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Charge symmetry breaking in neutron matter

Aya Ishihara,1,* Akira Suzuki,1 Masahiro Kimura,2 and Katsuhiko Suzuki3,†

1Department of Physics, Science University of Tokyo, Shinjuku, Tokyo, Japan
2Department of Electronics Engineering, Suwa College, Chino, Nagano, Japan

3Physik Department, Technische Universita¨t München, D-85747 Garching, Germany
~Received 4 February 1999; published 16 February 2000!

We examine the nuclear medium effect on the charge symmetry breaking~CSB! caused by isospin mixing
of two neutral vector mesons interacting with nucleons in neutron matter. It is found that isospin mixing is
strongly enhanced in neutron matter as the neutron density increases and the charge symmetry is broken to a
large extent. We illustrate the influence of the enhanced CSB for bulk quantities by calculating the mass of a
fictitious neutron star composed of only neutrons. For the stars with central densities around the normal density
of nuclear matter, the masses are reduced by as much as 35% in comparison with those emerging from an
ordinary relativistic nuclear model with no CSB considered. The effect of CSB is attenuated for stars with
higher central densities which actual neutron stars are supposed to have, although the charge symmetry remains
broken to a large extent.

PACS number~s!: 21.30.2x, 21.65.1f, 24.10.Jv, 26.60.1c
le
tly

s

t

sp
t o

ha

te
o
th
nd
pl
ne
a
o

ar
at
o

th
a

o
to

i

r de-
ing
orks
ti-
ron
ill

ed
on

a-
us-
tar
e is

ar

ear

tura-
at-
on
igh
nsi-
ion
trong
ur
SB
an
ic

e
ion
ver
ar

we
rk
e-

s

sit
I. INTRODUCTION

Charge symmetry is one of the salient features of nuc
forces. However, it is known that the symmetry is sligh
broken and only approximate@1#. A typical manifestation of
charge symmetry breaking~CSB! is seen in the small differ-
ence between thenn andpp scattering lengths that remain
after the Coulomb correction is made@2–4#. A part of the
mass difference between3H and 3He is another example tha
could be understood in terms of CSB@5–7#.

It has been suggested that the CSB caused by iso
mixing of two neutral vector mesons can account for mos
the difference between thepp and nn scattering lengths
@7,8#. Piekarewicz and Williams proposed a basic mec
nism for the isospin mixing of vector mesons@9#. According
to this, two vector mesons in different isospin eigensta
undertake a transition to each other through a baryon lo
An essential point is the incomplete cancellation between
contributions from a loop with a proton and antiproton a
one with a neutron and antineutron to the transition am
tude. The small mass difference between the proton and
tron causes this incomplete cancellation. One can take
vantage of this idea to study the nuclear medium effect
CSB. The medium effect on the isospin mixing appe
through the Pauli principle for nucleons in the intermedi
baryon loops and nucleon effective masses, leading t
density-dependent CSB~DDCSB! in a nuclear medium.

With the above idea of DDCSB, we have examined
medium effect on the isospin mixing in nuclear matter in
previous work@10#. We found that the density dependence
CSB works in the right direction such that the Okamo
Nolen-Schiffer anomaly is resolved@5,11#. A striking feature
which we have learned there is that the isospin mixing
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rapidly and strongly enhanced as soon as nuclear matte
parts from the isosymmetric state. The strong isospin mix
induces a large energy increase of nuclear matter and w
eventually to restore minimal isospin symmetry. This mo
vated us to investigate the medium effect on CSB in neut
matter which has the largest isospin asymmetry. We w
pursue it in this paper.

The extent of the isospin mixing is usually parametriz
in terms of a mixing angle, which can depend on the nucle
density of the medium. We are mainly interested in~i! the
nuclear density dependence of the mixing angle and~ii ! the
influence of DDCSB due to the isospin mixing on the equ
tion of state of neutron matter. Regarding the latter, we ill
trate it by calculating the mass of a fictitious neutron s
composed of only neutrons, since the equation of stat
substantial to determine the mass.

In our previous works, we have used a relativistic nucle
model proposed by Zimanyi and Moszkowski~ZM! @12#.
This is a modified version of quantum hadrodynamic nucl
models originally proposed by Walecka@13#, and can repro-
duce the compression modulus as well as the correct sa
tion density and binding energy per nucleon of nuclear m
ter. However, when the model by ZM is applied to neutr
matter, we find that it makes the equation of state in the h
density region so soft that a type of gas-liquid phase tra
tion can take place. In other words, the attractive interact
between the nucleon and scalar meson seems to be too s
in the model by ZM in the high density region. Since o
purpose in the present work is to investigate how much C
is modified in isospin asymmetric matter, we make use of
original version called QHD II of quantum hadrodynam
nuclear models rather than using the model by ZM. W
modify it such that the model can describe the transit
between two vector mesons. We refer to QHD II whene
we compare our results with those from ordinary nucle
models with no CSB considered@13#.

We arrange this paper as follows. In the next section,
present the modified QHD II as our theoretical framewo
for the study of CSB in neutron matter. In Sec. III, we d
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scribe the transition process of vector mesons in detail
relate the transition amplitude to the isospin mixing angle
neutron matter. We demonstrate DDCSB on various qua
ties in Sec. IV. A discussion and comments are also gi
there.

II. QHD II WITH BROKEN ISOSPIN SYMMETRY

The version QHD II of the quantum hadrodynam
nuclear models proposed by Walecka contains an isovec
vector meson degree of freedom in addition to an isosca
scalar and isoscalar-vector mesons which are relevant
grees of freedom in QHD I@13#. The Lagrangian of QHD II
is given by

LQHD II5C̄Fgm~ i ]m2G0Vm
(0)2G1t3Vm

(1)!

2F1S smn

2MN
D t3]mVn

(1)2~M2 f f!GC
1

1

2
~]mf]mf2ms

2f2!1(
I 50

1

3F2
1

4
F (I )mnFmn

(I ) 1
1

2
mI

2V(I )mVm
(I )G , ~1!

whereC is the nucleon field operator which is a spinor
isospin space and can be expressed as

C~x!5S Cp~x!

Cn~x!
D , ~2!

with the field operators for the proton~p! and neutron~n! as
the upper and lower components, respectively;t3 is the third
component of the Pauli’s isospin matrices, andsmn5( i /
2)@gm,gn#. Regarding mesons involved in Eq.~1!, f, V(0),
and V(1) are the field operators for the isoscalar-sca
isoscalar-vector, and neutral isovector-vector mesons,
spectively,ms , m0, and m1 are their masses,f, G0 , G1,
andF1 their coupling constants with nucleon, andF (I )mn the
tensor fields of vector mesons defined by

F (I )mn5]mV(I )n2]nV(I )m, ~3!

where the superscriptI denotes the isospin and takes 0 or
The parameterMN in Eq. ~1! is the average of the proton an
neutron masses. We follow the metric convention of Bjork
and Drell @14#. The diagonal ‘‘mass’’ matrixM has proton
mass (M p) and neutron mass (Mn) as its diagonal elements
Since the tensor coupling of the isoscalar-vector meson w
the nucleon is expected to be negligibly small, we ignore
@15#. We will shortly apply the mean-field approximatio
~MFA! in which all meson fields are replaced by classi
fields. The isovector meson does not play any relevant r
in the MFA for isosymmetric nuclear matter, since the c
responding classical field is proportional to the nucleon
ovector density as we will see later. However, it becom
important in isospinasymmetricnuclear matter such as neu
tron matter in our case.
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We add a phenomenological interaction which causes
transition between the isoscalar- and isovector-vector
sons to the model of QHD II. We assume the form of t
interaction to be

LX5e~n!Vm
(0)V(1)m. ~4!

The e(n) is related to the isospin mixing that is dictated b
the transition between the vector mesons and can depen
the neutron number densityn. We will relate e(n) to the
transition amplitude in the next section. The Lagrangian w
which we start our study of neutron matter is, thus,

L5LQHD II1LX . ~5!

Owing to LX , the vector mesons are no longer in isosp
eigenstates, but mixtures of them. Nuclear systems in wh
nucleons exchange such mesons eventually break the ch
symmetry.

Let us apply the mean-field approximation to our study
neutron matter. Many authors have discussed the validity
the MFA in the quantum hadrodynamic nuclear model a
found it to be a good approximation for a first step to stu
many-nucleon systems in the relativistic scheme@13#. Al-
though the quantum correction is considered to improve
approximation, we leave it out for simplicity@16#. In a static
and uniform state, all meson fields in Eq.~5! are replaced by
constant classical fields in the MFA according to

f→^f&[fc , ~6!

Vm
(I )→^Vm

(I )&[dm0Vc
(I ), ~7!

for I 50 and 1, wherê•••& represents the expectation valu
of a quantity inside the brackets in the ground state of n
tron matter. The Lagrangian in the MFA is, then,

LMFT5C̄@ igm]m2G0g0Vc
(0)2G1g0t3Vc

(1)2M* ~fc!#C

2
1

2
@ms

2fc
22m0

2Vc
(0)22m1

2Vc
(1)2#1e~n!Vc

(0)Vc
(1) .

~8!

The elements of the diagonal effective mass matrixM* (fc)
are

Mb* ~fc!5Mb2 f fc , ~9!

whereb stands forp or n. Note that the tensor coupling term
of the isovector-vector meson plays no role in the MFA f
static and uniform matter.

The vector meson sector inLMFT can be diagonalized in
terms of

vc5Vc
(0)cosu2Vc

(1)sinu, ~10!

rc5Vc
(0)sinu1Vc

(1)cosu. ~11!

The vc and rc may be interpreted as the classical fields
physicalvector mesonsv and r0 whose dominant compo
4-2
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nents haveI 50 and 1, respectively. The diagonalizatio
condition determines the mixing angleu to be

tan 2u5
2e~n!

m1
22m0

2
. ~12!

Remember thatu depends on the neutron density throu
e(n). The diagonalized Lagrangian is written as

LMFT5C̄@ igm]m2gg0vc2g8g0t3rc2M* ~fc!#C

2
1

2
~ms

2fc
22mv

2 vc
22mr

2rc
2!, ~13!

where

g5S gp 0

0 gn
D 5S G0cosu2G1sinu 0

0 G0cosu1G1sinu D ,

~14!

g85S gp8 0

0 gn8
D 5S G1cosu1G0sinu 0

0 G1cosu2G0sinu D .

~15!

The massesmv andmr , which are defined by

mv
2 5

m0
21m1

2

2
1

m0
22m1

2

2 cos 2u
, ~16!

mr
25

m0
21m1

2

2
2

m0
22m1

2

2 cos 2u
, ~17!

are interpreted as the effective masses ofv andr0 in neutron
matter. Whenn50, therefore, they reduce to their free va
ues, that is,mv5782 MeV andmr5770 MeV. Note that
there is a critical angle for which eithermv

2 or mr
2 can vanish.

It actually takes place formr
2 when the mixing angle reache

uc defined by

cos 2uc5S mv
2 2mr

2

mv
2 1mr

2D
n50

cos 2u0 , ~18!

whereu0 is the mixing angle atn50.
The nucleon field satisfies the Lagrange equation whic

derived from Eq.~13!:

@ igm]m2M* ~fc!#C~x!5~gvc1g8t3rc!g
0C~x!.

~19!

This can be solved easily and the ground state of neu
matter can be constructed for a given neutron number d
sity. The classical meson fields are obtained from

fc5
f

ms
2

ns , ~20!
03400
is

n
n-

vc5
gn

mv
2

n, ~21!

rc52
gn8

mr
2

n, ~22!

in terms of the vector and scalar densities defined by

n5^:C†C:&, ~23!

ns5^:C̄C:&, ~24!

respectively. Here :Q: represents the normal product of a
operatorQ. The right-hand side of Eq.~24! can be calculated
to give

ns5
Mn*

2p2 FKEF2Mn*
2lnS K1EF

Mn*
D G , ~25!

whereK andEF5AMn*
21K2 are the Fermi momentum an

energy of neutrons. Note thatK is related to n by K
5(3p2n)1/3 which emerges from Eq.~23!.

With the help of Eq.~25!, we can transform Eqs.~9! and
~20! into the coupled equations which determine the eff
tive masses of proton and neutron in neutron matter:

Mb* 5Mb2
f 2Mn*

2p2ms
2 FKEF2Mn*

2lnS K1EF

Mn*
D G . ~26!

The energy density and pressure of neutron matter can
obtained easily according to the usual procedures given
standard textbooks@13#:

E5
1

8p2 FKEF~Mn*
212K2!2Mn*

4ln
K1EF

Mn*
G

1
ms

2

2 f 2
~Mn2Mn* !21

1

2 S gn
2

mv
2

1
gn8

2

mr
2 D n2, ~27!

p52
1

24p2 FKEF~3Mn*
222K2!23Mn*

4ln
K1EF

Mn*
G

2
ms

2

2 f 2
~Mn2Mn* !21

1

2 S gn
2

mv
2

1
gn8

2

mr
2 D n2. ~28!

Note that the density dependence of CSB appears througu,
and hence throughgn , gn8 , mv , andmr .

III. ISOSPIN MIXING IN NEUTRON MATTER

Let us expresse(n), which determines the magnitude o
the isospin mixing, in terms of the transition amplitude b
tween the vector mesons in different isospin eigenstate
neutron matter. We follow the procedure that we used for
study of CSB in nuclear matter in our previous paper@10#.
Here we give only the basic idea to obtaine(n). We first
4-3
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construct the transition amplitude between the isoscalar-
isovector-vector mesons. Then we average it with an ap
priate weight function. Finally we relate the averaged am
tude toe(n). Since only the time component of the vect
meson fields is relevant in the MFA, we consider the tran
tion between the time component of the vector mesons.

Apart from trivial factors, the transition amplitude be
tween the isoscalar- and isovector-vector mesons is give

M~k;n!5G0P (V)~k;n!G11G0P (T)~k;n!F1 , ~29!

where

P (V)~k;n!52 i E d4p

~2p!4
Tr@g0G~p1k!g0t3G~p!#,

~30!

P (T)~k;n!52 i E d4p

~2p!4
TrFg0G~p1k!

3S 2 ikmsm0

2MN
D t3G~p!G . ~31!

The first and second terms on the right-hand side in Eq.~29!
represent the contributions from the baryon loops whose
tices with the isovector meson are subject to the vector
tensor couplings, respectively. The propagatorG(p) of
nucleon with four-momentump is a diagonal matrix in isos
pin space. The elements are given by

Gp~p!5
gPp1M p*

Pp
22M p*

21 i e
, ~32!

Gn~p!5
gPn1Mn*

Pn
22Mn*

21 i e
1 ip

gPn1Mn*

En~p!
d

3@Pn02En~p!#u~K2upu!, ~33!

for neutron matter, wherePb
m5(Pb0 ,p) and their time com-

ponents are defined by

Pp05p02S gpgn

mv
2

2
gp8gn8

mr
2 D n, ~34!

Pn05p02S gn
2

mv
2

1
gn8

2

mr
2 D n. ~35!

We work in the static limit for nucleons. Then we ca
evaluate the integrals in Eqs.~30! and~31! analytically with
the help of dimensional regularization. We obtain
03400
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o-
i-
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P (V)~k;n!5
k2

2p2E0

1

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

Mn*
21z~12z!k2U

1
1

4p2k
E

0

K

dpp
4En

2~p!2k2

En~p!
lnU2p1k

2p2kU
1

1

2p2 H KEF2Mn*
2lnS K1EF

Mn*
D J ~36!

for Eq. ~30!, where we denoteuku with k. Similarly we have

P (T)~k;n!52
k2

8p2 (
b

hb

Mb*

MN
E

0

1

dzlnuMb*
21z~12z!k2u

1
k

4p2

Mn*

MN
E

0

K

dp
p

En~p!
lnU2p1k

2p2kU ~37!

for Eq. ~31!, wherehb511 for b5p and21 for b5n.
As we have done in the previous paper, we incorpor

the effect due to the multiple scattering of nucleons by
CSB interactions intoe(n). Considering that a wide range o
momentum transfer is involved in the multiple scattering
we take an appropriate average ofM(k;n) with respect to
the momentumk. Then we can relate the average which w
denote withM̄(n) to e(n) by

e~n!5e0

M̄~n!

M̄0

, ~38!

where M̄0[M̄(n50) and e0 is a parameter representin
e(n) at n50.

For the weight function to obtainM̄(n), we utilize the
product of the form factors at the vertices associated withv
and r0 in the Bonn potential. The normalized weight fun
tion is, therefore,

F~k!5
1

p2

L0L1~L01L1!3

~L0
21k2!2~L1

21k2!2
, ~39!

whereL0 andL1 are the cutoff momenta for the isoscala
and isovector-vector mesons. We use the values used in
Bonn potential forL0 and L1, that is,L05L1[L51850
MeV @17#. Then we have

M̄~n!5E d3kF~k!M~k;n!. ~40!

The integration with respect tok can be performed analyti
cally to give the averages ofP (V)(k;n) andP (T)(k;n):
4-4
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P̄ (V)~n!5
L2

6p2
lnS M p*

K1EF
D 1

KEF

p2
2

L2

12p2~L224Mn*
2!2 F 8KEF

L214K2 H ~L224Mn*
2!224Mn*

2~L212Mn*
2!

2
4L2Mn*

2~L224Mn*
2!

L214K2 J 2L2~L2210Mn*
2!W~n!G

1
L2

6p2 (
b

hb

4Mb*
2~L212Mb*

2!1L2~L2210Mb*
2!Z~Mb* !

~L224Mb*
2!2

, ~41!

P̄ (T)~n!52a
L2

4p2
lnS M p*

K1EF
D 1a

L4

24p2~L224Mn*
2!2 F 16KEF

~L214K2!
H L2210Mn*

22
L2~L224Mn*

2!

L214K2 J
23~L228Mn*

2!W~n!G2a
L2

12p2 (
b

hb

4Mb*
2~L218Mb*

2!13L2~L228Mb*
2!Z~Mb* !

~L224Mb*
2!2

, ~42!

where

W~n!5
2L

A4Mn*
22L2

tan21
KA4Mn*

22L2

LEF
~2Mn* .L!

5
L

AL224Mn*
2

lnUKAL224Mn*
21LEF

KAL224Mn*
22LEF

U ~2Mn* ,L!, ~43!

Z~x!5
2L

A4x22L2
tan21A2x2L

2x1L
~2x.L!

5
L

AL224x2
lnUAL12x1AL22x

AL12x2AL22x
U ~2x,L!, ~44!

anda5(M p* 1Mn* )/(M p1Mn). In obtaining Eq.~42!, we replaced (M p* /MN) and (Mn* /MN) with a in good approximation.
For n50, Eqs.~41! and ~42! reduce to

P̄0
(V)5

L2

6p2
lnS M p

Mn
D1

L2

6p2 (
b

hb

4Mb
2~L212Mb

2!1L2~L2210Mb
2!Z~Mb!

~L224Mb
2!2

, ~45!

P̄0
(T)52

L2

4p2
lnS M p

Mn
D2

L2

12p2 (
b

hb

4Mb
2~L218Mb

2!13L2~L228Mb
2!Z~Mb!

~L224Mb
2!2

. ~46!
to

ed

en
ary
of

the
sent
Finally we obtain

e~n!5e0

P̄ (V)~n!1C1P̄ (T)~n!

P̄0
(V)1C1P̄0

(T)
, ~47!

whereC15F1 /G1.
The parametere0 is determined as follows. We fixu0

such that a nuclear force of whichv andr0 are those defined
by Eqs. ~10! and ~11! reproduces a quantity attributed
CSB. Actually, when we chooseu054° and useg andg8 for
the coupling constants ofv and r0 with the nucleon, the
Bonn potential reproduces the difference between thenn and
Coulomb correctedpp scattering lengths. Then the observ
03400
masses ofv andr0 determinem0 andm1 through Eqs.~16!
and ~17!, ande0 is obtained from Eq.~12! with u5u0.

IV. CALCULATIONS AND DISCUSSIONS

In the present study we are interested in~i! the nuclear
density dependence of the mixing angle and~ii ! the influence
of DDCSB on the equation of state of neutron matter. Wh
we compare our results with those emerging from ordin
nuclear models, we refer to the QHD II as a typical one
ordinary models. To be consistent, therefore, we fix
meson-nucleon coupling constants appearing in the pre
calculations to the values used in QHD II@13#:
4-5
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f 2S MN

ms
D 2

5267.1, ~48!

G0
2S MN

m0
D 2

5195.9,

G1
2S MN

m1
D 2

5
54.71

4
.

Note that the numerical factor of 4 on the right-hand side
the third relation is due to the difference of our definition
the isovector interaction in Eq.~1! from the definition in Ref.
@13#. The tensor coupling constantF1 is somewhat ambigu
ous, lying in the interval fromC15F1 /G153.7 to 6.1@15#.
We perform our calculations for both extrema ofF1.

First of all, we calculateu which is obtained from Eq.
~12! with Eq. ~47!. The density dependence ofu is shown in
Fig. 1. One can see that the isospin mixing is very much
rapidly enhanced as the neutron density increases. It rea
41° (40°) already atn50.17 fm23, the normal density of
nuclear matter, whenC153.7 (6.1). This is in contrast to
u52°, a small suppression of CSB, for nuclear matter w
normal density@10#. We emphasize that our specific choi
of nuclear model has nothing to do with the enhancemen
CSB due to the large isospin mixing, but the medium eff
is essential for it.

FIG. 1. Density dependence of the isospin mixing angle. T
solid and dot-dashed curves correspond toC153.7 and 6.1, respec
tively. WhenK50, u goes to 4°. Theu approaches to 44.6° in th
high density limit.
03400
f
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The effective masses of vector mesons are also mod
to a large extent. According to Eqs.~16! and ~17!, we can
calculatemv andmr for a given neutron density. The resu
is depicted in Fig. 2, showing a large modification of the
As we have mentioned in the preceding section, it is
surprising that the system described byLMFT becomes un-
stable with respect to the excitation of ther degree of free-
dom. The critical density to givemr

250 is nc56.90 fm23

for C153.7, and the critical mixing angle isuc544.6°
which we can obtain from Eq.~18!. However, this instability
should not be understood as such caused by aquantumex-
citation with r quantum number in neutron matter, sin
quantum fluctuation which is coupled with nuclear excitati
has been ignored throughout in the MFA. In addition, it o
curs at an extremely high density region where nucleons
no longer be the only relevant degree of freedom. It is int
esting to see whether or not such ar instability is generated
by DDCSB in neutron matter when the quantum fluctuat
is taken into account. We leave this for a later investigati
When we study the effects of DDCSB on various quantit
in the framework of the MFA, we shall not proceed with o
calculations exceedingn56.90 fm23 hereafter. Note that
this value ofn is considerably larger than the central dens
of a neutron star with its heaviest mass.

The energy per nucleon, which is defined by

e FIG. 2. Masses of physical vector mesons in neutron mat
The solid and dot-dashed curves represent the masses ofr0 with
C153.7 and 6.1, respectively, and the long-dashed and do
curves the masses ofv with C153.7 and 6.1, respectively. A
densities higher thanK55.9 (7.3) fm21 for C153.7 (6.1), mr

2

dives into negative values.
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E5
E
n

2Mn , ~49!

is depicted in Fig. 3 as a function of the Fermi momentu
The solid and dot-dashed curves represent the energies w
we obtain from the model with DDCSB withC153.7 and
6.1, respectively, and the dotted curve the one from QHD
We show the contributions from individual meson degrees
freedom in Eq.~27! to E in Figs. 4 and 5 for QHD II and the
model with DDCSB, respectively. The first term of Eq.~27!
contains an attractive interaction ofs with nucleons. The
s-field energy, the second term in Eq.~27!, is positive and
smaller than the attractive interaction energy with nucle
in magnitude. Thus the energy per nucleon arising from
s degree of freedom, which is drawn with the long-dash
curves in the figures, turns out to be negative when they
added. In QHD II, therefore,v is responsible for most of the
repulsive interaction with nucleons in neutron matter. On
other hand, our calculation with DDCSB shows that the
pulsive interaction ofv with nucleons is suppressed by th
enhancement of CSB, while the repulsive interaction or
develops as neutron density increases. The plateau beh
seen in the energy obtained from the model with DDCSB
Fig. 3 arises essentially from suppression of the repuls
interaction ofv with nucleons.

FIG. 3. The energy per nucleon as a function of the Fermi m
mentum. The solid and dot-dashed curves show the energies
tained from the model with DDCSB withC153.7 and 6.1, respec
tively, and the dotted curve the energy from QHD II.
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The pressure obtained from Eq.~27! is shown in Fig. 6 as
a function of logarithmic neutron density. It is seen that ne
tron matter with DDCSB is softer aroundr51014

;1015 g/cm3 (n50.0620.60 fm23) than that described
by QHD II. Interestingly the central densities with whic
neutron stars can be formed in a supernova explosion
into this interval. Let us demonstrate how large the effect
DDCSB appears on bulk quantities by calculating the m
of a fictitious neutron star which is assumed to be in
ground state of a nuclear system composed of only neutr
Our neutron star can approximate actual neutron stars
central densities around or higher than the normal densit
nuclear matter,rNM52.8431014 g/cm3. As discussed by
Pethick and Ravenhall, when actual neutron stars have
tral densities lower thanrNM , they are likely to have crusta
structure@19#. Also actual neutron stars contain electron
protons, and other hadrons in addition to neutrons, bein
beta equilibrium among them. Nevertheless, in order to ill
trate the magnitude of DDCSB, it is still meaningful t
evaluate the mass of such a fictitious neutron star. The m
is obtained by applying Eq.~27! to the Tolman-
Oppenheimer-Volkoff equation@18#. We compare our results
with those emerging from QHD II with no CSB considere
and see the effect under a common scheme of relativ
many-body theories. The result is depicted in Fig. 7 a
function of the central density. Since the nuclear force w

FIG. 4. Contributions from individual meson degrees of fre
dom on the right-hand side of Eq.~27! to E obtained from QHD II.
The long-dashed, dot-dashed, and dotted curves represent the
tributions froms, v, andr. The solid curve represents the sum
them.

-
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DDCSB yields a softer equation of state than the one wh
ordinary nuclear forces do, naturally DDCSB works to r
duce the masses from those which QHD II predicts. Red
tion amounts to approximately 35% for stars with cent
densities aroundrNM . The effect due to DDCSB is attenu
ated for the stars with higher central densities which ac
neutron stars are supposed to have. We will study separa
whether or not it remains to be reckoned with.

We do not proceed with further calculations for neutr
stars. But let us speculate about what takes place in ac
neutron stars when the charge symmetry of the nuclear f
is strongly broken inside the stars. We have seen that
strong enhancement of CSB leads to giving lower energ
neutron matter than ordinary nuclear forces do. It impl
that actual neutron stars will enhance CSB and, hence,
reduce the energy by transferring a number of protons
neutrons. Thus neutron stars will contain a smaller num
of protons than ordinary nuclear forces predict. Con
quently the Urca process will be suppressed and the coo
of neutron stars will be decelerated@20#.

To summarize, we have investigated DDCSB due to
isospin mixing between isoscalar- and isovector-vector m
sons in neutron matter. It was found that isospin mixing
rapidly and strongly enhanced as the neutron density
creases. Consequently the charge symmetry is broken
large extent. We saw that DDCSB modifies the energy

FIG. 5. Contributions from individual meson degrees of fre
dom on the right-hand side of Eq.~27! to E obtained from the
model with DDCSB. The result withC153.7 is shown. The at-
tributes of curves are the same as those in Fig. 4.
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FIG. 7. The mass of the neutron star vs the central density.
solid and dot-dashed curves labeled as CSB are the masses e
ing from the model with DDCSB withC153.7 and 6.1, respec
tively, and the dotted curve labeled as QHD is the mass from Q
II. The solar mass is denoted byM solar. The inset shows the ratio o
the masses emerging from the model with DDCSB and QHD
where the solid curve corresponds to the case withC153.7 and the
dot-dashed curve to the case withC156.1. The vertical arrows in
the large and small figures indicate the neutron density corresp
ing to the normal density of nuclear matter,rNM52.84
31014 g/cm3.

-

FIG. 6. The pressure vs density. The solid and dot-das
curves represent the pressures emerging from the calculations
C153.7 and 6.1, respectively, and the dotted curve the pres
from QHD II.
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nucleon and the equation of state in neutron matter. A
demonstration of DDCSB, we showed that the masses
fictitious neutron stars composed of only neutrons are
creased by a sizable amount in comparison with th
emerging from the ordinary nuclear model with no CSB co
sidered. This demonstration warns us that, unless one t
DDCSB into account, one cannot apply ordinary nucle
forces to a nuclear system with large isospin asymmetry s
as unstable nuclei with large neutron excess.
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