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Antikaon condensation and the metastability of protoneutron stars
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We investigate the condensationko? mesons along witlK ™ condensation in neutrino-trapped matter with
and without hyperons. Calculations are performed in the relativistic mean field models in which both the
baryon-baryon andantikaon-baryon interactions are mediated by meson exchange. In the neutrino-trapped
matter relevant to protoneutron stars, the critical densiti{ ofcondensation is shifted considerably to higher
density whereas that dk° condensation is shifted slightly to higher density with respect to that of the
neutrino-free case. The onset Kf condensation always occurs earlier than that8f condensation. A
significant region of maximum mass protoneutron stars is found to cokfaoondensate for larger values of
the antikaon potential. With the appearance?Sfcondensation, 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 contairktig and K° 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.
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[. INTRODUCTION with density because of the strongly attractide -baryon
interaction in dense matter. Consequently, the in-medium en-
It was suggested by Woosley and Weay&} that pro- ergy (wx-) of K~ mesons in the zero-momentum state also
genitor stars heavier than25M ¢, would collapse into black decreases with density. TisavaveK™ condensation sets in
holes. In this scenario, stars first explode, then exhibit lightvhen k- equals the chemical potential of the™ meson.
curves of type Il supernova, and return matter to the galaxy-ater, this chiral model was adopted by other groups to study
before going into black holes. This issue got impetus aftei  condensation in the core of neutron st@s-8| using
the explosion of SN 1987A. One of the revealing features okaon-nucleon scattering dé@,10] andK ™~ atomic datd 11].
SN 1987A is that a neutrino was observed in Kamiokande 10N the other hand<™ condensation has been studied in a
at the 12th second. So far there has been no observation ofdéferent kind of model which is an extension of the Walecka
pulsar within it. Moreover, the light curve fades away, lead-model[12-15. In this model, kaons interact with baryons
ing to speculation that the compact object in SN 1987A haghrough the exchange of mesons. It is found that the thresh-
collapsed into a low mass black hole. If this picture of low 0ld density ofK™ condensation in various calculations de-
mass black hole formation is true for SN 1987A, the newlypends on the equation of state and parameters, in particular
born hot and neutrino-rich star, called a protoneutron staron the antikaon optical potential. The net effectof con-
was stable over 12 s or more before collapsing into a blacklensation in neutron star matter is th&at condensate re-
hole. places electrons in maintaining charge neutrality and softens
In recent years, there have been several works by variou§e equation of state. As a result of the softening of the
groups[2—4] to understand what is the mechanism behindequation of state, the masses of the stars are reduced in the
the stability of protoneutron stars for short times. In thepresence oK™ condensatg7,12—13. It was also found that
“conventional” scenario where(protoneutron stars are inthe presence of hyperoris;” condensation was delayed to
made up of nucleons and leptons, the protoneutron star haghégher density and might not even exist in maximum mass
slightly smaller maximum mass than that of the neutron starstars. Protoneutron stars wii condensate were studied by
The “window” of maximum masses is very small in this various groups[2,4,7,1§ and shown to have maximum
case. However, the scenario dramatically changes with theasses larger than those of cold neutron stars—a reversal of
formation of K~ condensation in dense matter as found inthe “conventional scenario.” Theoretical studies based on
previous calculationf2—4]. They showed that leptons could the above-mentioned model®,13,14 and also on the
stabilize a much larger maximum mass for a protoneutromambu—Jona-Lasinio mod¢lL7] yield a repulsive optical
star in the presence &~ condensation during the evolution. potential forK * in the nuclear medium. Therefor," con-
In the following paragraph, we briefly review the previous densation may not be a possibility {protoneutron stars.
calculations ofK ™ condensation in dense matter relevant to  In a recent calculatiofil8], the formation ofk®-meson
(protoneutron stars. condensation in neutron stars has been investigated within a
With the pioneering work of Kaplan and Nelspsl, con-  relativistic mean field approacH9] where the interaction
siderable interest has been generated in the study of antikaetween the baryons and antikaons is generated by the ex-
(K) condensation in dense matter in recent years. In a chiraihange ofo, w, andp mesons. It is found that the-meson
SU(3),XSU(3)y model, baryons directly couple with field is repulsive for the™ meson, whereas it is attractive
(anthkaons. The effective massy of antikaons decreases for the K° meson which is an isodoublet partner of tke
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meson. Consequently, the in-medium energyd) of theK®  (ant)kaons is taken from Refd15,18. We shall show
meson is lowered compared with that of the meson, within this model thak® condensate may also exist inside a
thereby makingk® meson condensation more favorable in Protoneutron star and has a significant influence on the star's

neutron star matter. The critical density fewave neutral ~Properties and evolution. .
The paper is organized as follows. In Sec. Il we describe

K® meson condensation is governed by the conditigd e relativistic mean fieldRMF) model of strong interac-
=0. It was found that the critical densities flr~ andK®  tions. The relevant equations féprotoneutron star matter
condensation depended sensitively on the choice of the antivith antikaon condensates are summarized in this model. In
kaon optical potential depth and more strongly on the nucleaBec. Il the parameters of the model are discussed and results
equation of statéEOS. The threshold density &® conden-  Of antikaon condensates (protoneutron star matter are pre-
sation always lies above that &f~ condensation. With the Seénted. Section IV is devoted to the summary and conclu-

appearance df andK® condensate, the overall equation of SIons.

state becomes softer than the situation without antikaon con- Il. FORMALISM

densation, leading to a reduction in the maximum masses of

neutron stars. With the onset of onll)” condensation, the We describe the charge-neutral and beta-equilibrated mat-
proton fraction rises dramatically and even crosses the neuer consisting of baryons, electrons, muons, and electron-
tron fraction at some density because of charge neutralitytype neutrinos in the presence of antikaon condensates. The

With the onset oK® condensation, there is a competition in Matter inside a protoneutron star is highly degenerate. The
the formation ofK —-p and K-n pairs, resulting in a per- chemical potentials of its constituents are a few hundreds of

fectly symmetric matter for nucleons and antikaons insidé\/lev’ whereas the central temperature of the star is a few

neutron stars. In the presence of hyperons, it was found th gns (I)'ItIMe;f/. l:leglfr(]:tlng the finite t’gempfetrr?turte ef|f_|ect will
the formation of antikaon condensation was delayed t ave Iittie etrect on the gross properties ot the star. However,

higher densities and the maximum mass neutron star co he c.ompositiona_ll changes caused by the trappe(_j neutrinos
.= X may induce relatively larger changes in the formation of an-
tf':unedK condensate for larger values of the antikaon potentikaon condensation[4]. Therefore, we perform zero-
tial depth[18]. _ temperature calculations gprotoneutron stars in the pres-
So far, there has been no calculationkdt condensation ence of antikaon condensation. The starting point in the
and its impact on the gross properties of protoneutron stargresent approach is a relativistic field theoretical model of
In this paper, we investigate the effect of antikaon condenparyons andantikaons interacting by the exchange of scalar
sation with emphasis on the role KP condensate to deter- o, isoscalar vectow, and vector isovectqs mesons and two
mine the composition and structure of protoneutron stars i@dditional hidden-strangeness mesons, the scalar meson
the standard meson exchange mddé. In this calculation, f(975) (denoted hereafter as*) and the vector meson
we adopt the usual relativistic mean field Lagrangian$(1020), to allow for the hyperon-hyperon interaction
[14,15,18 for baryons interacting via meson exchanges[14,20. The total Lagrangian density consists of the bary-
Also, we include the self-interaction of the scalar meson ananic, kaonic, and leptonic parts, i.&€= Lg+ L+ L, . Here
the nonlinearo meson term in the calculatiofil4]. The we consider all the species of the baryon octt
(antjkaon-baryon interaction is treated on the same footing={n,p,A,>*,37,%% 27 ,2%. The baryonic Lagrangian
as the baryon-baryon interaction. The Lagrangian density fodensity is given by

_ 1
L'Bzé Y| 1y,0" —Mg+ 0,0 —gup Y, 0" — EngYMTB'PM g

1 2 2 1 v 2 1 v 1 2
+§((7#0'(7M0'—m00' )_U(U)_waw” +§mww#w”— Zplu,,p’u' +§mppM-M+LYY. (1)
|
Here g deno.tes the Dirac spinor for barycﬁhwnh vacuum Lyy= 2 EB(g(r* B0% — Uup Y, d") U
massmg and isospin operatosz . The scalar self-interaction B
term[21] is 1
1 1 +5(9,0% Fo* —mP, o+ 2
U(0)= 50207+ 5 830 @ 2 ko T Mg )
The Lagrangian densitysy) responsible for the hyperon- 1 wv Lo
hyperon interaction is given by 4 Pund™ 2m¢’¢“¢ ' &
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The Lagrangian density fofantikaons in the minimal

coupling scheme is given HyL5] miwozé 9usNe—Guk 2 MK (10
K
L=D%KD#K —mj’KK, (4)
2 _
m = Ng— Ny, 11
where the covariant derivativ® ,=d,+ig ,k®,+19 4k P, s ZE; G¢ells gd’"% K A1

+ig,k 7« p, - The isospin doublet for kaons is denoted by

K=(K",K% and that for antikaons i&K=(K,K°. The 5

effective mass of(ant)kaons in this minimal coupling mpP03:% 9pel38Ns+ Gk > 15Kk (12)
scheme is given by K

5) Here the scalar and number densities of bafgamne, respec-

* __ *
Mk =Mk =gk —Jo*k0T ", tively

wheremy is the bare kaon mass. In the mean field approxi-
mation (MFA) [19] adopted here, the meson fields are re- s 23+l ke, Mg
placed by their expectation values. Only the timelike compo- Ng= 272 J; (K2+mE2)12
nents of the vector fields and the isospin three-component of B
p-meson field have nonvanishing values in a uniform and
static matter. The mean meson fields are denoted,by*,
wg, ¢o, andpos.

The dispersion relation representing the in-medium ener-

gies of K=(K~,K% for swave k=0) condensation is

k2dk, (13

ki
ng=(2Jg+1) —, (14)
8=(2Js 672

with effective baryonic massng=mg—g,s0—0gg+go*,

given by Fermi momentunkFB, spinJg, and isospin projectioh,g .

. 1 Note that forswave K condensation, the scalar and vector

wK’,EOZmK_ngwO_g¢K¢0+§ngp03’ (6) densities of antikaons are same and those are givdi®y

where the isospin projectiohgg=+1/2 for the mesons _ _ 1 —

_ Nk- kK0=2| Wk~ KO+ F,k@WoT = KK
K~ (— sign andK® (+ sign are explicitly written in the KoK K=K+ Qoo+ Qo bo 5 GprPos
expression. Since the and w fields generally increase with -
density and both terms containingand » fields in Eq.(Q =2my KK. (19

are attractive for antikaons, the in-medium energiesKof
decrease in the nuclear medium. On the other hand, i
nucleon-only matterpgs=n,—n, (n, andn, are the proton
and neutron densitiess negative; thus the-meson field
favors the formation oK® condensation over that df 1 1 1 1 1
condensation. In hyperon matter, the repulsiveneson term  gg+g/=-m2o2+ = go0°+ —gzo*+ —m?, 0% 2+ m2w?
may delay the onset of antikaon condensatfibf]. The in- 2 3 4 27 2
medium energies of kaoré= (K" ,K°) are given by

he total energy densitg =eg+ e+ ek has contributions
rom baryons, leptons, and antikaons. The baryonic plus lep-
tonic energy density is

1 1 2g+1
. +§m§,¢§+ Emﬁp§3+§B: -
wK+,K0:m§+ngwo+9¢K¢oi§9pKP03- (7)

ke, 1
. . _ X K2+ miH)Yaedk+ D>, —
It is to be noted here that kaon condensation may be impos- fo ( 5" El: a2

sible in neutron star matter because themeson term is .

repulsive for kaons and dominates over the attractive Ke v
o-meson term at higher densities. However, the attractive XJ (K24 m?)Yk2dk+ —62 (16)
meson term may decrease kaon energies in the presence of 0 8w
hyperong 14].

The meson field equations in the presence of baryons an§herel goes over electrons and muons. The last term corre-
antikaon condensates are derived from E(s-(4) as sponds to the energy density of neutrinos as required in pro-

toneutron star matter. The energy density for antikaons is
20|
myo== 2o+ 2 9Bat ok 2 MK, ® = Mg (N +Nio). (17)

K

Since antikaons forns-wave Bose condensates, they do not
mi* o* =, gspNg+ gU*KZ nic, (9)  directly contribute to the pressure so that the pressure is due
B K to baryons and leptons only:
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1 1 1 1 1 TABLE I. The nucleon-meson coupling constants in the GM1
P=- Emiaz— §gza3— 2930'4_ Emi* o* %+ Emiwg set are taken from Ref22]. In this relativistic model, the baryons
interact via nonlineas-meson and lineak-meson exchanges. The
coupling constants are obtained by reproducing the nuclear matter
properties of the binding enerdy/B=—16.3 MeV, baryon den-
o (k2+mi?)Y2  sity ny=0.153 fm'3, asymmetry energy coefficienta,
=32.5 MeV, incompressibility K=300 MeV, and effective

2Jg+ 1JkFB k*dk

1 1 1
o2, 202  *
+SmGd5+ 5 Moptst 3 % -

1 1 (Kg k*dk ,uﬁe nucleon massmy/my=0.70. The hadronic masses amy
+§E —2f N 5 (18 =938 MeV, m,=550 MeV, m,=783 MeV, and m,
romeJo (k“+mp) 24 =770 MeV. The parameter set TM1 is obtained from R&D0]

. o . which incorporates nonlinear exchanges in batland w mesons.
Here, the last term is the contribution of neutrinos to thethe nuclear matter properties in the TM1 set aEdB=

pressure. The pressure due to antikaons is contained entirely;g 3 eV, ny=0.145 fn 3, 8a6~36.9 MeV, K=281 MeV,

in the meson fields via their field equatiof@&—(12). andmg/my=0.634. All the hadronic masses in this model are same
At the interior of (protoneutron stars, baryons are in as GM1 except for the meson which isn,=511.198 MeV. Al
chemical equilibrium under weak processes. Therefore theéhe parameters are dimensionless, exggpivhich is in fm 2.
chemical potentials of baryons and leptons are governed by
the equilibrium conditions 9N guN goN 92 g3 94

i =bs = G a— 2,), (19 GM1 95708 10.5964 8.1957 12.2817 -8.9780 —
¢ TM1 10.0289 12.6139 4.6322 -7.2325 0.6183 71.3075

whereu;, tn, Me, and,u,,e are, respectively, the chemical

potentials of thethzbarygg,l/r;eutrons, electrons, and neutri-gea ¢ is the number of leptons per baryon. Gravitational core
nos, with s;=(kg +m%) "+ g,iwot dgidot l5i9sP0s:  collapse calculations of massive stars indicate that the lepton
andb; andq; are the baryon and electric charge of ille  fraction at the onset of trapping isLezYe+ Y, ~0.4 and it
baryon, respectively. In neutron stars, electrons are convertgd conserved on a dynamical time scidé.

to muons bye” — u”~ +v,+ v, when the electron chemical

potential becomes equal to the muon mass. Therefore, we . RESULTS AND DISCUSSION

haveu.= u, in a neutron star. On the other hand, muons are o _
absent in a protoneutron star. With the onseKafondensa- . In the _effectlve field theoretic approach adOP"?d here, we
first consider nucleon-only matter where two distinct sets of

tion, various strangeness changing processes may occur iffor & : :
— , _ coupling constants for nucleons and kaons associated with
(protgneutron stars such d&8=N+K ande™ =K~ + v,

> —— i ) the exchange ofr, w, and p mesons are required. The
whereN=(n,p) andK=(K",K") denote the isospin dou- nucleon-meson coupling constants generated by reproducing
blets for nucleons and antikaons, respectively. The requirehe nuclear matter saturation properties are taken from Glen-

ment of chemical equilibrium yields denning and Moszkowski22]. This set is referred to as
GM1 and is listed in Table I.
Mn™ Hp= M= = Me™ My (20) Now we determine the kaon-meson coupling constants.
According to the quark model and isospin counting rule, the
mgo=0, (21)  vector coupling constants are given by

whereuy - anduyo are, respectively, the chemical potentials

of K~ andK®. The above conditions determine the onset of ng=§ng and g,k =0g,n -
antikaon condensation in neutrino-trapped matter. When the
effective energy of theK™ meson (uk-) is equal to its The scalar coupling constant is obtained from the real part of

chemical potential £x-) which, in turn, is equal tou, theK™ optical potential at normal nuclear matter density:
My, aK” condensate is formed. SimilarIK0 condensa-

tion is formed when its in-medium energy satisfies the con-
dition wxo=uko=0. It is to be noted here that the neutrino The negative sign in the vector meson potential is dué to

chemical potential £, ) is zero for the neutrino free case parity. The critical density oK condensation should there-
corresponding to neutron stars. Hprotoneutron star mat- fore strongly depend on thH€™ optical potential.
ter we need to include also the charge neutrality condition, It has been demonstrated in various calculations that an-
which in the presence of antikaon condensate is expressed tisaons feel an attractive potential in normal nuclear matter
[10,23-28. The analysis oK~ atomic datd24] in a hybrid
model comprised of the relativistic mean field approach in
(22 Lo : :
the nuclear interior and a phenomenological density depen-
dent potential at low density revealed that the real part of the
whereq; andn; are the electric charge and density of it antikaon optical potential could be as large ldg= —180
baryon, respectively. The other constraint in protoneutront20 MeV at normal nuclear matter density and repulsive at

(23

Uk(Np) = =9k T~ Juk @o- (24

Z gini—Nk-—Nne—n,=0,
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TABLE II. The coupling constants for antikaonk) to o me- 1000
sons,g,k , for various values oK optical potential depthB (in Ve
MeV) at the saturation density. The results are for the GM1 and
TM1 set.

Y =0 GM1
Uy =-160 MeV

800

>
Ui -100 -120 -140 -160 -180 S 600
GM1 0.9542 1.6337 2.3142 2.9937 3.6742 Tg
T™M1 0.2537 0.8384 1.4241 2.0098 2.5955 E 400
S
=
low density in accordance with the low density theorem. In 200

the coupled channel calculatip25] for antikaons, the attrac-
tive antikaon potential depth was estimated to bg
=—100 MeV, whereas the chirally motivated coupled
channel approach predicted a depth Wf=—120 MeV 1000
[26]. The wide range of values of the antikaon potential

depth as found in various calculations may be attributed to

the different treatments of (1405) resonance which is con- 800
sidered to be an unstaleN bound state just below tHe™ p
threshold. Therefore, we determine tkeo coupling con-
stantg,x from a set of values ofUyx(ng) starting from
—100 MeV to—180 MeV. This is listed in Table Il for the
set GML1. Since th@-meson potential foK in this model is
Vi(n0)=—ngw0m—72 MeV, a rather large sigma-kaon
coupling constant ofj,x=3.674 is required to reproduce a 200
depth of —180 MeV. It is to be noted that for this large

depth, the value of the scalar coupling is similar to the pre-

600

400

Potentials (MeV)

diction in the simple quark model, i.eg,k=9,n/3. In an 0

alternative approach the kaon-meson coupling constant: ng/N,

were also determined from theewave kaon-nucleonKN)

scattering length14,27,28. FIG. 1. The mean meson potentials versus the baryon density

We now present results fgprotgneutron star matter con- ng/ng in the GM1 set for neutrino-freéop panel and neutrino-

taining nucleons, leptons, ad condensates for the param- trapped(bottom panel nucleon-only star matter with the inclusion
eter set GM1 in Tables | and Il. In Fig. 1, the scalar andof antikaon, K~ and K°, condensation. Th& optical potential
vector potentials are displayed as a function of baryon dendepth isUix= j3160 MeV at the normal nuclear matter density of
sity normalized to the equilibrium value ofn, No=0-153 fm™

=0.153 fm 3 with the K~ optical potential depth of

is higher for th ino- high ities.
U(n) = — 160 MeV for the neutrino-frestop panel and is higher for the neutrino-trapped case at higher densities. On

; b | In both h the other hand, the isovector potential in neutrino-trapped
neutrino-trappedbottom panelcases. In both cases, the sca- ey is always smaller compared to that of neutrino-free

lar (o) and vector (".) potentials incrgase with densit_y be- matter. Those variations in the meson fields may be attrib-
fore the onset of antikaon condensation. In the neutrino-freg;e j 1 the different behavior of the source terms in the field

case, two curves touch each other just at the onse(.‘of equations of motiofiEgs. (8), (10), and(12)] and the com-
condensation, whereas the curve of the vectoy potential position of matter in two cases.

crosses the' curve of the scglar' potential bgfore the appear- The effective mass ratio of antikaons/my , is shown
ance of antlkaoQ condg]satlon in the neutrino-trapped casg, Fig. 2 as a function of normalized baryon density for
After the formation ofK condensates, the curves changey, = —160 MeV. The solid line represents the neutrino-free
slope; i.e., the rate of increase of the fields is altered withcase, whereas the dotted line denotes the neutrino-trapped
respect to the previous situations. With the appearan&€’ of situation. It is found that the effective mass in neutrino-free
condensate, the isovector potential approaches zero with imaatter is smaller than that of neutrino-trapped matter at
creasing density in the neutrino-free case, whereas it goes tigher densities. This may be attributed to the larger scalar
zero and then bounces back for the neutrino-trapped case.gbtential at higher densities in the former case.

is found that the scalar potential for neutrino-free matter be- Figure 3 shows theswave antikaon condensation ener-
comes larger after the onset of antikaon condensation thagies for neutrino-free and neutrino-trapped nuclear matter as
that of neutrino-trapped matter. It follows from E@) and  a function of baryon density. The calculation is done with the
this reasoning that the onset kfcondensation is delayed to antikaon potential depth dJi=—160 MeV. The solid lines
higher densities in neutrino-trapped matter. Though the veccorrespond to the energy of the” mesonwy -, whereas the

tor potentials are comparable in both cases up-®5n,, it  dashed lines indicate that of th¢® meson,wio. Also, the
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1.0 500
GM1 \ GM1 — O
Uy =160 MeV Uy =-160 MeV ———
400 |-
08 |
300 f
>
[}
. =
*\Em 55
= a 200 |-
'
0.6 | S
100 |
0
0.4 ‘ ‘ * * 0
0 1 2 3 4 5

FIG. 3. The in-medium energy ok~ (solid lines and K°
(dashed lingsversus baryon density for neutrino-frégrapped
nucleon-only matter in the GM1 set. The electrochemical potential
(me) and the difference of the electrochemical potential and the
neutrino chemical potential, i.e,u,e—,uye, are also shown in the

FIG. 2. The variation of the effective mass ¢hntikaons
mg/my as a function of baryon densityg/n, for neutron star
matter (solid line) and protoneutron star mattédashed ling con-
sisting of nucleons and antikaon condensates in the GM1 seK The

optical potential depth at normal nuclear matter density)js= . — . o
—160 MeV for this calculation figure. TheK optical potential at normal nuclear matter density is

Ui=—160 MeV.

electron chemical potentialui) for the neutrino-free case ovector poEntiaI is smaller in the former case. Threshold
and the difference between electron and neutrino chemicalensities oK condensation for the GM1 set and other values
potentials,,ue—,uye, for the neutrino-trapped case in the ab- of Ux(ny) are given in Table Ill. The values given in the

sence oK condensate are depicted in the figure. In neutrinoParéntheses correspond to neutrino-free matter.
trapped matter, the in-medium energy of ke meson is The populations of various particles in prateutron star
lower compared with that of neutrino-free matter. This dif- matter withK ™ andK® condensation fotJg=—160 MeV
ference in the energies of tle™ meson stems from different
bghawors of the meson flelds_ln two cases as is ev!dent_ frormg central densitiesi,g = Nyeni/Ng for neutrino-trapped nucleon-
Fig. 1 The threshold .densmes ¢~ condensation in only (np) star matter and for stars with further inclusion of hyper-
neutrino-free and neutrino-trapped matter are @,48nd  ons (pH) are given below. The lepton fraction in neutrino-trapped

3.0, respectively. In the presence of trapped neutrinoSmatter isY__=Ye+Y, =0.4. The results are for the GM1 set. For
the onset ofK™ condensation is shifted to higher density

because the curve representing the difference of electron and.. - _ — . _
- . . . critical densities forK~ and K* condensation,u.(K™) and
neutrino chemical potentialsut— ., ) intersects thewy - o _
higher d itv. On th ;h hand. the thresh I(tchr(K ), and also the results fo o, anducen; at various values of
curve at higher density. On the other hand, the thresho e antikaon potential deptdi (in MeV) at the saturation density

condition forK® condensation is alwaysx=0. Unlike the  are given. The values in the parentheses are for the neutrino-free
situation with theK™ meson, we find that the in-medium matter relevant to neutron stars.

energy of thekK® meson in neutrino-trapped matter is higher

TABLE lll. The maximum masseM ,,, and their correspond-

rﬁ)criotoneutron star matter with nucleons and antika(ms%, the

than that of the neutrino-free case. The threshold densities Uk UK ug(K9) Ucent Mmax/Me
for K° condensation are 3.6§ and 3.81h for neutrino-free np i} ) ) 5.84(5.63 2.283(2.364
and neutrino-trapped matter, respectively. The early appear-

ance ofK ~ condensate delays the formationk? conden- -100 4.40(3.45 5.71(5.5) 5.68(5.17 2.258(2.211)
sate in the neutrino-freetrapped matter to a higher density. -120 3.90(3.09 5.03(4.83 5.57(5.19 2.218(2.077
As a result of the_presence of neutrinos, the shift in thenpg -140 3.45(2.71) 4.39(4.19 5.33(4.79 2.134(1.856
threshold density oK® condensation is smaller with respect -160 3.07(2.43 3.81(3.59 4.89(3.59 1.970(1.55)

to the neutrino-free case than the corresponding situation -180 2.74(2.19 3.31(3.09 4.74(3.09 1.686(1.217
with K~ condensation. We note that the difference between

the energies oK® and K™ in the neutrino-trapped case is npH - - - 5.66(5.16 2.043(1.789
smaller than that of the neutrino-free case because the is
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10’ density of K™ condensate becomes higher than the electron

GM1 Y, =0 density. As soon ak® condensate is formed at 31&; the

Uy =-160 MeV neutron density becomes equal to the proton density and it
t continues in the high density regime. Like the neutrino-free

/ case(top panel, neutrino-trapped matter becomes symmetric

. nuclear matter just with the formation & condensate. On

g the other hand, the density & condensate increases with
R baryon density uninterruptedly and even becomes larger than
the density olK ™ condensate beyond4n,. As a result, the

p-meson field becomes zero at the onsek8fcondensation
and then bounces badkee Fig. 1 unlike the situation in
. neutrino-free matter where the isovector field is zero at and

\ beyond the onset ° condensation. It is interesting to note
\ that beta-equilibrated and charge-neutral neutrino-trapped

matter is mainly dominated bgo condensate thad ™~ con-

densate after the formation &° condensate.

The equation of state or the pressyR versus energy
density () for neutrino-free and neutrino-trapped matter is
displayed in Fig. 5. The top panel represents nucleon-only
matter. Here, the dashed line stands for the neutrino-trapped
case and the solid line implies the neutrino-free case. The
overall EOS of neutrino-trapped matter is softer compared
with that of neutrino-free matter. It is due to the delicate
interplay of the contributions of the symmetry and lepton
terms to the energy densitipressurg in both cases. As
trapped neutrinos leave the system, the conversion of protons
to neutrons increases the energy deng@tgssurgmore than
it is decreased by the loss of neutrinos. This scenario is
changed in the presence of antikaon condensation. This is
demonstrated in the bottom panel of Fig. 5 withy
=—160 MeV. We find that the overall EOS of neutrino-
trapped matter is now stiffer than that of neutrino-free mat-
ter. During deleptonization, the contribution of the nuclear

FIG. 4. The proper number densitiesof various compositions  SYmMmetry term to the energy densitpressurg does not
in (protoneutron star matter including antikaon condensates in thehange at all in this case witK~ and K° condensate at
GM1 model. The results are for neutrino-free mattep paneland  higher densities. This happens because both neutrino-free
neutrino-trapped mattebottom panel The K optical potential at and neutrino-trapped maitter become isospin-saturated
normal nuclear matter density = —160 MeV. nuclear matter at the onset K condensation. Such a situ-
ation does not arise faiprotoneutron star matter with ™~

are shown in Fig. 4. In the top panel we exhibit the particle;jensate because more protons than neutrons are favored
abundances of neutrino-free star matter. In neutrino-free maf;

z d . o3 idlv i )y K~ condensate due to the charge neutrality. It is impor-
ter, onceK ~ condensate sets in at .nbg itrapidly Increases ant 1o note here that the incompressibility of matt&r (
with densﬁy, replacing the I_eptons in maintaining the Charge: 9dP/dng) becomes negative with the formationtofcon-
neutrality. The proton density becomes equal toKhecon- B 9

densate density because of the charge neutrality. With thgens_ates n neutrino—fre_e matter as Is evident from Fig. 5. .TO
o get rid of those unphysical regions from the energy density
onset ofK¥ condensate at 3.5g, the neutron and proton

bund b dentical ting | i versus pressure curve and maintain a positive incompress-
abundances become identical, resufting in a Symmetric ma‘bility, a Maxwell construction is done here. This implies a
ter of nucleons and antikaoh&8]. In the previous calcula-

) - L . first order phase transition. We note that the phase transition
tion of K™ condensation in neutron star mat{er8,13, it s ot second order in the neutrino-free case for smaller values
was found that protons were more abundant than neutrons g 1 antikaon potential and in the neutrino-trapped case for
higher densities. In the bottom panel of Fig. 4, we show the, \aiyes of the antikaon potential. It is worth mentioning
particle fractions with bothK ™~ and K° condensates for here that the condensationiéf meson was treated as a first
neutrino-trapped matter. We have a somewhat different picorder phase transition using Gibbs crited]. In this case,
ture here. With the formation &~ condensate at 3.04, it matter would have a normal phase of baryons and leptons at
cannot replace electrons totally like the neutrino-free cas@w density followed by a mixed phase & condensate
because of the constrailf_=0.4 in the system. At higher and baryons and a pure phasetof condensate at higher
baryon densities, the electron density slowly falls and thedensities. This scenario would be more complicated with the
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the GM1 set. The results are for nucleon-onfypj (proto)neutE)n € (MeV fm—?)

star matter(top panel and with further inclusion oK~ and K° .
condensationbottom panel calculated with the antikaon optical ~ FIG. 6. The(protoneutron star mass sequences are plotted with
potentia| depth at normal nuclear matter density U‘Z: central energy density in the GM1 set for the antikaon Optical po-

—160 MeV. The equation of state for neutrino-free matter is de-tential depth olJic=—160 MeV. The star masses of nucleon-only

noted by the solid line and that of neutrino-trapped matter by thematter and with further inclusion df~ andK® condensation are

dashed line. shown in the top and bottom panel, respectively. The solid curve
. o corresponds to the neutrino-free case whereas the dashed curve rep-

further appearance df° condensate becausé™ and K° resents the neutrino-trapped case. The solid circles correspond to

condensation have to be treated as two separate first orddye maximum masses.

phase transitions. Therefore, the treatment of such a problem

is beyond the scope of this work. pared with that of the neutron star because the EOS is softer

Now we present the results of static structuregmbto-  in the former case. In the bottom panel, the massegr-
)neutron stars calculated using Tolmann-Oppenheimerto)neutron stars with bottK =~ and K® condensation and
Volkov (TOV) equations. The stati(protoneutron star se- Ug(ny)=—160 MeV are plottedthe dashed curve with the

quences representing the stellar mass&& and the  |apelnpK~K°) with central energy density. In this case, the
corresponding central energy densityare shown in Fig. 6  maximum masses of the(protoneutron stars are
for the GM1 set. The neutrino-free stars are denoted by th§_97(1_55M® corresponding to the central densities
solid lines and the neutrino trapped stars are represented bygg(3.50),, respectively. For the mass sequence of neutron
the dashed lines in Fig. 6. The “conventional” scenario, i.e.,stars containing both condensates, there is a flat region ex-
stars made of nucleons, leptons, andkh@ondensation, is tending from the central densiticentral energy density
shown in the top panel. The maximum masskk,(,) and  2.36, (365.13 MeVim?3®) to 3.36, (518.73 MeV
central densitiesr(;) of the neutrino trapped and neutrino- fm~3). That region corresponds to the constant pressure re-
free stars are, respectively, given by 2.283(2.364)and  gion in the equation of state. This is the signature of the
5.84(5.63h. The protoneutron star has a smaller mass comMaxwell construction. We note that the masses and radii of
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neutron stars are constant in the flat region. However, the TABLE IV. Same as Table Ill, but for the TM1 set.
maximum mass for the neutron star lies above this flat re —
gion, i.e., at the central density 3159 It is worth mention- Uk Ua(K7)  ug(KO) Ueent  Mmax/Mo
ing here that the Maxwell construction has its limitations. Innp . . _ 6.14(5.97 2.099(2.179
the Maxwell construction case, the thermodynamical vari-
ables such as the pressure and chemical potential are not a
continuously increasing function of density. Also, there is a
mechanical instability in the flat region of the mass versus —
central energy density curve in the Maxwell construction"P
case. In that region, the stability conditidi/de.>0 is not
satisfied. Therefore, no star with central density falling in the
mixed phase region will be stable for the Maxwell construc-
tion case. npH
We note here that the maximum masses of the
(protoneutron stars including antikaon condensates ar
smaller than those of the “conventional” scenario. This ca
be attributed to the softening of the EOS due to the prese

of K condensates. In the previous calculations includng

-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
-140 4.68(3.09 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(4.8) 5.72(6.0) 1.985(1.641

- - - 5.75(4.89 1.918(1.733

@ntikaon condensation are sensitive to the nuclear equation
Nof state apart from its dependence on the antikaon potential

nCgepth[lS]. Therefore, we also study the formationtofcon-

L S densates in neutrino-trapped matter using a softer EOS. In
condensatéi4,6,.7,13—1$thl_s kind of softening in the EOS this calculation, the model Lagrangian density contains a
and reduction in the maximum mass of the star were ob

d. Th It o q tion is that th - “nonlinearw-meson tern{30,31] besides the self-interaction
served. The net resu conaensation IS that the maxi- o tor the scalar meson. The form of the nonlineame-

mum mass stars contain more protons than neutrons at highgén term is

densities. Brown and BetH&,3] called those stars “nuclear

matter” stars rather than neutron stars. In the bottom panel, 1

we also plot the sequence of protoneutron star masses calcu- L 4= Zg4(w#w“)2. (25
lated with only K~ condensation. This is shown by the

dashed curve labeled mypK-. In the neutrino-trapped case, g anara and ToKi31] showed that such a model agreed
the additional softening in the EOS due K& condensate \ith the relativistic Brekner Hartree-Fock results reason-
results in a smaller maximum mass for the star comparegmy well. The parameters of the model were obtained by
with the corresponding situation with only™ condensate. fitting the experimental data for binding energies and charge
In the bottom panel and Table IlI, we find that the thresholdragij of heavy nuclei. This set of parameters is known as the
density ofK® condensation for the neutrino trapped case liesSTM1 set[31]. The nucleon-meson couplings of the TM1 set
well inside the central density of the maximum mass starare shown in Table | and,« couplings for variousJ(ng)

This implies that a significant region of the protoneutron starare given in Table Il. Now we present the results for the

may containK® condensate along with ~ condensate. In calculation ofK condensation in neutrino-trapped nucleon-

the neutrino-free case, the maximum mass of the star includsply matter using the TM1 set. The critical densitieskof

ing bo@ antikaon condensates is not modified appreciablygondensation and maximum masses(jmbtoneutron stars
due toK® condensate with respect to the situation calculatedvith their corresponding central densities for the TM1 set are
with only K~ condensate because the threshold density ofhown in Table IV. The values in the parentheses correspond
K® condensation coincides with the central density of thelo the neutrino-free cases. Because of the presence of the
maximum mass star in the former case. It is interesting tdlonlinearw meson term, the TM1 set results in a softer EOS
note that the maximum mass stars in the presendﬁ@*oand than that with the GM1 set. As a result, the critical densities

K° condensate contain exactly equal the number of protongf K condensation for the TM1 set are shifted to higher
and neutrons at higher densities. Therefore, those stars m&gnsities compared with those of the GM1 set. It is found
be called “symmetric nuclear matter” stars. We have alsothat K° condensation is formed inside the maximum mass
calculated the maximum masses and central densities of theeutron stars fofUx(ng)|=160 MeV and inside the maxi-
(protogneutron stars for the GM1 set and other values oflmum mass protoneutron star only forUg(ng)
Uk(ng) and those are tabulated in Table Ill. The values=—180 MeV in the TM1 set. It is important to note that the
given in the parentheses correspond to neutrino-free mattephase transition is of second order for all values of the anti-
It is to be noted here that the maximum mass of the neutrokaon potential depth in the TM1 sgt8].

star in the GM1 set and witltUg(ng)=—180 MeV is Now we discuss situations when hyperons are included in
smaller than the precise observational lower limit of M44  the calculation in addition to nucleons. It was noted earlier
imposed by the larger mass of the binary pulsar PSR 191ghat the presence of hyperons delayed the onsktadnden-

+ 16 [29_]. Therefore, such a softer EOS is ruled out by thesation to a much higher densif#,8,12—-14,18 Since the
observation. core of a(protoneutron star may be hyperon rich, we in-
__In-arecent calculation for neutrino-free matter includingcjyde the hyperon-hyperon interaction in addition to the
K condensates, it has been noted that the critical densities dfyperon-nucleon interaction in our calculation. This is ac-
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counted for by considering two additional hidden-ing central densities are given in the last rows of Tables lIlI
strangeness mesons—the scalar mefx0875 (denoted by and IV. The values in the parentheses correspond to the
o*) and the vector mesow(1020). The vector coupling neutrino-free cases. Like the situations with antikaon con-
constants for hyperons are determined from thé6dym-  densates in neutrino-freetrapped nucleon-only matter, the
metry as maximum mass in neutrino-trapped hyperon matter is larger
than that of the corresponding neutrino-free case as found in

1 1 1 . .

OuA==0us =00z == Gun the previous calculationst,8,13.

2 2 3 Now we study the formation of antikaon condensation in
neutrino-free (-trapped matter including the hyperon-
-0,5=09,==09,n, 9,n=0, hyperon interaction for the GM1 set. Earlier we have found
2°p% FbE TP P that a softer EOS shifts the threshold densities of antikaon

condensations to higher densities. Also, the presence of hy-
2040 =20ys=0y==— &ng_ (26)  Pperons, which make the EOS softer, delays the onsels of
B 3 condensation to higher densitig%8,13,14,18 In this case,
we find that antikaon condensation does not occur even at
densities as large as N in neutrino-free(-trapped hy-
peron matter for|Ux(ng)|<160 MeV. Antikaon conden-
sates appear in hyperon rich matter with and without neutri-
N _ nos for|Ux(ng)|=160 MeV. The particle abundances in the
Uv(No) = ~Govo+ uywo. @0 presen<|:e r;(f rgyperons and antikarz)n condensations are shown
The analysis of energy levels ih hypernuclei suggests a in Fig. 7 for Ug=—160 MeV. The top panel depicts the
well depth of A in symmetric matter\(ng)=—30 MeV neutrino-free case whereas the neutrino-trapped case is
[32,33. On the other hand, recent analysis of a fewshown in the bottom panel. Here, we note tKat and K°
E-hypernuclei events predicts & well depth ofU¥(n,)  condensation sets in at 2.48(3.8¢)and 4.06(4.18), for
=—18 MeV [34,35. However, the situation for th® po-  nheutrino-free(-trapped matter, respectively. Also, we find
tential in normal matter is very unclear. The only knownthat only A hyperons appear both in neutrino-free and
bound3 -hypernuclei is the light systefiHe [36]. The most  -trapped matter. Th&'s are excluded from the systems be-
updated ana|ysis af ~— atomic data indicates a Strong isos- cause of the repulSiVE-nUCleon interaction. On the other
calar repulsion in theS—nuclear-matter interactiof23].  hand, the early appearanceKf condensation in neutrino-
Therefore, we use a repulsivE well depth of UY(n) free (-trapped matter suppresses the appearachEthy—
=30 MeV[23] in our calculation. perons beqaus_e it is energetlcally _favorablel(or conden-
The o*-Y coupling constants are obtained by fitting them Sate to maintain cha@e neutrality in the systems. It is worth
to a well depthugr)(no) for a hyperon(Y) in a hyperon mentioning here thaK condensates play a more dominant

(Y') matter at nuclear saturation dengjity,20. It is given role than hyperons in de_termlnmg various properties of the
(protoneutron stars in this case.

1

The scalar mesory() coupling to hyperons is obtained from
the potential depth of a hyperdh) in saturated nuclear mat-
ter:

as In Fig. 8, we display the EOSRH vs €) in the top panel
U(EE)(no): US\E)(no)= 2U(5A)(no):2Uf\A)(no) and the mass sequence of fpeoto)neutron stars in the bot-
tom panel for the GM1 set andy(ng)=—160 MeV.
=—40 MeV. (28)  Neutrino-trapped matter has a stiffer EOS than that of the

) corresponding neutrino-free matter. The maximum masses
It is to be noted that nucgeons do not couple to the strang8 their central densities for the neutrino-freeapped
mesons, 1.e.g,xN=gyn="U. cases are 1.57(1.98), and 4.48(5.24),, respectively.

The strange meson fn::;lds also couple witntjkaons. The delayed neutrino emission and possible black hole
Following Ref.[14], the o*-K coupling constant is deter- ¢ymation in the context of SN 1987A had been extensively
mined from the decay dfo(925 asg,«k=2.65, whereas the  giscussed by Brown and Bethi2,3]. This problem was also
vector ¢-meson coupling wit{antikaons is obtained from ¢t ,gied by several authors using dynamical mo@ia¥%38g.
the SU3) relation asy2g,.=6.04. . Assuming that SN 1987A has collapsed into a black hole,

Switching off Y-Y interactions and antikaon condensa-Brown and Bethe estimated the gravitational mass for the
tion, we study neutrino-freetrapped hyperon matter for the  compact remnant in it to be 1.58 from the Ni production.
GM1 and TM1 set and for the above choices of hyperon-This maximum mass of the cold compact object is known as
nucleon coupling constants. Here, we find thatAhkyperon  the Bethe-Brown limi{3]. They argued that progenitor stars
is the first strange baryon to appear in neutrino-freenaying masses in the range (18-BR) would first explode
(-trapped matter. It is closely followed by=~ hyperons. as supernovas and later the compact objects go into low mass
Because of the repulsivE-nucleon interactiony, hyperons  plack holes returning matter to the galap;3).
do not appear in the systems. With the appearance of hyper- |n previous studie§2—4], it was shown that the proto-
ons, equations of state in neutrino-freapped matter are  neutron stars become unstable after deleptonization and cool-
softer compared with those of nucleon-only matter excludingng. The metastability occurs when an exotic form of matter
K condensation. The maximum masses and their corresponduch as hyperons or antikaon condensates, appears during the
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FIG. 8. The equations of statdop panel for neutrino-free
(-trapped hyperon matter including antikaon condensates with en-

ergy density in the GM1 set. The mass sequeficeiom panel of

the (protgneutrino stars including antikaon condensates are shown
with central energy density in the GM1 set. The calculations are
_ FIG. 7. Same as Fig. 4, but for hyperon matter includingand  performed forUg(ny) = —160 MeV. The solid and dashed lines
K° condensation in the GM1 set. The results are for the neutrinoeorrespond to the neutrino-free and -trapped cases, respectively.
free casdtop panel and the neutrino-trapped caémttom panel The solid circles correspond to the maximum masses.

evolution of the protoneutron stars. Brown and Bethe exirons. As a result, high density matter remains symmetric
ploited the idea of the formation ok~ condensation in nuclear matter even after the deleptonization and cooling.
dense nuclear matt¢B] to understand the metastability of The presence of both condensates stabilizes the larger maxi-
the compact object during the evolution of the protoneutrormum mass of the protoneutron star for short times. In this
stars to low mass black holes. In the “conventional” sce-case, we obtain the maximum mass window-d.4M s . In
nario without antikaon condensation or hyperons, the “win-our model calculation with the GM1 set and the antikaon
dow,” i.e., the difference of the maximum masses inpotential of Ux(ng)=—160 MeV, the protoneutron stars

neutrino-free and neutrino-trapped matter consisting Otonsisting of nucleons, leptons, akd andK° condensates
nucleons, is small. Later it was shown that the inclusion ofyaye a maximum mass 2M ., which could be stable during
thermal pressure could raise the maximum mass of the prane deleptonization and cooling. As the trapped neutrinos
toneutron star slightly above that of the neutron §#lt  |eave the system, the lepton pressure in the core decreases.
However, there is a different scenario wkh™ condensation At the same time, the core of the nascent star is heated up
as noted by various authoi8—4,7. They found that mostly anq attains a higher value of entrof89]. Recently, it was

the lepton pressure could stabilize a larger mass in thg@hown by Ponset al. [16] that this thermal effect on the
neutrino-trapped case during the evolution. In our calculationaximum mass is comparable to that of the trapped neutri-
with nucleons, leptons, ari™ condensation, the “window” nos. As a consequence, compact object would be stable for
is ~0.5M, for the GM1 set and an antikaon potential depthmuych longer duration. The inclusion of the thermal pressure
of —160 MeV. With further inclusion ofK® condensate, in the calculation would again stabilize an additional mass of
high density matter contains exactly as many protons as neu-0.1IM . As the system cools down, the compact object
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with a maximum mass=2M, which would be stable for trary, neutrino-free nuclear matter is not only symmetric in
short times in our calculation, is larger than that of the stablgyeutrons and protons but alsokii andK° mesons at high
cold mass and Bethe-Brown limit (1.86). Consequently,  yangjy  Therefore, it is possible th&° condensate in

it would collapse into a low mass black hole. We retain theneutrino—trapped m:atter would play a dominant role dger
same qualitative feature of metastability of the protoneutron., - yensate at higher densities. Unlike the situation in
stars including hyperons along with antikaon Condensation'neutrino-free nuclear matteK ~ mesons in the condensate

replace electrons partially in neutrino-trapped matter because
IV. SUMMARY AND CONCLUSIONS of the lepton number constraint in the system. The presence

We have studied antikaon condensation, putting emphas®f K~ andK® condensate in neutrino-trapped nuclear matter
on the formation ofK® condensation in neutrino-trapped makes the overall equation of state softer compzied with the
nuclear and hyperon matter within a relativistic mean fieldsituation without antikaon condensate. We find tkdtcon-
model. The baryon-baryon an@ntjkaon-baryon interac- densate is formed well inside the maximum mass proto-
tions are treated on the same footing in this work. Thoséeutron stars for higher values of the antikaon potential in
interactions are mediated by the exchange of mesons. Twidie calculation using the TM1 set. On the other hand, the
different model Lagrangians are adopted in this calculationcalculation with the GM1 set implies tha® condensate
The model Lagrangian, which contains the scalar selfoccupies a significant region of the maximum mass stars for
interaction term, is characterized by the GM1 parameter setather smaller values of the antikaon potential. In the pres-
Besides the scalar self-interaction term, the other model Laence of hyperons, antikaon condensate is formed for large
grangian includes the nonlinearmeson term and the cor- values of|lUx]=160 MeV in the GML1 set. In this case, it is
responding parameter set is denoted by the TM1 set. It ifound that only A hyperons appear in neutrino-free
found that the threshold densities of antikaon condensatiofyrapped hyperon matter. Therefoé ™ andK® condensates
are sensitive to the equation of state and the antikaon POteHiay play the most dominant role in determining various
tial in normal nuclear matter. The calculations performedy,oss properties ofprotoneutron stars than hyperons.
with the GM1 and TM1 sets show th& " condensation = ye have reexamined the scenario of the metastability of
always happens earlier tha? condensation. The threshold protoneutron stars and their evolution to low mass black

densities ofK condensation in the TM1 set are higher thanholes in the context of the calculation &° condensation
those of the GM1 set because the equation of state is softer ilong with K~ condensation in neutrino-freé-trapped
the former case. It is found that the threshold densities ohuclear and hyperon matter. It is found that the maximum
antikaon condensation in neutrino-trapped nucleon-only matmass of a protoneutron star is larger than that of the corre-
ter are higher than those of the corresponding neutrino-fregponding neutron star and also the Bethe-Brown limit of
case. In the presence of neutrinos, the shift in the threshold.56V , for a neutron star. Therefore, the protoneutron star
density ofK™ condensation with respect to the neutrino-freewould be stable during deleptonization and cooling and later
case is higher than that & condensation. may collapse into a low mass black hole.

With the onset ofk® condensation, abundances of neu-

trons and protons become equal and the densiﬂ?ooéon-
densate increases rapidly and becomes larger than tKat of We acknowledge many fruitful discussions with Subrata
condensate in neutrino-trapped nuclear matter. On the coriral.
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