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Effect of trapped neutrinos in the hadron matter to quark matter transition
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We study the transition from hadron matter to quark matter in the presence of a gas of trapped electron and
muon neutrinos. We show that trapped neutrinos make the densities of hadron matter deconfinement noticeably
higher than in the case in which neutrinos are not present. We discuss the possible consequences of this effect
in supernova explosions and protoneutron star evolution.@S0556-2821~98!09218-2#
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I. INTRODUCTION

Since long ago, the phase transition from hadron matte
quark matter has been expected to occur in a variety
physically different situations such as those found in he
ion collisions and astrophysics. We shall concentrate on
problem in the astrophysical context.

There are two situations in which the phase transit
from hadron to quark matter has been studied in stellar
jects: neutron stars@1,2# and proto-neutron stars~PNSs! @3#.
Neutron stars are cold objects that have lived long enoug
get rid of their initial neutrino content~mne

50 wheremne
is

the electron neutrino chemical potential!. On the other hand
PNSs are objects formed in the gravitational collapse o
massive star@4,5#. Such objects have very high temperatur
in their interior ~typically few tens of MeV! and, more im-
portantly, a large amount of trapped neutrinos. After the
lease of its neutrino content, the PNS evolves to becom
neutron star. To be more specific, neutrinos are trappe
the sense that they have a mean free path much shorter
the size of the PNS~see e.g. Ref.@6#!. This forces the mate
rial to be in weak equilibrium with such neutrino plasma.

In this paper we are interested in the deconfinement t
sition from hadron to quark matter in the presence of a ga
trapped neutrinos. As we shall see below, the role of trap
neutrinos is fundamental in fixing the deconfinement con
tions because they push the deconfinement transition de
ties of hadron matter to higher values than those that ap
when neutrinos are not present. In a PNS, the neutrino c
tent is radiated away in a timescale of typically;10 sec.
This radiation may be the very reason for massive star
explode as supernovae. Also, it has dramatic conseque
on the conditions at which the deconfinement transition
quark matter is expected to occur.

First of all, we think that the way in which hadron matt
to quark matter transition should be treated needs some c
fication. Glendenning@7# has developed a technique for th
treatment of first order phase transitions in complex syste
~systems with more than one conserved charge!. The basic
assumption of this development is that@7# ‘‘for complex
systems the conserved charges can be shared by the
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phases in equilibrium, in different concentrations in ea
phase. As a consequence, at a given temperature there
mixed phase in which the pressure and the density of e
phase vary continuously with the proportion of phases
equilibrium, and are not a constant as it is for simple on
component systems.’’

This technique has been applied@3,7,8# to study a phase
transition from hadron matter to strange quark matter~i.e.
quark matter in equilibrium under weak interactions!. This
transition has two conserved charges~baryon and electric!
and so, the above mentioned results are obtained: it appe
phase where quark and nuclear matter inb-equilibrium co-
exist together with a uniform gas of electrons for a fin
range of pressures. Also, the effect of trapped neutrinos
been taken into account in the study of the thermodynam
of this mixed phase@3#.

This treatment is correct in the study of the mixed pha
of an hybrid star with a strange quark matter core and
hadron matter envelope but not in the study of the transit
process itself. This is because, as it is well known, the tr
sition to strange quark matter is not direct, but it occurs
two steps. First, hadrons composing nuclear matter decon
in a strong interaction time scale of;10223 seconds to
quark matter, leaving a quark gas which isnot in equilibrium
under weak interactions. The usually called two flavor qu
matter is produced. Later, weak interactions will chemica
equilibrate the system in a timescale of;1028 sec. Thus,
the study of a mixed phase is meaningful only afterb-
equilibration of the quark plasma and more importantly,if
matter reaches the conditions for deconfinement to occur
a result of these weak decays, the so-called strange q
matter is produced, temperature is significantly increas
and a great amount of additional neutrinos are produced@9#.
This should be important not only for the supernova ev
itself, but also for the PNS evolution and for the neutri
signal that, in principle, may be observed. These stage
the PNS evolution have not been studied in detail yet.

In this work we shall be concerned with the process
deconfinement. We shall study it as a first order phase t
sition in which the abundances per baryon of each qu
flavor and of each kind of lepton remain unchanged~in both
the confined phase and the deconfined one! since weak inter-
actions cannot operate in a strong interactions time scale
electric charge, baryon number and strangeness are auto
cally conserved in the transition, forcing the deconfinem
process to behave as the phase transition of a simple sy
© 1998 The American Physical Society01-1
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with one conserved charge and not as a complex one.
Perhaps we should clarify the last statement. The es

tially different character of a first-order transition in a simp
body as compared with one in a complex body originates
the possibility that in the latter the conserved charges can
shared by the two phases in equilibrium in different conc
trations in each phase than those with which the body
prepared, consistent with the conservation laws@7#.

The individual abundances are conserved in a deconfi
ment transition~flavor conservation!. As we shall show in
Sec. III, in this case flavor conservation implies elect
charge conservation. That is, if the hadron phase is assu
to be electrically neutral, this forces the quark phase to
electrically neutral too.

Moreover, due to flavor conservation, there is not a
charge~such as strangeness, electric charge, etc.! conserved
by the two phases in equilibrium in different concentratio
in each phase than those with which the body was prepa
So, the deconfinement transition behaves as the transitio
a simple system. Since the total pressure, and the densi
each phase in equilibrium is independent of the proportion
phases in a simple system, the phases will be separate
any external field that distinguishes between them, such
gravity, which distinguishes their different densities@7#. As a
consequence, there should not be possible any ‘‘mi
phase’’ in strong equilibrium.

However, note that the deconfined phase is unstable u
weak decays and so, in practice, gravity may not have
time to separate both phases. But, what is important to n
is that there is an essential difference between a decon
ment transition and the phase transition of a system w
more than one conserved charge. This difference is a co
quence of the validity of flavor conservation condition
deconfinement transition. It is not possible to choose a s
of the whole system in which one phase has some value
given charge different of its original value and different
the value of the charge in the other phase.

Note that although the deconfined phase has a very s
life, the study we present here is essential in determin
whether the onset of the transition to a quark matter state
occur or not in astrophysical conditions. The subsequent t
evolution of just deconfined quark matter is out of the sco
of the present paper and will be studied in future work.
study of the decay of pure two flavor quark matter in
strange quark matter has been carried out in@9#.

We make two approaches in the study of the deconfi
ment transition. First, for simplicity, we neglect the wo
associated with bubble formation, that is, we consider b
phases in bulk. Second, in most of this work we consider
only electron neutrinos are present. This is representativ
the conditions reached in the gravitational collapse of a m
sive star. For completeness, we shall also address the p
erties of the transition when muon neutrinos are degene
however we should note that such case should not occu
the astrophysical objects we are interested in here, bec
most of muon neutrinos come from pair formation, and so
equilibrium, they should have a zero chemical potential.

The here considered transition may be relevant in the
plosion of supernovae. The actual mechanism responsibl
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type II supernova triggering has remained elusive up to n
~for a comprehensive review on this topic see Ref.@10#!.
However, if the transition to quark matter occurs in the co
it could provide neutrino luminosities large enough for t
success of the delayed explosion mechanism. Also, it m
produce a detonation wave that could carry enough energ
blow away the envelope of a massive star@11#.

The remainder of this paper is organized as follows.
Sec. II we describe the equations of state we employ here
hadron matter and quark matter. In Sec. III we study
transition in a very simple model at zero temperature, and
a more complete model at finite temperature. Finally we d
cuss in Sec. IV the implications of the results for collaps
stellar configurations.

II. EQUATIONS OF STATE

A. Hadron matter

In order to make a detailed thermodynamical descript
of the nuclear phase, we shall assume the Glendenni
mean field model equation of state which incorporatesn, p,
L, S1, S0, S2, J2, J0, m, ande @12#. Baryons interact by
means of the exchange of an attractive scalar fields, a re-
pulsive vector fieldv, and an isovectorr-meson field which
are allowed to acquire density-dependent average value
the relativistic mean field approximation. In order to ada
such treatment to the actual conditions prevailing in PN
we also include a Fermi gas of electron neutrinosne and
muon neutrinosnm in b-equilibrium with the above particles
and consider the mixture to be at finite temperature.

The total pressureP and mass-energy densityr for a sys-
tem composed by baryonsB5n, p, L, S1, S0, S2, J2,
J0 and leptonsL5m, e, ne , nm are given by

P5 (
i 5B,L

Pi1
1

2 S gv

mv
D 2

rB8
22

1

2 S gs

ms
D 22

~gss!2

2
1

3
bmn~gss!32

1

4
c~gss!41

1

2 S gr

mr
D 2

r I 3
82, ~1!

r5 (
i 5B,L

r i1
1

2 S gv

mv
D 2

rB8
21

1

2 S gs

ms
D 22

~gss!2

1
1

3
bmn~gss!31

1

4
c~gss!41

1

2 S gr

mr
D 2

r I 3
82, ~2!

where (gs /ms)2511.79 fm22, (gv /mv)257.149 fm22,
(gr /mr)254.411 fm22, b50.002947,c520.001070@13#.

Here Pi and r i are the expressions for a Fermi gas
relativistic, noninteracting particles:

Pi5
1

3

gi

~2p!3 E d3p
p2

~p21mi*
2!1/2

3~ f i~T!1 f̄ i~T!!, ~3!
1-2
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EFFECT OF TRAPPED NEUTRINOS IN THE HADRON . . . PHYSICAL REVIEW D 58 083001
r i5
gi

~2p!3 E d3p~p21mi*
2!1/2

3~ f i~T!1 f̄ i~T!!, ~4!

wheref i(T) and f̄ i(T) are the Fermi-Dirac distribution func
tions for particles and antiparticles respectively:

f i~T!5~exp~@~p21mi*
2!1/22n i #/T!11!21, ~5!

f̄ i~T!5~exp~@~p21mi*
2!1/21n i #/T!11!21.

~6!

Note that for baryons we must use, instead of massesmi

and chemical potentialsm i , ‘‘effective’’ massesmi* and
chemical potentialsn i given by

mi* 5mi1xs i~gss!, ~7!

n i5m i2xv i S gv

mv
D 2

rB82xr i I 3i S gr

mr
D 2

r I 3
8 , ~8!

where we assume for the relative coupling strengths the
uesxs i5xr i50.6 andxv i50.653@13#. I 3i is the third com-
ponent of the isospin of each baryon.

The weighted isospin densityr I 3
8 and the weighted baryon

densityrB8 are given by

r I 3
8 5(

i 5B
xr i I 3ini , ~9!

rB85(
i 5B

xv ini , ~10!

whereni is the particle number density of each baryon:

ni5
gi

~2p!3 E d3p~ f i~T!2 f̄ i~T!!. ~11!

The mean fieldgss satisfies

S gs

ms
D 22

~gss!1bmn~gss!21c~gss!35(
i 5B

xs ini
s ,

~12!

whereni
s is the scalar density:

ni
s5

gi

~2p!3 E d3p
mi*

~p21mi*
2!1/2 ~ f i~T!1 f̄ i~T!!. ~13!

Note that in the last equation particle and antiparticle c
tributions are added. The scalar field density does not dis
guish between particles and antiparticles.

The hadron phase is assumed to be charge neutral a
weak equilibrium. Electric charge neutrality states:

np1nS12nS22nJ22nm2ne50. ~14!
08300
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Chemical weak equilibrium in the presence of trapp
electron neutrinos implies that the chemical potentialm i of
each baryon in the hadron phase is given by

m i5qBmn2qe~me2mne
!, ~15!

whereqB is its baryonic charge andqe is its electric charge.
In most of the following study we shall assume~if not ex-
plicitly stated! that muon and tau neutrinos are not prese
so, we havemm5me2mne

. In the case in which muon neu

trinos are present, the above relation modifies tomm5me
2mne

1mnm
.

All the above equations can be solved numerically
giving three quantities~four if nm is present!; for example,
the values of the temperatureT, the mean fieldgss and the
chemical potential~s! of the electron neutrinomne

~and muon

neutrinomnm
!.

B. Quark matter

The quark plasma phase is composed byu, d, and s
quarks, electrons, muons, electron neutrinos and muon
trinos. We describe this phase by means of the MIT b
model at finite temperature with zero strong coupling co
stant, zerou andd quark masses and strange quark massms
in the range 100–200 MeV. The pressure is given by

P5(
i

Pi2B, ~16!

where the sum goes oni 5u, d, s, e, m, ne , nm and Pi is
given by a formula like Eq.~3!. The degeneracy of quarks i
g56, for electrons and muonsg52, and for neutrinosg
51. The particle densities are those of a free Fermi rela
istic gas and are given by formulas like Eq.~11!. Unfortu-
nately, there exists a large uncertainty in the actual value
B. We assume different values for the bag constantB, but
we neglect any dependence ofB with density or temperature

III. DECONFINEMENT PHASE TRANSITION FROM
HADRON MATTER TO QUARK MATTER IN

PRESENCE OF TRAPPED NEUTRINOS

A. A simple model at zero temperature

We develop now a simple model for the phase transit
at zero temperature. The hadron phase is assumed to be
posed by ideal non-relativistic protons and neutrons and r
tivistic massless electrons and electron neutrinos. So, as
well known @14#, the pressure and mass-energy density
given by

Ph~mn ,mp ,me ,mne
!5Pn1Pp1Pe1Pne

5
~mn

22mn
2!5/2

15p2mn
1

~mp
22mp

2!5/2

15p2mp

1
me

4

12p2 1
mne

4

24p2 , ~17!
1-3
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G. LUGONES AND O. G. BENVENUTO PHYSICAL REVIEW D58 083001
rh~mn ,mp ,me ,mne
!5rn1rp1re1rne

5
mn~mn

22mn
2!3/2

3p2 1
mp~mp

22mp
2!3/2

3p2

1
me

4

4p2 1
mne

4

8p2 , ~18!

and particle densities are

nn5
~mn

22mn
2!3/2

3p2 , ~19!

np5
~mp

22mp
2!3/2

3p2 , ~20!

ne5
me

3

3p2 , ~21!

nne
5

mne

3

6p2 . ~22!

The baryon number density is given bynB5np1nn . We
can also define the abundance of each particle asYi
5ni /nB . The nuclear phase is inb-equilibrium so, we have
the following chemical equilibrium condition:

mn5me1mp2mne
. ~23!

The system is charge neutral, so we also havene5np , or

me5~mp
22mp

2!1/2. ~24!

With these two last conditions, the state of hadron ma
depends only on two chemical potentials, for examplemp
andmne

.

Neutrons and protons are composed only byu and d
quarks so, after deconfinement, the quark phase con
only u, d, e andne . For simplicity, we assume here that a
these particles are massless so, the pressure is

Pq~mu ,md ,me
q ,mne

q !5Pu1Pd1Pe1Pne
2B

5
mu

4

4p2 1
md

4

4p2 1
me

q4

12p2 1
mne

q4

24p2 2B.

~25!

Particle densities are

nu5
mu

3

p2 , ~26!

nd5
md

3

p2 , ~27!

ne
q5

me
q3

3p2 , ~28!
08300
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nne

q 5
mne

q3

6p2 , ~29!

and baryon number density isnB
q5(nu1nd)/3.

Phase transition conditions between the two phases
given by the following.

~a! Pressure equilibrium:

Ph~mp ,mne
!5Pq~mu ,md ,me

q ,mne

q !. ~30!

~b! Chemical equilibrium, that is equality of the Gibb
energy per baryon in both phases:

gh~mp ,mne
!5gq~mu ,md ,me

q ,mne

q !, ~31!

where we have

gh~mp ,mne
!5Ynmn1Ypmp1Yeme1Yne

mne
~32!

and

gq~mu ,md ,me
q ,mne

q !5Yu
qmu1Yd

qmd1Ye
qme

q1Yne

q mne

q

~33!

for hadrons and quarks respectively.
~c! Deconfinement condition: The deconfinement of ha

ron matter is a process that occurs in a very fast times
typical of strong interactions, so, weak interactions do
have time to operate and the number per baryon ofu, d, e
andne must be the same in the hadron phase as well as in
quark phase:

Yi
q5Yi

h i 5u,d,e,ne . ~34!

Note that this condition automatically makes the quark ph
to be charge neutral.

Protons are composed by two quarksu and oned, and
neutrons by oneu and two d so: Yu

h52Yp1Yn and Yd
h

5Yp12Yn .
Also, we have by definition:Yu

q5nu /nB
q , Yd

q5nd /nB
q ,

Ye
q5ne

q/nB
q and Yne

q 5nne

q /nB
q . So, eliminatingnB

q we have

Yd
q/Yu

q5nd /nu , Ye
q/Yu

q5ne
q/nu and Yne

q /Yu
q5nne

q /nu , or

equivalently:

md5S Yd
q

Yu
qD 1/3

mu ~35!

me
q5S 3Ye

q

Yu
q D 1/3

mu ~36!

mne

q 5S 6Yne

q

Yu
q D 1/3

mu . ~37!

We can easily solve the problem as follows. As we ha
already seen, the state of the nuclear phase depends on
mp andmne

. With mp andmne
we can calculatenp , nn , ne ,

nne
, and soYp , Yn , Ye , Yne

, Yu
h52Yp1Yn , andYd

h5Yp
1-4
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12Yn . Therefore we obtain, using Eq.~34! the abundance
of each particle in the quark phase. Using Eqs.~35!–~37! the
state of the quark phase depends only onmu . Fixing the
value ofmne

, Eqs.~30! and ~31! allow us to obtainmp and

mu . So, the mass-energy density of hadron matter at whic
deconfines depends only on one variable atT50, that is,
mne

.

The results are given in Fig. 1 for different values ofmne

and the bag constant B. We find that the phase transi
density is an increasing function of the neutrino chemi
potential. This is the result we shall find in the followin
subsection, that has been correctly described with the ab
given treatment in spite of its simplicity. However, we wa
the reader that, as consequence of the large difference
tween the detailed treatment of the nuclear equation of s
and the free gas approximation here employed, the est
tion performed in this subsection should not be taken a
quantitatively correct one.

B. Full treatment at finite temperature

For a more detailed study of the transition we descr
hadron matter by means of the mean field model equatio
state given in Sec. II A and quark matter by the equation
state given in Sec. II B. We analyze two different situatio
one in which we only consider the presence ofne’s and other
in which bothne’s andnm’s are present in matter.

In order to compute the transition conditions, we apply,
in the previous subsection, the Gibbs criteria, i.e. equality

FIG. 1. The mass-energy density of hadron matter at wh
deconfinement phase transition occurs versus the chemical pote
of the electron neutrinos present in hadron matter atT50 as given
by the simple model developed in Sec. III A. Density is given
units of the nuclear saturation density:U5rh /r0 being r052.7
31014 g cm23. The curves are shown for different values of the b
constantB. We see that the mass-energy density of phase trans
is an increasing function of the neutrino chemical potential.
course, for densities over those of phase transition the prefe
phase is deconfined quark matter and for densities below ha
matter is preferred. For values ofB*73 MeV fm23 no transition is
found in this simple model.
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pressure, temperature, and Gibbs energy per baryon in
phases:

Pq5Ph , Tq5Th , gq5gh . ~38!

The Gibbs energy per baryon is

g5(
i

Yim i ~39!

whereYi5ni /nB is the abundance of each particle and t
sum goes over all particles composing each phase, i.e
nuclear matteri 5n, p, L, S1, S0, S2, J2, J0, m, e, ne
~andnm if present! and for quark matteri 5u, d, s, m, e, ne
~and nm if present!. Deconfinement condition give us si
~seven! equations:

Yi
q5Yi

h , ~40!

with i 5u, d, s, m, e, ne ~and nm if present!. Keeping in
mind the quark content of the nuclear phase particles
have

Yu
h52Yp1Yn1YL12YS11YS01YJ0, ~41!

Yd
h5Yp12Yn1YL1YS012YS21YJ2, ~42!

and

Ys
h5YL1YS11YS01YS212YJ012YJ2. ~43!

With all these equations the transition is univocally det
mined at a given temperature by the value~s! of mne

~andmnm

if nm if present!. The results of such computations are giv
in Figs. 2–13.

In Figs. 2–5 we show the density of hadron matter dec
finement for different temperatures and electron neutr
chemical potentials, assuming muon neutrinos to be abs
It is clearly noticed that, for a given value ofB, as conse-
quence of the presence of trapped neutrinos, the decon
ment is pushed to higher densities.

For the sake of completeness, we show in Figs. 6–9
conditions for the transition in presence of a Fermi mu
neutrino gas. In such plots we assumed a fixed value formnm

and the same values ofmne
considered in Figs. 2–5. Fo

quark matter it is assumedB580 MeV fm23 and ms
5150 MeV. It is noticeable that the presence of muon n
trinos affects the transition density pushing it up to ev
larger values~compare Figs. 6–9 with dashed lines of Fi
3!. This effect is clear whenmnm

is of the order ofmne
,

otherwise, the transition conditions are dominated by
type of neutrino with the largest chemical potential.

Note that, due to the presence of strange hadrons in
nuclear phase, the deconfinement leaves quark matter
finite strangeness, and not pure two flavor quark matter a
the previous subsection. This can be seen in Figs. 10
where we plot the number densities of particles in the qu
phase.

We must recall that, although this quark phase is
stable under weak interactions~and will decay to strange

h
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n
f
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G. LUGONES AND O. G. BENVENUTO PHYSICAL REVIEW D58 083001
quark matter in a typical timescale of;1028 sec! it is an
unavoidable intermediate step in the transition to stra
quark matter.

IV. DISCUSSION

We have shown that the presence of a gas of trap
neutrinos in hadron matter makes the mass-energy densi
deconfinement transition to quark matter to be apprecia
higher than in the case in which neutrinos are not prese

FIG. 2. The hadron matter mass-energy density of deconfi
ment phase transition versus the temperatureT as given by the full
calculation of Sec. III B. Density is given in units of the nucle
saturation density:U5rh /r0 being r052.731014 g cm23. The
bag constant is assumed to beB560 MeV fm23. Full lines corre-
spond to a value of the strange quark mass ofms5100 MeV,
dashed lines toms5150 MeV, and dotted lines toms5200 MeV.
The labelsa, b, c, and d correspond to different values of th
chemical potential of the electron neutrinos in hadron matter
100, 200, and 300 MeV respectively.

FIG. 3. The same as Fig. 2 but forB580 MeV fm23.
08300
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We can qualitatively explore the consequences of this re
for supernovae and proto-neutron stars~PNSs!.

In order to discuss the possibility of the occurrence
such transition we must employ accurate computations of
evolution of PNSs. Such task was carried out e.g. in Refs.@4#
and @5#. In this work we shall use the results of Ref.@5# on
the evolution of a PNS of 1.68M ( ~whereM ( is the solar
mass! made up of hadronic matter. Let us remark that in su
work the effects of muon neutrinos were neglected and a
that the thermal effects on the equation of state of had
matter were considered in an approximate way.

Just after the bounce of the supernova core, the j
formed PNS has a temperatureT*30 MeV in most of its
structure, and more importantly, the chemical potential
electron neutrinosmne

is ;300 MeV in the center of the sta
and drops monotonically to the surface of the PNS. The
mescale of neutrino diffusion~i.e. the time interval in which
mne

drops to zero! is about 10 sec. In such stage,T is still
very high ~up to 50 MeV in the center!, whereas the centra

e-

,

FIG. 4. The same as Fig. 2 but forB5100 MeV fm23.

FIG. 5. The same as Fig. 2 but forB5120 MeV fm23.
1-6
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density shows a modest increase fromU53.11 toU53.75
in the same time interval~U5rh /r0 being r052.7
31014 g cm23!. Thus, due to the high values formne

, if we
want to study the actual occurrence of a phase transi
from hadron matter to quark matter in PNSs, we must c
sider the effect of neutrinos, and so, apply the results of
preceding section.

These results strongly suggest that neutrino trapp
should preclude the transition to quark matter in the fi
stages of evolution of the PNS formed in the center o
supernova, because the density of hadron matter will be
low the very high density at which deconfinement is po

FIG. 6. The same as Fig. 2 withmne
50 but in the presence of a

muon neutrino gas. The labelsa, b, c, andd correspond to differ-
ent values of the chemical potential of the muon neutrinos in had
matter: 0, 100, 200, and 300 MeV respectively. Here we assu
B580 MeV fm23 and ms5150 MeV. Note that muon neutrino
have the same effect as electron neutrinos in pushing the trans
density upwards.

FIG. 7. The same as Fig. 6 but withmne
5100 MeV.
08300
n
-
e

g
t
a
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-

sible. However, as neutrinos are radiated away, neut
chemical potential drops essentially to zero in;10 sec mak-
ing the transition density to drop appreciably. Also, the de
sity of matter increases during the PNS evolution. These
effects modify the conditions of hadron matter helping t
occurrence of the transition somewhere in the star. So
transition to quark matter actually occurs in supernovae
shouldnot happen in the first stages of PNS evolution b
after ~or at least after a fraction of the! neutrino diffusion
timescale. A detailed study of the astrophysical conditions
which a transition is expected to occur will be presen
elsewhere.

We should remark that first order phase transitions
mediated by bubble nucleation. Such process has been
ied related with the transition to quark matter without co
sidering the effects of neutrino trapping@1#. At present, due
to the large uncertainties in the value of the bag constanB
and on the surface tension of quark matter is not possibl

n
ed

on

FIG. 8. The same as Fig. 6 but withmne
5200 MeV.

FIG. 9. The same as Fig. 6 but withmne
5300 MeV.
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make a safe estimate of the time involved in bubble grow
However, as temperatures here involved are very high,
should expect a very fast bubble growth, making the b
treatment of the transition here presented as physic
meaningful.

Once the first seed of quark matter is produced, it m
grow ~probably by means of a detonation wave@11,15#! and
convert part of the PNS into quark matter. The just dec
fined quark matter is not in weak equilibrium, so in a we
interaction timescale of;1028 sec it will equilibrate and

FIG. 10. The particle densities of quarksu ~full lines!, d ~long
dashed lines!, and s ~short dashed lines! in the just deconfined
quark phase versus the temperatureT as given by the full calcula-
tion of Sec. III B. We consider thatnm’s are absent. The bag con
stant is assumed to beB560 MeV fm23 and strange quark mas
ms5150 MeV. For each type of line, from bottom to top and at lo
temperatures, each curve corresponds to a value of the che
potential of the electron neutrinos in hadron matter of 0, 100, 2
and 300 MeV~notice that at high temperatures the dependence
mne

is not monotonous!.

FIG. 11. The same as Fig. 10 but forB580 MeV fm23.
08300
.
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radiate a large amount of additional neutrinos. In this p
cess, the temperature increases appreciably, so also the
kinds of neutrinos and antineutrinos are thermally genera
These additional neutrinos are radiated away in a diffus
time scale and may be crucial in the success of the dela
explosion mechanism because they could provide the ne
sary energy to revive the shock wave. Also, the time de
expected for the transition to quark matter should be
served by terrestrial detectors as a second neutrino si
superimposed to the standard one. Since the neutrino d
sion timescale is of the order of the time interval between
two neutrino peaks observed in SN1987A by the Kam
kande group@16# we believe~see@11#! that ~although many
researchers adjudicated them to a statistical fluctuation in
framework of a standard supernova explosion! such late Ka-
mioka events are due to the neutrino-delayed quark dec
finement and subsequent decay to strange quark matter
cess.

cal
,
n

FIG. 12. The same as Fig. 10 but forB5100 MeV fm23.

FIG. 13. The same as Fig. 10 but forB5120 MeV fm23.
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