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Abstract

The partial wave projection of the Nijmegen soft-core potentials in momen-

tum space is presented. The given formulas are quite general and apply to
nucleon-nucleon and hyperon-nucleon as well. An important aspect of this
work is that the results of the Nijmegen multi-energy partial wave analysis
can readily be made available to momentum space computations. This by
a straightforward transcription to momentum space of the various Nijmegen
potentials based on soft-core potential functions. Typical structures of the
momentum space potentials are shown grafically in three-dimensional plots
for various nucleon-nucleon partial waves.
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I. INTRODUCTION

In the late fifties, the combination of nucleon-nucleon (NN) partial wave analyses (PWA)
and endeavors to construct theoretical models led to the establisment of a largely phe-
nomenological spin-orbit NN-force. For a clear account of this development see the papers
by Signell and Marshak [1] and the references quoted therein. A modern and sophisticated
version of the methodical exploitation of semi-phenomenological potentials in the PWA of
the NN-data is provided by the work of the Nijmegen group. After the multi-energy PWA
(i.e. phase shift analysis) of the pp data below 350 MeV [2], recently a similar analysis has
been published for the pp + np data [3]. The pp+ np data base consists of 1787 pp-data and
2514 np-data. Here, the internucleonic distance 7y is divided up into three regions: (i) the
long range region (ray > 2.0 fm), (ii) the intermediate region (b < ryy < 2.0 fm, b = 1.4
fm), and (iii) the short range region (ryy < b fm). In (i) the NN-potential is very much
dominated by the known electromagnetic and one-pion-exchange potentials, in (ii) are added
intermediate range potentials that are parameterized by (broad) scalar and vector meson
exchanges. In [3] the Nijmegen soft-core potential [!] was used, apart from a modification
in the singlet waves. The short range region is described by energy dependent square well
potentials. The well-depths are parametrized as polynomials in k2, where k denotes the
relativistic cm-momentum, independently for each partial wave. As a result of this PWA
very accurate I = ( np phases are now available, the estimated errors are only slightly larger
than those for the pp phases.

The Nijmegen group has also performed PWA’s using a Reidlike approach [5] to the con-
struction of a phenomenological potential [6]. These Reidlike potentials fit the data equally
well as the PWA's of [2, 3], giving x3 4, & 1.0. The function of these phenomenological po-
tentials is to make the results of this new PWA available for many applications in few body
systems. In these Reidlike potentials, an important place is taken by the so-called soft-core
one-boson-exchange (OBE) potentials. For nucleon-nucleon [!] and hyperon-nucleon (YN)
[7] scattering we have shown that a soft-core One-Boson-Exchange (OBE) model, based on
Regge-pole theory, gives a good description of the NN and YN data. Recently the Nijmegen
NN-potential, Nijm78, of [1] was updated [0] to Nijm93. These OBE-models were evaluated
in configuration space through a fit to the data. In order to make the soft-core models also
available in momentum space, we present in this contribution the explicit formulas for that
purpose on the LSJ-partial wave basis.

The contents of this paper are as follows. In section II we review the definition of the
OBE-potentials in the context of the Lippmann-Schwinger equation. We introduce the usual
potential forms in Pauli spinor space, where we include the central (C'), the spin-spin (o), the
tensor (7'), the spin-orbit (SO), the quadratic spin-orbit (Q)12), and the antisymmetric spin-
orbit (ASO) potentials. To make this paper self-contained we give in section 111 the OBE-
potentials in momentum space for pseudo-scalar, vector, scalar, and diffractive exchanges.
In section IV we perform the basic partial wave projections, in particular those for the spinor
invariants. The partial wave basis is chosen according to the convention of [¢]. In section V
the exact relation between the configuration space and momentum space potentials in the
case of the quadratic spin-orbit operator ()15 is discussed for the Nijmegen soft-core models
[1, 7]. Here the explicit corrections due to the difference between the Ps = (o1 - n)(o - n)-
operator and the Fourier transform of ()15 are given. Finally in section VI we discuss the



tests performed on the formulas of this paper and give the results for the nucleon-nucleon
s- and p-waves.

Appendix A contains sets of expansion coefficients in z = cos 8 for the potentials of the
different exchanges. Appendix B contains partial wave matrix elements of several impor-
tant operators. In appendix C the details are given of the Fourier transformation of the
Q1o-potentials. In appendix D coefficients are given for the partial wave projection of the
quadratic spin-orbit operator. The latter are introduced to make the expressions for the po-
tentials less cumbersome. In appendices E-H we give the explicit momentum space partial
wave potentials for respectively the pseudo-scalar-, the vector-, the scalar-, and the so-called
diffractive-exchanges. In the latter we include the pomeron- (or multi-gluon-) exchange as
well as the J = 0-components of the tensor-meson exchange.

II. POTENTIALS FOR THE LIPPMANN-SCHWINGER EQUATION

We consider the nucleon-nucleon or hyperon-nucleon reactions

B(p1,s1) + N(p2, s2) — B'(pl, 8y) + N'(py, 53) - (1)

where B is either N or Y. Like in [9], whose conventions we will follow in this paper, we
will refer to B and B’ as particles 1 and 3 and to N and N’ as particles 2 and 4. The four

momentum of particle ¢ is p; = (E;, p;) where E; = /p? + M? and M; is the mass. The
transition amplitude matrix M is related to the S-matrix via

(fISl) = (fli) — i(2m)" 6" (P — P){fIM]i) , (2)

where P, = p; + p; and Py = p} + p), represent the total four momentum for the initial state
i) and the final state |f). The latter refer to the two-particle states, which we normalize in
the following way

(P, PoIp1. P2) = (2m)*2E(p1)6°(P) — p1) - (27)*2E(p2)6* (P — p2) - (3)

Three-dimensional integral equations for the amplitudes (f|M|i) can be derived in various
ways. See for example references [0, 10]. In [11] the derivation is based entirely on two-
particle unitarity and the analyticity properties of the amplitudes, using the N/D-formalism.
In the latter approach the in essence Regge pole nature of meson-exchange can be appre-
hended most easily. The equation obtained with this method is

Mfi(qﬁQi; s) = Wyi(ay, qi; s) +
+Z/ an Qf,kn,S)Go(kn,S)Mm(km%;S) ) (4)

where q; and qy denote the initial and final state momenta, and

-1

— (Bi(k) + Ex(k))* +ie| (5)

1 Ey(k) + Ea(k) [

Golkis) = 55, (k) Es (k)



with s = (Fi(p) + Fa2(p))?. This follows from equation (4.27) in [11]. The same equation
has been derived, for example, by Gersten, Verhoeven, and de Swart [12] in the context of
the conventional approach which uses the Bethe-Salpeter equation. Also in [11] it is shown
in detail that in the Regge pole approximation the pseudopotential (f|W|i) corresponds
to OBE-exchange amplitudes with form factors at the BBM-vertices. Beyond this, one
may consider the OBE-approximation more generally as an effective way to represent the
exchange amplitudes for all allowed quantum numbers. In order to arrive at a Lippmann-
Schwinger equation, one chooses a new Green-function g(k;s) which satisfies a dispersion
relation in q%(s) rather than in s [9]. Then one obtains

~1
ki, —a, — i)™, (6)

g(kn:s) = 2[E1(kn)+E2(kn)]( n

where q, is the on-energy-shell momentum. This Green-function is eventually used in the
integral equation (4) instead of Gy(ky;s). So the corrections to (f|W|i) due to the transfor-
mation of the Green-functions are neglected. They are of higher order in the couplings and
are usually discarded in an OBE-approach. With the substitution of g for G, (5) becomes
identical to equation (2.19) of [9]. From now on we follow section II of [9] in detail. The
transformation to the non-relativistic normalization of the two-particle states leads to states
with

(plla 8,17 pl27 Sl?‘pla S1; P2, 32) = (27]-)653(13,1 - p1)53(pl2 - p2)5s’1,s155’2,s1 . (7>
For these states we define the T-matrix by

(FIT10) = {4psa(Bs + Ey)} "2 (F|M|i){4puia(By + E2)} 7 8)

where 19 and ps3s are the reduced masses for respectively the initial and final state. Then
we get from (4) the Lippmann-Schwinger equation

(3.41T11,2) = (3,4]V]1,2) +

d*k, 2
+zn:/W(&MWM,HQ}MWMnQ\T\l,Q) , (9)

where analogously to (8), the potential V' is defined as
(IVIE) = {4pasa(Es + B} (FIW]i{4pa(Br + o)} % (10)

Using rotational invariance and parity conservation we expand the T-matrix, which is a
4 x 4-matrix in Pauli-spinor space, into a complete set of Pauli-spinor invariants (see for
example [7, 13, 11])

8
T = Z Ta(Q?ﬁQ?»Qfo) Pa . (11>

a=1

Introducing



1
ng(qurqi), k=q;—q;, n=q; xqr=qxk, (12)

we choose for the operators P, in spin-space

P =1 P,=0; 09
Py =(o1-k)(o2-k) — %(0'1 o))k*> Py= %(0‘1 +03)n
Ps; = (oy -n)(oy - n) Ps=1%(oc1—03)-n (13)
Py =(01-q)(02-k) + (01 -k)(02-q)
Py =(01-q)(02- k) = (01-k)(02-q)
Here we follow [7], where in contrast to [1], we have chosen P; to be a purely ‘tensor-force’

operator.

In the OBEP-approximation only second-order irreducible diagrams contributing to the
kernel i.e. W = M™® are included. Similarly to (11) we expand the potentials V. Again
following [7], we neglect the potential forms P; and Ps, and also the dependence of the
potentials on k - q . Then, the expansion (11) reads for the potentials as follows

V= 263 Vo(k? q?) P, . (14)

a=1

III. ONE-BOSON-EXCHANGE POTENTIALS IN MOMENTUM SPACE

For completeness we will present the NN- and YN-potentials as derived in [1] and [7].
The local interaction Hamilton densities for the different couplings are
a) Pseudoscalar-meson exchange

Ry = 22 (imasvloner (15)

b) Vector-meson exchange
Hy = gvlibnatlol + 507 [Wouv](@ ey - 0F) | (16)

¢) Scalar-meson exchange
Hs = gs[0v]0s . (17)

where 0, = [Y4,7]/2i and mg and M are scaling masses. In [!] and [7] the latter were
chosen to be the charged pion mass and the proton mass, respectively. The vertices for
‘diffractive’-exchange have the same Lorentz structure as those for scalar-meson-exchange.
Including form factors f(x’ — x), the interaction densities are modified to

Hy(x) = / &P f(x' — x)Hx(x') | (18)
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where X = PV, V, S, or D. Because of this ‘convolutive’ form, the potentials in momentum
space are the same as for point interactions, except that the coupling constants are multiplied
by the Fourier transform of the form factors.

The OBE-potentials were obtained in the standard way (see e.g. [1] and [7]) by evaluating
the NN-interaction in Born-approximation. We write the potentials V,, of (14) in the form

Vo(k% g =Y 0 (K, q%) - AN (K2, m? A?) | (19)
X

where X = P, V. S, and D (P = pseudo-scalar, V' = vector, S = scalar, and D =
diffractive). Furthermore

1 12 2
A(X)(kQ m A2) m e K2/A (20)
for X =P, V, S, and
1
A (k2,m3, A?) = Weszmm%) (21)
for X = D. In (21) M is a universal scaling mass, which is in principle different from the
one introduced in (16). In the YN-model [7] M was taken to be the proton mass [15]. The

mass parameter mp controls the k?-dependence of the pomeron-, and the J = 0-components
of the f-, f’-, and As-potentials.

In [4] and [7] the following contributions to the different Q%) were derived:
a) pseudo-scalar-meson exchange:

pop K P P k?
= —f13f24% = — 013924 (12M13M24>

1 1
R () 22
13J24 m% 13924 4M13M24 ( )

We have also included here the expressions for the PS-coupling for completeness.
b) vector-meson exchange:

k2 3q°
V) = { vy, (1 — +
! D18924\ = Q3 Moy | 2013 Moy

2 2 k*
v Vievy >
913g244MM — [1395: 244./\/1M + il 16 M?2 M3 Moy }

ng) K2 Q(V

M13M24

M

2

3

v M k2

= { (ot 25 (b 15) - Pt /a0
{12913924 + 8 913f24 + f13924)



, 3k?

—fisfs 2 } /(8 M3 Mo4)

My3May
M
M3 Moy
M2

k2 M2 . M2
0" = - { (glvgggi + flafig M2> W~ 20)

%
Qg ) = _ {9}/3924 + 4(g13.fan + fl593)

+8f1V3f2‘51 /(16M123M224)

AM 13 Moy
M3 My,
_(9}/3]82‘2 f13924) W}/(MBMM) (23)
c) scalar-meson exchange:
o
Q 1+
~Onad ( 8M13M24 2M13M24>
0= )
913924 Mz Moy
A = il ( )
1920\ 16012, M3,
M2, — M?
Q g < 24 13> 24
13 24 4M13M24 ( )

d) ‘diffractive-exchange’:
The QP are the same as for scalar-meson-exchange (24), but with
91395, replaced by Fgf393).

In the expressions for Q7 OV, and QF given above, M3 and My, denote the average
baryon masses, respectively M3 = (M; + Mj3)/2 and Moy = (M + My)/2, and m denotes
the mass of the exchanged meson. In deriving these formulae for the Q’s there is used
1/M3% + 1/M2 =~ 2/My, M3, which holds to a very good approximation for NN and YN
scattering.

In case of the strangeness carrying exchanges (K, K*, k, K**) the rules for the modifi-
cation of (22 - 24) have been given in [7, 9]. In these cases one must make in (22-24) the
substitutions My, My — (My M N)l/ 2 and because of the exchange character add an over-
all minus sign. In the case of the K* one has furthermore to add the contribution of the
second term of the vector-meson propagator, see [7], equation (26).

From the ,’s and writing

1
K =g7+9; —2qr92 , q' = Z(qfc + 97 + 2q79:2) (25)

where z = cos 6, one sees that the potentials can be written in the form

7



Va(K?, o) = (Xa + 2Ya + 222, ) - AN (K2 m? A%) (26)
This holds, obviously, for the contributions of each of the different types of exchange sep-
arately. In the following we will work out the latter explicitly. For each type of exchange,

the coefficients X, Y,, and Z, can readily be read off from the ,’s. The results for
X =P V, S, and D are listed in appendix A.

IV. PARTIAL WAVE ANALYSIS

The basic partial wave projections needed are

Ru(F) :; _+11 d=Py(2)F(2) |
Sp(F) = ; ? dz = Py(2)F(2) , (27)

where the form factor F'(z) and x are

_ G g tm

F(z) =exp (—k2/A2) , 244

(28)

with m the mass of the exchanged boson. For A — oo, i.e. F'(z) — 1, the projections (27)
become

1
UL(l, Z) = QL(JJ) y RL(1> = (5L0 y SL(l) = §5L1 . (29)
Writing
6
V(qfa qz) = Z Va(qfa qz) (qf|Pa|qi) ; (30)
a=1
the partial wave expansion of the V,-functions reads
NCTRD Z (2L +1) V}Yz) Py(cosb) . (31)

Using (20) and (26) the partial waves VL(a) (x) for X = P, V, S become

Vi) = St (Xa+ Vo + 2%Z0) Up — (Yo + 2Za) R, — ZaSt (32)
and for X = D
. 1
Vi (z) = o Xain +YaS1] (33)



In the last expression we have used the fact that in this case there does not appear a z?-term
in the potentials.

Distinguishing between the partial waves with parity P = (=)’ and P = —(-)7, we
write the potential matrix elements on the LSJ-basis in the following way (see e.g. [13],
section 7):

(i) P=(-)

(qp; L'S'" T M'| V |gi; LSIM) = 4 V(S 9)5 s Snrnr Sprr - (34)
(i) P = ~(-)’

(qp; L'S'" T M'| V | gis LSTM) = 47 805 Spprar 0505 V2 (L, L) (35)

For notational convenience we will use as an index the parity factor n, which is defined by
writing P = n(—)’. The P = (—)’-states contain the spin singlet and triplet-uncoupled
states(n = +), and the P = —(—)”-states contain the spin triplet-coupled states (n = —).

In the soft-core model [1] the spin singlet-triplet transitions are neglected. This because
in NN the mass differences are small and g5 f3; — f13954 = 0, one can neglect Vg and hence
the spin singlet-triplet transitions. However, for the hyperon-nucleon and cascade-nucleon
channels this is not the case and these transitions can be significant, especially in hypernuclei
[16]. Therefore we include the corresponding potentials in this work.

In appendix B the partial wave matrix elements of the operators P, are evaluated in
somewhat detail. Below we list the partial wave matrix elements for n = + for the different
Ve P,, (a«=1,...,6). Here we restrict ourselves to the matrix elements # 0.

1. central P, = 1:
(qp; L'S" T M'|\VWO P |gs; LSIM) = 47 630 Sy (L' S', L S) (36)
with  F'(L' S, L S) = i 0gs ViV (@)
2. spin-spin Py, = o1 - 03:
(qp; L'S' T M|V Py|gis LSTM) = 4 30 Sppras F3" (L' S', L S) (37)

with  F(L' ', L S) =dprdgs [25(S +1) — 3]V (x)

2.

3. tenSOTP?) = (0’1 k)(O’Q k) — l(0'1 O'Q)k .

3

8

(q;; L'S' T M'|V® Py|gs; LSTM) = ;

(q;—’-g?) 6J’J5M’M F?:]’n(lvj) ) (38)

where i = S" and j = S for n = +, respectively i = L' and j = L for n = —.
(i) triplet uncoupled: L=L" = J, S=5"=

(39)

1 2] +3 27— 1
FH(1,1) = v}3>—2sm2¢( kg V(C) v}fﬁl)

2J+1 771 2g+1
(ii) triplet coupled: L=J+1, '=J+1, §=5 =1

9



J,—
I3

J,—
I3

J,—
F3

F3

(J—1,J—1)=

(J-1,J+1) =

(J+1,J—-1)=—

(J+1,J+1)=

where we introduced

4. spin-orbit Py =

(qp; L'S" T M'|V® Pylgs; LSIM) = 47 qgid oy Snpens Fi (i

(i) triplet uncoupled: L = L' =

cos Y =

9i

\/Qf+gz 7

%(01 +o0,) 1

J+
Fy

(1,1) =

J—
2J+1

A

-3

1

2J -3
2J -1

J(J+1)

V

2J+1

2J—|—1
2J—1

|- sin 2y

1
[—Vﬁ)l + 3 sin 2

V}ZH

v 4

+ ((5052 wVJ(E)l + sin? ¢V}i)1>}

(sm wVJ |+ cos®
J 42

2J +

A

J(J+1)

2J+1

[ sin 2

2J+5 3 2J+1

2J+3 7

J, S=5=1

(V(4)

(ii) triplet coupled: L=J+1, '=J+1, S=5

Fl=(J—-1,J-1)=

Fr(J+1,J41)=—

5. quadratic-spin-orbit Ps =

(qp; L'S' T M|V Ps|g;s LSTM) = 4nq}g} 810 10 FE (i,

(i) singlet: L = L' =

J, S =

F5J7+ (Oa O)

(/-1
(27— 1)

(J+2)

(o1-n)(o2-n):

S'=0

(5+
= €00

(5)

f(5 )

10

siny =

(27 +3)

2J+3

dy

v+

Vity)]

L.
{—V}i)l + 5 sin 21)-

VJ+2}

Vi) /(2] +1)

(Vi — Vo)

(v v

5
()+900

VJ+2

J) -

J)

(40)

(41)



(ii) triplet uncoupled: L=L"=J, S=5 =1
B 1) = el0 Vi + 150 v+ gl v (47)
(iv) triplet coupled:
B (J-1,0-1) =7 1,J-1 V% + £ 1J V4 1,J-1 VJ(—5i-)1
B (£, 050 =57 [Vith = vi2]

J—
F(J+1,J+1) = €§J+1 J+1 VJ 1t fJ+1 J+1 VJ+1 +9§+1 J+1 VJ

(48)
where the coefficients egi’;) and e L5, 2) etc. are given in appendix C.
6. antisymmetric spin-orbit Py = (01 — 02) - n
(q]f, .L,S'/L]/]\4/|‘/(6).F)6|gz7 LSJM) =4m qui(;J’J 5M’M Fé]m(S,7 S) . (49)
(i) singlet-triplet uncoupled: L =L"=J, S=0, S’ =
J+ _ ol _ J(J+1) (6)
Fg(1,0) = Fg7(0,1) = Y (VJ VJ+1> : (50)

With the matrix elements of this section, the partial waves for the potentials can be readily
derived. This will be done in the next sections for the pseudo-scalar, the vector, the scalar,
and the diffractive potentials. Henceforth, we will use the following shorthand notation [11]
for the potentials:

() P=(-)"

Vd,]o — VIH(0,0) Vo{2 — V90, 1)
Vi =V'*(1,0) , Vgh=V"*(1,1) (51)
(i) P =—(—)’
Vi=Vi(J-1,0-1) , V=V"(J-1J+1)
Vih =V (J+1,J=1) , V=V (J+1,J+1) (52)

where it is always understood that the final and initial state momenta are respectively ¢
and ¢;. So Vg, = Vio(ar. @) ete. Since

Vilolar, @) = Vio(aivar)  Vih(ar. @) = Vils(ai, ap) (53)

we will give in case of the off-diagonal terms only the explicit expressions for V(){Q(qf, q;) and

‘/1{3 (qf ’ qz) :
In the appendices E-H we have listed the explicit results for the pseudoscalar , vector,
scalar, and diffractive momentum space potentials.
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V. QUADRATIC SPIN-ORBIT POTENTIALS

In [1] and [7] the potential in configuration space has for the quadratic-spin-orbit the
(Q12-operator. In going from momentum space to configuration space by the Fourier trans-
formation, several non-local terms were neglected at this point. In order to reproduce the
results of [1] and [7] exactly in momentum space, we must evaluate the inverse Fourier
transformation for the )1s-operator. This inverse Fourier transformation is carried through
explicitly in appendix D. There it appears that upon Fourier transforming the soft-core
potentials V(r) Q12 for the different exchanges one gets the result that

Vo(k,q) = Vs(k?) Ps + AVp(k, q)

AVp(k,q) = —{2(S - as)(S - a;) —i(ay x q;) - S} G(k?)
+{o1 o2+ 1} (q7-q) 9(k%) , (54)

From appendix C it appears that the relation between g(k?) and Vj(k?) is given by
dg(k?)/dk* = v;:,(k2 ZQ(X)A(X)(k m?, A?) (55)

since €5 does not depend on k?. In order to obtain the exact momentum space potentials
corresponding to the soft-core ones, we must include in addition to those given in the fore-
going sections, also the contributions due to A‘N/Q(k, q). With the results of appendix B and
C, the partial wave projection of AVg(k, q) can be written down straightforwardly. We find
(i) vector-meson:

2 ~ -
AV (V) = 47 qpg; X (737 + (T + 1)95?1)} (F.z)

1
J—1 2J2 —J+1
AVI,Il(V) = 47 qr9; X((gv) g i )N(V)} (F,x)

1 ) -
AVEV) = am a0 X3 Lo (<0 + 90 b ()
{2J e RN CY S O SR
2/7(J+1)

Avf,Js(V) = 47 qr9; XS/) gy (F,x)

(V){ (22 +5J+4) oy J+2

AV = 4 ;X F,
3,3(V) T qrgi Ao <2J+1)(2J+3)9J 2J+39J+2}< )

(ii) scalar-meson:

s ( 2

AVh(8) = —4m qz. X {5 (7350 + 7+ D) (o)
s 1 () | ~(S

AV;H(S) = 4 gzg; Xé){2J+ : (—g5, +g§+)1)} (F,2)

12



J—1 2J2 —J+1
AV (S) = 47 qp90 X g gt (F
1,1(S> T qrgi g 2J_19J—2+ <2J_1)(2J+1)9J (F,x)

2/T(T+1)
AVIy(S) = 4 qr0s X o3 (Fa)

(2J2 —+ 5J—|—4) ~(S) J+2 ~(S)
r
Qi+ )2+ Tajyade (F,z)

AVIL(S) = 47 qr9 X {

(iii) diffractive:

AVg(D) = —dr qsg0 X (132 + (7 + 032)  (Fa)

o), @ =J+ D) o))
o7 — 1972 212 + )Y (F.z)

D 1 ~(D ~(D
AVZ,(D) = dr qpg; X { (-3 + g§+)1)} (F,z)
AVI{I(D) = 47w qrg; XéD) {

2

AV1{3(D) = 47w qrg; X(E?D)

(2J% +5J +4) (D) J+2 _(p
r
27+ D)2T+3)% T g3l (F,z)

AVJ(D) = 4r 79X {

The connection between g; and the VJ(Q) is rather simple as can be seen from appendix C.
In fact for J # 0 one has

~ _ 459 1% T
6(@) = 570 [P (@) = By (@) (56)
where hyy, is given in (C8). Using this relation it is straightforward to check that the
contributions from the quadratic spin-orbit operators to the sum Vi/(X)+ AV (X) vanishes.
This is in accordance with the fact that the (Q1o-operator has no off-diagonal matrix elements
in configuration space.

VI. CONCLUSION AND RESULTS

The formulas given in this paper have been checked numerically in two steps. First
we have constructed a momentum space program for plane waves using the formulas of
section III. Doing the Fourier transformation to configuration space numerically we recov-
ered the potentials of [1]. Then, we have computed the amplitudes Mgg, My, of [3] by
the summation of the partial waves using the formulas of appendices E-H and section V.
These checked with the same amplitudes as computed by the above mentioned plane wave
momentum space program. Apart from this, Gibson and Stadler [17] have solved the par-
tial wave Lippmann-Schwinger equation, using our computer code based on this paper, and
reproduced the phase shifts of [1].
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In Figures (1-11) we show the typical structure of the momentum space potentials in
3-dimensional plots and in the corresponding altitude charts the lowest partial wave nucleon-
nucleon potentials in momentum space. Horizontally, g; and ¢; are plotted logarithmically
in MeV from 0 to 10°. The potentials are plotted on the vertical axis in units fm?. These
partial waves are the exact momentum space counterparts of the soft-core Nijmegen model

[

Finally, we mention that computer programs are available on request.

APPENDIX A:

(i) Pseudo-scalar-meson exchange:

0+ 97 2q4r9;
—f13f24< fmz ) ) YU(P) = f13f24< 7;

S S

1
= —fEfhl — Al
fizfa <m%> (A1)
(ii) Vector-meson exchange:

2 2 7 :
1% q5 + 9; Mo LR
X" = g1l (”mﬁmz\@) (ot kg (MZBMM)

1324 16 M2 M3 My,

; v M M. q19;
Y) vv< Qfgz) < M | v v 24)( 19 >
913924 Mys Mo, 13f24 M J13924 M 9 M3 Moy

13 2 4M2 M13M24

2 2
:f fV Qfgi
13J24 4M2M13M24

M v M. q + g;
X:(rv) _ {(9}/3 + f}é/\j’) (924 + fon /\/214> — fisfa J;Mg }/(4M13M24)

V) _ V eV qr9gi
Yp ' = f13f24m

Mz Moy 4 + 9;
Xé‘g {12913924 + 8(913f24 + f13924)\/7 3f13f2‘f1 sz } /(8 M3 Ms4)

vV — gV v 419i
S0 fi3fo4 AM 3 Moy M2
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y v/ M3 M. 13M24
Xé )= {QKI,QM + 4(913f24 + f13924>T 8f13f24 } /(16My3M35,)
2 2 2 2
a5+ \ (My— M
XAS)O = - { (9}/39;/4 + f13f2‘i ZMQ > ( 4]2\213M2i3>
M3 May
- (9}/3]62‘2 f13924) M2 } /(M3 Ma4)
Y(V) S fV qr9: <M224 - M123> (A2)
ASO 13J24 2M2 4M123M224

The spin-spin coefficients are given in terms of the X:(FV) etc. as follows

2 % 4 v) 2 v
XV =S (G+a) Xy oYY = e XD 5 (g + ) veY
4 v
20 = e Yy (A3)
(iii) Scalar-meson exchange:
X 8,8 Y = g8gs ( 459 )
c 913924 c 913924 O M3 Moy
1 1
X(S):_SS< ) x© _ S S
913924 M3 Mo » AQ 913924 16M2 M3, (Ad)
M2, — M?
X s 2 13
ASO 913924 <4M123M224
(iv) Diffractive exchange:
X _ DD 7y(D):_DD<qui>
c 913924 c 913924 9 M3 Mo
1 1
xP _ DD( ) x® _ _ DD
SO 913924 2M13M24 ) Q 913924 ]_6M]?3M224 (A5)

Xiso = 9Bb) (Mi‘ s
AMTs M3,
APPENDIX B:

The spherical wave functions in momentum space with quantum numbers J, L, S, are
in the SYM-convention [3]

V) =it Cy .l YEDINS (B1)

Mm,um
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where y is the two-nucleon spin wave function [18]. Then

I L SJ
(S-P)ViisB) = —V6i ()" \fop | 1 L 0| Viias(P)
L-181J
L SJ
L+1 .
+ oL +3 L 10 y%:ﬂs(lf’)
L+185J

where the 9j-symbols differ from [19], formula (6.4.4), in the replacement of the 3j-symbols
by the Clebsch-Gordan coefficients and by leaving out the mgs-summation (see [20]). Work-
ing this out explicitly, we find

(S-D) V7)1 (P) = —i ay V35 (D)
(S-P)Virn(d) = ibs Vin(p) (B2)
(S-p) ny (D)= day y%fn(f)) —iby y%+11(f)) )

J+1 J
W=\ 11 ’ bJ__\/2J+1' (B3)

Ordering the states according to L = J—1, L =J, L = J+1 , we can write in matrix form

L =J-1 L =J-1 0 day; O
J+1 J+1 0 —iby O

where

Similarly, using for —i(qy x q;) - S for sperical components the formula
. . 4 11,1, A .
—i(dr X Qi)n = —g\/ﬁ Crn Yy (@)Y, (@) (B5)

one can work out the partial wave matrix elements involving this operator.
From the results above one can derive the following useful partial wave projections for the
spin triplet states:

atViy 0 —asb;Vi
(L'1J|V(K*) (S -&)° |L1J) = 4x 0 V; 0
—asb; Vi 0 b3V
a2V, 0 —ayb;Vig,
(L'1J|(S - q;)*V (K*)|L1J) = 4n 0 1% 0
—asb; Vi 0 DAV,

CL?]VJ 0 _a/JbJVJ
(L'1J|(S-ap)V(K*)(S - &)|L1J) = 47 0 a3V +03V, 0
_anJVJ 0 b%VJ
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and
(J=1)(Vie=Vy) , L=L=J-1

4
(L'1J] = i(d; x &) - SV(K2)|L1J) = QJZ: Sy V=V L=D =1
_(J+2)(VJ_VJ+2) , L=L=J+1
(B6)
Using the identity
(o,-a)(oy-a) =2(S-a)*—a?, (B7)
the tensor and the quadratic spin-orbit operators can be written as
) 1 1 . .
() P=(ok)(o2 k)~ glo1-0n) = |97 Sia(@:) + qf Siz(ay)|
. 4
—4(S-qy) (S a;) + 2i (qy XQi>'S+§(Qf'Qi) S? (B8)
(i)  Pr=[o1-kxdlos-kxq =(28"—1)(ar x q)°
+2[(S-qy) (S-qi) —i(ar x q) -S| (qy - qi)
~2q797 [(S- @y’ + (8- @)’ (BY)
where the momentum-space tensor-operator S is defined as
S12(p) = 3(o1-P)(02-P) — (01 02) . (B10)

For the evaluation partial wave projection of the Ps-operator we need in addition the matrix
element

L+ L—1
IR AW 2 — 2,2 / / / 2
(L'S'J'|a*V (k*)|LSJ) = 4mq;g; 0,101 L0s1,s [ (L — 1)(2L+3>VL+
. L(L-1) ERCERICER)
2L-1)2L+1) " (@2L+1)(2L+3) ™
where
a’ = (q; x Qf)2 = q?g? (1 - ZQ) (B11)

From the formulas given in this appendix the partial wave projections of the several potential
forms, as given in appendices E-H can be derived in a straightforward manner. In case of
an extra factor (qy - q;), as occurs for example in the second line of (B9), we simply use the
expansion

L=0
where
~ 1
V=g (L4 DVia + L] (B13)
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APPENDIX C:

In this appendix we derive the inverse Fourier transformation for the ()1o-operator. Start-
ing from

Vo(k,q) = /d?’r’/d?’r PV (1) e T (C1)
with the local configuration space potential
Vo(r',r) = 8°(t' — 1) f(r) Qu
Q12—;(01-L02-L+02-L01~L), (C2)

and using
1d
rif(r)=—=Vg(r) , rrjf(r)=|=-ViV;+6; o h(r) , (C3)
one finds upon carrying through the Fourier transformation (C1)

Vo(k,q) = [o1 - q x K] o2 - q x K] T(k?) — {(ik? - q2> (01 02) +

+or @) (02 a) = (00K (0210 b0

= h(k*)P; + AVp(k,q) , (C4)

where h(k?) and §(k?) are the Fourier transforms of respectively h(r) and g(r). Basically,
i.e. apart from coupling constants etc.,

o) =[] o= (14 ) (o] (©3)
In that case we have

h(k?) = A® (K2 m?, A?) (C6)

where X = P, V, or S. The function A®) is given in (20). From (C5) one can derive that
dg(k?)/dk* = (1/2) h(k?), which leads to the Fourier transforms

—sexp (m?/A?) By [(K*+m?)/A?] , (X =P, V, S)
302 = ()
_(Qm%‘/M2> exp(—k2/4m%3) ) (X = D) )
where F) is the exponential integral [21]. The partial wave projection of h(k?) is
(I/M*)R;(Fp) , (X =D).
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The partial wave projection of g(k?) can be shown to be

3i() = 5777 [Fona(@) = hyaa@)] + 3.2 = ~1)ds0 (C9)
where for J = 0 it is understood that h_; = hy. B

To facilitate the partial wave projection, we rewrite AVy(k, q) in terms of the total spin
operator S. After a little algebra we get

AVg(k,q) = —{2(S-af)(S- @) —i(as x q;) - S} G(k?)
(C10)

+{o1 o2+ 1} (a7 -a) 9(k°) .
Using now the results of appendix B, the partial wave projection of AVy(k,q) can readily
be obtained.

APPENDIX D:

Here we give the coefficients for the partial wave projection of the quadratic-spin-orbit
operator.
(i) singlet and triplet uncoupled:

F(0,0) = s ViI2y + fo5” Vi + i Vi
F(1,1) = 6551+ V(5) + f1 VJ(5 + 91 i VJ+2 ; (D1)
where
G4 J(J—1) (5.4) _ (J—1) (J+2)

€00 = +(2J— 1) (27 +1) M

(2J —1) (2J+1)

G _ 2(J2 +J - 1) f(5’+) _ 2(J - 1) (J+ 2)
00 (27 —1) (2J 4+ 3)7 "4 (27 — 1) (27 +3)
9(5,_,_) _ (J + 1) (J+ 2) (5,+) _ (J — 1) (J + 2) ’ (DQ)
00 (27 +1) (27 +3)"7! (27 4+ 1) (2J +3)
(ii) triplet coupled:
B (J-1,0-1)=¢ 1)J VO A 1J LV + ‘(15’1)‘171 VJ(i)l
B (£ 0F1) =—f57 [Vih - v
B (T +1,0+1) =500 VIO + 157000 Vi + o500 Vids (D3)

where
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(5,-) (J-1) (J-2) 5) J (2J2+ 7] +7)

€ri1,g-1 = T@i-1) (/-3 CI+LI+1 T (27 +1)2 (2] +3)°
SO0 (27 =37+2)(J+1) ) (J+2) (J+3) (D4)
J—1,J-1 (2J . 1) (2J+ 1)2 P JIH1 I+ T <2J—|—3> (2J+ 5) ’
(5,-) (2J3 —3J2—-2J + 2)
J-1,J-1 — =2 2 _ ’
(2] +1)2 (27 —3)
J(J +1)
fJ+1J 1= W ’
(2J%4+9J%+10J + 1)
, _ D
fJJrl,JJrl 2 (2] 4 1)2 (2J+ 5) ( 5>

APPENDIX E: PSEUDO-SCALAR-MESON POTENTIALS

With the coefficients X ) and Y,(") of appendix A, the basic partial wave projections
are

B 1
2giQf

[(XgP) + xYU(P)) UL(F,x) — YU(P) RL(F)}

X U (Fx El
= oz X0 U(F.x) (L)

The momentum space partial wave potentials are

Vi (P) = =127V

o2
Vih(P) = 4m [VJ( "t 5(¢7 +97) {vi"+

1 2J+3 2J -1
—stw( il V_)1+ VJ+)1)H

2 2J+1 7 2J +1
o2 J—1 -
VAP = dx VIO + 26 + 7)o {-VID
)
tgsm ¢(2J—1VJ o1V
J(J+1
J _ 2 2 . (T)
Vis(P) = =87 (¢} +7) 57— |—sin2w V;"+

(cos v Vi 1—|—sn2w VJ(JTF)l)}
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2 09, o JH2 a 1.

2J+5 1, 2J+1 >H
v P 2
><(2J+3 YR (E2)

V:{,]?,(P) = 4a7m VJ(j—)l

APPENDIX F: VECTOR-MESON POTENTIALS

With the coefficients X", Y.(V) and Z(") of appendix A, the basic partial wave projec-
tions are

1

Vi) = T (X8 +2v ) + 2220 UL(F,2) — (V) +228))
xRy (F) = 25 8(F))|
Vi = Zquf [(X(SV) +2Y V) 4 227V ) UL(F,x) — (YO_(V) + :UZ(E_V)) :
xRy (F) = 2" 8,(F)|
V@) = g [0 e Ul - i Ry
Vi) = o [(X89 4 Y8 UnlPie) - YiE R ()]
M) = gy X8 U
VSO (@) = o (X0 + 2¥fS) UnlFox) = YiXb B (F)] (F1)

The momentum space partial wave potentials are

Vio(V) = 4 [(VJ(C) - 3VJU)) +439; (60 o VIS + 55 V9 gi” VJ+2)}

JT+1) o aso) (s aso
Vil (V) = AT i (VI = v

- 2
Vib(V) =4 | (ViV + VIO) + 6} + 6)

1 2 2
X{V}T)—Qsmzw( Sy 27 VJH)}

2J +1 2J +1
~qr9: (V5 v}i‘f)/(zjﬂ)
+Qf91( ?Jr VJ 2+f1 )+911 VJ )]
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Vf,]l(v) =

1
+ 2811122/}(

+qrgi (J —
(5,

+Qfgz (eJ 1,7-1 VJ 3+fJ 1J 1

Vis(V) = —dm | 2(qf + g7)

" 2

m [(V}fi + Vi%) + 5(ap +gd)
2J —3
2J —1
1) (V5 = v Jer - 1)

vy

J(J+1
2J + 1

J - 1 (T)
2J +1 {_VJ*“L

2J+1 (T))}
+2J—1VJ‘2

(Q) ‘1“95 1,J-1 VJ+1)}

{— sin QwVJ(T)+

+ (C082 Y V}T)l + sin? ) V}ﬂ)}

+4;97 fJ+1 J-1 (VJ(% -

C o
Vi (V) = 4r | (VIS + Vi) +

1. <2J—|—5

~ sin?2
s (5

—qrg: (J +2) (V™

(

2
g(quvﬂLgiz)

ve))

J+2
2J+1

{-vii+

2J +1
J(T) + VJ+2>}

2J+3

~ V35 )/(2J+3>

Q)
+q;97 (€J+1 J+1 Vi@ + fJ+1 J+1 VJ(+1 + 9§+1 JH1 VJ+3) (F2)

APPENDIX G: SCALAR-MESON POTENTIALS

With the coefficients X% and Y,(*) of appendix A, the basic partial wave projections are
1
c

Vil@) = g (X +a¥e”) UnlFia) —¥EY Ru(P)
1

VD () = X UL (F, x

10 e L(F.a)

Vi (z X5 UL(F,x

1) zgzqf § Ui(Fa)

Ve X350 Un(F.x) (G1)

291

The momentum space partial wave potentials are

Vil (S) = 4 [VJ( +4}9; (60 0D V9 + f(§,5d+) Vi + goo V}-?zﬂ
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J(JT+1)  (as (A
Vil(S) = 47TQfgiW (VJ(—lo) VJ+fO))

Vilh(8) = 4m [V}9 = qpg: (V/°) vﬁm) /(2] 4+ 1)
+qig? (U7 VIS + 15T viQ 4 o0 Vi)
VIA(S) = 4 VIS + apgr (7= 1) (V2 = V™) /27 = 1)
+4}9; <€S5l_1?J ViS4 1J L VIS 4 g 1,7-1 VJ+1)}
‘/1{3(5) = _47qugz fJ+1 J—1 (V}f{ - VJ(E?D
Vis(8) = 4m Vi) = arg0 (J +2) (Vi°9 = VD) /(27 + 3)

Q) Q
+4}9; (€S+1 JH1 V9 + fJ+1 J+1 VJ—H +9F1+1 J+1 vy ))} (G2)

APPENDIX H: DIFFRACTIVE POTENTIALS

With the coefficients X ) and Y ) of appendix A, the basic partial wave projections are

Vi) = X Ru(F) + Y8 50(F)]
VEOw) = o XD Ru(F)
Vi) = o X Ru(F)
VIS ) = o XA RulF) (1)
The momentum space partial wave potentials are
VO{O(D) = 4m [VJ( + quz (6(()50+ f(5+ v 9(()0 VJ(E%)}

Vila(D) = dmgzg: (Vi = ViR (20 +1)

Vih(D) = 4x [V} = g0 (V50 = V) J(27 - 1)
+4;97 (61 v+ f1(,517+) V@ +g§51+ V}—%ﬂ

C SO SO
V(D) = 4x [Vi9) + qrg (J = 1) (Vi°9 = V*9)
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5,— 5,— 5,—
+C_I,209i2 (6((]—1,)‘]—1 VJ(?;, + f}—l,)J—l VJ(?% + 9?]-11}-1 VJ(-CED}
Vis(D) = —dnaigl £ (ViE - Vi)
C SO SO
V(D) = 4z [Vi9) — qrg (J +2) (VI = VD) /(27 +3)

5,— Q 5,— Q 5,— Q
+4}9 (€S+1?J+1 Vi3 + fg(l+1,)J+1 Vi + 9§+1?J+1 VJ(+:)3.>]

(H2)
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FIGURES

FIG. 1. 'S, partial wave.

FIG. 2. 3P, partial wave.

FIG. 3. 3P, partial wave.

FIG. 4. 3P, partial wave.

FIG.5. 3P, — 3F, partial wave.

FIG. 6. 3F, — 3P, partial wave.

FIG. 7. 38; partial wave.

FIG. 8. 38; — 3D, partial wave.

FIG.9. ®D; — 38, partial wave.

FIG. 10. 3D, partial wave.

FIG. 11. P, partial wave.
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