
PHYSICAL REVIEW C 66, 065801 ~2002!
Density dependent hadron field theory for neutron stars with antikaon condensates
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Saha Institute of Nuclear Physics, 1/AF Bidhannagar, Kolkata 700 064, India
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We investigateK2 and K̄0 condensation inb-equilibrated hyperonic matter within a density dependent
hadron field theoretical model. In this model, baryon-baryon and~anti!kaon-baryon interactions are mediated
by the exchange of mesons. Density dependent meson-baryon coupling constants are obtained from micro-
scopic Dirac-Brueckner calculations using Groningen and Bonn A nucleon-nucleon potentials. It is found that
the threshold of antikaon condensation is not only sensitive to the equation of state but also to antikaon optical
potential depth. Only for large values of antikaon optical potential depth doesK2 condensation set in even in

the presence of negatively charged hyperons. The threshold ofK̄0 condensation is always reached afterK2

condensation. Antikaon condensation makes the equation of state softer thus resulting in smaller maximum
mass stars compared with the case without any condensate.

DOI: 10.1103/PhysRevC.66.065801 PACS number~s!: 26.60.1c, 21.65.1f, 97.60.Jd, 95.30.Cq
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I. INTRODUCTION

The composition and structure of neutron stars depend
the nature of strong interaction. Neutron star matter enc
passes a wide range of densities, from the density of
nuclei at the surface of the star to several times the nor
nuclear matter density in the core. Since the chemical po
tials of nucleons and leptons increase rapidly with density
the interior of neutron stars, several novel phases of ma
with a large strangeness fraction, such as hyperonic ma
condensates of strange mesons and quark matter, may a
there@1#.

It was first demonstrated by Kaplan and Nelson within
chiral SU(3)L3SU(3)R model thatK2 mesons may underg
Bose-Einstein condensation in dense matter formed in he
ion collisions@2#. In this model baryons directly couple wit
~anti!kaons. The effective mass of antikaons decreases
increasing density because of the strongly attrac
K2-baryon interaction in dense matter. Consequently, the
medium energy ofK2 mesons in the zero-momentum sta
also decreases with density. Thes-wave K2 condensation
sets in when the energy ofK2 mesons equals its chemic
potential. Later,K2 condensation in the core of neutron sta
was studied by other groups using chiral models@3#.

Also, Bose-Einstein condensation ofK2 mesons was in-
vestigated in the traditional meson exchange picture kno
as the relativistic mean field~RMF! model @4–6#. Within
the framework of the RMF model, baryon-baryon a
~anti!kaon-baryon interactions are treated on the same f
ing, i.e., they are mediated by the exchange of mesons@7–9#.
It was noted in all these calculations that the typical thre
old density of K2 condensation in nucleons-only neutro
star matter was about 2n0–4n0, wheren0 is normal nuclear
matter density. However, the threshold of antikaon cond
sation is sensitive to the antikaon optical potential and
pends more strongly on the equation of state. With furt
inclusion of hyperons,K2 condensation was found to occu
at higher densities@4–6,8,9#. Recently, we have studiedK̄0

condensation along withK2 condensation in neutron sta
using a relativistic mean field model and its influence on
0556-2813/2002/66~6!/065801~12!/$20.00 66 0658
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structure of neutron stars@8,9#. The threshold density ofK̄0

condensation is always higher than that ofK2 condensation.
Antikaon condensate makes the equation of state~EoS!
softer, thus resulting in smaller maximum mass stars co
pared with the case without any condensate. Employing

EoS including bothK2 andK̄0 condensates, it was predicte
@9# that a stable sequence of superdense stars called the
family branch @10# might exist beyond the neutron sta
branch. The compact stars in the third family branch ha
smaller radii than those of the neutron star branch@9#.

Besides the EoS and antikaon optical potential depth,
threshold density of antikaon condensation is very much s
sitive to the behavior of antikaon energy and electron che
cal potential at high density. The role of nucleon-nucleon a
~anti!kaon-nucleon correlation in antikaon condensation w
investigated by Pandharipande and collaborators@11,12#.
They found that strong nucleon-nucleon and~anti!kaon-
nucleon correlation raised the critical density for antika
condensation to higher densities and predicted that antik
condensation might not be a possibility in neutron stars@12#.
The electron chemical potential used in the above mentio
calculations was obtained from modern realistic nucle
nucleon interactions@13,14#.

In this work, we are interested in finding out how man
body correlations may be taken into account by density
pendent meson-baryon couplings in a relativistic field th
retical model, and the effect of the threshold of antiko
condensation on neutron star matter. There is a growing
terest to derive a quantum hadron field theory from a mic
scopic approach to nuclear interactions. The motivation
such an approach is not only to retain the essential feat
of quantum hadrodynamics@15#, but also to deal with the
complicated many body dynamics of strong interactio
@16–18#. An appropriate and successful microscopic a
proach to in-medium nuclear interactions follows fro
Dirac-Brueckner ~DB! calculations. Various groups pe
formed DB calculations with realistic nucleon-nucleon inte
actions and reproduced empirical saturation properties
symmetric nuclear matter reasonably well@19–26#. Also
nucleons-only neutron star matter was calculated in Dir
©2002 The American Physical Society01-1
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Brueckner theory@27–29#. It is worth mentioning here tha
the bulk of the screening of nucleon-nucleon interaction
medium is taken into account by the local baryon dens
dependent DB self-energies@17#. This makes relativistic
many body dynamics to be approximated by a density
pendent relativistic hadron~DDRH! field theory @17,18#. A
covariant and thermodynamically consistent DDRH fie
theory is obtained by making interaction vertices Lore
scalar functionals of baryon field operators. In the mean fi
approximation this model reduces to the relativistic Hart
description with density dependent meson-nucleon c
plings. The density dependent meson-nucleon couplings
obtained from Dirac-Brueckner self-energies calculated w
Bonn, Groningen, and phenomenological density depen
potentials @30–35#. The variational derivatives of vertice
with respect to baryon fields give rise to rearrangement te
in baryon field equations@18#. Brockmann and Toki@16# first
applied the DDRH model without rearrangement terms
study finite nuclei. Recently, the DDRH model with rea
rangement terms has been exploited to investigate defor
nuclei@31#, hypernuclei@33#, asymmetric nuclear matter, an
exotic nuclei@34,35# and neutron star properties@36#.

In this paper, we investigate antikaon condensation
beta-equilibrated hyperon matter relevant to neutron s
and its role in the composition and structure of the comp
stars in the DDRH model. The paper is structured in
following way. In Sec. II, we describe the DDRH model an
different phases of matter. Parameters of the model are
cussed in Sec. III. Results of our calculation are explaine
Sec. IV. Section V provides a summary and conclusions.

II. FORMALISM

Here, we discuss a phase transition from hadronic ma
to an antikaon condensed phase in compact stars. The
ronic phase is described within the framework of the DDR
model. This phase is composed of all species of the bar
octet, electrons, and muons. Therefore, the total Lagran
density in the hadronic phase is written asL5LB1Ll . In
the DDRH model, baryon-baryon interaction is given by t
Lagrangian density (LB) @36#,

LB5(
B

C̄BS igm]m2mB1gsBs2gvBgmvm

2
1

2
grBgmtB•rm1

1

2
gdBtB•dDCB

1
1

2
~]ms]ms2ms

2s2!1
1

2
~]md]md2md

2d2!

2
1

4
vmnvmn1

1

2
mv

2 vmvm2
1

4
rmn•rmn1

1

2
mr

2rm•rm,

~1!

and

Ll5(
l

c̄ l~ igm]m2ml !c l . ~2!
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The field strength tensors for vector mesons are given

vmn5]mvn2]nvm,

rmn5]mrn2]nrm. ~3!

Here CB denotes the isospin multiplets for baryons a
the sum goes over baryon multipletsB5N, L, S, and J;
c l ( l[e,m) is a lepton spinor andtB an isospin operator
The interactions among baryons are mediated by the
change ofs, v andr mesons. In addition to these mesons t
scalar-isovector mesond is also included. And this is impor
tant for an asymmetric system. Though the structure
DDRH Lagrangian density closely follows that of the RM
model, there are important differences between those m
els. In RMF calculations with density independent meso
baryon coupling constants, nonlinear self-interaction ter
for scalar and vector fields are inserted to account for hig
order density dependent contributions. But this is not nee
here as meson-baryon verticesgaB , wherea denotess, v, r,
andd fields, are dependent on Lorentz scalar functionals
baryon field operators and adjusted to the Dirac-Brueckn
Hartree-Fock calculations@34,36#.

There are two choices for the density dependence
meson-baryon couplings. One is the scalar density dep
dence and the other one is the vector density depend
~VDD! @34#. Here we consider meson-baryon couplin
gaB( r̂) to depend on vector density because it gives a m
natural connection to the parametrization of DB vertices. F
the VDD case, the density operatorr̂ has the form r̂

5A ĵ m ĵ m, where ĵ m5C̄gmC.
Since verticesgaB’s are Lorentz scalar functionals o

baryon field operators, the variation ofL with respect toC̄B
gives

dL
dC̄B

5
]L

]C̄B

1
]L
]r̂B

dr̂B

dC̄B

. ~4!

The rearrangement termSm(r )5(B(]L/]r̂B)(dr̂B /dC̄B)
which originates from the second term of Eq.~4!, naturally
introduces an additional contribution to the vector se
energy @17,18,34,36#. This is an important difference be
tween RMF and DDRH theories.

Here, we perform our calculation in the mean field a
proximation~MFA!. In this approximation vertex functional
are reduced to simpler forms using Wick’s theorem@34,37#.
The operatorr̂ is replaced by its ground state expectati
valuer, i.e., ^r̂&5r. Hence meson-baryon vertices becom
functions of total baryon density in the hadronic phase,

^gaB~ r̂ !&5gaB~^r̂& !5gaB~r!. ~5!

This is known as vector density dependence of verti
@17,34,36#. In the MFA adopted here, meson fields are
placed by their expectation values. Only the timelike comp
nents of vector fields, and isospin-3 components ofr andd
fields have nonvanishing values in uniform and static mat
1-2
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The mean meson fields are denoted bys, v0 , r03, and d.
Therefore, the meson field equations in the hadronic~h!
phase are given by

ms
2s5(

b
gsbnb

h,s , ~6!

mv
2 v05(

b
gvbnb

h , ~7!

mr
2r035

1

2 (
b

grbt3bnb
h , ~8!

md
2d5

1

2 (
b

gdbt3bnb
h,s , ~9!

where t3b is the isospin projection of baryonb5n, p, L,
S2, S0, S1, J2, andJ0 and scalar and vector densities
baryonb in the hadronic phase are

nb
h,s5^c̄bcb&

5
2Jb11

2p2 E
0

kFb
mb*

~k21mb*
2!1/2

k2dk

5
mb*

2p2 F kFb
AkFb

21mb*
22mb*

2ln
kFb

1AkFb

21mb*
2

mb*
G ,

~10!

nb
h5^c̄bg0cb&5

kFb

3

3p2
. ~11!

Here Jb is the spin projection of baryonb. The rearrange-
ment self-energy modifies the baryon field equation co
pared to the RMF case@15#,

@gm~ i ]m2Sb,h
0 !2~mb2Sb,h

s !#cb50. ~12!

Here cb is the Dirac spinor for baryonb. The total vector
self-energy for baryonb in the hadronic phase is

Sb,h
0 5Sb,h

0(0)1Sh
0(r ) . ~13!

Now the usual vector self-energy is

Sb,h
0(0)5gvbv01

1

2
grbt3br03. ~14!

Also, the rearrangement term, which is the second term
Eq. ~4!, simplifies to@34#

Sh
0(r )5(

b
F2

]gsb

]rb
snb

h,s1
]gvb

]rb
v0nb

h1
1

2

]grb

]rb
t3br03nb

h

2
1

2

]gdb

]rb
t3bdnb

h,sG . ~15!
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Similarly, the expression of scalar self-energy for baryonb is
given by

Sb,h
s 5gsbs1

1

2
gdbt3bd. ~16!

One can immediately define effective baryon mass asmb*
5mb2Sb,h

s . And this differs for members of isospin mu
tiplets due to thed meson.

To obtain the EoS~pressure versus energy density! of the
pure hadronic phase, the equations of motion for mesons
baryons @Eqs. ~6!–~9! and Eq. ~12!# are solved self-
consistently along with effective baryon mass in the me
field approximation taking into consideration other co
straints such as baryon number conservation, charge neu
ity, and beta equilibrium. The system is charge neutral a
the condition ofb equilibrium is maintained. The charg
neutrality condition is

Qh5(
b

qbnb
h2ne2nm50, ~17!

where qb and nb
h are the electric charge and the numb

density of baryonb in the pure hadronic phase, respective
andne andnm are number densities of electrons and muo
respectively. In the compact star interior, chemical equil
rium is maintained through weak interactions such asB1
→B21 l 1 n̄ l andB21 l→B11n l whereB1 andB2 are bary-
ons andl stands for leptons. Therefore the generic equat
relating chemical potentials for the above mentioned gen
alizedb-decay processes is

m i5bimn2qime . ~18!

Here bi and qi are the baryon number and charge ofi th
baryon, andmn and me are the chemical potentials of neu
trons and electrons, respectively. The chemical potentia
baryonb in the hadronic phase is expressed as

mb5AkFb

2 1mb* 21Sb,h
0(0)1Sh

0(r ) . ~19!

It is noted that unlike the RMF model, the rearrangem
term appears in the expression of baryon chemical poten
in the DDRH model. In neutron stars, electrons are conve
to muons bye2→m21 n̄m1ne when the electron chemica
potential becomes equal to the muon mass. Therefore,
have me5mm in compact stars. Equation~18! implies that
there are two independent chemical potentialsmn and me
corresponding to two conserved charges, i.e., baryon num
and electric charge. The energy density («h) is related to the
pressure (Ph) in this phase through the Gibbs-Duhem re
tion

Ph5(
i

m ini2«h. ~20!

Herem i andni are chemical potential and number density f
i th species. The expression of energy density in the hadr
phase is@36#
1-3
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«h5
1

2
ms

2s21
1

2
mv

2 v0
21

1

2
mr

2r03
2 1

1

2
md

2d2

1(
b

2Jb11

2p2 E
0

kFb
~k21mb*

2!1/2k2dk

1(
l

1

p2E0

KFl
~k21ml

2!1/2k2dk. ~21!

The rearrangement term does not contribute to the en
density explicitly, whereas it occurs in the pressure throu
baryon chemical potential. It is the rearrangement term
accounts for the energy-momentum conservation and t
modynamic consistency of the system@18#.

The pure antikaon (K̄) condensed phase is composed
baryons, leptons, and antikaons which are in chemical e
librium under weak interactions and maintain local cha
neutrality. The baryon-baryon interactions here are descr
by the Lagrangian density of the DDRH model. It is wor
mentioning here that the meson-baryon couplings depen
the total baryon density in this phase. In this phase, bary
are embedded in antikaon condensates. Earlier it was n
that baryons in the pure hadronic and antikaon conden
phases behaved differently because of their dynamical na
@7–9#. It was attributed to different mean fields which bar
ons experienced in those pure phases. We adopt here a
tivistic field theoretical approach for the description
~anti!kaon-baryon interaction@7,9#. In this model~anti!kaon-
baryon interactions are mediated bys, v, r, andd mesons.
The Lagrangian density for~anti!kaon interaction in the
minimal coupling scheme is

LK5Dm* K̄DmK2mK*
2K̄K, ~22!

where the covariant derivative Dm5]m1 igvKvm
1 igrKtK•rm/2. The isospin doublet for kaons is denoted
K[(K1,K0) and that for antikaons isK̄[(K2,K̄0). It is to
be noted that the coupling constants of~anti!kaon-baryon
interactions are considered to be density independent.
effective mass of~anti!kaons in this minimal coupling
scheme is given by

mK* 5mK2gsKs2
1

2
gdKt3K̄d, ~23!

wheremK is the bare kaon mass. Here also the effective m
of K2 and K̄0 differ due to the inclusion of the scala
isovectord meson. The dispersion relation representing
in-medium energies ofK̄[(K2,K̄0) for s-wave (k50) con-
densation is given by

vK2,K̄05mK* 2gvKv07
1

2
grKr03, ~24!

where the isospin projectiont3K̄571 for the mesonsK2

~minus sign! and K̄0 ~plus sign! are explicitly written in the
expression. Fors-wave condensation, densities of antikao
are given by
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nK2,K̄052S vK2,K̄01gvKv06
1

2
grKr03D K̄K52mK* K̄K.

~25!

In the mean field approximation, the meson field equ
tions in the presence of antikaon condensates are given

ms
2s5(

b
gsbnb

K̄,s1gsK(
K̄

nK̄ , ~26!

mv
2 v05(

b
gvbnb

K̄2gvK(
K̄

nK̄ , ~27!

mr
2r035

1

2 (
b

grbt3bnb
K̄1

1

2
grK(

K̄

t3K̄nK̄ , ~28!

md
2d5

1

2 (
b

gdbt3bnb
K̄,s1

1

2
gdK(

K̄

t3K̄nK̄ , ~29!

wherenb
K̄,s andnb

K̄ are scalar and vector densities of baryonb
in the antikaon condensed phase and have the same form
in Eqs.~10! and~11!. The meson field equations here rema
the same in structure as the RMF ones@7–9#, but the con-
stant meson-baryon couplings are replaced by their den
dependent counterparts.

The total energy density and pressure in the antikaon c
densed phase are given by@8,9#

« K̄5
1

2
ms

2s21
1

2
mv

2 v0
21

1

2
mr

2r03
2 1

1

2
md

2d2

1(
b

2Jb11

2p2 E
0

kFb
~k21mb*

2!1/2k2dk

1(
l

1

p2E0

KFl
~k21ml

2!1/2k2dk1mK* ~nK21nK̄0!,

~30!

and

PK̄52
1

2
ms

2s21
1

2
mv

2 v0
21

1

2
mr

2r03
2 2

1

2
md

2d2

1S K̄
0(r )(

b
nb

K̄1
1

3 (
b

2Jb11

2p2 E
0

kFb k4dk

~k21mb*
2!1/2

1
1

3 (
l

1

p2E0

KFl k4dk

~k21ml
2!1/2

, ~31!

whereS K̄
0(r ) is the rearrangement term in the antikaon co

densed phase and has the same form as in Eq.~15!, but all
quantities in the equation are replaced by the correspon
quantities of the antikaon condensed phase. Since antik
form s-wave condensates, they do not contribute to the p
sure directly. Actually the effect of antikaons in the pressu
term comes through the meson fields.
1-4
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In the core of neutron stars, various strangeness chan
processes such asN
N1K̄ and e2
K21ne may occur
@4,8,9#. HereN[(n,p) andK̄[(K2,K̄0) denote the isospin
doublets for nucleons and antikaons, respectively. From
above reactions in chemical equilibrium, we obtain the c
ditions for antikaon condensation@4,8,9# to be

mn2mp5mK25me , ~32!

m K̄050, ~33!

wheremK2 andm K̄0 are, respectively, the chemical potentia
of K2 and K̄0. The charge neutrality condition in the ant
kaon condensed phase is

QK̄5(
b

qbnb
K̄2nK22ne2nm50. ~34!

It was noted in RMF model calculations that antika
condensation could be either a first order or second o
phase transition depending on the parameter set of the m
and antikaon optical potential depth@7–9#. If the phase tran-
sition is of first order, the mixed phase is to be determined
the Gibbs conditions and global baryon and electric cha
conversation laws because we have conserved baryon
electric charges represented by two chemical potentialsmn
andme @38#. The Gibbs phase rules read

Ph5PK̄, ~35!

mb
h5mb

K̄ , ~36!

wheremb
h andmb

K̄ are chemical potentials of baryonb in the
pure hadronic andK2 condensed phases, respectively. T
conditions of global charge neutrality and baryon num
conservation are imposed through the relations

~12x!Qh1xQK̄50, ~37!

nb5~12x!nb
h1xnb

K̄ , ~38!

wherex is the volume fraction of theK2 condensed phase i
the mixed phase. The total energy density in the mixed ph
is

e5~12x!eh1xe K̄. ~39!

III. PARAMETERS

A. Meson-nucleon couplings

In the DDRH model, the dependence of meson-nucle
vertices on total baryon density is obtained from microsco
DB calculations of symmetric and asymmetric nuclear m
ter. The density dependent vertices in the RMF model
related to DB self-energies in the local density approxim
tion @16,30#. Equating self-energies of infinite nuclear matt
in RMF and DB calculations, we obtain

SRMF5gafa5SDB, ~40!
06580
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wherefa represents the field for thea meson. Putting the
value of fa as given by the meson field equations in t
presence of nucleons, the above relation simplifies to

m2SDB5ga
2na , ~41!

wherena is the density corresponding tofa field. Scalar and
vector self-energies for neutrons and protons were obta
in DB calculations of asymmetric nuclear matter using t
Groningen potential@26,39,40#. Using these values ofSDB,
one immediately obtains the density dependent mes
baryon couplings@34#. A suitable parametrization for densit
dependent couplings was made in Ref.@34#. It has the form

ga~r!5aa

11ba~r/r01da!2

11ca~r/r01ea!2
, ~42!

wherer050.16 fm23 and parameters of the fit are listed
Table I of Ref.@34#. However, the results of infinite nuclea
matter calculations in the DDRH model, using the abo
mentioned parametrization, deviated from those of DB c
culations @34# because momentum dependent DB se
energies were mapped onto the momentum indepen
DDRH self-energies. Therefore, momentum dependent ve
ces with the additional constraint that the energy density
DB and DDRH models are same, i.e.,«DB5«DDRH, was
proposed@34#. Momentum corrected meson-nucleon vertic
are given by

g̃a~kF!5ga~kF!A11zakF
25 z̃a~kF!ga~kF!. ~43!

Momentum corrections zs50.008 04 fm2 and zv

50.001 03 fm2 to s nuclei andv nuclei were obtained from
DB calculations of symmetric nuclear matter@34#. Using the
momentum corrected vertices, the Dirac-Brueckner EoS
symmetric matter was reproduced well@34#. Similarly, mo-
mentum correctionzr to ther-nucleon vertex was calculate
from DB calculations of neutron matter@34#. This correction
was inserted into the DB self-energies and the momen
correctedr-nucleon vertex was calculated. Later the dens
dependence of the momentum correctedr-nucleon vertex
was parametrized using Eq.~42!. The parameters of this fi
are given in Table II of Ref.@34#. We adopt this parametri
zation of density dependent couplings and the momen
correction prescription in our calculations. Also, we deno
this as Groningen parameter set. In Table I, we show mes
baryon couplings for the Groningen set at saturation den
(n050.18 fm23). The momentum correction modifies th
rearrangement term since]gaB /]r is to be replaced by
]g̃aB /]r; this is given by@34#

]g̃aB~kF!

]r
5 z̃a~kF!

]gaB~kF!

]r
1

zakF
2gaB~kF!

3rz̃aB~kF!
. ~44!

In this calculation, we also exploit density depende
meson-nucleon vertices obtained from DB calculations us
a Bonn A potential. The parametrization of vertices is tak
from Ref. @30#. This parameter set is denoted as the Bonn
parameter set. For the Bonn A set,r meson-nucleon coupling
1-5
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is chosen as a constant. Also, thed meson is not taken into
consideration for the Bonn A potential. Meson-nucleon co
pling constants at saturation densityn050.159 fm23 are
listed in Table I.

B. Meson-hyperon couplings

In the absence of DB calculations including hyperons,
density dependence of meson-hyperon vertices are obta
from density dependent meson-nucleon couplings using
pernuclei data@5# and the scaling law@33#. This scaling law
states that the self-energies and vertices of hyperons
nucleons are related to each other by their free space
pling constantsḡsY and ḡsN @33,36#,

RaY5
gaY

gaN
5

SaY

SaN
'

ḡaY

ḡaN

. ~45!

In the RMF model, vector meson-hyperon coupling co
stants were determined from scaling factors obtained fr
SU~6! symmetry relations of the quark model@5,41#. An-
other possibility is to exploit scaling factors calculated
microscopic calculations. However, there is only one mic
scopically derived free space scaling factorRsL50.49 in the
literature@42#. We use this value in our calculation. Also, w
obtain the scaling factors for vector and isovector mes
from SU~6! symmetry relations@5#,

1

2
gvS5gvJ5

1

3
gvN ,

1

2
grS5grJ5grN ; grL50,

1

2
gdS5gdJ5gdN ; gdL50. ~46!

TABLE I. Density dependent meson-nucleon couplings at sa
ration density are obtained from DB calculations using Groning
nucleon-nucleon potential in Ref.@34#. Infinite nuclear matter prop-
erties calculated with momentum corrected meson-nucleon ver
are binding energyE/A5215.6 MeV, saturation densityn0

50.18 fm23, asymmetry energy coefficientaasy526.1 MeV, in-
compressibilityK5282 MeV, and effective nucleon massmN* /mN

50.554. Masses for nucleons and mesons aremN5939 MeV,
ms5550 MeV, mv5783 MeV andmr5770 MeV. The paramet-
rization of density dependents- and v-nucleon couplings for the
Bonn A potential is taken from Refs.@30,31# The nuclear matter
properties in the Bonn A potential areE/A5215.75 MeV, n0

50.159 fm23, aasy534.3 MeV, K5151.3 MeV, and mN* /mN

50.642. All hadronic masses for the Bonn A case are same as in
Groningen case. Ther meson-nucleon coupling is density indepe
dent and nod meson is present in the Bonn A case. All paramet
are dimensionless.

gsN gvN grN gdN

Groningen 9.9323 12.1872 5.6200 7.6276
Bonn A 9.5105 11.5401 8.0758
06580
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We obtaingvL and scalar meson couplings to other h
perons from the potential depths of hyperons in norm
nuclear matter. The hyperon potentials in saturated nuc
matter are obtained from the experimental data for the sin
particle spectra of hypernuclei. In the DDRH model, the p
tential depth of a hyperon~Y! in saturated nuclear matter i
given by

UY
N5SY

0(0)1SN
0(r )2SY

s , ~47!

where SY
0(0)5gvYv0 , SY

s 5gsYs, and SN
0(r ) is the rear-

rangement contribution of nucleons. In this calculation,
value ofL potential in normal nuclear matter is taken as230
MeV @41,43# and that ofJ is 218 MeV @44,45#. The most
updated analysis ofS2 atomic data@46# and other experi-
mental data@47# predict a repulsiveS-nucleus potential
depth. Therefore, we adopt aS well depth of 30 MeV in this
calculation@47#. We find thatS hyperons are excluded from
the system because of this repulsive potential. The sca
factors ofL andJ for Groningen and Bonn A potentials ar
listed in Table II.

From Table II, we observe thatRvL is 0.4911 correspond
ing to RsL50.49 for the Bonn A set. In this case,RvL is
obtained from theL potential depth (UL

N) as discussed
above. On the other hand, Keilet al. @33# obtained a value of
RvL50.553 for the same value ofRsL from thex2 distribu-
tion for the deviation of DDRHL single particle energies
and hypernuclear data. We performed calculations for b
the values ofRvL for the Bonn A set.

C. Meson-„anti…kaon coupling constants

Finally, we need to determine the parameter set
meson-~anti!kaon interactions. Here, we do not attribute a
density dependence to the vertices of meson-~anti!kaons. The
vector coupling constants are derived from the quark mo
and isospin counting rule so that

gvK5
1

3
gvN , grK5grN . ~48!

The values of meson-nucleon coupling constants are take
normal nuclear matter density and those are given in Tab
The scalar coupling constant is obtained from the real par
the K2 optical potential at normal nuclear matter density,

UK̄~n0!52gvKv02gsKs1SN
0(r ) . ~49!

The scalar-isovectord meson also couples with~anti!kaons.
The coupling ofd mesons with~anti!kaons is obtained from
a simple quark model and this is given bygdK5gdN . The
value ofgdN may be seen in Table I.

-
n

es

he

s

TABLE II. Scaling factor fors and v meson-hyperon vertices
for Groningen and Bonn A nucleon-nucleon potentials.

RvL RsL RsJ RvJ

Groningen 0.5218 0.49 0.3104 1/3
Bonn A 0.4911 0.49 0.3343 1/3
1-6



e
ls

ur
or
a

om

l

o

h

A

th

in

H
io

io

ions
ti-

ion
the

od-

.
er-
r

arly
the

ns
del
o

tial
l
.

ns-
ed
es
IV.

-

ct

the
m

nti-

on

DENSITY DEPENDENT HADRON FIELD THEORY FOR . . . PHYSICAL REVIEW C 66, 065801 ~2002!
There are experimental evidence that antikaons exp
ence an attractive interaction whereas kaons feel a repu
interaction in nuclear matter@48,49#. It is the depth of anti-
kaon optical potential which is an important factor in o
calculation. The real part of antikaon optical potential at n
mal nuclear matter density was evaluated in a coupled ch
nel model@50,51# and self-consistent calculations@52–54#.
These model calculations give a wide range of values fr
2120 MeV to240 MeV for UK̄ at n0. Recently, a combined
chiral analysis ofK2 atomic andK2p scattering data lead to
a shallow attractiveUK̄(n0) of 255 MeV @55#. On the other
hand, the analysis ofK2 atomic data in the hybrid mode
@56# yielded UK̄(n0)52180620 MeV. Therefore, there is
no consensus among the phenomenological and microsc
potentials both in terms of depth andx2 values from the fits
to kaonic atom data. The coupling constants for kaons wits
mesongsK for a set of values ofUK̄ from 2120 MeV to
2180 MeV at saturation density for Groningen and Bonn
potentials are listed in Table III. Thes-K coupling constants
for the Bonn A set are found to be larger than that of
Groningen set. This stems mainly from the smallergvKv0
value for the Bonn A set compared with that of the Gron
gen set.

IV. RESULTS AND DISCUSSION

Here we report the results of our calculation in the DDR
model using the Groningen set. We perform this calculat
for antikaon optical potentialUK̄(n0)52120 to2180 MeV.
There is noK̄ condensation as a first order phase transit
for the Groningen set and various values ofUK̄(n0). Rather,

TABLE III. The coupling constants for antikaons (K̄) to s me-

songsK for various values ofK̄ optical potential depthsUK̄(n0) ~in
MeV! at saturation density. The results are for Groningen and B
A nucleon-nucleon potentials.

UK̄(n0) 2120 2140 2160 2180

Groningen 0.1993 0.6738 1.1483 1.6228
Bonn A 1.1121 1.6609 2.2097 2.7585
06580
ri-
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K2 and K̄0 condensation are second order phase transit
in this calculation. In this situation, the conditions of an
kaon condensation are given by Eqs.~32! and~33!. Earlier it
was found in RMF calculations that antikaon condensat
could be a second order phase transition depending on
antikoan optical potential and coupling constants of the m
els @7–9#. The threshold densities ofK2 and K̄0 condensa-
tion in b-equilibrated matter containingn, p, L, and leptons
for UK̄(n0)52120 to2180 MeV are recorded in Table IV
BesidesL hyperons, we also include other species of hyp
ons in our calculation. However,S hyperons do not appea
because of a repulsiveS-baryon interaction. In Table IV, the
critical densities ofK̄ condensation inb-equilibratedn, p, L,
J, and lepton matter are given in parentheses. The e
appearance of hyperons might have important effects on
threshold densities ofK̄ condensation because hypero
make the equation of state soft. It was shown in RMF mo
calculations that the onset ofK̄ condensation was delayed t
higher densities due to hyperons@4–6,8,9#. Also, negatively
charged hyperons diminish the electron chemical poten
delaying the onset ofK2 condensation. In this DDRH mode
calculation with the Groningen set,L hyperons appear first
Consequently, the threshold densities ofK̄ condensation are
shifted to higher densities compared with those in nucleo
only matter. With further appearance of negatively charg
J2 hyperons,K2 condensation occurs at higher densiti
as is evident from the values in parentheses in Table
For UK̄(n0)52120 MeV, the early appearance ofJ2 com-
pletely blocks the onset of bothK2 and K̄0 condensation
even in the highest density (8n0) considered in this calcula
tion. On the other hand, the impact ofJ2 hyperons on the
threshold densities ofK̄0 condensation for uUK̄(n0)u
>160 MeV is negligible. This may be attributed to the fa
that the density ofJ2 hyperons falls after the onset ofK2

condensation. This becomes evident when we discuss
particle density graphs in the following paragraphs. Fro
Table IV, we note that the threshold density ofK̄ condensa-
tion shifts towards lower density as the strength ofuUK̄(n0)u
increases. This indicates that the threshold ofK̄ condensation
is not only dependent on the EoS, but also sensitive to a

n

e

TABLE IV. The maximum massesMmax and their corresponding central densitiesucent5ncent/n0 for
nucleon-only (n, p) star matter and for stars with further inclusion of hyperons@n, p, L ~J!# are given

below. The results are for the Groningen set. The threshold densities forK2 andK̄0 condensation,ucr(K
2),

and ucr(K̄
0) whereu5nB /n0, and alsoMmax and ucent for neutron star matter includingL hyperons at

different values of antikaon optical potential depthUK̄(n0) ~in MeV! at saturation density are given. Th
values in parentheses are those of neutron star matter includingJ.

UK̄(n0) ucr(K
2) ucr(K̄

0) ucent Mmax/M (

n p 5.11 2.313
n, p, L (J) 5.13 ~4.89! 1.708~1.620!

2120 3.83 4.84~4.89! 1.697~1.620!

n, p, K̄, L (J) 2140 3.17~5.74! 7.27 ~7.39! 4.56 ~4.89! 1.665~1.620!

2160 2.65~3.20! 6.16 ~6.16! 4.38 ~4.49! 1.602~1.599!
2180 2.28~2.29! 5.16 ~5.16! 5.16 ~5.16! 1.497~1.497!
1-7
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S. BANIK AND D. BANDYOPADHYAY PHYSICAL REVIEW C 66, 065801 ~2002!
kaon optical potential depth. For all values ofUK̄(n0), we
observeK2 condensation occurs beforeK̄0 condensation.

The composition of neutron star matter containing nuc
ons (n, p), L hyperon, electron (e2), muon (m2), K2 and
K̄0 mesons for the Groningen set, andUK̄(n0)
52160 MeV is presented in Fig. 1. Before the onset ofK2

condensation, the charge neutrality is maintained by prot
electrons, and muons in the hadronic phase. We see tha
L hyperon is the first strange baryon to appear in the h
ronic phase at 1.99n0, where n050.18 fm23. Its density
rises fast at the cost of neutrons. In this calculation,K2

condensation sets in at 2.65n0. As soon asK2 condensate
appears, it rapidly grows and readily replacese2 and m2.
This behavior is quite expected, sinceK2 mesons, being
bosons, condense in the lowest energy state and are ther
energetically favorable to maintain charge neutrality of
system. The electron fraction depletes around 4.8n0 and the
proton density becomes equal to that ofK2 condensate. The
appearance ofK̄0 condensate is delayed to 6.16n0. With the
onset ofK̄0 condensation the abundances ofn, p, K2, and
K̄0 become identical leading to an isospin saturated symm
ric matter@7–9#. This may be attributed to the fact that the
is a competition in the production ofp-K2 and n-K̄0 pairs
resulting in symmetric matter of nucleons and antikao
@7,8#. Here the system is dominated byL hyperons at high
density. It is worth mentioning here that the results of DDR
model for Groningen set andUK̄(n0)52160 MeV resemble
those of the RMF model for GM1 set andUK̄(n0)
52160 MeV. However, antikaon condensation in the lat
case was a first order phase transition.

BesidesL hyperon formation, we also consider the ro
of other hyperons, such asJ0 andJ2, on antikaon conden
sation. In Fig. 2, we note that negatively chargedJ2 hyper-
ons start populating the system at 2.24n0, soon after the

FIG. 1. Number densities (ni) of various particles in

b-equilibratedn, p, L, J and lepton matter includingK2 and K̄0

condensates for the Groningen set and antikaon optical pote
depth at normal nuclear matter densityUK̄(n0)52160 MeV as a
function of normalized baryon density.
06580
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s,
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appearance ofL. This further postponesK2 condensation to
3.20n0. Lepton fractions begin to fall with the onset of neg
tively chargedJ2. This is quite expected because it is e
ergetically favorable to achieve charge neutrality among p
ticles carrying conserved baryon numbers@1#. No such
conservation law is followed by leptons or mesons. But
soon asK2 condensation sets in, lepton fractions as well
J2 fractions drop. It indicates that the EoS is now main
softened by the presence ofL hyperons andK2 condensate.
This has an interesting implication on the threshold den
of K̄0 condensation. It is evident from Table IV thatK̄0 con-
densation occurs at the same density point 6.16n0 with and
without the inclusion ofJ2 in our calculation. Also, sym-
metric matter ofn, p, andK2, andK̄0 condensates emerge
here after the onset ofK̄0 condensation. At a much highe
density 6.7n0 , J0 appears in the system.

Pressure~P! is plotted against energy density~e! for vari-
ous compositions of neutron star matter in Fig. 3. Here eq
tions of state are calculated with the Groningen set. The d
ted line stands for nucleons-only matter, while the da
dotted line containsL hyperons in addition to nucleons. Th
presence of an additional degree of freedom softens the
appreciably. The solid lines correspond toL hyperon matter
includingK2 andK̄0 condensates for antikaon optical pote
tials UK̄(n0)52120 to 2180 MeV. The kinks in the equa
tions of state mark the onsets ofK̄ condensation. Already, we
have noted thatK2 and K̄0 condensation are second ord
phase transitions for all values ofUK̄(n0) in our calculation.
From Fig. 3, we find pressure increases with energy den
even after the onset of antikaon condensation. The app
ance ofK2 condensate makes equations of state softer in
cases. The kinks at higher densities correspond toK̄0 con-
densation which further softens the EoS. Also, the softnes
the EoS is very sensitive to antikaon optical potential dep

ial

FIG. 2. Number densities (ni) of various particles in

b-equilibratedn, p, L, J, and lepton matter includingK2 and K̄0

condensates for the Groningen set and antikaon optical pote
depth at normal nuclear matter densityUK̄(n0)52160 MeV as a
function of normalized baryon density.
1-8
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The stronger the attractive antikaon interaction, the softer
corresponding EoS.

The results of static structures of spherically symme
neutron stars calculated using Tolman-Oppenheimer-Volk
~TOV! equations@1# and the above mentioned equations
state are now presented here. We have used the resu
Baym, Pethick and Sutherland@57# to describe the crust of a
compact star composed of leptons and nuclei for the
density (nB,0.001 fm23) EoS. In the mid-density regime
(0.001<nB,0.08 fm23) the results of Negele and Vauther
@58# are taken into account. Above this density, an EoS c
culated in the DDRH model has been adopted. The m
mum neutron star masses (Mmax/M () and their central den
sities (ucent5ncent/n0) for various compositions of matte
are listed in Table IV. The values recorded within parent
ses correspond to the calculations includingJ hyperons in
addition toL hyperons. The maximum mass of the nucleo
only star is 2.313M ( . The inclusion ofL hyperons softens
the EoS, lowering this value to 1.708M ( . Because of further
softening due to the inclusion ofJ hyperons the maximum
mass is reduced to a value of 1.620M ( . The static neutron
star sequences representing the stellar massesM /M ( and the
corresponding central energy densities («) are exhibited in
Fig. 4 for n, p, L, and lepton matter withK2 and K̄0 con-
densates and different values ofUK̄(n0). The softening in
the EoS due to the presence ofK̄ condensates leads to furth

FIG. 3. The equation of state, pressureP vs energy density«,
for the Groningen set. The results are forn, p, and lepton matter
~dotted line!; n, p, L, and lepton matter~dash-dotted line!; andn, p,

L, and lepton matter includingK2 andK̄0 condensates~solid lines!
calculated with antikaon optical potential depth at normal nucl
matter density ofUK̄(n0)52120, 2140, 2160, and2180 MeV.
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lowering in the limiting masses of neutron stars that too
tained at much earlier central densities as is evident fr
Table IV. The maximum mass of the star varies fro
1.697M ( @for UK̄(n0)52120 MeV] to 1.497M ( @for
UK̄(n0)52180 MeV] because strong attractive antikaon
teraction in medium produces more softening in the EoS.

n, p, L, lepton, andK̄ condensate matter composition,K2

condensation thresholds occur well inside the maxim
mass stars for all values ofUK̄(n0). So the star is mainly
composed of nucleons,L hyperons, andK2 condensate. On

the other hand,K̄0 condensation along withK2 condensation
might be a possibility in maximum mass neutron stars
uUK̄(n0)u>180 MeV.

We also inspect the effect ofJ hyperons on the compac
star mass sequence. Already we have discussed that th

pearance ofJ2 hyperons prevents the onset ofK̄ condensa-
tion for UK̄(n0)52120 MeV. From Table IV, we find tha

no K̄ condensation occurs inside the limiting mass neut
stars foruUK̄(n0)u< 140 MeV. For these values ofUK̄(n0),
the maximum star mass is the same as that of the case w
out any antikaon condensate. On the other hand,K2 conden-
sate is formed inside maximum mass stars foruUK̄(n0)u
>160 MeV, but K̄0 condensation in neutron stars is rule
out for all values ofUK̄(n0) except for antikaon potentia
depth of2180 MeV. ForuUK̄(n0)u>160 MeV, we observe
there is hardly any change in the maximum masses of n
tron stars compared with the cases excludingJ hyperons.
Already we have noted in the discussion of Fig. 2 that

r

FIG. 4. The compact star mass sequences are plotted with
tral energy density for the Groningen set and antikaon optical
tential depth ofUK̄(n0)52120,2140,2160, and2180 MeV. The

star masses ofn, p, L, and lepton matter withK2 and K̄0 conden-
sates are shown.
1-9
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S. BANIK AND D. BANDYOPADHYAY PHYSICAL REVIEW C 66, 065801 ~2002!
density of theJ2 hyperon diminishes with the appearan
of K2 condensate foruUK̄(n0)u> 160 MeV. Now we show
the equations of state for neutron star matter with and w
out J hyperons forUK̄(n0)52160 MeV in Fig. 5. The solid
and dashed lines represent neutron star matter with and w
out J hyperons, respectively. The EoS becomes softer in
presence ofJ2 hyperons, but there is no difference betwe
the equations of state just after the onset ofK2 condensation.
This feature is reflected in the maximum masses of neu
stars, as is evident from Table IV.

In Fig. 6, we draw the mass-radius relationship forn, p,
andL, lepton matter with and withoutK̄ condensate in the
DDRH model using the Groningen set and different antika
optical potential depths and compare it with our previo
result for hyperonic matter includingK2 condensate calcu
lated in the RMF model@9# using GM1 model andUK̄(n0)
52160 MeV. The filled circles correspond to the maximu
masses of compact stars. In case of noK̄ condensate, the
maximum mass star has a radius 11.54 km. ForUK̄(n0)
52120 MeV, the maximum mass star has a radius 11
km, whereas it is 11.39 km forUK̄(n0)52180 MeV in the
DDRH model. The smaller radius in the latter case may
attributed to more softening in the EoS due to strong attr
tive antikaon potential. The curve corresponding to the R
calculation@9# has the smallest radius of 10.9 km among
the cases considered here.

We also investigateK2 condensation in nucleons-onl
and n, p, and L matter using the Bonn A set as given b

FIG. 5. The equation of state forn, p, L, J, lepton, andK̄

matter~solid line! andn, p, L, lepton, andK̄ matter~dashed lines!
calculated with the Groningen set and antikaon optical poten
depth at normal nuclear matter density ofUK̄(n0)52160 MeV.
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Table I and antikaon optical potential depth at norm
nuclear matter densityUK̄(n0)52160 MeV. For the Bonn
A set,s-nucleon andv-nucleon couplings are density depe
dent, whereasr-nucleon coupling is a constant one. Here w
study the EoS and structure of neutron stars. Unlike the s
ation with the Groningen set, antikaon condensation in t
case is a first order phase transition which is governed
Gibbs phase rules and global conservation laws as given
Eqs. ~35!–~39!. The EoS for nucleons-only matter with an
without K2 condensate are denoted by dotted and solid li
and those ofn, p, and L matter are shown by solid an
dashed lines in Fig. 7, respectively. For nucleons-only m
ter, antikaon condensation occurs at energy den
397.6 MeV fm23. And the phase transition is over a
570.3 MeV fm23. Those two points give the extent of th
mixed phase. We have a pure hadronic phase below
lower boundary and an antikaon condensed phase abov
upper boundary. On the other hand, the lower and up
boundaries of the first order phase transition toK2 conden-
sate inn, p, andL matter forRsL50.49 andRvL50.4911
~case I! are shifted to higher energy densities 415.0 a
613.2 MeV fm23, respectively, because of the early appe
ance ofL hyperons. We find that the effective nucleon ma
becomes negative inn, p, andL matter with and withoutK2

condensate, respectively, at 6.60n0 and 6.55n0, where n0
50.159 fm23. We also perform calculations forn, p, andL
matter with and withoutK2 condensate usingRsL50.49
andRvL50.553~case II!. In this case,K2 condensation be-
gins at 397.6 MeV fm23 and the phase transition ends

al

FIG. 6. The mass-radius relationship for compact star seque

for n, p, L, and lepton matter withK2 and K̄0 condensates for the
Groningen set and antikaon optical potential depth ofUK̄(n0)
52120, 2140, 2160, and2180 MeV. The mass-radius relation
ship for the compact star sequence for hyperon matter includingK2

condensate in the RMF model calculation~Ref. @9#! is also shown.
1-10
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DENSITY DEPENDENT HADRON FIELD THEORY FOR . . . PHYSICAL REVIEW C 66, 065801 ~2002!
588.4 MeV fm23. Here L hyperons appear in the mixe
phase. We note that the EoSs with and withoutK2 conden-
sate for case II are stiffer compared with those of case I. T
may be attributed to the stronger repulsion due to the la
value ofRvL in case II. For case II, we also get a negati
effective nucleon mass inn, p, andL matter with and with-
out K2 condensate at 6.72n0 and 6.60n0 respectively. It fol-
lows from the structure calculation using TOV equations t
the maximum masses of nucleons-only stars with and w
out K2 condensate for the Bonn A set are 2.55M ( and
2.32M ( having central densities 5.64n0 and 6.84n0, respec-
tively. In this case, we find the radii for neutron stars w
and withoutK2 condensate are 10.88 km and 9.91 km,
spectively. These values of maximum masses and radii in
Bonn A set are smaller than those of the Groningen set.
n, p, andL matter with and withoutK2 condensate in both
case I and case II we find that the effective nucleon m
becomes negative before the maximum masses are rea
This feature was earlier found by others forn, p, and L
matter without antikaon condensate@36#. Because of the be
havior of the parametrization of the couplings in the hi
density regime for the Bonn A set, the repulsion due tov
field becomes larger than the attraction ofs field. Conse-
quently, the EoS in the Bonn A set is stiffer than that of t
Groningen set. A close inspection of the parametrization
couplings in the Bonn A set has been already suggeste
Ref. @31#.

FIG. 7. The equation of state forn, p, and lepton matter~solid
line! andn, p, lepton, andK2 matter~dotted line! calculated with
the Groningen set and antikaon optical potential depth at nor
nuclear matter density ofUK̄(n0)52160 MeV. The equation of
state forn, p, and L matter with and withoutK2 condensate for
different values ofRvL are also plotted.
06580
is
er

t
-

-
he
or

s
ed.

f
in

V. SUMMARY AND CONCLUSIONS

We have studied K2 and K̄0 condensation in
b-equilibrated hyperonic matter within a density depend
hadron field theoretical model. In this model, baryon-bary
and ~anti!kaon-baryon interactions are mediated by the
change ofs, v, r andd mesons. Density dependent meso
baryon coupling constants are obtained from microsco
Dirac-Brueckner calculations using Groningen and Bonn
nucleon-nucleon potentials. On the other hand, we have c
sidered constant meson-~anti!kaon couplings in this calcula
tion.

For the Groningen set and the values of antikaon opt

potential UK̄(n0)52120 to 2180 MeV, bothK2 and K̄0

condensation are found to be second order phase transit

The early appearance ofL hyperons delaysK̄ condensation
to a higher density for all values ofUK̄(n0) considered here

With further inclusion ofJ hyperons,K2 as well asK̄0

condensation do not occur at all foruUK̄u(n0),120 MeV,

whereasK̄ condensate appears after being delayed byJ hy-
perons foruUK̄u(n0)>140 MeV. It is interesting to note tha
as soon asK2 condensate appears in the system, the den
of J2 drops. It is found that antikaon condensation is n
only sensitive to the equation of state but also to antika
optical potential depth.

The equations of state for different neutron star ma

compositions includingK̄ condensate have been studied
the DDRH model. The appearance of antikaon condensa
makes the corresponding EoS softer. This softening lead
the reduction in maximum masses of neutron stars for dif
ent cases considered here. For different compositions of n
tron star matter, it is observed thatK2 condensation may

occur in maximum mass stars but the appearance ofK̄0 is
ruled out except foruUK̄(n0)u>180 MeV. The neutron sta
with the smallest maximum mass and radius is obtained
UK̄(n0)52180 MeV in the DDRH model with the Gronin
gen set. We also studied the structure of neutron stars
nucleons-only matter with and withoutK2 condensate in the
DDRH model using the Bonn A set. In this case, the E
including K2 condensate results in a neutron star hav
radius,10 km.

We have compared the results of the DDRH model w
those of the RMF model with the GM1 set@9#. The qualita-
tive agreement between the results of these two mode
good. Earlier, it was argued that many body correlations m
prevent antikaon condensation to occur in neutron s
@11,12#. On the contrary, the study of antikaon condensat
in the DDRH model with density dependent meson-bary
couplings, which take into account many body correlatio
shows that it is a possibility in neutron stars. In this calcu
tion, we have treated meson-~anti!kaon couplings as con
stant. In principle, one may consider density depend
meson-~anti!kaon couplings. This will introduce an add
tional rearrangement term in the antikaon sector. It will
reported in a future publication.
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