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I. INTRODUCTION

Among the so-called ‘high precision’ nucleon-nucleon (NN) potentials the Argonne V18
potential [? | is the only one given in a basis of spin-isospin operators, O,,, which are
multiplied by scalar functions, V,,(r), of the relative distance r. These features are advan-
tageous for some applications, however, there are classes of problems where a momentum-
space treatment is preferred. These applications include relativistic few-nucleon scattering
and electroweak probes of few-nucleon systems. While realistic momentum-space nucleon-
nucleon potentials are available, they are either given in terms of partial-wave expansions,
e.g. the CD-Bonn interaction [? | and the Nijmegen interaction, or they are limited to low
energies, like the interactions derived in chiral effective field theory [? 7 |.

The experience in standard three-nucleon calculations that are based on a partial-wave
projected momentum-space basis [? | show that while this standard treatment is quite
successful at lower energies, the numerical realization of the scattering equations becomes
more tedious with increasing energy. For a system of three bosons interacting via scalar
forces it already has been demonstrated that it is relatively easy to directly calculate three-
body scattering observables in a relativistic Faddeev scheme without using partial wave
projections [? ? |. Thus, it is natural to strive for solving the three-nucleon Faddeev
equations in a similar fashion.

The first step in this direction is solving the two-nucleon problem based on an operator
expansion instead of a partial-wave projected momentum-space basis. One of the advan-
tages of using operator expansions over partial waves is that the transition matrix elements
are reasonably smooth. At higher energies, an accurate representation of these smooth, but
forward-peaked, functions requires a large number of partial waves. A converged partial-
wave expansion of the transition matrix elements implies that all of the high-frequency
oscillations from the large-I partial waves must largely cancel. In addition, to achieve these
cancellations the computation of the transition matrix elements requires the accurate com-
putation of oscillatory integrals. At low-energies partial waves are preferred because they
replace the two-variable Lippmann-Schwinger equation by a finite set of uncoupled one-
variable equations. For sufficiently high energies the simplicity of a direct vector treatment
of the Lippmann-Schwinger equation has advantages, even though the integral equation has

an additional integration variable. In this paper we discuss the direct vector solution of the



Lippmann-Schwinger equation using a recent momentum-space treatment of the Argonne
V18 potential [? ]. There the potential was only tested in the calculation of the deuteron
bound state, which is not sensitive to the charge symmetry breaking parts of the AV18 poten-
tial. Solving for the scattering observables provides a complete test of the momentum-space
representation of the AV18 potential presented in Refs. [? 7 |.

There have been several approaches formulating nucleon-nucleon (NN) scattering without
employing a partial-wave decomposition. A helicity formulation related to the total NN
spin was proposed in [? ]. The spectator equation for relativistic NN scattering has been
successfully solved in [? ], also using a helicity formulation.

A three-dimensional formulation based on an operator expansion was proposed and car-
ried out for a chiral next-to-next-leading order NN force and a standard one-boson-exchange
potential in [? |. A basic foundation for the latter rests on the fact that the most gen-
eral form of the NN interaction can be represented as a linear combination of six linearly-
independent spin-momentum operators with scalar coefficient functions. This representa-
tion determines the spin-structure of the NN bound and scattering states. The Wolfenstein
decomposition of the NN scattering amplitude into five linear operators is dictated by ro-
tational, space reflection, spin-exchange symmetry, and time-reversal invariance [? ]. A
sixth independent operator with these symmetries does not exist on shell. Ref. [? | uses
six linearly independent operators that satisfy all of the symmetry requirements, but these
operators become linearly dependent on shell so the scattering amplitude was computed
from the off-shell result by the required continuity of the transition matrix elements.

The vector treatment of the spins requires the computation of an analytic expression
for each spin-basis element at each quadrature point. A symbolic reduction technique,
developed in [? |, automates the computation of these expressions. Our calculations
use five independent spin-operators to expand the on-shell transition matrix element and
an additional sixth operator to expand the off-shell transition matrix elements. Based on
calculations using different choices of the sixth operator, we find that using a sixth operator
that changes sign under time reversal to expand the off-shell transition matrix elements
leads to a numerically more stable discretization of the Lippmann-Schwinger equation when
compared to calculations using a sixth operator that has the symmetries of the potential.
An important observation is that while a time-odd operator appears in the expansion of the

potential, the potential itself remains invariant with respect to time reversal because the



expansion coefficients also contain time-odd components. The expansion coefficient of the
time-odd operator that we consider vanishes on-shell.

In Sec. IT we discuss the operator basis that we use to expand the NN potential and
derive in Sec. III the resulting Lippmann-Schwinger equation and show how we explicitly
obtain the on-shell scattering amplitude. We then discuss our numerical procedure and the
extraction of the Wolfenstein amplitudes in Sec. IV. In Sec. V we discuss the selected NN

observables at different energies, and conclude in Sec. VI.

II. OPERATOR EXPANSIONS

Momentum-space scattering calculations are performed using the Lippmann-Schwinger
integral equation. It is a singular integral equation with a compact kernel. This this means
that the kernel can be uniformly approximated by a finite dimensional matrix and that the
equations can be solved to any desired accuracy by solving a finite system of linear equations.

The Lippmann-Schwinger equation has the well-known form
T(z)=V +V(z— Hy) 'T(2). (2.1)

We represent the operators in this equation by matrix elements in the total momentum P
and single-particle momentum, p = %(pp — Pn), boosted to the system rest frame with a

Galilean boost. Matrix element of the interaction and transition operator have the form
(P",p'|VIP,p) = 6(P"' — P)(p'|V][p) (2.2)
and
(P, p'|T(2)|P,p) = 6(P" = P){(p'[T(2)[Ip) (2.3)
where the reduced matrix elements (p/||V||p) and (p'||T(z)||p) are matrices in spin-isospin
space.

Any operator V on the two-nucleon Hilbert space can be expanded as a linear combination

of the spin-basis operators, ¥, := 01, ® 09, where 0;, = (I,0),

v=> vy, (2.4)

and

1
Vi = STr(S,V). (2.5)



The operator X, has sixteen components, however the number of independent operator
types that can appear in a transition operator or potential is constrained by rotational in-
variance, time-reversal invariance, space-reflection symmetry, and spin-exchange symmetry.
Spin-exchange symmetry means that the potential commutes with the square of the total
spin, which is a symmetry of nucleon-nucleon interactions. These symmetries can be utilized
to reduce number of coupled Lippmann-Schwinger equations.

The three Pauli spin matrices in ¥, for each particle can be replaced by the rotationally
invariant operators, V; -0, for any independent set of vector operators, {Vl, Vo, \73} The
traces of the product of these operators with the potential have the same time-reversal, space-
reflection, and spin-exchange symmetry as the operators. If the spin operators are chosen
to be orthonormal with respect to the trace norm, the only operators that contribute to the
potential expansion are the operators that satisfy all these symmetries, except time-reversal
invariance, because it is possible to have a scalar coefficient function that changes sign on
time reversal. Consideration of the symmetries of a complete set of spin operators implies
that the most general interaction consistent with these symmetries can be represented by
an expansion in terms of five operators on shell and six off shell. When the spin operators
are not orthonormal with respect to the trace, a matrix inversion is needed to compute the
expansion of the potential. This inverse matrix may not have any simple symmetry with
respect to time reversal. The same will be true for the resulting expansion coefficients.
Nevertheless, the number of operators needed is unchanged and the symmetries of the full
potential are preserved.

In this paper we consider the following independent momentum operators used by Wolfen-

stein [? |
/_
K = —(p, p)
2
A p+p
Q=
!p/+p!
N = PXP) (2.6)
Ip’ X p|

These vector operators can be classified by their transformation properties with respect to
space reflection and time reversal.
A useful independent set of spin operators that are sufficient to expand the scattering

amplitude matrix M was given by Wolfenstein. In terms of the vectors of Eq. (??7) the



Wolfenstein operators are

{1, (0'1-Q)®(02~Q),(01®I+I®o‘2)-N,(0'1-N)@(JQ-N),(al-K)®(02~K)}. (2.7)
The coefficients of the expansion of the scattering amplitude matrix in Wolfenstein spin-
operators are the so-called Wolfenstein parameters, a,c, m,g,h. Knowledge of these pa-
rameters as a function of the initial and final momenta contains all of the information in
the scattering amplitude matrix. The scattering-amplitude matrix is related to the on-shell

transition matrix element by

M(p',p) = —4m*u(p’||T(2)||p) (2.8)

where p is the reduced mass of the two-nucleon system and the Wolfenstein parameterization

of M(p',p) is

M =al+clo1 I +1®03) N+m(o,-N)@ (o5 - N)+
(9+h)(e1-Q) @ (o2-Q) + (9 — h)(o1 - K) ® (02 - K). (2.9)

The operators of Eq. (??) are invariant with respect to rotations, space reflection, spin
exchange, and time reversal.

The additional operator,

(01 - K)® (02-Q) + (01 - Q) @ (02 - K), (2.10)
is rotationally invariant, space reflection invariant and spin exchange invariant, but changes
sign under time reversal. If this operator is paired with a coefficient function that also
changes sign under time reversal then the product is invariant with respect to time reversal.
A time-odd coefficient function must be odd in |p’|* — |p|?, and thus vanish on shell. This
means that while this operator cannot appear in the scattering amplitude matrix, M, it
can appear in the interaction or half-shell transition matrix and it may also appear in the
off-shell unitarity constraint on the transition operator.

The six independent operators of Egs. (?7) and (??) are sufficient to expand any potential
that is invariant with respect to rotations, space reflection, time reversal, and spin exchange.
In order to solve the Lippmann-Schwinger equation the interaction is expanded in terms

of these six independent spin operators. In our applications the operator (o1 -N) ® (o9 - N)

is replaced by the operator (o - 2). This replacement is done for numerical reasons, but it
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is also useful because this operator appears in the spin-spin part of the interaction as well
as in the tensor force.

The transition matrix elements can be expanded using the same six operators. This
results in a set of six coupled equations for the half-shell or off-shell transition matrix ele-
ments. Since the scattering amplitude matrix is related to the on-shell transition operator by
a multiplicative scalar, it is useful to put the integral equation in a form where the on-shell
points are included in the linear equation. To avoid ambiguities, the on-shell amplitude is
expanded using 5 independent spin components. This will be discussed in section IV.

The expansion of both the interactions and transition matrix elements is constructed by

taking traces with the six independent spin operators

wh=1

W? = o109

W2 = (o1 K)® (0 - K)
W= (0,-Q)® (02 Q)

A~

W° = i(e,@1+1I®0,) N

We = (61-K)®(02-Q) + (01 - Q) ® (02 - K). (2.11)
It follows that .
V=> U, (2.12)
=1
where
U; := (A"H9Te(WIV) AY = Te(WWY). (2.13)

Both T'(z) and V are matrices in the spin and isospin degrees of freedom and the W7 and
AY depend on p and p’. By taking traces, the Lippmann-Schwinger equation becomes a set
of six coupled integral equations in two variables.

As discussed before, six linearly independent operators are required to expand any NN
potential. This expansion can include the product of a time-odd, space reflection invariant
spin-momentum operator with a space reflection invariant, time-odd coefficient function
resulting in a term that conserves the symmetry properties of the NN-potential. Note that
a space-reflection odd operator cannot appear in this expansion because it would require a

pseudo-scalar coefficient which cannot be constructed from two vectors|? |.



The spin-spin operator, W2, and the Wolfenstein operator (o1-IN)(o5-N) are independent
and have all of symmetries of the potential. They are related by

e K , . . .
) ((Ké%‘ e R?)Q) (oK) (o Q>(+ w;)fé)(a;)K))
+ ((KQ?(QH_%RQ)Z ! (K2g4c;2R2>2) (01-K) (o2 K) + N2
((K2Q2 — R2)2 B (KQQQ _ R2)2> (0-1 ' Q) (0-2 : Q) ) (214)

which involves W3, W* as well as the time-odd operator, W6. In this expression R = K-Q =
Ip’|> — |p|? is the time-odd coefficient of the time-odd operator W, which vanishes on-shell.

It follows that the basis for the off-shell potential, W' — W?® could be replaced by an
equivalent basis where W9 is replaced by the Wolfenstein operator (o1 - N)(o2 - N). While
the second basis has all of the symmetries of the potential, the basis that includes the

time-odd operator W is preferable for numerical reasons as will be elaborated on later.

III. LIPPMANN-SCHWINGER EQUATIONS

The reduced transition matrix elements can be expressed as
%
tp',p,xiz) = (P|T(2)[p) = 2; +i07, (3.1)
where the variables are defined below and ¢(p/, p, z; z) is a spin-isospin valued function. Here
po represents the on-shell momentum. The Lippmann-Schwinger equation for ¢(p/, p, x; 2) is

the two-variable integral equation

tp',p,2'; 2)
v(p, p,x / dx”/ dp"p"™u(p’, o', p", 2")Go(p", 2)t(p", p, 2" 2) (3.2)

where the coordinate system is chosen so the initial momentum is in the 3-direction and
the scattering plane is the 1-3 plane. The integration over the azimuthal angle only affects
variables in the potential and can be can be carried out independently. The momenta and

quantities in Eq. (?7?) are parameterized in terms of the variables p, p/, x, p”, 2" defined by

= (anap) = Po



V1 — a2, O,p’x’)
P'V1— 2" cos(¢"), p"V1 — 22 sin(¢"), p”.r")

'v\
|
NN

p’ =
p-p =2
p’-p ="
p'p" = y=a'z" + /(1 —a?)(1 - 2")cos(¢")
V(p',p) = v(@,p2)
V(p'p") = v 0"y
u(p', o, p" 2", ") = v(p,p’ 2" + /(1 —2?)(1 — 22) cos(¢"))
G 2) =
a0 = [ gl et a8 (33
0

In the following we omit the explicit limits of the integrals. One can see that Eq. (?77?) is
an integral equation in two variables, the integration over the azimuthal angle ¢” can be
carried out independently as given in Eq. (?7).

In order to reduce Eq. (??) to an algebraic equation the singular integral is first treated

by a subtraction

tp',p, 2 z) = v(p,p,2’)+
2
f dx”dp”pg a [u(p/’ x/7p”7 CE”)p”Qt(pHa b, .I”; Z) - u(pla wlv Do, x”)pgt(pm b, ZL'”; Z)}
0

112
-p

iy [ dau(p' o o) . 2). (3.4
where the unknown t(py, p, 2”; z) satisfies

t(p07p7 3:/; Z) = U(p[)apa Z’l)+

2
f dx//dpl/pg _,up,,Q [u(p(b x/7p”7 x”)p”zt(p”, b, x//; Z) - U(po, xla Do, x//)pgt<p07 b, SL’//; Z)}
0

_Z2ﬂp0ﬂ- / dx/,u(p07 mla Do, I”) t(p07p7 .I'N, Z) (35)

These equations define a non-singular set of coupled integral equations. The integrals are
approximated by sums over quadrature points and weights. The quadrature points are
chosen to not include the point py, which is treated separately. The resulting linear system

is given by

t(ps, p, 235 2) = v(p, P, )+



24
kj 0 4

—i2mppo » _ dagu(p, 2, po, 1) t(po, p, x}; 2) (3.6)
k

and

t<p07p7 IE7 Z) = U(p07p7 IE)—i_

2
> dw;’dpgp‘z_—pw [w(po, z1, 0, )Pt (D], p, 2 2) — w(ps, 71, po, 1, ot (po, , Th; )]
kj 0 4

~izmup [ dafu(pn, ot o, 5Dt o 2). (3.7)

This linear system gives approximate solutions for ¢(p/, p, z;; z) at the quadrature points and
at the point where p} = py.

Given the approximate solutions at the quadrature points, the results for any values of
p',p,xz can be computed by inserting the solutions at the quadrature points back in the

integral equation [? |,

t(p',p, 2’ z) = v(p,p, ')+

2
> daidp} _Mp,,g [u(@', ', pf, )PPt (0] p, iy 2) — w2, po. a)wit (po, p, s 2)]
ik 0 H

_Z27T:u’p0 Z d‘r;cu(p/7 xla Do, $%)t<p0, 'z J“/16,7 Z) (38)
k

These equations give the off-shell transition matrix elements; half-shell matrix elements are
obtained by setting p? = pZ, while on-shell matrix elements have p* = p? = p2.

When calculating NN observables, it is sufficient to solve for the half-shell transition
matrix. This solution can be used as input [? 7 |, using the first resolvent equation [? |,
to find the off-shell transition matrix. For this reason we only discuss the solution of the
half-shell equation p? = p3.

For realistic models the interactions and transition operators in the above equations are
matrices in the spin and isospin degrees of freedom. To treat this we expand ¢(p7, p, z}; 2) as
a linear combination of known spin operators and unknown coefficients functions. A similar
expansion is used to represent the interaction except the coefficient functions are known
for the interactions. The resulting equations are for the unknown coefficient functions.
The explicit form of the algebraic equations for the transition matrix elements are given in

Appendix ?77.
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IV. CALCULATION OF THE WOLFENSTEIN AMPLITUDES

A. Formal Considerations

As noted in Ref. [? ], one of the major challenges in the calculation of NN observables
is the calculation of the on-shell amplitudes. In order to avoid taking on-shell limits of
off-shell amplitudes expressed as linear combinations of six independent spin-operators, we
directly calculate the on-shell transition amplitudes by expanding them using the five linearly
independent Wolfenstein operators given by Eq. (?7). The spin-spin operator in the NN-
potential is on-shell linearly dependent on the Wolfenstein operators via Eq. (?7), since here

R =0,

_(01-K)(02-K)  (01-Q)(0:-Q)  (01-N)(o3-N)
109 = K2 + Q2 + N2 ) (41)

where we used the unnormalized vectors, K,Q and IN. The normalization factors are
K? :2p§(1—x), Q2 :2p8(1+x), N? :pg(l—xz), (4'2)

with 2 := p-p’ and the magnitude of the on-shell momentum py. For numerical computations
it is essential to avoid zeros in a denominator. Thus we re-express the operator (o1-IN)(o5-IN)

as

(01-N) (02 N) =
pp(1 — )
2

(14 2x)

ph(l—2%) ooz — (01~ Q)02+ Q) - (01 - K)(02- K), (43)

which is well behaved in the limits * — +/ — 1 and py — 0. This justifies our choice to use
Eq. (?77?) to replace the operator (o1 - N) (o2 - N) in the Wolfenstein basis with the spin-spin
operator W2 = o - 05.

For the sixth operator we considered two choices: One of them is the time-odd operator
W = ((o1-K) (62-Q) + (61 - Q)(o2 - K)). The coefficient function in the NN potential
for this operator vanishes on-shell.

A second choice is the Wolfenstein operator (o1 -N) (o5-IN) [? ]. This operator is related

to the time-odd operator, W, by re-expressing Eq. (?7?) as

(01-N)(oy-N) = ,

Vior-on+ (4 ) @ Kew K+

B (0, K)o Q) + (01- Q)02 K))

11



() e ae-a (1.4)

If we choose the sixth operator to be (o7 - N) (o5 - N), the on- and off-shell potentials

coefficient functions are related by

hell _ ys0f fshell
‘/10718 € — ‘/10 She
‘/2<mshell _ V'QOffShell _ p4(1 . .TQ)‘/GOffShell
ygnshell Véoffshell _ p0(12—|— z) VGof fshell

2
hell __ f fshell po(l—x) f fshell
‘/40718 € — ‘/;10 she _ ‘/'60 sne

‘/E)onshell _ V::)OffShe” 7 (45)

where V; are the expansion functions for the operators i = 1,2, 3,4, 5. These expressions show
a rapid variation of these coefficients near the on-shell point, making the direct computation
of the on-shell values in Eq. (??7) essentially impossible.

However, when the time-odd operator, W9, is chosen as 6th operator, the relationship

between the on-shell and off-shell coefficient functions is

%onshell _ Vvloffshell
‘éonshell — VvQOffshell
‘/B)onshell — ‘/:Soffshell
‘/40nshell _ ‘/40ffshell

hell hell
yonshell — yoffshell (4.6)

which does not exhibit rapid variations near the on-shell point. Thus, calculations with the
time-odd operator as part of the basis have the advantage that the coefficient functions are
on- and off-shell the same. Test calculations using (o - N) (o2 - N) as 6th operator led to
numerical instabilities in solving the Lippmann-Schwinger equation, as already pointed out
in Ref. [? ]. Thus, our calculations use the time-odd operator, W¢, as the 6th operator in
the basis.

The scattering amplitude matrix can be expressed in terms of the on-shell transition
matrix elements [? | as

5

M(p/7 p) = _47T2/'Lt(p07p07 z, Z) = _47T2/’1/ Z ti(p(]ap()a xz, Z)Wi(p()apOa .Z'), (47)
=1

where we do not display the spin-isospin parameters.
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Accounting for all of the invariances, M can be expressed in the basis of operators of
Eq. (?7) in terms of the Wolfenstein parameters {a,c,m, g,h}. These complex coefficients
encode all of the information contained in the on-shell transition matrix elements. By
writing the Wolfenstein operators in term of the operators of Eq. (?77?), the matrix M can

be expressed in terms of the Wolfenstein parameters as
M=aW'+mW?+(g—h—m)W?3+ (g+h —m)W* —icW>. (4.8)

For identical nucleons this expression has to be anti-symmetric under the exchange of
the nucleons, including the isospin factors. This can be achieved by anti-symmetrizing the
initial two nucleon state. In our operator formalism a particle interchange is represented
by a spin exchange and the reversal of the initial momentum, p — —p. The spin-exchange
operator is given by

Po==-(I+0"0%) = ! (I+w?). (4.9)

2

N | —

If we change the sign of the initial momentum p, the vectors K, Q, and N become

K — Q
Q- K
N — —N, (4.10)

which implies that the spin-basis elements transform as

wt wt

=
Lol
=

5
!
g

W s (4.11)

The coefficients of the exchange matrix elements become

Wl — w'p, = %Wl(f +W?) = %(Wl + W?)

W? — WP, = %WQ(I +W?) = %(3W1 —W?)

W3 — WP, = %W‘*(I + W) =W*+ %2(W1 —W?)
W — WP, = %WS(I +W?) =W3 + K;(Wl —W?)

13



1
W5 — —W°Py = —§W5(I +W?) = -W?>, (4.12)
The expansion coefficients of the W* become

ti(po, po, ) — ti(po, po, —). (4.13)

Putting all of this together using ¢ = 1 to denote the symmetric iso-triplet subspace,
t = 0 to denote the antisymmetric iso-singlet subspace, m;(p’, p) := —4n?ut;(po, po, *) and
m;(p’, —p) = —4w?ut;(po, po, —) we get the following expansion for scattering amplitude

matrix including exchange contributions

/ ]' /
M=Ww! (ml(p ,P) + 5(—1)tm1(p ,—Pp) +

3
2
+ %(—1)tm3(p’, -p) + %(—1)tm4(p’, —p))

(—=1)'ma(p’, —p)+

+W? (mz(pﬁ p) + %(—Dtml(p’, —p) — %(—Utmz(p’, -p)

—%( 1)'ms(p’, —p) — ;( 1)'ma(p’, p))

+W? (ms(p’, p) + (—)'ma(p’, —p))

+W* (ma(p’, p) + (—) ,—P))

+WP (ms(p',p) — () ,—P)). (4.14)

Comparing this with Eq. (??) gives the following expressions for the Wolfenstein parameters

%(—1)tm1(p’, —p) + g(—l)tmz(p’, —p)
+%(—1)tm3(p’, —p) + %(—1)%4(13’, —p)

m = ma(p,p) + (—1)t%m1(p’7—p) - %(—Utmz(pﬂ -p)

—%(—Dtms(p’ -p) - %(—Dtmzx(p’, —p)

¢ = i(ms(p',p) — (=)'ms(p', —p))

1
g+h = ma(p',p) +ma(p',p) + —5(=1)'ma(p’, —p)

a = m(p,p)+

+5(=)ma(B',—p) = 3 (~1)'ma(Bl, ~p) + 5 (~1)'m (0, ~)
g9 —h = ma(p',p) +ms(p’, p) - %(—Dtmz(p’, -p)
1 1 1

~(=D)'ma(p, —p).  (4.15)

#5()ma(p',—p) = 5(-1'ms(p, —p) + 5

2 2

14



B. Wolfenstein Amplitudes for the AV18 Potential

In this subsection we calculate the Wolfenstein amplitudes for neutron-proton (np) and
proton-proton (pp) scattering calculated with our 3D formulation at 100 MeV and at
350 MeV laboratory energy and compare them with calculations [? | based on summing
partial wave amplitudes up to a given j,,4.. We chose 100 MeV as the low energy, since here
already the sum over a small number of partial waves should suffice to achieve agreement
with the 3D calculation. This is indeed the case as illustrated in Fig. 7?7 for the np Wolfen-
stein amplitudes. The solid line represents the 3D calculations, which perfectly agrees with
a partial-wave calculation in which j,,., = 6. The figure also indicates that at this energy
even Jmq: = 4 already converges to the 3D result. We also compare our calculations to an
extraction of the np Wolfenstein amplitudes from the current solution of the GW-DAC Data
Analysis Center [? 7 7 |.

In Fig. 77 the Wolfenstein amplitudes for pp scattering are shown for 100 MeV laboratory
scattering energy, and again the 3D calculation is compared to a partial wave sum up to
Jmaz = 6. Here pp means that we use the strong pp interaction as given by the AV18 inter-
action, however do not treat the long-range Coulomb interaction. The 3D and partial-wave
summed calculation agree rather well with each other. Only the Real ¢ amplitude displays
a small deviation. However, when considering the scale of the y-axis, this deviation should
not be considered significant. In contrast to the np case, the real part of the amplitudes g
and A indicate that for very small angles a j,... = 4 calculation is not yet fully converged.

Figs. 7?7 and 7?7 show the Wolfenstein amplitudes for np and pp scattering at 350 MeV
laboratory kinetic energy, the highest energy for which the AV18 interaction is fitted to the
NN data base. In both figures the solid line represents the 3D calculation, whereas the
dashed line represents a partial-wave calculation summed up to jne: = 9. In Fig. 77 the
partial-wave sums up to Jpe: = 2 and Jye. = 4 are also shown. In contrast to the lower
energy of 100 MeV in Fig. 7?7, at this energy the partial-wave sum up to .. = 4 is clearly
not converged. In fact, the backward angles of the real parts of a and h show a particularly
bad convergence. In addition, we indicate the extraction of the Wolfenstein amplitudes
from the GW-DAC data analysis [? ? | by the filled diamonds. For the pp Wolfenstein
amplitudes in Fig. 7?7 we also display a partial wave calculation summed up to je. = 6 to

indicate that even this partial wave sum is not yet converged to the full 3D calculation. A
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careful inspection of the real parts of the forward and backward angles of a, g, and h reveals
that even the partial wave sum of j,.. = 9 is not quite converged yet. In contrast, the

imaginary parts of all amplitudes show already convergence at roughly 7,0 = 4.

C. Numerical Details

The LS integral equation that needs to be solved when performing a calculation with-
out employing a partial-wave decomposition is in the form of Egs. (??) and (?7), a two-
dimensional integral equation in two variables (the magnitude of a momentum p’ and an
angle x’). Due to the structure of the equation, an angle integration over the azimuthal angle
¢ can be carried out separately as given in Eq. (?77), and is thus not part of the integral
equation. For the integration we use standard Gauss-Legendre integration with a tangent
map of the points of the momentum integration. Discretized the set of coupled equations,
Egs. (??) and (?7), turn into a finite set of linear algebraic equations, which is solved by
standard methods.

However, we need to test the numerical convergence for each integration. In the following
we demonstrate the numerical convergence by concentration on the real part of the Wolfen-
stein a amplitude and consider its values for different sets of grid points of p, x = cos#, and
¢. For the choice of n p-points, m x-points and [ ¢-points let us define the value of the real

part of the Wolfenstein amplitude A as a(n, m,[). Then we define as logarithmic error in ¢,

(4.16)

(a(60, 30, 40) — a(60, 30, 1)) * 100
Log — E =1
og — Error,(l) = log ( a(60, 30, 40)
This Log-Error is plotted in Fig. ??(c) for values [ € (5, 35), and we see that the ¢ integration

converges very quickly. Already 20 ¢ points are sufficient to achieve an error in the order of

107*%. For most of our calculations we choose 30 ¢ points. For the z-points we define
60, 45,20) — a(60,m, 20)) x 100
(a(60,45,20) — a(60, m, 20)) * i
a(60, 45, 20)
This Log-Error is plotted in Fig. ??(b) for values m € (10, 40). The z-integration converges

Log — Error,(m) = log (

much slower with respect to the number of mesh-points, and for having an error in the order
of 1073to 107%% we need at least 40 integration points for a converged calculation.

For the momentum-integration points we define
(a(75,30,20) — a(n, 30,20)) x 100
a(75,30,20)

Log — Error,(n) = log ( (4.18)

16



This Log-Error is plotted in Fig. ??(a) for values n € (20,70). Here we see that the error
in the momentum integration decreases slowest as function of the momentum-integration
points, and in order to have an error of about 1072% and we choose 60 p-points for our
calculations. Based on the above considerations, all of our calculations use (n,l,m) =
(30,40, 60) mesh points to achieve an overall numerical errors of 0.01%, which is well below

the accuracy with which NN observables are given.

V. OBSERVABLES

One of the main purposes of this paper it to test the momentum-space potential AV18
potential given [? |. There it was demonstrated that the potential reproduced the deuteron
binding energy and the wave functions. However, these tests were only sensitive to the np
part of the potential. Now we have the opportunity to test the np as well as the pp pieces of
the AV18 potential given in Ref. [? ]. In comparing the results of the scattering calculations
to data we found that the grid for the Fourier transform of the charge symmetry breaking
term, which is the 18-th operator in Ref. [? ] needed to be extended beyond 100 fm™!, the
standard value for all other terms of the AV18 potential. Specifically, for the 18th operator
the Chebyshev expansion of the Fourier transform is extended to 250 fm™!.

The scattering amplitude matrix is related to the on-shell solution of the Lippmann-
Schwinger equation by

5
M(p',p) = —47° t(po, po, 3 2) = =41 Y _ ti(po, po, 3 2) W' (5.1)

i=1
where t;(po, po, x; z) is the solution of the coupled-channel Lippmann-Schwinger equation
evaluated on shell.
The spin averaged unpolarized differential cross section is given by summing over the

final spins and averaging over the initial spins:

do 1

ol ZTr(MMT), (5.2)
whereas general spin observables have the form

Tr(MAM!B)

() = Tr(MMY)

(5.3)
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Here the operator A is associated with a measurement of the initial spins and the operator
B is associated with a measurement of the final spin state. The traces can be expressed as
homogeneous polynomials of degree two in terms of the Wolfenstein parameters.

To test the potential and the computational method we compare calculated np observable
as several energies and compare them to the observables in the GW-DAC analysis [? ? | as
well as calculations based on a partial-wave expansion [? ]. For the pp observables we can
only make a comparison with the partial-wave based calculations, since we do not include
the Coulomb interaction.

Fig. 77 shows the differential cross sections for pp and np scattering at 100, 300, and
500 MeV projectile laboratory kinetic energies. The solid lines are the result of solving the
equations of Sec. III with the momentum-space AV18 potential of ref. [? |. Both calculations
are compared to partial-wave calculations using a partial-wave sum up to jme: = 9. The
black diamonds are the np cross sections taken from the GW-DAC phase shift analysis [?
? ]. For the higher projectile laboratory kinetic energies there is a clear deviation at the
very forward and backward angles between the 3D calculation and the partial-wave sum,
indicating that even the sum to j,,.. = 9 is not yet converged.

Figs. 7?7 and 7?7 show selected spin observables for pp and np scattering at 100 and

300 MeV. The following observables are shown,

 Tr(MMto)
P = “T(anary o4
_ Tr(M(o-N)Mi(o - N))
D= T (5.5)
,  Tr(M(o-(NxQ)Mi(c-Q))
R = Tr(;/[MT) . (5.6)

Here o stands for either o or o, depending on label of the particles. The solid lines
represent the 3D calculation with the the momentum-space AV18 potential of ref. [? |,
whereas the dashed lines represent a partial-wave calculation with partial waves summed up
t0 Jmae = 9. The diamonds represent the observables taken from the GW-DAC analysis [?
? ]. At 100 MeV projectile kinetic energy there is perfect agreement between the 3D and
the partial wave calculations, as is expected. At 300 MeV there are small deviations in the

backward angles of D and R’, however not as large as for the differential cross section.
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VI. SUMMARY AND CONCLUSIONS

We formulated and numerically illustrated an approach to treat NN scattering directly
with momentum vectors together with spin-momentum operators multiplied with scalar
function that are only functions of those momentum vectors. Our formulation differs from
the one suggested previously in Ref. [? ] in the choice of the operator expansion. The
basic foundation for an operator expansion rests on the fact that the most general form
of a nucleon-nucleon interaction can be represented as a linear combination of six linearly
independent spin-momentum operators with scalar coefficient functions. The Wolfenstein
decomposition of the NN scattering amplitude into five linearly independent operators is
dictated by physical symmetries [? ], while a sixth operator with those symmetry properties
does not exist on-shell. The choice of this sixth operator is not unique, and different NN
potential employ different choices [? 7 ].

In this work we solve the Lippmann Schwinger equation by using different numbers of
spin-momentum basis elements to represent the on- and half-off shell transition matrix ele-
ments. We show that a numerically stable discretization of the Lippmann-Schwinger equa-
tion is obtained for a certain pair of on and off-shell spin bases. The stable choice includes a
sixth time-odd operator in the off-shell basis. The choice of this sixth operator is the main
difference between our formulation and calculation compared to the ones in Ref. [? |. Our
calculations are able to directly calculate the on-shell elements of the transition amplitude,
which was not easily possible with the choice of Ref. [? ]. We should point out that even if a
time-odd operator appears in the expansion of the potential, as it does in the AV18 poten-
tial, the potential itself remains invariant with respect to time reversal, since the expansion
coefficients of this operator also contain time-odd functions. The scalar coefficient function
time-odd operator we consider vanishes on shell.

With those six operators the Lippmann-Schwinger equation becomes a six channel integral
equation in two variables. The solution is represented by six complex amplitudes in four
variables, which on-shell reduce to five complex amplitudes in two variables, which are
simple linear combinations of the five Wolfenstein amplitudes. We calculated the Wolfenstein
amplitudes for np and pp scattering using the momentum-space representation of the AV18
potential given in Ref. [? | for several laboratory projectile kinetic energies and compared

our calculations to the results of traditional partial-wave calculations summed up to a given
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Jmaz and verified for low energies that our 3D calculation matches the partial-wave sum
exactly, while at even moderately high energies (like e.g. 300 MeV) a partial-wave sum with

Jmaz < 9 is not sufficient for a converged partial-wave calculation.

APPENDIX A: TRANSITION MATRIX ELEMENTS

In order to keep the notation as simple as possible we use shorthand notations for the

terms in Eqs. (7?7-77):

tu = t(p}, po, 23; o)
tor = t(py, p), ;D))

vi = v(p,p, 77)
vor == v(po, p, ))
Wil ik = U(P;axnp],xk)
Uil0k = U(Pi 9517,’.007%)
UoL0k = U(po,fupo,ﬁk)
9j = 7= ?’l;—i—zOJ“ (A1)

In this notation Egs. (??-??7) become the linear system,

tiy = vy + Z dxydp;g; [uiljk:p?tjk — WaorPator] — 12T upo Z dxuontor

kj k
tor = vor + Z dxydp;g; [UOZJkatjk UOZOkpotOk] — 12T o Z dz i uoioktor- (A2)
kj

The interaction and transition matrix elements are represented by linear combinations of
the operators, W/. Since the W/ operators depend on the momenta, there are different
expansions at each quadrature point. We use the notation Wi for the operators used to
expand the on-shell matrix elements and W7 for the operators used to expand the off-shell
matrix elements, even though they are identical for j = 1,--- 5. Lower indices are used to

denote the momentum variables that appear in the operator expressions.

6
P m
m=1
5

to = Y 7w

m=1
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6

Vi = Uit Wi

m=1

5
e § ’ myyrm
U()l .— tl M/l
m 1
Wik = E Uzz]k zljk
. m m
Usl,0k = E Wiror VVilk
m=1
5
o miirm
Uor,0k = E u Wi (A3)

Substituting these expansions into Eqgs. (??) leads to

6 6
Zt zl = Z Vil Zln—}_
m=1
Z dxkdp]gﬂ Z ulljkpjt zljk Z Z uleprt WI:L
m,n= 1 m=1n=1
—127 1Py Z dxy Z Z wigortor WV, (Ad)

m=1n=1

and
5 R 5 R
Z t W = Z v+

6 5
mIn m ,24n myi/mn
Z dxydp;g; Z uOl]k:p]t Wi Wiy, — Z Z oD Lo Wi Wi

m,n= 1 m=1 n=1

—127f1po Z dy Z uOlOktOkVV;}?Wk (AD)

m,n=1

In order to obtain a linear system for the coefficient functions and ¢y, we first multiply

m
» il

m

the first equation from the left by and the second one by I/T/lm/ and then take traces

over the spins. The resulting linear system is given by
6 6
Zt?lle iTZnI 0 = Z v Tr( iqln/ 0+
6 5
Zdl‘kdpjgj Z Zuzljkp 5 T ( i iljk Z Z ufio ot Te (Wi Wi wi)

m,n= 1 ]k m=1n=1

—127 (1o Z dxg Z Z izowtor T ( zlka ) (A6)

m=1 n=1
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and

5 5
Z tor Te (W™ W) = Z v Te (W™ W)+

6 5
dekdp]gj Z Umgkp £, T ( W Wzgk ZZUS}OkpotOkTT W WI:L)
m,n=1 m=1 n=1
—12mpp— Ozdﬂﬁk Z uOlOktOkTr(W /VT/ZZ‘W,?) (A7)
m,n=1

The input to Egs. (??) through (??) involves a large number of traces over the spin operators.

To treat these we use the symbolic tool developed in [? | to evaluate these traces.
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FIG. 1: The Wolfenstein amplitudes for neutron-proton scattering at 100 MeV laboratory kinetic
energy based on the AV18 potential. The solid (red) line represents the 3D calculation, whereas
the dashed (blue) curve is obtained from a partial-wave calculation summing partial waves up to
j = 6. The partial-wave sums up to j = 2 and j = 4 are shown as double-dash-dotted (turquoise)
and dotted (green) lines. The data points are the amplitudes extracted from the GW-DAC current

analysis [? ? |.

FIG. 2: The Wolfenstein amplitudes for proton-proton scattering a 100 MeV laboratory kinetic

energy based on the AV18 potential. The meaning of the curves is the same as in Fig. 77.

FIG. 3: The Wolfenstein amplitudes for neutron-proton scattering at 350 MeV laboratory kinetic
energy based on the AV18 potential. The solid (red) line represents the 3D calculation, whereas
the dashed (blue) curve is obtained from a partial-wave calculation summing partial waves up to
j = 9. The partial-wave sums up to 7 = 2 and j = 4 are shown as double-dash-dotted (turquoise)
and dotted (green) lines. The data points are the amplitudes extracted from the GW-DAC current

analysis [? 7 ].
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FIG. 4: The Wolfenstein amplitudes for proton-proton scattering at 350 MeV laboratory kinetic

energy based on the AV18 potential. The meaning of the curves is the same as in Fig. ?7.

FIG. 5: The logarithmic error for the momentum grid points (a), the polar angle (cos§ = x) points
(b) and the azimuthal angle (¢) grid points (c) as function of number of points. Precise definitions

and explanations are given in Sec. 77.

FIG. 6: The differential cross section for pp (left) and np (right) scattering as function of the c.m.
scattering angle for 100, 300, and 500 MeV projectile laboratory kinetic energy. The solid (red)
line represent the 3D calculation with the AV18 potential, whereas the dashed line represent a
partial-wave based calculation summed up t0 jmer = 9. The diamonds represent the np data from

the GW-DAC analysis [? 7 ].

FIG. 7: The spin observables P, D and R’ for pp (left) and np (right) scattering as function of
the c.m. scattering angle for 100 MeV projectile laboratory kinetic energy. The solid (red) line
represent the 3D calculation with the AV18 potential, whereas the dashed line represent a partial-
wave based calculation summed up to jmer = 9. The diamonds represent the np data from the

GW-DAC analysis [? 7 |.
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FIG. 8: The spin observables P, D and R’ for pp (left) and np (right) scattering as function of the
c.m. scattering angle for 300 MeV projectile laboratory kinetic energy. The meaning of the curves

is the same as in Fig. 77.
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