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We examine the nuclear medium effect on charge symmetry bre&ki88 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(thaharge symmetry is
gradually restored in nuclear matter ghequilibrium as the nucleon density increasg; when the system
departs fromg equilibrium, CSB is much enhanced because the isospin mixing depends strongly on the
nucleon isovector densityiii ) this leads to the symmetry energy coefficient of 32 MeV, of which more than
50 percent arises from the mesonic mean fields); the Nolen-Schiffer anomaly regarding the masses of
neighboring mirror nuclei can be resolved by considering these aspects of CSB in nuclear medium.
[S0556-28187)02012-9

PACS numbds): 21.30—x, 11.30.Hv, 21.65tf, 24.10.Jv

[. INTRODUCTION could be understood in terms of CSB due to the isospin
mixing [4-6]. It has been suggested that the isospin mixing

In our previous work[1], we examined the effect of .
charge symmetry breakingCSB) due to isospin mixing of of vector mesons can account for most of the difference be-
tween thenn and Coulomb correctedp scattering lengths

the isoscalar and isovector mesons on nuclear matter propﬁ\iré_S]' We propose that a significant CSB effect in nuclear

ties. ldentifying the mesons, each of which has a small com ; . : o
. - S ; 0 medium will be due to the isospin mixing of vector mesons
ponent of “wrong” isospin with the physicab andp® me- also

sons, we found that a delicate cancellation takes place . L . -
’ S : The i in mixin n i he transition be-
between two large CSB contributions from these physma{ © 150Sp g can be dictated by the transition be

d Its i I anif . ween two vector mesons in different isospin eigenstates
mesons and results Iin a small yet significant ISovector asymy, ., a baryon loop. The basic idea was initially discussed

metry in nuclear matter. This isovector asymmetry can giveby Piekarewicz and Williamg9]. We extend this to incorpo-
neighboring mirror nuclei a mass difference which is in theyate the medium effect in the following way. A vector meson
right direction to account for the Nolen-Schiffer anomgly. iy the isosinglet or isotriplet state dissociates virtually into a

The extent of the iSOSpin miXiﬂg is USUa"y parametrizedpair Of baryons_ The pair can be a nuc'eon and an anti_
in terms of a parameter called the mixing angle, which carhuycleon or a nucleon and a hole in the Fermi sea. The pro-
depend on the nucleon density of the medium. In Refwe  cess is followed by recombination of the pair leading to an-
took the mixing angle as a free parameter and varied ibther vector meson in an isospin eigenstate different from the
within a certain reasonable range. We evaluated the masme before the dissociation. Owing to the Pauli principle for
difference between neighboring mirror nuclei for variousthe nucleon appearing in the intermediate state of the transi-
values of the mixing angle in that range. The result was thation, the magnitude of the isospin mixing depends on the
the mixing angle determined to fit the difference between thawucleon density. When the transition takes place for the vec-
nn and Coulomb correctedp scattering lengths yielded a tor meson exchanged between two nucleons, the third com-
mass difference insufficient to resolve the Nolen-Schifferponent of the isospin matrices which is attached at the vertex
anomaly fully. associated with the isovector meson and nucleon gives op-

The purpose of this paper is to examine the nucleon derposite signs to the emerging nuclear forces between two pro-
sity dependence of the mixing angle in nuclear matter, andons and between two neutrons. This results in CSB in the
thereby, the nucleon density dependence of CSB. A typicahucleon-nucleon interaction and the extent of this CSB de-
manifestation of CSB in nuclear systems is seen in the smapends on the nucleon density. We will see that this process
difference between then and pp scattering lengths that can take place in nuclear medium even when the masses of
remains after the Coulomb correction is mdg8¢ The mass the proton and neutron are equal, provided that the proton
difference betweer®H and ®He is another example that and neutron densities are different.
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56 MEDIUM EFFECT ON CHARGE SYMMETRY BREAKING 3071

The effect of CSB due to the isospin mixing on nuclear
matter properties is evaluated with the help of a quantum
hadrodynamic nuclear model which can explain the bulk
properties of nuclear matter. The nuclear model which we
use is the same one proposed by Zimanyi and Moszkowski
(ZM) apart from the additional isovector degree of freedom
Ej]él%lf-.wﬂrfozjnecl)?glsgyl\/oz Ml'rzseasg(c))ﬂlllﬁfedp:/:c;fllgens?c];ltehiosrtrzg _ FIG. 1. lllustration of t_he trans!tion betwgen the isoscalar and

. . L isovector mesons. The thin and thick wavy lines represent the vec-
saturation density anc.j binding energy per nucleon of nucle%r mesons with =0 and 1, respectively. The third component of
maitter, but tends to_ gl\{e_too large a value of.the Compre§S|0{|1]e Pauli isospin matrices; is indicated at the isovector meson-
modulus[12,13. This difficulty was resolved in ZM's modi-  ,;cleon vertex explicitly. The loop represents a nucleon and anti-

fied o~ model by introducing a derivative coupling of  nycleon pair or a nucleon and hole pair in the Fermi sea.
with the nucleon. We utilize ZM’s model with the scheme of

the mean-field approximatiofMFA) in this work. with

In Sec. Il we propose a version of the-w model in
which an interaction is incorporated such that transitions be-
tween two vector mesons in different isospin eigenstates take ap(P)=
place. The study of nuclear matter with broken charge sym-
metry is formulated by means of ZM’s model in the MFA in whereb=p or n, M,, is the mass of the free nucletm and
Sec. lll. The matrix element of the transition between thef the coupling constant af with the nucleon field10]. We
vector mesons with different isospins is given in Sec. IV, andgnore the Coulomb potential between protons, which yields
an approximation is made to simplify it. Section V is devoteda divergent contribution to the energy density of nuclear mat-
to a numerical calculation and a discussion of the mediunter because of its long-range nature. Hence, the nuclear sys-
effect on CSB. There, also, we justify a few simplifying tem described by the Lagrangian of Hg4) breaks charge

|=0

¢ -1
l+fM—b> , (4)

assumptions which we make in the calculations. symmetry only whenM,#M,. We will comment on the
effect of the Coulomb potential on CSB in finite nuclei in the
Il. o-0 MODEL WITH BROKEN ISOSPIN SYMMETRY last section.
) ] ) In the nuclear system described by the Lagrangian of Eq.
We start with the Lagrangian density (1), the transition between the isoscalar and isovector mesons
— g 0) D\ s is allowed. TheS-matrix element for the transition illustrated
L=yly(19, =GV, = G173V, ) —M*(#) ]y in Fig. 1 is proportional to
b S0 bt p—mEd?) - dp
2\H v M””(k)=IGoG1f Wﬂ[ Y*G(p)y'13G(p—K)]
1 1 6)
+Z = 7P Smiviv O, (1)

in the lowest order of the meson-nucleon couplings, where

is a four-momentum of the vector mesons a(p) is the
where ¢ is the nucleon fieldg the neutral scalard) field, propagator of the nucleon with four momentuymin nuclear
suffix | refers to the isospin which is 0 or ¥{}) is the field  medium. The trace is taken over the isospin space as well as
describing the vector meson with isospih, F{)  the spin space. We will give a detailed expression/fat”,
=3,V =,V m, andG, are the mass and the coupling particularly for M which we need in the present study, in
constant of the vector meson with isospjmespectively, and Sec. IV. Note that the transition doest take place in the

73 is the third component of the Pauli isospin matric&e  nucleon vacuum unleséM n=My—M,#0. When the vec-
follow the metric convention of Bjorken and Dréll4]. The tor meson undergoes the transition to change its isospin in
nucleon field is a spinor in isospin space and explicitly writ-the exchange process between two nucleons, the emerging

ten as nuclear force in the one-boson-exchange picture is
Yp(X) Vega(k) = Gof @ (k) y*Di () MM (k) Dy (k) 73yt
P(x)= : 2
¥n(X) X(k?)Gy, (6)

where the upper component is fc‘)‘r the ,p,)roton. "i‘rld the. IOWe\5vhere DS)V(k) is the usual propagator of the vector meson
for the neutron. Theb-dependent “mass” matriM™(¢) IS ith isospin| and f(k?) is a phenomenological vertex

defined by function. This breaks charge symmetry due to the presence
ay(d)M 0 of 73. It should be emphasized th&t:<; depends on the
'\7|*(¢)=( i P ) (3)  nucleon density through the nucleon propagatorshit”
0 an(¢)My [see Eq(32) for detaill, and is different from CSB potentials

for free nucleons.
The effect of CSB on nuclear properties appears remark-
We assume that the isosinglet vector meson has componenably at low energies; the effect is brought about through a
which belong to the S(B) octet and singlet. large number of nucleon-nucleon collisions. In the MFA,
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which is used in the next section, only processes with zerehange process in multiple scatterings is distributed over a
four-momentum transfer between the nucleon and meson afinited range specified by the form factor at the meson-
allowed. SinceM*”(k) vanishes fok=0, the MFA cannot nucleon vertices. In light of this, we propose to replde”
describe the effect of CSB due to the isospin mixing of VeCqn V"C"EB by the average with respect to the momentum trans-

tor mesons. In order to incorporate CSB into the scheme Ofer, taking the form factors as the weight function. In the
MFA properly, we take advantage of the fact that the mo-g;atic limit. thus MH“" can be replaced with

mentum transfer between two nucleons in each meson ex-

Jd3kfO(ky=0Kk) M*"(ko=0k?)fH(ko=0k)
Jd3kf O (ko=0k)fV(kg=0k) ’

MH(ny,ng) = @)

where we explicitly showed the dependencerdf” on the Luea= Ui y#aﬂ—eoyovg‘”— YOGV — M* (o) 19
proton and neutron densities denoted withandn,, , respec-
tively. The CSB effect on the low energy scattering param-
eters can be studied in terms of the OBEP given by (Bj.
with M*#” substituted forM*” in a good approximation.

1
2 42 2y /(0)2 2\ /(1)2
— 5 (Mg —mgV 2 —mivh?)

. . 0)\/(1)

The same OBEP can be obtained in the lowest order of the +e(np,n) VOV . (10
meson-nucleon coupling by the use of the effective Lagrang-

ian Pang By grandve suppress the tensor indices . This Lagrangian is

similar to the one which we have used in our previous work
except for the nucleon density dependence of the isospin

_ (0) v (1) mixing interaction.
Ler=£HV, 00 €M, )V, 7(X) ® Introducing the vector meson fields defined by

with w=Vcoss—V{Vsing, (11

pe=VLsing+Vvcos, (12
VM/W(np rnn)

) we eliminate the isospin mixing term. The mean-field La-
My

€*"(Np,Nn) = € grangian reduces to

Lyea= ¢iv*9,—9Y°wc—¥°9" 13p.— M* (¢c) 14
whereﬂg” stands forAM“” with vanishing nucleon density 1
(ng=n,+n,—0), andeg” is fixed such that the discrepancy - §(m§¢§— m2 wZ— mﬁpg). (13
between thegp and nn scattering lengths is reproduced. In
Eq. (9), we take into account all factors leading to CSB for 1,o angled, which represents the degree of the isospin mix-
ng=0 by introducing e4” phenomenologically and thus ing, is determined by
separate out the medium effect on CSB. We emphasize that

the approximation leading to momentum-independéfital- 2¢€(ny,ny)
lows us to make this simplification in a benign way. tan26= e (14)
1 0

Remember that depends on the proton and neutron densi-
IIl. MEAN-FIELD APPROXIMATION ties throughe(n, ,n,). We identify w. andp. with the clas-
. . . . 0
We apply the MFA to the field equations which are ob- sical fields which reprgsent theghysicalw and p~ mesons.
tained from Eq(8). Many authors have discussed the valid- 1€ M, andm, are defined by
ity of the MFA in the o-o model and found it to be a good

2, 2 2 2
approximation to study nuclear matter or heavy nuclei in the o_Motmp Mo—mi

et mw_ ’ (15)
relativistic schemg12,13. For nuclear matter, the nucleon 2 2cos
density ng is fixed at a given value and its partition into
proton and neutron densities is determined such that the sys- , Me+mi mi—mj
tem has the lowest energy. Spatial isotropy is assumed M= " Zcos®’ (16)

throughout. In the MFAg, V), and V(! are replaced by

static and uniform classical fields, which we denote with and regarded as the observed masses afnd p° for ng
5M0V(C°), and 5ro(cl), respectively. The Lagrangian in the =0, namely,m,=782 MeV andm,=770 MeV for ng=0.
MFA is, thus, given by Each ofw; andp. has a small component of “wrong” iso-
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spin whene#0. The coupling constants @ and p® with

d) -1
the nucleon can be written in a matrix form in the isospin M* ()= 1+fmc M. (27)
space:
g9, O Gocos9— G;sind 0 One can solve the wave equation corresponding to(ZQ).
= = . , to determine the eigenenergies of the nucleon and anti-
0 o, 0 Gyco¥+ Gysing nucleon:
17
g, O G,co9+ G,sind 0 N —_— 9b9b’ 9605
g,: P ’ :( ' ° . ) W(bi)(k): M* + iz ( 2 +77b77b’_2 nb,
0 o, 0 G;c089—Ggsind b’ \ Mg m
(19 (28)

Sincemy and m; are independent ofig, Eq. (14) can be
expressed in terms af and 8y, which is thed for ng=0, to
be

whereW{") andW{ ™) are the energies of nucleon and anti-
nucleon, respectively, the summation with runs overp
andn, and ,=1 for proton and-1 for neutron.

For nuclear matter the ground state is formed by accom-
modating protons and neutrons in the particle states such that
their energies are below appropriate Fermi energies. Corre-
sponding Fermi momenta, which we denote wkl (b
We have distinguished the proton and neutron in their=P.n), are determined by minimizing the energy density

masses so far, so that CSB could be induced for free nuclé¥ith respect to eithen,, or n, under a gzjverll/rg'lucleon density
ons through the mutual transition of the vector mesons if's=Np+ Ny With the relationK,=(37°np)~". The energy

Hoo(np,nn)

tan2=———

tan26, . (29
M

different isospin eigenstates. In other words, the nonvanishdensity of the ground state is

ing 6y originates in the nonvanishingMy. While My

plays a crucial role in arriving a¢(n,,n,), its effect on the
bulk properties of nuclear matter is insignificant. Therefore 5=ﬁ%
we shall maintain the nonvanishirgM  only when we de-

termine e(n, ,n,), otherwise ignore it by equatiniyl, and

M, to their averageM. We will comment on this approxi-
mation in the last section in connection with the exclusion of

the Coulomb potential between protons.
The equation for the nucleon field is derived frafgyea
to be

[1949,—M*(¢o)1¥=(97Y’wc+9' 739%p0) ¥ (20)
with

* (o)

c— 2C Ns, (21
mlT

g g
(I)C_m_%np+ _%)nn; (22)

95 Or
Pc__gnp__nznnr (23

m, m,

whereng, the scalar density, and, (b=p or n) are evalu-
ated with

ns= (i), (24)
Np=¢ l/fglﬂb>v

(A) is the expectation value of quanti# in the ground
state, and

(29

-2
f* () = ¢°) f, (26)

l+fm

1
2K Ef B — KL EfeM*2—M*4In

*

Kp+ E;F)

m2

4

. (gpNp+gnny)?
2f2

2

w

M \? )
M*) (M_M )

2m

2
(gr,)np_grrmnn)
+
2
P

o (29

where

Fe=M*24K2E

Equations(21) and (26) can be combined to create a self-
consistent equation to determine the scalar mean-tigld
Hence, with the help of Eq27), we derive the equation for
the effective mast*

(30

f2M [M*\4
* — _ _
M*=M 2w2m§( M ) Eb)
Ky+E}
X | KpEfe—M*2n % ] . @3

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

IV. TRANSITION MATRIX OF VECTOR MESONS

Here we give the explicit expression fav1%%(ko=0k)
which is substituted into Eq7) to determined through Eq.
(19). In nuclear matter the nucleon propagator is given by
[15]
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yPp+Mp
Gp(p)= —*
b(P sz
. YPpt Mg
+im O[Ppo— Eb(p)]0 b= Pl
EX(p)
(32
where
B} (p)=VM}%+p?, (33

b is the effective mass of nucledn(b=p or n) appearing
in the intermediate state of the transition process, Rfids
the four-momentumPq,p) in which the time component is
defined in terms of the time compongwy of p* by

Ob9p 95
Pbo=Po— X ( > T T )nb’ . (39
b’ ma) p

After a little algebra we obtain
Moo(kozoyk;np ynn)

M2 +2(1-2)k?
e~
M¥“+2z(1—2)k?

k? (1
—?JO dzZ1-2)In

Ko AEF*(p)-
d —

b

k2 |2p+k
In
2p—k|

— A? M¥
Moo(np!nn):?’WZln(ME) 37 22 Ul
n

2
4M[2A2
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[6K Exe—AZ%In

1 T* *2
_E% 7| KpEpr—Mp “In

K,+E¥
b *bF)]’ a5
Mb

(36)

where
_ MFZKE

and p andk on the right-hand side represei and |k|,
respectively. Note that the term arising from the interaction
with vector fields in Eq(34) produces no influence af®
after thep, integration in Eq.(5) is performed. Needless to
say, M vanishes wheM,=M, andK,=K,. In order to
determineM? , one needs coupled self-consistent equations
for M andM{ which would follow if we maintainedsM
in the MFA. Instead of doing so, however, we multigV,
by (M*/M) to obtainM§ approximately. We will see the
validity of this approximation in the next section.

Now we take the average o81°° according to Eq(7)
with the form factors (") which are the same as those used in
the Bonn potential calculatiofL6]:

(37

|
f<'><k2>=(—2—) ,
AT—K2

where the cutoff masses, are taken to be 1850 MeV for
both ofl =0 and 1. A lengthy but straightforward calculation
gives

Kp+Efe

*
b

4K Efr
A%+4K}

2(A2+2ME2) — AX (A= 10MF D)W,

X — —
[1 (AT a2 (A 2+ 4KD)

with

2A

W P
b= amMEZ_a? (A

HE =

2M}
B A N KoVAZ—4ME2+ AES:
VAZZaME? | Ky AZ-AMEZ- AES

A+ VAT A

n
A—JA2—4M}?

when 2V} >A,
(39

when 2V <A, (40

FAAZ+2MER)) 8My
(A?=4M}?)?

2(A2—-4M;?)?
(38)

where we denote both df, for I=0 and 1 withA.

V. SELF-CONSISTENT CALCULATION AND DISCUSSION

We have three adjustable parameters in our mddes,
andG,. For Gy andG,, we use the S(6) ratio G5/G,=3
[17], so that only two parameters are fredle fix the mixing
angle 6, in Eq. (19 such that the discrepancy between the
pp and nn scattering lengths is reproducé¢d], assuming
that the isospin mixing alone yields its amount. The Bonn
potential produce#,=4° which we have used in our previ-
ous work[1,18].

The self-consistent calculation to determine the param-

2In giving this ratio, we have assumed the ideal mixing of the
isoscalar mesons which belong to the(S)Uoctet and singlet.
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eters is as follows. First, we choose an arbitrary set of values 5 e S
for two free parametersf(and eitherG, or G;). Then we

share out a giveng to the proton and neutron densities such

that ng=n,+n, is satisfied. We can then solve E@1) 4
numerically to obtairM™* . We evaluate Eqg38) and(19) to

determined for the set ofn, andn,,. All coupling constants

of the physical vector mesons to the nucleon are calculated 3
from Egs.(17) and (18) in terms of #. The partition ofng
into n, andn,, is fixed such that the energy of the system is
minimized, that is, the system reacheg €quilibrium” un-
der a givenng. Finally the above procedure gives the aver-
age nucleon energy which we define to be

0 (deg)

£
T=——M. (41)
Ng

Two free parameters are determined such thest saturated 0 P I I N T— —
to yield —15.75 MeV forng=0.17 fm™3, the normal den- 0 0.1 02 03 04 05
sity of nuclear matter. According to this procedure we obtain

ng ( fm?)
(M/m,)f=12.6317, G,=6.1613, G,=2.0538.

(42) FIG. 2. The isospin mixing angle. The valée=4° for ng=0
is determined such that the experimental valueag, ¢ ann)/(app
The compression modulus is obtained to We 223 MeV;  +a,,) is fitted.
this is almost the same as the one in ZM’s model and re-
ceives a negligible CSB effect. from their values forng=0 are also negligible. This may

We are interested iril) the density dependence of the mislead us to conclude that the density dependence of the
isospin mixing angled, (2) the symmetry energy coefficient CSB effect is also irrelevant. Suppose, however, we kiep
defined by at its g equilibrium value and change eitheg or n,, with a

fixed ng. The excitation energy which accompanies this
2 2 . .
ng( d change comes mostly from the nucleonic part, the first term
as:?((;_ré-) : 43 on the right-hand side of Eq(29). We have 15.7 and
0 3.2 MeV as the nucleonic and mesonic contribution@to
wherens is the isovector density defined y=n,—n, and fer Fhe normal density of nuclear matter, respectively, ob-
the subscript 0 denotes the differentiation taken at equilibtainingas=18.9 MeV[1]. The density dependence a§ is
rium, and(3) to extract the CSB contribution to the mass Shown with the dotted line in Fig. 3. As soon as the system
difference of neighboring mirror nuclei from our nuclear
matter results.

We show 6 in Fig. 2. It is seen that CSB due to the
isospin mixing of the vector mesons is gradually diminished
in nuclear medium, and is decreased to 2.21°, to 55% of 80 |- -
0y, for the normal density of nuclear matter. Ag is in-
creased further,d keeps decreasing. This suggests that

100 L] I T I T I

charge symmetry will be perfectly restored for some higher < 60} .
density. Note that we underestimate the medium effecf on §

by ignoring the Coulomb potential, as we will confirm -~ - 1
shortly. Therefore perfect restoration of charge symmetry o’ 20 |

should occur fomg lower than the trend predicted in Fig. 2.

When g equilibrium is destroyed by varying eithey, or R
n, with ng=n,+n, fixed, the energy increases. From this SOt
we can evaluat@g according to Eq(43). The density de- 20 - u
pendence ofg is exhibited with the solid line in Fig. 3. At
the normal density of nuclear matter, we obtain o

0 1 I L I 1 I
as=32.0 MeV, (44) 0 0.1 0.2 0.3
which is in good agreement with recent empirical values ng ( fm™® )]
[19].
We emphasize the significant roles @f m,, andm,, in FIG. 3. The symmetry energy coefficieat. The solid line

determiningas. As suggested in Fig. 2, the CSB effect on showsag as obtained from our self-consistent calculation, while the
various quantities is small in magnitude, as long as the sysdotted line shows the results which we obtain by fixifigo the
tem stays a3 equilibrium. The deviations o, andm,  value atB equilibrium.
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50 T T T T ! T T T T 400 T | T | T |
300 |- -
1 < B ]
—_ 2
51 = 200 S
s ... 4 .
2 o : 4]
@ ' s | e ]
| < -
100 [ -
i 0 L L L L L L
i 0 0.1 0.2 0.3
50 1 L L L 1 L L 1 -3
-0.05 0 0.05 n, (fm~)

n. ( fm3 ) FIG. 6. The mass difference of mirror nuclei due to CSB,
3 (AM)cgg, Which was extracted from our nuclear matter calcula-
FIG. 4. Behavior ofd aroundg equilibrium forng=0.17 fm=3,  tion. The solid line showsAM)csg with our medium dependent
the normal density of nuclear matter. At equilibriugh=2.21°. ehffect ir?cluded. For the dotted ling, is fixed to the free spacé,
throughout.

leavesB equilibrium, howeverg also departs from its equi-
librium value rapidly as shown in Fig. 4. The enhancemenimirror nuclei, these differences have not been successfully
of the isospin mixing as a result of this large changedof described with the notion of CSB in contrast with the mirror
gives rise to sizable modulations of, andm, away from  pair of °H and °*He. Thus, the Nolen-Schiffer anomaly re-
their equilibrium values, as shown in Fig. 5. Thus the changénains in need of further investigation. Here we have in mind
in the mesonic field energies through large variationgof @ pair of mirror nuclei, one of which has one proton and the
m,,, andm, becomes as important as that in nucleonic enOther a neutron outside a common spherical core. We define
ergy. Actually the mesonic contribution #; turns out to be  AM=M.—-M_, whereM.. andM _ are the masses of such
16.3 MeV for the normal density of nuclear matter, while the@ pair of neighboring mirror nuclei withZ(+1) andZ pro-
nucleonic one stays at 15.7 MeV. This is haw=32.0 MeV  tons, respectively. Then the CSB contribution &M is
arises. given by
With ag thus evaluated, let us extract the CSB contribu- n®
tion to the mass difference between mirror nuclei with a (AM)cgp= —4dag— (45)
large number of nucleons. Since intricate many-body physics N8
is involved in creating the mass differences between heavier
where n{Y) is the isovector density a8 equilibrium. The
1000 P—p——T——T7— result of numerical calculation is shown in Fig. 6. We ob-
serve a gradual increase df 1) csg asng is increased. This
i ] agrees with the general tendency that the mass difference of
mirror nuclei becomes large as the mass number is increased
[2]. The increase of AM)csg appears contradictory to the
restoration of charge symmetry for high density. Actually
this arises from a competition between two factas,and
In{/ng| in Eq. (45. We have seen in Fig. 3 thatg in-
creases aBg is increased. In contragn{®)/ng| decreases as
ng is increased, reflecting the restoration of charge symme-
700 Mo, i try. Since the increase @fs dominates over the decrease of
- P~ In{/ng| for high density, the competition of these two fac-
tors results in the gradual increase afMl) cgg.
The values of AM)gg calculated from Eq(45) are to be
600 H—A——L 1 compared with the quantities implied by the Nolen-Schiffer
) ' anomaly. Two types of “empirical” values as the anomalies
no(fm?) have been reported, depending on nonrelativistic or relativ-
® istic kinematics applied to a calculation of the binding ener-
FIG. 5. The vector meson masses as a function of the isovectdies of mirror nuclei. We quote 190 and 298 keV fdF-1'0
density forng=0.17 fm~2. The solid and dotted lines represent the and #'Sc-*'Ca, respectively, as their typical estimates in the
masses ofv andp mesons. nonrelativistic scheme, and 92 and 57 keV, respectively, as
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those in the relativistic scheni20]. Let us make an estimate bution to7. Let us simulate the influence of the electromag-
of the interior density of a nucleus with the help of the netic field on our results by adding a constantwg*) or
Woods-Saxon distribution subtracting it fromW{ ") in Eq. (28), hence, by adding a term
proportional ton, to £. This modification affect&, andK,
(46)  through minimization of¢, which in turn affectse(n,,n,).
The standard Bethe-Weizser mass formula predicts an ap-
which fits the electron-nucleus scattering data. Hege, Proximate Coulomb energy of 3 MeV for a single proton in a
=ro,AY3with r,=1.10 fm,a=0.53 fm, andp, is determined typical ”“C'eus.”.‘ the Pb reg|c{|ﬁ21]._ We use this valug as
such thatp(r) is normalized to give the mass number of thethe constant arising from the cla}ssmal electromagnetic .fleld.
nucleus[21]. We identify the central value gf(r) with the We repeated the calculation with the same self-consistent

H __ o — -3
“density” of the nucleus, understanding that we will over- Procedure and obtaineg=2.03° forng=0.17fm"*. Thus

estimate the actual average density a little. The densities ai?e ir_lclusion of Coulomb potential reducédor the normal
012 fm23 for YF-O and 014 fm3 for ensity of nuclear matter by roughly 10% down from the

4lgn b ; value which we have obtained without Coulomb potential.
121 a0 s e R0 an He i, Toapecty, | We have replacett; andh in M of Eq.(35) by he
They fall into the intervals of the values quoted as theduantitiesM, and M, multiplied by the factor M1*/M),
anomalies for these pairs of nuclei in nonrelativistic and rela/€SPectively. Look at the validity of this approximation. We
tivistic schemes. concentrate on a calculation of effective masses, safely ig-
The magnitude of §M)cqg is essentially determined by noring the effect of CSB. Suppose we start with the Lagrang-

as. As we have mentioned, CSB is much enhanced 2" diven by Eq.(1), but maintain a nonvanishingMy
nuclear matter when the system leaygequilibrium. This throughout. Then, in the MFA, the coupled self-consistent

consideration has madag=32.0 MeV through the self- €duations foMg andMg are of the form
consistent procedure, otherwise it would be 18.9 MeV.

_ Po
P = I exd(r—Ry/a]

2

Therefore, unless we take into account the enhancement of N 2 [M}E)\2 Mg,

CSB due to the departure of the system frgnequilibrium, Mp=Mp= 532 M, 2 Mp/| —

we underestimateAM ) csg as we show with the dotted line 7 b b’

in Fig. 6. Th.is' will also happen in obtainingAM) csg for ' _ be+E§’F

actual nuclei, if we apply a nucleon-nucleon CSB potential X Kb,E’g,F—Msz — | (47
which is determined to fit the two-nucleon scattering data My

and ignore the medium effect on[i22,23. Actually, if we
use 0, to evaluate AM)csg throughout, for example, we They are solved withf fixed in Eq. (42. We obtain
obtain 86 and 100 keV fof'F-*'O and *'Sc-*'Ca, respec- M%/M,=0.8500 andM/M,=0.8501 forng=0.17 fm™3,
tively. while Eq. (31) givesM*/M =0.8501. This confirms the va-
To end our study of the medium effect on CSB, we brieflylidity of our approximation made foM 5 andM3 .
discuss some points which we have left without discussing in  To conclude, we have found thé) charge symmetry is
detail. We have ignoredM except when we have evalu- gradually restored for nuclear matter gnequilibrium as the
ated 0, and also the Coulomb potential between protonsnucleon density is increasegi) the transition of the vector
These are two major and explicit sources of CSB in a nucleamesons between different isospin eigenstates is much en-
system other than the one we have studied. The contributioRanced when nuclear state leay2equilibrium and contrib-
from the Coulomb potential to the average nucleon energytes strong CSB to nuclear matter gffequilibrium, iii ) the
increases as>A%? with the mass numbek, while that from  symmetry energy coefficient is obtained to be 32 MeV of
6M\y does so as- SMyns. The former, which diverges as which more than 50% arises through the density dependence
A?"in the limit of A—, works to accommodate more neu- of mesonic mean fields, an@) the extracted mass differ-
trons than protons for equilibrium, while the latter opposesences due to CSB between neighboring mirror nuclei are in
this trend. The contribution from the Coulomb potential good agreement with the quantities implied by the Nolen-
overwhelms that fromdM even for light nuclei. Therefore Schiffer anomaly.
a simultaneous exclusion of the Coulomb potential &t We reemphasize that the CSB effects under scrutiny here
leads to an underestimate pf;| and, hence, an underesti- is induced whenever imbalance between proton and neutron
mate of the nuclear medium effect on the isospin mixing aglensities occurs in nuclear medium. It should have important
understood from Eq(35). In other words, the Coulomb po- implications for analyses of neutron-rich unstable nuclei pro-
tential will enhance the medium effect on CSB, redudir@f  duced in heavy-ion collisions and of neutron star formation

B equilibrium further. models in astrophysid24].
In order to confirm the above speculation, we made the
following calculation. The Coulomb potential originates in ACKNOWLEDGMENTS
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