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Nucleon-antinucleon interaction from the Skyrme model. Il. Beyond the product ansatz

Yang Lu, Pavlos Protopapas, and R. D. Amado
Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104
(Received 29 September 1997

We calculate the full static interaction of a Skyrmion and an anti-Skyrmion as a function of separation and
relative grooming. From this, using projection methods and Born-Oppenheimer mixing, we obtain the nucleon-
antinucleon interaction. We find agreement with the major features of the empirical interaction including the
strong central attraction and the sharp onset of annihilation at about [[S0656-28138)03804-7

PACS numbegps): 13.75.Cs, 11.80.Gw, 12.39.Dc

I. INTRODUCTION in the product ansatz approach to the nucleon-nucleon inter-
action[8] and is a failing of the ansatz, not of the Skyrme

Making a theory of low energy nucleon-antinucleon anni-approach. In the nucleon-nucleon case the full central attrac-
hilation from the entrance channel through to the annihilation was obtained by taking two steps. First a full dynamical
tion products presents a daunting challenge. An exact QCDalculation of the interaction energy of two Skyrmions as a
based calculation of the process is beyond our present anfunction of separation and relative grooming was df@lke
lytical understanding and our computational resources. Wéhis is a difficult and numerically intensive calculation. Then
are left then with either abandoning the problem or usinghe results of that calculation were combined with calcula-
some approximate or effective theory. Such a theory mustion of dynamicalA mixing using the Born-Oppenheimer
include an account of the nature of the nucleon and the armethod[10] to yield a nucleon-nucleon interaction with most
tinucleon, in order to describe annihilation, as well as con-of the empirical features, in particular the strong central at-
taining a description of their interaction. The theory shouldtraction.
also have its roots in QCD. The only such effective theory of An alternative method for studying the nucleon-nucleon
annihilation that contains the requisite ingredients and givesystem has been developed by Manton and collabortors.
hope of being tractable is based on the Skyrme métlel This is a mathematically sophisticated approach that exploits
This models QCD in the classical or large number of colorghe connection between the Skyrme soliton and thé2pU
(N¢) limit and at long distances or low momentui®,3].  instantons in non-Abelian gauge thedd2]. In doing so,
Sommermanret al. [4] have shown, in a detailed numerical they are able to map the bound state of two nucleons to a
investigation, that a Skyrme treatment of annihilation givesquantum system of a particle on the manifdithy. Their
great insight into the process, and we have exploited thamodel is reasonable for the physical properties of the deu-
insight to show that the Skyrme treatment can account foteron, but since their method is so far limited to taking zero
the major features of the annihilation channé$ pion mass they are unable to study the scattering problem or

Thus far most of our results have come from a verythe two nucleon interaction potential in general. It remains to
simple picture of the annihilation final state. We start with abe seen whether this method can be successfully applied to
spherical “blob” of Skyrmionic matter with zero baryon the nucleon-antinucleon problem.
number and energy of two nucleon masses. We propagate In this paper we report a calculation of the nucleon-
this blob using the classical Skyrme equations, includingantinucleon interaction taking the corresponding two steps.
classical vector meson fields, until it is well into the radiationFirst we compute the Skyrmion—anti-Skyrmion interaction
zone and then use coherent states to reintroduce the mesenergy as a function of separation and relative grooming us-
quanta of the final state. This gives a remarkably good overing the full Skyrme dynamics. As in the Skyrmion-Skyrmion
all picture of the observed branching ratios seen in low en€ase, this is a difficult and complex computation. We then
ergy nucleon-antinucleon annihilation. However, it does notuse Born-Oppenheimer techniques as well as standard Skyr-
give any insight into the incoming nucleon-antinucleon chanimion to baryon projection methods to obtain the nucleon-
nel. For this we have to study the initial state dynamics. Aantinucleon potentials. We find strong central attraction be-
full dynamical Skyrmion calculation of the initial state is tween the nucleon and antinucleon of the form and magni-
difficult and fraught with instabilitied4,6]. Therefore we tude seen from the data, as well as qualitative agreement
take a simpler approach of using the Skyrme dynamics tavith the other principal features of the empirical potentials.
obtain the nucleon antinucleon interaction potential. FromWe also find strong and sudden coupling of the nucleons to
that we later can connect the entrance channel to the annilihe annihilation channel at about 1 fm, just as is seen in
lation blob and from there proceed as before. empirical fits to the data.

Our previous attempt to obtain the nucleon antinucleon This paper is organized as follows. In the next section we
interaction from the Skyrme model was based on the produgtresent the major features of the formulation we use for the
ansatz[7]. This calculation reproduces some of the major
features of the observed interaction, but fails to give the ob-
served strong central attraction. Such a failure is also presentSee, for example11].
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dynamical calculation. We do not go into great detail hereWith these definitions, the terms in the Skyrme Lagrangian
since much of the formulation is already well presented inbecome, for the nonlinear term

the literature. The following section reports the numerical
methods we used. Since the calculation is challenging and
difficult, we give some detail here. However the reader in- ‘CU:7AMA#
terested only in the finished answers can skip this section.

f2

We follow with a section on results that reports both our 127 Sa=
Skyrmion—anti-Skyrmion interaction and our nucleon- =2 (0uF-*F) =+ (F-3,F)
antinucleon interaction as well as showing some plots of F
Skyrme fields. We end with a discussion section that reviews F2_sirP
) . Sin‘F
briefly what our next steps might be. x(F.gﬂp)? , (6)
Il. FORMULATION
where we used
The Skyrme model1] is a classical, nonlinear field
theory of a SW2) valued field. The Lagrangian for the theory [L,.L,]=—2i7(A,XA,) (7
is written
and
2 2¢2
.c=—f—”Tr[L LAT+ T, L2+ T U1 TIL, Ly0%= = 8(A, AMA,-AT=AL-AAM-AT),  (8)
4 M 322 pwrmw 2 '

(1)  for the Skyrme term

wherelL , is expressed in terms of the unitary @Jvalued Lo=— i(A ARALAT—A - AAR-AY)
matrix U by 42" " g

vy
L,=U"g,U. 2 =—i2 S'n4F[(aMF-aMF)(aVF-aVF)—(aMF.aVF)
4e”| F
The first term of the Lagrangian comes from the nonlinear 2sirPF(F2—sir?F)
model. The second, the Skyrme term, was introduced by X(d"F-d,F)]+ 5 [(9*F-d,F)
Skyrme to stabilize the model, and the third term is the pion F
mass term. It is the term that breaks chiral invariance. The
three constants in the theory are the pion decay confgnt X(F-a,F)(F-9"F)—(J*F-d,F)(F-d,F)(F-3"F)]t,
the constane (not the electric chargéntroduced by Skyrme i ’ K
to set the scale of his stabilizing term, and the pion mass 9

m,_.. The Lagrangian admits topologically stable objects car-

rying a conserved winding number that Skyrme associategnd for the pion mass term

with baryon number. It is customary to adjust and e to

yield the correct long distance tail of the pion wave in the — 22 _

nucleon. We follow{9] in this and takef ,.=93 MeV ande Lm=myfo(coF—1). (10
=4.76. We take the pion mass at its observed valliae
unitary SU?2) valued fieldU can be written in terms of the
chiral angle isovector fielé as follows:

From the results above we can obtain the equation of
motion from the usual starting point

i aL aL
U=expir F, 3 = _Z_o.
P ©) o E) o 0 (11)
and thenL , expressed in terms df by ) ) ) )
Since the equations of motion are long and complicated, the

L,=imA,, (4)  formin terms ofF are displayed in the Appendix.
In the next section we discuss the solution of these equa-
with tions. Before turning to that section we record two other
important formulas. The baryon number density is given by
Ay _sinFcos N F — sinFcos CExs FsinzF .
nw— Yut M M : .
F F? F? B eupe MATAIAL. (12

©)

HereA is defined in Eq(5); ijk are spatial indices, angdBy
2Note how few parameters are in the Skyrme model and notésospin indices. This density must integrate to zero for a
further that we adjust none of them to calculate the interactiorsystem of Skyrmion and anti-Skyrmion. The energy density
energy. of the system is given by
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£2 1 TABLE I. Symmetry of the three groomed configurations. The
&= —”Ai“Ai“Jr —[(Ai“Ai“)z—(Ai“A-“)(AiﬁA-B)] E and O label theevenor odd symmetry of the particular field
2 42 ) ) component across the y, or z plane.
+m2f2(1—cosF). (13 X y 2
To find the total interaction energy of a Skyrmion and anti- no grooming
Skyrmion configuration, we first solve the equations of mo-F, E E E
tion for the static field configuration corresponding to ourf, o) 0 E
chosen constraintsSkyrmion—anti-Skyrmion separation and F, e} E e}
relative grooming and then use that solved field configura- X—1r
tion in the integrated energy density to obtain the interaction
energy. Note the integrated energy is the total energy of thE: E E E
system. To obtain the interaction energy or the potentialsf2 E E 0
one must subtract the rest energy of the nucleon and antfs E o E
nucleon from that total energy. This is done by subtracting z-m
two large numbers to obtain what is usually a much smalle
one, and hence requires considerable precision in the under? E © E
lying calculation. Achieving that precision is the goal of the 2 8 E g

full Skyrme calculation and explains why it must be done so's
carefully.

Il CALCULATION anti-Skyrmion at —(R/2)x. The normalization factorN

Our aim is to obtain the minimized static energy of the makes the symmetrized ansatz unitary.
Skyrmion and anti-Skyrmion separated by a certain distance Three essential groomings are needed to map the interac-
and with a definite relative grooming. We need to considetion energy of the Skyrmions into that of baryons. They are
the initial field configuration, the symmetry of the field, and (1) no grooming;(2) relative grooming ofr around thex
constraints on it before embarking on solving the equationsaxis (the axis separating the Skyrmion and anti-Skyrnjion
The nonlinear nature of the equation of motion also bringsand(3) relative grooming ofr around they or z axis. Each
the risk of numerical instabilities. These instabilities areof these groomings has symmetries that we exploit in order
more pronounced for Skyrmion—anti-Skyrmion systems tharto simplify our calculation. The reflection symmetrigs the
for Skyrmion-Skyrmion due to the lack of a topological con- X, y, andz planes of the fields are shown in Table | for the
straint in the Skyrmion—anti-Skyrmion case that is due tothree situations. These three groomings are the normal
annihilation. modes for the Skyrmion and anti-Skyrmion system and their

The essence of our numerical method is to begin with ssymmetries should be maintained in solving the equation of
trial configuration that has the required symmetries, groommotion. We achieve this by restricting our calculation to the
ings, and distance constraint, then to use that configuration dist octant of the full three-dimensional space, and use the
the seed in the Skyrme equations of motion with a relaxatiomeflection symmetries as boundary conditions for the field at
algorithm. The system will relax to the lowest energythex,y, andz planes. This restriction also reduces our com-
Skyrme configuration compatible with the constraints. Weputational time by a factor of 8.
begin with the symmetrized product ansatz for a groomed The anti-Skyrmion and Skyrmion system is not stable un-
Skyrmion and a groomed anti-Skyrmion as initial configura-der the equation of motion unless it is subjected to a proper
tion: constraint. Since the total baryon number is zero for this
system, the usual topological constraint used in the multi-
Skyrmion case is not present here. For the Skyrmion-
Skyrmion, the distanc® between the two, as defined|if)]

by

1
U:N(U1U2+U2U1), (14

where

1 2 3 S\ 2
S Y I ZR = | d°rB(r)r a7
U,=AlU r—ERx A (15
is constrained to a definite value. For the Skyrmion—anti-
and Skyrmion, this can no longer be used. The baryon density is
odd across thex plane and hence the distanBeobtained
- 1. from such a density is obviously zero. The constraint we
r+=Rx|A. (16) . . ) .
propose instead is a topological one. When the separ@®n
. . . o defined in the symmetrized product angaszmore than 0.8
The SU?) field /is that for a single Skyrmion in the defen- fm, the absolute value of the chiral angle always has a peak
sive hedgehog configuration. The grooming matix value of 7 at two places on the axis for all three of the

=expi(6/4) - a imparts a relative grooming of around di-  groomings. Note that these locations are noR/2)x, al-
rectiona between the Skyrmion centered &/2)x and the though they are asymptotically for very large separation. At

U,=AY
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34

total energy of theSS system as a function of separation

"\ distance. Note that for large separation the total energy is

30 = | that of two free Skyrmions, namely, 2.92 GeV for our choice
_______________________ of parameters. The separation distance is defined as dis-

T cussed in Sec. lll. It includes a scheme for holding the pion

26 7 i field at its maximum value at particular points. We only

/ show a portion of the separation distance in the figure since

’ for distances larger than 2.2 fm, the interaction is nearly zero

22/ . and for distances below 0.8 fm, our entire scheme as well as

/ ——- no grooming the meaning of adiabatic interaction ceases to make sense. It

' —-—XT

/ 21 is important to note that the “holding” process is essential to

185/ i our calculation, since without it ath Sconfigurations would

! relax to the lowest total energy of such a system, namely,

14 ‘ , ‘ ‘ zero corresponding to total annihilation. In this sense our
0.8 1.2 1.6 2.0 24 calculation is very different from that of Walhout and

R (m) Wambach for thes-S system[9].

FIG. 1. Total energy of th&Ssystem as a function of separa- . FrT)m F'E' 1 we see tha;[] theg_roomlng_chanﬁ_?(lgroom-

tion distance for three major groomings. The horizontal line repre-!ng along the axis joining t e_tvyos attrac.tlve w ,'e_gr?om'

sents twice the Skyrmion mass, at 2.92 GeV. ing along the orthogonal axis is repulsive. This is just the

opposite of what happens for ttf&®S system, as we might
these two locations, we hold the field values constant as dé&XPect fromg-parity or related arguments. The no grooming

fined in the symmetrized product ansatz when we solve thghanngl IS als_o rgpulswe. Well below .0'8 fm it must tur'n

equation of motion. We use the separation valueRo&s attractive again since for zero separation and no grooming
defined in the symmetrized product ansatz. For distance led8€re $hcomple|te z_inn||:hllatllon hancll dthbe total energy ”.";St be
than 0.8 fm, the solution becomes numerically less tractablg€r0: The results in Fig. 1 shou e compared with our

and a definition of separation is unclear. We do not studyPrevious results calculated with the product angdiz The

interaction energy of these cases in the present papegualitative results are the same. In particular the results agree

Such small separations are not meaningful for the nucleorft large dista_nces_ where we expect the product_ ansatz to be a
ood approximation. However, the full calculation with dy-

antinucleon problem since empirically one finds completeg

annihilation well before that distance is reached. As we shal?amIcal re!axatlon of the fields has muc.h more attraction in
the attractive channel and less repulsion in the repulsive

see below, we also find very strong coupling to annihilation ) '
y g Ping channel as compared with the product ansatz. All this sug-

below 1 fm. . .
Using the symmetry and topological constraints discussedests: correctly as we will see below, that the full calculation

above, we solve the equations of motion in the first octant ofVill yield the strongN-N midrange attraction seen phenom-
coordinates to obtain the minimized energy. To do so, weehologically, but missing in the product ansatz.

reduce the equation of motion to a dissipative one by setting The full dynamical results shown in Fig. 1 suggest that for
all first order time derivatives to zero at each time step. Thehe SSsystem with no grooming there is a point of unstable

resulting Langevin type equation is solved on a lattice in thesquilibrium inside 0.8 fm. If theSSsystem is released from
first octant with appropriate boundary conditions on the facesest just inside that unstable point, it will proceed to annihi-
that form the boundaries of the octant. We propagate theyte, while if it is released just outside, it will separate to
field in discrete time steps until a stable final field configu-infinity. Such a critical radius should continue to exist at
ration is reached. The field profile is strongly peaked aroundcattering energies such that at impact parameters less than a

the locations where the chiral angle reaches the valug.of certain value annihilation occurs while for impact parameters
We use a lattice coordinate system with variable grid that haareater than that value, th@ and S emerge at infinity. It

the densest distribution of points at these locations. should be emphasized that this is a classical scattering prob-
lem, so that no probabilities are allowed and that, due to the

IV. RESULTS topology, the Skyrmion must appear at infinity in its entirety

r not at all. The existence of such a critical impact param-

lculati f the Skvrmi t-Skvrmion int i q ter seems not to have been noted before, and reveals the
cajculations ot the SKyrmion—anti-skyrmion Interaction ante,;stence of a new singular length in the Skyrme model.

of the corresponding nucleon-antinucleon interaction. WeScattering exactly at the singular impact parameter must in-
begin with the interaction energy of the Skyrmlon—antl—volve very long time delays

Skyrmion (S system in the three groomings required to  Some sense of the significance of the three groomings can
extract the nucleonic potentials, namely, B8system with  be gathered by looking at arrow plots. These are plots of the
no relative grooming, the system with a relative grooming ofchiral angle fieldF at various points in a plane through t8e

7r around the axis joining th& and S (the x axig), and the and S. We use thex-y plane. Recall thaF—0 at large
system with a relative grooming af along an axis at right distances and at all places where the energy density is small.
angles to the line connecting tBeandS (z axis). The results We show the arrow plots for the three groomings, always
of our calculation are shown in Fig. 1. The figure shows thewith a SSseparation of 1 fm in Fig. 2. Figurg@ shows the

Energy (GeV)
-~

. . )
In this section we present the results of our numerlcab
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-200 J
3
= -400 J
'->° 11
Il / nucleon only
! / -=-=-- diagonalization
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II H —-— Nijmegen
,I
!
1
4
_800 1 1 1 1 1 1
0.8 1.0 1.2 1.4 1.6 1.8 2.0

R (fm)

FIG. 3. Central potentiaVE as a function ofR in the region
0.8—2.2 fm for theT=0 channels. The solid line gives the nucleons
only result from minimization. The short dashed line is the result of
the state mixing using full Born-Oppenheimer diagonalization. The
phenomenological potentials based on meson exchange are shown
by the long-dashed line for the Bryan-Phillips potentisd] and by
the dash-dotted line for the Nijmegen potenfiad].

elements of the baryon-antibaryon interaction. These include
not just the nucleon-antinucleon matrix elements but also
matrix elements coupling to th& resonance and diagonal
matrix elements involving thé’s. The observed nucleon-
antinucleon interaction involves these coupled terms since all
that we are certain of experimentally is that there are nucle-
ons and antinucleons asymptotically. When they get close
and begin to interact)’s are allowed to mix in. The formal-
ism for including that mixing using the Born-Oppenheimer
approximation has been presented in detail beféy&0d] and

we do not repeat it here. Rather we just give the results for
the various nucleon-antinucleon interactions showing both
the results from taking only the nucleonic projections and the
results from including the full mixing. We will see, as we

FIG. 2. Arrow plots of the chiral angle field for the three groom-
ings at separation of 1 fnfa) shows the no grooming casi) for
grooming of around thex axis, and(c) grooming ofzr around the
z axis. The Skyrmion is on the left and the anti-Skyrmion on the
right.

no grooming case. The hedgehog is on the left and tig
antihedgehog on the right. The attractive channel, with
grooming along the axis that joins theés andS is shown in s
Fig. 2(b). It is clear that most of th€ arrows are now quite £
short, corresponding to reduced energy density and thus at{

traction. Finally the repulsive channel with grooming along >’

the z axis is shown in Fig. €). Here not only do the arrows
not get short, but it is clear that as tBeand S approach the
opposite arrows will clash leading to repulsive energy at
short distances.

We now turn to extracting the nucleon-antinucleon inter-
action from theSSresults. As we have emphasized before
[7,10], there are two steps in this process. First from combi-

nations of the variousggroomings we can construct matrix

expect, that the diagonalized Born-Oppenheimer mixing

-100

-200

1
]
]
/ 1
) : nucleon only
! II 1 ---- diagonalization
00 S ——- Bryan-Phillips
! | —-— Nijmegen
I
) 1
)
-400 P 1 L L 1 1
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

R (fm)

FIG. 4. Central potential, same as in Fig. 3 but Tor 1.



1988 YANG LU, PAVLOS PROTOPAPAS, AND R. D. AMADO 57

~ 150 T T T T

] 100 ]
s =
s
3 3
i g
> eSS
40 n_ucleon 9n|\_l 50 nucleononly |
! ---- diagonalization ---- diagonalization
—_ Bryan-Phllllps — == Bryan-Phillips
—-— Nijmegen —-— Nijmegen
'60 L I L L L 1 L 0 | L L 1 1 L L
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 1.0 1.2 1.4 16 1.8 2.0 29 2.4 26
R (fm) R (fm)

FIG. 7. Tensor potential/, as a function ofR in the region

FIG. 5. The spin-dependent potenti&) as a function oR i 1_5 g fm forT=0. Labeling of curves is the same as in Fig. 3.
the region 1-2.6 fm fol =0. Labeling of curves is the same as in
Fig. 3. than the phenomenological results, but most of the overshoot

is at the short distances where the potential concept is sus-

leads to enhanced attraction. We also include some fiite  pect. Again we find the correct scalebout half of the scale
corrections foMN¢=3 in our calculation, as we did before. of the T=0 case¢ of the central midrange attraction and

Figure 3 shows the nucleon-antinucleon central interacagain far more attraction than we found in the product ansatz
tion in the T=0 channel. We show the result from taking case. The spin dependent potentials are shown in Figs. 5 and
only the nucleon projection as well as the result from the fulls, For theT=0 case the agreement with the phenomenologi-
Born-Oppenheimer diagonalization. Both show much morezal results is satisfactory. The product ansatz calculation
attraction than we found in the case of the product ansatzjave the completely wrong answer for this case. ForTthe
with the diagonalization significantly increasing the attrac-=1 spin dependent potential, the results are not as good, but
tion. With diagonalization, the potential is about as strong ashe smallness of the potential is reproduced. In our calcula-
that seen phenomenologically either in the Bryan-Phillipstion, that small value arises from the cancellation of a num-
analysis[13] or in that of the Nijmegen groufl4], but the  per of large factors and hence is very sensitive to details. The
dependence o is somewhat different. In all cases, the T=0 tensor forcéFig. 7) is in nearly perfect agreement with
potential is very strong. Note that the potentials do not meaghe phenomenology and tHE=1 tensor force(Fig. 8 is
much inside of 1 fm since there is very strong absorptioryather well given, particularly at the larger distances. The
there due to annihilation. Figure 4 shows the same results fQénsor force is dominated by one pion exchange and hence
the central bu =1 channel. Due to the much greater effectwas also well accounted for in the product ansatz.
of A mixing in this channel, the effect of diagonalization is Thus far we have concentrated on the nucleon-
to produce much more attraction. Now the full calculatedantinucleon interaction potentials. But a defining feature of
potential is comparable to or perhaps even more attractivehe baryon-antibaryon system is annihilation. Phenomeno-

80 T
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FIG. 6. Spin-dependent potential, same as Fig. 5 bufferl. FIG. 8. Tensor potential, same as in Fig. 7 butTer 1.
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1.00 e interaction emerge from a careful calculation of that interac-
i - tion based on the Skyrme model. Since the Skyrme picture

// models QCD in the classical or large number of colors and

/ | low-energy limit and since that limit is the appropriate one

I' for low-energy nonperturbative phenomena, our calculation

1 links low-energy nucleon-antinucleon interactions to QCD.
! There are two essential pieces to our calculation. The first is
! a careful and thorough dynamicéhough statit computa-

/'I ——= no grooming tion of the Skyrmion—anti-Skyrmion configurations. It is this

!

0.75 -

B (x<0)
=3
o
=)

- ’z‘;t step that is vital to getting the strong, midrange attraction
025 | /’ ] | missing from the. product an§at; approach to the.sgme prob-
/ / lem. This dynamical calculation is complex and difficult and
/ P ’ represents the major new work presented here. The second
J . step involves using not just Skyrmion to nucleon projections
0.00 ——tT” : but also state mixing to obtain the full nucleon interaction.
0.4 0.8 1.2 16 2.0 . |
R (fm) We have used these two parts to obtain a very satisfactory
account of the nucleon-antinucleon interaction.
Previously we have shown that the Skyrme model can

FIG. 9. Baryon number in the half of space<{0) where the  account for the major features of the annihilation branches in

Skyrmion resides, for three major groomings, as a function of sepatow-energy nucleon-antinucleon annihilatigsy but that cal-
culation had no initial state dynamics. In this paper we have

ration.
shown that the initial state can also be successfully studied
using the Skyrme approach. Our next step is to combine
logically this can be represented in the initial state by anhese two and give a complete, QCD bageih Skyrme
optical or absorptive potential. The data suggest that thajescription of low-energy nucleon-antinucleon annihilation
potential is very strong, but short ranged. That is, it sets ifrom start to finish. We plan to turn to that task next.
sharply at around 1 fril5]. In the classical Skyrme picture
we would expect to see this as a sudden drop in the local
baryon number. That is, consider the baryon number in the ACKNOWLEDGMENTS

half space where the Skyrmion sits. Asymptotically that
number should be one. Due to the finite size of our lattice, The authors wish to thank Dr. Niels R. Walet for his
we would find a number slightly less than 1. In Fig. 9 we plotinterest in this project and in particular for his help in em-

that baryon number as a function of Skyrmion—anti-phasizing the importance of symmetries in simplifying the
Skyrmion separation for the three groomings. We see that italculation. This work was supported in part by a grant from
is indeed very near one for large separations. In the repulsivilie National Science Foundation.

channel it remains near one even for relatively small separa-
tions (1 fm). In the attractive channel we see something very
different. The baryon number begins near one at large sepa-

ration, but near 1.2 fm it plunges abruptly to a value very . o ] )
near zero. This is annihilation. The fact that it occurs so The equation of motion in the chiral angfeis a long

Sharp|y and at rough|y the distance required by the data givexpression. It Contain three terms. The term from the non”n-
further support for the Skyrme picture. In the channel with€ar o model is
no grooming there is an even sharper onset of annihilation,

APPENDIX: EQUATION OF MOTION

but at a somewhat smaller distance. In our subsequent work
we will use this annihilation mechanism combined with a ) SireF F2—sirfF
f2| 9,0"F +F(F-0,0"F)———
FZ F4

coupled channel quantum approach using the interaction po-
tentials we have obtained here to model the initial state.

All in all the nucleon-antinucleon interaction extracted F — sinFcos
from the full, dynamical Skyrmion—anti-Skyrmion interac- +F(&"F-z9MF)—3
tion agrees well with the major trends of the data, and in F
particular reproduces the strong central attraction seen in the i )
region between 1 and 2 fm, and the rapid onset of annihila- +2(9MF(F,ﬁMF)S'nF(FCOSF_S'”F)

tion. This demonstrates that the Skyrme approach can ac- F4
count for the nucleon-antinucleon initial state, as well as the
final annihilation state. 2sirfF — F2—FsinFcos
+F(F-90*F)(F-d,F) .
FG
V. DISCUSSION
(A1)

We have shown that the strong central attraction, the
sharp onset of annihilation at about 1 fm, and the other prin-

cipal features of the phenomenological nucleon-antinucleon The term from the Skyrme term
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1| sin*F e e
—? F[ﬂpﬂ F(o F-r?,,F)—é’lu(? F(o*F-0,F)]

sirF (F2—sirfF)
+ = {9,0"F(F-9,F)(F-3"F)—d,d"F(F- 9"F)(F-,F)
+"F[(F-d,3,Fa"F—(F-3"9,F)(F-a,F)]+F[(F-3*d,F)(d"F-,F)— (F-9*9,F)(F-3,9"F)]
+F[(F-0*F)(3"F - 3,9,F)—(F- #"F)(3,F-9,0"F)1}
SiPF  sirFcos

+ F4 F5

F[(0"F-d,F)(3"F-a,F)— (0"F-d,F)("F-3,F)]

_4sin3FcosF Qsin“F SineF
d T T Ea

F Fo PFL(F-0,F)(9,F-9"F) = (F-0,F)(8,F-9"F)]

[sinfFcoFE  siFcoF  siPF sinF
+ -2 27— +3
F° F’ Fé F8

X F[(&MPa“F)(F-&yF)(F-(9VF)—(o7MF~aVF)(F-aVF)(F-&“F)]] , (A2)

and finally the term with the pion mass is

sinF
- mf,f;iTF. (A3)

The equation of motion is given by equating the sum of these three terms to zero.
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