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Neutral pion condensation in the chiral SU3)® SU(3) model
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A pure p-wave 7° condensation in the chiral SU(8)SU(3) model is studied within the relativistic mean-
field approximation and its effect on the equation of state is compared with that of aspuamee K™
condensation. To this end, three models are considered, which are distinguished from each other indhe ways
w, andp mesons contribute to the system’s energy. We find that, although the details of the result are model
dependent, ther® condensation forming a standing wave is commonly observed in the intermediate region of
density. In particular, in case’s mass is generated through coupling ¢p 7° condensation reduces the
system’s energy significantly. The pure® condensation tends to be taken over by the pure unifiirm
condensation at high densities because of the dominance of the KN sigma term.
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. INTRODUCTION within the SU(3)® SU(3) nonlinear chiral model. Such an
extension of the symmetry group has an additional merit that
The meson condensation in dense matter is expected the remaining particle species as strange hadrons will be sys-
affect significantly the physics of a neutron star via both theematically incorporated.
softening of the equation of state of dense matter and pro- The nonlinear chiral SU(3) SU(3) model has long been
viding a powerful source of weak interaction. In particular, prevalent as a basic tool in exploring the possibility of kaon
the lightest pseudoscalars, pions, and kaons have so far aendensatiorfKC) in dense matter since the work of Kaplan
tracted great attentions of many authors in expectation oand Nelsori9]. There the kaon-nucle@wave attraction via
incorporating the broken chiral symmetry, an important nothe massive strange quark, the major driving force of KC,
tion in the phenomenology just above the level of quantunstarts to work at a few times,.
chromodynamics. In contrast to the familiar KC, the origin of AWC is at-
An intriguing nonrelativistic analysis of pion condensa- tributed mainly to the condensation of a light neutral pion
tion within the lineare model (L o M) was performed by with a finite wave vector. Thus, which of the kaon and pion
Dautry and Nyman within the mean-field approximat[dn condensations finally governs the equation of s{@&@©9
They found a variational solution that exhibits a standingbecomes an urgent issue in the study of high-density matter
wave for chiral fields and a perfect polarization of nucleonsbased on the chiral SU(8)SU(3) model. In this paper, we
This view was applied later to a relativistic analysis of quark-calculate the EOS’s of neutron star matter in chiral SU(3)
pion mattef2]. The naive Lo M, however, is known to give  ®SU(3) for K~ condensation and® condensation to see
unacceptably large compression moduli for the normatheir relative importance.
nuclear mattef3,4], and has been subject to various modifi-  In the following section, we describe the models based on
cations to overcome this difficult§s]. the Kaplan-Nelson model. In Secs. Il and 1V, arguments for
Recently, the Lo M of nucleons and pions was reexam- constructing physical quantities are given for AWC and KC,
ined within a relativistic mean-field approximation for the respectively. In Sec. V, the forms of potentials and the effec-
purpose of finding, at high densities, a stable phase othaive nucleon mass are specified. In Sec. VI, the results of
than the normal ong6]. There, it was confirmed that the numerical calculations are presented. Section VIl is devoted
chiral fieldso and 7° form the Dautry-Nyman configuration to concluding remarks.
in symmetric neutron matter at and above a few times nor-

mal nuclear matter density,. In this state, the axial charge Il. MODEL
is nonvanishing. In Ref[6], such a field configuration was
referred to as axial wave condensatihWC). Under the Our model has the same structure as the one adopted by

AWC, the Fermi surface is deformed and the nucleons polaf<a@plan and Nelsofd] for the sector of baryons arigseudo
ize because of the nonvanishing spatial component of thB@mbu-Goldstone bosons,

axial current. The nucleons have magnetic moments. This 2

implies that the ground state of high-density matter is likely Lx=—TraMUTaf’“U +c T my(U+ ut—2)]

to be spontaneously magnetized. These results are regarded
as a relativistic version of the studies based on the nonrela-

e _ - e M
tivistic L o M [7]. +TrB(id—mg)B+i TrBy*[V,,B]

The L o M generally suffers from the appearance of a +D TrBy*ys{A, B} +F TrBy“ys[A, ,B]
tachyon[8]. To avoid this undesirable situation, the pseudo- e e
scalar mesons must be treated explicitly as the Nambu- +alTr§(§mq§+ H.c.)B+a2Tr§B(§mq§+ H.c)
Goldstone modes associated with the breakdown of chiral o
symmetry. For this purpose, it will be preferable to work +azTrBB Tr[mq(U+UT)], (2.9
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where U= ¢2=exp(/2iM/f). V, and A, are the usual paper, we shall work within the on-shé&l-approximation
vector and axial vector fields constructed froén The  since, for the purpose of observing the relative significance
quark mass matrix is given byn,=diag(m,m,ms) with  of kaon and pion condensations, it will be reasonable to start
m= (m,+my)/2. The meson and baryon matrices are givenffom a common footing, which may be conveniently pro-
by vided by choosing the effective Lagrangians appropriately.
Many works to calculate the EOS under the K2l-16 as

A%} 0 K* 0 0 p well as the kaon energy in mediupi7] have been done
M= 0 290 s=l0 o n within the eff_ectlve field theory of thls kind. '_I'he details (_)f
- ' - the construction of our model are discussed in the following
K™ 0 0 0 0 O sections.
(2.2

. #° CONDENSATION
After some algebra, it is possible to obtain a single matrix

expression of for the case where® andK simultaneously In order to explore the neutral pion condensation, we set

K*=0 in the meson matridl. The positive electric charge

exist carried by protons is neutralized by free electrons. The chiral
W 0 Xé&¢ Lagrangian for the nucleons and the pion is read fiopras
&= 0 Y 0 |, (2.39 1 om
Xe b o0 7 LX=LﬁBEE(aMwO)Z—fzmismz‘/?ﬂ/x(la—MB,X)w
F+D _
W= cosz%oe‘”P cog’ ‘P’2+sin2§e“”” sir? 12, - T%WOIW"%W/A (3.
. where ¢ stands for the S(2) doublet of a proton and a
X = Sing (elvr cos @l2__ g iup sin 9/2) Y=g iupcose neutron andrs is the third isospin matrix. FoF andD, we
2 ’ ’ use a valug=+D=1.25. The baryonic mass functidv ,
is given by
Z=Sin2§ei“’3 cof ¢/2 1. coszge‘iup s ¢l2 - (2.3h) Mg, =Mg—2a;M— 2a,Ms— 2az(2m+m;)
71_O 2
with p=argK™), u=1#2f, andp and ¢ being defined by +(2a1+4a3)ﬁ(7) Y(79), (3.2
p=\rR+4K K-, KT=pge*i?, whereY(s) is defined by
Ova= 2B=psi 2.4 21* oS
m[V2=pCcosp, 2B=psing. : Y(S)E?SIHZ‘E. (3.3
However, hereafter we restrict ourselves to the cases either _ o . _
m#0 andK*=0 or 7°=0 andK* #0 for clarity of argu- TheLgg, in the relativistic mean-field Lagrangian has the
ment. The total Lagrangian is given by form —Mgue(o) iy and will also contribute to the baryon
mass in the absence af,
LT:LX+ LEB(r_U(r_Uw_U ’ (25)
g M(0)=Mg |z =0t Mrue(0). (3.9

where the last four terms are, respectively, the contributions i o
from the baryons interaction, and the potentials of w, and The effective baryon mass under th& condensation is then
po mesons, which play important roles in the relativistic expressed as
mean-field theory10]. Their forms will be specified later. 70
Following the spirit of the relativistic mean-field theory, Mg= M(U)+(231+433)E(T
we push various effects of nuclear forces into the interactions
of o, w, pg mesons and nucleons. The relevant model param- We first recall that, in Lo M, the pseudoscalar coupling
eters are determined by the nuclear matter data at saturatiop?; yry 7,4 [pseudoscalar representatit®SR] was chiral-
On the other hand, for determining the products of the quarkotated away and transmuted to an axial vector coupling
masses and.the parametears, 3 in L, , we will use lthe val- : 3MQZ7ﬂ7573¢ [axial vector representatiofAVR)] by
ues of the sigma terms deduced from the experimental datg, — exp(—iysm0/2),, with obvious meanings of sub-
in vacuum. This is the so-called on-sh&llapproximation,  scripts[1,6]. Here, a chiral angle€) has been defined by
which has not yet been satisfactorily validatel]. This 79 s=tan). Then, Q=kz was substituted into the La-
means that the in-medium off-shell extrapolation is somegrangian and the equation of motion fgr, was solved.
what ambiguous and model dependent in the effective LatJsing the solutions found in Ref§l,18], we see that the
grangian formalisni12]. In fact, from the viewpoint of chi- corresponding eigenfunctions,, render the scalar density
ral perturbation theory, théin Eq. (2.1) is expected to be p,=upup, finite and the pseudoscalar densipy a/
scaled in a density-dependent w@d]. Nevertheless, in this =iu,, y573U to vanish. This means that, for PSR,

2
Y(7%. (3.5
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of plane-wave forms. This may not be a bad approximation
whenm is regarded small enough as compared to the char-
acteristic energy scale appearing in high-density regions we
are interested if18]. The value ofX _\ estimated from the
7N scatterings lies in a wide randj&9]. Inputting values of
a;’s and m~my/30 given in the literatur¢15,20, we have
3 =~ (2.67+4.220)/30 Me\~ (34=5) MeV. We will cal-
culate EOS of the AWC phase fér, =30 MeV. This value
will turn out not to necessarily be a negligible one when we
later compare binding energies per baryon for various mod-
els. A notable feature is tha&tM <0, i.e., the AWC is ex-
pected to provide ag-wave attraction in a sense of average,
as long as the up and down quarks are massive.

The energy eigenvalue of E¢3.8) for a momentuny is
given by[1,6,18

_ 1) 271/2
\/q§+M§t§k> } . (310

with the double sign corresponding to two spin polarizations.
There exists an energy gpbetween the higher and lower

branches. Wherk is sufficiently large, the Fermi sea of
FIG. 1. Schematic view of a helix structure of hucleons is formed by filling the levels of lower braneh .

w.(q)=| g2 +03+

(9 (i PrysTath)) for PSR with7s=1 in AWC. The energy density of the nucleoki =n or p) thus obtained
is
pps=Updlps= pay COSKZ, 0 o — o, -
- : oo Yo [ B 5K MaTK [ K)o

P5,ps=1UpsysT3Ups= — pay SINKZ. (3.6) o2 Y ar 8 FTy ar
Thus, a two-dimensional vectopgs, ps pg rotates along the _ L
z axis as is depicted in Fig. 1. The AWC is the chiral field _, Ef+q+3k
configuration that brings about the effect of this kind on the ~MgIn———=-1. (3.1
fermion sector. Mg

In the nonlinear model, the chiral angles represent the L . (i)
Goldstone fields. Then, the classical pion field that will giveWNeré ¥s=1 is the factor of spin degeneracl’ is the

rise to an effect analogous to the AWC is given simply by aFermi energy of the nucleon and qt) , the longer half-
linear function of Spatia| Coordinates’ radius of the deformed Fermi SUrfaCe, IS given by

0=fkz. (3.7 . \/
q('):
F

Herek is a constant. The equation of motion of nucleon in
the AVR reads

1\
E$)+§k) —M3. (3.12

The EQ) and the particle number density are related by

(ig—3ky*ysm3—Mg) =0, (3.8 |
~ Vs qg) 2 — (S

wherek=(F + D)k. SinceMg given by Eq.(3.5) is spatially =, 23 2ER2—2Mg~ ZJF EEg)

oscillating, solving Eq(3.8) is not an easy task. Instead of ™

dealing with Eq.(3.8) as it is, we replacé g by its spatial £+ o)1 1R
k +qg’+3

average, R L R (3.13
2 Mg

I\WBEV’lf Mg(X)dx=M (o) +AM,
The total baryon number density is given by-n,+n,. In
AM=-3 _,=(2a;+4az;)m, (3.9 case the Fermi energy excedﬂ%+T</2, the higher branch

must also be taken into account. Wheh;>k/2 (this is a
where %y is the 7N sigma term in vacuumX .y  case we encounter in numerical calculations given bglow
=mJiMg|, -o/Jm. This procedure is equivalent to assum-the physical quantities for the higher branch are obtained by
ing, on taking the expectation value of the Hamiltonian, thea replacemenk— —k in the expression§3.11)—(3.13. The
Fermi sea being filled with nucleons in single particle statesaverage energy density far,g thus reads
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E.8=Entept 1f2(Kk2+ mi). (3.14 present study, we consider a pure unifokm condensation
for the sake of simplicity and set®=0 in Eq.(2.2).
where sif(#°/v2f) in Eq. (3.1) has been replaced By The exact electric (1) invariance of the model implies

Obviously, the PSR of Eq(3.1) is obtained by,  thatthe expectation value of charged field with respect to the
=e*i(F+D)"07573’2f¢pS. The chiral angle corresponding to 9round state with a fixed baryon number should vanish un-
less the corresponding chemical potential vanisf2g).
Therefore, for a uniform condensation of a charged kaon, we
assume

this transformation is given by—kz, which yields

(pps»ps pd < (coskzsinkz), i.e., a helix structure shown in
Fig. 1. The configuration of this kind is analogous to the
atomic spin configuration called spin-density wave in solid (K7)=0, (K*K™)=s?#0, 4.0
state physic$21]. This analogy seems to become more per-

tinent if we note thatS,=3fdx ¢y, S,=3[dxi ¢yysTas,  While, for the operator,

and S;=3Qs, =3/dxj2, are “chiral spin” operators:
[Si,Sj]=igjkS« for static meson fields. If the symmetry 1

were exactS; would be conserved and could be used as a 2wV

guantum number to characterize the system. Unfortunately,

this is not an exact symmetry for the situation under considyith ¢ andc the annihilation operators &€~ andK™* with
eration. Nevertheless, the quantities associated with these 0parg momentum, respectively is a parameter with a di-

erators are expected to be useful in characterizing the AWGrension of mass an¥ is the system’s volume. Then, the

K = (e~ iMtc+girteT). 4.2

phase of high-density nuclear matter. canonical quantization
We here give a brief remark on charged pion condensa-
tion. Because of an advantage in fulfilling the charge neutral- [K™ M ]=i, TMg=VéL, /oK™ 4.3
’ 3 X 3 .

ity condition, ther~ condensation has been of a wide inter-
est in the physics of neutron star matter. Within theM,  anq the construction of the ground stabehaving a three-
Dautry and Nyman have made an estimation of the effect ofyqy correlation(npK~) follow [23]. In this method, the
th.e 7~ condensation to the sygtem’s energy and com.p-ared Barameter,u appearing in Eq(4.2) has a meaning of the
with that of theom° condensatéi.e., AWC) under a familiar  chemical potential oK ~. This can be seen by evaluating the
assumptiorf1], two-point Green's functionG(t)=(®|TK"(t)K~(0)|®)
for the kaon field and observing that the Fourier transform of
Gk(t) has a pole a. Thus creating on& ~ in the medium
(3.15 costs the energy gf. Similarly, « is the chemical potential
' of K*. The canonical quantization condition and the normal-
They found that the contribution af~ is small as compared izgtion con@ion of the kaon field operator uniquely Qeter-
to the AWC of o and 7r3. Using their solutiofEq. (3.2) in ~ MNex and u as functions of the baryon number density
Ref. [1]] for the nucleon wave function, the chiral spin vec- the kaon concentratiop ands defined by Eq(4.1),
tor for the configuratior(3.15 is given by

Wliiﬁzzretiq.zsin 0,

o*img=re**Xcosé.

ny
Pps— Pav COSk’X_pS,AV Sink-X, = E, (443
Ps,ps= Pav SINK- X+ p5 a/ COSK- X, (3.19 ny s
p=—p 1—(1+y)sirr—|, (4.4b

where p, and ps o, are independent of the spatial coordi- f2 gip 23 v2f
nate. A purer~ condensation may implk=0 and thus no f
spatial dependence irpgs,pspd. In our terminology, the o
chiral spin density wave does not form for a pureé con- M=20— . (4.49
densation. This feature of pion condensation will remain es- ) ] B
sentially unaltered in the nonlinear model, t¢@ne might Now we give the Lagrangian fd{~ and nucleons,
think of a configuration such asry*im,=fk-xe*'#=', L - —_
However, its kinetic energy is divergent fqr,#0.) Al- L,=Lkg=K"K7Y(2s) —mis°Y(s)+ ¢(id—Mg) ¢
though the effect of the charged pion has to be eventually i
clarified, we here expect that the assumption of the domi- + W(K*K’—H.c.)Y(S) Y(3+ 1), (4.5

nance of AWC is not a bad approximation as long as the pion

condensation in the chiral model is concerned. ) ]
where the functiorY(s) has been defined by E¢3.3). The
V. K- CONDENSATION effective baryon masMig is now given by

. 2
The kaon condensed phase in the Kaplan-Nelson model _ a S
[9] has been studied intensively by many authors for various Mp=M(0)+| 5 (1+75) +ar+2a5 | Ms| 7] Y(S).
situations including neutral kaon and hyperons. In the (4.6
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TABLE |I. Parameters of model | and II.

m KMeV) ¢, ¢, co(fm? ¢ Cy Cs D ay a @y
| 0.85 300 45.3 28 0 33.8 —72.8 1.52 0 1 0 0
1l 0.74 240 86.6 254 —11.8 —42 —241 -—-413 -—-83 045 1.1 -0.548
Mg is dependent orr;. However, because of the relative o\? o\?
smallness ofi;, we simply droprs in Eq. (4.6) and express Mi(0)=9g,0] agta; P Taz o) |’ (5.2

Mg in terms of the KN sigma term in vacuun gy
= —(ay/2+a,+ 2az)mg. We will perform numerical calcu- with c;=D=0, ag=1, a1=a»=0. The vacuum is given by
lations for%\=300 and 400 MeV. The electric charge of =0,. In vacuum, the reflection symmetry under—
protons is supposed to be neutralizedky and electrons.  —o, — ysi is broken spontaneously and the nucleon ac-

Our approach may form a contrast to the conventionabjuires a massv,(oy)=M,. Together with the condition
mean-field approximation that assumes a finite class{cal o,=f=93 MeV met in the loM, this yieldsg,=10.1. The
field with a single oscillation mode nucleon effective mass and the incompressibility are taken as

r»=0.85 andK =300 MeV. Thew and thep® potentials are
(K™)=e 1reK, (4.7  chosen as
. . : _ 1 n \?2 1 n\2

wherepu, is the charge chemical potential. For plte con- u, |(U):—Cw|(—) , U, ,==c |(—) (1-2x)2,
densation, this happens to result in a classical Lagrangian ' 2"\ g,0 P2
identical in appearance to the one derived by our method, (5.3

provided thatK, is identified withs defined by Eq.(4.1). wherex is the proton fraction. The Boguta schelfigs] is
However, theu., treated as a variational parameter there,a plied tow meson, whose m;alss is determined through the
can be determined by a numerical method under the Chargcégupling to o field ,On the other hand, the%s mass is a
neutrality condition. fixed parameter. Treating th€ contribution in such a man-
ner yields a softer EOS of neutron rich matter.
V. CONTRIBUTIONS OF SCALAR AND VECTOR TheM, U, andU , in the second model have exactly the
MESONS same functional forms as given above, but with different

. values of parameters. The form 0f is changed as
The model involves a number of free parameters that are P P 9

not determined by a symmetry requirement only. They are n \2
constrained by observational data as the free hadron masses, UP*“ZECP'”(_) (1—2x)2. (5.9
in particular, the free nucleon mabt,=939 MeV, thewN 950

sigmaterm % ,y~30 MeV, the KN sigma termZuy  Thatis, the Boguta scheme is applied to both of ¢hand
~300-400 MeV, and such nuclear matter data at saturatiof,o p° mesons. With this extension of the parameter space

as the effective nucleon mass ratig=M*/M(=0.6-0.8, \ye hope to explore a wider region of the effective nucleon
the binding energy per baryds,=16 MeV, the symmetry a5 and the incompressibility at saturation.

energy agm=32MeV, the incompressibility K The third model is given by
=150-350 MeV, the saturation density ng

=0.16—0_.l7 fn_T3. Howe\_/er, there still is room allowing Ltm2g2+ 1B, 0%+ 1C o

some variants in the details of model structure and the global Uy, m(o)= il

property of EOS. Those variants are specified by distinct ’ 1+3A,0°

functional forms of the scalar potentials, the contributions of

vector mesons and the nucleon mass function. Mu(o)=Mg—g,0, (5.6
We first consider a model exploited by Sahu and Onishi

[24] in constructing the EOS of normal neutron star matter 1 n\2 1 n\2 )

within the L o M. There, theo potential and the nucleon Ua),lllzzca},lll(M_O) , UPJHIECP,“'(M_O) (1=2x)".

mass without pseudoscalar condensatid{c), are given (5.7)

by

: (5.5

In this model, the vacuum is given by=0. This set of

Co c, C, potentials and mass function was adopted by Faijal.[16]
U, (o)= 3(0—00)2+ 2(02—0(2))2+ 6—2(02—03)3 in the analysis of KC in a neutron star matter with a low
%0 incompressibility. The vector meson masses in their model

are fixed. For other parameters, see IRES]. In our analysis,

—05)*=Dog(505—oho+307), we adopt the parameter set PM2 in REif6] which yields
EOS with intermediate stiffness. The KC has been found to

(5.1) set in atn~0.5fm 3, and the binding energy per baryon

]
+ —(o?
80'3(
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FIG. 2. (a) Energy per baryon for model I. Dotted curve, normal |G, 4. (a) Energy per baryon for model Ill. Meanings of curves
phase; short dashed curve, KC witlxy =300 MeV; long dashed are same as in Fig. 2b) Effective nucleon mass aridfor model
curve, KC with Zyy=400 MeV; black solid curve, AWC; gray |||, Meanings of curves are same as in Fig. 2.
solid curve, fictitious AWC withs, .\ =0. (b) Effective nucleon

mass andk for model I. Meanings of dotted, short dashed, long , .
dashed, black solid, and gray solid curves are same @.ipash-  (em's energy by the AW(E-S The effective mass of nucleons
dotted curvek in AWC. increases abova=0.4 fm * for the normal and the AWC

phases, while, for the KC phase, continues to decrease down

under the KC is reduced from the normal phase by about 3§ 3 M '~590 MeV for X =300 MeV and 2.5 fm*
MeV atn~0.8 fm~3. The values of parameters used in mod- =490 MeV for X =400 MeV, respectively. The decrease
els I, II, and Il are given in Table I. of the effective mass is larger for a larger KN-sigma term.
The wave vectok in the AWC phase increases almost lin-
early with the density. The interplay of the finitg,\ and the
VI. NUMERICAL CALCULATIONS finite k in AWC gives rise to an appreciable reduction of
. . energy in the intermediate density range.
The binding energies per baryon for three models over the Model Il with r,—0.74 andK=240 MeV has stiffer

. . _3 . - _
?neondsétlyl reag(ljonn %:V::: tlh];mincrg:sesr]icn)wdnerl\r;itﬁgfﬁez é‘ls? o OS’s for all three phases than model |, as is shown in Fig.
! 9 Y, P (a). For the caseX =400 MeV, the region where the

minimum energy changes from the normal phase to the ONGWC is favored is 0.2% n<0.9 fm2. above which the KC

with AWC, which is finally taken over by KC as is shown in ! .
: i : kes over. FoE =300 MeV, the KC phase is not realized
Fig. 2(a). The density ranges of the AWC phase are 0.63 an(?;i n<1fm-3. The wider density range for ANC phase is

0.39 fm *for %y =300 and 400 MeV, respectively. In order obviously attributed to the large effective nucleon miks

to observe the effect dM(=—% ) in Eq. (3.9), a calcu- g ; . . S
lation of EOS for AM =O(is aIsoNgione st\rgd t)he result is shown in Fig. 8b): the dispersion relatiofB.9) implies that,
for a sufficiently large effective mass, developik@nd re-

shown by a gray curve in the same figure. The valu&pf .
gets about 25 MeV larger and the region of AWC phaseducmg the energy levels of the lower branch can reduce the

shrinks to 0.28 and 0.09 fift for =300 and 400 Mev, "9y of Fermi sea as compared with forming the sea by
respectively. This means that the finiteness of #i-sigma nucleons with the normal dispersion relatire., k=0).

. . ) d The EOS’s for model Il with r,=0.75 and K
term provides one of the key mechanisms in reducing sys-. 200 MeV are shown in Fig.(). In the AWC phase of this

model, the Fermi sea accommodates not only the lower
branch, but also the higher branch of neutrons. Even if this is
taken into consideration, the AWC costs a laiggand its
region is as narrow as 0.33 and 0.24 fhior 3= 300 and
400 MeV, respectively. FoAM =0, AWC never takes place.
This feature of EOS again has a relevance to the behaviors of
o effective nucleon madgl*: it rapidly decreases to as small a
2 value as 200 MeV around=1fm~3 as is shown in Fig.
4(b). WhenM* is small enough, E¢3.10 implies that fill-
! ing the lower level in the AWC phase costs almost the same
) ’ _ energy as the normal Fermi sea with=2 andk=0. There-
%o 02 04 06 08 10 %0 02 04 06 08 10 fore, the AWC does not make so much effects on the KC as
n (im®) n (fmd) it does in models | and II.
The EOS’s under KC for model 1l calculated by the con-
FIG. 3. (a) Energy per baryon for model II. Meanings of curves vVentional mean-field approximation have been reported in
are same as in Fig. #b) Effective nucleon mass ardfor model Il Ref. [16]. We note that they almost coincide with the ones
Meanings of curves are same as in Fig. 2. obtained by our method.

(@)

(")

B.E./baryon (MeV)
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VIl. CONCLUDING REMARKS assumed to vanish, then the region of AWC drastically di-
W lculated. within th lativisti field . minishes. On the contrary, if values larger than 30 MeV were
€ calculated, within the refativistic mean-lield approxi- geq fors, | the AWC phase would possibly be predomi-

mation, the EOS’s of neutron star matter in the nonlinear,,n oyer other phases in the density region relevant to inte-
chiral SU(3)» SU(3) theory of nucleons and mesons. Three o of neutron stars.

phases are considered. The first is the normal phase of nucle- some comments are in order. One can regard the chiral
ons and leptons, which is realized at lower densities. Theymmetry to be not a necessary but a sufficient condition for
second one is the phase with charged kaons in a uniforithe AWC to take place. The key mechanism is a generation
condensation, which has customarily been considered to hsf the axial vector current, whose time component is the
realized at higher densities. The last one is a phase that cophiral charge and the spatial component is the spin. In fact,
sists of neutral pions in AWC and polarized nucleons. Insome authors, stressing on the importance of axial vector
order to observe the inter-relation among these phases, threeupling between the baryon and pion, have shown the pos-
different models were adopted as examples, each of which &ibility of nucleon polarization in dense matter in the absence
characterized by the forms of potentials, the values of thef chiral symmetry[26].

incompressibility, the effective nucleon mass at saturation, Because of the KN-sigma term in E¢4.6), it may be

and so on. Each model calculation was performed for twanother possibility that kaongpresumably neutralin a
values of the KN sigma tern® =300 and 400 MeV. We standing wave condensation as well play a role to reduce the
found that, for all of those models, the matter undergoes thenergy of AWC phase further. The exploration of the simul-
first order phase transition from the normal to the AWCtaneous condensation of pions and ka(msvaveK® in ad-
phase at 0.2-0.3fi?. Models with larger effective dition to theswaveK ), together with a quantitative evalu-
nucleon mass tend to have a wider density region of thation of the effect of charged pion condensation, thus
AWC. The role of therN-sigma term in AWC is crucial: if becomes an intriguing issue in the context of our approach to
the masses of up and down quarks, and therefarg, are  the study of dense matter.
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