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The influence of resonance (A) contributions on the electromagnetic form factors of the deuteron is calculated.
The deuteron wave functions including resonance (AA) contributions are determined by a solution of six
coupled equations. The effect of various baryon-baryon potentials is discussed. The numerically discussed
deuteron electromagnetic form factors include also the meson-exchange contributions arising from =, p, and

pair currents as well as from the p7y current.
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meson-exchange corrections.

I. INTRODUCTION

Since the recently performed high energy elec-
tron-deuteron scattering experiments! renewed
interest has arised in the understanding of the
deuteron electromagnetic form factors?~° by in-
cluding meson-exchange currents. In view of
these results the determination of the neutron
form factors also has been pushed further.® All
these calculations have been performed in a con-
ventional nonrelativistic description of the deu-
teron. As the exact short-range behavior of these
functions is not known a discussion of several
very different potentials such as Hamada-Johnston,
Reid soft core, or supersoft core has been cho-
sen.*® It turned out that in contrast to the im-
pulse approximation results the total form factors
including meson-exchange currents, as 7, p, w,
and pmy exchange, are much less sensitive to the
choice of the NN potential because of the domi-
nance of the exchange currents at high momentum
transfer. Although this kind of calculation of the
deuteron form factors did not take care of rela-
tivistic corrections’'® or inner degrees of free-
doms of the deuteron, as for example, the exci-
tation of baryon resonances,’ ! the theoretical
results were found in good agreement with the
experimental data.

In the present paper we investigate the influence
of baryonic degrees of freedom in the deuteron
on the elastic form factors by the inclusion of AA
components. The main question to be answered
is how strong do the AA components in the deu-
teron alter the electron-deuteron form factors?
The answer to this question seems to be very
important because of at least two reasons. First-
ly, as the neutron form factors are extracted

from the deuteron one hopes that the AA com-
ponents turn out to be unimportant because
otherwise the determination of the neutron form
factors will become nearly impossible. On the
other hand, in order to study the importance of
the AA components in nuclei electron-deuteron
scattering at high momentum transfer might be
an extremely useful tool.

Electron-deuteron scattering including A ad-
mixture has been studied already at low momen-
tum transfer’® with the result of a considerable
contribution of the baryonic components. In these
calculations the AA components of the deuteron
have been obtained in a first order perturbative
approach. If these results hold one could expect
a large effect of A admixtures at high momentum
transfer.

In the present paper we determine the deuteron
wave function with the inclusion of resonances by
a full coupled channel calculation of all partial
wave components. A solution of such a coupled
channel problem has been achieved already by
some people.''~1® Arenhbvel,'* for example, has
solved the coupled channel problem in momentum
space. Although we solve the equations in coordi-
nate space our treatment is very similar to that
of Arenhdvel.

In Sec. II we present our model for the descrip-
tion of the deuteron and discuss different possi-
bilities for the partial waves arising from the
sensitivity of the treatment from the choices of
baryon-baryon interactions. In Sec. III we cal-
culate the electromagnetic form factors of the
deuteron as determined in Sec. II. As far as the
meson-exchange currents are concerned we in-
clude 7, p, w, and pmy exchange. As the explicit
form of these currents are given in Ref. 5 we do
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not discuss them again. In Sec. IV, however, we
discuss these processes together with the reso-
nance contributions to the deuteron form factors.

II. DEUTERON WAVE FUNCTIONS WITH RESONANCE
ADMIXTURES

In the determination of the deuteron wave func-
tion we start with the “conventional ” nonrelativ-
istic Schrddinger equation including resonance A
(1236 MeV) degrees of freedom:

HV =EV. (1)

The total Hamiltonian H consists of a pure nucleon
part (H,), a pure resonance part (H,), and a
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where ¥, is the nucleonic component
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and ¥, the resonance component

1
\IIA=%; 7u;fs(1‘)lA2(LS)J=1,T=O). (8)
From selection rules we have four resonance (AA)
channels, namely, 35¥, °D¥, "D¥, and "Gf.
The normalization of the wave function is put to
unity as

~0
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transition interaction (H,,) which can be written
as follows:

P2
HN=7N-+‘UNN—>NN, (2)

P2
Hp=—=—4Vpap-a0 0, (3)
LN
Hyp=UOyyesnns (4)
where the constant § is given by
6=2(my=-m,), (5)

and D is the relative momentum of two particles.
The Schrddinger equation (1) can be written in a
matrix form as

) ) ®

r

Model potentials

As for the nucleon-nucleon (NN) potential [ Fig.
1(a)] we chose a modified Reid-soft-core potential
by introducing a parameter B in the central part of
the triplet channel:

V,==-10.463¢7* /x + 105.468 ¢ 2% /x
~B3187.8¢7%" /x +9924.3¢75% /x . (10)

The tensor interaction will be left unchanged.

In the pure NN case 8 is equal to one. In the
presence of AA components 3 is adjusted to give
the correct binding energy of the deuteron. This
choice has been taken earlier by other people.!*:*
The modification of the intermediate-range attrac-
tion as in Eq. (10) may be justified by the fact
that the AA components give rise to a similar in-
teraction.7+18

FIG. 1. THlustration of the baryon-baryon potentials taken into account. Diagram (a) corresponds to the modified
Reid-soft-core nucleon-nucleon potential [see Eq. (10)]. Diagrams (b) and (c) illustrate the NN «— AA transition
potential, whereas diagram (d) corresponds to the AA interaction.
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As for the AA [Fig. 1(d)] and NN—AA [Figs.
1(b) and 1(c)] transition potentials we derived
one-boson-exchange potentials due to 7, p, and
w exchange. For the meson-nucleon vertices we

ONNe—an =(71% ‘?S‘Z) (61% ’51% vEA+SIAVES),
(11)
) = A =() (2 7y AA

_ AA 17 AA
Vpnsan=(TEATRA) (VEL+GRA G VAL +S5° VD)

used the monopole form factors. The w-exchange (12)
part in the interaction Up,.ap gave rise to an with
unphysically high probability in the 35} and D}
channels (3-8%). Instead of a further modifica- VELB2=yB1B2" (i, 7) +2VELE2P (m ), (13)
ti.on of the short-range part of the interaction we VE1B2=y 1827 (i y) — VELB2P Gy 7 ) (14)
simply dropped the w-exchange part. The poten- _
tials used in the numerical calculations have the By B,=NA orAA,
following forms: and
J
fo A A2-m¥
VELPzm o r) =5 m, ~ELERE [Yo(m o?) = m—"Yo(M)<1 oz A rﬂ ’ (19)
2 3 2 2
5 A A AP-me®
VE1B2% (n 7) =%maL;ﬁ [Yz(m o) = < e > Yyar) + — ~TImg ArYl(Ar)} ) (16)
2
A A% =mp?
VEA(m p‘)’) =— gi’?p m, {Yo(m,ﬂ’) - m—pYO(AT) <1 + ——ZA—Z‘E—A7>] . (1

Here we defined
Yox)=e™>/x, Y, (x)=(1+1/x)e™/x,
Yo(x)=(1+3/x+3/x%)e™/x,

and « denotes 7 or p. A is the parameter associ-
ated with the monopole meson-nucleon form fac-
tor.

The operators G, and T, are the transition
spin and isospin operators defined by

(18)

GGyl 2 =Gl Tyl 2)=2. (19)
The operators G, and T,, are defined by
(31550l 22 =G T5all 2 =2VT5. (20)

The tensor operators Si2 22 are defined in the
usual way as

1B2_ 3 (=) _my(=@ .F)_=0 .=
sz _1’2( 3132°r)(03132 r) 08,8, 05,8,
(21)

The meson-baryon coupling constants used are
summarized in Table I.

Numerical calculation

For solving the six coupled equations [Eq. (6)]
we adopted the Numerov algorithm.!® Details are

TABLE I. Meson-baryon coupling constants used
throughout in this work.

2 2 2 2 2
Sane/ar Sano/ax fanu/ax Sano/ar Sanp/tr

0.36 9.24 0.0032 0.131 0.89

-
given in Appendix A. We checked our program
by several solvable models for three coupled
channels. The solvable models are explicitly
given in Appendix B.

In Table II we give the probabilities of the deu-
teron components calculated by different poten-
tials. We take two different choices for the mono-
pole form factor, namely, A%=1.1 GeV? and
A?=1.91 GeV?. For each\ we calculated thewave
functions with four different choices of potentials.
Cases 1 and 5 show the results calculated with a
one-pion exchange in the NN—AA transition po-
tential and no interaction in the AA channel.
Cases 2 and 6 are calculated by a transition in-
teraction mediated by 7 and p exchange, and
again no interaction in the AA channel. Cases 3
and 7 include in the transition potential and in the
AA interaction the exchange of one m only. Cases
4 and 8 include 7 and p exchange in the transition
potential as well as in the AA interaction. The
total probability of AA admixtures strongly de-
pends on the meson-nucleon form factor. For
AZ%=1.1 GeV? the total probability is around 0.69-
0.76%; for A?=1.91 GeV? the total probability is
roughly twice as large (1.05-1.53%). In both
cases of meson-nucleon form factors the "D}
component is by far the most important compo-
nent. This is due to the fact that in this channel
the tensor force is most effective. The partial
wave components are not very sensitive to the
choice of the potentials, except for the 3S} chan-
nel. The only earlier calculations of admixtures
obtained by solutions of coupled equations are the
recent ones of Arenhtvel.”> The overall feature
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TABLE II. Deuteron AA probabilities for different meson-exchange processes and different

meson-nucleon form factors.

No. Uyy-as Uan-aa A® (GeV?) 8

Paa (%) Pyy (%)
s  Spr  ™f G Total °D,

! T No 1.1 0.8316 0.025 0.020 0.663 0.056 0.764 6.03
2 TP No 1.1 0.8470 0.062 0.024 0.568 0.050 0.704 6.09
3 T T 1.1 0.8432 0.077 0.028 0.531 0.056 0.693 6.12
4 TP TP 1.4 0.8439 0.126 0.036 0.540 0.054 0.756 6.15
5 ™ No 1.91 0.7216 0.038 0.033 1.202 0.088 1.36 5.92
6 TP No 1.91 0.7843 0.162 0.043 0.782 0.065 1.05 6.09
7 T T 1.91 0.7450 0.249 0.073 0.871 0.093 1.29 6.11
8 T P T, p 1.91 0.7500 0.379 0.079 0.985 0.084 1.53 6.14

of the probabilities looks similar, but in some
cases there are some considerable differences.
One example to compare is our case 5 with his
case 8. Except for the *D¥(AA) channel the proba-
bilities of the other channels are generally larger
than ours (total probability 1.87% compared with
our result 1.36%). In contrast to Ref. 11 we do
not observe a general decrease of the (AA) proba-
bility with the inclusion of the AA interaction.

All the results shown are those without the in-
clusion of the w exchange. The reason for this is
that including the w exchange we obtained unphys-
ically high AA probabilities. This is caused by
the sensitivity of the 35¥(AA) channel to the short
range behavior of the potentials.

Some wave functions are shown in Figs. 2-6.
The NN wave functions are shown in Fig. 2 for
comparison. The figures show clearly the sensi-

uMN(r)
0.56 T NN wave functions
Vyy (8 = 0.750)
0.48 Vna (7s0)
Vaa (ms0)
0.40 1 A2 = 1.91 gev?
3
51
0.32 A
0.24
3
D
0.16 - 1
0.08 -
0 T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

r(fm)

FIG. 2. Nucleonic components of the deuteron wave functions corresponding to case (4) of Table II.
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LY
0.08 A oA wave functions (4)
7DT Vyy (8 = 0.8439)
0.06 Vy, (x.0)
Vaalmoe)
0.04 A
7 A% = 1.1 gev?
Gy
0.02 7
0
3p* r(fm)
-0.02 7 +
3
51
-0.04
-0.06 v " ' " i .
1 2 3 4 5 6

FIG. 3. Resonance partial wave components of the deuteron for case (4) of Table II.

tivity of the 35#(AA) component on the choice of
the potentials.

III. ELECTROMAGNETIC FORM FACTOR OF THE
DEUTERON

In the calculation of the deuteron form factor
we follow Gari and Hyuga*:® in the treatment of
meson-exchange currents, i.e., we include the
exchange of 7, p, w, and pmy. For details of the
treatment of the exchange currents we refer to
Refs. 4 and 5. The total contributions to be in-
cluded in this paper are diagrammatically shown
in Figs. 7(a)-"7(c). There are certainly additional
meson-exchange currents associated with the AA
components of the wave function as illustrated in
Figs. 8(a)-8(c). These contributions seem to be
not important as the leading piece, the pion pair
current, is strongly suppressed in the present
case.

The form factors are defined by the following
cross section of electron-deuteron scattering:

do _ (do_
E~<dQ>Mott
20,2 1 2(lg q° 20 2
A(Fea) +[1+2 a0 s P00
(22)

with

F*(¢*) =Fc*(d®) +154*Fo*(q") » (23)
where ¢ is the electron momentum transfer and
F¢, Fo, and F,, are the charge, quadrupole, and
magnetic form factors. According to our descrip-

tion the form factors consist of three contribu-
tions:

Fy(q?) =F¥(g?) +F£(q?) +F¥* (¢?) . (24)

The first term corresponds to diagram (a) in Fig.
7, the second and third terms to diagrams (b) and
(c), respectively.

The form factors F¥(¢®) and F5*C(g®) are ex-
plicitly given in Ref. 5. The only difference
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0.161 AA wave functions (8)
Vyy (8 = 0.7500)
0.12 1
_— g (750)
D
1 VAA (7[39)
0.08 7
2% = 1.91 Gey?
7 *
Gy
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0 3 %
Dy r(fm)
-0.04 A 3*
51
-0.08 1
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FIG. 4. Resonance partial wave components of the deuteron for case (8) of Table II.

(r) aa wave functions (1)

= 0.8316)

-0.02 T T T T T

FIG. 5. Resonance partial wave components of the
deuteron for case (1) of Table II.

UAA(r) a4 wave functions (5)
0.16 1 Vyn (8 = 0.722)
VAN (n)
0.12 7 Yaa = 0

A% = 1.91 Gev?

-0.04

-0.08 T T T T T
¢} 1 2 3 4 5

FIG. 6. Resonance partial wave components of the
deuteron for case (5) of Table II.
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o D =
G
5
- - o>

(a) (b) (c)

FIG. 7. Electromagnetic interaction processes taken into account in the calculation of the deuteron form factors.
Diagrams (a) and (b) illustrate the impulse approximation contributions from the nucleonic and resonance parts of the
wave function. Diagram (c) corresponds to the meson-exchange currents included in the present calculations.

arises from the definition of the deuteron wave U S U, Uy TUgy, UF=udy, uf=uf,
function [Egs. (7-9)] as the interpretation of the e e (25)
nucleonic component of the wave function is dif- Uz ZUzzy Ug =Ugs,
ferent. the AA contribution of the deuteron to the form
Introducing the simplifying notation for the wave factors F¢, Fq, and F, can be summarized as

function Eq. (8): follows:

F8¢) =G5@) | driols @) [0 + g+ )+ w)?], (26)

o
3 o
FY@) =G [ a(h ) (VT utus - ) - F @)+ (1293 /Dugu -3 i)’ @7
0

Fi) = 7630 [ ar Lotk @) +iaG )] 2 -3 03 +3 )]

+65@) [ @i ) [ = 2 20 = 2 )]

[¢]

+G3(q®) f @ joz @) [INZ utus+5 w3) -4 @$)? GV3/Dugus +3 @f)]. (28)
0
Here G5(¢®) and G3(g?) are isoscalar electric and In the derivation of the electromagnetic inter-
magnetic form factors. They are taken from action of the resonance we simply used the static
Iachello, Jackson, and Landé (IJL) with a differ- quark model and the scaling assumption.

ent normalization: F3(0)=1.

C e D C o D C D
S G R
e T e S

FIG. 8. Ilustration of other types of meson-exchange currents also contributing to the deuteron form factors. They
are neglected in the present work as their leading terms are suppressed.
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IV. NUMERICAL RESULTS

In Figs. 9-11 we show the individual contributions
of the exchange currents (7,p,w,p7y) and the AA
contribution. We showed here the AA contribution
together with the individual exchange currents as
the AA contribution may be regarded as a two-
pion-exchange process. For momentum transfer
g°>20 fm™? the resonance contribution is compar-
able to the small contribution of the p and w ex-
change. As for the magnetic form factor the reso-
nance contribution turns out to be relatively large.

The exchange current contribution shows essen-
tially the same effect as in our earlier calculations
where resonance degrees of freedom are not ex-
plicitly taken into account. This is due to the
small changes in the nucleonic part of the deu-
teron wave function caused by the presence of
resonance freedoms (Fig. 2).

In Figs. 12-16 we show the total charge F.(q?),
quadrupole Fq(g?), magnetic F,(q*) form factors
as well as F;z%(¢?) and B(g®). In all figures we
show the total impulse results for the form fac-
tors [Imp(NN +AA)] and the contribution of the
nucleonic components only, to the impulse form
factors [Imp(NN)]. In addition, we show the total
impulse plus exchange current form factors (NN
+AA +EXC). In all form factors the influence of
the resonance degrees of freedom is practically

negligible. The same is true for all possible
choices of potentials (Table II).

The magnetic moment F,(0) is of special in-
terest. The individual contributions of the con-
sidered processes are summarized in Table III.
We compare two cases of deuteron wave functions,
namely, case (4) and case (8) of Table II. For
comparison we show the results for the Reid-soft-
core wave function without resonance components.

The impulse magnetic moment for a deuteron
wave function with AA components is given as
follows:

NN component:

FU(0) =G5(0) +[3 - $G3(0)] Py, ~G5(0) PAS;

(29)
AA component:
F,,A,A(O) =G'§(0)P3sl + [—2— %ﬁ—_ %Gfl(o)j! PésDAI
+ {-— —;—-%Z——Z—+2G,§(O)} P%)Al
s g mi- 1030 g2 (30)

The (AA) impulse contribution Eq. (30) is roughly
comparable to the contribution of the exchange

10
1078 ]
10-9 T T T T ™ T v T T T T
0 8 16 24 32 40 56 64 72 80 88 96
a2 (fm~?)

FIG. 9. Comparison of the exchange current (ngc) and resonance (Fé) contributions to the charge form factor.
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FIG. 10. Comparison of the exchange current (F§<°) and resonance (F3) contributions to the quadrupole form factor.

Log10 (FM

FIG.
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)

- —— —

~~~~~~~~~~~~~

.2 T T T T T T T T T T T T

0 8 16 24 32 40 48 56 64 72 80 88 96

aZ(n-2)

11. Comparison of the exchange current (Fﬁxc) and resonance (Fﬁ) contributions to the magnetic form factor.
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F. (q?)

NN+AA+EXC

Imp(NN+aa)

FIG. 12. Total charge form factor Fo(NN+AA+EXC). The total impulse result [Imp(NN + AA)] as well as the im-
pulse form factor [F¢(NN)] of the nucleonic components, only, are also given.

F, (q?)

NN+AA+EXC

o

A

Imp(NN+aa)

T T T T T T T T T T

16 24 32 40 48 56 64 72 80 88 96
o%(fm"?)

FIG. 13. Total quadrupole form factor Fo(NN + AA+EXC). The total impulse result [Imp(¥N +AA)] as well as the
impulse form factor Fo(NN) of the nucleonic components, only, are also given.
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Foy (G9)

NN+aA+EXC

———

10-7 T T T v T T T T T T T T

FIG. 14. Total magnetic form factor Fy (NN + AA+EXC). The total impulse result [Imp@VN + AA)] as well as the im-
pulse form factor F,(NN) of the nucleonic components, only, are also given.

FZ(q?)

NN+AA+EXC

Imp(NN+aa)

10-10 4

10-12 T T T T T ™ T T T T T T

FIG. 15. Total form factor F (g% for NN + AA+EXC. The individual contributions of the total impulse approxima-
tion [Imp(VN +AA)] and the nucleonic impulse approximation [Imp(NN)] are given.
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1072 1
B (g?)
1073 1
1074 1
1075 1
1076 4
10-7 4 Imp(NN+aa)+EXC
1078 - —
109 . . - . T r T T r T T
0 8 16 24 32 40 56 64 72 80 88 96
(a2

FIG. 16. Deuteron backward scattering form factor B(q?) = (¢%/3m 1,,2)FM2 with resonance and exchange current contri-

butions.

currents. The main part of the (AA) impulse con-
tribution arises from the "D?¥ partial wave and
roughly explains the difference between case (4)
and (8). All the results are very close to the ex-
perimental value. The relative insensitivity to
the (AA) contributions arises mainly from the
“renormalization effect,” namely, the third term
of Eq. (29).

V. CONCLUSION

In the present paper we investigated the influ-
ence of baryonic degrees of freedom on the elec-
tromagnetic form factor. The interest in this
problem for us was twofold. Firstly, since the

TABLE III. The magnetic moment of the deuteron F,(0)
for different descriptions of the deuteron state. The ex-

perimental value to be compared with is Fy5®(0)=0.8574uy.

Deuteron Magnetic moment F(0) (uy)
description Imp(NN) Imp(AA) EXC Total
Case (4) Table II 0.838 0.008 0.011 0.857
AA(%)=0.756
Case (8) Table II 0.832 0.017 0.011 0.860
AN (%) =1.53
AA(D) =0 0.843 s 0.011  0.854

neutron form factors are extracted from the deu-
teron measurements it is of greatest interest to
determine how strongly the baryonic degrees of
freedom will invalidate this. A large resonance
contribution to the deuteron is likely to spoil the
idea of obtaining a reliable neutron form factor
from deuteron measurements. Because of the
presence of meson-exchange currents such a task
is already very difficult. On the other hand, large
effects in the deuteron form factor from baryonic
resonances could provide an excellent study of
such contributions in nuclei. In order to answer
some of the questions we solved the full coupled
channel problem for the deuteron. As the baryon-
baryon potentials are not very well defined at
short relative distances (high meson exchange) we
discussed the solutions of the equations for many
choices of baryon-baryon interactions. The solu-
tion of the coupled channel problem has been
checked with several solvable models (Appendix
B) which makes us confident of the numerical ac-
curacy of our calculation.

Summarizing the effects of different potentials
we note that a large influence on the resonance
wave function arises from the choice of the meson-
nucleon vertices. Altogether the percentage of
resonance (AA) contributions to the deuteron is
in the range of 0.7-1.5% depending on the choice
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of meson-nucleon vertices. Except for the
38*(AA) partial wave the contributions are rather
stable concerning the changes in the baryonic in-
teractions.

The influence of the baryonic degrees of free-
dom on the electromagnetic form factors of the
deuteron have been discussed with the variety of
deuteron wave functions given in Table II. The
calculation of the electromagnetic form factor
has been based on the earlier calculations of Refs.
4 and 5, where the meson-exchange currents have
been treated in detail.

In the final analysis the effect of the AA reso-
nances in the deuteron turned out to be rather
small for all choices of potentials. For the fur-
ther study of resonance contributions of nuclei
by electron-deuteron scattering this result is not
very encouraging [we should note in this context
that this does not imply a small resonance effect
(T =0 channel) on the binding energy of nuclei].
However, for the determination of the neutron
form factor these findings seem to be of greatest
importance.

APPENDIX A: NUMERICAL SOLUTION OF THE SYSTEM
OF COUPLED EQUATIONS

The numerical integration of the system of six
coupled differential equations has been performed
in three steps:

(i) Outward integration »°" from the core radius
7. of the potentials to the matching point 7 =1.4

to six linear independent regular solutions
1 out 6 out
([u()] )’___<[u()} > . (A1)
[ux(V)]™ [u*(6)]
u* (k) and [#*(k)]°" are two and four component
vectors, respectively, as defined in Eq. (25).
(ii) Inward integration from 7 =10 to 5 fm for the
nucleonic components only.
(iii) The resonance components are switched on at
¥ =5 fm and the full system is integrated up to the

matching point # =1.4 fm. This again gives six
independent solutions

in in
<[u<1>] >,.__<[u<s>1 ) _ a2)
[ux(D)]" [u*(6)]"
For the integration procedure we used the
Numerov algorithm.!® At the matching point
7 =1.4 fm linear superpositions of the functions
ui" and u°u, respectively (which are continuous
at this point), can only be chosen if we are at the
exact energy of the system. In general one ob-
tains a discontinuity in the first derivative of one
component, say the 3S,(NN) wave function. This
fact can be used to derive an energy correction
formula for the eigenvalue problem.!® In the gen-
eral case of nonsymmetric potential matrices
U;; [Eq. (6)], we split U into a symmetric and
antisymmetric part as

Us =3 (U + U5

fm. The core radius has been chosen as v.=0.014 Ut =1 (U U..) (A3)
fm (which is the Reid-soft-core choice) for all i1 72 \V T Vi
baryon-baryon potentials. This integration leads and obtain the following correction formula
]
2 fo°° drizz u;(€) U up(e+n) +uj(e) Uf u;(e+n) +uy(e+n) Tj?[u‘{"‘ (€)—ur(e)]| _
_-=-1, r=r
= = T am] & w@uermrma]  ar@uren] ; (a4)
0 i=1,2 i=1,4
here we have put € =Em, and u(e) is the wave func- 7= a_ LV
tion for the energy €. The derivation of Eq. (14) 1m g2 AR
assumes that €’ =€ +7 is the correct eigenvalue, >
so that Ty= 3z =B =mp Ve, (B1)
d ou in 2
Td;[ul “(e+n) —u¥ (e+n)] r=r_=0- (A5) T3='érq‘2'—'§2_"ﬁz-mAV33,
where o and 8 are given as
APPENDIX B
a=(-myE)""?, B=[my(6-E)]" (B2)

In order to check the numerical accuracy of our
coupled channel calculations we performed solv-
able model calculations. We assume three chan-
nels, namely, an S wave for the nucleon channel
[u(r)] and S-wave [u*()] and D wave [w*()] chan-
nels for the resonance components. We define
first the operators

and V;; denote the potentials. Then our coupled
channel equation can be written as

myViu*+myVigw*=T,u,
MAVipu +m 7 Vo * =Tou*, (B3)

MAV g +M 7 Vogu* =T zw * .
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We assume the wave functions », u*, andw* to
be of the following form:

u=e%"flr),

u*=B,e” " Yr)f(r), (B4)
w*=Coe " Y(r)Flr)f*r),

where
YO)=e ™", fr)=1-Y®)

and (B5)
Fr)=1+ 3

+ .
(@+mg)r  (a+m,)?r?

We further assume V,, and V,; in Eqs. (B1) and
(B3) to be zero, then the potentials V,, which
solve together with Eq. (B4) the coupled equa-
tions (B3) are given as follows:

m2a+mq YY)

Vi=- my, fr)
Y(r) (.
- —mij[B0 Volr) +C V)], (B6)
_ Y(r)
Vi2=3 mp B, f(r)

(B2 [Vor) +W,r)] +C [ Valr) =W o)1},

(B7)
Vios Y(r)
187 2m,\C Flr)fir)
x{BE2[Vr) =W,r)]+C 2 [ Var) +W,lr)]},
(B8)
-1
Vas= gm B.CoF )1 o)
X{B}[V,(r) = W,0r)]+C P [ Vo) =W o(r)]} .
(B9)
where
Wor)=cflr) -ady(r), (B10)

War)=F@r)fow){cFlr)f3r)-gGw)fw) Yir)
+hF@r)[4Y%r)-Y(r)]}, (B11)

Gwr)=1+ 3 + 6 + 6
(@+mpr  (a+m)*r®  (a+my)*r?
(B12)
with the definitions
c=(a+m)?=p% d=m,(2a+3m,), (B13)

g=8m (a+m,), h=4m2.

So far V,(r) and V,{r) are arbitrary functions of
r. In order to obtain a somewhat realistic case
we impose the following conditions on the poten-
tials V;;

(i) V“ (’V) oy e~mn”

(B14)
(ii) Vii (7):30(7'1) .

This leads to the following restrictions for V, and
V3

@) Valr), Valr) = e,
(11) Vz(y) - WZ(T):T)O(T) ) (B15)

V,lr)—=0r).

r—=0

In the actual calculations we took two simple
choices which fulfill the conditions Eqs. (B14)
and (B15), namely,

case 1:

Vo,r) =W,lr) and V,(r) =W,r); (B16)
case 2:

Volr) =W,r) and V,(r)=0. (B17)

The only freedom remaining is then associated
with the constants B,C, in Eq. (B4) and the en-
ergy of the system E in Eq. (B2).

Our numerical calculations have been checked
for both cases Egs. (B16) and (B17) with various
choices for B, and C, and binding energy E of the
system. The accuracy for the binding energy in
the numerical calculation actually reached was
better than 0.1%.
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