QCD phase transition in neutron stars and
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A. Introduction

The possibility of formation of quark-gluon plasmas (QGP) in heavy-ion collisions leads to a suggestion that
phase transition might occur in the dense interiors of neutron stars [1,2]. At temperatures T ~ 0 - 40 MeV,
there are two possibilities for phase transitions (see the QGP diagram showing quantum chromodynamics
(QCD) phases in Figure 1). As density increases, hadronic matter first converts into QGP, or into either a
crystalline quark matter or a two-flavour superconducting phase, and subsequently to a colour-flavour-locked
superconducting (CFL) phase.

The current models for the interior composition of neutron stars are

(i) pure hadronic matter with or without hyperons (hadronic stars) [1,3]

(ii) a mixed phase of hadrons and quarks (hybrid stars) [1,4]

(iii) a mixed phase of hadrons and pion or kaon condensates (hybrid stars) [5,6,7], and

(iv) deconfined quarks (strange quark stars) [6,8].

According to Bodmer-Witten hypothesis, strange matter is the true-ground state of all matter. Thus, a neutron
star may decay to become a strange quark star [9]. A seed of strange quark matter in the neutron star interior
would trigger a quark matter front, which propagates rapidly and converts the whole star into a strange quark
star in only ~ 10 - 1 s [10]. It has been proposed that certain gamma-ray bursts (GRB) are manifestations of
a phase transition in the interior of neutron stars. Based on the burst duration, GRB can be roughly divided
into two classes (see e.g. [11,12]). They are also distinguishable by their energy released. The short bursts
(SGRB) tend to have hard spectra than the long bursts (LGRB). The total isotropic energy released in a
SGRB in the first hundred seconds is ~ 10% erg. LGRB are a few hundreds to a few thousand times more
energetic. Now there are evidences that LGRB are associated with violent explosions of massive stars
[13,14], while SGRB are believed to be caused by compact-star merging.

Here, we consider various phase transitions in neutron stars and calculate the amount of energy released in
conversions of meta-stable neutron stars to their corresponding stable counterparts. We will verify whether or
not the QCD phase transition can power SGRB.

B. Phase transition and models for the dense matter phases

In this work, equations of state (EOS) based on the following models (see [15] for details) are used to
determine the properties of the neutron stars.
(1) hadronic phase:
-- non-linear Walecka model (NLWM)
-- non-linear Walecka model with 8 mesons (NLWM §)
-- quark-meson coupling model (QMC)
(2) quark phase:
-- Nambu-Jona-Lasinio model (NJL)
-- MIT bag model (MIT)
-- colour-flavour-locked quark phase (CFL)

Two cases for the NLWM and NLWM & models are considered. The first assumes only protons and neutrons
(p,n) in the derivations of the EOS; the second includes the eight lightest baryons (8b). Several values are
used for the bag parameters in the MIT and CFL models. Typically, the bag parameter Bag'* ~ 160 MeV
(e.g. in the MIT 160 and CFL 160 models), where a quark star is allowed. Unless otherwise stated, the
baryonic mass is set to be 1.56 Mg, approximately corresponding to neutron stars with gravitational mass of
1.4 Me. The mass-radius relation and the gravitational mass vs baryonic mass plot of some hadronic, hybrid
and quark stars are shown in Figure 2.

For the phase transition, charge conservation is restricted to the neutral case. Strangeness conservation is
not required, but B equilibrium is enforced. The conservation of baryon number is approximated, assuming
the conservation of the baryonic mass of the star. The Gibbs conditions remain the same, and the EOS is
determined by the two chemical potentials p, and p.. The Tolman-Oppenheimer-Volkoff equations are solved
to obtain the baryonic mass, gravitational mass, stellar radius and central energy density. The energy
released is identified as the change in the gravitational energy in the conversion of a meta-stable star to a
stable star, i.e.

AE = [ Mg(MS) - Mg(SS)I/Me x (17.88 x 105 erg) .
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Figure 2. (Left) Mass-radius relation of some examples of hadronic, hybrid and quark stars considered in this work. (Right) Gravitational
mass vs baryonic mass for some hadronic, hybrid and quark stars. (Adopted from [15].)

C. Results

Four types of conversion of metastable stars (MS) to stable stars (SS) may occur. The energy released in
some cases are presented in Table 1.

(1) Hadronic star ---> quark star
-- Conversion of a MS with NLWM(8)/QMC to a SS with MIT/CFL generally yields AE ~ 1053 erg.
-- Conversion of a MS with NJL to a SS with MIT/CFL is not allowed.
-- AE depends on the bag parameter, and smaller bag parameters give larger AE.
-- Negative AE will result if a too large bag parameter is assumed for the MIT/CFL matter.
-- AE is larger for MS with NLWM(p,n) than MS with NLWM(8b), and similar results for QMC(p,n) and
QMC(8b).
-- AE is similar for cases of MS with NLWM & and MS with NLWM .

(2) Hadronic star ---> hybrid star
- AE, ~ 10%0- 1052 erg, are smaller than those of conversions of hadronic stars to quark stars.
-- Conversion of a hadronic star to a hybrid star with kaons is possible, but AE is measurable only for
the cases without hyperons.
-- Smaller bag parameters give larger core for the hybrid star, and hence also give larger AE.

(3) Hybrid star ---> quark star
-- AE is 2 to 3 times larger for a conversion to a SS with CFL than to a SS with MIT.

(4) Quark star ---> quark star
-- Conversion of a quark star with unpaired quarks (MIT) to a quark star with paired quark (CFL) is
possible and could yield AE ~ 1053 erg.

Table 1




