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Antikaon condensation and the metastability of protoneutron stars
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~Received 5 September 2000; published 9 February 2001!

We investigate the condensation ofK̄0 mesons along withK2 condensation in neutrino-trapped matter with
and without hyperons. Calculations are performed in the relativistic mean field models in which both the
baryon-baryon and~anti!kaon-baryon interactions are mediated by meson exchange. In the neutrino-trapped
matter relevant to protoneutron stars, the critical density ofK2 condensation is shifted considerably to higher

density whereas that ofK̄0 condensation is shifted slightly to higher density with respect to that of the

neutrino-free case. The onset ofK2 condensation always occurs earlier than that ofK̄0 condensation. A

significant region of maximum mass protoneutron stars is found to containK̄0 condensate for larger values of

the antikaon potential. With the appearance ofK̄0 condensation, there is a region of symmetric nuclear matter
in the inner core of a protoneutron star. We note that the gross properties of the protoneutron stars are
significantly affected by the antikaon condensation for larger values of the antikaon potential. It is found that

the maximum mass of a protoneutron star containingK2 and K̄0 condensate is greater than that of the
corresponding neutron star. We reexamine the implication of this scenario in the context of the metastability of
protoneutron stars and their evolution to low mass black holes.

DOI: 10.1103/PhysRevC.63.035802 PACS number~s!: 26.60.1c, 21.65.1f, 97.60.Jd, 95.30.Cq
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I. INTRODUCTION

It was suggested by Woosley and Weaver@1# that pro-
genitor stars heavier than;25M ( would collapse into black
holes. In this scenario, stars first explode, then exhibit li
curves of type II supernova, and return matter to the gal
before going into black holes. This issue got impetus a
the explosion of SN 1987A. One of the revealing features
SN 1987A is that a neutrino was observed in Kamiokand
at the 12th second. So far there has been no observation
pulsar within it. Moreover, the light curve fades away, lea
ing to speculation that the compact object in SN 1987A
collapsed into a low mass black hole. If this picture of lo
mass black hole formation is true for SN 1987A, the new
born hot and neutrino-rich star, called a protoneutron s
was stable over 12 s or more before collapsing into a bl
hole.

In recent years, there have been several works by var
groups@2–4# to understand what is the mechanism beh
the stability of protoneutron stars for short times. In t
‘‘conventional’’ scenario where~proto!neutron stars are
made up of nucleons and leptons, the protoneutron star h
slightly smaller maximum mass than that of the neutron s
The ‘‘window’’ of maximum masses is very small in thi
case. However, the scenario dramatically changes with
formation of K2 condensation in dense matter as found
previous calculations@2–4#. They showed that leptons coul
stabilize a much larger maximum mass for a protoneut
star in the presence ofK2 condensation during the evolution
In the following paragraph, we briefly review the previo
calculations ofK2 condensation in dense matter relevant
~proto!neutron stars.

With the pioneering work of Kaplan and Nelson@5#, con-
siderable interest has been generated in the study of anti
(K̄) condensation in dense matter in recent years. In a ch
SU(3)L3SU(3)R model, baryons directly couple with
~anti!kaons. The effective massmK* of antikaons decrease
0556-2813/2001/63~3!/035802~13!/$15.00 63 0358
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with density because of the strongly attractiveK2-baryon
interaction in dense matter. Consequently, the in-medium
ergy (vK2) of K2 mesons in the zero-momentum state a
decreases with density. Thes-waveK2 condensation sets in
when vK2 equals the chemical potential of theK2 meson.
Later, this chiral model was adopted by other groups to st
K2 condensation in the core of neutron stars@6–8# using
kaon-nucleon scattering data@9,10# andK2 atomic data@11#.
On the other hand,K2 condensation has been studied in
different kind of model which is an extension of the Walec
model @12–15#. In this model, kaons interact with baryon
through the exchange of mesons. It is found that the thre
old density ofK2 condensation in various calculations d
pends on the equation of state and parameters, in partic
on the antikaon optical potential. The net effect ofK2 con-
densation in neutron star matter is thatK2 condensate re-
places electrons in maintaining charge neutrality and soft
the equation of state. As a result of the softening of
equation of state, the masses of the stars are reduced i
presence ofK2 condensate@7,12–15#. It was also found that
in the presence of hyperons,K2 condensation was delayed t
higher density and might not even exist in maximum ma
stars. Protoneutron stars withK2 condensate were studied b
various groups@2,4,7,16# and shown to have maximum
masses larger than those of cold neutron stars—a revers
the ‘‘conventional scenario.’’ Theoretical studies based
the above-mentioned models@9,13,14# and also on the
Nambu–Jona-Lasinio model@17# yield a repulsive optical
potential forK1 in the nuclear medium. Therefore,K1 con-
densation may not be a possibility in~proto!neutron stars.

In a recent calculation@18#, the formation ofK̄0-meson
condensation in neutron stars has been investigated with
relativistic mean field approach@19# where the interaction
between the baryons and antikaons is generated by the
change ofs, v, andr mesons. It is found that ther-meson
field is repulsive for theK2 meson, whereas it is attractiv
for the K̄0 meson which is an isodoublet partner of theK2
©2001 The American Physical Society02-1
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meson. Consequently, the in-medium energy (v K̄0) of theK̄0

meson is lowered compared with that of theK2 meson,
thereby makingK̄0 meson condensation more favorable
neutron star matter. The critical density fors-wave neutral
K̄0 meson condensation is governed by the conditionv K̄0

50. It was found that the critical densities forK2 and K̄0

condensation depended sensitively on the choice of the
kaon optical potential depth and more strongly on the nuc
equation of state~EOS!. The threshold density ofK̄0 conden-
sation always lies above that ofK2 condensation. With the
appearance ofK2 andK̄0 condensate, the overall equation
state becomes softer than the situation without antikaon c
densation, leading to a reduction in the maximum masse
neutron stars. With the onset of onlyK2 condensation, the
proton fraction rises dramatically and even crosses the n
tron fraction at some density because of charge neutra
With the onset ofK̄0 condensation, there is a competition
the formation ofK2-p and K̄0-n pairs, resulting in a per-
fectly symmetric matter for nucleons and antikaons ins
neutron stars. In the presence of hyperons, it was found
the formation of antikaon condensation was delayed
higher densities and the maximum mass neutron star
tainedK̄0 condensate for larger values of the antikaon pot
tial depth@18#.

So far, there has been no calculation ofK̄0 condensation
and its impact on the gross properties of protoneutron st
In this paper, we investigate the effect of antikaon cond
sation with emphasis on the role ofK̄0 condensate to deter
mine the composition and structure of protoneutron star
the standard meson exchange model@19#. In this calculation,
we adopt the usual relativistic mean field Lagrang
@14,15,18# for baryons interacting via meson exchang
Also, we include the self-interaction of the scalar meson a
the nonlinearv meson term in the calculation@14#. The
~anti!kaon-baryon interaction is treated on the same foot
as the baryon-baryon interaction. The Lagrangian density
-

03580
ti-
ar

n-
of

u-
y.

e
at
o
n-
-

rs.
-

in

.
d

g
or

~anti!kaons is taken from Refs.@15,18#. We shall show
within this model thatK̄0 condensate may also exist inside
protoneutron star and has a significant influence on the s
properties and evolution.

The paper is organized as follows. In Sec. II we descr
the relativistic mean field~RMF! model of strong interac-
tions. The relevant equations for~proto!neutron star matter
with antikaon condensates are summarized in this mode
Sec. III the parameters of the model are discussed and re
of antikaon condensates in~proto!neutron star matter are pre
sented. Section IV is devoted to the summary and con
sions.

II. FORMALISM

We describe the charge-neutral and beta-equilibrated m
ter consisting of baryons, electrons, muons, and electr
type neutrinos in the presence of antikaon condensates.
matter inside a protoneutron star is highly degenerate.
chemical potentials of its constituents are a few hundred
MeV, whereas the central temperature of the star is a
tens of MeV. Neglecting the finite temperature effect w
have little effect on the gross properties of the star. Howev
the compositional changes caused by the trapped neutr
may induce relatively larger changes in the formation of a
tikaon condensation@4#. Therefore, we perform zero
temperature calculations of~proto!neutron stars in the pres
ence of antikaon condensation. The starting point in
present approach is a relativistic field theoretical model
baryons and~anti!kaons interacting by the exchange of sca
s, isoscalar vectorv, and vector isovectorr mesons and two
additional hidden-strangeness mesons, the scalar m
f 0(975) ~denoted hereafter ass* ) and the vector meson
f(1020), to allow for the hyperon-hyperon interactio
@14,20#. The total Lagrangian density consists of the ba
onic, kaonic, and leptonic parts, i.e.,L5LB1LK1Ll . Here
we consider all the species of the baryon octetB
[$n,p,L,S1,S2,S0,J2,J0%. The baryonic Lagrangian
density is given by
LB5(
B

c̄BS igm]m2mB1gsBs2gvBgmvm2
1

2
grBgmtB•rmDcB

1
1

2
~]ms]ms2ms

2s2!2U~s!2
1

4
vmnvmn1

1

2
mv

2 vmvm2
1

4
rmn•rmn1

1

2
mr

2rm•rm1LYY. ~1!
HerecB denotes the Dirac spinor for baryonB with vacuum
massmB and isospin operatortB . The scalar self-interaction
term @21# is

U~s!5
1

3
g2s31

1

4
g3s4. ~2!

The Lagrangian density (LYY) responsible for the hyperon
hyperon interaction is given by
LYY5(
B

c̄B~gs* Bs* 2gfBgmfm!cB

1
1

2
~]ms* ]ms* 2ms*

2 s* 2!

2
1

4
fmnfmn1

1

2
mf

2 fmfm. ~3!
2-2
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The Lagrangian density for~anti!kaons in the minimal
coupling scheme is given by@15#

LK5Dm* K̄DmK2mK*
2K̄K, ~4!

where the covariant derivativeDm5]m1 igvKvm1 igfKfm
1 igrKtK•rm . The isospin doublet for kaons is denoted
K[(K1,K0) and that for antikaons isK̄[(K2,K̄0). The
effective mass of~anti!kaons in this minimal coupling
scheme is given by

mK* 5mK2gsKs2gs* Ks* , ~5!

wheremK is the bare kaon mass. In the mean field appro
mation ~MFA! @19# adopted here, the meson fields are
placed by their expectation values. Only the timelike com
nents of the vector fields and the isospin three-componen
r-meson field have nonvanishing values in a uniform a
static matter. The mean meson fields are denoted bys, s* ,
v0 , f0, andr03.

The dispersion relation representing the in-medium en
gies of K̄[(K2,K̄0) for s-wave (k50) condensation is
given by

vK2,K̄05mK* 2gvKv02gfKf07
1

2
grKr03, ~6!

where the isospin projectionI 3K̄571/2 for the mesons
K2 (2 sign! and K̄0 ~1 sign! are explicitly written in the
expression. Since thes andv fields generally increase with
density and both terms containings andv fields in Eq.~6!

are attractive for antikaons, the in-medium energies ofK̄
decrease in the nuclear medium. On the other hand
nucleon-only matter,r03[np2nn (np andnn are the proton
and neutron densities! is negative; thus ther-meson field
favors the formation ofK̄0 condensation over that ofK2

condensation. In hyperon matter, the repulsivef-meson term
may delay the onset of antikaon condensation@14#. The in-
medium energies of kaonsK[(K1,K0) are given by

vK1,K05mK* 1gvKv01gfKf06
1

2
grKr03. ~7!

It is to be noted here that kaon condensation may be imp
sible in neutron star matter because thev-meson term is
repulsive for kaons and dominates over the attrac
s-meson term at higher densities. However, the attractivf
meson term may decrease kaon energies in the presen
hyperons@14#.

The meson field equations in the presence of baryons
antikaon condensates are derived from Eqs.~1!–~4! as

ms
2s52

]U

]s
1(

B
gsBnB

S1gsK(
K̄

nK̄ , ~8!

ms*
2 s* 5(

B
gs* BnB

S1gs* K(
K̄

nK̄ , ~9!
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mv
2 v05(

B
gvBnB2gvK(

K̄

nK̄ , ~10!

mf
2 f05(

B
gfBnB2gfK(

K̄

nK̄ , ~11!

mr
2r035(

B
grBI 3BnB1grK(

K̄

I 3K̄nK̄ . ~12!

Here the scalar and number densities of baryonB are, respec-
tively,

nB
S5

2JB11

2p2 E
0

kFB
mB*

~k21mB*
2!1/2

k2dk, ~13!

nB5~2JB11!
kFB

3

6p2
, ~14!

with effective baryonic massmB* 5mB2gsBs2gs* Bs* ,
Fermi momentumkFB

, spin JB , and isospin projectionI 3B .

Note that fors-wave K̄ condensation, the scalar and vect
densities of antikaons are same and those are given by@15#

nK2,K̄052S vK2,K̄01gvKv01gfKf06
1

2
grKr03D K̄K

52mK* K̄K. ~15!

The total energy density«5«B1« l1« K̄ has contributions
from baryons, leptons, and antikaons. The baryonic plus
tonic energy density is

«B1« l5
1

2
ms

2s21
1

3
g2s31

1

4
g3s41

1

2
ms*

2 s* 21
1

2
mv

2 v0
2

1
1

2
mf

2 f0
21

1

2
mr

2r03
2 1(

B

2JB11

2p2

3E
0

kFB
~k21mB*

2!1/2k2dk1(
l

1

p2

3E
0

KFl
~k21ml

2!1/2k2dk1
mne

4

8p2
, ~16!

wherel goes over electrons and muons. The last term co
sponds to the energy density of neutrinos as required in
toneutron star matter. The energy density for antikaons i

« K̄5mK* ~nK21nK̄0!. ~17!

Since antikaons forms-wave Bose condensates, they do n
directly contribute to the pressure so that the pressure is
to baryons and leptons only:
2-3
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P52
1

2
ms

2s22
1

3
g2s32

1

4
g3s42

1

2
ms*

2 s* 21
1

2
mv

2 v0
2

1
1

2
mf

2 f0
21

1

2
mr

2r03
2 1

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

1
mne

4

24p2
. ~18!

Here, the last term is the contribution of neutrinos to t
pressure. The pressure due to antikaons is contained en
in the meson fields via their field equations~8!–~12!.

At the interior of ~proto!neutron stars, baryons are
chemical equilibrium under weak processes. Therefore
chemical potentials of baryons and leptons are governed
the equilibrium conditions

m i5bimn2qi~me2mne
!, ~19!

wherem i , mn , me , andmne
are, respectively, the chemica

potentials of thei th baryon, neutrons, electrons, and neu
nos, with m i5(kFi

2 1mi*
2)1/21gv iv01gf if01I 3igr ir03,

and bi and qi are the baryon and electric charge of thei th
baryon, respectively. In neutron stars, electrons are conve
to muons bye2→m21 n̄m1ne when the electron chemica
potential becomes equal to the muon mass. Therefore
haveme5mm in a neutron star. On the other hand, muons
absent in a protoneutron star. With the onset ofK̄ condensa-
tion, various strangeness changing processes may occ
~proto!neutron stars such asN
N1K̄ and e2
K21ne ,
whereN[(n,p) and K̄[(K2,K̄0) denote the isospin dou
blets for nucleons and antikaons, respectively. The requ
ment of chemical equilibrium yields

mn2mp5mK25me2mne
, ~20!

m K̄050, ~21!

wheremK2 andm K̄0 are, respectively, the chemical potentia
of K2 and K̄0. The above conditions determine the onset
antikaon condensation in neutrino-trapped matter. When
effective energy of theK2 meson (vK2) is equal to its
chemical potential (mK2) which, in turn, is equal tome

2mne
, a K2 condensate is formed. Similarly,K̄0 condensa-

tion is formed when its in-medium energy satisfies the c
dition v K̄05m K̄050. It is to be noted here that the neutrin
chemical potential (mne

) is zero for the neutrino free cas
corresponding to neutron stars. For~proto!neutron star mat-
ter we need to include also the charge neutrality conditi
which in the presence of antikaon condensate is expresse

(
i

qini2nK22ne2nm50, ~22!

whereqi andni are the electric charge and density of thei th
baryon, respectively. The other constraint in protoneut
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stars is the number of leptons per baryon. Gravitational c
collapse calculations of massive stars indicate that the lep
fraction at the onset of trapping isYLe

5Ye1Yne
.0.4 and it

is conserved on a dynamical time scale@4#.

III. RESULTS AND DISCUSSION

In the effective field theoretic approach adopted here,
first consider nucleon-only matter where two distinct sets
coupling constants for nucleons and kaons associated
the exchange ofs, v, and r mesons are required. Th
nucleon-meson coupling constants generated by reprodu
the nuclear matter saturation properties are taken from G
denning and Moszkowski@22#. This set is referred to as
GM1 and is listed in Table I.

Now we determine the kaon-meson coupling consta
According to the quark model and isospin counting rule,
vector coupling constants are given by

gvK5
1

3
gvN and grK5grN . ~23!

The scalar coupling constant is obtained from the real par
the K2 optical potential at normal nuclear matter density:

UK̄~n0!52gsKs2gvKv0 . ~24!

The negative sign in the vector meson potential is due toG

parity. The critical density ofK̄ condensation should there
fore strongly depend on theK2 optical potential.

It has been demonstrated in various calculations that
tikaons feel an attractive potential in normal nuclear ma
@10,23–26#. The analysis ofK2 atomic data@24# in a hybrid
model comprised of the relativistic mean field approach
the nuclear interior and a phenomenological density dep
dent potential at low density revealed that the real part of
antikaon optical potential could be as large asUK̄52180
620 MeV at normal nuclear matter density and repulsive

TABLE I. The nucleon-meson coupling constants in the GM
set are taken from Ref.@22#. In this relativistic model, the baryon
interact via nonlinears-meson and linearv-meson exchanges. Th
coupling constants are obtained by reproducing the nuclear m
properties of the binding energyE/B5216.3 MeV, baryon den-
sity n050.153 fm23, asymmetry energy coefficientaasy

532.5 MeV, incompressibility K5300 MeV, and effective
nucleon massmN* /mN50.70. The hadronic masses aremN

5938 MeV, ms5550 MeV, mv5783 MeV, and mr

5770 MeV. The parameter set TM1 is obtained from Ref.@30#
which incorporates nonlinear exchanges in boths and v mesons.
The nuclear matter properties in the TM1 set areE/B5
216.3 MeV, n050.145 fm23, aasy536.9 MeV, K5281 MeV,
andmN* /mN50.634. All the hadronic masses in this model are sa
as GM1 except for thes meson which isms5511.198 MeV. All
the parameters are dimensionless, exceptg2 which is in fm21.

gsN gvN grN g2 g3 g4

GM1 9.5708 10.5964 8.1957 12.2817 -8.9780 2

TM1 10.0289 12.6139 4.6322 -7.2325 0.6183 71.30
2-4
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low density in accordance with the low density theorem.
the coupled channel calculation@25# for antikaons, the attrac
tive antikaon potential depth was estimated to beUK̄
52100 MeV, whereas the chirally motivated couple
channel approach predicted a depth ofUK̄52120 MeV
@26#. The wide range of values of the antikaon potent
depth as found in various calculations may be attributed
the different treatments ofL(1405) resonance which is con
sidered to be an unstableK̄N bound state just below theK2p
threshold. Therefore, we determine theK-s coupling con-
stant gsK from a set of values ofUK̄(n0) starting from
2100 MeV to2180 MeV. This is listed in Table II for the
set GM1. Since thev-meson potential forK̄ in this model is
Vv

K(n0)52gvKv0'272 MeV, a rather large sigma-kao
coupling constant ofgsK53.674 is required to reproduce
depth of 2180 MeV. It is to be noted that for this larg
depth, the value of the scalar coupling is similar to the p
diction in the simple quark model, i.e.,gsK5gsN/3. In an
alternative approach the kaon-meson coupling const
were also determined from thes-wave kaon-nucleon (KN)
scattering length@14,27,28#.

We now present results for~proto!neutron star matter con
taining nucleons, leptons, andK̄ condensates for the param
eter set GM1 in Tables I and II. In Fig. 1, the scalar a
vector potentials are displayed as a function of baryon d
sity normalized to the equilibrium value ofn0
50.153 fm23 with the K2 optical potential depth of
UK̄(n0)52160 MeV for the neutrino-free~top panel! and
neutrino-trapped~bottom panel! cases. In both cases, the sc
lar (s) and vector (v) potentials increase with density be
fore the onset of antikaon condensation. In the neutrino-
case, two curves touch each other just at the onset ofK2

condensation, whereas the curve of the vector (v) potential
crosses the curve of the scalar potential before the app
ance of antikaon condensation in the neutrino-trapped c
After the formation of K̄ condensates, the curves chan
slope; i.e., the rate of increase of the fields is altered w
respect to the previous situations. With the appearance oK̄0

condensate, the isovector potential approaches zero with
creasing density in the neutrino-free case, whereas it goe
zero and then bounces back for the neutrino-trapped cas
is found that the scalar potential for neutrino-free matter
comes larger after the onset of antikaon condensation
that of neutrino-trapped matter. It follows from Eq.~8! and
this reasoning that the onset ofK̄ condensation is delayed t
higher densities in neutrino-trapped matter. Though the v
tor potentials are comparable in both cases up to;2.5n0, it

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

sons,gsK , for various values ofK̄ optical potential depthsUK̄ ~in
MeV! at the saturation density. The results are for the GM1 a
TM1 set.

UK̄ -100 -120 -140 -160 -180

GM1 0.9542 1.6337 2.3142 2.9937 3.6742
TM1 0.2537 0.8384 1.4241 2.0098 2.5955
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is higher for the neutrino-trapped case at higher densities
the other hand, the isovector potential in neutrino-trapp
matter is always smaller compared to that of neutrino-f
matter. Those variations in the meson fields may be att
uted to the different behavior of the source terms in the fi
equations of motion@Eqs. ~8!, ~10!, and ~12!# and the com-
position of matter in two cases.

The effective mass ratio of antikaons,mK* /mK , is shown
in Fig. 2 as a function of normalized baryon density f
UK̄52160 MeV. The solid line represents the neutrino-fr
case, whereas the dotted line denotes the neutrino-trap
situation. It is found that the effective mass in neutrino-fr
matter is smaller than that of neutrino-trapped matter
higher densities. This may be attributed to the larger sc
potential at higher densities in the former case.

Figure 3 shows thes-wave antikaon condensation ene
gies for neutrino-free and neutrino-trapped nuclear matte
a function of baryon density. The calculation is done with t
antikaon potential depth ofUK̄52160 MeV. The solid lines
correspond to the energy of theK2 meson,vK2, whereas the
dashed lines indicate that of theK̄0 meson,v K̄0. Also, the

d

FIG. 1. The mean meson potentials versus the baryon den
nB /n0 in the GM1 set for neutrino-free~top panel! and neutrino-
trapped~bottom panel! nucleon-only star matter with the inclusio

of antikaon,K2 and K̄0, condensation. TheK̄ optical potential
depth isUK̄52160 MeV at the normal nuclear matter density
n050.153 fm23.
2-5
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electron chemical potential (me) for the neutrino-free case
and the difference between electron and neutrino chem
potentials,me2mne

, for the neutrino-trapped case in the a

sence ofK̄ condensate are depicted in the figure. In neutri
trapped matter, the in-medium energy of theK2 meson is
lower compared with that of neutrino-free matter. This d
ference in the energies of theK2 meson stems from differen
behaviors of the meson fields in two cases as is evident f
Fig. 1. The threshold densities ofK2 condensation in
neutrino-free and neutrino-trapped matter are 2.43n0 and
3.07n0, respectively. In the presence of trapped neutrin
the onset ofK2 condensation is shifted to higher dens
because the curve representing the difference of electron
neutrino chemical potentials (me2mne

) intersects thevK2

curve at higher density. On the other hand, the thresh
condition for K̄0 condensation is alwaysv K̄50. Unlike the
situation with theK2 meson, we find that the in-medium
energy of theK̄0 meson in neutrino-trapped matter is high
than that of the neutrino-free case. The threshold dens
for K̄0 condensation are 3.59n0 and 3.81n0 for neutrino-free
and neutrino-trapped matter, respectively. The early app
ance ofK2 condensate delays the formation ofK̄0 conden-
sate in the neutrino-free~-trapped! matter to a higher density
As a result of the presence of neutrinos, the shift in
threshold density ofK̄0 condensation is smaller with respe
to the neutrino-free case than the corresponding situa
with K2 condensation. We note that the difference betwe
the energies ofK̄0 and K2 in the neutrino-trapped case
smaller than that of the neutrino-free case because the

FIG. 2. The variation of the effective mass of~anti!kaons
mK* /mK as a function of baryon densitynB /n0 for neutron star
matter~solid line! and protoneutron star matter~dashed line! con-

sisting of nucleons and antikaon condensates in the GM1 set. TK̄
optical potential depth at normal nuclear matter density isUK̄5
2160 MeV for this calculation.
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ovector potential is smaller in the former case. Thresh
densities ofK̄ condensation for the GM1 set and other valu
of UK̄(n0) are given in Table III. The values given in th
parentheses correspond to neutrino-free matter.

The populations of various particles in proto~neutron! star
matter withK2 and K̄0 condensation forUK̄52160 MeV

FIG. 3. The in-medium energy ofK2 ~solid lines! and K̄0

~dashed lines! versus baryon density for neutrino-free~-trapped!
nucleon-only matter in the GM1 set. The electrochemical poten
(me) and the difference of the electrochemical potential and
neutrino chemical potential, i.e.,me2mne

, are also shown in the

figure. TheK̄ optical potential at normal nuclear matter density
UK̄52160 MeV.

TABLE III. The maximum massesMmax and their correspond-
ing central densitiesucent5ncent/n0 for neutrino-trapped nucleon
only (np) star matter and for stars with further inclusion of hype
ons (npH) are given below. The lepton fraction in neutrino-trapp
matter isYLe

5Ye1Yne
50.4. The results are for the GM1 set. Fo

protoneutron star matter with nucleons and antikaons (npK̄), the

critical densities for K2 and K̄0 condensation,ucr(K
2) and

ucr(K̄
0), and also the results forMmax anducent at various values of

the antikaon potential depthUK̄ ~in MeV! at the saturation density
are given. The values in the parentheses are for the neutrino
matter relevant to neutron stars.

UK̄ ucr(K
2) ucr(K̄

0) ucent Mmax/M (

np - - - 5.84 ~5.63! 2.283~2.364!

-100 4.40~3.45! 5.71 ~5.51! 5.68 ~5.17! 2.258~2.211!
-120 3.90~3.05! 5.03 ~4.83! 5.57 ~5.19! 2.218~2.077!

npK̄ -140 3.45~2.71! 4.39 ~4.19! 5.33 ~4.75! 2.134~1.856!

-160 3.07~2.43! 3.81 ~3.59! 4.89 ~3.59! 1.970~1.551!
-180 2.74~2.19! 3.31 ~3.07! 4.74 ~3.09! 1.686~1.217!

npH - - - 5.66 ~5.16! 2.043~1.789!
2-6
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ANTIKAON CONDENSATION AND THE METASTABILITY . . . PHYSICAL REVIEW C 63 035802
are shown in Fig. 4. In the top panel we exhibit the parti
abundances of neutrino-free star matter. In neutrino-free m
ter, onceK2 condensate sets in at 2.43n0, it rapidly increases
with density, replacing the leptons in maintaining the cha
neutrality. The proton density becomes equal to theK2 con-
densate density because of the charge neutrality. With
onset of K̄0 condensate at 3.59n0, the neutron and proton
abundances become identical, resulting in a symmetric m
ter of nucleons and antikaons@18#. In the previous calcula-
tion of K2 condensation in neutron star matter@4,8,13#, it
was found that protons were more abundant than neutron
higher densities. In the bottom panel of Fig. 4, we show
particle fractions with bothK2 and K̄0 condensates fo
neutrino-trapped matter. We have a somewhat different
ture here. With the formation ofK2 condensate at 3.07n0, it
cannot replace electrons totally like the neutrino-free c
because of the constraintYLe

50.4 in the system. At highe
baryon densities, the electron density slowly falls and

FIG. 4. The proper number densitiesni of various compositions
in ~proto!neutron star matter including antikaon condensates in
GM1 model. The results are for neutrino-free matter~top panel! and

neutrino-trapped matter~bottom panel!. The K̄ optical potential at
normal nuclear matter density isUK̄52160 MeV.
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density ofK2 condensate becomes higher than the elect

density. As soon asK̄0 condensate is formed at 3.81n0, the
neutron density becomes equal to the proton density an
continues in the high density regime. Like the neutrino-fr
case~top panel!, neutrino-trapped matter becomes symmet
nuclear matter just with the formation ofK̄0 condensate. On
the other hand, the density ofK̄0 condensate increases wit
baryon density uninterruptedly and even becomes larger
the density ofK2 condensate beyond;4n0. As a result, the
r-meson field becomes zero at the onset ofK̄0 condensation
and then bounces back~see Fig. 1! unlike the situation in
neutrino-free matter where the isovector field is zero at a
beyond the onset ofK̄0 condensation. It is interesting to not
that beta-equilibrated and charge-neutral neutrino-trap
matter is mainly dominated byK̄0 condensate thanK2 con-
densate after the formation ofK̄0 condensate.

The equation of state or the pressure~P! versus energy
density (e) for neutrino-free and neutrino-trapped matter
displayed in Fig. 5. The top panel represents nucleon-o
matter. Here, the dashed line stands for the neutrino-trap
case and the solid line implies the neutrino-free case.
overall EOS of neutrino-trapped matter is softer compa
with that of neutrino-free matter. It is due to the delica
interplay of the contributions of the symmetry and lept
terms to the energy density~pressure! in both cases. As
trapped neutrinos leave the system, the conversion of pro
to neutrons increases the energy density~pressure! more than
it is decreased by the loss of neutrinos. This scenario
changed in the presence of antikaon condensation. Th
demonstrated in the bottom panel of Fig. 5 withUK̄
52160 MeV. We find that the overall EOS of neutrino
trapped matter is now stiffer than that of neutrino-free m
ter. During deleptonization, the contribution of the nucle
symmetry term to the energy density~pressure! does not
change at all in this case withK2 and K̄0 condensate a
higher densities. This happens because both neutrino-
and neutrino-trapped matter become isospin-satura
nuclear matter at the onset ofK̄0 condensation. Such a situ
ation does not arise for~proto!neutron star matter withK2

condensate because more protons than neutrons are fa
by K2 condensate due to the charge neutrality. It is imp
tant to note here that the incompressibility of matterK

59dP/dnB) becomes negative with the formation ofK̄ con-
densates in neutrino-free matter as is evident from Fig. 5.
get rid of those unphysical regions from the energy den
versus pressure curve and maintain a positive incompr
ibility, a Maxwell construction is done here. This implies
first order phase transition. We note that the phase trans
is of second order in the neutrino-free case for smaller val
of the antikaon potential and in the neutrino-trapped case
all values of the antikaon potential. It is worth mentionin
here that the condensation ofK2 meson was treated as a fir
order phase transition using Gibbs criteria@15#. In this case,
matter would have a normal phase of baryons and lepton
low density followed by a mixed phase ofK2 condensate
and baryons and a pure phase ofK2 condensate at highe
densities. This scenario would be more complicated with

e

2-7
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further appearance ofK̄0 condensate becauseK2 and K̄0

condensation have to be treated as two separate first o
phase transitions. Therefore, the treatment of such a prob
is beyond the scope of this work.

Now we present the results of static structures of~proto-
!neutron stars calculated using Tolmann-Oppenheim
Volkov ~TOV! equations. The static~proto!neutron star se-
quences representing the stellar massesM /M ( and the
corresponding central energy density«c are shown in Fig. 6
for the GM1 set. The neutrino-free stars are denoted by
solid lines and the neutrino trapped stars are represente
the dashed lines in Fig. 6. The ‘‘conventional’’ scenario, i.
stars made of nucleons, leptons, and noK̄ condensation, is
shown in the top panel. The maximum masses (Mmax) and
central densities (nc) of the neutrino trapped and neutrino
free stars are, respectively, given by 2.283(2.364)M ( and
5.84(5.63)n0. The protoneutron star has a smaller mass co

FIG. 5. The equation of state, pressureP vs energy density« in
the GM1 set. The results are for nucleon-only (np) ~proto!neutron

star matter~top panel! and with further inclusion ofK2 and K̄0

condensation~bottom panel! calculated with the antikaon optica
potential depth at normal nuclear matter density ofUK̄5
2160 MeV. The equation of state for neutrino-free matter is
noted by the solid line and that of neutrino-trapped matter by
dashed line.
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pared with that of the neutron star because the EOS is so
in the former case. In the bottom panel, the masses of~pro-
to!neutron stars with bothK2 and K̄0 condensation and
UK̄(n0)52160 MeV are plotted~the dashed curve with the
labelnpK2K̄0) with central energy density. In this case, th
maximum masses of the~proto!neutron stars are
1.97(1.55)M ( corresponding to the central densitie
4.89(3.59)n0, respectively. For the mass sequence of neut
stars containing both condensates, there is a flat region
tending from the central density~central energy density!
2.36n0 (365.13 MeV fm23) to 3.36n0 (518.73 MeV
fm23). That region corresponds to the constant pressure
gion in the equation of state. This is the signature of
Maxwell construction. We note that the masses and radi

-
e

FIG. 6. The~proto!neutron star mass sequences are plotted w
central energy density in the GM1 set for the antikaon optical
tential depth ofUK̄52160 MeV. The star masses of nucleon-on

matter and with further inclusion ofK2 and K̄0 condensation are
shown in the top and bottom panel, respectively. The solid cu
corresponds to the neutrino-free case whereas the dashed curv
resents the neutrino-trapped case. The solid circles correspon
the maximum masses.
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ANTIKAON CONDENSATION AND THE METASTABILITY . . . PHYSICAL REVIEW C 63 035802
neutron stars are constant in the flat region. However,
maximum mass for the neutron star lies above this flat
gion, i.e., at the central density 3.59n0. It is worth mention-
ing here that the Maxwell construction has its limitations.
the Maxwell construction case, the thermodynamical va
ables such as the pressure and chemical potential are
continuously increasing function of density. Also, there is
mechanical instability in the flat region of the mass vers
central energy density curve in the Maxwell constructi
case. In that region, the stability conditiondM/d«c.0 is not
satisfied. Therefore, no star with central density falling in
mixed phase region will be stable for the Maxwell constru
tion case.

We note here that the maximum masses of
~proto!neutron stars including antikaon condensates
smaller than those of the ‘‘conventional’’ scenario. This c
be attributed to the softening of the EOS due to the prese
of K̄ condensates. In the previous calculations includingK2

condensate@4,6,7,13–15# this kind of softening in the EOS
and reduction in the maximum mass of the star were
served. The net result ofK2 condensation is that the max
mum mass stars contain more protons than neutrons at h
densities. Brown and Bethe@2,3# called those stars ‘‘nuclea
matter’’ stars rather than neutron stars. In the bottom pa
we also plot the sequence of protoneutron star masses c
lated with only K2 condensation. This is shown by th
dashed curve labeled bynpK2. In the neutrino-trapped case
the additional softening in the EOS due toK̄0 condensate
results in a smaller maximum mass for the star compa
with the corresponding situation with onlyK2 condensate.
In the bottom panel and Table III, we find that the thresh
density ofK̄0 condensation for the neutrino trapped case
well inside the central density of the maximum mass s
This implies that a significant region of the protoneutron s
may containK̄0 condensate along withK2 condensate. In
the neutrino-free case, the maximum mass of the star inc
ing both antikaon condensates is not modified apprecia
due toK̄0 condensate with respect to the situation calcula
with only K2 condensate because the threshold density
K̄0 condensation coincides with the central density of
maximum mass star in the former case. It is interesting
note that the maximum mass stars in the presence ofK2 and
K̄0 condensate contain exactly equal the number of prot
and neutrons at higher densities. Therefore, those stars
be called ‘‘symmetric nuclear matter’’ stars. We have a
calculated the maximum masses and central densities o
~proto!neutron stars for the GM1 set and other values
UK̄(n0) and those are tabulated in Table III. The valu
given in the parentheses correspond to neutrino-free ma
It is to be noted here that the maximum mass of the neu
star in the GM1 set and withUK̄(n0)52180 MeV is
smaller than the precise observational lower limit of 1.44M (

imposed by the larger mass of the binary pulsar PSR 1
1 16 @29#. Therefore, such a softer EOS is ruled out by t
observation.

In a recent calculation for neutrino-free matter includi
K̄ condensates, it has been noted that the critical densitie
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antikaon condensation are sensitive to the nuclear equa
of state apart from its dependence on the antikaon pote
depth@18#. Therefore, we also study the formation ofK̄ con-
densates in neutrino-trapped matter using a softer EOS
this calculation, the model Lagrangian density contains
nonlinearv-meson term@30,31# besides the self-interactio
term for the scalar meson. The form of the nonlinearv me-
son term is

L v45
1

4
g4~vmvm!2. ~25!

Sugahara and Toki@31# showed that such a model agree
with the relativistic Bru¨ckner Hartree-Fock results reaso
ably well. The parameters of the model were obtained
fitting the experimental data for binding energies and cha
radii of heavy nuclei. This set of parameters is known as
TM1 set@31#. The nucleon-meson couplings of the TM1 s
are shown in Table I andgsK couplings for variousUK̄(n0)
are given in Table II. Now we present the results for t
calculation ofK̄ condensation in neutrino-trapped nucleo
only matter using the TM1 set. The critical densities ofK̄
condensation and maximum masses of~proto!neutron stars
with their corresponding central densities for the TM1 set
shown in Table IV. The values in the parentheses corresp
to the neutrino-free cases. Because of the presence o
nonlinearv meson term, the TM1 set results in a softer EO
than that with the GM1 set. As a result, the critical densit
of K̄ condensation for the TM1 set are shifted to high
densities compared with those of the GM1 set. It is fou
that K̄0 condensation is formed inside the maximum ma
neutron stars foruUK̄(n0)u>160 MeV and inside the maxi
mum mass protoneutron star only forUK̄(n0)
52180 MeV in the TM1 set. It is important to note that th
phase transition is of second order for all values of the a
kaon potential depth in the TM1 set@18#.

Now we discuss situations when hyperons are include
the calculation in addition to nucleons. It was noted ear
that the presence of hyperons delayed the onset ofK̄ conden-
sation to a much higher density@4,8,12–14,18#. Since the
core of a~proto!neutron star may be hyperon rich, we in
clude the hyperon-hyperon interaction in addition to t
hyperon-nucleon interaction in our calculation. This is a

TABLE IV. Same as Table III, but for the TM1 set.

UK̄ ucr(K
2) ucr(K̄

0) ucent Mmax/M (

np - - - 6.14 ~5.97! 2.099~2.179!

-100 6.80~4.15! 11.61~11.12! 6.14 ~5.67! 2.099~2.142!
-120 5.63~3.55! 9.38 ~9.13! 6.13 ~5.55! 2.098~2.083!

npK̄ -140 4.68~3.05! 7.53 ~7.43! 6.02 ~5.65! 2.087~1.986!

-160 3.92~2.67! 6.04 ~5.99! 5.92 ~6.37! 2.058~1.857!
-180 3.34~2.37! 4.85 ~4.81! 5.72 ~6.01! 1.985~1.641!

npH - - - 5.75 ~4.88! 1.918~1.733!
2-9



n-

-

a

w

n

s-

m

ng

-

a-

on

re

p

in
on

III
the

on-

ger
d in

in
-
nd
aon
hy-
f

n at

tri-
e
own

e
e is

nd
e-
r
-

rth
nt
the

-

the
ses

ole
ely

le,
the

as
rs

ass

-
ool-
ter
g the
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counted for by considering two additional hidde
strangeness mesons—the scalar mesonf 0~975! ~denoted by
s* ) and the vector mesonf(1020). The vector coupling
constants for hyperons are determined from the SU~6! sym-
metry as

1

2
gvL5

1

2
gvS5gvJ5

1

3
gvN ,

1

2
grS5grJ5grN , grL50,

2gfL52gfS5gfJ52
2A2

3
gvN . ~26!

The scalar meson (s) coupling to hyperons is obtained from
the potential depth of a hyperon~Y! in saturated nuclear mat
ter:

UY
N~n0!52gsYs1gvYv0 . ~27!

The analysis of energy levels inL hypernuclei suggests
well depth ofL in symmetric matter,UL

N(n0)5230 MeV
@32,33#. On the other hand, recent analysis of a fe
J-hypernuclei events predicts aJ well depth of UJ

N(n0)
5218 MeV @34,35#. However, the situation for theS po-
tential in normal matter is very unclear. The only know
boundS-hypernuclei is the light systemS

4 He @36#. The most
updated analysis ofS2 atomic data indicates a strong iso
calar repulsion in theS –nuclear-matter interaction@23#.
Therefore, we use a repulsiveS well depth of US

N(n0)
530 MeV @23# in our calculation.

Thes* -Y coupling constants are obtained by fitting the

to a well depthUY
(Y8)(n0) for a hyperon~Y! in a hyperon

(Y8) matter at nuclear saturation density@14,20#. It is given
as

UJ
(J)~n0!5UL

(J)~n0!52UJ
(L)~n0!52UL

(L)~n0!

5240 MeV. ~28!

It is to be noted that nucleons do not couple to the stra
mesons, i.e.,gs* N5gfN50.

The strange meson fields also couple with~anti!kaons.
Following Ref. @14#, the s* -K coupling constant is deter
mined from the decay off 0~925! asgs* K52.65, whereas the
vector f-meson coupling with~anti!kaons is obtained from
the SU~3! relation asA2gfK56.04.

Switching off Y-Y interactions and antikaon condens
tion, we study neutrino-free~-trapped! hyperon matter for the
GM1 and TM1 set and for the above choices of hyper
nucleon coupling constants. Here, we find that theL hyperon
is the first strange baryon to appear in neutrino-f
~-trapped! matter. It is closely followed byJ2 hyperons.
Because of the repulsiveS-nucleon interaction,S hyperons
do not appear in the systems. With the appearance of hy
ons, equations of state in neutrino-free~-trapped! matter are
softer compared with those of nucleon-only matter exclud
K̄ condensation. The maximum masses and their corresp
03580
e

-

e

er-

g
d-

ing central densities are given in the last rows of Tables
and IV. The values in the parentheses correspond to
neutrino-free cases. Like the situations with antikaon c
densates in neutrino-free~-trapped! nucleon-only matter, the
maximum mass in neutrino-trapped hyperon matter is lar
than that of the corresponding neutrino-free case as foun
the previous calculations@4,8,13#.

Now we study the formation of antikaon condensation
neutrino-free ~-trapped! matter including the hyperon
hyperon interaction for the GM1 set. Earlier we have fou
that a softer EOS shifts the threshold densities of antik
condensations to higher densities. Also, the presence of
perons, which make the EOS softer, delays the onsets oK̄
condensation to higher densities@4,8,13,14,18#. In this case,
we find that antikaon condensation does not occur eve
densities as large as 7.5n0 in neutrino-free~-trapped! hy-
peron matter foruUK̄(n0)u,160 MeV. Antikaon conden-
sates appear in hyperon rich matter with and without neu
nos foruUK̄(n0)u>160 MeV. The particle abundances in th
presence of hyperons and antikaon condensations are sh
in Fig. 7 for UK̄52160 MeV. The top panel depicts th
neutrino-free case whereas the neutrino-trapped cas
shown in the bottom panel. Here, we note thatK2 and K̄0

condensation sets in at 2.48(3.34)n0 and 4.06(4.18)n0 for
neutrino-free~-trapped! matter, respectively. Also, we find
that only L hyperons appear both in neutrino-free a
-trapped matter. TheS ’s are excluded from the systems b
cause of the repulsiveS-nucleon interaction. On the othe
hand, the early appearance ofK2 condensation in neutrino
free ~-trapped! matter suppresses the appearance ofJ2 hy-
perons because it is energetically favorable forK2 conden-
sate to maintain charge neutrality in the systems. It is wo
mentioning here thatK̄ condensates play a more domina
role than hyperons in determining various properties of
~proto!neutron stars in this case.

In Fig. 8, we display the EOS (P vs e) in the top panel
and the mass sequence of the~proto!neutron stars in the bot
tom panel for the GM1 set andUK̄(n0)52160 MeV.
Neutrino-trapped matter has a stiffer EOS than that of
corresponding neutrino-free matter. The maximum mas
and their central densities for the neutrino-free~-trapped!
cases are 1.57(1.98)M ( and 4.48(5.24)n0, respectively.

The delayed neutrino emission and possible black h
formation in the context of SN 1987A had been extensiv
discussed by Brown and Bethe@2,3#. This problem was also
studied by several authors using dynamical models@37,38#.
Assuming that SN 1987A has collapsed into a black ho
Brown and Bethe estimated the gravitational mass for
compact remnant in it to be 1.56M ( from the Ni production.
This maximum mass of the cold compact object is known
the Bethe-Brown limit@3#. They argued that progenitor sta
having masses in the range (18–30)M ( would first explode
as supernovas and later the compact objects go into low m
black holes returning matter to the galaxy@2,3#.

In previous studies@2–4#, it was shown that the proto
neutron stars become unstable after deleptonization and c
ing. The metastability occurs when an exotic form of mat
such as hyperons or antikaon condensates, appears durin
2-10
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ANTIKAON CONDENSATION AND THE METASTABILITY . . . PHYSICAL REVIEW C 63 035802
evolution of the protoneutron stars. Brown and Bethe
ploited the idea of the formation ofK2 condensation in
dense nuclear matter@3# to understand the metastability o
the compact object during the evolution of the protoneut
stars to low mass black holes. In the ‘‘conventional’’ sc
nario without antikaon condensation or hyperons, the ‘‘w
dow,’’ i.e., the difference of the maximum masses
neutrino-free and neutrino-trapped matter consisting
nucleons, is small. Later it was shown that the inclusion
thermal pressure could raise the maximum mass of the
toneutron star slightly above that of the neutron star@4#.
However, there is a different scenario withK2 condensation
as noted by various authors@2–4,7#. They found that mostly
the lepton pressure could stabilize a larger mass in
neutrino-trapped case during the evolution. In our calculat
with nucleons, leptons, andK2 condensation, the ‘‘window’’
is ;0.5M ( for the GM1 set and an antikaon potential dep
of 2160 MeV. With further inclusion ofK̄0 condensate,
high density matter contains exactly as many protons as

FIG. 7. Same as Fig. 4, but for hyperon matter includingK2 and

K̄0 condensation in the GM1 set. The results are for the neutr
free case~top panel! and the neutrino-trapped case~bottom panel!.
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trons. As a result, high density matter remains symme
nuclear matter even after the deleptonization and cool
The presence of both condensates stabilizes the larger m
mum mass of the protoneutron star for short times. In t
case, we obtain the maximum mass window of;0.4M ( . In
our model calculation with the GM1 set and the antika
potential of UK̄(n0)52160 MeV, the protoneutron star
consisting of nucleons, leptons, andK2 andK̄0 condensates
have a maximum mass;2M ( which could be stable during
the deleptonization and cooling. As the trapped neutrin
leave the system, the lepton pressure in the core decre
At the same time, the core of the nascent star is heated
and attains a higher value of entropy@39#. Recently, it was
shown by Ponset al. @16# that this thermal effect on the
maximum mass is comparable to that of the trapped neu
nos. As a consequence, compact object would be stable
much longer duration. The inclusion of the thermal press
in the calculation would again stabilize an additional mass
;0.1M ( . As the system cools down, the compact obje

-

FIG. 8. The equations of state~top panel! for neutrino-free
~-trapped! hyperon matter including antikaon condensates with
ergy density in the GM1 set. The mass sequences~bottom panel! of
the ~proto!neutrino stars including antikaon condensates are sh
with central energy density in the GM1 set. The calculations
performed forUK̄(n0)52160 MeV. The solid and dashed line
correspond to the neutrino-free and -trapped cases, respecti
The solid circles correspond to the maximum masses.
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with a maximum mass>2M ( , which would be stable for
short times in our calculation, is larger than that of the sta
cold mass and Bethe-Brown limit (1.56M (). Consequently,
it would collapse into a low mass black hole. We retain t
same qualitative feature of metastability of the protoneut
stars including hyperons along with antikaon condensatio

IV. SUMMARY AND CONCLUSIONS

We have studied antikaon condensation, putting emph
on the formation ofK̄0 condensation in neutrino-trappe
nuclear and hyperon matter within a relativistic mean fi
model. The baryon-baryon and~anti!kaon-baryon interac-
tions are treated on the same footing in this work. Tho
interactions are mediated by the exchange of mesons.
different model Lagrangians are adopted in this calculati
The model Lagrangian, which contains the scalar s
interaction term, is characterized by the GM1 parameter
Besides the scalar self-interaction term, the other model
grangian includes the nonlinearv-meson term and the cor
responding parameter set is denoted by the TM1 set.
found that the threshold densities of antikaon condensa
are sensitive to the equation of state and the antikaon po
tial in normal nuclear matter. The calculations perform
with the GM1 and TM1 sets show thatK2 condensation
always happens earlier thanK̄0 condensation. The threshol
densities ofK̄ condensation in the TM1 set are higher th
those of the GM1 set because the equation of state is soft
the former case. It is found that the threshold densities
antikaon condensation in neutrino-trapped nucleon-only m
ter are higher than those of the corresponding neutrino-
case. In the presence of neutrinos, the shift in the thres
density ofK2 condensation with respect to the neutrino-fr
case is higher than that ofK̄0 condensation.

With the onset ofK̄0 condensation, abundances of ne
trons and protons become equal and the density ofK̄0 con-
densate increases rapidly and becomes larger than that oK2

condensate in neutrino-trapped nuclear matter. On the
o-

er

ys

ys

ys
,

03580
le

e
n
.

is

e
o
.

f-
t.

a-

is
n
n-

d

in
f
t-
e
ld

-

n-

trary, neutrino-free nuclear matter is not only symmetric
neutrons and protons but also inK2 andK̄0 mesons at high
density. Therefore, it is possible thatK̄0 condensate in
neutrino-trapped matter would play a dominant role overK2

condensate at higher densities. Unlike the situation
neutrino-free nuclear matter,K2 mesons in the condensa
replace electrons partially in neutrino-trapped matter beca
of the lepton number constraint in the system. The prese
of K2 andK̄0 condensate in neutrino-trapped nuclear ma
makes the overall equation of state softer compared with
situation without antikaon condensate. We find thatK̄0 con-
densate is formed well inside the maximum mass pro
neutron stars for higher values of the antikaon potentia
the calculation using the TM1 set. On the other hand,
calculation with the GM1 set implies thatK̄0 condensate
occupies a significant region of the maximum mass stars
rather smaller values of the antikaon potential. In the pr
ence of hyperons, antikaon condensate is formed for la
values ofuUK̄u>160 MeV in the GM1 set. In this case, it i
found that only L hyperons appear in neutrino-fre
~-trapped! hyperon matter. ThereforeK2 andK̄0 condensates
may play the most dominant role in determining vario
gross properties of~proto!neutron stars than hyperons.

We have reexamined the scenario of the metastability
protoneutron stars and their evolution to low mass bla
holes in the context of the calculation ofK̄0 condensation
along with K2 condensation in neutrino-free~-trapped!
nuclear and hyperon matter. It is found that the maxim
mass of a protoneutron star is larger than that of the co
sponding neutron star and also the Bethe-Brown limit
1.56M ( for a neutron star. Therefore, the protoneutron s
would be stable during deleptonization and cooling and la
may collapse into a low mass black hole.
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