations in the single-parti-
cle-exchange approximation. Note that the scattering phase
shift in the P;; wave, obtained from the Low equation with
pions off the mass shell, behaves similarly.*'*

It should be noted that in the approach of the Low equa-
tion with pions and nucleons off the mass shell various terms
in the potential are responsible for the resonant behavior of
the P,, scattering phase shift. For example, the #-channel z-
graph (Fig. 11), which gives the largest contribution to the
potential in the equations of Refs. 9 and 14, is absent from
the potential of Eq. (18). And conversely, the o-meson ex-
change, which plays an important role in this approach, is
much less important in the Low equations of Refs. 9 and 14.
Evidently the increase in the relative weight of the contribu-
tions corresponding to the nucleon pole and o-exchange to
the potential in Eq. (18), in comparison to the similar poten-
tial in Ref. 9, arises because the nucleon goes off the mass
shell and compensates for the absence of the #-channel an-
tinucleon pole.

6.CONCLUSION

We show in this work that we can obtain two forms of
the Low equation for one and the same amplitude for 7N

N'—-—’#‘—-"
J'——«L————-— N

FIG. 11. The #-channel antinucleon pole (z-graph), which doesn’t arise
in the inhomogeneous term of the Low equation with the nucleon off the
mass shell.
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scattering (p's'|j; (0)|ps,qi;in), (1a) i.e., that there exist two
kinds of spectral decomposition of this amplitude. In the
ordinary Low equations only the pions 7' and 7 are custom-
arily considered off the mass shell,”'®!*'* while in the equa-
tion proposed in this work we take off the mass shell the pion
7' and the nucleon N. Both types of Low equations reduce to
Lippman-Schwinger equations, whose potential is uniquely
determined by the inhomogeneous term of the initial nonlin-
ear equations. Further, different choices of the particle re-
duced from the in-states in these equations significantly
changes the form of the corresponding potentials. Thus the
potential of Eq. (18) or (28) does not contain the #-channel
crossing nonlinearity (Fig. 1a), and the #-channel z-dia-
gram (Fig. 11), which makes an important contribution to
the P-wave 7N scattering in the approach of Refs. 9 and 14,
does not appear. On the other hand, in the proposed equa-
tion with the particles 7' and N off the mass shell, the con-
struction of the potential requires a larger number of vertex
functions than in the equations with pions off the mass
Shell.9’10’13’14

Another interesting question, which arises in the study
of low-energy P-wave N scattering in the approach based
on relativistic equations, is connected with the nature of the
A resonance. In our opinion the answer to the question of
how the P, resonance should be described—as an indepen-
dent particle on the same footing as the nucleon or as the
solution of the corresponding equations—should be looked
for in the defining conditions imposed on the vertex func-
tions, in terms of which the 7 N-interaction potential is deter-
mined. Unfortunately such vertex functions are obtained
these days, in essence, phenomenologically and their para-
metrization and explicit form are quite ambiguous.*® How-
ever, the attempts to calculate various meson-nucleon and
meson-meson vertex functions within the framework of
quark models®'¢3%?! permits one to hope that this problem
will be cleared up. In our opinion such investigations are
convenient in the field-theoretical approach of the Low
equations, since taking into account quark degrees of free-
dom does not change the structure of the equations for the
scattering amplitudes.>?

The authors are grateful to G. Efimov, T. Kopaleishvili,
A. Faessler, A. Khelashvili, A. Khvedelidze, and A. Che-
lidze for interest in this work.

APPENDIX A
Equal-time commutators

We first derive formula (9). To this end we make use of
the relation:

. N ‘
—<p's’| [ag4 (2°), bys (2°) ]1]Qi>
.+
=<p’s’|Lag i (2°), bps (2°)) |qi>

d

S e CR CO ba. (%)) | qi>. (A1)

Formula (9) is obtained from (A1) for x° =0 if we
make use of the property of translation invariance in the last
term and use the following relations:

g (2')= —a‘i—ﬂaq'i’ (z°) =ij d’x "%, (z),

(A2)
d
dx’

bot (2%) = e (2°) =i 5d*x € P75, (2).

593 Sov. Phys. JETP 75 (4), October 1992

To calculate the equal-time commutators in (9) we
make use of the simplest phenomenological Lagrangian of
the linear & model.'®'® That Lagrangian contains no field
derivatives. Therefore, with the help of the canonical com-
mutation relations we obtain:

—<p’s" | [§(0), b, (0)) | qi>
=igann<p’s’ | (0) [ qi> ¥t (ps)

P—q+M

=igann<p’s’|7(0) lqi>mfn

u(ps). (A3)
Making use of the expression for the vertex function for
the 7NN system off the mass shell (23b), we obtain from
(A3) the explicit form of the equal-time commutator (6a)
in the framework of the linear o model, which coincides with
the first term of the potential U ".?* This term corresponds
to the nucleon pole diagram in the u-channel (Fig. 8), with
one of the vertices, calculated in the tree approximation.

APPENDIXB
Low equations with real nonhermitian potentiais

We show below that for a real and nonhermitian poten-
tial W {7’ (p',p), which is endowed with the following prop-
erties

U (0,0 E» ) =W (0" p),

Us (o', p; E)=U33: (', p; E), (B1)
Ui (o', p: EY=U'3) (p,p": E),

the Low equation

t5 (o', k)t (py k)
Eh_'Ep"—iO

[C)
tlil

o'\ p)=W (9, p)+ | d
(o p=1. 2: «==p) (B2)
has the same solution as the equation

Reltiyy (0, k)tiy" (p, k)]
Ev—E,—i0

£ (o', p) =W (o', p)+ | dR

(@ =1, 2; ap). (B3)

To this end we will show that the solution of the Lipp-
man-Schwinger equation (18), which is obtained from Eq.
(B2), satisfies also Eq. (B3). This is achieved by making use
of the circumstance that the following relation

TS5 (o', p; Eg+i0)=T15; (p', p; E»—i0)
—2mi ) dF T’ ks Eg+i0)8 (Es—Ep) Tuss (p, p; Ep—i0)

(B4)

is satisfied by the solution of Eq. (18) with the potential
U P (p',p;E), which obeys the conditions (B1).
Substituting (B4) into (20) we obtain

tm [ty (p'.p) I=np ()t (B, P tsi (p,D), (BS)
where
o)= | arsE.~E,). (B6)
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We can show, making use of (BS), that the solution of
Eq. (B2) on the half-energy shell can be represented in the
form of the product of the solution on the energy shell and a
real function, which becomes unity on the energy shell:
[ lls;) (', p) ]=0. (B7)
) (p, p)

When (B7) is substituted into (B3) it is easily seen that

the instruction Re in the integrand of that equation can be
omitted. This completes the proof of our assertion.

APPENDIXC
wN potential in the approximation of single-particle exchange
If from the very beginning we use in the completeness
relation the sum over in-states, and not the half-sum over in-
and out-states, the linearization procedure can be performed
directly. As a result we obtain Eq. (18). However in the
potential U(E) (21) in the last two terms the half-sum over
in- and out-states is replaced by the sum over in-states only.
Further, making use of the following well-known rela-
tion between creation and annihilation operators

aqit (in)=ay"* (out) +i jd‘z e % (z),
(Ch)
bp's (in)=bp, (out) +i j d'y e 'np . (y),

we can transform various matrix elements that enter expres-
sion (21). For example, for the product of matrix elements
which appears in the last term of expression (21), we have
€0]75:(0) | qi, 0s.4; in> Cin; Osa, p's” | jir (0) |0
=<0|Mpe (0) ag* (in) | 054> <0s4| by, (in)ji (0) 0D

=017 0) as* out) +1 f dt e, (@) 105,
X(OsAl( by (out) +iJ‘ diy e'? iy, (y)) j#(0)]0>. (C2)
It is obvious that the matrix elements
(0]7,, (0)/;(x)|0s,) and (0s, |7, (»)j- (0)|0) vanish in

the approximation in which only single-particle states and
the two-particle 7.V state are allowed in the full sum over
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intermediate states. Taking this circumstance into account
leads again to the potential U(E) given by expression (21).
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