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Nonequilibrium weak processes in kaon condensation. Il. Kinetics of condensation

Takumi Mutd®
Department of Physics, Chiba Institute of Technology, 2-1-1 Shibazono, Narashino, Chiba 275-0023, Japan

Toshitaka Tatsumi
Department of Physics, Kyoto University, Kyoto 606-8502, Japan

Naoki Iwamotd
Department of Physics and Astronomy, The University of Toledo, Toledo, Ohio 43606-3390
(Received 20 September 1999; published 22 March 000

The kinetics of negatively charged kaon condensation in the early stages of a newly born neutron star is
considered. The thermal kaon process, in which kaons are thermally produced by nucleon-nucleon collisions,
is found to be dominant throughout the equilibration process. Temporal changes of the order parameter of the
condensate and the number densities of the chemical species are obtained from the rate equations, which
include the thermal kaon reactions as well as the kaon-induced Urca and the modified Urca reactions. It is
shown that the dynamical evolution of the condensate is characterized by three stages: the first, prior to
establishment of a condensate, the second, during the growth and subsequent saturation of the condensate, and
the third, near chemical equilibrium. The connection between the existence of a soft kaon mode and the
instability of the noncondensed state is discussed. Implications of the nonequilibrium process on the possible
delayed collapse of a protoneutron star are also mentioned.

PACS numbes): 26.60+c, 05.30.Jp, 13.75.Jz, 82.20.Mj

. INTRODUCTION 3—4 times the nuclear matter density (=0.16 fm %), de-

The possibility that baryonic matter may undergo a tranpending on the magnitude &,y . Motivated by studies of
sition to a new hadronic phase consisting of a condensate @Gon condensation, the in-mediukiN interaction has re-
negatively charged kaon(') in high density matter has cently been elaborated both theoretically and experimentally,
been extensively discuss¢d—6]. The kaon condensation throughKN scattering[7—9], kaonic atomg10], and kaon-
may be formulated on the basis of SU(¥)SU(3)r current  antikaon production via relativistic nucleus-nucleus colli-
algebra and partial conservation of axial vector current in &ions[11-15. The experimental results suggest a substantial
model-independent waj2,3]. Within this framework, the decrease in the antikaon effective mass, which in turn favors
swave kaon-condensed stdt@) is generated by a chiral the possible existence of a kaon condensate in the core of a

rotation of the normal stattnorma) as |6)=U|norma), ~ neutron star. _
whereD=exp(udQexp(eQf) is a uniary operator. Here - e FRMEZETES B 1E EOT R Bm BT S e e
{“K is the kaon chemical potentiaf, the Ch'rql anAg;e,-whlch [3,12,17 and also accelerate cooling of neutron stars via
is the order parameter of the condensate, @ndQ;) is the  ennanced neutrino emission which is given by weak pro-
electromagnetic charge operatéine axial charge operafor  cegses in kaon condensatifitv—21. The softening of the

The classicaK™ field is then written a¥K™)=(6|K"|6)  EQS associated with kaon condensation has been used to
=(f/\2)sinfexp(-iut) with f(=93 MeV) the meson de- construct a model in which the collapse of a hot protoneutron

cay constant. o - star to a black hole is delayg82—24;? initially, there is no
Kaon condensation is a form of Bose-Einstein condensa-

tion (BEC): the lowest excitation energy of the™ decreases
in a nuclear medium with an increase in the baryon number

1 . . .
density due to an attractivewave kaon-nucleonkN) in- Recently, the antikaon potential at high momenta or temperature

. - s been considered with reference to subthreshold antikaon pro-
teraction. When the lowest excitation energy becomes equ%ﬁction in heavy-ion collision$16]. It has been shown that the

to the charge chemical potential, the distribution function for_ "~ . . ) i
L . optical potential becomes repulsive at high momentum or high tem-
theK™ diverges and a macroscopic number of kaons appeab.

Th | KN i . inly f h erature. On the other hand, the in-medium production cross section
e relevans-wave Interaction comes mainly from the of antikaons is enhanced via pions aldhyperons. It would be

scalar interactiorithe KN sigma termXyy) and the vector  jmnortant in future study to take into account the finite momentum

interaction(the Tomozawa-Weinberg teyriz—4). and temperature effects on the in-medium kaon self-energy and to
The baryon number density for the onset of kaon condensee how the in-medium cross section of the antikaon production is

sation in stable neutron-star matter has been predicted to Bgievant to the nonequilibrium process in kaon condensation in neu-

tron stars.
2Similar delayed collapse mechanisms of a hot protoneutron star
*Email address: muto@pf.it-chiba.ac.jp to a more compact neutron star or to a black hole, attributed to other
"Email address: tatsumi@ruby.scphys.kyoto-u.ac.jp hadronic phase transitiorj$,25-29 or a transition to a strange
*Email address: iwamoto@uoft02.utoledo.edu matter[30,31], have been considered by some authors.
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kaon condensation in protoneutron stars, since the neutrin@dn commute witht] . [ﬁ A wong =0, due to baryon
. . strong: I stron !
degeneracy and thermal effects raise the threshold density f%mber, strangeness, cgharge and lepton number conserva-

kaon condensatiof82]. A kaon condensate is formed during tions. Thus we can find the simultaneous eigenstata :
the evolution into a compact neutron star through delepton-—""" 9 sféng

ization and cooling. The maximum mass of the kaon-2nd nj. Hence, if we apply the adiabatiqBorn-
condensed neutron star is estimated to-b&5 Mo with ~ OPPenheimerapproximation, then the time dependence of
M, the solar masg3,12,17, which is smaller than the maxi- n;(t)=(6(t),t|n;| 6(t),t) is determined by the weak interac-
mum mass of ordinary neutron stars 2.0M ) [33] because tion HamiltonianH,,e., Which leads to the rate equations.
of the significant softening of the EOS due to the appearancgith n;(t) taken to be a function of time, it is possible to fix
of the condensates. If the mass of a protoneutron star aft¢fe time and construct an instantaneous eigenstalfest%g

deleptonization or cooling exceeds the maximum mass of the d%. by considering the extremum conditions for the ther-
kaon-condensed neutron star, the star eventually collapses qae. by 9

a black hole. Such a scenario for the formation of a low-mas& ' 0dynamic potential} given only by the strong interaction
black hole(1.5—2.0M ) has been presented by Brown and HamiltonianH gon,

Bethe[22] to interpret the absence of a pulsar signature in 16(8), 6= 6(), N (1), 1n(1),1o(1),Ne( 1)) )
SN 1987A[34]. Following their scenario, Baumgarts al. ' KA HpA ) el t /s

[23] made a numerical simulation for the delayed collapse okqying the rate equations then allows the temporal change
a protoneutron star by the use of an EOS including the phasgy n; to be determined, while the time dependence of the

transition to the kaon-condensed ph28|. order parametep is determined by use of the thermody-
In these studies, the equilibrated EOS with kaon condens5mic potential).
sation was used. The kaons are created thrawedk inter- The nonequilibrium processes in the kaon-condensed state

actionsthat change strangeness during the appearance a'[‘g(t),t) have been previously investigated[i85], with ac-

the growth of the condensate, and the time scale for the Wea&)unt taken of both the kaon-induced Urca process and the
reactions are much larger than those for the strong and elegs,gified Urca process. The former procéabbreviated to
tromagnetic reactions which are responsible for the thermak| ;. and KU-B, where F and B stand for forward and back-

equilibration of the s_ysten’ﬁ.ln addition, there are at least \5rq reactions, respectivélis represented by the reactions
three time scales which characterize the dynamical evolution

of a newly born neutron star: the time scale for gravitational n(p)—n(p)+e" +je’ (33
collapse(of order of a millisecongdand those for delepton-
ization and initial cooling(of order of ten secondislf the n(p)+e —n(p)+ve, (3b)

weak reactions which are responsible for the formation of a
condensate proceed on a longer time scale than these tinaed provides the most efficient cooling mechanism for the
scales, they may control the dynamical evolution of a neustar via neutrino and antineutrino emissigh8,19. In terms
tron star just after a supernova explosion. In this case, thef the condensatéK ), by which the system is supplied
nonequilibrium processes in kaon condensation which araith energy and the reactions become kinematically pos-
brought about by the weak reactions must be considered. sible, the KU proces$3) can be written symbolically as
The time evolution of the system is determined by then(p)+<K‘>Hn(p)+e‘+7e, n(p)+e —n(p)+(K")
Hamiltonian, +ve. The modified Urca proces$MU-F and MU-B)
[36,37, represented by the reactions

H= Hstrong+ Hweaka () R
n+n—n+p+e +uv,, (4a)

with the strong(weak HamiltonianH gyong (Hwead. In our Ntp+e —n+n+ v, (4b)
case the statéd(t),t) is specified by the parameters,
mn (mp) the neutron chemical potentighe proton chemi- s a standard cooling process for a normal neutron star. It is
cal potential, ux, and ue the electron chemical potential, to be noted that the direct Urca procg&J), n—p+e~
for given temperatur@ and baryon number density%. Al- 13, p+e —n+uv,, becomes possible in the normal
ternatively we may choose another set of operatdrghe  phase 38,39 if the proton fraction is large enough and that
number densities; (i=p,n,K,e) to specify the state. If the it dominates over the MU reaction. The DU reaction is fur-
ther assisted in the presence of a kaon condenfdat@1].
However, the onset density for DU depends on the density
dependence of the symmetry enefy(ng), which has an
o A o o ambiguity depending on the EOR1,39. We have also
time independent);=0, which in turn impliesf=0, or they  checked that even if the DU reaction is incorporated in the
equilibration process, the main results in this paper are not
altered except for the asymptotic behavior near chemical
%In Ref. [17], a discussion was made on the weak processesgquilibrium. Hence, throughout this paper, we do not take
n—p+K~, e K™+, in relation to the formation of a kaon into account the DU reaction in the normal phase or in the
condensate. kaon-condensed phase. Further, we do not take into account

weak Hamiltonianﬂweak is negligibly small, then the time
scale of the weak interaction is very largg,£a Tsirong - IN
such a case, it is obvious that all the number densities a
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the hyperon degrees of freedom, so that we omit the weakelevant temperatures and baryon number densiiiesThe

reactions associated with hyperof0|, taking the same KT process is dominant in the kaon-condensed state in
standpoint as in Paper I. chemical equilibrium as well as in the noncondensed state,

Because the transition matrix element for KU is propor-and may determine the evolution of the system.

tional to sing, this process is operative only in the presence Based on the above results for the KT reactions, we in this
of a condensate. Thus, spontaneous creation of a condensagi@per, investigate the nonequilibrium weak processes in
from the noncondensed state cannot occur solely by way dfaon condensation by taking into account the KT process as
the KU and MU reactions, and, for this reason in R86], a  well as the KU and MU processes, and clarify the effects of

small seed of the condensaté# 0) was put in by hand. thermal kaons on the kinetics of condensation. Assuming
In the noncondensed state, kaons are produced thermaltijat the system is in thermal equilibrium, we solve the rate
by the weak reactions equations given by the relevant weak reacti@)s-(5), and
discuss the temporal behavior of the number densities of the
n+n—n+p+K-, (5a) chemical species, the order parameter of the condensate, and
other physical quantities. In general, the energy, produced in
n+p+K-—n+n, (5p)  the course of the nonequilibrium process, is dissipated into

the surroundings, resulting in a rise in the temperature of the

where a spectator neutron must take part in the reaction®yStem. For simplicity, however, the temperature is kept con-
such that the kinematical condition in a degenerate Fermptant throughout this paper. We find two chara_lctensuc time
system is satisfieiThe thermal kaons are then converted toSca@les for the onset of a condensate and its subsequent
a condensate. Thus we can discuss the onset and the grov@fPWth. The magnitudes of these time scales are compared
of a kaon condensate consistently without @tyhocseed with other time scales chara_cterlzmg the collapse of a newly
(see Sec. 1)), in which case the procesS) is primarily re- b_orn neutron star, and possible effects on stellar collapse are
sponsible for the onset of condensation. It is to be noted thafiscussed. _ o
net strangeness is not changed via strong reactions, e.g., the 1he paper is organized as follows: The description of the
kaon-antikaon productiodN—NNK*K ™, while the time nonequmbrlum state based on the thermodynamlc 'pptentlal
scales for the creation of the antikaons via strong reactiont$ @ddressed in Sec. Il, and the formulation for obtaining the
are very short as compared with the weak reactions. ThEate equations is given in Sec. lll. The numerical resul_ts are
effects of these strong reactions on the kinetics of condensd?€n presented in Sec. IV, and summary and concluding re-
tion are taken into account only implicitly through the as-Marks are given in Sec. V. In the Appendix, an asymptotic
sumption that the system is in thermal equilibrium. Thus, itP€havior of the system near chemical equilibrium is dis-
is the weak reactions that determine the time scales for thgussed. Specifically, an expression for the relaxation time
appearance of a seed with net strangeness and its growth. \{§&r chemical equilibrium is derived analytically.
will refer to the reaction(5) as the thermal kaon process, and
abbreviate them to KT-F and KT-B, respectively.

In a previous papejid6] (Paper J, we have obtained the !l PESCRIPTION OF THE NONEQUILIBRIUM STATE
reaction rate for KT, and discussed the effects of thermal A. Thermodynamic potential
kaons on the KT reaction rate in both the noncondensed and ' . . .
condensed states. We have also compared the KT reaction Here we define the physical conditions for a nonequilib-

5 .
rate with the rates for the KU and MU reactions and obtained'Y™ kaon-condensed statiée(t),t). _The syst_em IS d_e-
the following results:(i) In the noncondensed state, where SCriP€d by a thermodynamic potent&l. The microscopic

the system is far from chemical equilibrium, hard thermalquantities, such as the excitation energies of the baryons and

kaons with large momenta make the major contribution to"€ thermal and condensed kaons, are determined by the

the KT reaction rate, whereas in the condensed state, the s}ﬁl’ong and electromagnetic interactions among the kaons,

thermal kaons, which appear as a Goldstone mode from t aryons and leptons. The time scales for these interactions
spontaneous k;reaking af-spin symmetry[47], contribute are much smaller than those for weak reactions. Therefore, in

significantly to the KT reaction ratéi) The KT reaction rate setting up the kinetic equations, that determine the relatively

is larger than the rates for the KU and MU reactions over the?©W change of chemical composition via weak reactions, the
system may be assumed to be in thermal equilibrium, main-

tained by much faster strong and electromagnetic reactions.
_ _ As a consequence, the physical quantities for the nonequilib-
“Itis to be noted that hyperons may appear in neutron stars at 2-dum state evolve adiabatically, adjusting to the gradual
cussed a delayed collapse of protoneutron stars based on the EQg gk processes.
with a transition of supernova matter to a hyperonic mgeér29. Assuming thermal equilibrium, we adopt the thermody-
If the hyperons exist, other weak reactions such as the nonmes'}cfamic potentiak) of the kaon-condensed phase which was

decay of the hyperon& N— AN, could be relevant to the nonequi- derived by Tatsumi and Yasuhira from chiral symméy]
librium process. The onset density of hyperons in a neutron star '

depends on the hyperon-nucleon and hyperon-hyperon interactions
which remain to be explored further from both theoretically and
experimentally. SWe use the units in which =c=kg=1 throughout this paper.
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including the thermal and quantum fluctuations around a 3

condensate. In the present work, we shall neglect, for the Veym(Ng) = | So— (273~ 1) g €ro|F(Na), (13)
sake of simplicity, both zero-point and thermal fluctuations

in the thermodynamic variables except for the thermal conyheres, (= 30 MeV) is the empirical symmetry energy, and
tribution to the kaon number density, which allows us to see._  is the Fermi energy in the symmetric nuclear matter at
the effects of thermal kaons on the kinetics of condensationne densityn,, with the function F(ng) taken asF(ng)
Thus our expression fdi corresponds to the heavy-baryon —,_ /i for simplicity. The chemical potentials for the pro-
limit for the nucleong47]. With these assumptions, the ther- 1oy ‘and the neutrorrespectively in Eq. (9) are given by
modynamic potential per unit volumg/V of the kaon- pp=0Ey1an, and u,=dEy/dn,, respectively, so that the
condensed phase is written as difference betweep, andu, in the condensed state is writ-

QIV=(Qct+ O+ QO+ QIV, 6 enas

(37T2np)2/3 - (37T2nn)2/3

where()c and{) are the potentials arising from a conden- up—un=

sate and thermal fluctuations for the kaons, respectively, and 2my 2my

Qy and(), are the corresponding potentials for the nucleons 1

and the electrons, respectively. Hefk, the number density +4Vsyn(Ng) - (Np=Np)/Ng— 5 pk(1—cos6).
n; and the chemical potential; (i=p,n,e ,K) are related

to each other by, =—d(Q/V)/du;. Specifically, the clas- (12

sical contribution from the condensafec, is given by L
For Q., we use the ultrarelativistic form for electrons,

1
Qc/V=12m2(1—cosh) — = f2u2sirte, 7 : .
c k( )~ 5k (7 QE/V:%_%“E:_%’ 13)
T T

wheremy is the free kaon mass= 494 MeV). In contrast,

the thermal kaon contributioi) , is given by where u. is the electron chemical potential anal

[=,u§/(3772)] is the electron number density. Note that

4 # ux When the system is not in chemical equilibrium.
QK/V=TJ Px In(1— e~ L@+ P+ rllTy
2m)® B. Thermal kaon excitation
X (1—e Lo (P —ud/Ty (8) As can be seen in E@6), only the thermal kaon excita-

tions constitute the thermal fluctuations in the thermody-
with . (px) [w_(pk)] the excitation energy fak™ (K™) namic potentiak), because they are responsible for the for-
[cf. Sec. Il B for the explicit expressions far. (px)], and ~ mation of a condensate through the weak reactiong (8].

the nucleon contributiofi) is written in the standard form: The excitation energy for the thermal kaons, (px), ap-
pearing inQ« [Eq. (8)], is obtained from the dispersion re-

Qn/V=Ey— mpNp— maly (9) lations for kaon modes in the condensed state. The expres-
sion for w.(px) depends on the method for treating the
where the energy density for the nucleons is given by fluctuations around the condenspd&,49, but numerical re-
sults have shown that there is little difference between the
3 (372)28 two methods used in Refgl7] and[49]. Later on we use the
En=¢ (nR+n33 —12(a+2bug)(1—cosh) result of Ref.[47]:
5 2my P
+ V(M) (Np—1p)?/Ng 10  @=(P)=={b+pux(coso—1)}+[pg+(b*+ m’éz)]”? )
14

The first term in the right-hand sidehs) of Eq. (10) is the oy ST N

nucleon Fermi-gas energy density, withy the nucleon WNeremi“=mg cosﬁz(r_rﬁ—_cr)cosa, andmjc denotes the
mass, and the quantity in the second term defined as gffectlvg kaon mass wh|ch is reduced due tq K scalar
=ng3 /2, andbz(np+§nn)/(2f2) is the V-spin density interaction %y [3]. Using Eqg.(14) one obtalns_, the total
(see Sec. IV A for specific valupsThe terms involvings ~ ka0n ~ number density from the relation,ny=
andb, respectively, come from thewave K~ N interaction — Q) dp:
given by theKN sigma term and the Tomozawa-Weinberg

term. The expression for the energy contribution from kaon-

kaon and kaon-nucleon interactions is essentially determine
in a model-independent way by chiral symmetry. The third

IqeregK is the condensed part of the kaon number density:

term in Eq.(10) is the potential energy contribution to the {e=— QeI+ Q) dp
symmetry energy. FOV.(ng), we use the expression given « N :
by Prakastet al. [48]: = uf?sinf 6+ 2bf2(1—cosé), (16)
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andn(, is the thermal part: cal time scales for the development of a condensate. With the
kaon number density given by E€L5), one can see that the
nE: —(Q IV) g condensate appears spontaneously once the number density
1 of the thermal kaons is saturated for a given temperature.
_ 3 With this simplification, we can describe the growth of the
B (277)30084 PP (7 condensate dpuring the whole nonequilibriumgstage by fol-
. lowing the kinetics of the condensate semiclassically, avoid-
with ing the discussion of quantum nucleation of the
condensates.
1 In general, the heat released by dissipation of energy in
glo-(PO—mdIT_1  glos (P +adiT_q’ the system is expected to increase the temperafurghe
(18) temporal change of the temperatufigit) can be obtained
from the equation that gives the rate of change of the internal
where the first and second terms are the Bose-Einstein digenergy of the system: e.g.,
tribution functions for the< ~ andK ™ mesons, respectively.
It is to be noted that the expressi@ty) is slightly different JE/ot=—¢€,— €, (21)
from the usual one for the noncondensed state by a reduction o ) ) )
factor cosf due to the existence of the condensate. ExpresWith €,, €, the luminosities of neutrinos and antineutrinos,
sion (16) is equivalent to the strangeness number densitye.spectwely, for the neutrino-free-streaming case. For sim-

k=& =N 2 A s plicity, however, we take the temperature to be constant dur-
{k=(K"|SIK") with the strangeness operab=2(Q-l, ing the nonequilibrium process. A more realistic calculation

f(pk) =

—B). ) ] ) including the variation of the temperature will be discussed

By the use of the classical field equation féyr 9Q2/960 i the future.
=0 [3,47], The number density of each chemical species is deter-
sin 6 2o+ 2bju —ME2) =0, (19 mined by the rate equations, with the rates of change of the

electron (), the kaon (), and the protonrf,) number

which is valid where fluctuations of kaons can be neglecteéJenSItIes given by

[47], it can be seen from Eql4) that, in the condensed

— (KU-F) ( £(KU) _ [ (KU-B) ( £(KU)
phase ¢+ 0), the lowest excitation energy &f is equal to dne(t)/dt=T (1, n-r (" (1),T)

the kaon chemical potential, i.ev,_ (px=0)= uk . This soft + T (MUB) (MU)(t) T)—T (MU-B) (£(MU) (1) T),
mode results from the spontanedéspin symmetry break- 29
ing in the condensed pha&8oldstone modeg and leads to a (229

divergence off«(px) at px=0 in the condensed state. On . )
the other hand!(in IEhe Iiml'(w:O in Eq.(14), one obtains the dny(t)/dt=—T* D (E O (1) T)+ T (o), T)
SE:;?IW energy of kaons in the norm@aloncondensed + T KT (KD (1) T)— T KTB) (KD (1) T),

' (22b)

o+ (px)=*=b+[pg+(b>+mg?) ]2 (20)

dng(t)/dt=TMUP(EMU () T)— T MUB) (MU () T)
In this case, there is a gap between the lowest excitation KT-F) ¢ £(KT) (KT-B) ¢ £(KT)
energyw_ (px=0) anduy , so thatf(px) has no singular- +TETOEED (1), T)—-T (71,1,
ity. The appearance of a soft kaon mode is also related to an (220
instability of the normal state with respect to the onset of a
condensate(See also Sec. IV A. whereI'(®) are the reaction ratesre KU, MU, KT), and F
(B) denotes the forwardbackward process. As a conse-
Ill. KINETICS OF CONDENSATION quence of baryon number conservation, the rate of change of

the neutron number density is determined tw,(t)/dt
through the equatiodn,(t)/dt=—dn,(t)/dt.

The thermally excited kaons, which are produced via the
weak reactions KT, are converted into a condensate through—

kaon-nucleon _and kao_n-kaon scatter|n§$\'_l—>(K>N, KK 5We do not take into account the structual change of matter asso-
—K(K). The time required for the conversion of the thermal ;104 with a first-order phase transition which may be relevant to a
kaons to a condensate through strong interaction collisions igejayed collapse in protoneutron stars. But the first-order phase
negligible compared with the time scale governed by theransition implies that there is a mixed phase where droplets of the
weak reactions. This is consistent with the assumption thatson-condensed phase are immersed in the normal pEekeRe-

the system is irthermal equilibrium as discussed in Sec. cently, it has been pointed out that the existence of the mixed phase
Il A. Thus, we put aside the detailed conversion mechanismgas important consequences for the evolution of newly born neutron

of the thermal kaons into a condensate, and study the kinetigsars: The scattering of neutrinos off the droplets greatly increases
of condensation due to the weak reactions to obtain the typithe neutrino opacity51].

A. Rate equations
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B. Reaction rates formed weak Hamiltonian. The expressions for these reac-

Since the kaon-condensed state is obtained from the ufion rates have been given in Papef46]. Here we only
derlying chiral symmetny{46], the matrix elements for the Show the results. For the forward KT procé$s), denoted
relevant reactions can be calculated from the chirally trans@s KT-F, one obtains

|pF(n)|2

2
ZoemErme) PEOIMMETAEDEEDT) (233
F o

D (KT-F) (KT Ty = gAG,:fszin fccosfcos’

9(2m)’

*

*x\ 3
=(4.0x 1030)( IpE:p)I) (%) (%) cosﬁngl KDEKD T)  (em3s7 Y, (23b)
T N N

where §0=(u+up—un)/T and 1D (u,T) is the inte-  take the values of the nucleon effective masses to be

gral over the kaon momentum divided by, with x  mj/my=m}/my=0.8.[36]’
=|pul/T: For the forward KU proceséKU-F) [Eq. (3a)], one ob-
tains

F(KU—F)(g(KU) ,T)

G? -
Fssinzacsin29{10+ 3(gi+992)}

B 4 ‘o
I(KT)(u,T)EEf e X (w_(X)+u) 64
6Jo (w_(X)+ux/T)® 1—-e @™ XmKJZMeTE)'z(f(KU))
P _ mﬁ Zﬂe .
[(w_(ui(_)(-:)fiikl4w2], (24 =(6.6X 1029)(m—N) m—wsmzﬁ(t)
) XTglo(£X)(em™3s7h), (25

where ga=F-%D=0.15 with F+D=g,=1.25, D/(D
+F)=0.658 [21], I,(u)=[gdxx[ 7+ (x+u)?]/[1
+expik+u)] and éKV=(u,—ux)/T. That the rate for
— . KU-F is proportional to sif¥ is derived from the fact that the
wherew _(X)=(w_(X) — ux)/T. In EQ. (233, ga(=1.25) is
the axial-vector coupling strengtfi=f_yn/m., the 7NN

coupling strength divided by the pion ma&%; is the Fermi 716 e have adopted a value for the effective nucleon mass
coupling constant, and(=0.24) is the Cabibbo angle. The estimated by the nonrelativistic potential models at the saturation
factor goGgf sin6-cosf.cosd/2 originates from anpK~ densityn, [36,52. To be more realistic, the effective nucleon mass

vertex factor in the transition matrix elements obtained fromvaries with the baryon number density. The KT reaction rate de-

the chirally rotated hadron currents, whereas the other factoP,e”dS sensitively on the effective nucleon mass ratio, proportional

~ . . . . to (m&/my)*4, so that, e.g., for a small value of the effective nucleon
f2|p,:(n)|2/(|p,:(n)|2+ me) with p.:(l_) (i=n,p) the Ferml ) mass’j the production rate of thermal kaons is reduced, and the char-
momentum, comes from the one-pion exchange potential inacteristic time scales for the onset of condensation and equilibration
troduced to describe the long-range part of the interactionsf the system would become long. However, there is a controversy
Due to the approximate kinematical conditipt6], only the  about the density dependence of the effective nucleon mass: In
nucleon axial-vector curreriproportional tog,) is found to ~ general, the nonrelativistic potential mod¢&2] give a moderate
contribute to the KT reactions after all the matrix e|ementsd.e.cr.ease of th.e effective nucleon mass with density, while the rela-
for the lowest-order diagrams are summed. Hence the currefjfiSi¢ mean-field model$42,43 give much smaller values than
the nonrelativistic potential models at a given density. At a primary

for the swave condensate, which has only a time COmpo'stage of our work with regard to the nonequilibrium process of kaon

nent, doe; r_]Ot couple FO the nonreIQtIVIStIC nucleon Currentcondensation, we would like to emphasize the kinetics of conden-
The remaining factor in Eq(23a arises from the phase gation by simplifying the realistic physical situations such as the

space integrals in whicmy is the effective nucleon mass density dependence of the effective nucleon mass. Hence we as-
andT,, the temperature in units of 10K. For simplicity, we  sume a constant value’/my=0.8 throughout this paper.
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matrix element for KU-F is proportiona' to sith As a con- TABLE I. Quar]tities for.t'he initial noncondensed State:())
sequence, the KU reactions are operative only when a cord for the chemically equilibrated state{=). The former(the
densate is present. latter) quantities are denoted by the superscrige@. All the val-

For the forward MU proceséVU-F) [Eq. (48], we refer ~ Ues are estimated at=0.
to Haensel’s result53]:

ng(fm™3)  ug MeV) x3 6% (rad) ug? (MeV) x5

1/3
n —
[ (MUF)(£MU) Ty = (5. 9x 1023)( ne) 0.55 139 0.14 0.48 203 0.23
0

0.70 —180 0.16 0.91 114 0.39

xco§gTSJ2(§(MU))(cmf3sfl),
gives the initial value of the kaon chemical potenu’eﬁz
(26) —b% As a conseq%ence of these conditions, the in}iéal kaon
" chemical potential; has a large negative value, while is
where  Jp(u)=[gdxx[97%+10m*(x -+ u)?+ (x+u)“)/[1 positive. Thus the gystem is far from chemical equilibrium
+expi+u)], andg(MU)E(,up-i- Me— mn)/ T. Here, the matrix i | KD (1=0)|=| &KV (t=0) :|(MO_M&)/T|>1- For
elements have been slightly modified by inclusion of an ad'e-xample, one obtaing®D(t=0)= —26 and ¢V (t=0)
ditional factor of co§#/2) due to the presence of a conden- =46 for 3,y=300 MeV, ng=0.55 fm® and T
sate(cf. Paper ). —1x 10
The backward processes, denoted by the suffix B, are st obtain
lated to the forward processes by way of the following rela-
tions:

K. Starting from these initial conditions, one can
the number densities(t) at later times from the
rate equation$22). Next one can obtain the electron chemi-
cal potentialu(t) from the relationue(t) =[372ng(t) ]2
. (KT) : the kaon chemical potenti t) and the chiral anglé(t
PTRI(LD )= et THTRED T), @7 from Eqs.(15)—(18)pand (1%1)l,<(a)nd then the differegncé )be-
tween up(t) and u,(t) from Eq. (12). Because the charge
neutrality condition,n,(t) =n(t) +ne(t), is built into the
[(KUB) (£(KU) Ty = P (KUF)(_ (KY) T, rate equ§t|9n$22), it can be seen that this c_ondmon is al-
ways satisfied. The system evolves dynamically toward an
(MU-B) [ &(MU) T — ~(MU-F), __ £#(MU) equilibrated kaon-condensed phase through the nonequilib-
r (D= (=701, (28) rium weak processes, KU, MU, and KT.

and

which are valid at low temperatur¢46]. The relation(27)
between the forward and backward reaction rates for KT IV. NUMERICAL RESULTS AND DISCUSSION
(where bosons are involvediffers from the corresponding
relations(28) in the case of the KU or MU procegws/here
only fermions are involved

We choose the value for tH€N sigma term to be
=300 MeV[54]. The critical densit;ng is then estimated to
be n5=0.49 fm 3 (=3.0 n) (c.f. Ref.[32]). In Table I,
we list the values fopy and the proton fraction; for the
initial noncondensed staté< 0), and those of), ux andx,

We adopt the following initial conditions: At=0, we  for the kaon-condensed state in chemical equilibrium (
assume normal neutron-star matte#=0), composed of —co) [which we denote by the superscript]etf has been
nonrelativistic protonsf), neutrons (), and ultrarelativistic ~ shown in Ref.[32] that the temperature dependence of the
free electrons € ), which is charge neutrahg=ng 8 The critical density and physical quantities in the kaon-condensed
baryon number densityig for the noncondensed state is phase is weak for the temperature less than several tens of
taken to be larger than the critical density for kaon condenMeV. Thus all the values listed in Table | have been esti-
sation,n§ (=3—4ny). Initially, the system is assumed to be mated aff=0. Here, we study the temporal behavior of the
in 8 equilibrium, i-e-,,u2=,u3+,u2 [£MU(t=0)=0] due Physical quantities for two different baryon number densi-

Sl ; _ -3 <3 :
to the rapidB-decay reactionshp—p+e~ +v,, p+e —n t|_es, an_9'35.5 flm ancd 0'1? ;m ' Ehe densr;ty Ne K
+ve, When the neutron star is hot at an early stage. The 0'35 md IS COS?;mB 'Eﬂsfcht at V_V% 7%\/?( aﬁr?)at er\;‘vea
initial values for the proton fractiorxgzng/nB and for the ~condensed state with smaif™. Forng=0. m °, on the

. ) . other hand, we have a well-developed condensed state with a
electron chem|f:al potep'Flakg a(r)e theonsobtalg ed from the large order parametet®®. When thepbaryon number density
chargt_al_bngutrallty d(.;(.)nd't'?]nanlp;gge)_ /(3w d)’ _ar?d_tge is increased above the critical density for kaon condensation,
'Bfeqlr" rr]lum coln ition where. q12) is L('jse ;wt f_ *the number density of negatively charged kaons increases as
Finally, the total strangeness is assumed to be almost zeifs condensate develops. Charge neutrality of the system is
corresponding to equal numbers of therrkal’s andK ~’s

. . i - maintained by the increase in the proton number density.
present, which, using Eqg¢14), (17), and (18) with 6=0,  cqnsequently, the proton fractiosi®increases as the baryon

number density increases in an equilibrated kaon-condensed
state. On the other hand, the negatively charged electrons are
8The superscript 0 denotes the initial valuet &t0. replaced by the negatively charged kaons as a condensate

C. Initial conditions
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] ¢ I N FIG. 1. (a) Chiral angleé and
(b) D!, the negative of the ex-
pansion coefficient for the thermo-
0.2 7 dynamic potential per unit volume
Q/V with respect to the squared
classical kaon field, as a function
04t - of time for the baryon number
density ng=0.55 fm ® and the
temperaturél = 1.0x 10'* K.
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develops with an increase in the baryon number denSity. Th%ctorfj}zl Changes Sign, depending on the Va|ueLere|a_
consequent decrease in the electron abundance producesya to the critical value,,ufi(t)z—b(t)+(b(t)2+m’,§2)1’2,

decrease in the charge chemical potentigh (=ui), 1&-  jodineq as a root . In Fig. 2, we show the thermody-
sulting in a large proton fraction and a reduced charge K '

- . . o amic potential per particl€/(Vng) as a function off for
chemical potential, which are two characteristic features oﬂB:O_55 fm 2 and T=1.0< 101 K and the other param-
the kaon-condensed stgdta-5]|.

etersn; andu; (i=p,n,e” ,K™) fixed at three times corre-
o sponding to casef)—(iii). Case(i) corresponds to a time
A. Two typical time scales before the onset of condensation, for whighk is smaller

In Fig. 1(a), we show the chiral anglé as a function of than,u(K:. [E.g., att=0, ux= —b°<,uﬁ (t=0).] In this case,
time forng=0.55 fm ° andT=1.0x10"* K. For theinitial B is negative, which means that the thermodynamic po-
values, ug=—hb°=—139 MeV andxp=0.14. The evolu- tential per unit volumel/V is convex ath=0, as seen from
tion of the kaon condensate may be divided into the follow-Eq. (29) and the curve(i) in Fig. 2, and the noncondensed
ing three stages(l) no condensatg6(t)=0] with thermal  state ()=0) is stable against fluctuations ih Becauseu<
kaons present until the onset of condensatidh, onset of  corresponds to the lowest excitation energy of e,
condensation and its monotonic growth, aidl) the ,, (p =0) in normal matter one can see thab_(p)

asymptotic stage near chemical equilibrium. In equilibrium,>w7(pK:O):ME>MK_ Thus the Bose-Einstein distribu-
one finds ¢°9=0.48 (rad) from Fig. (a), and the kaon

chemical potential and the proton fraction have the values
=203 MeV and xp’=n;¥ng=0.23, respectively(see
Table ).

The onset of condensation from a noncondensed state and 2
its subsequent growth are related to the change in shape of =
the thermodynamic potenti& as a function ofg aroundé =
=0. This change in shape is also associated with the appear- 2
ance of a soft kaon mode, reflected in a singularity of the >
distribution functionfy(px), Eq. (18). To see this, we ex- Z
pand((t)/V aroundd=0: G

2.
QOIV=—=D o)+ 000, (29

with

Dy '=Dy [ w=puk(1),pc=0;ng],

0 (rad)

whereD,Zl(w,pK ;ng) is the inverse kaon propagator:
. , o FIG. 2. Thermodynamic potential per particf®/(Vng) as a
Dy (w,pking)=w—pg+2b()w—mg“.  (30)  function of # corresponding to the three cas@s-(iii). The long-
dashed and short-dashed lines correspond to the caseaand
Beginning withu, = —b°® att=0, the kaon chemical poten- t—, respectively. The dots on the lines represent the locations of
tial uk(t) increases monotonically with time. As a result, the the minima of(Q).
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tion function fx here has no singularity. Cagé) corre- 1045 I s II e III

the formation of a condensate. Finally, cdiie corresponds
to a time after the onset of condensation, for which(t)

exceedsug(t), so thatD, *>0. In this case)/V is concave 10%9 KU-B
nearfd=0 as a function o; which means that the noncon-
densed state corresponds to the maximunf)é¥, as seen
from the curve(iii) in Fig. 2, and is unstable against the 1037 +
formation of a condensate. The system therefore evolves into
a condensate described Ioyt), which is determined adia-
batically by a minimum in the thermodynamic potenfief. 1038 i b
Eq. (19)]. By the use of the dispersion relations for the kaon 109 108 107 108 08 10
in the condensed phagsee Il B [47], it can be shown that 'T‘ t(sec) 'T‘
the lowest excitation energy #f in the condensed phase Tnucl Teon

equal toug , i.e., w_(pk=0)=u(1); there is a soft kaon FIG. 3. Temporal behavior of the reaction rates for the weak
mode in the condensed phase, andpx) is divergent at  reactions, KT, KU, and MU forng=0.55 fm 3 and T=
pk=0, as in the casgii). From Fig. 1b), whereD ' is  1.0x10" K.

shown as a function of time, one sees that the fundigrt

sponds to a time for whicpu(t) = u5(t), whereD1=0. In o f !
this case, the system becomes unstable with respect to the « : 5
fluctuations in@ [the curvelii) in Fig. 2], and sincew _ (px E 04 i .
=0)(=puy) is equal touy, fx(pk) becomes divergent at P | :
pk=0. Thus the appearance of a soft kaon mode with % i :
w_(pk=0)=uk implies the onset of an instability due to % 1041 4

B

8

mpown to contribute mainly near chemical equilibrifi®].

Let us now examine how these reactions change the
chemical composition. The number densities of the chemical
species are shown in Fig. 5 for the same density and tem-
perature as in Figs. 1-4. In stage <0< 7,,,¢), where there
is no condensate, the kaons produced by the KT reactions are
thermal, and the KU reactions cannot proceed because there
is no condensated=0). The initial 8 equilibrium is dis-
turbed by the proton excess, created through the KT-F reac-
B. Connection between the reaction rates and the change tion, and the MU reactions are enhanced because the MU-B

in chemical composition

onset time for condensatiathe nucleation timer,,,, and
the time for growth of the condensatee coherence time,g,
after Stoof's discussion about the formation of BEC in an
atomic gas [55]. From Fig. 1, one finds 7=
8x10 8 s, and7.,,=5%x10"° s for ng=0.55 fm 2 and
T=1.0x10" K.

The temporal behavior of the reaction rate for each weak  10.0 — I —rr ——r II. rrr—— IF

process is shown farg=0.55 fm 2 andT=1.0x 10" Kin
Fig. 3. The solid, dashed, and dotted lines denote the KT,
MU, and KU processes, respectively. The curves show that $é(KU)
the forward thermal kaon process KT-F is dominant in mag-
nitude over the KU and MU reactions throughout the equili-
bration proces$46]. Hence the production of the thermal
and condensed kaons proceeds mainly via the KT-F reaction, E(MU)
which is responsible for the onset of condensation and its 0.0 - Noo
subsequent growth. ‘
In Fig. 4, we show the temporal behavior of the dimen-
sionless parameted® (a=KU, MU, KT), which measure
the deviation from chemical equilibrium. Beginning with a
large negative value¢(X" increases monotonically toward
zero, where the system is in chemical equilibrium with re-
spect to the KT reactions. Note that the KT reaction rates are
large even in the initial stage where the system is far from
chemical equilibrium [P (t)|>1). In Paper I, we exam- 00 i e i
ined in detail the characteristic roles of the soft and hard 109 10® 107 108 105 10
thermal kaons in the KT reactions, and demonstrated that the ¢ t{sec) ¢
high-energy component of the thermal kaons contributes to
the KT reaction rates during the noncondensed stage. On the
other hand, a low-energy compongfat soft mod¢ of the FIG. 4. Temporal behavior of the dimensionless parameters
thermal kaon excitations in the kaon-condensed state wag® (a=KU, MU, KT) for ng=0.55 fm 3 andT=1.0x 10** K.

i
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I II 111 change in the number density of the electropén stage Il is
MDA ST caused by the KU and MU reactions. But since the reaction
—"\ rates for the electron absorption processes, KU-B and MU-B,
04l — [N are smaller by orders of magnitude than the rate for the kaon

production process KT-F, the change in the number density
of the electrons is less marked than the change in the number
density of the kaons, and remains almost constant near the
onset of condensation, until both the MU-B and KU-B reac-
i tions become maximum and operate significantly to reduce
02k 4 n. in the later part of stage lcf. Figs. 3 and b From the
i temporal behaviors ofi, ng, the charge neutralityn,
p =ne+ng, and baryon number conservation,+n,=ng, it
1K can be seen that the change in the number densities of the
i protons and neutrons become remarkable in stage Il.
e During the earlier part of stage Il where the number den-
';5_4 sity of the electrons is almost constant, the paramé&té?
'T‘ remains unchanged because both the electron and the kaon
chemical potentials are almost constant. On the other hand,
as a result of the increase in the proton number density and
FIG. 5. Temporal behavior of the number densities of thethe decrease in the neutron number density, the difference
chemical species. between the proton and neutron chemical potentials becomes
) ) ~larger with time, as seen from E@L2). Thus the parameter
reaction proceeds more rapidly thgn the MU-F reaction(MY) jncreases with time, after which bo#ikY) and éMV
Vl\\jlgl;::rtrhe;?sfgethequlrlgbtg?}T\Sr);tr)i?udcérrlmiig/lztﬁlr?rtuz?ez);(;iss. decrease with time, and the system enters into the final stage
! I (cf. Fig. 4.
since the KT-F reaction rate is larger than the MU-B reaction ( 9- 4
rate, as can be seen in Fig(see also Papej.|Because the
total baryon number density; is constant, the neutron num-
ber densityn, therefore, decreases with time. In stage |, the
change in the electron number density is brought about
only by the MU reactions, and, decreases slightly with equilibrium
time, the MU-B reaction proceeding more rapidly than the qu N .
MU-F reaction. The extent of the changesniy, n,,, andn, Fm.ally, n S,t,ag,e - t(iTT)COh)’ where the system is close to
is very small. Consequently, although the electron chemicafeémical equ|I|br|umh§ :021 bothdthe KU anrc: I\QU re- I
potential u, decreases with time because of the decrease i ctr;ong corppr?te wit eacl ort]. erto eterrlmlge t € dynamica
ne, this potential, along with the proton and the neutron°® avz%)o tde(,\sﬂx)stdem. n this stageli t e.he.v'at'on garr]am-
chemical potentialsu, and u, remain almost constant in etersg and¢ amp e.xponent|.q y.W't time, and t €
stage I. On the other hand, the kaon chemical poteptial system approaches chemical gqumbrlum. The _relaxatlon
increases significantly with tiquﬁ= —b% att=0 andug :[A|\me T,fj,.can':be cal;:talatedfagglytm;l?sfel gq'(l'%%ll)lén tEe
e ape_ (KU) S . ppendiy. For ng=0.55 fm ° an .0X , the
=pgatt=r,,. Hence&™™, which is proportional tque . . = 4 U
— 4y, decreases monotonically with time agd<? in- analytic result gives,=2x10 " s, which is in agreement

creases monotonically with timéf. Fig. 4), while ¢MY with the numerical result read from Fig. 3.
remains close to its initial value~0) except for the time
near 7,yg- C. Temperature dependence of the characteristic time scales

In stage Il (rh,a<t<7n, the KU reactions can proceed
due to the appearance of a condensate, but the qualitative Next we compare the temperature dependence of the char-
behavior of each chemical composition is similar to stage lacteristic time scaleS;, ¢, 7con, and 7 at a fixed baryon
In particular, the kaon and proton number densities increaseumber density. Figure 6 shows the behavior of the chiral
through the KT reactions, while those of the electrons andingle 6 for ng=0.55 fm 2 at three different temperatures,
neutrons decrease. The change in the number density of tie=1.0x 10!° K, 1.0x 10! K, and 5.0< 10** K. In addition,
kaonsny comes mainly from the condensed pdg [Eq.  Table Il lists the values of,,, and 7.y, estimated from the
(15)] after the saturation of the thermal pam}, with the  numerical calculations, and the value of,, obtained from
condensed parix roughly proportional to the square &f Eqg. (A11). Roughly speaking, it can be seen thgt, de-
Lk 62, for a small chiral angle, as seen from Efj6). Ac-  pends weakly on temperature, whitg,, and 7,; depend sen-
cording to Fig. 1a), the chiral angle increases rapidly with  sitively on temperature: In particular, from Table Il and Fig.
time for t=r,,y. Thus the change in the number density of6, one obtains 7,,;=2x10 8 s-6X10°'s, 7y
the kaonsny is substantial, being more pronounced in stage=2x10"! s+4x10 8 s, and7,,=40 s»5x10 ' s as
Il than in stage | due to the appearance of a condensate. THe=1.0x 10'° K —5.0x 10" K for ng=0.55 fm 3.

number density ( fm-3)

0.0 Tl e
109 10-8 107 106 105

T t (sec)
Thucl Tcoh

The coherence time,,,, may be identified with the time at
which the magnitudes of the forward and backward reaction
rates for KT become equal. As seen in Fig. 3, chemical equi-
librium with respect to the KU and MU reactions is achieved
at a later time than that at which the KT reaction reaches
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0.5 T T T T T T T T T T T 1.0 T T T T T T T T T
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107K T 1011 K
= =5 X
o4+ ] 3
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05} ]
024 -
0.1+ _
f L f L 0-0 L e 1 1 1 1
q o-11 109 107 105 10-3 101 1012 1010 108 108 10+ 102 109
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FIG. 6. Temporal behavior of the chiral angle for ng FIG. 7. Temporal behavior of the chiral angle for ng
=055 fm 3 and three different temperatures=1.0x101° K, ~ =0.70 fm* and three different temperature=1.0x 10 K,
1.0x10 K, and 5.0<10M K. 1.0<10" K, and 5.0¢10" K.

Consider first the temperature dependence of the nucld=™Y-F) («T7) [see Eq(A9) in Appendix A], and from Egs.
ation time, 7,,¢, which provides a typical time scale for (A11) and(A9), it can be seen that the relaxation timg,
saturation of the thermal part of the strangeness number dedepends sensitively on the temperature, so as to decrease
sity ng(t). For t>7,,q, Nk(t) changes little. In chemical significantly as the temperature increases.
equilibrium, the thermal kaons occupy a progressively larger
part of the total strangeness density as the temperature in- D. Density-dependence of the characteristic time scales

creases, and two competing effects produce the temperature Here we discuss the temporal behavior of the system at a

higher baryon number densitpg=0.70 fm 3, for which
ne can expect a fully developed kaon-condensed phase

nucleatlon_tlmen-nqd. On the _other handji) a higher tem- when the system is in chemical equilibrium. Initially we start
perature gives a higher reaction rate for the relevant KT pro- ..~ 1, 7= . : 0 ,0_
with ng (t=0)=0, which givesugy=—b"=—180 MeV and
cess.(cf. Paper ). As a consequence the thermal kaon num-_, . . .
ber densityn&(t) comes to saturation earlier. Xp:0'1.6' The temporal behavlgr of the chiral angleis
In contrast, the temperature dependence of the coherené@own in Fig. 7 fomg=0.70 fm = for the same three tem-

time .o, is explained by the fact that after a condensat e_ratu_res as in Fig. 6. The nur_nerlcal values for the _nucle-
1§itl0n timer,,q, the coherence time,,,, and the relaxation
[

appears, its subsequent growth in stage Il is controlled. X .
mainly by the KT reactions, as seen in Sec. IV B, and the K me 7, for the density and temperatures corresponding to

reaction rates depend sensitively on the temperature over tﬁge three curves shown are listed in Table II. From an ex-

entire nonequilibrium processesf. Paper ). This leads to a ?hmlnatul)n tc_)f tht'.s tabledand F('jg' 7, |tk(|:an btehseten that ;Nh'le
sensitive temperature dependencergf. e nucleation timer, o depends weakly on the temperature,

Finally, the relaxation timer,, depends on the KU and the c_o_herence time,, and the relaxati_on time;, depend
. HEEUP) (0TS q sensmvel_y on the temperature, becoming shorter as the tem-
MU reaction rates through the quantitié (xT°) and  herature is raised. These features 4y, men, and e are
qualitatively the same as in the case of the lower baryon
number densityig=0.55 fm 3.

The time scales obtained fang=0.70 fm~
compared with those fong=0.55 fm 3. From Table II,

TABLE II. The nucleation timer,,, the coherence time,g,

and the relaxation time,, for different densities and temperatures. 3

can be

nB(fmig) T (K) Thuel (S) Teon (S) Trel (S) . . . .
one can see that the nucleation timg,, is sensitive
0.55 x10* 2x1078  2x10°? 4x10 to the baryon number density, with the ratio
1x10"  8x10®  5x10°° 2x10°4 Toua (0.55 fm3)/ 7, (0.70 fm %) equal to 2¢10
5x10"  6x10°°  4x10°® 5x1077 —2x10% for 1x10"Y K<T<5x10'" K. This density de-
pendence is explained as follows: In the noncondensed state
0.70 X101  1x10°"  6x1072 9x 10 where|£KD|>1 (£KD<0), the KT-F reaction rate is very
1x10%  3x10°10  1x105 2x10°4 sensitive to|¢KD| and becomes large rapidly &%7| in-

5x10%  3x10°%* 2x10% @ 1x10” creaseq46]. In addition, the kaon chemical potentialg
(<0 att=0) in|£%D| increases rapidly with time in stage I,
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and, before the onset of condensation, it is already almostection between the existence of a soft kaon mode and the
equal to the equilibrium valueuy? (>0), which has a instability of the noncondensed state has been clarified. It has
smaller value for a larger baryon number density. As combeen found that a full development of a condensate is char-
pared with the density dependencewgf, the density depen- acterized by a time scale given by the coherence tigg:.
dence of the difference between the proton and neutrok/sing these results, we have made a brief comment on im-
chemical potentialsu,—u, (<0) in |€KD| is weak. Pplications of our results on the delayed collapse mechanism
Hence, as the baryon number density increases, the para®fa newly born neutron star into a black hole. The situation
eter |£KD| (=|uy+ pp— pal/T>1) increases mainly due adopted in our framework may be applicable to the cooling
to the decrease ipk . As a result, the KT-F reaction rate in €ra after the deleptonization. It is found that the time scale of
stage | is much larger for a larger baryon number densitythe development of a condensatbe coherence timeis

which considerably reduces the time required for saturatiofuch smaller than that of the cooling for the relevant tem-
of the thermal kaon number density. peraturegl MeV- several tens of MeN Therefore, the time

After the appearance of a condensate, the value6P)| delay for the formation of a kaon condensate may not affect
becomes sufficiently small, so that the density dependence dfe delayed collapse of a neutron star. o
|£5T| becomes insignificant. Therefore, the KT-F reaction Several effects which should be taken into account within
rate does not depend much ng. Hence the coherence time Our framework in the future are as follows: _
Teon» Which is controlled by the KT-F reaction, shows only a (1) We have used the thermodynamic potential neglecting
weak dependence omg. In a similar way, near chemical any fluctuations except for those produced by thermal kaons.
equilibrium wherd éKY)| <1 and|£MY| <1, the density de- However, for a neutron star just born in a supernova, since
pendence of both the KU-F and MU-F reaction rates is weakin€ initial temperature is as high as several tens of MeV,
and thereforer,,, which is determined by these reaction thermal fluctuations other than the kaon thermal loop contri-

rates, is found to have a weak dependencegn butions[47] should be fully incorporated into the thermody-
namic potential.

(2) Furthermore, since the matter is opaque to the neutri-
nos at high temperatures, the thermal effects associated with
From Table Il, one can see that a condensate developseutrino diffusion may also be important. In particular, the
fully with a characteristic time scale given by the coherencejegenerate neutrinos will contribute to the thermodynamic
time 7. In the context of the delayed collapse of a newly potential and influence the relevant reaction rates. Therefore,

born neutron star, we consider some implications of the rethe neutrino diffusion may affect the thermal evolution of a
sults. Since the neutrino degeneracy is not taken into accounewly-born neutron star.
in our framework, our results are applicable to the cooling (3) The reaction rates for the relevant weak processes
era after the deleptonization. Hence the delayed collapse afave been obtained in the low temperature approximétibn
sociated with a kaon condensate should be considered in thigaper ). The expressions for the reaction rates must be ex-
cooling era. tended to the high temperature case, and the phase-space
The low temperature cade.g., T=1x10" K) may ap- integrals should be performed numerically beyond the low
ply to the final stage of the cooling era, while the high tem-temperature approximatidis6].
perature casée.g., T=10" K) to the initial stage. In both (4) During the equilibration process, we have assumed
cases, we have found that the time scalegfis very small;  that the temperatur& is constant: the energy produced by
Teo~0.1 s forT=1x10" K and 7,,=5x10"° s for T  the weak reactions is lost to the surroundings. However, be-
=10" K, which should be compared with the cooling time cause the energy release due to the nonequilibrium weak
scale of the order of 10 s. Hence we can conclude that, ineactions will heat up the matter, the temperature is in gen-
both cases, the time delay of a collapse due to the formatioseral time-dependent during the course of the equilibration
of a condensate is negligible as compared with the coolingrocess, and this can affect the evolution of the star. This
time scale and will have a minor effect on the evolution ofthermal effect can be included through an additional equa-

E. Implications for the delayed collapse of a protoneutron star

the protoneutron star. tion that determines the rate of change of the internal energy
of the systeni. A significant increase in the temperature
V. SUMMARY AND CONCLUDING REMARKS could possibly lead to further reduction of the time scale for

the growth of a condensate represented by the coherence

We have considered the kinetics of kaon condensation biime. On the other hand, as a result of the raise in the tem-
the use of rate equations which include the three weak reagerature, the critical density for kaon condensation can be
tions: the thermal kaon process, the kaon-induced Urca pro-
cess, and the modified Urca process. The thermal kaon pro-
cess is shown to be dominant over other weak reactionss, Ref. [56], strangeness production in quark matter has been
throughout the equilibration process. The evolution of thezgonsidered with allowance for the time dependence of the tempera-
kaon condensate is divided into the following three stagesire. It has been shown that the temperature changes appreciably
(1) the noncondensed stage before the onset of condensatiagith time up to~50 MeV during the nonequilibrium process, and
(Il onset of condensation and its growth until its saturationthat the time scale for saturation of the strangeness in this case is
and(lll) the asymptotic relaxation stage near chemical equismaller by orders of magnitude than the case where the temperature
librium. The role of thermal kaons and especially the con-is held fixed.
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pushed up to higher density, which may cause the delay in 5ne(t)=6(Ku)ne(t)+5('\"u)ne(t), (A3)
the onset of condensation. In this respect, it is necessary to

obtain a phase diagram in tfie- ng plane[47,37, and the  where 5Un(t) [6MYn,(t)] is caused by the KU reac-
dynamics of the onset and growth of condensation must b&ons (the MU reactions The number densities for the other

considered along a trajectory in this plane. species are related @Y n(t) and 5MYn(t) by
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g(KU>(t)— s (t)+ = 5<MU>n(t) (A5a)

(MU) (1) = (KU) MU)
APPENDIX: ASYMPTOTIC BEHAVIOR NEAR § (H)= 5 ne(t)+ 5( Ne(t), (ASb)

CHEMICAL EQUILIBRIUM

. . . . . where
We derive an expression for the relaxation time which

characterizes the asymptotic behavior of the system near o2 1 eq
chemical equilibrium(stage Il). p= (_) + , (A6a)
Mel  f2sirf6+4(cosh+ bl uy)?}
1. Linearization of £XY(t) and £MY)(t) , o
In stage lll, both the forward and backward KT reaction q= (1) + 1+coso+2b/ug
rates are almost equal, i.€X"(t)=0. Therefore, we con- Mel  2f?{sirPO+4(cosf+ bl k)2
sider the case where the relaxation proceeds only through the (A6b)
KU and MU reactions, neglecting the KT reaction. The pa-
rameterstKY (t) and éMY)(t) are written as B ( 77)2 (1—cosb)(cosb+ 2b/ i)
f(KU)(t)=[5,ue(t)— ST, (Ala) Me 2f2sir? 9+ 4(cosf+ bl uy)?
2\2/3 €q
EMO) () =[ Spte(t) + Spap(t) — Sun(D T, (A1b) RS AT T TOAL UL
3 2my Ng
where éu;(t) (i=p,n,e”,K7) is the deviation of the (A6C)

chemical potential from the equilibrium value, i.&;(t)

= wi(t) = . From the relationue=(37°ne) %, one ob- | Eq. (A6), the first term comes from the deviation of the
tains electron chemical potentiaiu., Eqg. (A2), and the second
2 term from the deviation of the parameters for a condensate,
Spe(t) = (7l pe) " one(t), (A2) e, Suk and 56. The third and fourth terms in EGA6c)

B eq ) o come from the deviation of the proton and neutron chemical
wheredng(t) =ne(t) —n,". One can also write the deviations potentials. It is to be noted that a condensate already devel-
of the chemical potentialdu(t) and sup(t) —Sun(t) In ops fully in stage 11, so that the quantities for the condensate
terms of 5n;(t) (=ni(t)—n{?) from linearized forms of the are almost constant. Thus it is a good approximation to set
three equations with respect tBu(t), 6(t), oup(t) Suk=860=0, which leads t@=q=(7/u)?, and
—dup(t), and on;(t) represented by the expression for the
kaon number densitjEq. (15)], the classical field equation m\? 2 (37?)%3
[Eg. (19)], and the expression for the difference betw f~[( ) + 3 2m
and u, [EqQ. (12)]. Note that we can neglect the deviation of N
the thermal kaon part in the kaon number density, i.e., _ ) _ U "
Snk(t) =8¢k (t) [dnk(t)=0], because the thermal kaon 2. Differential equations for £")(t) and £™)(t)
number densit)nﬁ(t) is almost constant after a condensate By differentiating both sides of EQA5) with time, one
appears until the system reaches chemical equilibrium.  finds that the rates of change 6fY)(t) and éMY)(t) are

The deviation of the electron number densiy(t) is  related to the reaction rates for KU and MU, through the rate
divided into two contributions: equations

8Vsym( nB) ed

-1/3 -1/3
n +n +
(g o4 0y 1)+ ==L

Me
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%5(Ku)ne(t)=F(KU'F)(g(KU)(t),T)—F(KU'F)(—§(KU)(t),T), T‘(MU—F) | 2( | F(MU F)(g(MU) OT)
(A7) @
~1.2¥ F(MU-F>(§<MU) =0T)=T’,  (A9b)

d
2" ne() =T MREMD (1), T) =T MO M0, with 1,(0)=22¢(3)+ 42¢(5)=41.13,

(A7b)
For the system close to chemical equilibriufa(V) (t)| <1 15(0)=(dlI(u)/du)y—o=— 557",
and |éMY)(t)|<1. In this case, the rhs of Eq§A7a) and
(A7b) can be expanded up to first order #<Y)(t) and J,(0)=Z 7*(3)+ 22572 (5) + 28327 (7) = 4598,
£MU (1) respectively. Thus one obtains the coupled differ-
ential equations foe(KY) (t) and £éMY)(t): and
d P~ o 35(0)=(dJy(u)/du)_ o= — 3L "
— RO 1y = — I (KU-F) | £(KU) (¢ (MU-F) | £(MU) 2 u=0 26T -
¢ W=—FI & —SI EV(1),
(A8a) From Eq.(A8), one obtains the following forms of the solu-
tions:
ig(MU)(t): _ pmun, gkuy g = Lponus gon) g
dt T T ’ K (t)=CreYma+ Cre Y, (A10a3)
(Agb) ' ’
Where EMI (1) =Cge Vma+Cyue ¥, (A10b)
KUE [15(0)] KUY (KU whereC,—C, are constants, and, and , are time con-
[P =2—=— 1,(0) A =0T) stants which characterize the asymptotic evolution of the

system. The relaxation timgg, is defined as the larger of,
=13xTKUAKI=0T)«T5  (A9a) andr,, and one obtains

T p'f(KU-F)+r'f(MU-F)+[{p'f(KU-F)_r'f(MU-F)}2+4q2'f\(KU-F)T(MU-F)]1/2

. S (A11)
) (pr—q2) T KUAT(MUF)
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