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Medium effect on charge symmetry breaking
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We examine the nuclear medium effect on charge symmetry breaking~CSB! caused by isospin mixing of
two neutral vector mesons interacting with nucleons in the nuclear medium. Isospin mixing is assumed to
occur through the transition between isoscalar and isovector mesons. We use a quantum hadrodynamic nuclear
model in the mean-field approximation for the meson fields involved. We find that~i! charge symmetry is
gradually restored in nuclear matter inb equilibrium as the nucleon density increases;~ii ! when the system
departs fromb equilibrium, CSB is much enhanced because the isospin mixing depends strongly on the
nucleon isovector density;~iii ! this leads to the symmetry energy coefficient of 32 MeV, of which more than
50 percent arises from the mesonic mean fields;~iv! the Nolen-Schiffer anomaly regarding the masses of
neighboring mirror nuclei can be resolved by considering these aspects of CSB in nuclear medium.
@S0556-2813~97!02012-8#

PACS number~s!: 21.30.2x, 11.30.Hv, 21.65.1f, 24.10.Jv
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I. INTRODUCTION

In our previous work@1#, we examined the effect o
charge symmetry breaking~CSB! due to isospin mixing of
the isoscalar and isovector mesons on nuclear matter pro
ties. Identifying the mesons, each of which has a small co
ponent of ‘‘wrong’’ isospin with the physicalv andr0 me-
sons, we found that a delicate cancellation takes pl
between two large CSB contributions from these phys
mesons and results in a small yet significant isovector as
metry in nuclear matter. This isovector asymmetry can g
neighboring mirror nuclei a mass difference which is in t
right direction to account for the Nolen-Schiffer anomaly@2#.

The extent of the isospin mixing is usually parametriz
in terms of a parameter called the mixing angle, which c
depend on the nucleon density of the medium. In Ref.@1# we
took the mixing angle as a free parameter and varied
within a certain reasonable range. We evaluated the m
difference between neighboring mirror nuclei for vario
values of the mixing angle in that range. The result was t
the mixing angle determined to fit the difference between
nn and Coulomb correctedpp scattering lengths yielded
mass difference insufficient to resolve the Nolen-Schif
anomaly fully.

The purpose of this paper is to examine the nucleon d
sity dependence of the mixing angle in nuclear matter,
thereby, the nucleon density dependence of CSB. A typ
manifestation of CSB in nuclear systems is seen in the sm
difference between thenn and pp scattering lengths tha
remains after the Coulomb correction is made@3#. The mass
difference between3H and 3He is another example tha
560556-2813/97/56~6!/3070~9!/$10.00
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could be understood in terms of CSB due to the isos
mixing @4–6#. It has been suggested that the isospin mix
of vector mesons can account for most of the difference
tween thenn and Coulomb correctedpp scattering lengths
@6–8#. We propose that a significant CSB effect in nucle
medium will be due to the isospin mixing of vector meso
also.

The isospin mixing can be dictated by the transition b
tween two vector mesons in different isospin eigensta
through a baryon loop. The basic idea was initially discus
by Piekarewicz and Williams@9#. We extend this to incorpo-
rate the medium effect in the following way. A vector mes
in the isosinglet or isotriplet state dissociates virtually into
pair of baryons. The pair can be a nucleon and an a
nucleon or a nucleon and a hole in the Fermi sea. The p
cess is followed by recombination of the pair leading to a
other vector meson in an isospin eigenstate different from
one before the dissociation. Owing to the Pauli principle
the nucleon appearing in the intermediate state of the tra
tion, the magnitude of the isospin mixing depends on
nucleon density. When the transition takes place for the v
tor meson exchanged between two nucleons, the third c
ponent of the isospin matrices which is attached at the ve
associated with the isovector meson and nucleon gives
posite signs to the emerging nuclear forces between two
tons and between two neutrons. This results in CSB in
nucleon-nucleon interaction and the extent of this CSB
pends on the nucleon density. We will see that this proc
can take place in nuclear medium even when the masse
the proton and neutron are equal, provided that the pro
and neutron densities are different.
3070 © 1997 The American Physical Society
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56 3071MEDIUM EFFECT ON CHARGE SYMMETRY BREAKING
The effect of CSB due to the isospin mixing on nucle
matter properties is evaluated with the help of a quant
hadrodynamic nuclear model which can explain the b
properties of nuclear matter. The nuclear model which
use is the same one proposed by Zimanyi and Moszkow
~ZM! apart from the additional isovector degree of freed
@10,11#. The model by ZM is a modified version of the sta
dards-v model~SSOM!. The SSOM reproduces the corre
saturation density and binding energy per nucleon of nuc
matter, but tends to give too large a value of the compres
modulus@12,13#. This difficulty was resolved in ZM’s modi-
fied s-v model by introducing a derivative coupling ofs
with the nucleon. We utilize ZM’s model with the scheme
the mean-field approximation~MFA! in this work.

In Sec. II we propose a version of thes-v model in
which an interaction is incorporated such that transitions
tween two vector mesons in different isospin eigenstates
place. The study of nuclear matter with broken charge sy
metry is formulated by means of ZM’s model in the MFA
Sec. III. The matrix element of the transition between
vector mesons with different isospins is given in Sec. IV, a
an approximation is made to simplify it. Section V is devot
to a numerical calculation and a discussion of the med
effect on CSB. There, also, we justify a few simplifyin
assumptions which we make in the calculations.

II. s-v MODEL WITH BROKEN ISOSPIN SYMMETRY

We start with the Lagrangian density

L5 c̄ @gm~ i ]m2G0Vm
~0!2G1t3Vm

~1!!2M̂* ~f!#c

1
1

2
~]mf]mf2ms

2f2!

1(
I

S 2
1

4
Fmn

~ I !F ~ I !mn1
1

2
mI

2Vm
~ I !V~ I !mD , ~1!

wherec is the nucleon field,f the neutral scalar (s) field,
suffix I refers to the isospin which is 0 or 1,Vm

(I ) is the field
describing the vector meson with isospinI , Fmn

(I )

5]mVn
(I )2]nVm

(I ) , mI , andGI are the mass and the couplin
constant of the vector meson with isospinI , respectively, and
t3 is the third component of the Pauli isospin matrices.1 We
follow the metric convention of Bjorken and Drell@14#. The
nucleon field is a spinor in isospin space and explicitly w
ten as

c~x!5S cp~x!

cn~x!
D , ~2!

where the upper component is for the proton and the lo
for the neutron. Thef-dependent ‘‘mass’’ matrixM̂* (f) is
defined by

M̂* ~f!5S ap~f!M p 0

0 an~f!Mn
D , ~3!

1We assume that the isosinglet vector meson has compon
which belong to the SU~3! octet and singlet.
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ab~f!5S 11 f
f

Mb
D 21

, ~4!

whereb5p or n, Mb is the mass of the free nucleonb, and
f the coupling constant ofs with the nucleon field@10#. We
ignore the Coulomb potential between protons, which yie
a divergent contribution to the energy density of nuclear m
ter because of its long-range nature. Hence, the nuclear
tem described by the Lagrangian of Eq.~1! breaks charge
symmetry only whenM pÞMn . We will comment on the
effect of the Coulomb potential on CSB in finite nuclei in th
last section.

In the nuclear system described by the Lagrangian of
~1!, the transition between the isoscalar and isovector mes
is allowed. TheS-matrix element for the transition illustrate
in Fig. 1 is proportional to

Mmn~k!5 iG0G1E d4p

~2p!4Tr@gmG~p!gnt3G~p2k!#

~5!

in the lowest order of the meson-nucleon couplings, wherk
is a four-momentum of the vector mesons andG(p) is the
propagator of the nucleon with four momentump in nuclear
medium. The trace is taken over the isospin space as we
the spin space. We will give a detailed expression forMmn,
particularly forM00 which we need in the present study,
Sec. IV. Note that the transition doesnot take place in the
nucleon vacuum unlessdMN[M p2MnÞ0. When the vec-
tor meson undergoes the transition to change its isospi
the exchange process between two nucleons, the emer
nuclear force in the one-boson-exchange picture is

VCSB
mn ~k!5G0f ~0!~k2!gmDml

~0!~k!Mlr~k!Drn
~1!~k!t3gn f ~1!

3~k2!G1, ~6!

whereDmn
(I ) (k) is the usual propagator of the vector mes

with isospin I and f (I )(k2) is a phenomenological verte
function. This breaks charge symmetry due to the prese
of t3. It should be emphasized thatVCSB

mn depends on the
nucleon density through the nucleon propagators inMmn

@see Eq.~32! for detail#, and is different from CSB potential
for free nucleons.

The effect of CSB on nuclear properties appears rema
ably at low energies; the effect is brought about throug
large number of nucleon-nucleon collisions. In the MF

nts

FIG. 1. Illustration of the transition between the isoscalar a
isovector mesons. The thin and thick wavy lines represent the
tor mesons withI 50 and 1, respectively. The third component
the Pauli isospin matricest3 is indicated at the isovector meson
nucleon vertex explicitly. The loop represents a nucleon and a
nucleon pair or a nucleon and hole pair in the Fermi sea.
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which is used in the next section, only processes with z
four-momentum transfer between the nucleon and meson
allowed. SinceMmn(k) vanishes fork50, the MFA cannot
describe the effect of CSB due to the isospin mixing of v
tor mesons. In order to incorporate CSB into the scheme
MFA properly, we take advantage of the fact that the m
mentum transfer between two nucleons in each meson
m
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change process in multiple scatterings is distributed ove
limited range specified by the form factor at the meso
nucleon vertices. In light of this, we propose to replaceMmn

in VCSB
mn by the average with respect to the momentum tra

fer, taking the form factors as the weight function. In t
static limit, thus,Mmn can be replaced with
M̄mn~np ,nn!5
*d3k f ~0!~k050,k!Mmn~k050,k2! f ~1!~k050,k!

*d3k f ~0!~k050,k! f ~1!~k050,k!
, ~7!
rk
pin
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where we explicitly showed the dependence ofM̄mn on the
proton and neutron densities denoted withnp andnn , respec-
tively. The CSB effect on the low energy scattering para
eters can be studied in terms of the OBEP given by Eq.~6!
with Mmn substituted forMmn in a good approximation
The same OBEP can be obtained in the lowest order of
meson-nucleon coupling by the use of the effective Lagra
ian

Leff5L1Vm
~0!~x!emn~np ,nn!Vn

~1!~x! ~8!

with

emn~np ,nn!5e0
mn
Mmn~np ,nn!

M0
mn

, ~9!

whereM0
mn stands forMmn with vanishing nucleon density

(nB[np1nn→0), ande0
mn is fixed such that the discrepanc

between thepp andnn scattering lengths is reproduced.
Eq. ~9!, we take into account all factors leading to CSB f
nB50 by introducing e0

mn phenomenologically and thu
separate out the medium effect on CSB. We emphasize
the approximation leading to momentum-independentemn al-
lows us to make this simplification in a benign way.

III. MEAN-FIELD APPROXIMATION

We apply the MFA to the field equations which are o
tained from Eq.~8!. Many authors have discussed the val
ity of the MFA in thes-v model and found it to be a goo
approximation to study nuclear matter or heavy nuclei in
relativistic scheme@12,13#. For nuclear matter, the nucleo
density nB is fixed at a given value and its partition int
proton and neutron densities is determined such that the
tem has the lowest energy. Spatial isotropy is assum
throughout. In the MFA,f, Vm

(0), andVm
(1) are replaced by

static and uniform classical fields, which we denote withfc ,
dm0Vc

(0), and dm0Vc
(1) , respectively. The Lagrangian in th

MFA is, thus, given by
-

e
-

at

-

e

ys-
d

LMFA5 c̄ @ igm]m2G0g0Vc
~0!2g0G1t3Vc

~1!2M̂* ~fc!#c

2
1

2
~ms

2fc
22m0

2Vc
~0!22m1

2Vc
~1!2!

1e~np ,nn!Vc
~0!Vc

~1! . ~10!

We suppress the tensor indices ofe00. This Lagrangian is
similar to the one which we have used in our previous wo
except for the nucleon density dependence of the isos
mixing interaction.

Introducing the vector meson fields defined by

vc5Vc
~0!cosu2Vc

~1!sinu, ~11!

rc5Vc
~0!sinu1Vc

~1!cosu, ~12!

we eliminate the isospin mixing term. The mean-field L
grangian reduces to

LMFA5 c̄ @ igm]m2gg0vc2g0g8t3rc2M̂* ~fc!#c

2
1

2
~ms

2fc
22mv

2 vc
22mr

2rc
2!. ~13!

The angleu, which represents the degree of the isospin m
ing, is determined by

tan2u5
2e~np ,nn!

m1
22m0

2 . ~14!

Remember thatu depends on the proton and neutron den
ties throughe(np ,nn). We identifyvc andrc with the clas-
sical fields which represent thephysicalv and r0 mesons.
The mv andmr are defined by

mv
2 5

m0
21m1

2

2
1

m0
22m1

2

2cos2u
, ~15!

mr
25

m0
21m1

2

2
2

m0
22m1

2

2cos2u
, ~16!

and regarded as the observed masses ofv and r0 for nB
50, namely,mv5782 MeV andmr5770 MeV for nB50.
Each ofvc andrc has a small component of ‘‘wrong’’ iso



in

e
c
i

is

r

o

nti-

ti-

m-
that
rre-

ity
y

lf-

r

by

56 3073MEDIUM EFFECT ON CHARGE SYMMETRY BREAKING
spin wheneÞ0. The coupling constants ofv and r0 with
the nucleon can be written in a matrix form in the isosp
space:

g5S gp 0

0 gn
D 5S G0cosu2G1sinu 0

0 G0cosu1G1sinu D ,

~17!

g85S gp8 0

0 gn8
D 5S G1cosu1G0sinu 0

0 G1cosu2G0sinu D .

~18!

Since m0 and m1 are independent ofnB , Eq. ~14! can be
expressed in terms ofu andu0, which is theu for nB50, to
be

tan2u5
M00~np ,nn!

M0
00

tan2u0 . ~19!

We have distinguished the proton and neutron in th
masses so far, so that CSB could be induced for free nu
ons through the mutual transition of the vector mesons
different isospin eigenstates. In other words, the nonvan
ing u0 originates in the nonvanishingdMN . While dMN
plays a crucial role in arriving ate(np ,nn), its effect on the
bulk properties of nuclear matter is insignificant. Therefo
we shall maintain the nonvanishingdMN only when we de-
terminee(np ,nn), otherwise ignore it by equatingM p and
Mn to their averageM . We will comment on this approxi-
mation in the last section in connection with the exclusion
the Coulomb potential between protons.

The equation for the nucleon field is derived fromLMFA
to be

@ igm]m2M* ~fc!#c5~gg0vc1g8t3g0rc!c ~20!

with

fc5
f * ~fc!

ms
2

ns , ~21!

vc5
gp

mv
2

np1
gn

mv
2

nn , ~22!

rc5
gp8

mr
2

np2
gn8

mr
2

nn , ~23!

wherens , the scalar density, andnb (b5p or n) are evalu-
ated with

ns5^ c̄c&, ~24!

nb5^cb
†cb&, ~25!

^A& is the expectation value of quantityA in the ground
state, and

f * ~fc!5S 11 f
fc

M D 22

f , ~26!
ir
le-
n
h-

e

f

M* ~fc!5S 11 f
fc

M D 21

M . ~27!

One can solve the wave equation corresponding to Eq.~20!
to determine the eigenenergies of the nucleon and a
nucleon:

Wb
~6 !~k!5AM* 21k26(

b8
S gbgb8

mv
2

1hbhb8

gb8gb8
8

mr
2 D nb8

~28!

whereWb
(1) andWb

(2) are the energies of nucleon and an
nucleon, respectively, the summation withb8 runs overp
andn, andhb51 for proton and21 for neutron.

For nuclear matter the ground state is formed by acco
modating protons and neutrons in the particle states such
their energies are below appropriate Fermi energies. Co
sponding Fermi momenta, which we denote withKb (b
5p,n), are determined by minimizing the energy dens
with respect to eithernp or nn under a given nucleon densit
nB5np1nn with the relationKb5(3p2nb)1/3. The energy
density of the ground state is

E5
1

8p2(
b

F2KbEbF* 32KbEbF* M* 22M* 4lnS Kb1EbF*

M*
D G

1
ms

2

2 f 2S M

M* D 2

~M2M* !21
~gpnp1gnnn!2

2mv
2

1
~gp8np2gn8nn!2

2mr
2

, ~29!

where

EbF* 5AM* 21Kb
2 . ~30!

Equations~21! and ~26! can be combined to create a se
consistent equation to determine the scalar mean-fieldfc .
Hence, with the help of Eq.~27!, we derive the equation fo
the effective massM*

M* 5M2
f 2M

2p2ms
2 S M*

M D 4

(
b

3FKbEbF* 2M* 2lnS Kb1EbF*

M*
D G . ~31!

This will be obtained likewise by minimizingE with respect
to M* .

IV. TRANSITION MATRIX OF VECTOR MESONS

Here we give the explicit expression forM00(k050,k)
which is substituted into Eq.~7! to determineu through Eq.
~19!. In nuclear matter the nucleon propagator is given
@15#
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Gb~p!5
gPb1Mb*

Pb
22Mb*

2

1 ip
gPb1Mb*

Ẽb* ~p!
d@Pb02Ẽb* ~p!#u~Kb2upu!,

~32!

where

Ẽb* ~p!5AMb*
21p2, ~33!

Mb* is the effective mass of nucleonb (b5p or n) appearing
in the intermediate state of the transition process, andPb

m is
the four-momentum (Pb0 ,p) in which the time component is
defined in terms of the time componentp0 of pm by

Pb05p02(
b8

S gbgb8

mv
2

1hbhb8

gb8gb8
8

mr
2 D nb8 . ~34!

After a little algebra we obtain

M00~k050,k;np ,nn!

5
k2

p2E
0

1

dzz~12z!lnUM p*
21z~12z!k2

Mn*
21z~12z!k2U

2
1

2p2k(b
hbE

0

Kb
dpp

4Ẽb*
2~p!2k2

Ẽb* ~p!
lnU2p1k

2p2kU
2
1

p2(b
hbH KbẼbF* 2Mb*

2lnS Kb1ẼbF*

Mb*
D J , ~35!

where

ẼbF* 5AMb*
21Kb

2 , ~36!

and p and k on the right-hand side representupu and uku,
respectively. Note that the term arising from the interact
with vector fields in Eq.~34! produces no influence onM00

after thep0 integration in Eq.~5! is performed. Needless to
say,M00 vanishes whenM p5Mn andKp5Kn . In order to
determineMb* , one needs coupled self-consistent equatio
for M p* andMn* which would follow if we maintaineddMN

in the MFA. Instead of doing so, however, we multiplyMb

by (M* /M ) to obtainMb* approximately. We will see the
validity of this approximation in the next section.

Now we take the average ofM00 according to Eq.~7!
with the form factorsf (I ) which are the same as those used
the Bonn potential calculation@16#:

f ~ I !~k2!5S L I
22mI

2

L I
22k2 D 2

, ~37!

where the cutoff massesL I are taken to be 1850 MeV fo
both of I 50 and 1. A lengthy but straightforward calculatio
gives
M̄00~np ,nn!5
L2

3p2 lnS M p*

Mn*
D 2

L2

3p2(
b

hbF 1

L2H 6KbẼbF* 2L2lnS Kb1ẼbF*

Mb*
D J 2

4KbẼbF*

L214Kb
2

3H 12
4Mb*

2L2

~L224Mb*
2!~L214Kb

2!
2

4Mb*
2~L212Mb*

2!

~L224Mb*
2!2 J 2

8Mb*
2~L212Mb*

2!2L2~L2210Mb*
2!Wb

2~L224Mb*
2!2 G

~38!
he

nn
i-

m-

he
with

Wb5
2L

A4Mb*
22L2F tan21S Kb

LẼbF*
A4Mb*

22L2D
2sin21SA4Mb*

22L2

2Mb*
D G when 2Mb* .L,

~39!

5
L

AL224Mb*
2F lnUKbAL224Mb*

21LẼbF*

KbAL224Mb*
22LẼbF*

U
2 lnUL1AL224Mb*

2

L2AL224Mb*
2UG when 2Mb* ,L, ~40!
where we denote both ofL I for I50 and 1 withL.

V. SELF-CONSISTENT CALCULATION AND DISCUSSION

We have three adjustable parameters in our model:f , G0,
andG1. For G0 andG1, we use the SU~6! ratio G0 /G153
@17#, so that only two parameters are free.2 We fix the mixing
angleu0 in Eq. ~19! such that the discrepancy between t
pp and nn scattering lengths is reproduced@3#, assuming
that the isospin mixing alone yields its amount. The Bo
potential producesu054° which we have used in our prev
ous work@1,18#.

The self-consistent calculation to determine the para

2In giving this ratio, we have assumed the ideal mixing of t
isoscalar mesons which belong to the SU~3! octet and singlet.
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56 3075MEDIUM EFFECT ON CHARGE SYMMETRY BREAKING
eters is as follows. First, we choose an arbitrary set of va
for two free parameters (f and eitherG0 or G1). Then we
share out a givennB to the proton and neutron densities su
that nB5np1nn is satisfied. We can then solve Eq.~31!
numerically to obtainM* . We evaluate Eqs.~38! and~19! to
determineu for the set ofnp andnn . All coupling constants
of the physical vector mesons to the nucleon are calcula
from Eqs.~17! and ~18! in terms ofu. The partition ofnB
into np andnn is fixed such that the energy of the system
minimized, that is, the system reaches ‘‘b equilibrium’’ un-
der a givennB . Finally the above procedure gives the ave
age nucleon energy which we define to be

T5
E
nB

2M . ~41!

Two free parameters are determined such thatT is saturated
to yield 215.75 MeV for nB50.17 fm23, the normal den-
sity of nuclear matter. According to this procedure we obt

~M /ms! f 512.6317, G056.1613, G152.0538.
~42!

The compression modulus is obtained to beK5223 MeV;
this is almost the same as the one in ZM’s model and
ceives a negligible CSB effect.

We are interested in~1! the density dependence of th
isospin mixing angleu, ~2! the symmetry energy coefficien
defined by

aS5
nB

2

2 S ]2T
]n3

2D
0

, ~43!

wheren3 is the isovector density defined byn35np2nn and
the subscript 0 denotes the differentiation taken at equ
rium, and ~3! to extract the CSB contribution to the ma
difference of neighboring mirror nuclei from our nucle
matter results.

We show u in Fig. 2. It is seen that CSB due to th
isospin mixing of the vector mesons is gradually diminish
in nuclear medium, andu is decreased to 2.21°, to 55% o
u0, for the normal density of nuclear matter. AsnB is in-
creased further,u keeps decreasing. This suggests t
charge symmetry will be perfectly restored for some hig
density. Note that we underestimate the medium effect ou
by ignoring the Coulomb potential, as we will confirm
shortly. Therefore perfect restoration of charge symme
should occur fornB lower than the trend predicted in Fig. 2

Whenb equilibrium is destroyed by varying eithernp or
nn with nB5np1nn fixed, the energy increases. From th
we can evaluateaS according to Eq.~43!. The density de-
pendence ofaS is exhibited with the solid line in Fig. 3. A
the normal density of nuclear matter, we obtain

aS532.0 MeV, ~44!

which is in good agreement with recent empirical valu
@19#.

We emphasize the significant roles ofu, mr, andmv in
determiningaS . As suggested in Fig. 2, the CSB effect o
various quantities is small in magnitude, as long as the s
tem stays atb equilibrium. The deviations ofmv and mr
s

d

-

n

-

-

d

t
r

y

s

s-

from their values fornB50 are also negligible. This may
mislead us to conclude that the density dependence of
CSB effect is also irrelevant. Suppose, however, we keeu
at its b equilibrium value and change eithernp or nn with a
fixed nB . The excitation energy which accompanies th
change comes mostly from the nucleonic part, the first te
on the right-hand side of Eq.~29!. We have 15.7 and
3.2 MeV as the nucleonic and mesonic contributions toaS
for the normal density of nuclear matter, respectively, o
taining aS518.9 MeV @1#. The density dependence ofaS is
shown with the dotted line in Fig. 3. As soon as the syst

FIG. 2. The isospin mixing angle. The valueu54° for nB50
is determined such that the experimental value of (app2ann)/(app

1ann) is fitted.

FIG. 3. The symmetry energy coefficientaS . The solid line
showsaS as obtained from our self-consistent calculation, while t
dotted line shows the results which we obtain by fixingu to the
value atb equilibrium.
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leavesb equilibrium, however,u also departs from its equi
librium value rapidly as shown in Fig. 4. The enhancem
of the isospin mixing as a result of this large change ou
gives rise to sizable modulations ofmv and mr away from
their equilibrium values, as shown in Fig. 5. Thus the chan
in the mesonic field energies through large variations ofu,
mv , andmr becomes as important as that in nucleonic
ergy. Actually the mesonic contribution toaS turns out to be
16.3 MeV for the normal density of nuclear matter, while t
nucleonic one stays at 15.7 MeV. This is howaS532.0 MeV
arises.

With aS thus evaluated, let us extract the CSB contrib
tion to the mass difference between mirror nuclei with
large number of nucleons. Since intricate many-body phy
is involved in creating the mass differences between hea

FIG. 4. Behavior ofu aroundb equilibrium fornB50.17 fm23,
the normal density of nuclear matter. At equilibrium,u52.21°.

FIG. 5. The vector meson masses as a function of the isove
density fornB50.17 fm23. The solid and dotted lines represent t
masses ofv andr mesons.
t

e

-

-

s
er

mirror nuclei, these differences have not been successf
described with the notion of CSB in contrast with the mirr
pair of 3H and 3He. Thus, the Nolen-Schiffer anomaly re
mains in need of further investigation. Here we have in m
a pair of mirror nuclei, one of which has one proton and t
other a neutron outside a common spherical core. We de
DM5M .2M , , whereM . andM , are the masses of suc
a pair of neighboring mirror nuclei with (Z11) andZ pro-
tons, respectively. Then the CSB contribution toDM is
given by

~DM !CSB524aS

n3
~0!

nB
, ~45!

where n3
(0) is the isovector density atb equilibrium. The

result of numerical calculation is shown in Fig. 6. We o
serve a gradual increase of (DM )CSB asnB is increased. This
agrees with the general tendency that the mass differenc
mirror nuclei becomes large as the mass number is incre
@2#. The increase of (DM )CSB appears contradictory to th
restoration of charge symmetry for high density. Actua
this arises from a competition between two factors,aS and
un3

(0)/nBu in Eq. ~45!. We have seen in Fig. 3 thataS in-
creases asnB is increased. In contrast,un3

(0)/nBu decreases as
nB is increased, reflecting the restoration of charge symm
try. Since the increase ofaS dominates over the decrease
un3

(0)/nBu for high density, the competition of these two fa
tors results in the gradual increase of (DM )CSB.

The values of (DM )CSB calculated from Eq.~45! are to be
compared with the quantities implied by the Nolen-Schif
anomaly. Two types of ‘‘empirical’’ values as the anomali
have been reported, depending on nonrelativistic or rela
istic kinematics applied to a calculation of the binding en
gies of mirror nuclei. We quote 190 and 298 keV for17F-17O
and 41Sc-41Ca, respectively, as their typical estimates in t
nonrelativistic scheme, and 92 and 57 keV, respectively

or

FIG. 6. The mass difference of mirror nuclei due to CS
(DM )CSB, which was extracted from our nuclear matter calcu
tion. The solid line shows (DM )CSB with our medium dependen
effect included. For the dotted line,u is fixed to the free spaceu0

throughout.
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those in the relativistic scheme@20#. Let us make an estimat
of the interior density of a nucleus with the help of th
Woods-Saxon distribution

r~r !5
r0

11exp@~r 2R!/a#
, ~46!

which fits the electron-nucleus scattering data. Here,R
5r 0A1/3 with r 051.10 fm,a50.53 fm, andr0 is determined
such thatr(r ) is normalized to give the mass number of t
nucleus@21#. We identify the central value ofr(r ) with the
‘‘density’’ of the nucleus, understanding that we will ove
estimate the actual average density a little. The densities
0.12 fm23 for 17F-17O and 0.14 fm23 for
41Sc-41Ca. Our estimates of (DM )CSB based on Eq.~45! are
121 and 143 keV for17F-17O and 41Sc-41Ca, respectively.
They fall into the intervals of the values quoted as t
anomalies for these pairs of nuclei in nonrelativistic and re
tivistic schemes.

The magnitude of (DM )CSB is essentially determined b
aS . As we have mentioned, CSB is much enhanced
nuclear matter when the system leavesb equilibrium. This
consideration has madeaS532.0 MeV through the self-
consistent procedure, otherwise it would be 18.9 Me
Therefore, unless we take into account the enhancemen
CSB due to the departure of the system fromb equilibrium,
we underestimate (DM )CSB as we show with the dotted lin
in Fig. 6. This will also happen in obtaining (DM )CSB for
actual nuclei, if we apply a nucleon-nucleon CSB poten
which is determined to fit the two-nucleon scattering d
and ignore the medium effect on it@22,23#. Actually, if we
use u0 to evaluate (DM )CSB throughout, for example, we
obtain 86 and 100 keV for17F-17O and 41Sc-41Ca, respec-
tively.

To end our study of the medium effect on CSB, we brie
discuss some points which we have left without discussin
detail. We have ignoreddMN except when we have evalu
ated u, and also the Coulomb potential between proto
These are two major and explicit sources of CSB in a nuc
system other than the one we have studied. The contribu
from the Coulomb potential to the average nucleon ene
increases asnp

2A2/3 with the mass numberA, while that from
dMN does so as2dMNn3. The former, which diverges a
A2/3 in the limit of A→`, works to accommodate more ne
trons than protons for equilibrium, while the latter oppos
this trend. The contribution from the Coulomb potent
overwhelms that fromdMN even for light nuclei. Therefore
a simultaneous exclusion of the Coulomb potential anddMN
leads to an underestimate ofun3u and, hence, an underest
mate of the nuclear medium effect on the isospin mixing
understood from Eq.~35!. In other words, the Coulomb po
tential will enhance the medium effect on CSB, reducingu at
b equilibrium further.

In order to confirm the above speculation, we made
following calculation. The Coulomb potential originates
the electromagnetic vector field which couples to the prot
In the MFA, a vector field modifies the single nucleon e
ergy to add a term arising from the corresponding class
field. Although the term will diverge in nuclear matter lim
for the long range nature of the electromagnetic interact
it remains finite for a finite nucleus to give a certain cont
re
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bution toT. Let us simulate the influence of the electroma
netic field on our results by adding a constant toWp

(1) or
subtracting it fromWp

(2) in Eq. ~28!, hence, by adding a term
proportional tonp to E. This modification affectsKp andKn
through minimization ofE, which in turn affectse(np ,nn).
The standard Bethe-Weizsa¨cker mass formula predicts an ap
proximate Coulomb energy of 3 MeV for a single proton in
typical nucleus in the Pb region@21#. We use this value as
the constant arising from the classical electromagnetic fi
We repeated the calculation with the same self-consis
procedure and obtainedu52.03° for nB50.17 fm23. Thus
the inclusion of Coulomb potential reducesu for the normal
density of nuclear matter by roughly 10% down from t
value which we have obtained without Coulomb potentia

We have replacedM p* andMn* inM00 of Eq. ~35! by the
quantitiesM p and Mn multiplied by the factor (M* /M ),
respectively. Look at the validity of this approximation. W
concentrate on a calculation of effective masses, safely
noring the effect of CSB. Suppose we start with the Lagra
ian given by Eq.~1!, but maintain a nonvanishingdMN
throughout. Then, in the MFA, the coupled self-consiste
equations forM p* andMn* are of the form

Mb* 5Mb2
f 2

2p2ms
2 S Mb*

Mb
D 2

(
b8

Mb8S Mb8
*

Mb8
D 2

3FKb8Ẽb8F
* 2Mb8

* 2lnS Kb81Ẽb8F
*

Mb8
* D G . ~47!

They are solved withf fixed in Eq. ~42!. We obtain
M p* /M p50.8500 andMn* /Mn50.8501 fornB50.17 fm23,
while Eq. ~31! givesM* /M50.8501. This confirms the va
lidity of our approximation made forM p* andMn* .

To conclude, we have found that~i! charge symmetry is
gradually restored for nuclear matter inb equilibrium as the
nucleon density is increased,~ii ! the transition of the vector
mesons between different isospin eigenstates is much
hanced when nuclear state leavesb equilibrium and contrib-
utes strong CSB to nuclear matter offb equilibrium,~iii ! the
symmetry energy coefficient is obtained to be 32 MeV
which more than 50% arises through the density depende
of mesonic mean fields, and~iv! the extracted mass differ
ences due to CSB between neighboring mirror nuclei are
good agreement with the quantities implied by the Nole
Schiffer anomaly.

We reemphasize that the CSB effects under scrutiny h
is induced whenever imbalance between proton and neu
densities occurs in nuclear medium. It should have import
implications for analyses of neutron-rich unstable nuclei p
duced in heavy-ion collisions and of neutron star format
models in astrophysics@24#.
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