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Medium modification of nucleon properties in the Skyrme model
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A Skyrme-type Lagrangian for a skyrmion imbedded in nuclear matter is proposed. The dependence of the
static nucleon properties and the nucleon-nucleon tensor interaction on nuclear density is investigated.
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I. INTRODUCTION

Properties of a single nucleon in free space are unders
in classical terms by means of a solitonlike solution of no
linear Lagrangians such as that of Skyrme@1#. Models have
been constructed to consider the pion-nucleon and
nucleon-nucleon (NN) interactions@2–4# and even to de-
form the nucleons@5#. An important outstanding problem i
the study of these solitonlike structures in a many-bo
nuclear system. In collisions the properties of hadron are
be studied in a hot~nonzero temperature! and dense~a den-
sity much larger thanr0 is the density of normal nuclea
matter! nuclear matter. There are good reasons to believe
the properties of hadrons such as mass, radii, and couplin
external currents change in a hot and dense nuclear med
Furthermore, the modifications of theNN interaction in such
a medium have to be understood. The medium is expecte
play an important role in changing the overall strength of
interaction and the relative strengths of the central, ten
and spin-orbit components of the interaction.

Quantum chromodynamics~QCD!, the fundamental
theory of the strong interactions, has to be replaced with
effective theory to consider the nuclear interactions in a m
dium in any consistent manner. In arriving at an effect
theory the important symmetry constraints of QCD, chi
symmetry, and scale invariance have to be retained. Re
considerations of Brown and Rho@6# are an attempt to find
and elucidate such a theory. In constructing an effective
grangianLeff the in-medium modification is reflected by
change in the vacuum expectation value of a dilatation fie
The resulting Lagrangian, which obeys the trace anomal
QCD almost coincides with the Schechter’s Lagrangian@7#
in form but includes some modified parameters. Howev
this in-mediumLeff does not take into account the possib
modification of the chiral field, since it is considered here
a massless Goldstone boson. On the other hand it is q
natural to assume that,Leff has to include the direct distor
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tions of the chiral fields. In fact, in a linear approach, t
Skyrme Lagrangian describes the free pion field and its
medium modified version must be relevant to the pion fie
in nuclear matter.

The aim of this paper is to consider a nucleon placed
nuclear matter and try to describe this nucleon in the fram
work of the Skyrme model, taking into account the influen
of the medium~see also Refs.@8,9#!. It is not our goal to
describe the whole nuclear system. Instead we shall con
trate on the changes of nucleon properties embedde
nuclear matter taking into account the influence of bary
rich environment as an external parameter. The basic ide
that, in the linear approach theLeff should give the well

known @10# equation for the pion field]m]mpW 1(mp
2 1P̂)pW

50, whereP̂ is the polarization function or the self-energ
of the pion field in the medium. The extension to fini
nuclear systems requires modifications due to the presenc
the surface.

The paper is organized as follows. In Sec. II, we propo
a modified Skyrme LagrangianLeff , including the distortion
of chiral field in the medium. The solitonlike solutions of th
Lagrangian represent a Skyrmion embedded in the nuc
medium; the Lagrangian is applied to calculate the sta
properties of the nucleon in Sec. III. In Sec. IV, we consid
the possible modifications of nucleon-nucleon tensor inter
tion due to the presence of the medium. We summarize
discuss the results in Sec. V.

II. THE IN-MEDIUM SKYRME LAGRANGIAN

The Skyrme model is a theory of nonlinear meson fie
where baryons can emerge as soliton solutions. The Sky
Lagrangian may be written as@1#

Lsk5L21L4a1Lxsb ,

L252
Fp

2

16
Tr~¹W U !•~¹W U1!,

~2.1!

L4a5
1

32e2 Tr@U1] iUU1] jU#2,

Lxsb52
Fp

2

16
Tr@~U121!mp

2 ~U21!#,

nt,

r-
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PRC 58 1739MEDIUM MODIFICATION OF NUCLEON PROPERTIES . . .
wheree is the Skyrme parameter andFp52 f p with f p be-
ing the pion decay constant. The expansion around
vacuum value (U'1)

U5exp@2i ~tWpW !/Fp#'11
2i

Fp
~tWpW !1¯ ~2.2!

in Eq. ~2.1! gives a Lagrangian for the free pion field

Lsk'Lp52
1

2
~¹W pW !22

1

2
mp

2 pW 2. ~2.3!

Let us consider a Skyrmion inserted in a nucleus. It
well known that pions in nuclei are described@10# by the
Lagrangian

L p
! 5Lp2

1

2
pW P̂pW ~2.4!

~the asterisk indicates the medium! where P̂ is the self-
energy or the polarization operator, which characterizes
modification of the pion propagator in the medium. Beari
in mind an expansion such as~2.2! we may generalize Eq
~2.1! as

Lsk* 5L21L4a1Lxsb* ,
~2.5!

Lxsb* 52
Fp

2 mp
2

16
Tr@~U121!~11P̂/mp

2 !~U21!#,

where the only modified termLxsb* describes the distortion o
the pion field in the medium.

The calculation of the pion self-energy in the coordina
space within the Skyrme model in a self-consistent way
special problem. It is not our goal to calculate it in th
present paper, since we are not describing the whole sys
of nucleons in the framework of the Skyrme model. Inste
in the coordinate space we use a simple relation betweeP̂

and the pion-nuclear optical potentialÛopt:P̂'2vpÛopt
@10#.

In general, the operatorP̂ acts on the coordinateR, of the
center of mass of the soliton as well as on its internal coll

tive coordinaterW, i.e., P̂5P̂(RW ,rW2RW ). For heavy nuclei the
R dependence is weak and for the homogeneous nuclear

ter it may be neglected entirely. LettingP̂52vpÛopt(rW) in
Eq. ~2.5! we may choose an optical potential that is us
widely. It is clear that whenÛopt is local, as the ‘‘Laplacian
potential’’ is @10#, the modification of the Lagrangian i
trivial and mainly consists in changing the pion mass into

effective massmp* 5mpA112Ûopt/mp in the medium.
Clearly, the most interesting case is to use the nonlo

Kisslinger potential, used both in describing the pionic ato
and the pion nuclear scattering. At threshold, whenvp

'mp , it may be represented in a schematic way@10# as

P̂5xs~r !1¹W •xp~r !¹W , ~2.6!

wherexs andxp are functionals ofS-wave andP-wave pion
nucleon scattering lengths and the nuclear densityr(r ). Us-
e
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ing this form for polarization operator and integrating b
parts we obtain the following Lagrangian:

Lsk* 5L2* 1L4a1Lxsb* ,

L2* 52
Fp

2

16
ap~r !Tr~¹W U !•~¹W U1!,

~2.7!

L4a5
1

32e2 Tr@U1] iUU1] jU#2,

Lxsb* 5
Fp

2 mp
2

16
as~r !Tr~U1U122!,

whereap(r )512xp(r ), xp(r ) is the pion dipole suscepti
bility of the medium, andas(r )511xs(r )/mp

2 .
Thus, the nonlocal Kisslinger potential modifies not on

the pion mass term but also the kinetic termL2 . Note that in
our model the fourth order derivative termL4a remains un-
changed. This is not surprising, since this term correspo
to the infinite mass limit of ther meson@11#, whose self-
energy operator is not considered here. Thus our basic
grangian is given in Eq.~2.7! and will be used to investigate
modifications of the nucleon properties in the medium.

III. THE IN-MEDIUM NUCLEON PROPERTIES

In finite nuclei there may arise some difficulties co
cerned with surface effects and localization of the Skyrm
in the nuclear medium. Therefore for simplicity, only m
dium modifications in homogeneous nuclear matter are c
sidered. In this casexp(r ) andxs(r ) in the Lagrangian are
clearly constants@xp(r )[xp ,xs(r )[xs# and the Skyrmion
may be assumed to have spherical symmetry.

For the spherically symmetric static Skyrme ansatzU(r )
5U05exp@itWr̂Q(r)#, r̂ 5rW/ur u, the mass functional for the
dimensionless variablex5eFpr has the form1

MH* 5
4pFp

e E
0

`

dx~M̃2* 1M̃4a1M̃xsb* !,

M̃2* 5~Q82x2/21s2!~12xp!/4,
~3.1!

M̃4a5s2~d/21Q82!,

M̃xsb* 5~12c!x2b2~11xs /mp
2 !/4,

where c[cos(Q), s[sin(Q), d5(s/x)2, and b
5mp /(Fpe). Since the nuclear dipole susceptibilityxp is
nearly proportional to the nuclear densityr, for large densi-
ties the M̃2* term becomes negative and a Skyrmion m

1Here the Skyrmion is assumed to be placed right at the cente
mass of the nucleus.
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1740 PRC 58RAKHIMOV, MUSAKHANOV, KHANNA, AND YAKHSHIEV
disappear. Let us discuss this point in detail. The Eu
Lagrange equation for the shape functionQ(x) is given as

Q9@x2ap18s2#12Q8xap14Q82s2

2@s2ap14ds21x2b2sas#50, ~3.2!

wheres2[sin(2Q) and the prime corresponds to a derivati
with respect tox. As we are not interested in describing th
nuclear system as a whole, solutions withQ(0)5p corre-
sponding to the baryon numberB51 are used. The
asymptotic behavior ofQ(x) at large distances is similar t
that for the free case

lim
x→`

Q~x!5g
~11b* x!exp~2b* x!

x2 ,

~3.3!

b* 5bA11xs /mp
2

12xp
.

It is well known @10# that for finite nuclei the pion suscept
bility is always less than unity,xp,1. However, for infinite
nuclear matter with a constant densityr5lr0(r050.5mp

3 )
there is some critical value ofl when the expression unde
the square root sign becomes negative which leads to
exponentional dissipation of the soliton solutions. Thus
condition for survival of a Skyrmion in dense matter
equivalent to comparing the dipole susceptibility with un
as in the usual pion nuclear physics@10#. This result may be
compared with the model proposed in Ref.@12#, where there
are no Skyrmion solutions even for real nuclei.

In order to carry out numerical calculations the followin
expressions forxs andxp @10# are adopted

xs524phb0r, xp5
k

11g08k
, k54pc0r/h,

~3.4!

whereh511mp /MN is a kinematical factor andMN is the
mass of the nucleon. The parametersb0 andc0 are effective
pion-nucleonS andP wave scattering lengths, respective
andg08 is the Lorentz-Lorenz or correlation parameter.

The set of empirical parametersb0520.024mp
21 , c0

50.21mp
23 @13# are used in this calculation. ParametersFp

ande have the valuesFp5108 MeV ande54.84@1#, so for
the free nucleon and isobar masses we haveMN
5939 MeV and MD51232 MeV. Using these values i
Eqs.~3.3! and~3.4! the critical density of nuclear matterrcrit
may be estimated, when a stable Skyrmion solution does
exist asrcrit>1.3r0 and rcrit>3r0 for g0851/3 and 0.7, re-
spectively. Clearly for real nuclei wherer<r0 this model is
valid. The standard canonical quantization method@1# gives
the familiar expressions for the mass of the nucleon anD
isobar

MN* 5MH* 13/8lM
! ,

~3.5!
MD* 5MH* 115/8lM

! ,

whereMH* is the soliton mass~3.1! andlM
! is the moment of

inertia of the rotating Skyrmion
r-

an
e

ot

lM
! 5

8p

3e3Fp
E

0

`

dxx2s2@1/41Q821d#. ~3.6!

The massMH* may be interpreted as the mass of a soliton
the nonlinear pion field affected by the medium. Note th
the moment of inertialM

! does not include the nuclear den
sity r explicitly, since the nonstatic parts of the self-ener
operator are not included. Similarly, the isoscalar and isov
tor mean square radii, defined by zero components of
baryon and vector currents, have the same formal exp
sions as in the free case:

^r 2& I 50* 52
2

e2Fp
2 p

E
0

`

x2Q8s2dx,

~3.7!

^r 2& I 51* 5
1

e2Fp
2

E
0

`

x4s2@114~Q821d!#dx

E
0

`

x2s2@114~Q821d!#dx

.

Changes in the moment of inertia and size of the nucleon
not crucial, since they are caused only by a modification
the profile functionQ. In contrast, the expression for th
isovector magnetic moments defined by the space compo
of the vector current

m I 515
1

2 E drWrW3VW 3 ~3.8!

includes medium characteristics explicitly, which arise fro
the contributions of the kinetic termL2* to the vector current

VW k52 i
Fp

2

16
~12xp!Tr tW~Lk1Rk!

1
i

16e2 Tr tW$@Ln@Lk ,Ln##1@Rn@Rk ,Rn##%, ~3.9!

where Lm5U1]mU and Rm5U]mU1. Hence for the
nucleon in nuclear matter simple relations between magn
moments and momentum of inertia such asm I 51

p 5lM/3
shown in Ref.@1# do not work. Table I illustrates modifica
tions of the static properties of the nucleon in infinite nucle
matter.

Early arguments@14# about changes of the nucleon size
the medium were, in part, based on the expectation
r * /r 5MN /MN* , wherer * and MN* are the nucleon radius
and mass in the nuclear medium, respectively, andr , MN are
the same two quantities for a free nucleon. In the pres
model the renormalization of the nucleon mass is mu
larger than the renormalization of the nucleon radius. T
renormalization of the nucleon radii in Eq.~3.7! has been
caused only by a modification of the profile functionQ(r )
~see Fig. 1! in nuclear matter, while the modification ofMN
is caused by the additional factor (12xp) in Eq. ~3.1!.

There are no direct experimental values of the static pr
erties of a nucleon bound in nuclei or nuclear matter.
contrast many theoretical approaches have been propos
estimate them. Many of them deal with an explanation of
EMC effect. For example, in the nuclear binding model@15#,
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TABLE I. Ratio of the static properties of the nucleon in the medium~denoted by asterisks! to that of the
free nucleon for various values of the nuclear densityr5l0.5mp

3 (g0851/3).

l
MN*

MN

gA*

gA
A^r 2&M ,I 50*

^r 2&M ,I 50
A^r 2& I 50*

^r 2& I 50
A^r 2& I 51*

^r 2& I 51
A^r 2&p*

^r 2&p
A^r 2&n*

^r 2&n

0.00 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.50 0.788 0.845 1.121 1.170 1.060 1.095 0.969
0.75 0.696 0.743 1.177 1.255 1.086 1.140 0.939
1.00 0.609 0.619 1.230 1.344 1.113 1.188 0.900
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MN* 5700 MeV ~appropriate for Fe! and MN* 5600 MeV
~appropriate for Au! have been found. On the other hand
calculation of the nucleon effective massMN* is an important
problem in quantum hadrodynamics~QHD!. The recent re-
sults obtained by includingp,r,v meson fields explicitly in
the Lagrangian of QHD giveMN* '620 MeV at zero tem-
perature forr5r0 @16#. In comparison with these result
our model givesMN* 5572 MeV for nuclear matter forg08
51/3. Note that, our results are very sensitive to the value
g08 . For example, using a different value,g0850.4, we get
MN* 5596 MeV. This fact is illustrated in Fig. 2~a!, where
the dependence ofMN* on g08 is plotted for r50, r
50.5r0 , and r5r0 . The present approach is similar
some respects to the soliton model of Ref.@17# where the
mean field approximation for Friedberg-Lee approach
used. A swelling of the nucleon size;30% predicted there
is in good agreement with our result~see Table I!. On the
other hand, in the pion excess model@18#, which explains the
swelling by a distortion of the pion cloud in the mediu
where a very large modification of the nucleon size, nea
doubling of the free value of the rms radius, was obtain
only for the isovector radius, whereas here the swelling
fects both the isovector and the isoscalar radii.

In nuclei the axial coupling constantgA , governing the
Gamow-Teller transitions, is modified significantly from i
free-space value of'1.25. It is shown thatgA is systemati-
cally renormalized downward in finite nuclei@19#. A most
remarkable observation@20# based on a model-independe
analysis ofb decay and magnetic moments data of the mir
nuclei (5<A<39) is that thegA in nuclei equals unity to a
very good accuracy:gA* 51.0060.02, that is,gA* /gA50.8 for
nuclear matter.

FIG. 1. The profile functionQ(r ) of a free skyrmion~solid
curve! and that of a skyrmion in the nuclear matterr52.5r0

~dashed curve!. Hereg0850.7.
f

s

y
d
f-

r

Although the Skyrme model, especially in its original ve
sion, gives an underestimate for the value ofgA (gA50.65
for the free case! we may still try to investigate the quench
ing phenomenon within the present approach. It is easy
show that the expression forgA is the same as in the fre
case but there is an additional factor arising from the kine
term

gA* 52
p

3e2 E
0

`

dxx2@g2* ~x!1g4~x!#,

g2* ~x!5~12xp!•~Q81s2 /x!, ~3.10!

g4~x!54@s2~Q821d!/x12Q8d#.

In nuclear matter (xp,1) gA decreases due to the facto
(12xp) in g2* (x). The decrease ofgA approaches 38% fo
nuclear matter (r5r0 with g0851/3) ~Table I!. This is con-
sistent with the estimates carried out in theD-hole coupling
model using the random phase approximation:gA* /gA

'0.67 forr/r051 andgA* /gA'0.8 for r/r051/2. Theg08
dependence ofgA* /gA is shown in Fig. 2~b!. This depen-
dence is in qualitative agreement with the formulagA* /gA

5@124g08L(0)/9#21 presented by Rho@19#.
For nuclear matter the effective Lagrangian, Eq.~2.7!,

with the polarization operator, Eqs.~2.6! and~3.4!, has only
two parameters depending on the pion nucleon scatter
Here the effective pion-nucleon scattering lengths have b
used. However, in nuclear matter the pion field is localiz
very close to the nucleons in contrast to the case of the
onic atoms. One may ask if the present model is able to m
predictions about the constantsb0 andc0 in nuclear matter?
To do this we have to compare our results with the exp
mental data. The ratiogA* /gA is well established to be 0.8
while the pionic data analysis yields a value of 0.62~see the
last line of Table I!. In the nuclear matterc0 is reduced by a
factor of 2 almost independent of the value ofg08 to get the
correct quenching~Table II!. For this optimal case the effec
tive nucleon mass is also close to the common value of
MeV. In additiongA* /gA is not sensitive to theS-wave scat-
tering lengthb0 . A reduction of the effectiveP-wave scat-
tering length in nuclei may be clearly understood by the f
that quenching ofgA is equivalent to a reduction of the pion
nucleon coupling constantgpNN and hence the pion-nucleo
amplitude.
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IV. IN-MEDIUM NN TENSOR INTERACTION

Not only the static properties of hadrons but also the
namical ones are modified by the presence of the medi
The in-mediumNN interaction differs from the correspond
ing one in the free space due to Pauli blocking~which is not
considered here! and due to the modification of propagato
of exchanged mesons@21#. We investigate the nucleon
nucleon interaction potential by using the product appro
mation

U~xW ;r 1
W ,Â1 ;r 2

W ,Â2!5Â1U0~xW2r 1
W !Â1

1Â2U0~xW2r 2
W !Â2

1

[U1U2 , ~4.1!

FIG. 2. ~a! The dependence of the effective nucleon mass on
Lorentz-Lorenz parameterg08 . Solid, dotted, and dashed curves a
for r50, r50.5r0 , and r5r0 , respectively.~b! The same as in
~a!, but for the ratiogA* /gA .
-
.

i-

where U0(xW2r i
W ) for i 51,2 is the hedgehog solutio

„U0(rW)5exp@itWr̂Q(r)#, r̂ 5rW/ur u… located atr i
W , andAi is the

collective coordinate to describe the rotation. The in-medi
NN interaction may be defined by

VNN~rW !52E dxW @Lsk* ~U1U2!2Lsk* ~U1!2Lsk* ~U2!#,

~4.2!

whererW is the relative coordinate between the two Skyrm
ons (rW5r 1

W2r 2
W ). The staticNN potential may be obtained

by using a standard technique@2# which gives the following
general representation:

VNN~rW !5VC~r !1~tW1tW2!~sW 1sW 2!Vst~r !1~tW1tW2!S12VT~r !.
~4.3!

Unfortunately, the original Skyrme model for the fre
case cannot describe the intermediate range attraction in
central potential within this approximation@2#. This is ac-
complished by the inclusion of a scalars meson in the La-
grangian@3,4#, which is not taken into account in the prese
calculations. Here, it is more interesting to consider the t
sor partVT(r ) of VNN due to the exchange of pions, modifie
in the medium. This part ofVNN plays an important role in
the spin-isospin excitations and the pionlike excited state
nuclei.

Actually for finite nuclei the product ansatz~4.1! should
be modified to take into account the nonspherical effects.
for homogenous nuclear matter the present approximatio
the product of hedgehog solutions is valid as in the case
free space. In fact, formally in this approach, the main d
ference between the in-medium case (rÞ0) and the free one
(r50) is that the contribution to the potential arising fro
L2 andLxsb should be multiplied by factors of (12xp) and
(11xs), respectively. The resultingVT(r ) is presented in
Fig. 3 for nuclear matter densities ofr50, r50.5r0 , and
r5r0 . The parameters of the optical potential are chosen
as to reproduce the relationgA* /gA50.8 for nuclear matter
~II line of Table II!. The nucleon-nucleon tensor interactio
in a nucleus appears to be weaker than it is in free sp

e

FIG. 3. The tensor part of theNN potential-VT(r ). Solid, dot-
ted, and dashed curves are forr50, r50.5r0 , andr5r0 , respec-
tively. Hereg0850.6, b0520.024mp

21, andc050.15mp
23 .
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(r50). This suppression ofVT(r ) in nuclear matter was
shown earlier @22# using renormalized exchange mes
masses in accordance with the scaling model@6#. For finite
nuclei it was shown@23# by analyzing the energy differenc
of T51 andT50, J50 states in16O.

V. DISCUSSION AND SUMMARY

We have proposed a modified LagrangianLsk* for a Skyr-
mion placed in a nuclear medium. In constructing the lin
approximation to the Lagrangian it is required that the we
known equation for the pion field]m]mpW 1(mp

2 1P̂)pW 50 is

realized. The inclusion of the pion self-energyP̂ in to the

free space Skyrme Lagrangian, determines the explicit c
dinate dependence ofP̂. Actually, for a moving Skyrmion

with U5U(rW2RW ) a similar dependenceP̂5P̂(rW2RW ) could

be obtained. Otherwise this equation would not be consis
with the medium modified Lagrangian.

A much more general choice such asP̂5P̂(RW ,rW2RW ),

which is essential for finite nuclei, would give informatio
about energy levels of the bound Skyrmion as well as ab
the in-medium modifications of its internal paramete
~mass, size, etc.!. The latter is an exciting topic in the rela
tivistic heavy-ion experiments.

As an input data, apart fromFp and e, the present ap-
proach uses the nuclear density and effective pion-nuc
scattering lengths. Using the modified Skyrme model it
easy to study the in-medium nucleon-nucleon interaction
ing the standard product approximation.

Let us recall here our main results.
~i! The critical nuclear densityrcrit where a Skyrmion in

nuclear matter remains stable isrcrit<1.3r0 and rcrit<3r0

for g0851/3 and 0.7, respectively. This fact shows the stro
dependence ofrcrit on the Landau parameterg08 .

~ii ! The in-medium effects such as the swelling of
nucleon and a decrease of its mass are not as large as
dicted by the pion excess models. The change of nucl
mass is mainly due to the modification of the second der
tive termL2 and depends on the size of the isoscalarP-wave
pion nucleon scattering volume (C0).

~iii ! The quenching of the axial coupling constantgA in
nuclear matter shows that the effectivec0 is much smaller
than that predicted by the pionic atom analysis.
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~iv! The medium modifies theNN interaction, in particu-
lar the tensor part of the interaction in nuclei appears to
weaker than in free space.

Modification of the nucleon properties found in th
present paper are understood in terms of the medium eff
on the chiral nonlinear field and consequently on the sh
and mass of the soliton.

Another explanation of the in-medium modification
based on scale invariant arguments, has been propose
cently by Brown and Rho@6#. The ~broken! scale invariance
of QCD in the Skyrme model was implemented and t
suggested that changes in the hadron properties may
from a universal scaling related to the scaling anomaly
QCD. However, further analyses@24# have shown that thes
changes must be small due to the large mass of the dila
associated here with a glueball.

At a more fundamental level the origin of these change
hidden in a partial restoration of the chiral symmetry, i.e.,
a decrease of the quark condensate in nuclear matter@6,24#.
Unfortunately, there are no quark degrees of freedom in
Skyrme model. So, in the framework of this model it is na
ral to believe that the modification of nucleon properties
the medium are caused by the influence of the latter on
nonlinear pion fields.
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TABLE II. Nucleon effective massMN* and modification of the
nucleon size in normal nuclear matter (r5r050.5mp

3 ). The effec-
tive pion-nucleon scattering lengthb0 and scattering volumec0 are
chosen so thatgA* /gA50.8.

g08 b0 (mp
21) c0 (mp

23) MN* ~MeV! A^r 2&p*

^r 2&p

1/3 20.024 0.125 719 1.089
0.6 20.024 0.150 714 1.092
0.6 0.0 0.140 680 1.10
.
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