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We investigate the properties of mixed stars formed by hadronic and quark matteqgulibrium described by
appropriate equations of state (EOS) in the framework of relativistic mean-field theory. We use the non-linear
Walecka model for the hadron matter and the MIT Bag and the Nambu-Jona-Lasinio models for the quark
matter. The calculations were performed o= 0 and for finite temperatures in order to describe neutron and
proto-neutron stars. The star properties are discussed. Both the Bag model and the NJL model predict a mixed
phase in the interior of the star.

1 Introduction and formalism we have used several choices discussed in the litere

a) according to [6] we choose the hyperon coupling ¢
Protoneutron stars appear as an outcome of the gravitationagtants constrained by the binding of thehyperon in nu-
colapse of a massive star. During its early evolution a pro- clear matter, hypernuclear levels and neutron star me
toneutron star with an entropy per baryon of the order of (z, = 0.7 andz, = z, = 0.783) and assume that tt
1 to 2 contains trapped neutrinos. After 10 to 20 seconds,couplings to thex and = are equal to those of th& hy-
the star stabilizes at practically zero temperature and noperon; b) we taker,p = z,5 = z,5 = \/2/3 asin [7].
trapped neutrinos are left [1]. The correct calculations of This choice is based on quark counting arguments; c|

the star properties depend on the appropriate equations ofonsiderz,z = 7,5 = z,p = 1 known as universal col
state (EOS) that describe its crust and interior. The CrUStp"ng for Comparison [8] In the results we di5p|ay’ whe
of the neutron star, where density is low is believed to be everz,z = 7,5 = z,p, the unique coupling constant w.
adequately described by hadronic matter. Its interior, how- pe calledr ;.
ever, where density is of the order of 10 times nuclear satura-  £qr the NJL model. we consider the set of parame
tion density remains to be properly understood. Whether the 9]: A = 631.4 MeV, gs }\2 —1.824, gp A% = —9.4,m,, =
central part of the star is composed of quark matter only, of my = 5.6 MeV anc;m — 1356 M’év which whe,re ﬁtted
mixed matter or of paired quark matter has been the subjectto the following propgrties:m — 139 MeV, f, = 93.0
of many works recently. _ _ MeV, mx = 495.7 MeV, fx = 98.9 MeV, (au) = (dd) =
In this work we investigate the properties of mixed stars —(246.7 MeV)3 and(ss) = —(266.9 MeV)3.
formed by hadronic matter at low densities, mixed matter The laaranaian density for the MIT bag model is ide
at intermediate densities and quark matter at high densities.. grang y 9
- tical to the one for the leptons, except for the degene
We use the non-linear Walecka model for the hadrgq IC)h""lsefactor which also accounts for the number of quark col
[2] and the MIT Bag [3] and the Nambu-Jona-Lasinio [4] In the energy density a facta¥rB and in the pressure a fa
models for the' quark matter. We also study the role of the tor — B are inserted. This factor is responsible for the s
hypef‘?” coupling constants in the appearance of the IDhas%Iation of confinement. For the Bag model, we have ta
transition to quark matter and the change of strangenes%1/4:180 and 190 Me\./ ’
composition with density. Mixed star properties are ob- " ) . . L
tained by solving the appropriate equations for temperatures, 1 ne condition of chemical equilibrium is impos
up to 30 MeV. through the two mdependent_ c_hem_lcal potentials for_ r
Most of the formulae used for the lagrangian densities, ONS#» and electrong. and it implies that the chemic:
energies, pressures, partition functions, etc, are not showrPotential of baryor; is
in this paper because they are standard equations and can B
be seen, among others, in reference [5]. For the hadron pB; = Qi tn — QF e, 1)
phase we have used the non-linear Walecka model with the
inclusion of hyperons. We have chosen to work with a whereQ¢ andQ? are, respectively, the electric and ba
parametrization which describes the properties of saturatingonic charge of baryon or quaik Charge neutrality implie:
nuclear matter proposed in [6], which we shall call GL force. }°, Qfpp, + >, aupr = 0 whereg, stands for the electri
In order to fix the meson-hyperon coupling constants charges of leptons. In the mixed phase charge neutral
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imposed globally, model alone as shown in Table 3. The trend seems to b
or 0P ) a small decrease at lower temperatures followed by a sma
xpe + (L =x)pe " +pe=0, (2) increase. Only in one case we have obtained a continuot

P ) . increase of the mass. Comparing Tables 1 and 2 we concluc
wherep;." is the charge density of the phase is the vol- 3¢ the Bag model allows for smaller maximum masses, o

ume fraction occupied by the quark phase ahis theelec-  the order 1.6 Mg, than the NJL modek 1.9 M. Itis

tric charge density of leptons. According to the Gibbs con- 554 seen that the maximum mass does not depend much
ditions for phase coexistence, the baryon chemical poten-y,q hyperon couplings although in the NJL the same is no
tials, temperatures and pressures have to be identical in botly ;& for the onset of the mixed phase. For comparison w
phases, i.e., show in Table 3 the properties of stars obtained with the GL
model (transition to the quark phase not included). While
the maximum masses obtained with Bag model-arks %

reflecting the needs of chemical, thermal and mechanicalsma”er than with the hadron EOS, the ones obtained withir

pup = pigpr, Tup =Top, Pupr(pup,T) = Por(uqr,T),

equilibrium, respectively. the NJL model are on.lyu 3% sma}ller.

As a consequence, the energy density and total baryon ~ For all EOS obtained the higher the temperature, the
density in the mixed phase read: lower the densities for which the hyperons appear. The on
set of the mixed phase occurs in most cases studied at high
<E>=xEY (1 -y )EHT 1 & (3) densities for a higher temperature, the exception being th

the NJL model forry = /2/3. This can be confirmed
and in Fig. 1 where the full EOS, obtained respectively with the

<p>=xp%" + (1 -x)p"". (4)  Bag and the NJL models, fary; = +/2/3, are given for

The EOS for the mixed phase are then constructed. Oncedifferent temperatures. For this choice of hyperon coupling:
they are obtained, the properties of the stars can be comihe Bag model predicts a mixed phase at lower densities (er
puted. The equations for the structure of a relativistic spher-€rgies).
ical and static star composed of a perfect fluid were derived ~ The presence of strangeness in the core and crust «

from Einstein’s equations by Oppenheimer and Volkoff [10]. neutron and proto-neutron stars can have important cons:
quences in understanding some of their properties. We hay

calculated the strangeness content of the different EOS as
2 Results and discussion function of density. In Figs. 2 we plot the strangeness frac

tion. When the quark phase is described by the Bag mode
In Tables 1 and 2 we show the values obtained for the maxi-the strangeness fraction rises steadly and at the onset of tl
mum mass of a neutron star as function of the central densityquark phase it has almost reached 1/3 of the baryonic ma
for some of the EOS studied in this work and for different ter. This behavior is independent of the hyperon-meson cou
temperatures. In Table 1 the GL force and the NJL model pling constants used in this work. The NJL model predicts &
were used to derive the full EOS, while in Table 2 the EOS different behavior: in the mixed phase the strangeness frac
was obtained from the GL force and the MIT Bag model. tion decreases and increases again for pure quark matte

For all EOS studied, the central energy densiyfalls in- This behavior is due to fact that for the densities at which
side the mixed phase. In some cases, at finite temperature, ithe mixed phase occurs the mass of the strange quark is st
can even occur in the quark phase. very high. The overall effect of temperature is to increase

The maximum masses of the stars do not show any reg-the strangeness fraction, except for the mixed phase with th
ular behavior with temperature, contrary to the steady in- NJL model where the strangeness fraction decreases mo
crease of the maximum allowed mass obtained with the GL strongly for higher temperatures.

TABLE 1. Mixed star properties for the EOS obtained with the GL force and the NJL model.
T(MeV) Mmax/Mg €0 (M) Emin M 7)  Emax (fM )

g =+2/3 0 1.84 6.29 4.60 7.25
10 1.83 6.34 4.58 7.14
20 1.84 6.26 4.50 6.66
30 1.85 5.85 4.23 5.84
zs = 0.7 0 1.90 5.01 1.30 5.21
zw = 0.783 10 1.89 4.98 131 5.13
Tw =) 20 1.89 4.81 1.37 4.82
30 1.90 4.34 1.61 4.44
zg = 1. 0 1.92 5.08 1.30 5.22
10. 1.89 5.13 1.54 5.10
20 1.88 4.92 2.20 4.83

30 1.87 4.58 2.18 4.46
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TABLE 2. Mixed star properties for the EOS obtained with the GL force and the MIT Bag model.
T(MeV) Mmax/Mgo <o fM™)  emin (M g0z (fM™F)

Bag'/*=180 MeV 0 1.40 7.38 1.17 4.62
xg =+/2/3 10 1.39 7.05 1.17 4.58
20 1.42 4.18 1.20 4.47
Bag'/*=190 MeV 0 1.64 4.58 1.81 6.06
r =+/2/3 10 1.59 4.86 1.85 6.03
20 1.67 4.18 1.90 5.93
30 1.76 3.18 1.96 5.78
z, = 0.7 0 1.63 4.43 1.53 6.0
z, = 0.783 10 1.63 4.41 1.57 5.95
T, =1z, 20 1.63 4.10 1.62 5.86
30 1.64 3.82 1.67 5.69
g =1 0 1.64 4.49 1.63 6.01
10 1.65 4.40 1.66 5.98
20 1.67 4.12 1.71 5.87
30 1.72 3.61 1.76 5.70

TABLE 3. Compact star properties for the EOS obtained with the GL force
T(MeV) Mmax/Mg o (fm™7)

xH =+/2/3 0 1.93 6.36
10 1.93 6.34
20 1.95 6.20
30 1.97 5.85
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Figure 2. Strangeness fractionfor the EOS with the a)Bag model for the quark phase @tt* = 190 MeV: b) NJL model for the quarl
phase. In both casas; = /2/3.
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