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Abstract. We examine the present status of the theoretical calculations for the internal structure of neutron
stars, and the connection with the microscopic properties of ultradense hadronic matter. We discuss the
possibility to have quark deconfinement phase transition in the core of neutron stars, and we explore some
of its astrophysical implications as the quark-deconfinement nova model for gamma-ray bursts.

PACS. 97.60.Jd Neutron stars — 26.60.+c Nuclear matter aspects of neutron stars — 24.10.Cn Many-body
theory — 25.75.Nq Quark deconfinement, quark-gluon plasma production, and phase transitions

1 Introduction

Neutron stars (NS) are the final product of the evolution
of massive stars (M > 8Mg, being Mg ~ 2 x 1033 g the
mass of the Sun). These stars at the end of their lives
experience a catastrophic gravitational collapse of their
core, which triggers a type-II supernova (SN) explosion
and leaves behind a hot and lepton-rich compact remnant
(protoneutron star), which within a few minutes evolves
to a cold catalyzed configuration (neutron star)®.

The bulk properties and the internal constitition of
NS primarily depend upon the equation of state (EOS)
of dense hadronic matter, which is the main ingredient
in solving the stellar-structure equations in general rela-
tivity [4-6]. Different models for the EOS of dense mat-
ter predict a neutron star maximum mass (M,q,) in the
range of 1.4-2.4 Mg, and a corresponding central den-
sity m. in range of 4-10 times the saturation density
(no = 0.16fm~3) of nuclear matter. In the case of a star
with M ~ 1.4 Mg, different EOS models predict a radius
in the range of 7-16 km. Neutron stars are thus the dens-
est macroscopic objects in the Universe. They represent
the limit beyond which gravity overwhelm all the other
forces of nature and lead to the formation of a black hole.

Due to the large value of the stellar central densi-
ties, various regimes (particle species and phases) of dense
hadronic matter are expected in the interiors of NS. Con-
sequently, different types of “neutron stars” are hypothe-
sized, as schematically summarized in fig. 1.
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! Under some circumstances the protoneutron star could col-
lapse to a black hole [1-3].
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Fig. 1. Schematic cross-section of a neutron star [6].

In the simplest and conservative picture the core of a
neutron star is modeled as a uniform fluid of neutron-rich
nuclear matter in equilibrium with respect to the weak
interaction: these are the so-called “traditional” neutron
stars. However, due to the large value of the stellar central
density and to the rapid increase of the nucleon chemical
potentials with density, hyperons (A, ¥—, ¥° ¥+ =-
and =0 particles) are expected to appear in the inner core
of the star. Other ezxotic phases of hadronic matter such
as a Bose-Einstein condensate of negative pion (7) or
negative kaon (K ) could be present in the inner part of
the star. The core of the more massive NS is also one of the
best candidates in the Universe where a phase transition
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from hadronic matter to a deconfined quark phase could
occur. Compact stars which possess a “quark matter core”
either as a mixed phase of deconfined quarks and hadrons
or as a pure quark matter (QM) phase are called Hybrid
Stars (HyS) [5]. In the following, the more conventional
neutron stars in which no fraction of QM is present, will
be referred to as pure Hadronic Stars (HS).

Even more challenging than the existence of a quark
core in a neutron star, is the possible existence of a new
type of compact stars consisting completely of a decon-
fined charge neutral mixture of up, down, strange quarks
and electrons, satisfying the hypothesis on the absolute
stability [7] of strange-quark matter (SQM). Such compact
stars have been called strange stars (SS). The analysis of
different type of observational data has given indirect ev-
idence for the possible existence of SS (see, e.g., ref. [8]).
In the following, we will refer to hybrid stars and strange
stars collectively as Quark Stars (QS).

Recently, there has been a considerable advance in our
understanding of the properties of quark matter. In QCD
any attractive quark-quark interaction will lead to pairing
and color superconductivity, a subject already addressed
in the late 1970s and early 1980s which came back a few
years ago since the realization that the typical supercon-
ducting gaps in QM may be larger (A ~ 100 MeV) than
those predicted in these early works. The phase diagram
of QCD has been analyzed in the light of color supercon-
ductivity and model calculations suggest that the phase
structure is very rich at high densities (see, e.g., [9,10] and
references therein quoted).

Since 1967, the year in which the first radio pulsar
was discovered and it was interpreted as a rotating neu-
tron star, the masses of many NS have been measured.
The calculated maximum mass, for a given EOS, must be
larger than the values of all the measured neutron star
masses. Thus, an accurate determination of the mass of
NS give a stringent constraint to the global properties of
dense matter EOS, and if coupled to additional observable
(i.e. stellar-radius determination) could allow to discrimi-
nate between different possibilities for the internal stellar
constitution (presence of hyperons, quark matter, etc.).

Binary stellar systems in which at least one compo-
nent is a neutron star represent the most reliable way to
measure the mass of the compact star. One of the most
accurate mass determination is that of the neutron star
associated to the pulsar PSR 1913 +16, which is a mem-
ber of a tight (orbital period equal to 7h 45 min) neutron
star - neutron star system. The mass of PSR 1913 +16
is 1.4408 + 0.0003 M. Such impressive accuracy is made
possible by measuring general relativistic effects, such as
the orbital decay due to gravitational radiation, the ad-
vance of periastron, the Shapiro delay, etc. Neutron star
masses in NS-NS binary systems lie in the range 1.18 to
1.44 Mg [11]. However, in at least two accreting X-ray bi-
naries it has been found evidence for compact stars with
higher masses. The first of these star is Vela X-1, with a
reported mass 1.88 £+ 0.13M¢ [12], the second is Cygnus
X-2, with a reported mass [13] of 1.78 £0.23 M. Unfortu-
nately, mass determinations in X-ray binaries are affected
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Table 1. Properties of the maximum-mass configuration ob-
tained for different EOS models.

EOS M/Ms R (km) n./no
BBB1 1.80 9.70 8.37
BBB2 1.94 9.54 8.31
WEFF 2.13 9.40 7.81
APR 2.20 10.10 7.13
BPAL32 1.95 10.54 7.58
KS 2.24 10.79 6.30

by large uncertainties [14], therefore the previous quoted
“high mass values” should always be handled with care.

Recently Nice et al. [15] have determined the mass
of the neutron star associated to the millisecond pulsar
PSR J0751 41808, which is a member of a binary system
with a helium white dwarf secondary. Measuring general
relativistic effects, the authors of ref. [15] have obtained
for the mass of PSR J0751 +1808 the value 2.1£0.2M at
68% confidence level (2.1752 M, at 95% confidence level).
This is the largest measured value for the mass of any neu-
tron star.

2 Traditonal neutron stars

As we said before, in “traditional” neutron stars one
assumes the stellar core to be made of an uncharged
mixture of neutrons, protons, electrons and muons
in equilibrium with respect to the weak interactions
(B-stable nuclear matter). Even in this simplified picture,
the determination of the EOS remains a formidable
theoretical problem. In fact, one has to extrapolate the
EOS to extreme conditions of high density and high
neutron-proton asymmetry, i¢.e. in a regime where the
EOS is poorly constrained by nuclear data and exper-
iments. In the last decade there has been a substantial
progress in the microscopic numerical methods for solving
the nuclear many-body problem both within the non-
relativistic and relativistic approaches. For example, the
convergence of the Brueckner-Bethe-Goldstone (BBG)
hole line expansion has beed inspected up to the three-
hole line contribution [16] in the continuous choice for the
auxiliary single-particle potential. The introduction of
nuclear three-body forces (TBF) constrained by nuclear
data [17] has permitted to solve the saturation problem of
nuclear matter in the non-relativistic approach [18-20].
In table 1, we report the maximum-mass configura-
tion of NS using different EOS. The first two stellar mod-
els (BBB) have been obtained [19] within the Brueckner-
Hartree-Fock (BHF) approximation of the BBG theory.
Model BBB1 makes use of the Argonne v14 (Avl4)
nucleon-nucleon (NN) interaction implemented by the Ur-
bana TBF. Model BBB2, considers the Paris NN interac-
tion and the Urbana TBF. We next consider two stel-
lar models (WFF, APR) which are based on microscopic
EOSs derived by variational chain summation methods.
The WFF model [18] makes use of the Av14 interaction
plus the Urbana (model VII) TBF. The APR model [20] is
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Fig. 2. The mass-radius relation for neutron stars for different
EOS for fB-stable nuclear matter. The dotted line gives the
value of the mass of PSR 1913 +16, the band between the
long-dashed lines the mass of PSR J0751 +1808 (at 68% c.l.).

based on the charge-dependent Argonne v18 (Av18) two-
body potential plus the Urbana (model IX) TBF. In ad-
dition, the APR model includes boost corrections to the
NN interaction, which give the leading relativistic correc-
tions to the EOS. The BPAL 32 neutron star configura-
tions have been calculated using a phenomenological EOS
for asymmetric nuclear matter [21] (see also [3,22]) de-
rived from a momentum- and density-dependent effective
NN interaction. The BPAL model is an extension of the
EOS of refs. [23,24]. An important feature of the BPAL
EOS is the possibility to have different forms for the den-
sity dependence of the potential part of the nuclear sym-
metry energy, reproducing different results predicted by
various microscopic calculations. The nuclear symmetry
energy Egym (particularly its density dependence) plays
an important role in the physics of NS. In fact, Esym(n)
affects the values of the stellar radius [22,25], the values of
the threshold densities for the onset of various new par-
ticle species (e.g., K~ condensation [26], hyperons, QM
phase [27]) and the value of the proton fraction in the
stellar core [24,19]. The latter quantity has a strong in-
fluence on the thermal evolution of neutron stars. Finally,
we consider a stellar model (KS) based on a miscroscopic
EOS derived [28] from the Dirac-BHF approach using the
Bonn-B nuclear interaction. The mass radius relations for
some of these stellar models are reported in fig. 2, together
with the measured values of the masses of PRS 1913 +16
and PSR J0751 +1808.

3 Hyperon stars

The reason why hyperons are expected in the high dense
core of a neutron star is very simple, and it is mainly a
consequence of the fermionic nature of nucleons, which
makes the nucleon chemical potentials a very rapidly in-
creasing function of density. As soon as the chemical po-
tential of neutrons becomes sufficiently large, the most
energetic neutrons (i.e., those on the Fermi surface) can
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Fig. 3. The internal composition of a neutron star with

hyperonic-matter core. Ry is the radius of the hyperonic core.
The nuclear-matter layer extend between Ry and Rp. The
stellar crust extend between Ry and R.

decay via the weak interactions into A hyperons and form
a Fermi sea of this new hadronic species with pa = .
The X~ can be produced via the processe™4+n — X~ 41,
when the X~ chemical potential fulfill the condition®
Ux— = up + pe. Hyperons appear at a relatively mod-
erate density of about 2 times ng. Notice that the X'~ hy-
peron appears at a lower density than the A, even though
the ¥~ is more massive than the A. This is due to the
contribution of the electron chemical potential p,. to the
threshold condition for the X~ (i.e., Mx- = pn + e,
for free hyperons) and to the fact that u. in dense mat-
ter is large and can compensate for the mass difference
Myx- — My =81.76 MeV.

In fig. 3, we show the radial profile of a typical hy-
peron star [29]. As we see the hyperonic-matter inner core
of the star extend for about 8 km. This radius has to be
compared with the total stellar radius R ~ 11km, and
with the thickness of the nuclear-matter layer (outer core)
which is about 2 km.

The influence of hyperons on neutron stars properties
has been investigated using different approaches to de-
termine the EOS of hyperonic matter. One of the most
popular approaches, to solve this problem, is the relativis-
tic mean-field model [30,5]. Some of the parametrizations
of the Lagrangian of the theory have tried to reconcile
measured values of neutron star masses with the binding
energy of the A particle in hypernuclei [31]. Considerable
progress has been done in the last few years in micro-
scopic calculations of hyperonic matter. This method is
based on an extension of the BBG theory to include hy-
peronic degrees of freedom [32,33,29]. In particular, the
study of ref. [29] focus on the properties of a newborn
neutron star, and explore the consequences of neutrino
trapping in dense matter on the structural properties and
on the early evolution of neutron stars [3].

2 Except from the very initial stage soon after neutron star
birth, neutrinos freely escape the star and thus the neutrino
chemical potentials can be put equal to zero.



I. Bombaci: Neutron stars as cosmic laboratories to explore hadronic matter at ultra-high densities

25T T T T T T T T 7125
[ — . pn-matter [ 7]
N — NNand YN [ pn-matter ]
— L — NN, YNandYY L P
z o - i ~ T
5 | 1 : ]
L ] [ \ ]
L 4 L With hyperons 1 4
8 L. T J1s
= [ PSR 1913+16
& [
3 n !
o [
= o5 . 05
) P P P N A I I R N P I
8 9 10 11 12 13 14 8 9 10 11 12 13 149

Radius [km] Radius [km]

Fig. 4. Mass-radius relation for “traditional” neutron stars
and hyperon stars calculated [33] within the BHF approach
with the NSC9e interaction (left panel) and with the relativis-
tic mean-field EOS GM3 of ref. [31] (rigth panel). The dotted
horizontal line indicates the mass of PSR1913+16.

As expected, the presence of hyperons reduces in a
sizeable manner the value of the pressure of S-stable hy-
peronic matter with respect to the case of -stable nu-
clear matter at the same density. This softening of the
EOS has important consequences on many macroscopic
properties of the star: the maximum mass is reduced by
AM ez ~ 0.5-0.8 Mg, and the corresponding central
density is increased. Also, hyperon stars are more compact
(i.e. they have a smaller radius) with respect to traditional
neutron stars. This is illustrated in fig. 4, where we show
the mass-radius relation for traditional neutron stars and
for hyperon stars obtained with the microscopic EOS of
ref. [33] (left panel) and with the relativistic mean-field
EOS (GM3 model) given in ref. [31]. The results depicted
in fig. 4 clearly demonstrate that to neglect hyperons leads
to an overstimate of M,,qz-

It is important to notice the “low” value of the stellar
maximum mass, predicted within the approach of ref. [33],
which is in contrast with the measured mass of PSR 1913
+16. The prediction of a value for M, ,. below some of the
measured neutron star masses is a common feature of all
the present microscopic EOS of hyperonic matter based
on G-matrix BHF calculations [32,33,29]. For example,
the authors of ref. [32], in case of the Argonne v;g NN
interaction, found M4, = 2.00 Mg, a corresponding ra-
dius of R = 10.54km and a central density p, = 1.11fm 3
for neutron stars with a pure nucleonic core. When hyper-
ons are considered as possible stellar constituents, they
found [32] My = 1.22 Mg, a corresponding radius of
R = 10.46 km and a central density p. = 1.25fm~3. There-
fore the current EOS for hyperonic matter, deduced from
microscopic G-matrix BHF calculations, are “too soft” to
explain observed neutron star masses.

Clearly, one should try to trace the origin of this prob-
lem back to the underlying YN and YY two-body inter-
actions or to the possible repulsive three-body baryonic
forces involving one or more hyperons, not included in the
work of refs. [32,33,29]. Presently, this is a subject of very
active research by people working in this field. Therefore,
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Fig. 5. Internal composition of a hybrid star with M =
Myaz = 1448 Mg. The GM3 EOS [31] has been used for

the hadronic phase, and the bag model EOS, with B =
136.6 MeV /fm® and m, = 150 MeV, for the quark phase.

the use of microscopic EOS of hyperonic matter in the con-
test of neutron star physics is of fundamental importance
for our understanding of the strong interactions involving
hyperons, and to learn how these interactions behave in
dense many-body systems.

4 Hybrid stars

As we have seen before, different sophisticated approaches,
based on advanced many-body thecniques, have been uti-
lized to derive the EOS for the hadronic phase. This is
possible, to a large extent, thanks to the rich body of ex-
perimantal data at density n ~ ng. The situation is dras-
tically different in the case of quark matter. Presently,
only indirect experimental evidence has been found for
the existence of this new phase of matter. Moreover, lat-
tice QCD calculations at finite density, to derive the EOS
of quark matter, are still in an early stage. Thus, simple
phenomenological (e.g., MIT bag, Nambu-Jona-Lasinio)
models have been used to describe QM for hybrid-star
calculations.

In fig. 5, we show the typical internal composition
of a hybrid star. The cross-section of the star is rela-
tive to the maximum-mass configuration (M = M., =
1.448 M, with radius R = 10.2km, and central density
pe = 28.1 x 10** g/cm?) for the EOS described in the fig-
ure caption. This star has a pure QM core which extend
for about 2.5 km, next it has a hadron-quark mixed phase
layer with a thickness of about 5.5 km, followed by a nu-
clear matter layer about 2km thick. On the top we have
the usual neutron star crust. The presence of quarks makes
the EOS softer with respect to the corresponding pure
hadronic-matter EOS. The stellar sequence associated to
the latter EOS has the maximum-mass configuration:
Moz = 1.552 Mg, R = 10.7km, p. = 25.4 x 10'* g/cm3.

Many possible astrophysical signals for the presence of
a quark core in neutron stars have been proposed (see [5,6]
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and references quoted therein). Particularly, pulse timing
properties of pulsars have attracted much attention since
they are a manifestation of the rotational properties of the
associated neutron star. The onset of quark-deconfinement
in the core of the star, will cause a change in the stellar
moment of inertia [34]. This change will produce a pecu-
liar evolution of the stellar rotational period (P = 27/{2)
which will cause large deviations of the so-called pulsar
braking index n(£2) = (£262/2?) from the canonical value
n = 3, derived within the magnetic-dipole model for pul-
sars and assuming a constant moment of inertia for the
star. The possible measurement of a value of the braking
index very different from the canonical value (i.e. |n| > 3)
has been proposed [34] as a signature for the occurrence
of the quark-deconfinement phase transition in a neutron
star. However, it must be stressed that a large value of the
braking index could also results from the pulsar magnetic-
field decay or alignment of the magnetic axis with the ro-
tation axis [35].

5 Metastability of hadronic stars and GRBs

In bulk matter the quark-hadron mixed phase begins at
the static transition point defined according to the Gibbs’
criterion for phase equilibrium

Pr(po) = Po(po) = Po, (1)

where pg = (eg + Pu)/ne,m and pg = (g + Pg)/nbg
are the chemical potentials for the hadron and quark phase
respectively, em (@), Pa (Pg) and ny g (np,g) denote re-
spectively the total (i.e., including leptonic contributions)
energy density, the total pressure and baryon number den-
sity for the hadron (quark) phase.

Consider now the more realistic situation in which one
takes into account the energy cost due to finite-size effects
in creating a drop of QM in the hadronic environment. As
a consequence of these effects, the formation of a critical-
size drop of QM is not immediate and it is necessary to
have an overpressure AP = P — Py with respect to the
static transition point. Thus, above Py, hadronic matter is
in a metastable state, and the formation of a real drop of
QM occurs via a quantum nucleation mechanism. Quark
flavor must be conserved during the deconfinement tran-
sition [36]. We will call this form of deconfined matter, in
which the flavor content is equal to that of the [S-stable
hadronic system at the same pressure, as the Q*-phase.
Soon afterwards a critical-size drop of QM is formed the
weak interactions will have enough time to act, chang-
ing the quark flavor fraction of the deconfined droplet to
lower its energy, and a droplet of 3-stable SQM is formed
(hereafter the Q-phase).

In the scenario proposed in ref. [37], one considers a
pure HS whose central pressure is increasing due to spin-
down or due to mass accretion, e.g., from the material
left by the SN explosion, or from a companion star. As
the central pressure exceeds the threshold value P at the
static transition point, a virtual drop of quark matter in
the Q*-phase can be formed in the center of the star. As

RH = 1Q = Mo,
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soon as a real drop of Q*-matter is formed, it will grow
very rapidly and the original HS will be converted to and
hybrid star or to a strange star, depending on the detail
of the EOS for quark matter employed to model the phase
transition. The nucleation time 7 (i.e., the time needed to
form the first critical droplet of QM), can be calculated
for different values of the stellar central pressure P., and
thus for different values of the mass M (P,) of the corre-
sponding hadronic star. The nucleation time 7 dramati-
cally depends on [37] the value of the stellar mass (central
pressure). A metastable hadronic star can have a mean
lifetime many orders of magnitude larger than the age of
the Universe. As the star accretes a small amount of mass
(of the order of a few per cent of the mass of the Sun),
the consequential increase of the central pressure leads to
a huge reduction of the nucleation time and, as a result,
to a dramatic reduction of the HS mean lifetime.

To summarize, pure hadronic stars having a central
pressure larger than the static transition pressure Pj for
the formation of the Q*-phase are metastable to the de-
cay (conversion) to a more compact stellar configuration
in which deconfined QM is present (HyS or SS). These
metastable HS have a mean lifetime® which is related to
the nucleation time to form the first critical-size drop of
deconfined matter in their interior. We define as critical
mass M., of the metastable HS, the value of the grav-
itational mass for which the nucleation time is equal to
one year: M., = Mgs(t = 1y). Pure hadronic stars with
My > M., are very unlikely to be observed. M., plays the
role of an effective mazimum mass [36] for the hadronic
branch of compact stars. While the Oppenheimer-Volkoff
maximum mass [4] Mys,mae is determined by the overall
stiffness of the EOS for hadronic matter, the value of M.,
will depend in addition on the bulk properties of the EOS
for quark matter and on the properties at the interface be-
tween the confined and deconfined phases of matter (e.g.,
the droplet surface tension o).

In fig. 6, we show the mass-radius (MR) curve for pure
HSs within the GM1 [31] EOS for the hadronic phase,
and that for hybrid or strange stars for different values
of the bag constant B. The configuration marked with an
asterisk on the hadronic MR curves represents the HS for
which the central pressure is equal to Py and 7 = co. The
full circle on the HS sequence represents the critical-mass
configuration, in the case of 0 = 30 MeV/fm?. The full
circle on the HyS (SS) mass-radius curve represents the
hybrid (strange) star which is formed from the conver-
sion of the hadronic star with Mygs = M,.,.. We assume
that during the stellar-conversion process the total num-
ber of baryons in the star (i.e., the stellar baryonic mass)
is conserved. Thus, the total energy liberated in the stellar
conversion is given [38] by the difference between the grav-
itational mass of the initial hadronic star (M;, = M.,)
and that of the final hybrid or strange stellar configura-
tion My, = Mgos(M!.) with the same baryonic mass:
Econv = (Mzn - Mfin)c2-

3 The actual mean lifetime of the HS depends on the mass
accretion or on the spin-down rate which modifies 7 via an
explicit time dependence of the stellar central pressure.
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EXO 0748-676 (z = 0.35) and 1E 1207.4-5209 (z = 0.12-0.23).

The stellar-conversion process, described so far, will
start to populate the new branch of quark stars (the part
of the QS sequence plotted as a continuous curve in fig. 6).
Long-term accretion on the QS can next produce stars
with masses up to the limiting mass Mgs mq, for the
quark star configurations.

The stellar conversion energy E.ony is in the range [36]
0.5-1.7 x 10°® erg. This mechanism has been proposed as
a possible energy source for Gamma Ray Bursts (GRBs).
The model of ref. [37] accounts for the association be-
tween SN explosions and GRBs, in fact, the stellar con-
version represents a second “explosion” (the Quark De-
confinement Nova [36]) which occurs after the first explo-
sion (the SN) which form the hadronic star. This model
is also able to explain, in a natural way, the possibility
to have a long-time delay AT between the SN explosion
and the associated GRB, as inferred, for example, in the
case of GRB990705 (AT ~ a few years) [39], GRB011211
(AT ~ a few days) [40].
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