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Neutral pion condensation in the chiral SU„3…‹SU„3… model

Koichi Takahashi
Department of Liberal Arts, Tohoku Gakuin University, Izumi-ku, Sendai 981-3139, Japan

~Received 11 February 2002; published 16 August 2002!

A pure p-wavep0 condensation in the chiral SU(3)^ SU(3) model is studied within the relativistic mean-
field approximation and its effect on the equation of state is compared with that of a pures-wave K2

condensation. To this end, three models are considered, which are distinguished from each other in the wayss,
v, andr mesons contribute to the system’s energy. We find that, although the details of the result are model
dependent, thep0 condensation forming a standing wave is commonly observed in the intermediate region of
density. In particular, in casev’s mass is generated through coupling tos, p0 condensation reduces the
system’s energy significantly. The purep0 condensation tends to be taken over by the pure uniformK2

condensation at high densities because of the dominance of the KN sigma term.

DOI: 10.1103/PhysRevC.66.025202 PACS number~s!: 12.39.Fe, 26.60.1c
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I. INTRODUCTION

The meson condensation in dense matter is expecte
affect significantly the physics of a neutron star via both
softening of the equation of state of dense matter and
viding a powerful source of weak interaction. In particul
the lightest pseudoscalars, pions, and kaons have so fa
tracted great attentions of many authors in expectation
incorporating the broken chiral symmetry, an important n
tion in the phenomenology just above the level of quant
chromodynamics.

An intriguing nonrelativistic analysis of pion condens
tion within the linears model ~L s M! was performed by
Dautry and Nyman within the mean-field approximation@1#.
They found a variational solution that exhibits a stand
wave for chiral fields and a perfect polarization of nucleo
This view was applied later to a relativistic analysis of qua
pion matter@2#. The naive Ls M, however, is known to give
unacceptably large compression moduli for the norm
nuclear matter@3,4#, and has been subject to various mod
cations to overcome this difficulty@5#.

Recently, the Ls M of nucleons and pions was reexam
ined within a relativistic mean-field approximation for th
purpose of finding, at high densities, a stable phase o
than the normal one@6#. There, it was confirmed that th
chiral fieldss andp0 form the Dautry-Nyman configuration
in symmetric neutron matter at and above a few times n
mal nuclear matter densityn0 . In this state, the axial charg
is nonvanishing. In Ref.@6#, such a field configuration wa
referred to as axial wave condensation~AWC!. Under the
AWC, the Fermi surface is deformed and the nucleons po
ize because of the nonvanishing spatial component of
axial current. The nucleons have magnetic moments. T
implies that the ground state of high-density matter is lik
to be spontaneously magnetized. These results are rega
as a relativistic version of the studies based on the nonr
tivistic L s M @7#.

The L s M generally suffers from the appearance of
tachyon@8#. To avoid this undesirable situation, the pseud
scalar mesons must be treated explicitly as the Nam
Goldstone modes associated with the breakdown of ch
symmetry. For this purpose, it will be preferable to wo
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within the SU(3)̂ SU(3) nonlinear chiral model. Such a
extension of the symmetry group has an additional merit t
the remaining particle species as strange hadrons will be
tematically incorporated.

The nonlinear chiral SU(3)̂ SU(3) model has long bee
prevalent as a basic tool in exploring the possibility of ka
condensation~KC! in dense matter since the work of Kapla
and Nelson@9#. There the kaon-nucleons-wave attraction via
the massive strange quark, the major driving force of K
starts to work at a few timesn0 .

In contrast to the familiar KC, the origin of AWC is at
tributed mainly to the condensation of a light neutral pi
with a finite wave vector. Thus, which of the kaon and pi
condensations finally governs the equation of state~EOS!
becomes an urgent issue in the study of high-density ma
based on the chiral SU(3)̂SU(3) model. In this paper, we
calculate the EOS’s of neutron star matter in chiral SU(
^ SU(3) for K2 condensation andp0 condensation to see
their relative importance.

In the following section, we describe the models based
the Kaplan-Nelson model. In Secs. III and IV, arguments
constructing physical quantities are given for AWC and K
respectively. In Sec. V, the forms of potentials and the eff
tive nucleon mass are specified. In Sec. VI, the results
numerical calculations are presented. Section VII is devo
to concluding remarks.

II. MODEL

Our model has the same structure as the one adopte
Kaplan and Nelson@9# for the sector of baryons and~pseudo!
Nambu-Goldstone bosons,

Lx5
f 2

2
Tr]mU†]mU1c Tr@mq~U1U†22!#

1TrB̄~ i ]2mB!B1 i TrB̄gm@Vm ,B#

1D TrB̄gmg5$Am ,B%1F TrB̄gmg5@Am ,B#

1a1TrB̄~jmqj1H.c.!B1a2TrB̄B~jmqj1H.c.!

1a3TrB̄B Tr@mq~U1U†!#, ~2.1!
©2002 The American Physical Society02-1
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where U5j25exp(&iM /f ). Vm and Am are the usual
vector and axial vector fields constructed fromj. The
quark mass matrix is given bymq5diag(m̄,m̄,ms) with
m̄5(mu1md)/2. The meson and baryon matrices are giv
by

M5S p0/& 0 K1

0 2p0/& 0

K2 0 0
D , B5S 0 0 p

0 0 n

0 0 0
D .

~2.2!

After some algebra, it is possible to obtain a single ma
expression ofj for the case wherep0 andK simultaneously
exist:

j5S W 0 Xeif

0 Y 0

Xe2 if 0 Z
D , ~2.3a!

W5cos2
w

2
eiur cos2 w/21sin2

w

2
e2 iur sin2 w/2,

X5
sinw

2
~eiur cos2 w/22e2 iur sin2 w/2!, Y5e2 iur cosw,

Z5sin2
w

2
eiur cos2 w/21cos2

w

2
e2 iur sin2 w/2, ~2.3b!

with f5arg(K1), u51/& f , andr andw being defined by

r[Ap02
/214K1K2, K65be6 if,

p0/&5r cosw, 2b5r sinw. ~2.4!

However, hereafter we restrict ourselves to the cases e
p0Þ0 andK650 or p050 andK6Þ0 for clarity of argu-
ment. The total Lagrangian is given by

LT5LX1LB̄Bs2Us2Uv2Ur , ~2.5!

where the last four terms are, respectively, the contributi
from the baryon-s interaction, and the potentials ofs, v, and
r0 mesons, which play important roles in the relativis
mean-field theory@10#. Their forms will be specified later.

Following the spirit of the relativistic mean-field theor
we push various effects of nuclear forces into the interacti
of s, v, r0 mesons and nucleons. The relevant model par
eters are determined by the nuclear matter data at satura
On the other hand, for determining the products of the qu
masses and the parametersa1,2,3 in Lx , we will use the val-
ues of the sigma terms deduced from the experimental
in vacuum. This is the so-called on-shellS approximation,
which has not yet been satisfactorily validated@11#. This
means that the in-medium off-shell extrapolation is som
what ambiguous and model dependent in the effective
grangian formalism@12#. In fact, from the viewpoint of chi-
ral perturbation theory, thef in Eq. ~2.1! is expected to be
scaled in a density-dependent way@13#. Nevertheless, in this
02520
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paper, we shall work within the on-shell-S approximation
since, for the purpose of observing the relative significan
of kaon and pion condensations, it will be reasonable to s
from a common footing, which may be conveniently pr
vided by choosing the effective Lagrangians appropriat
Many works to calculate the EOS under the KC@14–16# as
well as the kaon energy in medium@17# have been done
within the effective field theory of this kind. The details o
the construction of our model are discussed in the follow
sections.

III. p0 CONDENSATION

In order to explore the neutral pion condensation, we
K650 in the meson matrixM. The positive electric charge
carried by protons is neutralized by free electrons. The ch
Lagrangian for the nucleons and the pion is read fromLx as

Lx5LpB[
1

2
~]mp0!22 f 2mp

2 sin2
p0

& f
1c̄~ i ]2MB,x!c

2
F1D

2 f
]mp0c̄gmg5t3c, ~3.1!

where c stands for the SU~2! doublet of a proton and a
neutron andt3 is the third isospin matrix. ForF andD, we
use a valueF1D51.25. The baryonic mass functionMB,x
is given by

MB,x5mB22a1m̄22a2ms22a3~2m̄1ms!

1~2a114a3!m̄S p0

f D 2

Y~p0!, ~3.2!

whereY(s) is defined by

Y~s![
2 f 2

s2 sin2
s

& f
. ~3.3!

TheLBBs in the relativistic mean-field Lagrangian has th
form 2MRMF(s)c̄c and will also contribute to the baryo
mass in the absence ofp0,

M ~s!5MB,xup0501MRMF~s!. ~3.4!

The effective baryon mass under thep0 condensation is then
expressed as

MB5M ~s!1~2a114a3!m̄S p0

f D 2

Y~p0!. ~3.5!

We first recall that, in Ls M, the pseudoscalar couplin
p0i c̄g5t3c @pseudoscalar representation~PSR!# was chiral-
rotated away and transmuted to an axial vector coup
1
2 ]mVc̄gmg5t3c @axial vector representation~AVR!# by
cPS5exp(2ig5t3V/2)cAV with obvious meanings of sub
scripts @1,6#. Here, a chiral angleV has been defined by
p0/s5tanV. Then, V5kz was substituted into the La
grangian and the equation of motion forcAV was solved.
Using the solutions found in Refs.@1,18#, we see that the
corresponding eigenfunctionsuAV render the scalar densit
rAV[ūAVuAV finite and the pseudoscalar densityr5,AV
[ i ūAVg5t3uAV to vanish. This means that, for PSR,
2-2
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rPS[ūPSuPS5rAV coskz,

r5,PS[ i ūPSg5t3uPS52rAV sinkz. ~3.6!

Thus, a two-dimensional vector (rPS,r5,PS) rotates along the
z axis as is depicted in Fig. 1. The AWC is the chiral fie
configuration that brings about the effect of this kind on t
fermion sector.

In the nonlinear model, the chiral angles represent
Goldstone fields. Then, the classical pion field that will gi
rise to an effect analogous to the AWC is given simply by
linear function of spatial coordinates,

p05 f kz. ~3.7!

Here k is a constant. The equation of motion of nucleon
the AVR reads

~ i ]2 1
2 k̃g3g5t32MB!c50, ~3.8!

wherek̃[(F1D)k. SinceMB given by Eq.~3.5! is spatially
oscillating, solving Eq.~3.8! is not an easy task. Instead o
dealing with Eq.~3.8! as it is, we replaceMB by its spatial
average,

M̄B[V21E MB~x!dx5M ~s!1DM ,

DM52SpN5~2a114a3!m̄, ~3.9!

where SpN is the pN sigma term in vacuum:SpN
5m̄]MBup050 /]m̄. This procedure is equivalent to assum
ing, on taking the expectation value of the Hamiltonian,
Fermi sea being filled with nucleons in single particle sta

FIG. 1. Schematic view of a helix structure o

(^c̄c&,^ i c̄g5t3c&) for PSR witht351 in AWC.
02520
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of plane-wave forms. This may not be a bad approximat
when m̄ is regarded small enough as compared to the ch
acteristic energy scale appearing in high-density regions
are interested in@18#. The value ofSpN estimated from the
pN scatterings lies in a wide range@19#. Inputting values of
a1’s and m̄;ms/30 given in the literature@15,20#, we have
SpN'(2.6714.220)/30 MeV'(3465) MeV. We will cal-
culate EOS of the AWC phase forSpN530 MeV. This value
will turn out not to necessarily be a negligible one when
later compare binding energies per baryon for various m
els. A notable feature is thatDM,0, i.e., the AWC is ex-
pected to provide ans-wave attraction in a sense of averag
as long as the up and down quarks are massive.

The energy eigenvalue of Eq.~3.8! for a momentumq is
given by @1,6,18#

v6~q!5Fq1
21q2

21SAq3
21M̄B

26
1

2
k̄D 2G1/2

, ~3.10!

with the double sign corresponding to two spin polarizatio
There exists an energy gapk̃ between the higher and lowe
branches. Whenk̃ is sufficiently large, the Fermi sea o
nucleons is formed by filling the levels of lower branchv2 .
The energy density of the nucleoni ~i 5n or p! thus obtained
is

« i5
gs

2p2 H S EF
~ i !

4
2

5k̃

24
D qF

~ i !31
M̄B

22 k̃2

8
F S EF

~ i !1
k̃

2
D qF

~ i !

2M̄B
2 ln

EF
~ i !1qF

~ i !1 1
2 k̃

M̄B

G J . ~3.11!

where gs51 is the factor of spin degeneracy,EF
( i ) is the

Fermi energy of the nucleoni, and qF
( i ) , the longer half-

radius of the deformed Fermi surface, is given by

qF
~ i !5AS EF

~ i !1
1

2
k̃D 2

2M̄B
2. ~3.12!

The EF
( i ) and the particle number densityni are related by

ni5
gs

4p2 F qF
~ i !

3
S 2EF

~ i !222M̄B
22

k̃2

4
1

k̃

2
EF

~ i !D
1

k̃

2
EF

~ i !2 ln
EF

~ i !1qF
~ i !1 1

2 k̃

M̄B

G . ~3.13!

The total baryon number density is given byn5nn1np . In
case the Fermi energy exceedsM̄B1 k̃/2, the higher branch
must also be taken into account. WhenM̄B. k̃/2 ~this is a
case we encounter in numerical calculations given belo!,
the physical quantities for the higher branch are obtained
a replacementk→2k in the expressions~3.11!–~3.13!. The
average energy density forLpB thus reads
2-3
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«pB5«n1«p1 1
2 f 2~k21mp

2 !. ~3.14!

where sin2(p0/&f ) in Eq. ~3.1! has been replaced by12.
Obviously, the PSR of Eq.~3.1! is obtained bycAV

5e2 i (F1D)p0g5t3/2 fcPS. The chiral angle corresponding t
this transformation is given by2 k̃z, which yields
(rPS,r5,PS)}(cosk̃z,sink̃z), i.e., a helix structure shown in
Fig. 1. The configuration of this kind is analogous to t
atomic spin configuration called spin-density wave in so
state physics@21#. This analogy seems to become more p
tinent if we note thatS15 1

2 *dx c̄c, S25 1
2 *dxi c̄g5t3c,

and S35 1
2 Q5,nL5 1

2 *dx j 5,nL
0 are ‘‘chiral spin’’ operators:

@Si ,Sj #5 i« t jkSk for static meson fields. If the symmetr
were exact,S3 would be conserved and could be used a
quantum number to characterize the system. Unfortuna
this is not an exact symmetry for the situation under cons
eration. Nevertheless, the quantities associated with these
erators are expected to be useful in characterizing the A
phase of high-density nuclear matter.

We here give a brief remark on charged pion conden
tion. Because of an advantage in fulfilling the charge neut
ity condition, thep2 condensation has been of a wide inte
est in the physics of neutron star matter. Within the LsM,
Dautry and Nyman have made an estimation of the effec
thep2 condensation to the system’s energy and compare
with that of thesp0 condensate~i.e., AWC! under a familiar
assumption@1#,

p16 ip25re6 iq•z sinu,

s6 ip35re6 ik•x cosu. ~3.15!

They found that the contribution ofp2 is small as compared
to the AWC ofs andp3 . Using their solution†Eq. ~3.2! in
Ref. @1#‡ for the nucleon wave function, the chiral spin ve
tor for the configuration~3.15! is given by

rPS5rAV cosk•x2r5,AV sink•x,

r5,PS5rAV sink•x1r5,AV cosk•x, ~3.16!

whererAV and r5,AV are independent of the spatial coord
nate. A purep2 condensation may implyk50 and thus no
spatial dependence in (rPS,r5,PS). In our terminology, the
chiral spin density wave does not form for a purep2 con-
densation. This feature of pion condensation will remain
sentially unaltered in the nonlinear model, too.~One might
think of a configuration such asp16 ip25 f k•xe7 impt.
However, its kinetic energy is divergent formpÞ0.! Al-
though the effect of the charged pion has to be eventu
clarified, we here expect that the assumption of the do
nance of AWC is not a bad approximation as long as the p
condensation in the chiral model is concerned.

IV. KÀ CONDENSATION

The kaon condensed phase in the Kaplan-Nelson m
@9# has been studied intensively by many authors for vari
situations including neutral kaon and hyperons. In
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present study, we consider a pure uniformK2 condensation
for the sake of simplicity and setp050 in Eq. ~2.2!.

The exact electric U~1! invariance of the model implies
that the expectation value of charged field with respect to
ground state with a fixed baryon number should vanish
less the corresponding chemical potential vanishes@22#.
Therefore, for a uniform condensation of a charged kaon,
assume

^K2&50, ^K1K2&5s2Þ0, ~4.1!

while, for the operator,

K25
1

A2vV
~e2 imtc1ei m̄tc̄†!. ~4.2!

with c and c̄ the annihilation operators ofK2 andK1 with
zero momentum, respectively,v is a parameter with a di-
mension of mass andV is the system’s volume. Then, th
canonical quantization

@K2,PK#5 i , PK5VdLx /dK̇2, ~4.3!

and the construction of the ground stateF having a three-
body correlation^n̄pK2& follow @23#. In this method, the
parameterm appearing in Eq.~4.2! has a meaning of the
chemical potential ofK2. This can be seen by evaluating th
two-point Green’s functionGK(t)5^FuTK1(t)K2(0)uF&
for the kaon field and observing that the Fourier transform
GK(t) has a pole atm. Thus creating oneK2 in the medium
costs the energy ofm. Similarly, m̄ is the chemical potentia
of K1. The canonical quantization condition and the norm
ization condition of the kaon field operator uniquely dete
mine m and m̄ as functions of the baryon number densityn,
the kaon concentrationy ands defined by Eq.~4.1!,

v5
ny

2s2 , ~4.4a!

m5
ny

f 2 sin2
&s

f

S 12~11y!sin2
s

& f
D , ~4.4b!

m̄52v2m. ~4.4c!

Now we give the Lagrangian forK2 and nucleons,

Lx5LKB[K̇1K̇2Y~2s!2mK
2 s2Y~s!1c̄~ i ]2MB!c

1
i

8 f 2 ~K1K̇22H.c.!Y~s!c̄~31t3!c, ~4.5!

where the functionY(s) has been defined by Eq.~3.3!. The
effective baryon massMB is now given by

MB5M ~s!1S a1

2
~11t3!1a212a3D MsS s

f D
2

Y~s!.

~4.6!
2-4
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TABLE I. Parameters of model I and II.

r m K ~MeV! cv cp c0 ~fm22! c1 c2 c3 D a0 a1 a2

I 0.85 300 45.3 28 0 33.8 272.8 1.52 0 1 0 0
II 0.74 240 86.6 25.4 211.8 242 2241 2413 283 0.45 1.1 20.548
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MB is dependent ont3 . However, because of the relativ
smallness ofa1 , we simply dropt3 in Eq. ~4.6! and express
MB in terms of the KN sigma term in vacuum:SKN
52(a1/21a212a3)ms . We will perform numerical calcu-
lations for SKN5300 and 400 MeV. The electric charge
protons is supposed to be neutralized byK2 and electrons.

Our approach may form a contrast to the conventio
mean-field approximation that assumes a finite classicaK
field with a single oscillation mode

^K2&5e2 imctKc , ~4.7!

wheremc is the charge chemical potential. For pureK2 con-
densation, this happens to result in a classical Lagran
identical in appearance to the one derived by our meth
provided thatKc is identified with s defined by Eq.~4.1!.
However, themc , treated as a variational parameter the
can be determined by a numerical method under the ch
neutrality condition.

V. CONTRIBUTIONS OF SCALAR AND VECTOR
MESONS

The model involves a number of free parameters that
not determined by a symmetry requirement only. They
constrained by observational data as the free hadron ma
in particular, the free nucleon massM05939 MeV, thepN
sigma term SpN;30 MeV, the KN sigma termSKN
;300– 400 MeV, and such nuclear matter data at satura
as the effective nucleon mass ratior m[M* /M050.6– 0.8,
the binding energy per baryonEb516 MeV, the symmetry
energy asym532 MeV, the incompressibility K
5150– 350 MeV, the saturation density n0
50.16– 0.17 fm23. However, there still is room allowing
some variants in the details of model structure and the glo
property of EOS. Those variants are specified by disti
functional forms of the scalar potentials, the contributions
vector mesons and the nucleon mass function.

We first consider a model exploited by Sahu and Oni
@24# in constructing the EOS of normal neutron star mat
within the L s M. There, thes potential and the nucleon
mass without pseudoscalar condensation,M (s), are given
by

Us,I~s!5
c0

2
~s2s0!21

c1

4
~s22s0

2!21
c2

6s0
2 ~s22s0

2!3

1
c3

8s0
4 ~s22s0

2!42Ds0~ 2
3 s0

32s0
2s1 1

3 s3!,

~5.1!
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M I~s!5gssFa01a1S s

s0
D 2

1a2S s

s0
D 4G , ~5.2!

with c05D50, a051, a15a250. The vacuum is given by
s5s0 . In vacuum, the reflection symmetry unders→
2s, c→g5c is broken spontaneously and the nucleon
quires a massM1(s0)5M0 . Together with the condition
s05 f 593 MeV met in the LsM, this yieldsgs510.1. The
nucleon effective mass and the incompressibility are take
r m50.85 andK5300 MeV. Thev and ther0 potentials are
chosen as

Uv,I~s!5
1

2
cv,IS n

gss D 2

, Ur,I5
1

2
cr,IS n

M0
D 2

~122x!2,

~5.3!

wherex is the proton fraction. The Boguta scheme@25# is
applied tov meson, whose mass is determined through
coupling tos field. On the other hand, ther0’s mass is a
fixed parameter. Treating ther0 contribution in such a man
ner yields a softer EOS of neutron rich matter.

TheM, Us , andUv in the second model have exactly th
same functional forms as given above, but with differe
values of parameters. The form ofUr is changed as

Ur,II5
1

2
cr,IIS n

gss D 2

~122x!2. ~5.4!

That is, the Boguta scheme is applied to both of thev and
the r0 mesons. With this extension of the parameter spa
we hope to explore a wider region of the effective nucle
mass and the incompressibility at saturation.

The third model is given by

Us,III~s!5

1
2 f ms

2s21 1
2 Bss31 1

2 Css4

11 1
2 Ass2

, ~5.5!

M III ~s!5M02gss, ~5.6!

Uv,III5
1

2
cv,III S n

M0
D 2

, Ur,III5
1

2
cr,III S n

M0
D 2

~122x!2.

~5.7!

In this model, the vacuum is given bys50. This set of
potentials and mass function was adopted by Fujiiet al. @16#
in the analysis of KC in a neutron star matter with a lo
incompressibility. The vector meson masses in their mo
are fixed. For other parameters, see Ref.@16#. In our analysis,
we adopt the parameter set PM2 in Ref.@16# which yields
EOS with intermediate stiffness. The KC has been found
set in atn'0.5 fm23, and the binding energy per baryo
2-5
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under the KC is reduced from the normal phase by abou
MeV at n'0.8 fm23. The values of parameters used in mo
els I, II, and III are given in Table I.

VI. NUMERICAL CALCULATIONS

The binding energies per baryon for three models over
density region 0,n,1 fm23 are shown in Figs. 2–4. In
model I, along with the increase in density, the phase
minimum energy changes from the normal phase to the
with AWC, which is finally taken over by KC as is shown i
Fig. 2~a!. The density ranges of the AWC phase are 0.63
0.39 fm23 for SKN5300 and 400 MeV, respectively. In orde
to observe the effect ofDM (52SpN) in Eq. ~3.9!, a calcu-
lation of EOS for DM50 is also done and the result
shown by a gray curve in the same figure. The value ofEb
gets about 25 MeV larger and the region of AWC pha
shrinks to 0.28 and 0.09 fm23 for SKN5300 and 400 MeV,
respectively. This means that the finiteness of thepN-sigma
term provides one of the key mechanisms in reducing s

FIG. 2. ~a! Energy per baryon for model I. Dotted curve, norm
phase; short dashed curve, KC withSKN5300 MeV; long dashed
curve, KC with SKN5400 MeV; black solid curve, AWC; gray
solid curve, fictitious AWC withSpN50. ~b! Effective nucleon
mass andk for model I. Meanings of dotted, short dashed, lo
dashed, black solid, and gray solid curves are same as in~a!. Dash-
dotted curve,k in AWC.

FIG. 3. ~a! Energy per baryon for model II. Meanings of curve
are same as in Fig. 2.~b! Effective nucleon mass andk for model II.
Meanings of curves are same as in Fig. 2.
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tem’s energy by the AWC. The effective mass of nucleo
increases aboven50.4 fm23 for the normal and the AWC
phases, while, for the KC phase, continues to decrease d
to 3 fm21'590 MeV for SKN5300 MeV and 2.5 fm21

'490 MeV for SKN5400 MeV, respectively. The decreas
of the effective mass is larger for a larger KN-sigma ter
The wave vectork in the AWC phase increases almost li
early with the density. The interplay of the finiteSpN and the
finite k in AWC gives rise to an appreciable reduction
energy in the intermediate density range.

Model II with r m50.74 and K5240 MeV has stiffer
EOS’s for all three phases than model I, as is shown in F
3~a!. For the caseSKN5400 MeV, the region where the
AWC is favored is 0.21,n,0.9 fm23, above which the KC
takes over. ForSKN5300 MeV, the KC phase is not realize
in n,1 fm23. The wider density range for AWC phase
obviously attributed to the large effective nucleon massM*
shown in Fig. 3~b!: the dispersion relation~3.9! implies that,
for a sufficiently large effective mass, developingk and re-
ducing the energy levels of the lower branch can reduce
energy of Fermi sea as compared with forming the sea
nucleons with the normal dispersion relation~i.e., k50!.

The EOS’s for model III with r m50.75 and K
5200 MeV are shown in Fig. 4~a!. In the AWC phase of this
model, the Fermi sea accommodates not only the lo
branch, but also the higher branch of neutrons. Even if thi
taken into consideration, the AWC costs a largeEb and its
region is as narrow as 0.33 and 0.24 fm23 for SKN5300 and
400 MeV, respectively. ForDM50, AWC never takes place
This feature of EOS again has a relevance to the behavio
effective nucleon massM* : it rapidly decreases to as small
value as 200 MeV aroundn51 fm23 as is shown in Fig.
4~b!. WhenM* is small enough, Eq.~3.10! implies that fill-
ing the lower level in the AWC phase costs almost the sa
energy as the normal Fermi sea withgs52 andk50. There-
fore, the AWC does not make so much effects on the KC
it does in models I and II.

The EOS’s under KC for model III calculated by the co
ventional mean-field approximation have been reported
Ref. @16#. We note that they almost coincide with the on
obtained by our method.

FIG. 4. ~a! Energy per baryon for model III. Meanings of curve
are same as in Fig. 2.~b! Effective nucleon mass andk for model
III. Meanings of curves are same as in Fig. 2.
2-6
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VII. CONCLUDING REMARKS

We calculated, within the relativistic mean-field approx
mation, the EOS’s of neutron star matter in the nonlin
chiral SU(3)̂ SU(3) theory of nucleons and mesons. Thr
phases are considered. The first is the normal phase of n
ons and leptons, which is realized at lower densities. T
second one is the phase with charged kaons in a unif
condensation, which has customarily been considered t
realized at higher densities. The last one is a phase that
sists of neutral pions in AWC and polarized nucleons.
order to observe the inter-relation among these phases,
different models were adopted as examples, each of whic
characterized by the forms of potentials, the values of
incompressibility, the effective nucleon mass at saturat
and so on. Each model calculation was performed for t
values of the KN sigma term:SKN5300 and 400 MeV. We
found that, for all of those models, the matter undergoes
first order phase transition from the normal to the AW
phase at 0.2– 0.3 fm23. Models with larger effective
nucleon mass tend to have a wider density region of
AWC. The role of thepN-sigma term in AWC is crucial: if
the masses of up and down quarks, and thereforeSpN , are
s.

cl.

hy

y

B
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assumed to vanish, then the region of AWC drastically
minishes. On the contrary, if values larger than 30 MeV w
used forSpN , the AWC phase would possibly be predom
nant over other phases in the density region relevant to i
rior of neutron stars.

Some comments are in order. One can regard the ch
symmetry to be not a necessary but a sufficient condition
the AWC to take place. The key mechanism is a genera
of the axial vector current, whose time component is
chiral charge and the spatial component is the spin. In f
some authors, stressing on the importance of axial ve
coupling between the baryon and pion, have shown the p
sibility of nucleon polarization in dense matter in the absen
of chiral symmetry@26#.

Because of the KN-sigma term in Eq.~4.6!, it may be
another possibility that kaons~presumably neutral! in a
standing wave condensation as well play a role to reduce
energy of AWC phase further. The exploration of the sim
taneous condensation of pions and kaons~p-wave K̄0 in ad-
dition to thes-waveK2!, together with a quantitative evalu
ation of the effect of charged pion condensation, th
becomes an intriguing issue in the context of our approac
the study of dense matter.
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