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Effects of hyperons on the dynamical deconfinement transition in cold neutron star matter
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The influence of the presence of hyperons in dense hadronic matter on the quantum nucleation of quark
matter is examined at low temperatures relevant to neutron star cores. We calculate the equation of state and
the composition of matter before and after deconfinement by using a relativistic mean-field theory and an MIT
bag model, respectively; the case in which hyperons are present in the hadronic system is considered, together
with the case of the system without hyperons. We find that strangeness contained in hyperons acts to reduce a
density jump at deconfinement as well as a lepton fraction in the hadronic phase. As a result of these reduc-
tions, a quark matter droplet being in a virtual or real state has its effective mass lightened and its electric
charge diminished into nearly zero. The Coulomb screening of leptons on the droplet charge, which has
significance to the droplet growth after nucleation in the absence of hyperons, is thus shown to be of little
consequence. If the effective droplet mass is small enough to become comparable to the height of the potential
barrier, the effect of relativity brings about an exponential increase in the rate of droplet formation via quantum
tunneling, whereas the role played by energy dissipation in decelerating the droplet formation, dominant for
matter without hyperons, becomes of less importance. Independently of the presence of hyperons, the dynami-
cal compressibility of the hadronic phase is unlikely to affect the quantum nucleation of quark matter at
temperatures found in neutron star interiors. For matter with and without hyperons, we estimate the overpres-
sure needed to form the first droplet in the star during the compression due to stellar spin-down or mass
accretion from a companion star. The temperature at which a crossover from the quantum nucleation to the
Arrhenius-type thermal nucleation takes place is shown to be large compared with the temperature of matter in
the core. We also determine the range of the bag-model parameters such as the bag constant, the QCD fine
structure constant, and the strange quark mass where quark matter is expected to occur in the star.
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[. INTRODUCTION effectively [4]. However, the transition in thg-equilibrated
matter, which contains two conserved charges, i.e., electric

A neutron star core, at densities near and just above theharge and baryon number, should proceed through a mixed
normal nuclear densitp,~0.16 fm 3, consists of uniform phase persisting over a finite range of pressure, as predicted
nuclear matter being electrically neutral and roughlydn by Glendenning 5] according to Gibbs' criteria for phase
equilibrium between its components such as neutrons, preequilibrium. In the low pressure regime of the mixed phase,
tons, electrons, and muons. For still higher densities, it isas asserted by Glendenniig] and Heiselberget al. [6],
possible that various forms of matter including hyperonsgquark matter droplets form a Coulomb lattice embedded in a
meson(pion or kaon condensates, quark matter droplets,sea of hadrons and in a roughly uniform sea of electrons and
and/or quark-gluon plasmas might become energetically famuons. This spatial structure can arise because the presence
vorable; their presence is predicted to play an important rol®ef strange and down quarks in the negatively charged quark
in determining the structure and evolution of neutron starphase plays a role in decreasing the electron and muon Fermi
[1]. Basically, these forms are thought to occur via pressureenergies and in increasing the proton fraction in the posi-
induced phase transitions, whose nature, both static and dsively charged hadronic phase. With increasing pressure, the
namical, is still uncertain in the absence of adequate inforshape of quark matter changes from spheres to rods and then
mation about the properties of matter in the core such as th® plates, until the part of quark matter and that of hadronic
mutual interactions between its possible constituents and thmatter begin to be replaced by each other. After further
equation of state. changes of the shape of hadronic matter from plates to rods

The possible existence of quark matter in neutron starand then to spheres, the system turns into uniform quark
started to be considered about two decades ago mainly byatter at the highest pressure. Such structure of one- to
comparing the energies of hadronic and quark matter at zertiree-dimensional periodicity, which has a characteristic
temperaturg2]. Using a separate physical description of thelength~ 10 fm, would contribute not only to quake phenom-
two phases, the transition from uniform hadronic matter toena, possibly relevant to pulsar glitches, via its elastic prop-
uniform quark matter, which proceeds suddenly at constargrties[7], but also to enhanced neutron star cooling due to
pressure, was expected to occur in the density rangepening of the quark phase space for neutrino-generating
~5-1(g. The presence of uniform quark matter would en-processes that are inhibited in a translationally invariant sys-
hance neutrino luminosity and neutron star cooling via quarkem [8]. This sequence of geometrical structure comes from
Urca processef3] as well as soften the equation of state the competition between the surface and Coulomb energies,
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indicating that these structural transitions are of first orderquark matter droplet forms via quantum tunneling in the
The mechanism of quark-hadron phase transitions at nonzeroetastable phase of hadronic matter containing hyperons
densities, however, has not yet been established by full QCILhereafter referred to as hyperonic mattéior this purpose,
calculations, e.g., by Monte Carlo calculations of latticethe thermodynamic properties of hyperonic matter such as
gauge theory. the equation of state and the composition are estimated from
Kinetics of the quark-hadron phase transitions has beef relativistic mean-field theory; we use the one with the pa-
studied primarily in the context of the early universe andr@meters incorporating a binding energy &fin saturated
ultrarelativistic collisions of heavy ion@]. The astrophysi- huclear mattef16]. By using an MIT bag model for the
cal situation in which such kinetics could be significant isthermodynamic properties of quark matter, we calculate not
compression of dense stellar matter during collapse of a ma nly the_ pressure at Wh'.c.h a deconfinement tra_nsmon from
sive star’s core, spin-down of a neutron star, or mass accr lyperonic matter ing eq_umbrlum takes place statlcal!y SL.’b'
tion onto a neutron star from a companion star. The decon/€Ct to flavor conservation, but also the correspondmg jump
finement transition in hadronic matter not containing of baryon density. In the OVEerpressure regime, the time
strangeness, if proceeding via homogeneous nucleftin needed to form a quark matter droplet is obtalned using a
begins with appearance of a critical-size droplet of two-theory of quantqm _nuclea_tlon developed by Lifshitz and Ka-
flavor (up and dow quark matter induced by fluctuations. 981 [17]; we build into this theory the effects of Coulomb

Since a precritical droplet moves back and forth on a timeéENeray, special relati.vity, energy.d_i.ssipatiblﬂ], and dy-
scale for strong interactions; 1023 s, which is many or- namical[19] and static compressibility. Some of these ef-

ders of magnitude smaller than that for weak interactions]:eCtS are found to be crucial for the formation and growth of

flavor must be conserved during the precritical situation. A< duark matter droplet. We then estimate the critical over-

a consequence, a critical droplet of three-flavor quark matteffTeSsure required tr? form the first qLE)zlirkhmatter (_Jlroplet In-a
containing strange quarks is unlikely to occur in spite of its"'€UlroN star core that consists gistable hyperonic matter

stability over two-flavor quark matter. It is expected that abelng compressed during a time scale for the spin-down or

critical droplet of up and down quark matter appears eithefCCretion. The . resulting crossover temperatl_Jre from the
via thermal activation of the energy barrier separating thguantum tunneling to the thermal activation regime s shown
initial metastable(hadroni¢ phase from the stablé&quark to be large compared with the typical temperatures of matter
phase in configuration space at high temperatures typical dﬂ the core. By comparing the obtam.ed cr|t|c_al pressure with
matter created in highly energetic heavy-ion collisions and ifne central pressure of the star with maximum mass, we
stellar collapse, or via quantum penetration of this barrier a{avaluate the range Of the bag-model parameters, i.e., the bag
low temperatures appropriate to neutron star cores. We alpnstant, the QCD fine structure constant, and the strange
note that during the growth of the critical droplet, weak pro—quark mass, where quark matter is expected to occur via

cesses producing strange quarks proceed fully in the Ste"agreconflnement in the star. .
interiors in contrast to the case of heavy-ion collisions. In Sec. Il, the formalism to calculate the rate of nucleation

In our recent papergl1,19, the time required to form a of a stable phase in a metastable phase via quantum tunnel-
two-flavor quark matter droplet in a neutron star core, origi—Ing IS d|spu§seq taking into accpunt the effect's .qf relativity,
nally composed of nuclear matter equilibrium, was cal- energy dissipation, and dynamical compressibility. In Sec.

culated for pressures near the point of the static deconfindl» the static properties of the deconfinement transition are

ment transition by using a quantum tunneling analysisexamined using a relativistic mean-field theory of hadronic

incorporating the electrostatic energy and the effects of enmatter with and without hyperons and a bag model for de-

ergy dissipation. It was found that the dissipation effects,cor.‘ﬁrmdb m'att((ejr.. In Sec.l:l\/, 03 t?le ?asis qu the statip prop-
governed by collisions of low-energy excitations in the had_ertles”or;[alr_le In Sc'fcd fan the oLma ISM descrlbed in
ronic phase with the droplet surface, significantly increasesec' , the time needed to form a quark matter dr_oplet in the
the degree of overpressure needed to form a droplet in th_@etastable phase of nuclear or hyperonic matter is calculated

star, and that the formed droplet develops into bulk mattef” the overpressure regime; the critical overpressure a_nd the
due to the screening of leptons on the droplet charge yvauantum-thermal crossover temperature are also estimated
' llowing for the stellar conditions. Conclusions are given in

also discovered that the nucleation is likely to proceed vi g o o
guantum tunneling rather than via thermal activation at teméec' V. In the Appendix, the quark distributions inside a

peratures below-0.1 MeV typical of neutron star matter. It droplet are considered.

is of interest to note that strangeness may be proesent in the

hadronic phase in the form of hyperofs, =+, X°, etc)

[13,14] or in the form of a kaon condensdt&5]. The pres- !l QUANTUM NUCLEATION THEORY

ence of strange quarks in hyperons or kaons, altering not In this section we first summarize a theory of quantum

only the equation of state and the composition before anducleation of a stable phase in a low-temperature first-order

after deconfinement but also the quark-hadron interfacial enphase transition as advanced by Lifshitz and Kadaf. We

ergy, may affect the nature of the formation and growth of athen extend this theory to a relativistic regime where the

quark matter droplet. effective mass of a critical-size droplet of the stable phase is
A new physics content that we consider in this paper iscomparable to the height of a potential barrier. Effects of

the influence of the presence of hyperons on the dynamicanergy dissipatiori18] and dynamical compressibility19]

deconfinement transition that may occur in the hadronic coré the metastable phase, ignored above, are also built into the

of a neutron star accreting matter from a companion or roformalism to calculate the rate of quantum nucleation of the

tating down. We particularly evaluate at what pressure anew phase. We assume in this section that the stable and
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n R\?
U(R) (1__2) (_) , r;R'
v(r)= Ny r (2)
UO O! r< Rl
whereR is the droplet growth rate, and; is the number
density of the metastable phase. The kinetic en& () is
thus given by
R, 1 . 3
0 = K(R)=ZM(R)R?, 3
whereM (R) is the effective droplet mass,

FIG. 1. Potential energy for a fluctuation Bf the radius of a n; 2
spherical droplet of the stg)tl)le phase in a single-component system. M(R):47Tp1< 1= n_l) R®. )
metastable phases are electrically neutral quantum liquidslerep; is the mass density of the metastable phase.
with a single component. At zero temperature, the time required to form a single
droplet in the metastable phase may be calculated within the
WKB approximation[20] by using the Lagrangian for the
fluctuating droplet

Quantum tunneling nucleation of a stable phase in a first-
order phase transition was first investigated by Lifshitz and
Kagan[17]. Their analysis gives us a basic tool for evaluat-
ing the time needed to form a real droplet of the stable phase
at low temperatures and at pressures in the vicinity of theqere no energy dissipation in the medium around the droplet
phase equilibrium pressure. At such pressures, a nucleatesl considered. The energli, for the zeroth bound state

droplet contains a large number of particles so that the rearoundR=0 is obtained from the Bohr quantization condi-
sulting energy gain can compensate for the sharp energy ifion

crease in the interfacial layer. One may thus consider a drop-

let being in a virtual or real state to be a sphere 3

macroscopically characterized by its radiBt) and de- 1(Eo) =5 mh, (6)
scribe the tunneling behavior of a virtual droplet in the semi-

classical approximation. By assuming that the velocity ofyyhere|(E) is the action for the zero-point oscillation
soundc, is sufficiently large compared with the velocity of
the phase boundary, i.e., both phases are incompressible, the R_
potential energy for a fluctuation of the radi®& may be |(E)IZJ dRV2M(R)[E-U(R)], (7)
expressed in a standard form 0

A. Lifshitz-Kagan theory

L(R,R)z%M(R)RZ—U(R). (5)

7R3 with the smaller classical turning radil8_. The corre-
U(R)= Tnz(,uz—,ul)-l—47TO'SR2. (1)  sponding oscillation frequency, and probability of barrier
penetratiorp, are given by
Here u.(u,) is the chemical potential of the metastable di
(stable phase calculated at fixed press#gen, is the num- vy lZE (8

ber density of the stable phase, andis the surface tension. E=Eg
Expression(1) is derived from difference in the thermody-
namic potential at fixed chemical potential between the ini-2nd
tial metastable phase and the inhomogeneous phase contain-
ing a single droplet. As Fig. 1 illustrates, the potential barrier _ _ A(Eo) 9
occurs between the initial metastable state and the state with Po=eX ol ©
a real droplet having a critical radiufk.=30s/n,(uq
— u,), which satisfiesJ (R;) =0. The heightJ, of this bar- whereA(E) is the action under the potential barrier
rier is given byU = (4/27) 4o R?. .
The kinetic energy for a fluctuation & is also necessary _ + —
for the determination of the quantum nucleation rate. During A(E)_szf dRY2M(R)[U(R)—E], (10
such a fluctuation, the density discontinuity between the
stable and metastable phases induces a hydrodynamic magish the larger classical turning radi®, . The formation
flow in the medium around the droplet. The velocity field time 7 is finally calculated as
v(r) is obtained from the continuity equation and the bound-
ary condition at the droplet surface as 7=(voPo) 1. (12
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B. Effect of relativity whereE i, is the maximum value of) (R) —2M(R)c?, and

In case the potential barrier heighit, divided byc? is as ~ ['**] denotes the Gauss’ notatioByy,, being positive defi-
large as the effective madd (R.) of a droplet of critical mte3 _ylelds the lower bound of the energy region where
size, the effect of relativity on the quantum nucleation should?oSitive-energystates occur; by these we denote the states

. : o . which ensure M(R)c?+E—U(R)=0 for arbitraryR. The
be. tal_<en Into account so _thF.R|sc may _be_ Sat'Sf'E.’d' Since zero-point oscillation frequency, is determined by substi-
this situation will appear in Sec. IV, it is instructive to de-

scribe a relativistic version of the Lifshitz-Kagan theory. Let tuting Eq.(16) into Eq. (8). On the other hand, the probabil

us here assume that the velocity field itself is small enough t(')ty P of barrier penetration & =E, is given by Eq.(9) in

ensure the nonrelativistic description given by E2). The which we now use the underbarrier action
Lagrangian may then be rewritten as

g A(E>=§fR*dR¢[2M<R>c2+E—U(R>][U<R>—E],
L(R,R)=—M(R)c2\/1— +M(R)c?—U(R), R (18)

c
12

with the larger classical turning radid®, . The obtained
whereM (R) andU(R) are given by Eqs4) and(1), respec- results fory, and p, lead to the formation timer via Eq.
tively. (11). Equationg12)—(18) reduce to the nonrelativistic coun-
We proceed to obtain the timeneeded to form a droplet terparts in the limit ofc—c. The higher order effect of
from the Lagrangiari12) in the semiclassical approximation. relativity acts to raise the energy level and hence to enhance
The Hamilton-Jacobi equation is derived from the Lagrangthe tunneling probability, as will be clarified in Sec. IV.
ian (12) in a usual way as

C. Effect of energy dissipation

2 2
(Mc?)?=| —+U-M Cz) - (ﬁ) c?, (13 So far it was assumed that the system adjusts adiabatically
to the fluctuation ofR, i.e., a virtual droplet of the stable

phase fluctuates in a reversible way. In a realistic situation,
however, relaxation processes involved proceed at a finite
rate; the density adjustment with varyiigy is necessarily
accompanied by appearance of excitations in the metastable
phase. These excitations give rise to dissipation of the total
energy of the droplet until the system reaches a complete

q2 thermodynamic equilibrium. If the mean free pattof the
—12c?——+(U—E)(2Mc?+E—U) |¢=0. (14 excitations is much smaller thaR, the excitations play a

dR role in viscous transport of momentum from the high to the

] __ low velocity region with the rate of energy dissipation,
Since Eq.(14) bears a resemblance to the nonrelativistic

Schralinger equation, we can derive the semiclassical solu- dE ( dv?
™

where S(R,t) is the action associated with the Lagrangian
(12). We perform the first quantization of E(.3) by replac-
ing S with #/i, and we thereby obtain a time-independent
equation for the wave functiofi( R) representing the state of
energyE as

tion to the tunneling problem described in terms of Eg) dt
by following a usual line of argument developed in the non-
relativistic casg21]. As a consequence, a set of equations

for determining the formation timeis obtained in the forms
analogous to Eqs6)—(11). The energyE, for the zeroth
bound state arounB=0 is now determined from the Bohr
guantization condition

r2

— 16my 1- 2 2R'R2
dr o n, ’

) r=R+0
(19

where 7 is the viscosity of the metastable phase afd) is
given by Eq.(2). This energy dissipation is thus built into the
equation of motion for the droplet derived from EgS) or
(12) as an Ohmic friction force

3
Mo+ —

I(Eg) =2 2

5. 15 2
5 F=—16771;(1—%) RR (20)

1

Herel (E), the action for the zero-point oscillation, is rewrit-
ten as In the case in which~R, however, the hydrodynamic de-
scription of the dissipative processes ceases to be valid; con-
R- 2 siderations of the energy dissipation require the use of the
-c 0 dRy[2M(R)c*+E-U(R)J[E-U(R)], corresponding quantum Kkinetic equation. In the regime
(16) >R where the excitations behave ballistically, they collide
with the droplet surface and eventually relax in the medium

with the smaller classical turning radi®. ; my is the inte- fe_tr away from the droplet. The resulting momentum transfer
ger defined as dissipates the total energy of the droplet at a rate

I(E)

_ I(Emin) 1 dE
7| 2mh +4’

2 R2
o l6man1- 2| DR (22)
17 at 7 n TR
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whereq is a factor of order unity that depends on the naturefact that the corresponding extremal actid(iT) reduces to
of the excitations and their interactions with the droplet sur-A(E,) given by Eq.(18) in the limit of no energy dissipation
face, and thus exerts an Ohmic friction force on the dropletand zero temperature. According A$T) dominates over

S hUq/kgT or not, the nucleation of the stable phase proceeds

Fe— 16770”7( 1— 2) R_ R 22) via thermal activation or via quantum tunneling. There exists

ng |- an abrupt transition from the quantum tunneling to the ther-

mal activation regime at the temperatdigderived from the
It is to be noted that expressiof®l) and(22) are based on relation
the hydrodynamic equation for the velocity field, which is
not applicable to the situation considered here, and hence are aUg
not completely obvious. A(To)= m- (26)
The influence of the Ohmic dissipation described above
on the quantum nucleation rate was investigated by Burmis- For the purposes of practical application, it is useful to
trov and Dubovski[ 18] in terms of a path-integral formal- summarize the results fok(T) in the ballistic R<l) and
ism. This formalism was pioneered by Caldeira and Leggethonrelativistic regime as given in RdfL8]. In the case of
[22] to consider the dissipation effects on quantum tunnelingveak dissipation, the dissipative processes add a relatively

in macroscopic systems; it was noted that these effects act tgmall quantityA,(T) to A(E,); the analytic expressions for
reduce the tunneling probability exponentially. Hereafter, wea(E,) and A;(T) are given aE,=0 by

extend the estimation of the nucleation rate to the system of

finite temperaturel’ with the help of path integrals, as ad- 5v2?
vanced by Larkin and Ovchinniko{23]. The probability A(Eo=0)= 16
p(T) of formation of a droplet in the medium undergoing the

energy dissipation is then given by the expression similar tand

Eq. (9):

n;
1__
ny

VogpiRY? (27)

4
2 7R;
|

n;
l__
ny

. (29

Js )
;+O(T )

A(T)=4
p:exr{ A(ﬁT)} 23 (T)=47a

) ) ) with J,~1.49. For temperatures up to the crossover point
Here_A(T)_ is the extremr_:ll val_ue of _the effective acti®y T, not only doesA(E,=0) retain its form(27) but also the
specified in terms of an imaginary time: term of orderT? in Eq. (28) is negligible. For normal Fermi
excitations in the medium, we obtain/l ~n,;pg with the
Fermi momentunpg=7(372n,). Here it is instructive to
note that in the case of weak dissipation, the Fermi velocity
ve=n4pe/p1 is negligibly small compared with the charac-
teristic velocity v2Uy/M(R.) of a virtual droplet moving
under the potential barrier. In the opposite case of strong
dissipation [vg>+2Uy/M(R.) for normal Fermi excita-
(mlhB)? tions|, the dissipation effects control the dynamics of the

—V(Rw)]zsmzw( = VR | (24)  droplet in configuration space and thus allow one to leave
out the kinetic term in the effective actiq@4). The corre-
where 8= (kgT) ! is the reciprocal temperatur®., de- SPOnding expression fok(T) reads
notesR(7’), and y(R), the quantity determining the nonlo-

cal dissipation term, is evaluated from the Ohmic friction A(T)=47Ta(1— N2
forces(20) and (22) as n

2

#BI2
—M(R)c?

SulR(7))= | d

M(R)c?\/ 1+

n fﬁB/Z 47
+U R + — ! R/
R+ | 47 IyR.)

2y

R4
- s(M), (29)

81?2 n, where s(T), the normalized underbarrier action calculated
— £R32 R>| . . .
3 n, ' ' along the extremal trajectory, is1.3 in the temperature
Y (R)= ’ (25)  range includingT<T,.
n
2(ma)¥?)1- -2 4, R<I.
| | D. Effect of dynamical compressibility

The effective action(24) is accompanied by the periodic  In a system where the metastable phase is more or less
boundary conditiorR(% 8/2)=R(—#B/2). compressible, a finite compressibility acts to reduce a portion

Generally, one obtains two types of trajectories that exOf the liquid taking part in the hydrodynamic mass flow and
tremize the effective actioS.;. One of these trajectories hence the overall kinetic energy, leading to an exponential
corresponds to a’-independent classical trajectoB(r') increase in the quantum nucleation rate. These effects were
:ZRC/B! a|0ng which the action amountsﬁﬂuolkBT_ The ConSi.dered by KOfShUnOM.g] in the nonrelativistic regime
nucleation described by this trajectory proceeds via thermalc>|R|) by taking account of the time dependence of the
fluctuations. The other trajectory depends explicitly gn  velocity field. We formally extend his theory to the relativ-
and denotes the nucleation occurring via quantumistic regime by replacing the kinetic term in the effective
mechanical fluctuations. This statement is evident from thection(24) with
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2
npl2
SulR(7")]= dr’| —1+ 1+(—)
~% B2 c
2 2
i J
X(_—) J' drdmp,r? (—(P
R/ JR&) r
2
10
-+7(J£), (30)
cs\ar’

whereg(r,7") is the velocity potential assumed to be spheri-
cally symmetric. The form of5,, adopted here is available
when the flow velocity|v| is much smaller tharts. The
extremalization ofS,, in ¢ results in the wave equation

c2 9
——|r
reor

P

ar'?

0%
ar

0. (31
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purpose, we first describe the bulk properties of ghstable,
zero-temperature hadronic matter with and without hyperons
within the framework of a relativistic nuclear field theory
[24]. Its Lagrangian density, denoting the interactions be-
tween baryons by the exchange o$1 mesons (M
=o0,w,p), IS given by

L= % wB( [ 7Maﬂ_ mB+ Js80— ngYMwM

Equation(31) can be solved under the boundary condition atwith
the droplet surface based on the assumption that the stable

phase is incompressible:

n .
e

ng
It is obvious from Eq.(30) that S, reduces to the kinetic
term in Eq.(24) (hereafter defined &) in the incompress-
ible limit (|R|<cg). The differenceSc= Sy, — Sk has a non-
local character similar to the dissipation term in E24), as
shown in Ref[19].

The compressibility tern$;, if the trajectory involved is
taken to be the extremal one obtainedlatO0 andE,=0 in

_07(p(r,7")

ar (32

r=R(7")

the nonrelativistic and dissipationless limit, leads to the ex-

pression19]

kgT\*

h

4 2
P1
0sCq

37

4

n;

A

n;

ISR

Expression(33) describes just the principal term in the ex-
pansion with respect td/T, and y2Uy/M(R.)/cs. It is

noteworthy thatAc(T) is proportional to T/Tg)* for T

<Tqy. This behavior, attributable to the emission of the
sound wave in the course of a fluctuation of the droplet ra
dius, persists in the case in which the condition
v2Uo/M(R.)<cs is violated, the energy dissipation takes

Adn:—w4
(33

effect, and/or the droplet surface moves relativistically, as

long as the time of flight of the extremal trajectory is finite
for T=0. Here we refrain from proving such finiteness ex-
plicitly, but this is a feature generally held by problems with
a mass varying withR.

Ill. STATIC DECONFINEMENT TRANSITION

We now estimate at what pressure hadronic matte8 in
equilibrium undergoes a static deconfinement transition
zero temperature subject to flavor conservatidfor this

'Hereafter, we take units in whidh=c=kg=1.

1 1

—Eng'y,uT-p”“ Y+ E(ﬁﬂaéﬂa—miaz)—zwﬂyw“"

Emwwﬂw —Zp,u,;p’u +Emppﬂ-p”’—U(O')

20 iy - m), (34
ww=6ﬂw,,—z9,,ww
p,u,v:a,upv_&vpu'

Here gy Iis the Dirac spinor for baryonsB
=p,n,A,>",37,30 27 20 (for leptonsl=e",u"), 7 is

the isospin operatog g is the coupling constant betweén
baryons andM mesons, andn; is the rest mass of the par-
ticle of species (i=B,M,l). The potential/(o), denoting
the self-interactions of the scalar field and playing a role in
reproducing the empirical nuclear incompressibility, takes a
specific form,

1 3 1 4
Z/{(U):galmn(gUNO’) +Za2(g(rNU) ’ (35)

whereN represents the nucleonbl€n,p).

From the Lagrangian densi{{34) we obtain a couple of
the Euler-Lagrange equations with respect to the meson and
baryon fields. In the mean field approximation adopted here,
the meson fields are replaced by their expectation values and
are determined from the classical field equatiph|

) m;00= 2 GueNe, (36)
m§P3o:% 9,8738NB (37
di(o) 1
mio=— “do 2.2 % 9,eMaltaV1+1tg
—In(tg+ V1+t3)], (39

where ng is the number density oB baryons,Mg=mg
—g,g0 is the effective mass of the baryonyg is the third

att:omponent of isospin of the baryon, aty=ke g/Mg with

the corresponding Fermi wave numblef g=(3m%ng)>.
Here the meson fields are constant for any space and time
since the considered system is static and uniform. This sys-
tem is also isotropic, leading te=p;=0. We have as-
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sumed, furthermore, that the charged componenis wfe- 1 pr=e=—cprrogoo TS
sons as well as the pions and the kaons have vanishing E  Nuclear Matter pn 3
expectation values, as is normally the case. i T T T T
The total energy density,,; and pressur® for the had- 2 o1

ronic system are then calculated from the energy-momentum g
tensor derived from the Lagrangian dengi®#) as a sum of g
the hadronic term and the leptonic teft¥]. The resulting = 0.01 —r'I'-}:;I—I W N N RN
expression fok g is 9 ) E L \‘ln\ HyPerlonic Maltte!' 3

Q r TNl e 3

Eior— EHT EL, (39 E I — '

n 0.1g

with E
r /
1 1 1 1 001_ I|||//|||||

eq=U(0)+ §m<2r‘72+ EminJr §m§p§o+ 8.2 0 02 04 06 08 1 12

n, (fm-3)
4 2 12 A 12
XEB: Mg[(2t+ 1)tgV1+tg—In(tg+ V1+tg)], (40 FIG. 2. Composition of3-stable nuclear matteupper panel
and hyperonic matteflower panel at zero temperature, calculated
using the model of Glendenning and Moszkowfslé].

1
eL=g2 }ll mP[(2t2+ 1)t 1+ 2= In(t,+ V1+t7)],

(41)

wheret;=Kkg | /my with the Fermi wave number dfleptons
ke 1= (372n))Y3. The pressure is obtained as

terized by the binding energy per nuclet6.3 MeV), the
saturation density (0.153 f), the symmetry energ{32.5
MeV), the incompressibility300 MeV), and the effective
nucleon mass (0r,). In such a way as to reproduce these
properties, the nucleon-meson coupling constants and the pa-

P=Py+P., (42) rameters determining the strength of theself-interactions
_ were chosen ag,n/m,=3.434 fm, g,n/m,=2.674 fm,
with g,n/m,=2.100 fm, a;=0.00295, anda,=—0.00107. The
hyperon-meson couplings, denoted by the ratios
Py=—¢ey+ n , 43
H H EB: BMB (43 ) :gLH ) :gLH ) :gLH .
oH goN , o JuN 7 oH gpN ,
PL= _8L+§|: N, (449 were determined mainly from the empiricAl binding en-
ergy (28 MeV) in saturated nuclear matter agy=X,u
where =0.6 andx,=0.653. Here the coupling constant ratios are
assumed to be the same for all hyperon species. It was noted
that the ratios thus chosen are compatible with the observa-
=K .+ M2+ +
#e= ke gt Mgt guswot 08738050 (49 fional lower bound of the maximum neutron star mass and
is the chemical potential & baryons, and with the upper bound of ., stemming from the fit to hyper-
nuclear levels.
In the determination of the equilibrium composition of the
= VKg j+m; (46) q P

hadronic system at a givery,, we need not only Eq$36)—

is the chemical potential of leptons. Here electrons and (38), but also additional constraints. These are the charge
P P ' neutrality condition

muons are looked upon as ideal gases; the density region
considered here is high enough for the kinetic energy to
dominate over the energy induced by Coulomb interactions.
The pressurd is in turn related to the total energy density
€101, €Quivalent to the mass densjy via

% qgNg—Ne— np,zoi (49)

whereqg is the electric charge of the baryon of spedi&s

and theg-equilibrium conditions
p= nZL (im) (47)
bé’nb Ny’ MB= Mn—(pie, (50)
wheren,=Xgng is the total baryon density of hadronic mat- M= e (51

ter.

The parameterg,g, 9,8, 9.5, a1, anda, contained in  We have thus calculated the fracti¥g=n; /n, of i particles
Egs. (34) and (35) have been taken from the values deter-(i=B,l) in matter with and without hyperons; the results
mined by Glendenning and Moszkows$ki6]. The properties have been plotted as a function pf in Fig. 2. We can
of saturated nuclear matter adopted in R&b] are charac- observe in this figure that the lepton fractions in hyperonic
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matter are drastically reduced by the appearanck ohy- 1000 F—— T T
perons in the density region,=2n,. In Fig. 3 we have E  Nuclear Matter 3
depicted the equations of state of hadronic matter as calcu- C (n.p.emu) , ]
lated allowing for and ignoring the presence of hyperons. For - o §
comparison we have also included the equations of state of & 100 -
equilibrium nuclear matter in the many-body calculations g E 3
[25,26] based on realistic nucleon-nucleon interactions. We N B 7
. .. = - i

thus see that the presence of hyperons at high densities as 2 L ' RMF i
predicted from the relativistic mean-field theory softens the ~ oL // ———RMF(+hyperons)]
equation of state considerably. The relativistic field theory A~ c UV14+UVII 3
used here automatically ensures the causality condition that C UV14+TNI ]
the sound velocity i REHF i
1 1 11111l | 1 1 | I

Co= (E) 1/2: i ﬁ) 1 (52) 11014 10186 1018
s \ap p+P an, o (g cm)

FIG. 3. Equation of state of zero-temperature nuclear matter in

We turn to the description of the bulk properties of uni- B equilibrium. The solid and long-dashed lines are the results cal-
P prop culated from the model of Glendenning and Moszkowgks|

fr;);r,::e?L:gg;ltirgﬁggrégg\?:nggegsggn;grﬁﬁagfg hrﬁg(rj%rlucv\/ewithin the relativistic mean-fieldRMF) theory; the latter has been

. . . . obtained allowing for the presence of hyperons. The dash-dotted
begin with the thermodynamic potential gfquarks, where and dotted lines are the results obtained by Wiringa, Fiks, and Fab-

q=u, d, ands denote up, d_owr_1, and strange quarks, €Xocini [25] using the Urbana 4, (UV14) two-nucleon potential plus
pressed as a sum of the kinetic term and the one-gluonne yrhana VIl (UVII) three-nucleon potential and the density-

be confined within the velocity of light.

exchange terni2,27,29 dependent three-nucleon interactid@I) model, respectively. The
short-dashed line is the relativistic Brueckner-Hartree-R&BHF)
1 ) N 5 ) result obtained by Engvikt al.[26] using the Bonn A two-nucleon
Qg=— A2 Mgl g =mg) ™ pmg— 5Mq potential.
3 m +(M2_m2)1/2
4 q q q =
+qu Inm—q SQ_Eq: (Qq+ ugng) +b
s 2_ 212 _ 2a5| 3, 4
+ 53] 3| Halkg=mg) =\1-—] gz(wut pa)
2 2\1/212 4
Iu’q+(lu’q_mq) 3mS
Mg =] S2ugmmyy. (89 + g2 [Xs7s(2X5+ 1)~ In(xs+ 75)]
wherem, and u, are theq quark rest mass and chemical asmg 202 2 2
.4 Mq 94 . - 23 {ZXS(XS+27]S)—3[XS7]S+|n(X5+ 7s) ] }+b;
potential, respectively, ands denotes the QCD fine struc- i
ture constant. Fon andd quarks, the ratios of the mass to (57)
the chemical potential are negligibly small; we thus use the
following expressions in the massless limit: wherexg=JuZ—m2img, ns=+\1+xZ, £ _is given by Eq.
(41) andb is the energy density difference between the per-
,uﬁ 2ag ,uﬁ 2aq turbative vacuum and the true vacuum, i.e., the bag constant.
Q== 22\ 17— Qg=- P R The total baryon density is now given by
(54)
1
. - Np=7 2 Ng. (58)
The number density, of g quarks is in turn related t€) 37
via
By using the thermodynamic relation, we obtain the pressure
L 55 P=Po+P (59)
Ng= Ty (55) =PFPot kL,
with
Then, the total energy density for the quark system is
Stot:8Q+8L| (56) PQ:_E Qq_b, (60)

with whereP, is given by Eq.(44).
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The parametersng, ag, and b are basically obtained L L L L L
from the fits to light-hadron spectra. However, the values of g [ Fromtudeariater 3 og | oM yperonetater 3
these parameters yielded by such fits do not correspond di E @ ] . ™0 g
rectly to the values appropriate to bulk quark maft2s]. 6_0~6 70 - 0.6 §\\ ®
Taking account of possible uncertainties, we set \ oo RS .

! 0.4 00 T 0.4 = NIE -
50 MeV fm~3<b=200 MeV fm 3, 0=m¢=<300 MeV, and Fo \ﬁg : 5 N ]
0<ag=<1. The ranges ofr, andmg so chosen are consistent  0-2 ‘\M ~—=g o2 AN 2003
with the results of Barnett al. [29] that are inferred from P A L N Y TR L NI
experiments and renormalized at an energy sedleGeV of 50 too 150 200 50 160 150 200
interest here. b (MeV fm?) b (MeV fm=?)

In obtaining the composition of the quark system, we take  ,  —
note of its relation via flavor conservation with that of the F From Hyperonic Matter ] F From Hyperonic Matter ]
B-stable hadronic systefi80]: 08 me1sonev] 08 ,=300 MeV 1

(c) - 06 (d) .

Y ¢ & :

Yn 300 _E _E
v, 2112101 Ya NS =

Y ] ]
Yel=[1 2 10 1 2 0 1| F 1, 0 SN g

Yso 50 100 150 200 50 100 1650 200
Ys 0 01 11 1 2 Ys- b (MeV fm-3) b (MeV fm-9)

Yzo FIG. 4. Contour plots of the pressu@, (as marked in

Yz- MeV fm~%) of the static deconfinement transition on theas

(61)

whereY ,=nq/ny, with ny, given by Eq.(58) is the fraction of

plane. The solid lines ifa) denote the contours of the transition
pressures frons-stable nuclear matter toandd quark matter. The
solid lines in(b), (c), and(d) represent the contours of the transition

q quarks in the deconfined phase. The absence of leptonjgressures frong-stable hyperonic matter 1o, d, ands quark mat-
weak processes and the charge neutrality condition ensuter calculated fom,=0,150,300 MeV, respectively. In each panel,

that the fractionY, of | leptons remains unchanged before
and after deconfinement.

Let us now proceed to obtain the pressBggof the static
deconfinement transition from the relation

mp(Po) | hadronic phasg mp(Po) | deconfined phase (62
where
ettt P
o= (63
b

with the corresponding total energy density, and total
baryon densityn, is the baryon chemical potential at fixed
P. We have calculated the pressufeg for the parametric
combinations between 50 MeV fi<b=<200 MeV fm 3,
ms=0, 150, 300 MeV, and €& as=<1, allowing for and ig-

the contours ofPy= P, (short-dashed line Py=P,, (dotted
line), and Py=Ps- (dash-dotted lineare included(see text We
have also plotted the combinationstfind a4 satisfying the criti-

cal condition required to form a real quark matter droplet via de-
confinement in the star that contains the nucleation centers of num-
ber Ng=10" and is spinning down or accreting matter from a
neighboring star in a time scale ef=1 Myr. The lowerb and
lower a4 region is favorable for the presence of quark matter in the
star. The long-dashed line i@ denotes the result obtained for a
droplet arising from nuclear matter by settieg=30 MeV fm 2
anda=1; the long-dashed line itb)—(d), for a droplet deconfined

from hyperonic matter by setting,=30 MeV fm 2,

these calculations, the gravitational mass of the star observed
by a distant spectator has been obtained as a function of the
central pressure or mass density of the star from the general-
relativistic equation of hydrostatic balance in the nonrotating

noring the presence of hyperons in the hadronic phase. Figonfiguration, i.e., the Tolman-Oppenheimer-Volkoff equa-
ure 4 illustrates the resultant contour plots of the pressureton [31], and from the corresponding equation of state. The

P, on theb versusag plane. As specific values &f, shown
in Fig. 4, we have chosen the pressite- at which 3~

equation of state used here has been extrapolated to lower
densities appropriate to matter in the crust made up of a

hyperons appear in the hadronic phase, the central pressusdtice of nuclei embedded in a sea of electrons and, when

Pmax Of the maximum-massM .0 heutron star having a
hadronic matter core, and the central pres$urgof the star
(not including quark mattgrwith canonical mass 1Mg;
these values are tabulated in Tabl®4.- can be determined
from the relation coming from Eq50):

/-Ln:/-LE’|n2—:O_Mea (64)

Where,uy|n2,:o denotes the energy of the lowest state for a

3~ hyperon. The tabulated values 8%,, and P, , have

been calculated from the structure of the star whose corguclear matter

consists ofB-stable nuclear matter or hyperonic matter. In

present, in a sea of neutrons. Such extrapolations make only
a negligible difference in determining the stellar structure,

TABLE |. Values of M 2y, Pmax: P1.4, andPs - evaluated for
hyperonic and nuclear matter using the relativistic mean-field
theory with the parameters taken from Rf6].

Pmax I:)1.4 PE‘
Mmax  (MeV fm™3) (MeV fm~3) (MeV fm~3)

261.0
500.4

43.13
38.91

Hyperonic matter 1.78 o 23.30

2.39
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since the crust contains mass-60.0IM ¢, confined within 1200 prrr v T3 600 T
a few percent of the total ma$32]. 1000 [ porinpreri) @ 2 [ IuE (nvpatitess) e
The effect of a finites quark mass acts to destabilize the % goo E- %7 % 400 S
quark system and hence to lower the contours of varidys = 600 [ S E 5 i
on theb versusa, plane, as shown in Figs.(#—4(d). We ?400 3 1E 200 b
have found that fomg=<200 MeV, such lowering is fairly E Hadronic Matter 1 % 1
small compared with the adopted rangeboénd a. Thus, 200 £/" - Deconfined Matter ® ]
we shall generally taken to be zero in describing the bulk 0 T 0 Yo o e e
properties of quark matter. We also observe in Figa) 4nd P (MeV fm=3) P (MeV fm-3)
4(b) that the contours oPy=P,,, andPy= P, ,reveal only
a weak dependence on the presence of hyperons. This resi="" Fag wlprens * 771 & 0 P covenior V7]
implies that within the confines of the present models forjg600 [ b MevIm® _'g [ D100 MeV tm™ i 1
matter, the degree of strangeness-induced stabilization of th= [ me=0 1 % 200 Fm~o 7
hadronic phase compensates for that of the deconfined phas€ 400 q2 - 1
as long agng=200 MeV. £ f ] €100l ]
For the parametera,=0.4, b=100 MeV fm 3, andms ?‘200 - . i [ ]
=0, we have depicted in Fig. 5 the baryon chemical poten-& [ - © 3.4 ¢~ © 3
tials and total energy densities for three electrically neutral 0 0.5 1 15 00 02020608 1 12
bulk phases. The first phase consists@étable hadronic n, (fm-%) n, (fm-9)

matter with or without hyperons. The second phase is com-
posed of the matter deconfined therefrom according to EqbuI
(61). Lastly, for comparison, we consider a phaseuofd,

FIG. 5. (a) [(b)] Chemical potentials for the electrically neutral
k phases as a function of pressure, calculated for the bag-model
! , WE parameter® =100 MeV fm 3, ax=0.4, andms=0. The solid line
and s quark matter ing equilibrium: uq=pu,+pme and g represents the phase @-equilibrated hadronic matter without
= us. Hereafter, we shall refer to thjg-stable quark matter (with) hyperons; the dashed line, the phase of matter deconfined
as strange mattérlt is instructive to note that strange matter therefrom; the dotted line, the phase of strange matter,u,ed,
composed of massless quarks satisfigsng=ng and n, ands quark matter in3 equilibrium. (c) [(d)] Energy densities for
= nﬂzo_ The upper crossing shown in Fig(@b[5(b)] de- the corresponding phases as a function of baryon density. The dash-
notes the deconfinement pressu?g, at which the total QOtted lines are the double-tanggnt constructions denoting the coex-
baryon density changes as can be seen from the Maxwefitence of the two bulk phases involved.
equal-area construction plotted in Figch[5(d)]. The den-
sity discontinuity for hyperonic matter is significantly
smaller than that for nuclear matter, a feature with immediate |n this section we first construct the effective action for
relevance to the nucleation of the deconfined phase as will bine fluctuational development of a quark matter droplet in the
discussed in Sec. IV. We likewise observe that the presenametastable phase of hadronic matter with and without hyper-
of hyperons in the hadronic phase suppresses the chemicaihs. We thereby estimate the time necessary for the
potential difference between deconfined and strange matteguantum-mechanical formation of the first droplet in a neu-
This is because the dominance &fhyperons in hyperonic tron star as a function of pressure. The critical overpressure
matter renders the quark fractior, in deconfined matter is determined in such a way as to make this formation time
similar to that in strange matter. comparable to the time scale for the compression due to the
We conclude this section by indicating that thermal ef-Star's spin-down or accretion; at this overpressure, the
fects on the static properties of the deconfinement transitiofuantum-thermal crossover temperature is estimated. We fi-
may be safely omitted at low temperatures appropriate t&2lly determine the window of the bag-model paramekers
neutron star cores. The zero-temperature models for hadronfés: andms where quark matter is expected to nucleate in the
and quark matter, described above, hold over an even wid&tar
range of temperaturd,<<10 MeV. This is because the rela-
tive chemical potentials,ui—,ui|ni:0 of i particles (

=1,B,q), except for minor components with particle fraction  The quantum nucleation theory described in Sec. Il is
Y;=<0.1 (i=B) or =0.001 (=I,q), take on a value of dijrectly applicable to the case in which the metastable and
~30-600 MeV, sufficiently large compared with the tem- stable phases are electrically neutral quantum liquids with a
perature. This temperature range will thus be considered bgingle component. The deconfinement phase transition of in-
low. terest here, however, involves matter with multiple compo-
nents such as baryons, leptons, and quarks. Moreover, the
inhomogeneous state of matter including a single quark mat-

2Although strange matter is not related to the deconfinement trar®" droplet leads inevitably to a violation of the local charge
sition of interest here, it would occur once a droplet of the decon1€utrality, a property that is inherent in the systefeg.,
fined matter forms and grows into bulk matter in a neutron starnucle) where strong interactions compete with Coulomb in-
This is because the weak procass d—u+s converts the bulk teractions. It is thus necessary to generalize the quantum
deconfined matter into strange matter during the growth of the dropaucleation theory by taking into account the multiplicity of
let [1]. components and the electrostatic energy.

IV. DYNAMICAL DECONFINEMENT TRANSITION

A. Effective action
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1. Nuclear matter wheren,,  is the baryon density inside the droplet deter-
Let us now construct the effective action, leading to theMined by Eq.(58). We thus obtain the potential energy by
rate of quantum nucleation of quark matter in the case idntegrating the difference in the thermodynamic potential per
which the metastable phase consist@eftable nuclear mat- Unit volume at chemical potential, y between the initial
ter, by following a line of argument of Ref$11,19. We metastable phase and the inhomogeneous phase over the sys-
begin with the potential energy(R) which is defined in the €M volume V, which is related to P via P=

limit of cs>|R| as the minimum work needed to form a ~ VeV, as

quark matter droplet of radiuR in the metastable phase.

Pressure equilibrium between quarks and nucleons embed- _ _ _ _

ded in a roughly uniform sea of leptons induces the excess UR)= deV{SD(r) Ztoth = M, ALNb,0 (1) = Mo,l}
positive charge inside the droplet, because the baryon density

of the quark phase is larger than that of the hadronic phase 47R3
by ~0.1-0.7 fm 3. The charged components are in turn dis- =73 Np,o(b,o— b ) +AEL(R) +4mo R
tributed in such a way as to screen the droplet charge. The
screening efficiency of particles {=e,u,p,u,d) may be +Ec(R), (68)
partially measured from their Thomas-Fermi screening
length where
1 o\ Y? eo(n,,Ng,Ng=0)+g (N y)+P
kTFi_(WieZél_ni , (65) fp.0= Q( usrtld,ltls ) L( |,H) (69)

nb’Q

whereq; is the electric charge of the particle of species
For the droplet sizes of interef2<10 fm, we can assume
the fluid of protons to be homogeneous singg ;=10 fm
in the considered density rangg=4n,. The other compo- _ _
nents, whose screening lengths are confined within 10 fm, AER)= deV{SL[n'(r)] e(mu} (70
deviate more or less from uniformity. On the other hand, the

flavor conservation, holding fixed the ratio of the number of;. th f the lent the initial value. H
u quarks to that ofd quarks inside the droplet, makes the IS the excess of the fepton energy over the inilal value. Here

. . ) . . n, 4 is the number density df leptons in the initial meta-
screening action by quarks ineffective, sincandd quarks stable phase of nuclear matter, is the surface tension, and
have electric charge with opposite sign. We assume uhat b 9 '

andd quarks are distributed uniformly; it turns out that the ECSI?nE:hee tﬂgdfglit&gpoeﬁﬁterfacial roperties are poorl
quark screening, i.e., the static compressibility of the fluid of q prop poorly

known at finite densities, the expression fer has been

guarks, does not contribute significantly to a reduction of th Ny .
potential energy of the droplésee the Appendix %Ziil;??g]tgi Fermi-gas model for a quark matter droplet in

For the initial metastable phase of nuclear matterBin
equilibrium under pressur@, we can obtain the total energy
density e,y, the baryon densityn, ;, and the baryon 3 Mq(mG—ME)  Ma(pmg—mg)
chemical potentiajy, 4 by using Eqs(39), (42), and (63). TsTan 5 6 - 3
We then express the energy density for the inhomogeneous

is the chemical potential for the quark phase and

phase containing a single droplet as the sum of bulk, inter- 1 5 ,1(,&(21—”1(21)1/2 ) 1
facial, and Coulomb terms: ~ 37| M tan —q—Z,uqmq(,uq—mq)
2 ~2\1/2
eo(f)=6(R=1)eq(Ny.Ng,Ns=0) +m? In —Mqﬂﬂr% il “ (71)
+0(r—R)ey(n,,np,Ng.ny=0)+& [N(r)] q

where o, is set to be zero. This expression arises from the
reduction in quark density of states due to the presence of the
droplet surface. The typical value of; for matter without

Herer is the distance from the center of the dropig§,, ey, ~ SU'angeness Is obtained - s~ (3/4m)(Myug+Masg)
ande, are given by Eqs(57), (40), and (41), respectively, ~10 MeVfm = since m,~my~10 MeV and u,~puq
eg(r) is the increase in energy density due to the quark and“500 MeV. The foregomg Fermi-gas descr|pt|on includes
nucleon distributions in the interfacial layer whose thicknesd€ither O(as) corrections nor curvature corrections. The
we assume to be much smaller tHRpandE(r) is the elec- former have yet to be dgtermlned, while the Iatter destabilize
tric field. The baryon density for the inhomogeneous phase i@ quark matter droplet in vacuum by producing an energy
given by

1 2
+eg(r)+ gE(r) : (66)

Eanm o 3 2 (72)
N o(r)=6O(R—1)Np o+ O(r —R)Np 4, (67) = 24 M
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for uq>my and as=0 [34]. Instead of explicitly including e e e B e e e B RN B

these curvature corrections in the potent8), we set the [ RMF (nipietu) T honeueansd

range ofos as 10 MeV fm?<o<50 MeV fm 2 by in- . 4000 =04 IR A

corporating intoog the increase in the interfacial energy O [ 0,=30 MeV fm™ 7 p=a75 Mev tm™ "~ ]

yielded by the curvature energy2) of the droplet having a £ 2000 |- _

radius in excess of-3 fm. Shell effects as encountered in = L \ ]

nuclei are likely to appear remarkably in light quark matter o[ 3 1

droplets having a baryon numbsr10[28], which cannot be SN AN VT \ VI

well described by the Fermi-gas model for finite quark mat- 0 2 4 6 8 10
ter as adopted here. Nevertheless, we may assume this model R (fm)

to be useful, since the baryon number contained in a virtual

droplet moving under the potential barrier3sl0 (typically % Frorrp ooy
of order 100. The contribution of nucleons to the interfacial ~ = 2x10¢ [-F¥F (ndpiHets) o
energy, ignored here, is expected to be much smaller than = - @,=0.4, m,=0 .
that of quarks ahy, ;4~no, but it is uncertain in the consid- T e TN E
ered density rangay, ,;~4—6n,. = - 1
In the absence of the lepton screening on the droplet %‘ C % 200 ]
Charge' \E 0 :(P)IZZIO ﬁ\l I\ 1 1 1 1 I 1 1 1 \:
3 0 5 10 15 20
Zoe= @, (73 R (fm)
FIG. 6. Potential energie¥J(R) of a quark matter droplet
) present ingB-stable nuclear mattef@ and hyperonic mattetb),
with evaluated for the bag-model parametdrs 100 MeV fm 3, ag
=0.4, andmgs=0 and for various pressures above the presiyre
2Nn,—Ng—Ng of the static deconfine_me_nt transition. (@), we hgve setog
poo=¢€ T_ne'H_n“’H , (74 =30 MeV fm™2 The solid lines are the results obtained from Eq.

(68) for a lepton-screened droplet; the dashed lines, for a non-
screened droplet; the dash-dotted lines, in the case in which we set
we obtainE.=3Z2e%/5R and Ec=0. The solid lines ir(b) are the results evaluated from E@2)
for 04=30 MeV fm 2. The quantitiesU(R)—2M(R), where
M(R) is the effective droplet mass given by E®5), have also
AE =Zopen (75 been plotted inb) by dashed lines. The maximum value W{R)
—2M(R) yields the upper bound of the forbidden region of the

. . . . .. droplet energy.
where u, y is the chemical potential of electrons in the ini- P o

tial metastable phase of nuclear matter; typically, 4
~250-300 MeV. Here E(75) reflects the fact that the glo-
bal charge neutrality in the system volur¥eis guaranteed
by the lepton gas which satisfies tBeequilibrium condition
(51). The excess lepton enerdyE, , which is proportional
to R3, is naturally absorbed into the chemical-potential dif- Np.Q

ference term in the potenti&8). The number densities, PQo=€(Ne Ny 1) Moy 1], (77)
andny are then determined from the flavor conservati®h '

and the pressure equilibrium between quark and nuclear mat- )
ter where the ratia, o/ny, 4 amounts to 1.2-1.8.

We next consider the screening action by leptons on the
excess droplet chargéye. The number density,(r) of |
P —p._ AE_ (76) leptons, whose deviatiofin (r) from n, ., is small enough to
QT TH 4 R¥ be treated as a perturbation as will be shown below, has been
determined from the linear Thomas-Fermi screening theory
[35]. This determinatioi11] leads to

ity (49) in the hadronic phase result in the proportionality of
pqo to Ngy+n, y and ton, /N, y—1:

where P, and Py, are given by Eqs(60) and (43), respec-
tively. In Eq. (76) the surface and Coulomb pressures arising
from 4mwoR? and Ec(R) have been ignored since these
pressures are much smaller than the bulk pressRgeand
Py .2 n, andny are thus independent &% It is instructive to
note that the flavor conservatigél) and the charge neutral-
where ¢(r) is the electrostatic potential derived from the
Poisson equatioR ¢ (r) — x{ ¢(r) = — 4mpgof(R—r) with
the reciprocal of the screening length= \/Kez+ Ki. Its so-
the surface pressure vanishes. lution reads

2

J
M(N=5 | ed(N=gomed(n),  (78)

M|,
M=y

2/3

*As long aso=n?”,
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4 inh( kK r
—K’;@ 1—exp(— k R)(1+ &, R) # r<R,
L
ry= 79
(1) 47Tp expl— k. I) (79
[KLR coshik R)—sinh(k R)] ———— P , >R,
L L

The resulting electrostatic energy is given by

2 p 0
Ec(R)= —==>

{- 3+ (k. R)2+exp—2k.R)
KL

X[34 6k R+5(k R)2+2(x R)®]}. (80

[11] that the lepton screening effects prevent the formation
of a Coulomb barrier which causes the droplet to remain
finite. The good agreement between the lepton-screened and
E-=0 cases allows us to calculate the nucleation time with-
out including E¢ in the potential(68). Hereafter, we shall
leave outEc in the potential(68); the resulting potential is
characterized by the critical droplet radius

We have confirmed that the linear Thomas-Fermi approxi-

mation may be safely used; the validating conditien
>e¢(r) is well satisfied, sinceed(r)/ueny=0.1 for R
<10 fm?

3o

Ny pH— MbQ) —

PQoMenle 6

Figure Ga) exhibits the potential for the formation and and by the barrier heighﬂo=(4/27)47mSR§

growth of a quark matter droplet, characterized by
=100 MeV fm 3, a,=0.4, andos=30 MeV fm 2, in the

The effective masdM(R) of a quark matter droplet in
B-stable nuclear matter may be estimated from the kinetic

initial metastable phase of nuclear matter at pressures aboemergies of nucleons and leptons, in a way analogous to that
Po~453 MeV fm 3. This figure contains three cases in described in Sec. Il A. We obtain the nucleon kinetic energy

which the electrostatic energy is set to be zero, the nonKH|n

=0 of the form (3) by deriving the baryon velocity

screened value Ze?/5R, and the lepton-screened value field from the baryon continuity equation and the boundary

given by Eq.(80). By comparing these cases, we observecondition at the droplet surface; the expressionKaris
that the lepton-screened case shows no dominance of the

Coulomb energy ovelJ(R) for large R in contrast to the

non-screened case, and agrees fairly well with the case in
which Ec=0. This is because the cloud of leptons spreads

ﬂ) R3R2. (82

KH:27TSH(nn ,np,nB;gN)( 1_
NpH

inside the droplet and from its surface outward over a scal@y substituting the lepton distributiof78) into the lepton
of the screening lengtk, 15 fm (see Fig. 9 in the Appen- continuity equation, the lepton velocity field can be deter-
dix). We have thus confirmed a salient feature found in Refmined as

vi(r)y=—

npel k) (k.r)?

The lepton kinetic energi(, , which is evaluated from Eq.

(83) as

RR?, (84

4 2
i &)
Kﬁ n|’He

proves negligible, partly becausey(n,,n,,ng:n=0)
~1000 MeV fm 2 is much larger thare (n, ) of order
10 MeV fm~2 and partly because E{77) and Ne H~

KL<2778L(nI,H)|:§|:

/.LH

“The energy increment yielded by the gradientdsf, present
over a scale of the screening length'~5 fm inward and outward
from the droplet surface, is neglected in the present study.

Poo <K|>2 R [k Rexp—« R)[«.r cosiik r)—sinh«.r)],
KL (k. R)2— kR sinh(k R)(1+ k.1 )exp( — k.T),

r<R,

r>R. 83

ensure Q,o/Np.n—1)2~ (k') (poo/Ni 1e)?. The effec-
tive massM (R) is finally obtained as

an 2 3
M(R) 47T8H(nn,np,nB¢N 0) E R>. (85)

The effect of energy dissipation discussed in Sec. Il C
plays a crucial role in determining the time needed to form a
quark matter droplet inB-equilibrated nuclear matter, as
shown in Ref[12]. Let us now assume that the nucleons and
the leptons are in a normal fluid state. Then, elementary ex-
citations of particle specigs(i=N,|) appear as quasiparti-
cles in the vicinity of their respective Fermi surfaces during a
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fluctuation ofR. Since the mean free path bExcitations is The effects of relativity and dynamical compressibility as
estimated asIi~ni_1’3(,ui—,ui|ni:0)2T‘2>1O2 fm, we can considered in Secs. IIB and Il D make only a negligible
observe that each is sufficiently large compared with the change in the estimates of the ti'me necessary for the quan-
critical droplet radiusR, ranging typically 1-5 fm. Conse- tum nucleation of qua_lrk matter in the metastable phase of
quently, the nucleon and lepton excitations behave ballistiiuclear matter. This is because the droplet surface moves
cally and collide with the droplet surface. The resultingUnder the potential barrier at a velocitytypically
transfer of momentum flux exerts on the droplet an Ohmic™ V2Uo/M(R;)] fairly low compared with cs~0.8

friction force of the form analogous to E(R2); this is writ-  (nuclear mattgr and c~0.6c (deconfined matter These

ten as a sum of nucleonic and leptonic terms comparisons of velocity scales lead us to the effective action
of a form similar to Eq.(24):
= —ot

F=Fulng. -0 Fu. B9 syr(m)

with BI2 Ne ~\2
:J dT'rU(R)-i—a' 1_ﬁ) (E nNkFYN)
N 2 -BI2 Np,H N
- b.Q 2f
Fyu=—167| —-1 keg|R°R, (8
H W(”b,H ) (% aglg F,B) (87) XJ’BIZ R Rz (71 B)?
—pl2 (RL=R%) sirta(r' —7)IB|"

(90)

Here U(R) is taken from Eq(68) in which we setE-=0,
and a,= a,=« is assumed for simplicity. The extremal ac-
tion A(T) for the quantum nucleation is obtained in a form
identical to Eq.(29) as

4 2
K .
FL=—16wf<KLR>{2 = (ﬂ) am',HkF,.,H}RzR.
Tk \Nn€
(88)

Herekg | = (372n, y) Y3 is the Fermi momentum df lep-
tons in the metastable phasg,is a factor of order unity that
depends on the properties ioéxcitations and on their inter- Np.g 2 .
actions with the droplet surface, aridx R) is a function A(T)=47Ta<1— n_) (E nNkF,N) Res(T), (9D
that stems from the velocity fiel3) occurring due to the b.H N

lepton screening effects, behavesoasc R)? for k R<1, whereR; is given by Eq.(81).

and monotonically approaches unity asR increaseS.

SinceX=ynyke y~250—-450 MeV fm 2 is one order of mag- 2. Hyperonic matter

nitude larger tharn; kg y~30-70 MeV fm 3 we 19- Let us now construct the effective action for the develop-
nore the leptonic contributiorigd) to the Ohmic friction  ment of a quark matter droplet in the initial metastable phase
force. The Fermi velocityvg ulng, —0 averaged over of gequilibrated hadronic matter with hyperons. In this con-
nucleon species, whetg:  is defined as struction, we may utilize expressiori65)—(89) developed

for matter without hyperons by identifying the quantities
characterizing the metastable phase at a gRene., ey,
Mb.H» MeHs Npn, andn, with those for matter with hy-
perons as well as by removing the constraimis y=0 and

is ~0.4c, and hence UF,H|nB#N:O is in excess of ns=0.Notice thatthe lepton fractions plotted in FigbRare

2U,/M(R)~0.1-0.2. As a consequence, by recalling sufficiently small_ at baryor_1 densities of interesnb,H_
how to distinguish between weak and strong dissipation as, 4~6Mo, to confine the ratidpqo /Ny qe| of the _e|e_‘it2”‘3
described in Sec. Il C, we find that except o<1, the charge to the baryon number inside the droplet within<10

nucleation time is determined by the dissipative processe5niS Pehavior stems from the fact that the rdﬁ@O/“b,Qd
rather than by the reversible droplet motion. is proportional to the sum of the lepton fractionsg (
+n,u)/Nyn, as can be seen from EGZ7). When using

expression$65)—(89), therefore, we omit the quantities as-

] . ) _sociated with electricity by settingyo=0. Correspondingly,
_5T_h's estimate of; is based on the Landau theory of the Fermi the screening action by the charged components is neglected.
liquids[36]. Here we have assumed that the coefficenaffixed o gy,ch an omission is valid for the droplet sizes of interest
Ny (i = il ~0)*T "2 is of order unity. HoweverC; depends on  pare R<20 fm. We have confirmed that f6>20 fm, the
the interaction between quasiparticlgs., the Landau parametgrs Coulomb energy continues to be trivial due mainly to the
For nucleons, such an interaction is repulsive in the high densmécreening action by leptons and due partly to that by charged
region of interest herf87,38]; the values ofCy range~0.1-1. For baryons.
leptons, being relativistic and degenerate, polarization effects of the By noting Eqs.(68) and (69), the potentialU(R) for the

medium on the exchanged photof#7,39 induce attraction be- .
tween quasiparticles; the values ©f are roughly 10. These con- formatlo!’l and growth of a qugrk matter droplet fhstable
hyperonic matter has been written as

siderations ofC; do not change the conclusidf> R, .

5Note that Eq.(86) reduces to Eq(8) in Ref.[12] in the absence 5
of muons and in the limit ok, R— 0. Thus, the contribution of the U(R)= 3 Np, (b, Mp,h) +4TosRY, (92
electron quasiparticles to the friction force was rather overestimated
in Ref.[12]. with

2gneKe g

=, 89
SH(nn’npvnBiN) @9

UF H

3
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eo(Ng)+e (N py)+P near the quantum—therma! crgssover.péiljlfhe absolute
Mb,Q= Moo : (93 value of the baryon velocity field, which is less thii
' —Npo/Npu)R| [see Eq.(2)], is limited within 0.X. This
leads us to use the effective mad¢R) given by Eq.(95).

wheren, o, o, ande_ are given by Eqs(58), (57), and  The effect of energy dissipation is controlled by low-lying
(41). Here o, the surface tension, has been assumed texcitations of baryons induced by the fluctuatiorRofThese
range from 10 to 50 MeV fm? by using the Fermi-gas ex- excitations, whose mean free paths are sufficiently large
pression(71); this range stems primarily from the uncer- compared with typicaR, (except for minor components
tainty inmg. The curvature terni72) contributes only a little  collide with the droplet surface and exert the Ohmic friction
to the interfacial energy of the droplet with typic®  force F, given by Eq.(87) on the droplet. Here we have
~5-15fm. The quark number densitiég, ng, andngs  assumed the baryons to be in a normal fluid state, and we
have been obtained from the flavor conservafiél) and the  have ignored the negligible contributions of leptons and
pressure equilibrium between quarks and bary®gs-Py,  quarks to the energy dissipation. The Fermi velocityy
wherePq and Py, are given by Eqs(60) and (43), respec-  given by Eq.(89), averaged over baryon species, is estimated
tively; modification of such pressure equilibrium by the in- 5 he ~ 0.3, so that|R|>v 4 is satisfied in the relativistic
terfacial energy is negligibly small for typic&. In Fig. 6b)  regime. We thus confine ‘ourselves to the dissipationless

we have depicted the potential ener@p), calculated fob  55es. We finally write the effective action as
=100 MeV fm 3, as=0.4, m¢=0, os=30 MeV fm 2, and

various pressures abow,~163 MeV fm 3. The form of Sel R(7)]

this potential is identical to the standard one denoted by Eg.

1); the critical droplet radius is given b BI2 . 1

(1) p g y :f 4r (_1+,/1+R2)__
—pI2 R2

30
Ro= — (94) - J[00)% 1[0e)?
Np,Q( 46,1~ Mb,Q) xf dramey(ng)r? | —| + 5| —

R(7") or cs\ar’

from which the potential barrier heighi, is determined as

Uo=(4/27)4moR2. +U( R)] : (96)
The effective masM (R) of a quark matter droplet in the

metastable phase of hyperonic matter is then obtained fro

the baryon kinetic energi(y, given by Eq.(82) as Bere U(R) is given by Eq.(92), and ¢(r) is the velocity

potential derived from the wave equatigl8l) and the
boundary conditior(32) in which n;=ny, jy andn,=n;, o .
— Mb.Q ; 3
M(R)=4mey(ng)| 1— —| R”. (95 B. Nucleation time
Let us now proceed to evaluate the timaeeded to form

. N . .. a real quark matter droplet via quantum tunneling in the
In thIS' detgrmlnatlon we ignore the Ieptor) and quark k'net'cmetastable phase op-equilibrated hadronic matter with
energies since we have §&§o="0. Expression95) does not (ithout hyperons, in the regime of overpressures and rela-
include the relativistic effect on the hydrodynamic mass ﬂOWtiver low temperatures, by using the effective acti@0)

of baryons. As will be shown in the next paragraph, the[(ggj]. We may obtain within the exponential accuracy as
baryon velocity field, given by Eq2) in which n;=ny

and n,=ny o, is far smaller tharc, although the droplet = Val exp(A), (97)
motion itself is relativistic in many cases.

In constructing the effective action for the system havingwhere v, is the frequency of the zero-point oscillation
a quark matter droplet ig-equilibrated hyperonic matter, it aroundR=0, andA is the corresponding extremal value of
is instructive to compare the velocitiéR|, cs, and vpy  the effective actiorS.s. Here we have ignored the thermal
characterizing the droplet motion under the potential barrieréffect on the pre-exponential factor of since the frequen-
It is of great importance to note that over a wide range of thecies of the higher order oscillations are logarithmically as
parametersos, b, ag, and mg with relatively large o large asv,. It may also be assumed that the energy dissipa-
(=0.2) ando (=30 MeV fm™2), the density discontinuity tion and dynamical compressibility in hadronic matter have
Nb.o—Npy IS sSmall enough to make2U,/M(R,) higher no influence on the pre-exponential factor, because the ve-
than 0.8 for typical R;~5—15fm. We should, therefore, locitiesve yy andc take on nearly the same order of magni-
take into account the effect of relativity on the quantumtude as the ratfR| of growth of a virtual droplet. The values
nucleation as mentioned in Sec. Il B. The velocity of sound,
cs~0.5¢c, of hyperonic matter cannot fully surpass the rate

IR| of growth of a virtual droplet ranging typically 7in the present analysis, no attention is paid to the dynamical
~0.1-1Ic. Thus, the effect of the dynamical compressibility compressibility of the deconfined phase, which may affect the ki-
of the metastable phase as discussed in Sec. Il D is likely taetic term included in the effective action through a change in the
have consequence to the quantum nucleation at temperatur@sundary condition at the droplet surface having the f¢82).
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In the case in which the hadronic phase contains hyper-

200 T 11T L T T . . .

E RMF' (n+p+el”) 3 ons, we may roughly estimate the extremal effective action
< 150 | b=_1(§)g MeV fm= J by using Eq.(96). Recall that the extremal value of the com-
a8 E “'_'_ wet 3 pressibility termS¢ is likely to behave as<(T/Ty)* for T
v 100 a0 <T,, as stated in Sec. Il D. Hef®, is the quantum-thermal
o 50 F 0,550 MeV fm2 J crossover temperature found from E@6) as A(Eg)

S F 3 =Ugy /Ty, whereA(E,) is obtained from Eq(18) at a given
0F = P andT=0. Since the value ofy that will be estimated to
450 500 550 600 650 be =10 MeV is far larger than the temp_erature of matte_r in
P (MeV fm-?) the neutron star coréys=0.1 MeV, we ignore the contri-
bution of the dynamical compressibility of the hadronic
200 [ LC. — Poae . phase to the extremal effective action. Thermal effects excite

- RMF (n+ip+H+e+u) ] a droplet oscillating aroun®&=0 from the ground state of
g 150 & D=190 MeV fm* - energyE, to themth bound state of enerdy,, according to
RS = 10 R 3 the Boltzmann distribution, and hence produce a probability
- 100 —relativistic f H : ;

. - i rentivsic 1 0 quantum-mechamcal formation of a real dropl_et having
@ 50 F 3 the energyE,,, relative to the ground-state tunneling prob-
) E \0,=50 MgV fm2 ability, as

0F \ S (b) 3
150 200 250 300 B Em—Eo
P (MeV fm-3) Pm=€xp — T eXF[A( EO)_A(Em)]- (98)

FIG. 7. Time needed to form a real quark matter droplet via
guantum tunneling inB-stable zero-temperature nuclear mat@r

and hyperonic matteb), evaluated as a function of pressure for the . . -
bag-model parametets=100 MeV fm %, a.=0.4, andm.=0. In (16) and (17), respectively. At typical pressures, the differ-

(a), the surface tension has been setoas10,30,50 MeV fmi2, ~ €NC€ Em—Em-1 is of order 100 MeV, whereas(Ep-1)

The solid lines are the dissipative results obtaineciferl, and the ~ —A(Em) takes on a value of order 10. At=Tys, the prob-
dashed lines are the non-dissipative results(biy the relativistic ~ ability pm is virtually zero, so we take no account of the
(solid line and nonrelativistiddashed linesresults calculated for  thermal enhancement of the tunneling probability.
0.=10,30,50 MeV fm2 are plotted. For comparison, we have The nucleation timer has been then calculated at zero
marked in both panels the pressiig of the static deconfinement temperature for hadronic matter with hyperons by substitut-
transition and the central pressig,,, of the maximum-mass neu- ing the potential(92) and the effective mas®5) into Eq.

Here m=1,2,3,.., and E,, is determined fromI(E,)
=2m(m+my+3/4), wherel (E) andm, are given by Egs.

tron star. (18). In Fig. 7(b) we have plotted the results evaluated for
. , _ b=100 MeV fm 3, a,=0.4, m=0, and o.=10,30,50
of obtained by using Eqg.(8) amounts 10 ey fm=2 together with the nonrelativistic results obtained

14
~10*83—1O*22 s, being the time scale for strong interac-
tions, so we seb, '=10 23s,

In the absence of hyperons, we recall that the extrem
effective action for the quantum nucleation may be roughl
expressed as Eq91). Since the quantitys(T) included in
Eqg. (29) depends only weakly on temperatures up to th

quantum-thermal crossover value_that W'". be found to b elativity manifests itself as an exponential reductionr-ait
;10 MeV, we may estimate the tl'merequwed to form a fixed P. This feature reflects the fact that the lower bound
single quark matter droplet by setting the temperature to b% _of the positive energy region, given by the maximum
zero. The zerg—temperature values ofobtained forb A% " o quantit)U(R)—ZM(R)’ behaving as Fig. ®)
=100 MeV = as=04,  my=0, 05=103050 o piis renders the ratiliy/U, higher than its nonrelativ-
MeVfm™, anda=1 have been depicted in Fig(&] as a istic value. The largeo, the more relativistically the drop-

gnfg?s% ?\; P\'/ ]}""_‘L" thfe rl]ncrem_en;wP f;_om the Pressure, ot moves under the potential barrier. Accordingly, the extent
0= evVim 7 of the static deconfinement ransition, ¢ yq reqyction inr develops at constafi®, as can be seen

the critical d_roplet radiu; decrease_s as fig(eﬁ exhibits. from Fig. 7(b). For smalle, on the other hand, the nonrel-
Such behavior leads to a decreasé\iifi<R;) and hence 10 yyistic results forr are slightly smaller than the relativistic
an exponential reduction af This indicates that at fixe®,  regyits. This is because relativistic corrections act to enhance
7 decreases exponentially ag(=R.) decreases linearly. As  the kinetic energy of the droplet, as is evident from E).

a consequence, the ambiguity an disperses the overpres- e also observe in Fig.(B) that due to the uncertainty in

- -3
sureAP=P—P, between~30 and~140 MeVim = ata ;AP spreads between 10 and~60 MeV fm 3 at a typi-
typical 7. For comparison, the formation timein the dissi- 5| .

pationless casea(=0) has also been evaluated by using the
formalism written in Sec. Il A; the results have been plotted
in Fig. 7(a). The role of energy dissipation in increasing the
overpressurd P needed to give a constanthas been thus We turn to the evaluation of the time needed to form the
clarified. first quark matter droplet in a neutron star whose core con-

from Eq. (10). With increasingP from the pressureP,
=163 MeV fm 3, of the static deconfinement transition, the
otential barrier is lowered and narrowed for fixed, as
illustrated in Fig. §b). The timerthus shows an exponential
P dependence in the overpressure regime, as K. dis-
lays. We see by comparison that for lakgg the effect of

C. Stellar conditions
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sists of B-stable hadronic matter with and without hyperons. L LA B e W =
This evaluation may be made according#dN,, whereNg : =0___----""""777
is the number of virtual centers of droplet formation in the —_ -
star, andr is the formation time in the hadronic system in- E 1E =
cluding only a single nucleation center as obtained in the < ;///f’/m
preceding subsection. Here we have assumed the nucleation & b=100 MeV fm-2 -
I . . L =0.4 =
tp be hompgengousThg stgr retalns_ its hydrostatlp equm_b— 0.1 = () 37N’= ! Myr, N—10%
rium configuration during its evolution and contains no im- SN R BRI S
purities leading to the formation of a seed of quark matter. 10 20 30 40 50
N can be estimated as o, (MeV fm-?)
_ 3VC3 (99) 100 F T T T T I T T T T I T T T T I T T T T E
s 47TRC, - relativistic n
— [ ———- nonrelativistic B
where V. is the volume of the central region in which the E r _— T
value of r determined by its pressure remains within an order < r "RMF 1
. , ° (n+p+H+e+u)
of magnitude of the value calculated at the star’s center. The & b=100 MeV fm-®
volumeV, has been obtained &~ 10° m®, irrespective of 10 ,=0.4, m,=0 E
£ (b) 7/N,=1 Myr, N,=104
the presence of hyperons, from the results for the pressure I BT B .
and density profiles of the star that were calculated in Sec. 1lI 10 20 30 40 50
from the Tolman-Oppenheimer-Volkoff equation and the g, (MeV fm-2)
equation of state of hadronic matter. Hereafter, we Mgt )
=108 sinceR, ranges typically~2—15 fm. The uncertainty FIG. 8. Crossover temperaturég from the quantum-tunneling

in Ng, expected to be an order of magnitude or so, has littido the thermal-activation nucleation of quark matter grstable
consféquence ' nuclear mattefa) and hyperonic matteb), calculated as a function

In order that the first droplet may form during a time scale‘if 1 OtgeMe?/”fr:ﬁ,cf t(ejlglzn a:]?jrm Ehg al:%g}?rogi Sfeilalgmg%?_
for the star's spin-down or accretion~yr—Gyr, the over- . r @ L S

tions 7/Ng=1 Myr and Ng=10%. In (a), the solid lines are the
pressure should amount to such a vahlg, a§ to maker/Ny . _results obtained for dissipative cases0£ 0.2, 1, 5, and the dashed
comparable torg. For example, we consider the case in

. - 3 B B B line is the nondissipative result. Ifb), the solid and dashed lines
whichb=100 MeV fm™*, a;=0.4, ms=0, anda=1 8s X~ 4re the relativistic and nonrelativistic results, respectively, esti-

emplified in Fig. 7. For hadronic matter witlwithout) hy-  mated not allowing for thermal effects on the quantum nucleation.
perons, the critical overpressuteP. lies between~10

(~30) and~60 (~140) MeV fm 3 because of the uncer- ground state to the low-lying excited states, and render the
tainty in the surface tension. Correspondingly, the criticaldynamical compressibility of the hadronic phase effective at
droplet radiusk, and the potential barrier height, take on  increasing the formation rate. At=Tyg, these effects are
a value of ~9-10 (~2.0-2.2) fm and ~2-8x10>  of little consequence, so it is safe to conclubg>Tys. We
(~100-400) MeV, respectively. have also confirmed that in the present calculationg pf

By using the barrier heighty, thus evaluated, we have allowing for and ignoring the presence of hyperons, the order
calculated the quantum-thermal crossover temperaiyre of magnitude ofT, is invariant over the adopted range of the
from the relatioPA=U,/T,; the results have been plotted in bag-model parameters. We remark in passing that a differ-
Fig. 8. For comparison, we have also depicted the resultence in7/Ng by 10 orders of magnitude, expected from the
obtained in the cases of strong dissipatie® 0.2, 5 and no  ambiguities in7g, Ng, andyg, altersAP., R., andT, by
dissipationae=0 for nuclear matter as well as in the nonrel- less than 10%.
ativistic case for hyperonic matter. We see from Fi¢g)8 We finally search for the range of the bag-model param-
that in the absence of hyperons, the crossover temperBjure etersb, «g, andmg in which the quantum-tunneling nucle-
is large compared with the temperatdrgs of matter in the  ation of quark matter is expected to occur in the star during
stellar core, although the dissipation effects decrdgseon-  the compression of hadronic matter due to the stellar spin-
siderably. This result suggests that the formation of a quarklown or accretion. Let us now consider the critical condition
matter droplet in the core composed of nuclear matter, ibf the bag-model parameters for the presence of quark matter
occurring, is likely to proceed from quantum fluctuationsin the star: Initially, the star containing a hadronic core has a
rather than from thermal fluctuations, as is consistent withcentral pressure lower thd®y,,,, and subsequent compres-
the result of Ref[12]. Figure 8b) shows that in the presence sion, which increases the central pressure ufpt, in a
of hyperons, the obtained values Bf are again large rela- time scale ofrg, drives the nucleation of quark matter in the
tive to Tyg, and that the effect of relativity helps to enhancecentral region. Here we do not inquire whether the resulting
T, for large o5. To be noted, however, is that the presentstar continues to be gravitationally stable or not. The combi-
estimate ofT; (=10 MeV) is crude in itself. For such tem- nations ofb and o have been then determined for hadronic
peratures, the thermal effects may alter the thermodynamimatter with and without hyperons in such a way as to satisfy
guantities included in the effective actid@6), induce the the critical condition. In the absence of hyperons, we take
heat conduction by frequent collisions between the excitaw=1 and os=30 MeV fm 2 in the presence of hyperons,
tions, enhance the rate of quantum-mechanical formation ah; and o, have been set as,=0,150,300 MeV andog
a droplet by raising its energy level arouRd=0 from the =30 MeV fm 2. The results have been plotted in Fig. 4. In
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these four cases, the critical overpressife, required to  density discontinuity, when sufficient, drives the droplet to
form the first droplet in the star results in the shrinkage of themove relativistically under the potential barrier. Not only
parameter range appropriate to the presence of quark matt¢oes such a droplet motion cause the decelerating effect of
from that surrounded by the contour Bf=P,,. We ob-  energy dissipation on the droplet formation to decline, but
serve in the present calculations allowing for the presence ofiso necessitates the relativistic treatment of the quantum
hyperons that a peak structure appears in the boundary @licleation theory. A natural extension to the relativistic re-
such a parameter range. Along this boundary, the baryogime has been made, leading to an exponential increment in
density discontinuityn, o—ny, 14 at deconfinement runs from the tunneling probability.
~—0.1 to ~03fm ° with changing b from 50 to Irrespective of whether hyperons exist or not, the finite
200 MeV fm™%. On the way, therefore, the point at which compressibility of the hadronic phase is unlikely to have
Np,o=Np,H does exist. At this point, where the effective consequence in decreasing the kinetic energy of a droplet via
droplet massM(R) given by Eq.(95) vanishes and so does sound emission at low temperatures relevant to neutron star
the critical overpressur&P, the boundary touches the con- cores. Such temperatures have been found to be small com-
tour of Po= P, leading to the peak structure. It is note- pared with the temperature at which an abrupt transition
worthy that around the peak where the effective md$&:;)  from the quantum-tunneling to the thermal-activation nucle-
of the critical droplet is comparable to or smaller than theation takes place at a typical overpressure.
barrier heightU,, the effect of relativity on the quantum  We have lastly investigated the range of the paraméters
nucleation becomes prominent. and a where quark matter may appear in the core of a
neutron star during the compression of hadronic matter due
to the stellar spin-down or accretion. It has been shown in
the analysis of the static deconfinement transition that for the
We have examined the question of how the presence didopted models for bulk hadronic matter and quark matter,
hyperons in cold dense hadronic matter affects the dynamicéhe existence of hyperons and the finiteness rof
properties of the first-order deconfinement transition tha{=200 MeV) do not greatly alter the favorable parameter
may occur in neutron stars. For this purpose, we have usg@nge for the appearance of quark matter in the star. We have
the bag-model description of quark matter and thealso found from the dynamical properties of the deconfine-
relativistic-mean-field description of hadronic matter. Thement transition that the critical overpresswe, required to
time needed to form a quark matter droplet has been theform the first droplet in the star narrows the favorable pa-
calculated by using the quantum-tunneling nucleation theoryameter range obtained from the static properties into the
which allows for the electrostatic energy and the effects ofower b and lower oy regime. The critical overpressure
relativity, energy dissipation, and finite compressibility. AP_, however, is quite uncertain, because it depends on the
In the calculations ignoring the presence of hyperons, wgpoorly known quark-hadron interfacial properties and the un-
have found that the effective mass of a virtual droplet mov<lear interactions of quasiparticles in the medium with the
ing under the potential barrier is sufficiently large to keep itsdroplet surface. In order to make a further investigation, we
growth rate fairly small compared with the Fermi velocity should take account of the possible effect of nucleon super-
averaged over nucleon species. This results in an eminefitiidity, which acts to decrease the number of available qua-
property of the quantum-tunneling formation of a real drop-siparticle states with momenta close to the Fermi surfaces
let: The quantum tunneling is controlled by the dissipative[12]. If the nucleons were in a superfluid state, the friction
processes, in which the nucleon quasiparticles moving bafforce exerted by the quasiparticles on the droplet and hence
listically collide with the droplet surface, rather than by thethe critical overpressurdP. in the system not containing
reversible underbarrier motion of a droplet being in a coherhyperons would be reduced considerably.
ent state. We have likewise found that inside a droplet of It is important to bear in mind that the obtained results for
relatively small radius, an appreciable electric charge arisethe deconfinement transition are based on the adopted mod-
from the pressure equilibrium between quarks and nucleonsls for hadronic matter and for quark matter, which are in-
immersed in a roughly uniform sea of electrons and muonsequivalent physical descriptions of the two phases and hence
With increase in the droplet radius, the degenerate gas afo not necessarily describe the transition well. Granted that
electrons and muons becomes effective at screening thgich models hold good, the dynamical properties of the tran-
droplet charge, and at last prevents the Coulomb potentiadition are not obvious quantitatively as mentioned in the pre-
barrier from forming. This result indicates that a real droplet,ceding paragraph. Moreover, the mechanical or chemical im-
if appearing, would develop into bulk matter. We note thatpurities leading to the formation of a quark matter seed, if
these conclusions are consistent with the results of REf$.  occurring in the star at all, might relax the condition for the
and[12] obtained using a specific set of the bag-model patransition drastically.
rameters and a rather simplified model for nuclear matter. ~ Once the first droplet of quark matter arises from fluctua-
The estimates allowing for the presence of hyperons havions in a neutron star, its growth into bulk matter would
shown that the density discontinuity at deconfinement andause strange matter to occupy the central region of the star
the lepton fraction in the hadronic phase fall in magnitudeas long as the strange matter is more favorable tBan
considerably from the values obtained ignoring the presencequilibrated hadronic matter. These two phases, if both are
of hyperons. The resulting lepton fraction is small enoughpresent, would have a charged but overall neutral layer
for the droplet charge to be nearly zero, allowing us to aswhich spreads from the quark-hadron boundary on each side
sume the charge neutrality everywhere in the system. Thever a length scale determined by the Thomas-Fermi screen-
decrease in the effective droplet mass due to the lessendag length. At the boundary, they not only would have the

V. CONCLUSIONS
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same chemical potential of leptons, but also would be irand
equilibrium with respect tg8 and deconfinement processes.
Even if the quark-hadron mixed phase is the lowest energy
configuration at pressures around the boundary, its appear-
ance depends on whether the boundary layer is stable against
fragmentation such as the clustering of protons ands of =60(R—r)pqo+ dp(r). (A3)
qguarks. The elucidation of this problem is beyond the scop
of this paper.

We believe that the present analysis is applicable to th
study of the kinetics of the deconfinement transition that may
occur in hot dense matter encountered in stellar collapse and
in relativistic heavy-ion collisions. Due to its high tempera- dp(r)=e
tures (above ~10 MeV), the nucleation of quark matter in
hadronic matter may proceed classically, i.e., via thermal acypg poo is given by Eq.(74) in which n,=ny, Ng=ngo,
tivation. Otherwise, thermally assisted quantum nucleatiolyngn = 0. We then expand the potentid(R) up to second
may take place; it may be influenced by the irreversiblegrger in ong and on;, and minimize the resulting potential

transport of heat and momentum in the medium and by thgyith respect tosn, and &n; under the global flavor conser-
dynamical compressibility of the hadronic phase. In the casggation

of stellar collapse, neutrinos trapped in a supernova core,

po(r)=e

El gini(r)+6(r—R)n
i=q,

%ere dp is the deviation of the charge density from that cal-
gulated in the incompressible limit

(A4)

a(R—r)g qqénq+2| q, 6N,

leading to large fractions of electrons and muons, may cause
a quark matter droplet to have an appreciable electric charge. fr<RdV(f05nu— ong) =0, (A5)
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whereZ, is given by Eq.(73). This minimization leads not
APPENDIX: DISTRIBUTION INSIDE only to Eq.(78) for | leptons, but also to

A QUARK MATTER DROPLET
2

1
Qqe¢(r) + Mqo— §Mb,H +Qqtent Cq
(AT)

A quark matter droplet, if having a macroscopic baryon Sng=— 4 5
number and a nonzero electric charge in itself, has the con- 4m(qqe)
stituent quarks distributed over a scale of the screening
length from the surface just like a conductor. In the case of
droplet of B-stable quark matter in vacuum, such a screenin
action by quarks was investigated by Heiselbjgh@] within

For q quarks, whereq is the chemical potential af quarks
Qalculated at densityg,

the linear Thomas-Fermi approximati¢85]. We now ex- an 1/2
tend his calculations to the case of a quark matter droplet Kq= 47r(qqe)2(9—q (A8)
formed in B-equilibrated nuclear matter under the flavor con- Maln =ngo

servation, considered in Sec. IV A 1, and ask to what extent

the resulting quark distributions alter the potential for theis the reciprocal of the Thomas-Fermi screening length of

formation and growth of the droplet. quarks, andC,=Cf, andC4= — C are the constants calcu-
We begin with the potential enerdy(R) of a droplet of lated at a giverR from the flavor conservatiofA5). Here

radiusR given by Eq.(68), in which we remove the assump- the proton screening continues to be ignored. We also ne-

tion that the quark number densitieg (q=u,d) are con- glect the energy increment yielded by the gradientsof,

stant inside the droplet, and we set present over a scale of the screening length from the droplet
surface. This increment, acting to flatten the quark distribu-
Ngot dng(r), rs<R, tions, is essentially unknown along with the quark-hadron
Ng(r)= 0 (>R (A1)  interfacial property.
' ' The electrostatic potential obeys the Poisson equation
Here ny,, and nyg, independent of, satisfy the pressure 2 _ 2 __ _
equilibrium condition(76) and the flavor conservatio{®1). V() — (r)7é(r) A4mpQf(R-1), (A9)
In determining the deviation8n, on a footing equal tén;,  where
we first note that the baryon density, , and the electric
charge densityp for the inhomogeneous phase are written Ké 1
as PQ=Pgo— Imae | Mao~ 3HbHT dattent Cq
q 4mqqe 3

(A10)

1
nb,D(r):g[nu(r)+nd(r)]+ 6(r—R)n,y (A2 and
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K= \/KE+ Kﬁ-l— KS, r<R,
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Here k. («.) corresponds to the reciprocal of the screening

k(r)= (A11) length inside(outside the droplet. The solution to E¢A9)
KL, r>R. is obtained as
|
4mpg k-R(1+ k. R) sinh(k_r) R
— - r= ]
K2 k Rsin(k-R)+«k-R cosik-R) «k-r |
B(r)= . ~ (A12)
4mpq k R[k<R cosik-R)—sin(k-R)] exd x (R—r)] R
k% Kk R sinh(k-R)+k_R cosl{x_R) KT ’ '
It is straightforward to derive the electrostatic enekyy from Eq. (A12); the result is
c (R 47?p} 1 R R . 2 sinff(k-R) B2k R)2
R T TR S R)+ xR cosfir R || €17 C0SteaRISieR) = Cg (e R v )
K
+ K—< [ k-R cosh{ k-R)—sinh(x-R)]%x R(x R+2)|. (A13)
L

The quark distributions replace the excess lepton energyostatic energy via Coulomb screening. Note that>0,

AE|(R) in the potential(68) with the sum ofAE, (R) and leading to a reduction of the sukE, +AEq given by Eq.

the excess quark energy defined as (A15). The resulting decrease in the potenti|R) can be
observed in Fig. 10 by comparing the result obtained for a

T 1771 I LI | LI | L | L
AEQ( R) = f dV{sQ[nq(l’)] - SQ(nqo)}. (A14) 0.15 E‘—-“ on, P=525 MeV fm-8 —:
r<r C Pal/e n,=1.70 fm= q
0.1 __3._—‘ n,=2.32 fm-* .
. . . . = Ut p ™ n,,=0.131 fm-3 ]
The linear approximation used here yields IEO os b et fom 0,108 fras E
= [ édp/e én,+6n, x;!=2.67 fm 7
" L > / £;1=4.74 fm ]
AE (R)+AEQ(R 0 Eoo= dofezsma
L( ) Q( ) E E _\dp/e (no gq—screening) | E
1 4502__:::|:::|:::|:::|:::__
=Zomen+ 2 | Moo~ 3 Mb,HT Aghe B el :
a a F----- P 1
201 " w7 -
L iR=5 fm 7
X frngnqu. (A15) g o én,+on, ]
(] L T e u
A 0 B ettt P
. C i 3
By using EqS(78), (A4), and (A?), we have calculated ___(Sp_/e ----- \6p/e (no q-screening) ]
the density deviationsn,, én;, and dp/e from the values e b Lo Lo 1
obtained not allowing for the quark or lepton screening. We 0 2 4 6 8 10
have confirmed that foR=10 fm, the number density of r (fm)

each component remains close to its constant value obtained
in the incompressible limit. The results calculated for the
inhomogeneous phase characterizedblsy100 MeV fm 3,

FIG. 9. Deviationsén,, ong, andéne+ dn, of the quark and
lepton number densities from the valuegy, ngo, and ngy
+n, n obtained in the incompressible limit due to the screening

= = = —3 -
as=0.4,R=2,5 fm, andP=525 MeV fm “have been plot (static compressibility of the fluids of quarks and leptons, calcu-
lated ignoring the presence of hyperons for the droplet raBius

ted in Fig. 9, together with the charge density deviation cal
culated allowing for the lepton screening alone as in the:2fm (upper pandland R=5 fm (lower panel, the pressuré®
525 MeVfm3, and the bag-model parametersb

main text. We see from the comparison of these charge den-

sity deV|at|ons§p t.hat'the qu.ark. screening does not vary the=100 MeV fm 3 and a,=0.4. The resulting deviatiodp of the
total Charg_eld'Str'buf['orpD significantly even forR=>5 fr_nl, electric charge density from the stepwise charge distribution ob-
althoughx _"~3 fm is small relative to thiR and to tained in the incompressible limit has also been plotted, together
~5 fm. This result reflects the feature that under the flavokyith the result allowing for the lepton screening alom® quark
conservation, the static compressibility of the quark fluidscreening Since dn, graphically agrees wittén,,, only the sum
plays a role in chemically decreasing the sum of the excessn,+ on, has been shown. See the text for the definition of the
lepton and quark energies rather than in reducing the elescreening lengthg-* and x| *.
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6000 LI L L L — the droplet. First, the effective droplet maﬂ$R), estimated
0,=30 MeV fm-? ] from the nucleon kinetic energy as E@®5), is increased,
| ——1- and g-screened ] since it is proportional to the square of the baryon density
4000 |~ — l-screened L g discontinuity ar =R. Such increase iM(R) diminishes the
[ soreened - o475 MoV i T ] typical velocity of the precritical droplet, enforcing its small-
= i ¢ ,.’f'/""\\\\ ] ness relative to the averaged Fermi velocziztgry,4,|nB¢N=O
é 2000 — \ — given by Eg.(89). On the other hand, the hydrodynamic
; i 7 mass flow of each quark component, which arises from the
i 500 i Coulomb-induced inhomogeneity in,, contributes little to
0 \\ M(R). Second, the friction forceFH|nB¢N:0 given by Eq.
i son i (87), behaving asFul,,,, -0*M(R), likewise becomes
L " \ i strong owing todn, . A further friction force arises from the
—2000 L Lo N TN L Ab L collisions of quark quasiparticles, carrying the quark mass
0 2 4 6 10 flow, with the droplet surface, but this is negligibly small
R (fm) compared with the nucleon contribution. Recall that the

. . ~ baryon density discontinuity at=R is fairly large, ranging

FIG. 10. Potential energied(R) of a quark matter droplet in  ~0.1-0.7 fm 3, in the absence of the quark screening. We
the metastable phase @fstable nuclear matter evaluated for the may then conclude that the shif#s,, acting to enhance the
surface tensionr=30 MeV fm™, the bag-model parametets gissipation effects governed by nucleon quasiparticles, lead
=100 MeV fm ™ and “82_03-4' and various pressures above theq g fractional increase in the critical overpressie, .
pressure,P0~_45_3 MeV fm™°, of the statlc_ deconfinement transi- We conclude this appendix by briefly mentioning the in-
tion. The solid lines are the results obtained from E&) for a g, ence of the static compressibility of quark matter, sur-
lepton- and quark-screened droplet; the long-dashed lines, for P%unded by hadronic matter with hyperons, on the potential
lepton-screened droplet; the short-dashed lines, for a nonscreenener This effect can easilv be estimate’d by following a
droplet; the dash-dotted lines, in the incompressible case in Whicﬁne gglérgument analogous toythe case in Whicr): no hype?ons
we setE-=0. . . . .

¢ exist and by neglecting the electrostatic properties. Such an

lepton- and quark-screened droplet with that for a |epton_estimate made over the considered range of the parameters

screened droplet. The case of a lepton- and quark-screendiCh 89, as, o, andms demonstrates that the finite com-

droplet agrees fairly well with the case of a lepton-screened"€ssibility increases the number densitigs ny, andns,
droplet and the incompressible case in which we Bgt independently oR, by less than about 10% at typical over-

=0, since the inhomogeneous phase generally satisfies ~ Pressures. This leads to a chemically induced decrease in the
’ quark energy, which has been found to be of little conse-

Zopen>Zopen— (AE +AEQ)>Ec>|AE(], guence to the potential energy. The resulting increase in the
' ’ baryon density inside a droplet by typicalky0.05 frri 3
whereE. is given by Eq.(A13), andAE. is the difference  shifts the baryon kinetic energy appreciably, and hence the
between the right-hand sides of ER0) and(A13). It is of  effective droplet mas®5). This is because, in the absence of
interest to note that the finite compressibility of the fluid of the quark screening, the baryon density discontinuity at
N nucleons produces no chemically induced change in thei=R is relatively small, ranging~—0.1-0.3 fm3. Such
number density, as can be found from the expansids (&) shifts move into the loweb- regime the region of the bag-
up to second order idny. This property is due to th&  model parameters in which the droplet behaves relativisti-
equilibrium sustained in the hadronic phase. cally, but otherwise do not change the qualitative conclu-
The shiftsén,, and ény due to the quark screening, being sions about the nucleation processes obtained ignoring the
typically ~0.1 fm3, in turn affect the kinetic properties of quark screening.

[1] G. Baym, Nucl. PhysA590, 233c(1995. [5] N. K. Glendenning, Phys. Rev. B6, 1274(1992.
[2] J. C. Collins and M. J. Perry, Phys. Rev. L&, 1353(1975; [6] H. Heiselberg, C. J. Pethick, and E. F. Staubo, Phys. Rev. Lett.
G. Baym and S. A. Chin, Phys. Let62B, 241 (1976; G. 70, 1355(1993.

Chapline and M. Nauenberg, Naturgondon 264, 235 [7] N. K. Glendenning and S. Pei, Phys. Rev5g, 2250(1995.
(1976; Phys. Rev. D16, 450(1977; M. B. Kislinger and P. [8] M. Kiguchi and K. Sato, Prog. Theor. Phy&6, 725(1981).
D. Morley, Astrophys. J219 1017(1978; W. B. Fechner and [9] H. Meyer-Ortmanns, Rev. Mod. Phy&88, 473 (1996.

P. C. Joss, Natur@.ondon 274, 347(1978; B. Freedman and [10] E. M. Lifshitz and L. P. PitaevskiiPhysical KineticsPerga-

L. McLerran, Phys. Rev. 17, 1109(1978; V. Baluni, ibid. mon, Oxford, 1981
17, 2092(1978. [11] K. lida and K. Sato, Prog. Theor. Phy88, 277 (1997).
[3] N. Iwamoto, Phys. Rev. Let#44, 1637 (1980; Ann. Phys. [12] K. lida, Prog. Theor. Phy€98, 739(1997).
(N.Y.) 141, 1 (1982. [13] H. A. Bethe and M. B. Johnson, Nucl. Phys230, 1 (1974).

[4] A. Rosenhauser, E. F. Staubo, L. P. Csernai/ﬂ'er@%d, and [14] N. K. Glendenning, Astrophys. 293 470(1985.
E. Ostgaard, Nucl. PhysA540, 630(1992. [15] D. B. Kaplan and A. E. Nelson, Phys. Lett. 185 57 (1986.



PRC 58

[16] N. K. Glendenning and S. A. Moszkowski, Phys. Rev. Lett.
67, 2414(1991).

[17] I. M. Lifshitz and Yu. Kagan, Zh. Eksp. Teor. Fi2, 385
(1972 [Sov. Phys. JETBS, 206 (1972)].

[18] S. N. Burmistrov and L. B. Dubovskii, Zh. Eksp. Teor. F3,
733 (1987 [Sov. Phys. JETR6, 414 (1987 ]; Phys. Lett. A
127, 79 (1988.

[19] S. E. Korshunov, Fiz. Nizk. Temgl4, 575 (1988 [Sov. J.
Low Temp. Phys14, 316(1988].

[20] T. Nakamura and S. Takagi, Mod. Phys. Lett9 591 (1995.

[21] E.g., A. B. Migdal and V. P. KrainovApproximation Methods
in Quantum MechanicéBenjamin, New York, 196pP

[22] A. O. Caldeira and A. J. Leggett, Phys. Rev. Letg 211
(1981.

[23] A. I. Larkin and Yu. N. Ovchinnikov, Pis'ma. Zh. Eksp. Teor.
Fiz. 37, 322 (1983 [JETP Lett.37, 382 (1983]; Zh. Eksp.
Teor. Fiz.86, 719(1984 [Sov. Phys. JETB9, 420(1989].

[24] B. D. Serot and J. D. Walecka, Adv. Nucl. Ph{s, 1 (1986.

[25] R. B. Wiringa, V. Fiks, and A. Fabrocini, Phys. Rev. 38,
1010(1988.

[26] L. Engvik, E. Osnes, M. Hjorth-Jensen, G. Bao, and/Et-O

EFFECTS OF HYPERONS ON THE DYNAMICA. . .

2559

gaard, Astrophys. J69, 794 (1996.

[27] G. Baym and S. A. Chin, Nucl. Phy$262, 527 (1976.

[28] E. Farhi and R. L. Jaffe, Phys. Rev. 3D, 2379(1984).

[29] R. M. Barnettet al, Phys. Rev. D64, 1 (1996.

[30] M. L. Olesen and J. Madsen, Phys. Rev48 2698(1994.

[31] S. L. Shapiro and S. A. TeukolskyBlack Holes, White
Dwarfs, and Neutron Star@/Viley, New York, 1983.

[32] C. J. Pethick and D. G. Ravenhall, Annu. Rev. Nucl. Part. Sci.
45, 429(1995.

[33] M. S. Berger and R. L. Jaffe, Phys. Rev3g, 213(1987); 44,
566(E) (199)).

[34] J. Madsen, Phys. Rev. Left0, 391 (1993.

[35] F. J. Dyson, Ann. PhygN.Y.) 63, 1 (1972.

[36] E.g., D. Pines and P. Nozis, The Theory of Quantum Lig-
uids (Benjamin, New York, 1968 Vol. I.

[37] C. J. Pethick and D. G. Ravenhall, Ann. Phiid.Y.) 183 131
(1988.

[38] R. Brockmann and R. Machleidt, Phys. Rev. 42, 1965
(1990.

[39] B. Jancovici, Nuovo Ciment@5, 428 (1962.

[40] H. Heiselberg, Phys. Rev. B8, 1418(1993.



