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Nucleon-antinucleon interaction from the Skyrme model
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We calculate the nucleon-antinucleon static potential in the Skyrme model using the product ansatz
including some finiteNC ~number of colors! corrections. The mid- and long-range part of the spin-spin an
tensor force are mostly correctly given in both isospin channels while the central interaction has insuffic
midrange attraction. This is a well-known problem of the product ansatz that should be repaired with b
Skyrme dynamics.@S0556-2813~96!06810-0#

PACS number~s!: 13.75.Cs, 11.80.Gw
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I. INTRODUCTION

The Skyrme model@1# is an example of what QCD migh
look like in the classical or large number of colors (NC) limit
@2,3#. The dynamics of the SU~2! Skyrme model is carried
purely by a classical pion field. Hadrons appear as topolo
cal solitons in this nonlinear meson field theory. These
the appropriate degrees of freedom for the nonperturbat
long wavelength limit of QCD, and hence for low energ
baryon and pion physics. The Skyrme model has been
plied to the nucleon static properties@4# and the nucleon-
nucleon interactions@5–8# with reasonable success. In th
past few years, nucleon annihilation has been investiga
from the Skyrme point of view. Sommermannet al. @9# stud-
ied the dynamics of ungroomed Skyrmion-anti-Skyrmio
(SS̄) collisions. They found that annihilation proceed
quickly with the creation of a coherent pion pulse. This w
confirmed by Shao, Walet, and Amado@10#. The notion that
annihilation leads to an intense coherent pion field bu
gives reason for considering annihilation within the classic
Skyrme approach. The idea, that the annihilation produ
pion and other mesons, come from a coherent wave of me
fields arising from soliton-antisoliton dynamics, turns out
be very fruitful @11,12#. Experimental data such as annihila
tion branching ratios among meson types and pion cha
types from low energy annihilation are well explained wi
minimal parameters@12#. Furthermore this picture provides
unified view of annihilation in which all the channels com
from a single process.

Previous studies of annihilation in the Skyrme conte
with the exception of@9#, have concentrated on the final sta
mesons. A full account of the process requires a descrip
of the initial state nucleon-antinucleon interaction and of t
dynamics leading up to annihilation as well. In this paper,
a first step in that direction, we extend the application of t
Skyrme model to the interaction ofNN̄ in the product ansatz.
~We note that the energy ofSS̄ in the product ansatz was
studied for two configurations by Musakhanov and Musat
@13#.! Phenomenologically, theNN̄ potential is not as well
established as theNN potential. At distances less than on
fermi, the interaction is dominated by annihilation. Howeve
at larger distances, a meaningful potential can be defined
studied either byG transformation on theNN meson ex-
change potential or phenomenologically. Here we will com
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pare our Skyrme model results to this phenomenology. W
will see that at large distance, where the product ansat
makes the best sense, the potentials we find agree qualit
tively and, in most cases, quantitatively with phenomeno
logical interactions. At intermediate and short distances, w
do less well, but at these distances the product ansatz is n
valid. However, it is still suggestive. To obtain the interac-
tion at intermediate distances, we would need to study th
full Skyrme dynamics at these distances. For the staticSS̄
this is somewhat more complex than in the correspondin
SScase studied by Walhout and Wambach@14#, but is pos-
sible and we plan to return to it. The full, time dependent,
dynamicalSS̄problem is far more difficult than theSScase
and is plagued forSS̄by numerical instabilities@9,15#. For
all these reasons, and because this paper is a first step,
begin by exploring the static interaction in the product an-
satz. In order to carry out our study it is necessary to includ
D andD̄ mixing in the potential as was first suggested in the
NN case@8,16#. We do not even attempt to study the spin-
orbit interaction or other nonstatic forces since these are no
toriously difficult to calculate in the Skyrme approach
@17,18#.

In the context of the product ansatz, we find that the un
groomedSS̄ channel studied in@9# is the most attractive
channel and that it leads to rapid annihilation. For nonzero
grooming, we find that theSS̄ interaction can be repulsive.
Therefore it seems likely that the dynamics in groomed chan
nels could be very different from that exhibited in@9#. Since
the physical nucleon is represented by an average over d
ferently groomed Skyrmions, annihilation in the nucleon-
antinucleon system may proceed more slowly than that o
ungroomedSS̄.

In Sec. II we study the interaction energy ofSS̄ as a
function of separation and relative grooming in the produc
ansatz. We start by studying the very simplified case of Skyr
mion and groomed anti-Skyrmion on top of each other. This
is a physically artificial case, but it permits analytic evalua-
tion and teaches us something, albeit qualitative, about th
dependence of theSS̄interaction on grooming. We find that
for zero separation and zero grooming, theSS̄ system has
zero total energy, as we expect. This is the case of comple
annihilation. However, at relative grooming angle ofp, and
still zero separation, the product ansatz gives a total energ
1566 © 1996 The American Physical Society
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54 1567NUCLEON-ANTINUCLEON INTERACTION FROM THE . . .
for theSS̄system of four times the single Skyrmion energ
corresponding to a very repulsive interaction. This clea
indicates that theSS̄ interaction is a strong function of rela
tive grooming. Next we study, always in the product ansa
the interaction energy ofSS̄at nonzero separation as a func
tion of grooming. We project to the nucleon space by t
algebraic methods of@19# which also include finiteNC cor-
rections. In Sec. III we consider the effects of rotational e
citations by including intermediate states withD and D̄. We
first evaluate the corrections to theNN̄ potential in perturba-
tion theory and then study the effect fully by diagonalizing
the space spanned byN, D, and corresponding antiparticles
Our results are presented in Sec. IV.

II. THE INTERACTION ENERGY IN THE SS̄SYSTEM
AS A FUNCTION OF SEPARATION

AND RELATIVE GROOMING

A. The case of anS on top of a groomedS̄

We calculate the energy of the Skyrmion and an
Skyrmion system using the Skyrme Lagrangian. The den
of this Lagrangian is given by

L5
fp
2

4
Tr~]mU]mU1!1

1

32e2
Tr~QmnQ

mn1!

1
f p
2

2
mp
2Tr~U21!, ~1!

whereU is a unitary SU~2! valued field and

Qmn5@~]mU !U1,~]nU !U1#. ~2!

The first term in the Lagrangian comes from the nonline
s model and the second is the Skyrme term. The third te
is a pion mass term and we takemp5139 MeV. We take the
parameters in the Lagrangian to have the valuesf p593 MeV
ande54.76 @14#. These values guarantee that the long d
tance tail of the nucleon-antinucleon interaction will agr
with phenomenology, by virtue of the Goldberger-Treima
relation.1

We begin by studying the energy in the product ansatz
the case of zero separation. We include the first two term
the Lagrangian. The mass term is neglected since it does
lead to additional understanding of this simple configuratio
Let U5exp„it• r̂ F(r )… be the ungroomed Skyrme SU~2!
field. The ungroomedS̄would beU†. The rotation or groom-
ing matrixC on S̄ is

C5cos~b/2!1 it•n̂sin~b/2!. ~3!

1There is always a conflict in the Skyrme approach betwe
choosingf p ande to give the correct nucleon and delta masses or
give the correct strength of the pion tail. Since we are concentra
on theNN̄ interaction here we follow@14# and choose the param
eters for the pion tail. This latitude is a measure of the arbitrarin
of the Skyrme approach and is intrinsic to it.
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This corresponds to a grooming rotation through angleb
about the n̂ axis. The product ansatz with this relativ
grooming is

UPA5UCU†C†. ~4!

Note that the energy is a function of only the relative groom
ing and should be zero with no grooming~since forb50,
UPA51).

The energy density is

E52
1

4
trLiLi2

1

32
tr@Li ,Lj #2 ~5!

in Skyrme units@energy infp /e and length in 1/(e fp)#. The
chiral ~left-handed! derivative is

Li5UPA
† ] iUPA. ~6!

Suppose for the Skyrme chiral angleF(r ), the mass contri-
bution to theB51 Skyrmion from the nonlinears-model
term isM2 and from the Skyrme termM4. After some alge-
bra, we arrive at the following result for the total energy
theSS̄product ansatz at relative grooming angleb and zero
separation:

MSS̄~b!5
8

3
sin2S b

2 DM21
16

3
sin4S b

2 DM4 . ~7!

For the profileF(r ) which minimizes theB51 Skyrme
mass, we haveM25M45M /2 from scaling arguments. Here
M is the mass of the Skyrmion. We then have

MSS̄~b!/M5
4

3
sin2S b

2 D F112sin2S b

2 D G , ~8!

which is plotted in Fig. 1.
The maximum occurs atb5p, the maximum grooming,

with the value 4M . This indicates that theSS̄is quite repul-
sive at this setting. Of course forb50 or 2p, the total

en
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ting
-
ess

FIG. 1. Mass of theSS̄ at zero separation and with relative
grooming angleb. MS is the Skyrmion mass.
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1568 54YANG LU AND R. D. AMADO
energy is zero. This shows that, even for the artificial case
zero separation, theSS̄energy is very dependent on groom
ing.

B. SS̄ at a separation and a relative grooming

We now study, in the product ansatz, the energy of t
SS̄system as a function of the separation and relative groo
ing. This can only be done numerically. We now use the f
Lagrangian including the finite pion mass term. We put t
S and S̄ on a 3D lattice with the two solitons a distanceR
apart on thex axis. The product ansatz is

UPA~r !5US r2 Rx̂

2 DCU†S r1 Rx̂

2 DC†, ~9!

whereU(r ) is the SU~2! field for a single Skyrmion andC is
the grooming matrix. In Skyrme units for lengt
(1/e fp50.45 fm!, the spatial extension of lattice we use
20310310. We evaluate the derivatives of theU field by
the two-point difference:

¹ iU5
1

2h
@U~r1hei !2U~r2hei !#. ~10!

With 64332332 points on the lattice andh50.001, we find
that, for large separations, the total energy is within one p
cent of twice the single Skyrmion mass. We calculate t
energy for three interesting configurations:~1! no grooming
(HH̄), ~2! relative rotation ofp aroundx axis (x-p), and~3!
relative rotation ofp aroundz axis (z-p). The results are
shown in Fig. 2. Recall that the separation is along thex axis.

It is instructive to compare the energy of theSS̄system
with the corresponding result for theSSsystem@5–7#. The
z-p grooming is the most attractive configuration forSS,
while it is the most repulsive forSS̄. The x-p grooming,
while being the most repulsive forSS, is mildly attractive for

FIG. 2. Total energy of theSS̄system as a function of separa
tion for the configurationHH̄ ~dashed line!, x-p ~dash-dotted!, and
z-p ~solid! in units of the Skyrme mass. Note the horizontal line
twice the Skyrmion mass. The maximum value of the energy at z
separation is four times the Skyrmion mass, as we derived in
analytical result.
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SS̄. Finally the ungroomed case is the most attractive fo
SS̄while it is mildly repulsive forSS. This also leads to
speculation about the speed of annihilation. In the calculati
of @9#, the starting configuration is ungroomed and annihila
tion happens very fast. This may reflect the fact that this
the most attractive channel. The physical nucleon is a line
superposition of groomed Skyrmions and perhaps in th
case annihilation will proceed slower than that seen in@9#.

C. Expansion of theSS̄ energy
in the relative grooming variables

We now turn to an expansion of the energy in the relativ
grooming variables as a first step in obtaining the projectio
of theSS̄interaction onto theNN̄ interaction. We follow the
methods developed for obtaining theNN interaction from the
SS. As in the calculation of@6,19# for SS, the energy for
SS̄can be expanded in the variablesc4 and c•R̂, with the
relative grooming matrixC5c41 it•c andR the vector con-
necting the centers of the two solitons. For theSS, the full
expansion is

V~R,C!5V11V2c4
21V3~c•R̂!21V4c4

41V5c4
2~c•R̂!2

1V6~c•R̂!4, ~11!

whereVi , i5126 are functions ofR. ForSS̄, the symmetry
of R→2R is broken by the product ansatz and we nee
three additional terms for a consistent expansion

VSS̄5V~R,C!1V7c4~c•R̂!1V8c4
3~c•R̂!1V9c4~c•R̂!3.

~12!

These terms odd inR are an artifact of the asymmetry of the
product ansatz and should be discarded. One can use
symmetrized energy (VSS̄1VS̄S)/2 to extractV1 to V6, since
theV7 to V9 terms drop out in this combination.

The six terms in~11! can be expressed in terms of opera
tors in the baryon space using the algebraic methods int
duced in @19#. One quantizes each Skyrmion with a u~4!
algebra and then the relevant operators and baryon states
easily constructed in terms of the operators of those algebr
The method was developed in@19# for theNN system, but
since each Skyrmion gets its own algebra, the method can
taken over without alteration to theNN̄ system. TheSSor
SS̄ interaction can be expanded in terms of three operato
the identity and the operatorsW andZ given by

W5Tpi
a Tpi

b /NC
2 , Z5Tpi

a Tpj
b @3R̂i R̂j2d i j #/NC

2 . ~13!

Herea andb label the two different set of bosons, used t
realize the u~4! algebras.T is a one-body operator with spin
1 and isospin 1. The semiclassical~large-NC) limit of these
operators can be given in terms ofR andC as @19#

Wcl53c4
22c2, Zcl56c•R̂22c2. ~14!
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54 1569NUCLEON-ANTINUCLEON INTERACTION FROM THE . . .
We can therefore expand the interaction inW andZ, as an
alternative to Eq.~11!,

V~R,C!5v1~R!1v2~R!Wcl1v3~R!Zcl1v4~R!Wcl
2

1v5~R!WclZcl1v6~R!Zcl
2 . ~15!

The relations betweenVi andv i can be found in Eq.~24! of
@19#. The advantage of the algebraic method is it allows us
study both the largeNC limit, and to include finiteNC effects
explicitly in a systematic way. It also makes taking baryo
matrix elements quite easy. As in theSScase, we find for
SS̄that the terms quadratic inZ andW are quite small, and
so we neglect them. Hence we can write

V5v11v2W1v3Z. ~16!

We can use the algebraic methods of@19# to take the
NN̄matrix element of our interaction. Keeping only the lead
ing terms we find

V5Vc1Vs~s1•s2!~t1•t2!1Vt@3~s1•R̂!~s2•R̂!2s1•s2#

3~t1•t2!, ~17!

with

Vc5v1 , Vs5
v2PN

2

9
, Vt5

v3PN
2

9
. ~18!

HerePN is a finiteNC correction factor,PN5112/NC . This
gives the nucleons only projection of theSS̄ interaction. To
obtain the full phenomenological interaction it is necessa
to include the effects ofD and D̄ admixtures that become
important as the baryons approach each other. We now t
to those admixtures.

III. ADIABATIC INTERACTION

TheNN̄ potential in Eq.~17! is calculated by projecting
Eq. ~16! to the nucleon degrees of freedom only. This
certainly the correct procedure for large separation. Ho
to

n

-

ry
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ever, as the Skyrmion and anti-Skyrmion approach, they c
deform. In terms of the baryon degrees of freedom and
NC53 that means excitation of theD and D̄ intermediate
states. All that is required to define aNN̄ interaction is that
the particles beNN̄ asymptotically. They may deform or
excite as they wish as they interact. In theNN case we saw
that this intermediate excitation plays a significant role in t
intermediate range attraction@8#. For neutral atoms, a corre
sponding virtual excitation process leads to the attract
Van der Waals force at large distance. For Skyrmions, bes
this state mixing, there is a dynamical distortion that go
beyond the product ansatz. This is a crucial part of theNN
interaction@14#, but the correspondingSS̄distortion is be-
yond the scope of this paper. For theNN system this distor-
tion, coupled with the state mixing, is crucial for getting th
midrange attraction. For the nucleon-antinucleon system
expect similar enhancements of attraction coming from t
distortion. The effects of distortion and state mixing bo
come in at distances where the product ansatz can be
pected to fail. Thus our short and midrange results with t
product ansatz, even including state mixing, should be tak
as only indicative and not as the final word. Further mo
omega meson exchange is attractive in theNN̄ system due to
G parity and hence a complete treatment of theNN̄ central
attraction should extend the Skyrme model to include vec
mesons@20#.

As in theNN system, we first study the effect of mixing
D andD̄ on the energy perturbatively and then use the Bo
Oppenheimer method to consider the effect exactly in t
limited subspace.

A. Perturbation theory

We first include the effects of the intermediate state
ND̄, DN̄, andDD̄, on the nucleon antinucleon potential pe
turbatively. Since we are using separate u~4! algebras for
each Skyrmion, the results forNN in @8# can be carried over
to theNN̄ problem, with Eq.~15! in @8# being the perturba-
tion correction
z

r
ghest
rrespond
VPT
~1!52

QN
2

d H F13QN
2P0

t1S 1627PN
21

5

27
QN
2 DP1

t G~v2212v3
2!1~s1

•s2!F2
1

18
QN
2P0

t1S 1681PN
22

5

162
QN
2 DP1

t G~v222v3
2!

1~3s1
•R̂s2

•R̂2s1
•s2!F2

1

18
QN
2P0

t1S 1681PN
22

5

162
QN
2 DP1

t G~v222v2v3!J . ~19!

Hered is theN-D mass difference,PT
t is a projection operator onto isospinT, andQN is another finiteNC correction factor

with the valueQN5A(121/NC)(115/NC). This expresses the leading order correction from state mixing to theNN̄ inter-
action of Eq.~17! in terms of theSS̄terms of Eq.~16!. Recall that unlike the work in@8# we are here using the product ansat
to calculate theSS̄ interaction rather than a full dynamical scheme.

B. Diagonalization

We now turn to a full diagonalization of the interaction in theNN̄, ND̄, DN̄, andDD̄ space. This is the Born-Oppenheime
approximation, and it is valid forNC53. There are three energy scales or time scales in the problem. The fastest or hi
energy scale comes in rearrangements of the pion field itself. These we are modeling using the product ansatz and co
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to energies on the scale of baryon masses. The intermediate scale is set by theN-D energy difference. This is an order
1/NC effect. Finally theNN̄ interaction is the smallest energy scale and it is determined by the matrix diagonalization.

We first need the matrix element of the potential Eq.~16! in the space ofNN̄, ND̄, DN̄, andDD̄ in the angular momentum
coupled form. This has been calculated in Eq.~22! of @8# for the baryon-baryon case and the formula remains valid f
baryon-antibaryons

^I 1I 2LSJTuvuI 18I 28L8S8JT&5v1dSS8dLL8d I1I18d I2I281
v2
9

~21!S1TdSS8dLL8H I 1 I 2 S

I 28 I 18 1J H I 1 I 2 T

I 28 I 18 1J ^I 1uuT~11!uuI 18&

3^I 2uuT~11!uuI 28&1
v3
9

A30~21!L1L81S1S81J1T1I21I18L̂L̂8ŜŜ8S L 2 L8

0 0 0 D H S L J

L8 S8 2J
3H I 1 I 2 S

I 28 I 18 1J H I 1 I 2 T

I 28 I 18 1J H I 1 I 2 S

I 18 I 28 S8

1 1 2
J ^I 1uuT~11!uuI 18&^I 2uuT

~11!uuI 28&. ~20!
-
e
d
-
n-
Here I 1 and I 2 are the isospin of the baryon 1 and 2 andT
the total isospin.L is the total orbital angular momentum
S is the total spin, andJ is, of course, the total angula
momentum. The relevant reduced matrix elements are

^NuuT~11!uuN&5210, ~21!

^DuuT~11!uuD&5220, ~22!

^NuuT~11!uuD&528A2. ~23!

The matrix elements of the kinetic part are taken to
very simple,

^I 1I 2LSJTuKuI 18I 28L8S8JT&

5d I1I18d I2I28dLL8dSS8Sd@ I 11I 221#1
L~L11!

2MI1I2
R2D .

~24!

HereMI1I2
is the reduced mass,MI1

MI2
/(MI1

1MI2
), with

M1/25932 MeV andM3/251232 MeV. The mass difference
is dM5M3/22M1/2.

For the purpose of comparison, we parametrize the
NN̄ interaction by

V
NN̄

T
5Vc

T1Vs
Ts1

•s21Vt
Ts i

1s j
2~3R̂i R̂j2d i j !. ~25!

The potentials have explicit isospin dependence due to
mixing with states ofD. To determine the adiabatic potentia
for NN̄, we start at largeR where we have nucleons only. A
we move to smaller distance, we diagonalize theK1V ma-
trix and follow continuously the eigenvalue corresponding
theNN̄ channel. We then subtract the expectation value
K to obtain the adiabatic interaction energy as a function
R.

We first consider the caseT50. For Jp502 ~note that
nucleon and antinucleon have opposite intrinsic parity!, we
have three channelsuNN̄L50S50&, uDD̄L50S50&, and
uDD̄L52S52&. The lowest eigenvalue of the Hamiltonia
K1V should be identified with
,
r

be

full

the
l
s

to
of
of

n

^L50S50uV
NN̄

T50uL50S50&5Vc
023Vs

0 . ~26!

For Jp501, there are three channelsuNN̄L51S51&,
uDD̄L51S51&, and uDD̄L53S53&. The lowest eigen-
value should be equated to

^L50S50uV
NN̄

T50uL50S50&5Vc
01Vs

024Vt
0 . ~27!

We consider one more set of states withJp512 and there
are six channels: uNN̄L50S51&, uNN̄L52S51&,
uDD̄01&, uDD̄21&, uDD̄23&, anduDD̄43&. The matrix element
to identify the lowest eigenvalue with is

^L50S51uV
NN̄

T50uL50S51&5Vc
01Vs

0 . ~28!

FIG. 3. Central potentialVC
T as a function ofR in the region

0.5–2 fm for theT50 channels. The solid line gives the nucleons
only result from the product ansatz. The short-dashed line is th
result of the state mixing in perturbation theory and the long-dashe
line of the full Born-Oppenheimer diagonalization. The meson ex
change potentials are shown by the dash-dotted line for Brya
Phillips potential@21# and by the dotted line for the Nijmegen po-
tential @22#.
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54 1571NUCLEON-ANTINUCLEON INTERACTION FROM THE . . .
From these three linear combinations ofVc , Vs , andVt in
Eq. ~26! to Eq. ~28!, the potentials in Eq.~25! are easily
solved forT50. A similar calculation applies forT51, ex-
cept that nowND̄ andDN̄ channels also appear.

IV. RESULT AND DISCUSSION

For each total isospinT50 and 1, we calculateVc
T ,

Vs
T , andVt

T in Eq. ~25! as outlined in the last section. We
then compare these results with the phenomenological po
tials of Brian-Phillips@21# and of the Nijmegen@22# group.
These are potentials based on meson exchange at large
tances and phenomenology, including an absorptive par
model annihilation, at small distances.~There have been
more recent attempts to describe moreNN̄ data coming
mainly from LEAR at CERN. These include the the work o
the Paris group@23#, the Nijmegen group@24#, and the Julich
group @25#. The NN̄ potentials from these efforts describ
more detailed observables, such as differential cross sec
and polarization. However, they are not so qualitatively d
ferent from older ones and we have not included them in o
study.! The meson exchange part of these potentials
NN̄ is obtained from the correspondingNN potentials by
G-parity transform—the contribution of a particular meso
for NN̄ is equal to its part inVNN multiplied by the meson’s
G parity. We only compare with the scalar, tensor, and sp
spin parts of the potentials. The spin-orbit force is of high
order in 1/NC and we have not calculated it in the Skyrm
picture. We should note that various cutoffs are used in
Brian-Phillips, Nijmegen, and other similar potentials. As
result at distance 1 fm or less the strength of the potenti
can be significantly different from their meson exchang
value. In addition, at distance less than 1 fm, the interact
is dominated by the absorptive potential of order 1 Ge
Furthermore, at these short distances the entire static Sky
approach, to say nothing of the product ansatz, is no lon
meaningful. Hence we should not place any faith on co
parisons of our results with the phenomenological potenti
around 1 fm or less. At intermediate distances, between 1
and 2 fm, the results from our Skyrme approach to theNN
interaction suggest that the product ansatz is on the ri

FIG. 4. Central potential, same as in Fig. 3 but forT51.
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track, but that careful comparison with phenomenologic
potentials requires a more complete calculation of th
Skyrme dynamics. In particular we expect the product ans
to underestimate midrange attraction, as it does forNN. This
is basically a consequence of the variational theorem. W
these thoughts in mind, let us turn to our results.

Figure 3 shows our results for theT50 part of the central
potential. We see that the effects ofD mixing either in per-
turbation theory or full Born-Oppenheimer diagonalization
significant, but still does not begin to agree with the stron
central, midrange attraction seen in the phenomenologi
potentials. This is the fault of the product ansatz we referr
to above. It will be important to see if complete Skyrm
calculations can repair this fault. Figure 4 shows theT51
central potential. Here the effects ofD mixing are more strik-
ing since forT51 singleD intermediate states are permitted
Now we do find some central attraction, but not as much
is seen phenomenologically. Note that where they differ, t
full diagonalization result has superior credentials to the pe
turbation theory result, and it is the diagonalization resu

FIG. 5. The spin-dependent potentialVs as a function ofR in
the region 1–3 fm forT50. Labeling of curves is the same as in
Fig. 3.

FIG. 6. Spin-dependent potential, same as Fig. 5 but forT51.



ge
ct
on
for
ers

ct
t of
ow
of
do
-
the
-
ed

-

1572 54YANG LU AND R. D. AMADO
that is too weak. Again we must await full Skyrme calcul
tion in this channel. Figure 5 shows theT50 spin-spin part
of the interaction. Except at the smallest distances, the res
are very satisfactory. Note that this is remarkable, since
spin-spin interaction is very weak~note the scale in Fig. 5!,
and hence arises from cancelation of much larger terms.
believe it is significant that the Skyrme picture can reprodu
this scale and even the correct sign. The effects of canc
tions are even more striking in Fig. 6 which shows t
T51 spin-spin interaction. The corrections from the mixin
of delta states are larger than those forT50, sinceN̄D and
D̄N are involved in addition toD̄D. Both the perturbative and
diagonalization lead to a positive spin-spin potential f
T51, in contrast to the negative values in the phenome
logical potentials. However, note that even the wrong s
Skyrme results remain really small. Note also that the p
nomenological potentials are consistent with zero outside
1.5 fm. Finally in Figs. 7 and 8 we show theT50 and
T51 tensor potentials. All calculations of these agree sin
they are dominated by one-pion exchange.~Recall that the

FIG. 7. Tensor potentialVt as a function ofR in the region 1–3
fm for T50. Labeling of curves is the same as in Fig. 3.
a-

ults
the

We
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Skyrme picture in the product ansatz gets one pion exchan
right.! Hence except for the central attraction, the produ
ansatz gives a credible account of the nucleon-antinucle
potential, and we understand how the product ansatz fails
the central attraction. Note that there are no free paramet
on our calculation.

We have shown that the Skyrme picture with the produ
ansatz is a reasonable first step to obtaining the real par
the nucleon-antinucleon interaction. We also understand h
doing the Skyrme dynamics better can repair the lack
central attraction we find here. Hence the next step is to
that dynamics. Then combining this picture of nucleon
antinucleon interactions in the entrance channel based on
Skyrme model with our previous work on annihilation chan
nels described by this model, we hope to have a unifi
picture of annihilation based on the largeNC , QCD inspired
Skyrme picture.
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FIG. 8. Tensor potential, same as in Fig. 7 but forT51.
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