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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 evolufi®8556-282(98)09218-3

PACS numbe(s): 97.60.Jd, 12.38.Mh, 97.60.Bw

I. INTRODUCTION phases in equilibrium, in different concentrations in each
phase. As a consequence, at a given temperature there is a
Since long ago, the phase transition from hadron matter tanixed phase in which the pressure and the density of each
quark matter has been expected to occur in a variety gbphase vary continuously with the proportion of phases in
physically different situations such as those found in heavyequilibrium, and are not a constant as it is for simple one-
ion collisions and astrophysics. We shall concentrate on thisomponent systems.”
problem in the astrophysical context. This technique has been applifl7,8] to study a phase
There are two situations in which the phase transitioriransition from hadron matter to strange quark matie.
from hadron to quark matter has been studied in stellar obquark matter in equilibrium under weak interactipnghis
jects: neutron starkL,2] and proto-neutron stak®NSs [3]. transition has two conserved chargésryon and electric

Neutron stars are cold objects that have lived long enough t8nd SO, the above mentioned results are obtained: it appears a
get rid of their initial neutrino conter(j, =0 wherey,_is phase where quark and nuclear mattehequilibrium co-

the elect i hemical potentiadn the other hand exist together with a uniform gas of electrons for a finite
e electron neutrino chemical potentiaDn the other hand, range of pressures. Also, the effect of trapped neutrinos has

PNSs are objects formed in the gravitational collapse of §yoen taken into account in the study of the thermodynamics
massive staf4,5]. Such objects have very high temperaturesys this mixed phaséa].
in their interior (typically few tens of MeV and, more im- This treatment is correct in the study of the mixed phase
portantly, a large amount of trapped neutrinos. After the rexf an hybrid star with a strange quark matter core and a
lease of its neutrino content, the PNS evolves to become Radron matter envelope but not in the study of the transition
neutron star. To be more specific, neutrinos are trapped iprocess itself. This is because, as it is well known, the tran-
the sense that they have a mean free path much shorter thaifion to strange quark matter is not direct, but it occurs in
the size of the PN$see e.g. Ref.6]). This forces the mate- two steps. First, hadrons composing nuclear matter deconfine
rial to be in weak equilibrium with such neutrino plasma. in a strong interaction time scale of10 2 seconds to
In this paper we are interested in the deconfinement tranguark matter, leaving a quark gas whichigtin equilibrium
sition from hadron to quark matter in the presence of a gas afinder weak interactions. The usually called two flavor quark
trapped neutrinos. As we shall see below, the role of trappethatter is produced. Later, weak interactions will chemically
neutrinos is fundamental in fixing the deconfinement condi-equilibrate the system in a timescale ©f10"8 sec. Thus,
tions because they push the deconfinement transition denshe study of a mixed phase is meaningful only affer
ties of hadron matter to higher values than those that appeaquilibration of the quark plasma and more importantfy,
when neutrinos are not present. In a PNS, the neutrino commatter reaches the conditions for deconfinement to occur. As
tent is radiated away in a timescale of typicaltlylO sec. a result of these weak decays, the so-called strange quark
This radiation may be the very reason for massive stars tmatter is produced, temperature is significantly increased,
explode as supernovae. Also, it has dramatic consequencead a great amount of additional neutrinos are prod{i#éd
on the conditions at which the deconfinement transition tdThis should be important not only for the supernova event
guark matter is expected to occur. itself, but also for the PNS evolution and for the neutrino
First of all, we think that the way in which hadron matter signal that, in principle, may be observed. These stages of
to quark matter transition should be treated needs some clarihe PNS evolution have not been studied in detail yet.
fication. Glendennind7] has developed a technique for the In this work we shall be concerned with the process of
treatment of first order phase transitions in complex systemdeconfinement. We shall study it as a first order phase tran-
(systems with more than one conserved chargee basic sition in which the abundances per baryon of each quark
assumption of this development is that] “for complex  flavor and of each kind of lepton remain unchangedboth
systems the conserved charges can be shared by the twhe confined phase and the deconfined)irece weak inter-
actions cannot operate in a strong interactions time scale. So,
electric charge, baryon number and strangeness are automati-
*Email address: lugones@venus.fisica.unlp.edu.ar cally conserved in the transition, forcing the deconfinement
TEmail address: obenvenuto@fcaglp.fcaglp.unip.edu.ar process to behave as the phase transition of a simple system
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with one conserved charge and not as a complex one. type Il supernova triggering has remained elusive up to now
Perhaps we should clarify the last statement. The essefffor a comprehensive review on this topic see HéD]).
tially different character of a first-order transition in a simple However, if the transition to quark matter occurs in the core,
body as compared with one in a complex body originates irit could provide neutrino luminosities large enough for the
the possibility that in the latter the conserved charges can bguccess of the delayed explosion mechanism. Also, it may
shared by the two phases in equilibrium in different concenProduce a detonation wave that could carry enough energy to
trations in each phase than those with which the body waBlow away the envelope of a massive dtat].
prepared, consistent with the conservation I4Wls The remalnd(_ar of this paper is organized as follows. In
The individual abundances are conserved in a deconfine2€C- ! we describe the equations of state we employ here for
ment transition(flavor conservation As we shall show in hadron matter and quark matter. In Sec. Ill we study the
Sec. Ill, in this case flavor conservation implies electrict@nsition in a very simple model at zero temperature, and in
charge conservation. That is, if the hadron phase is assum&dMOre complete model at finite temperature. Finally we dis-
to be electrically neutral, this forces the quark phase to b&USS in Sec. IV the implications of the results for collapsed
electrically neutral too. stellar configurations.
Moreover, due to flavor conservation, there is not any
charge(such as strangeness, electric charge) etmserved
by the two phases in equilibrium in different concentrations Il. EQUATIONS OF STATE
in each phase than those with which the body was prepared. A. Hadron matter
So, the deconfinement transition behaves as the transition of
a simple system. Since the total pressure, and the density o;
each phase in equilibrium is independent of the proportion of fiol | . f hich i
phases in a simple system, the phases will be separated yeaT 'eéj m9de~_eq5%t|on of state whic mcor_pora{tes,
any external field that distinguishes between them, such &' >~ + > » > =, 7, w, ande [12]. Baryons interact by

gravity, which distinguishes their different densit[@3. As a m(algns of the ?chgfnged()f an attractive scalafr. f‘;glar:?'h
consequence, there should not be possible any “mixe ulsive vector fieldw, and an isovectop-meson field whic

phase” in strong equilibrium are allowed to acquire density-dependent average values in

However, note that the deconfined phase is unstable undg?e relativistic mean field approximgtion. In OF‘?'ef to adapt
weak deca;}s and so, in practice, gravity may not have théUCh treatment to the actual conditions prevailing in PNSs,

time to separate both phases. But, what is important to notd'® also include a Fermi gas of electron neutringsand

is that there is an essential difference between a deconfin82Uon neutrinos,, in g-equilibrium with the above particles

ment transition and the phase transition of a system wittRNd consider the mixture to be at finite temperature.
The total pressur® and mass-energy densipyfor a sys-

more than one conserved charge. This difference is a conse- a b0 o~
quence of the validity of flavor conservation condition in (€M composed by baryorB=n, p, A, 27, =% X7, =7,

=]

=0 _ -
deconfinement transition. It is not possible to choose a statg  and leptond. =, €, ve, v, are given by

In order to make a detailed thermodynamical description
the nuclear phase, we shall assume the Glendenning’'s

of the whole system in which one phase has some value of a 1/g,)\2 1/g,\ 2
given charge different of its original value and different of P= > Pi+= —“’) pEe— —(—U> (9,0)?
the value of the charge in the other phase. i=B,L 2\m, 2\m,
Note that although the deconfined phase has a very short 1 1(g,\2
life, the study we present here is essential in determining — ~bmy(g,0)3— —C(gaa)4+—(—p> 20 1)
whether the onset of the transition to a quark matter state will 3 4 2\m,) s
occur or not in astrophysical conditions. The subsequent time
evolution of just deconfined quark matter is out of the scope ) s
of the present paper and will be studied in future work. A =S ot 119 2, 119, (9,0)2
study of the decay of pure two flavor quark matter into P iZBL PiT 3 m, P T3 m, 9s
strange quark matter has been carried ouin 1 1 L 5
We make two approaches in the study of the deconfine- 3 a 9\" 12
ment transition. First, for simplicity, we neglect the work T 3Pm(g,0) "+ 7¢(g,0)"+ 5 Fp) iy @

associated with bubble formation, that is, we consider both
phases in bulk. Second, in most of this work we consider that
only electron neutrinos are present. This is representative ofhere  @,/m,)?=11.79 fmi %, (g,/m,)?=7.149 fm?,
the conditions reached in the gravitational collapse of a mas(-gp/mp)2=4.4ll fm 2, b=0.002947,c=—0.001070[13].
sive star. For completeness, we shall also address the prop- Here P; and p; are the expressions for a Fermi gas of
erties of the transition when muon neutrinos are degeneratéglativistic, noninteracting particles:
however we should note that such case should not occur in
the astrophysical objects we are interested in here, because
most of muon neutrinos come from pair formation, and so, in P — E Qi f 3 p
equilibrium, they should have a zero chemical potential. "3 (2m)® P (p?+m*?)1?

The here considered transition may be relevant in the ex- o
plosion of supernovae. The actual mechanism responsible for X (fi(T)+1,(T)), 3

2
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[of
pI:(27_;_)§ J dsp(p2+mr2)1/2

X(F(T)+F(T)), @)
wheref;(T) andf_i(T) are the Fermi-Dirac distribution func-
tions for particles and antiparticles respectively:

fi(M=(exp[(pP*+mf )= T+~ (5
fi(T)=(exp[(p>+mf 3+ » ]I T)+1) 7%
(6)
Note that for baryons we must use, instead of masges

and chemical potentialg;, “effective” massesm and
chemical potentialg; given by

()

ml* =mi+xoi(ga'0-)v

®)

90 ? l gP 2 ’
= — - — | _
Vi= Mi— Xy P~ Xpil3i Py
m, m,
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Chemical weak equilibrium in the presence of trapped
electron neutrinos implies that the chemical potengialof
each baryon in the hadron phase is given by

i = Ogpen— Gel e ™ M), (15
whereqg is its baryonic charge angl is its electric charge.
In most of the following study we shall assurfié not ex-

plicitly stated that muon and tau neutrinos are not present;
so, we haVQ.LM:/.Le_,LLVe. In the case in which muon neu-
trinos are present, the above relation modifiesuto= e
_/J’ve+/*l’v#'

All the above equations can be solved numerically by
giving three quantitiegfour if v, is present for example,
the values of the temperatufe the mean fieldy,o and the
chemical potentid$) of the electron neutrin;uve (and muon

neutrino,uyﬂ).

B. Quark matter

The quark plasma phase is composed Whyd, and s
quarks, electrons, muons, electron neutrinos and muon neu-

where we assume for the relative coupling strengths the vakrinos. We describe this phase by means of the MIT bag

uesXq; =X,;j=0.6 andx,;=0.653[13]. | is the third com-
ponent of the isospin of each baryon.
The weighted isospin densin{3 and the weighted baryon

densitypg are given by

p|,3:i§B Xpi|3ini ) (9)

p,B:izB Xwili, (10)

wheren; is the particle number density of each baryon:

_ Ji _f
N [ BT v
The mean fieldy, o satisfies
g -2
(m—") (950) +bm(9,0)7+¢(9,0)°= 2, Xint,
’ (12)

wheren? is the scalar density:

model at finite temperature with zero strong coupling con-
stant, zerau andd quark masses and strange quark nrass
in the range 100—200 MeV. The pressure is given by

P=> P,-B, (16)

where the sum goes dn=u, d, s, e, u, ve, v, andP; is
given by a formula like Eq(3). The degeneracy of quarks is
g==6, for electrons and muong=2, and for neutrinogy

=1. The particle densities are those of a free Fermi relativ-
istic gas and are given by formulas like Ed.1). Unfortu-
nately, there exists a large uncertainty in the actual value of
B. We assume different values for the bag const&nbut

we neglect any dependence®ifvith density or temperature.

IIl. 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 transition
at zero temperature. The hadron phase is assumed to be com-
posed by ideal non-relativistic protons and neutrons and rela-

tivistic massless electrons and electron neutrinos. So, as it is
well known [14], the pressure and mass-energy density are
given by

s 9i 3 mi* ry
ni:(27-r)3 f d°p (p2+—mi*2)1/2(fi(T)+fi(T))- (13

Note that in the last equation particle and antiparticle con- Prltin,tp e fi) =Prt Pyt Pet P,

tributions are added. The scalar field density does not distin- ( 2 2\502 2 2\52
. , L Ba~M)™  (pp—mp)
guish between particles and antiparticles. = > 5
The hadron phase is assumed to be charge neutral and in 15m*my, 15m"m,
weak equilibrium. Electric charge neutrality states: 4

4
N Me N M Ve
1272 ' 2472

(17)

Np+Ny+—Ng-—nNz-—n,—N=0. (14
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Pr(n s Mp e s o) =Pt Pp T pet P, i
2_ 2 2_ .2 n?’e: 6_62 29
_ mn(Mn_mn)3/2 mp(Mp_mp)3/2 ™
37 37 and baryon number density ig}=(n,+ny)/3.
4 4 Phase transition conditions between the two phases are
4 Me Hve (18) given by the following.
4% 87’ (a) Pressure equilibrium:
and particle densities are Ph(tp to) = Poltu  a e 1y,)- (30
2 2\302
n :('“n mp) (19 (b) Chemical equilibrium, that is equality of the Gibbs
" 37 ' energy per baryon in both phases:
(Mizj_mlzj)3/2 gh(Mpa/-LVe):gq(Muyﬂduﬂguﬂ?}e)a (31)
b= a2 (20)
37
where we have
3
)72
ne=3—;2, (21 gh(:up ane) :Ynlu*n+Yp:U’p+ YeMe+YVeMVe (32
and
1,
Nve™ 62 22 Oaltusia a5 ) = Yimat Yduat+ Yaud+ Y] uf
(33
The baryon number density is given bg=n,+n,. We
can also define the abundance of each particleYas for hadrons and quarks respectively.
=n;/ng. The nuclear phase is jg-equilibrium so, we have (c) Deconfinement condition: The deconfinement of had-
the following chemical equilibrium condition: ron matter is a process that occurs in a very fast timescale
typical of strong interactions, so, weak interactions do not
Mn=MeT Mp™ My - (23) have time to operate and the number per baryon,ad, e

_ andv, must be the same in the hadron phase as well as in the
The system is charge neutral, so we also hayen,, or  quark phase:

pe=(ph—md)Y2 (29) Yi=Y! i=u,d,eve. (34

With these two last conditiqns, the St"_"te of hadron matteste that this condition automatically makes the quark phase
depends only on two chemical potentials, for example 5 pe charge neutral.

and"’“ve' Protons are composed by two quarksand oned, and
Neutrons and protons are composed only byand d  neutrons by oneu and twod so: Y}=2Y,+Y, and Y§

quarks so, after deconfinement, the quark phase containsy +2v, .

only u, d, e andv,. For simplicity, we assume here that all Also, we have by definitiony9=n,/n%, Yi=ng/nd,

these particles are massless so, the pressure is Yd=n%nd and Yﬂ:”ﬂe/n%- So, eliminatingnd we have

YUY%=ng4/n,, Y¥Y9=n%¥n, and Y4/Y%=n%/n,, or
Pq(,U«u,Mdvﬂgaﬂﬂe)zPu+Pd+Pe+Pye—B U eou e S G

equivalently:
g4
I B A S vy
T A4n? " 4w? 1277 2477 7T ma=|gal Hu (35
u
(25) 3Yq 1/3
Particle densities are ui= Y_ﬂe My (36)
3
o
n="1%, (26 6va | 9
/Lge: ya : My (37
3 u
-5 (27)
Na= w2’ We can easily solve the problem as follows. As we have
already seen, the state of the nuclear phase depends only on
a Mg3 Mp and,u,,e. With and,uve we can calculat@,, n,, ne,
Ne= 3,2 @8 n,  and soY,, Yo, Ye, Y, Y'=2Y,+Y,, andYi=Y,
e e
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550 ——— 77— pressure, temperature, and Gibbs energy per baryon in both
U phases:
5.00 |- =
70 Pq=Ph, Tq=Th, 09q=0n- (38)
4.50 ] The Gibbs energy per baryon is
65
4.00 |- .
9=2 Yiu, (39)
|
3.50 |- ]
60 whereY;=n;/ng is the abundance of each particle and the
3.00 £ ] sum goes over all particles composing each phase, i.e. for
nuclear mattei=n, p, A, 3%, 2% 37, 27, E° u, e, v,
2.50 I I ! (andwv,, if presenj and for quark matter=u, d, s, u, €, ve
0 100 200 300 400 (and v, if presen}. Deconfinement condition give us six
K, [MeV] (seven equations:

q_h
FIG. 1. The mass-energy density of hadron matter at which Yi=Yi, (40)

deconfinement phasg transition occurs versus the chemlca! potentl\ivallith i=u, d, s, u e v (and v, if present. Keeping in
of the electron neutrinos present in hadron mattéF-ab as given . M ;

by the simple model developed in Sec. Il A. Density is given in mind the quark content of the nuclear phase particles we
units of the nuclear saturation density:=py,/py being po=2.7 have
X 10'* g cm 3. The curves are shown for different values of the bag
constanB. We see that the mass-energy density of phase transition

is an increasing function of the neutrino chemical potential. Of
course, for densities over those of phase transition the preferred
phase is deconfined quark matter and for densities below hadrognd
matter is preferred. For values Bf= 73 MeV fm™2 no transition is

found in this simple model. YEZYA+Y2++Y20+ Ys-+2Yzo0+2Yz=-. (43

Yi=2Y,+Y,+ Y, +2Ys++ Yo+ Yzo, (41

YAi=Yp+2Y,+ Y+ Yso+2Ys-+ Yz, (42)

+2Y,,. Therefore we obtain, using E¢34) the abundance With all these equations the transition is univocally deter-

of each particle in the quark phase. Using H§§)—(37) the ~ mined at a given temperature by the vafief ., (and,uVM

state of the quark phase depends onlyn Fixing the  if v, if preseni. The results of such computations are given

value Of:“ve! Egs.(30) and(31) allow us to obtainu, and  in Figs. 2—13.

wy - So, the mass-energy density of hadron matter at which it In Figs. 2—5 we show the density of hadron matter decon-

deconfines depends only on one variableTat0, that is, finement for different temperatures and electron neutrino

w, . chemical potentials, assuming muon neutrinos to be absent.
E It is clearly noticed that, for a given value &, as conse-

The results are given in Fig. 1 for different values.of ] i
d the b tant B. We find that the ph X e it uence of the presence of trapped neutrinos, the deconfine-
an € bag constant b. We i at the phase transiiog, o .+ ;o pushed to higher densities.

density is an increasing function of the neutrino chemical For the sake of completeness, we show in Figs. 6-9 the

Eog?srg::?lt.)nﬂ;ﬁaésh;Zeb:aeesnulct:ovrvr?acstragezr::?'blg dthe_t;otlL(;W;rg% conditions for the transition in presence of a Fermi muon
u on, Y ! Wi \feutrino gas. In such plots we assumed a fixed valum,gr

given treatment in spite of its simplicity. However, we warn _ o

the reader that, as consequence of the large differences p2d the same values gf, considered in Figs. 2—5. For

tween the detailed treatment of the nuclear equation of statguark matter it is assumed=80 MeV fm™> and m

and the free gas approximation here employed, the estima= 150 MeV. It is noticeable that the presence of muon neu-

tion performed in this subsection should not be taken as &inos affects the transition density pushing it up to even

guantitatively correct one. larger valuegcompare Figs. 6—9 with dashed lines of Fig.
3). This effect is clear whemyﬂ is of the order of,uye,

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

For a more detailed study of the transition we describe Note that, due to the presence of strange hadrons in the
hadron matter by means of the mean field model equation afuclear phase, the deconfinement leaves quark matter with
state given in Sec. Il A and quark matter by the equation ofinite strangeness, and not pure two flavor quark matter as in
state given in Sec. Il B. We analyze two different situations:the previous subsection. This can be seen in Figs. 10-13
one in which we only consider the presence/gk and other  where we plot the number densities of particles in the quark
in which bothv,’s andv,’s are present in matter. phase.

In order to compute the transition conditions, we apply, as We must recall that, although this quark phase is not
in the previous subsection, the Gibbs criteria, i.e. equality obtable under weak interactionand will decay to strange

B. Full treatment at finite temperature
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L L LA L L B R
wolabec d - o 2D ¢ d -
75 [ . 75 | -

L | L |
> >
Q L [H)
= - =
— 50 | - — 50 |- |
e [ E
25 [ ] 25 | WL
0 [ i " N ik 0 .E |l: |E
0 1 2 3 4 0 1 2 3 4 5 8

FIG. 2. The hadron matter mass-energy density of deconfine-
ment phase transition versus the temperaiues given by the full
calculation of Sec. Il B. Density is given in units of the nuclear o oo qualitatively explore the consequences of this result
saturation density:U=py/p, being ,00:2.7><3101 gcm . The for supernovae and proto-neutron St&PAIS3
b tant i d to Be=60 MeV fm™. Full li - : '
s;gn?rt]s znvzuaess;mﬂe]e str;ge qqukmmassr?qf:TgS ;\:/Ioer{/e In order to discuss the possibility of the occurrence of
dashed lines ton.— 150 MeV. and dotted lines ton.= 200 Mev’ such transition we must employ accurate computations of the

S ’ S . - . .
The labelsa, b, ¢, andd correspond to different values of the evolution of PNSS' Such task was carried out e.g. in Réfs.
chemical potential of the electron neutrinos in hadron matter: 0@Nd[5]. In this work we shall use the results of RE5] on
100, 200, and 300 MeV respectively. the evolution of a PNS of 1.6B1 (whereM is the solar

mas$ made up of hadronic matter. Let us remark that in such

) ) _ o work the effects of muon neutrinos were neglected and also
quark matter in a typical timescale ef10 8 seg it is an

) _ f : >€ that the thermal effects on the equation of state of hadron
unavoidable intermediate step in the transition to strangenatter were considered in an approximate way.
guark matter.

FIG. 4. The same as Fig. 2 but fB=100 MeV fm 3.

Just after the bounce of the supernova core, the just-
formed PNS has a temperatufe=30 MeV in most of its
structure, and more importantly, the chemical potential of

IV. DISCUSSION electron neutrinog,_is ~300 MeV in the center of the star
neutrinos in hadron matter makes the mass-energy density 81€scale of neutrino diffusiofi.e. the time interval in which
deconfinement transition to quark matter to be appreciablyt», drops to zerpis about 10 sec. In such stage;is still
higher than in the case in which neutrinos are not present. very high(up to 50 MeV in the centér whereas the central

T T L B T
100_2'11)(“3 d ] 100—a‘_lz
75 - 75 -

L | Lo |

>

c v

= =

—' 50 |- 4 — 50 I

[ B
25 | Yo 25 |
0 L ‘ 0 L

0 1 2 3 4 5 0
U

FIG. 3. The same as Fig. 2 but f8=80 MeV fm 3. FIG. 5. The same as Fig. 2 but fB=120 MeV fm 2.
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TTITT [
1o 2P ¢ d - 100 bac d -
75 |- ] 75 |- ]
L | L |
> >
] ]
= =
= 50 | ] = 50 | ]
E E
25 |- . 25 |- .
0 | | | | | | 0 | | | | |
o 1 2 3 4 5 6 7 o 1 2 3 4 5 8
U U

FIG. 6. The same as Fig. 2 wifla, =0 but in the presence of a FIG. 8. The same as Fig. 6 but with, =200 MeV.

muon neutrino gas. The labeds b, ¢, andd correspond to differ-
ent values of the chemical potential of the muon neutrinos in hadrosible. However, as neutrinos are radiated away, neutrino
matter: 0, 100, 200, and 300 MeV respectively. Here we assumeghemical potential drops essentially to zero+n0 sec mak-
B=80 MeV fm™* and my=150 MeV. Note that muon neutrinos jng the transition density to drop appreciably. Also, the den-
have.the same effect as electron neutrinos in pushing the transntlcg]ty of matter increases during the PNS evolution. These two
density upwards. effects modify the conditions of hadron matter helping the
occurrence of the transition somewhere in the star. So, if
density shows a modest increase frahw=3.11 toU=3.75  transition to quark matter actually occurs in supernovae, it
in the same time interval(U=pn/py being py=2.7  shouldnot happen in the first stages of PNS evolution but
X 10" g cm3). Thus, due to the high values for, . if we  after (or at least after a fraction of theneutrino diffusion
want to study the actual occurrence of a phase transitiotimescale. A detailed study of the astrophysical conditions at
from hadron matter to quark matter in PNSs, we must conwhich a transition is expected to occur will be presented
sider the effect of neutrinos, and so, apply the results of thelsewhere.
preceding section. We should remark that first order phase transitions are
These results strongly suggest that neutrino trappingnediated by bubble nucleation. Such process has been stud-
should preclude the transition to quark matter in the firsed related with the transition to quark matter without con-
stages of evolution of the PNS formed in the center of asidering the effects of neutrino trappifg]. At present, due
supernova, because the density of hadron matter will be bdo the large uncertainties in the value of the bag condant
low the very high density at which deconfinement is pos-and on the surface tension of quark matter is not possible to

RS D DA I L L R
102D ¢ d - o0 2 d -
i C i
) b /
75 | - 75 | -
= ] >
[} ] [}
= ] =
— 50 - — 50 -
B ] B
25 [ —' 25 [ —
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FIG. 7. The same as Fig. 6 but withvez 100 MeV. FIG. 9. The same as Fig. 6 but wiﬁhye=300 MeV.
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1.0 ————————

T [MeV]

FIG. 10. The particle densities of quarks(full lines), d (long FIG. 12. The same as Fig. 10 but Bk 100 MeV fm 3,
dashed lines and s (short dashed lingsin the just deconfined

quark phase versus the temperatlires given by the full calcula- radiate a large amount of additional neutrinos. In this pro-
tion of Sec. Il B. We consider that,’s are absent. The bag con- 9 ) P

stant is assumed to H&=60 MeV fm2 and strange quark mass CESS: the temperature incr_eases_ appreciably, so also the three
m.=150 MeV. For each type of line, from bottom to top and at low kinds of neutrinos and antineutrinos are thermally generated.
temperatures, each curve corresponds to a value of the chemichhese additional neutrinos are radiated away in a diffusion
potential of the electron neutrinos in hadron matter of 0, 100, 200fime scale and may be crucial in the success of the delayed
and 300 MeV(notice that at high temperatures the dependence oexplosion mechanism because they could provide the neces-
My, IS NOt monotonous sary energy to revive the shock wave. Also, the time delay
expected for the transition to quark matter should be ob-

make a safe estimate of the time involved in bubble growthserved by terrestrial detectors as a second neutrino signal
However, as temperatures here involved are very high, wuperimposed to the standard one. Since the neutrino diffu-
should expect a very fast bubble growth, making the bulksion timescale is of the order of the time interval between the
treatment of the transition here presented as physicalljwo neutrino peaks observed in SN1987A by the Kamio-
meaningful. kande grougd16] we believe(see[11]) that (although many

Once the first seed of quark matter is produced, it mayesearchers adjudicated them to a statistical fluctuation in the
grow (probably by means of a detonation wa\d,15) and  framework of a standard supernova exploisuch late Ka-
convert part of the PNS into quark matter. The just deconimioka events are due to the neutrino-delayed quark decon-
fined quark matter is not in weak equilibrium, so in a weakfinement and subsequent decay to strange quark matter pro-
interaction timescale of~108 sec it will equilibrate and cess.

1.2 ———————
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FIG. 11. The same as Fig. 10 but B=80 MeV fm3. FIG. 13. The same as Fig. 10 but fB= 120 MeV fm 3.
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