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Pure hadronic compact stars, above a threshold value of their gravitational mass (central pressure), are
metastable to the conversion to quark stars (hybrid or strange stars). In this paper, we present a systematic
study of the metastability of pure hadronic compact stars using different relativistic models for the
equation of state. In particular, we compare results for the quark-meson coupling model with those for the
Glendenning-Moszkowski parametrization of the nonlinear Walecka model. For the quark-meson cou-
pling model, we find large values (M. = 1.6-1.9M,) for the critical mass of the hadronic star sequence
and we find that the formation of a quark star is only possible with a soft quark matter equation of state.
For the Glendenning-Moszkowski parametrization of the nonlinear Walecka model, we explore the effect
of different hyperon couplings on the critical mass and on the stellar conversion energy. We find that
increasing the value of the hyperon coupling constants shifts the bulk transition point for quark
deconfinement to higher densities, increases the stellar metastability threshold mass and the value of
the critical mass, and thus makes the formation of quark stars less likely. For the largest values of the
hyperon couplings we find a critical mass which may be as high as 1.9-2.1M. These stellar configu-
rations, which contain a large central hyperon fraction (fy . ~ 30%), would be able to describe highly
massive compact stars, such as the one associated with the millisecond pulsar PSR B1516 + 02B with a

mass M = 1.947517 M.
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I. INTRODUCTION

The nucleation of quark matter in neutron stars has been
studied by many authors, due to its potential connection
with explosive astrophysical events such as supernovae and
gamma ray burst. Some of the earlier studies on quark
matter nucleation (see e.g., [1-3] and references therein)
dealt with thermal nucleation in hot and dense hadronic
matter. In these studies, it was found that the prompt
formation of a critical-size drop of quark matter via ther-
mal activation is possible above a temperature of about 2—
3 MeV. As a consequence, it was inferred that pure had-
ronic stars (HS) are converted to quark stars (QS) [hybrid
stars (HYS) or strange stars (SS)] within the first seconds
after their birth. However, neutrino trapping in the proto-
neutron star phase strongly precludes the formation of a
quark phase [4—7]. Then, it is possible that the compact
star survives the early stages of its evolution as a pure
hadronic star. In this case, the nucleation of quark matter
would be triggered by quantum fluctuations in degenerate
(T = 0) neutrino-free hadronic matter [§—15].

Quantum fluctuations could form, in principle, a drop of
B-stable quark matter (hereafter the Qf phase). However,
this process is strongly suppressed with respect to the
formation of a non-B-stable drop by a factor ~G]2:Z{]]3i,
where N ~ 100-1000 is the number of quarks in a
critical-size quark drop. This is so because the formation
of a B-stable drop would involve the almost simultaneous
conversion of ~N/3 up (u) and down (d) quarks into
strange (s) quarks. Alternatively, quantum fluctuations
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can form a non-B-stable drop (hereafter the QO* phase), in
which the flavor content of the quark phase is equal to that
of the [-stable hadronic phase at the same pressure
[9,10,12]. Since no flavor conversion is involved, there
are no suppressing Fermi factors and a Q* drop can be
nucleated much more easily. Once a critical-size Q* drop is
formed, the weak interactions will have enough time to act,
changing the quark flavor fraction of the deconfined drop-
let to lower its energy, and a drop of the QF phase is
formed. This first seed of quark matter will trigger the
conversion [16—18] of the pure hadronic star to a hybrid
star or to a strange star (depending on the details of the
equation of state for quark matter used to model the phase
transition). The stellar conversion process liberates a total
energy of the order of 10°% erg [18].

When finite-size effects at the interface between the
quark and hadron phases are taken into account, it is
necessary to have an overpressure AP =P — Py >0
with respect to the bulk transition point P, to create a
drop of deconfined quark matter. As a consequence, pure
hadronic stars with values of the central pressure larger
than P, are metastable to the decay (conversion) to hybrid
stars or to strange stars [11-15]. The mean lifetime of the
metastable stellar configuration is related to the time
needed to nucleate the first drop of quark matter in the
stellar center and depends dramatically on the value of the
stellar central pressure [11-15].

The possibility of having in nature both metastable
hadronic stars and stable quark stars has led the authors
of Ref. [12] to extend the concept of limiting mass of a
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“neutron star”” with respect to the classical one introduced
by Oppenheimer and Volkoff [19]. Since metastable HS
with a “short” mean lifetime are very unlikely to be
observed, the extended concept of limiting mass has been
introduced in view of the comparison with the values of the
mass of compact stars deduced from direct astrophysical
observation (see Sec. 3.1 of Ref. [12] for the definition of
the limiting mass My, of compact stars in the case of
metastable pure hadronic stars).

As it is well known, neutron star mass measurements
give one of the most stringent tests on the overall stiffness
of dense matter equation of state (EOS). Recent measure-
ments of post-Keplerian orbital parameters in relativistic
binary stellar systems (containing millisecond pulsars)
give strong evidence for the existence of highly massive
“neutron stars.” For example, the compact star associated
with the millisecond pulsar PSR B1516 + 02B in the
globular cluster NGC 5904 (MS5) has a mass M =
1.94%517M ¢, (10) [20]. In the case of PSR J1748-2021B,
a millisecond pulsar in the globular cluster NGC 6440, the
measured mass is M = 2.7470HM, (20) [21]. These
measurements challenge most of the existing models for
dense matter EOS.

In this work, we carry out a systematic study of the
properties of metastable hadronic compact stars obtained
within different relativistic mean-field models for the equa-
tion of state of hadronic matter. In particular, we compare
the predictions of the quark-meson coupling (QMC) model
[22,23] with those of the nonlinear Walecka model
(NLWM) [24] parametrizations given by Glendenning-
Moszkowski (GM) [25].

For the quark phase we have adopted a phenomenologi-
cal EOS [26] which is based on the MIT bag model for
hadrons. The parameters here are the mass m, of the
strange quark, the so-called pressure of the vacuum B
(bag constant) and the quantum chromodynamics structure
constant a. For all the quark matter models used in the
present work, we take m, = m; = 0, my; = 150 MeV, and
a, = 0.

In the QMC model quark degrees of freedom are explic-
itly taken into account: baryons are described as a system
of nonoverlapping MIT bags which interact through the
effective scalar and vector mean fields. The coupling con-
stants are defined at the quark level. An attractive aspect of
the model is that different phases of hadronic matter, from
very low to very high baryon densities, can be described
within the same underlying model, namely, the MIT bag
model: matter at low densities is a system of nucleons
interacting through meson fields, with quarks and gluons
confined within MIT bag; at very high density one expects
that baryons and mesons dissolve and the entire system of
quarks and gluons becomes confined within a single, big
MIT bag.

In the case of the Glendenning-Moszkowski EOS [25],
we have paid special attention to the role played by the
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hyperon-meson couplings. In fact, all previous works on
metastable hadronic stars [11-15] have uniquely consid-
ered the case of “low” values for these quantities (x, =
0.6 for the ratio between the hyperon-o-meson to
nucleon-o-meson coupling). As it is well known, larger
values of the hyperon-meson couplings (constrained by the
empirical binding energy of the A particle in nuclear
matter) make the EOS stiffer and increase the value of
the Oppenheimer-Volkoff mass for the hadronic stellar
sequence [25]. In addition, as we demonstrate in the
present work, increasing the values of the hyperon-meson
couplings shifts the bulk transition point for quark decon-
finement to higher densities and increments the value of the
critical mass M, (see Refs. [11-13] and Sec. III for the
explicit definition of this quantity) for the hadronic stellar
sequence. Thus our study is relevant in connection with the
recent measurements of highly massive ‘“‘neutron stars”
mentioned above.

A brief review of the nonlinear Walecka and QMC
models is given in Sec. II. The quantum nucleation of a
quark matter drop inside hadronic matter is briefly re-
viewed in Sec. IIIl. Our main results are presented in
Sec. IV, whereas the main conclusions are given in Sec. V.

II. FORMALISM

In the present section we review the models used in this
work, namely, the GM parametrizations [25] of the NLWM
and the quark-meson coupling (QMC) model including
hyperons.

A. Nonlinear Walecka model

The Lagrangian density, including the baryonic octet, in
terms of the scalar o, the vector-isoscalar w,, and the
vector-isovector p » meson fields, reads (see e.g. [4,27,28])

£ = £hadrons + £lept0ns’ (1)
where the hadronic contribution is
L hadrons £bary0ns + Lmesons (2)
with
£bary0ns = Z {/_/[YMDM - M;]’ﬁr (3)
baryons
where
Duziau_ngw,u_ng;B'ﬁp, €]

and M} = My — g,go. The quantity 75 designates the
isospin of baryon B. The mesonic contribution reads

-Emesons = -Ea + L(u + £p )
with
L =l(8 0'8“0'—}1120'2)+lK0'3+l)\0'4 (6)
g2k 7 3! 4! ’
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1
L = Q QMY + — 2 s
w 4 nv 2 w,u,w (7)
Ay =00, = 3,0,
s =_l§ .guv+lm2’5 - pH
p 4wy 5P u ’ ®)
B;Lv=a,uﬁv_auﬁ,u_gp(.5,ux.5v)-

For the lepton contribution we take

> iy, ot — mg, (€))

leptons

L leptons

where the sum is over electrons and muons. In uniform
matter, we get for the baryon Fermi energy epp =

8wB®Wo + 8opl3pPos T Jkig + M7, with the baryon ef-
fective mass My = M — g,p0.

We will use the GM1 and GM3 parametrizations of
NLWM [25] both fitted to the bulk properties of nuclear
matter: for GM1 (GM3) the compressibility is 300 (240)
MeV and the effective mass at saturation M* = 0.7M
(M* = 0.78M). The inclusion of hyperons involves new
couplings, the hyperon-nucleon couplings: g, = X,88+»
8wB = XwB&w» &pB = X,B8p- For nucleons we take
Xo Xop» Xpp = 1 and for hyperons we will consider the
couplings proposed by Glendenning and Moszkowski [25].
They have considered the binding energy of the A in
nuclear matter B,

B
<7A> = —28 MeV = x,8,0) — Xp8,0  (10)

to establish a relation between x, and x,. Moreover,
known neutron star masses restrict x, to the range 0.6—
0.8. We will take x, =x, and will consider x, =
0.6,0.7,0.8.

B. Quark-meson coupling model for hadronic matter

In the QMC model, the nucleon in nuclear medium is
assumed to be a static spherical MIT bag in which quarks
interact with the scalar and vector fields o, w, and p and
these fields are treated as classical fields in the mean-field
approximation [22,23]. The quark field ¢,(x) inside the
bag then satisfies the equation of motion:

1
[iif — (mg — g50) — gowy" + 5

X i, (x) =0

ngzp03i|

qg=uds, (11)
where m{ is the current quark mass and g&, g%, and gj
denote the quark-meson coupling constants. The normal-
ized ground state for a quark in the bag is given by

PHYSICAL REVIEW D 77, 083002 (2008)

Jolxyr/Rp) )

P, ) =N, exp(—ieqt/RB)( B, - Fr(x,r/Ry)

X , 12
Vam (12
where
1
€, =Q,+ RB<g(Zow + 58271P03>§
13
B . Qq - RBmZ ( )
4 Qt] + RBmZ’

with the normalization factor given by

N 2 =2Rpj5(x )[Q(Q, — 1) + Rgmiy /2] /x5, (14)
where O, = \/x2 + (Rgm})?, m}, = mY) — gk o, Ry is the

bag radius of the baryon, and y, is the quark spinor. The
quantities ¢, €,, B,, N, Q,, my all depend on the
baryon considered. The bag eigenvalue x, is determined
by the boundary condition at the bag surface,

jO(xq) = qul(xq)- (15)

The energy of a static bag describing baryon B consisting
of three ground state quarks can be expressed as

b 4

8+ —#wR3Bp, (16)
B 3

where Zp is a parameter which accounts for zero-point
motion and By is the bag constant. The effective mass of a
nucleon bag at rest is taken to be M = EX®. The equilib-
rium condition for the bag is obtained by minimizing the

effective mass M}, with respect to the bag radius
dMy
dRy

=0. 17

For the QMC model, the equations of motion for the meson
fields in uniform static matter are given by

2JB+1

m o= ZgoBCB (o)

kp MB(O') )
“Jy gt 09

miwo =S g.s@p + Dk3/(67),  (19)
B

My Po3 D)k, /(677). (20)

= > g,sls(2Jp +
B

In the above equations Jp, I35, and kp are, respectively, the

spin, isospin projection, and the Fermi momentum of the

baryon species B. For the hyperon couplings we take x, =

0.78 and x, = 0.7. The coupling x, is an output of the
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model and is approximately equal to 0.7. Note that the s
quark is unaffected by the o and @ mesons, i.e. g5, =
8o = 0.

In Eq. (18) we have

IMy(o) _ aE"ag

Jo

go5Cp(0) = — Z ”qgoSB(U')

q=u,d
21

where

B _ Q,/2 + Rgmy(Q, — 1)
$u(0) = | drdate = G R

q = (u,d). (22)

The total energy density and the pressure including the
leptons can be obtained from the grand canonical potential
and they read

1
2, + 1

+Z 272

B

1 k
+ Z? ﬁ IRAKRE + m?]2, (23)

1
— 2,2 2,2
e = mww0+§mpp03

] K2dk[k?* + M3 (0)]'/?

1 1
P=——mio?+_-miw}+ me,p(zB
k*dk

S Us [l
34 2’ ﬁ)[k2+M*2(a')]1/2

k*dk
35 [, e @

For the bag radius we take Ry = 0.6 fm. The two un-
knowns Zy and B for nucleons are obtained by fitting the
nucleon mass M = 939 MeV and enforcing the stability
condition for the bag at free space. The values obtained are

= 3.98699 and BY/* = 211.303 MeV for m, = my =

0 MeV, and Zy = 4.00506 and BY* = 210.854 MeV for
m, = my; = 5.5 MeV. We take these bag values By for all
baryons and the parameters Zz and Rp of the other baryons
are obtained by reproducing their physical masses in free
space and again enforcing the stability condition for their
bags. Note that for a fixed bag value, the equilibrium
condition in free space results in an increase of the bag
radius and a decrease of the parameters Zp for the heavier
baryons. The set of parameters used in the present work is
given in Ref. [29].

Next we fit the quark-meson coupling constants g&.,
8w =384, and g, = g} for the nucleon to obtain the
correct saturation properties of the nuclear matter, Fp =
€/p— M= —157MeV at p = py = 0.15 fm 3, ayy,,, =
32.5 MeV, K = 257 MeV, and M* = 0.774M. We have

& =5.957, g,y = 8981, and g,y = 8.651. We take the
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standard values for the meson masses, m, = 550 MeV,

o = 183 MeV, and m, = 770 MeV.

III. QUANTUM NUCLEATION OF QUARK
MATTER IN HADRON STARS

Let us consider a pure hadronic star whose central
pressure (density) is increasing due to spin-down or due
to mass accretion (from a companion or from the inter-
stellar medium). As the central pressure approaches the
deconfinement threshold pressure P (see Fig. 2), a drop of
non-B-stable quark matter (Q*), but with flavor content
equal to that of the -stable hadronic phase, can be formed
in the central region of the star. The process of drop
formation is regulated by its quantum fluctuations in the
potential well created from the difference in the Gibbs free
energies of the hadron and quark phases [9-11],

UR) = %Wﬂb’Q*(,U«Q* —up)R3+470R?,  (29)
where R is the radius of the Q* droplet (supposed to be
spherical), n,, o+ is the quark baryon number density, w -
and py are the quark and hadron chemical potentials at a
fixed pressure P, and o is the surface tension for the
surface separating the hadron from the Q* phase. Notice
that w is the same as the bulk Gibbs energy per baryon g =
(P + €)/ng = (3 ;u;n;)/np. Notice also that we have ne-
glected the term associated with the curvature energy, and
also the terms connected with the electrostatic energy,
since they are known to introduce small corrections
[10,12]. The value of the surface tension o for the interface
separating the quark and hadron phase is poorly known and
typically values used in the literature range within
10-50 MeV fm~2 [10,30].

The time needed to form the first drop (nucleation time)
can be straightforwardly evaluated within a semiclassical
approach [9,10]. First one computes, in the Wentzel-
Kramers-Brillouin approximation, the ground state energy
E,, and the oscillation frequency v, of the drop in the
potential well U(R). Then, the probability of tunneling is
given by

where A is the action under the potential barrier which in a
relativistic framework reads

A == [T MR+ E - URTUR) - E)

(27
with R . being the classical turning points and
\2
M(R) = 47TpH<1 - ””;Q> R3 (28)
ny

being the droplet effective mass, with py and ny the
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hadron energy density and the hadron baryon number
density, respectively. The nucleation time is then equal to

T= (VOPONc)ilr (29)

where N, is the number of virtual centers of droplet for-
mation in the star. A simple estimation gives N, ~ 10*8
[9,10]. The uncertainty in the value of N, is expected to be
within 1 or 2 orders of magnitude. In any case, all the
qualitative features of our scenario will not be affected by
this uncertainty. As a consequence of the surface effects it
is necessary to have an overpressure AP =P — Py >0
with respect to the bulk transition point P, to create a drop
of deconfinement quark matter in the hadronic environ-
ment. The higher the overpressure, the easier to nucleate
the first drop of Q* matter. In other words, the higher the
mass of the metastable pure hadronic star, the shorter the
time to nucleate a quark matter drop at the center of the
star.

In order to explore the astrophysical implications of
quark matter nucleation, following Refs. [11,12], we in-
troduce the concept of critical mass for the hadronic star
sequence. The critical mass M, is the value of the gravi-
tational mass of a metastable hadronic star for which the
nucleation time is equal to 1 yr: M, = Myg(7 = 1 yr).
Therefore, pure hadronic stars with Myg > M, are very
unlikely to be observed, while pure hadronic stars with
Mys < M, are safe with respect to a sudden transition to
quark matter. Then M, plays the role of an effective
maximum mass for the hadronic branch of compact stars
(see discussion in Ref. [12]). While the Oppenheimer-
Volkov maximum mass is determined by the overall stiff-
ness of the equation of state for hadronic matter, the value
of M. will depend in addition on the properties of the
intermediate non-B-stable Q" phase.

IV. RESULTS AND DISCUSSION

In this section we present and discuss our results for
stellar configurations obtained using the equation of state
(EOS) models described in Sec. II. In particular, we de-
termine the region of the pure hadronic star sequence
where these compact stars are metastable, the value of
the corresponding critical mass M., and the final fate of
this configuration after quark matter nucleation, i.e.
whether it will evolve to a quark star or to a black hole.

In Fig. 1 the EOS for the models discussed are plotted
for the range of densities of relevance for the discussion
that follows. For GM1 and GM3 we have considered three
different hyperon-meson couplings as discussed above.
The QMC EOS corresponds approximately to x, = 0.7.
A higher value of the hyperon couplings x; corresponds to
stiffer EOSs: at high densities we have vector dominance
defined by the magnitude of x,,, x,. It is clear from Fig. 1
that the onset of hyperons (represented by the change of
slope in the EOS curves) occurs for the smaller x,, values at
lower densities. The nucleonic EOS for QMC is very soft
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FIG. 1 (color online). Hadronic EOS for QMC and for GM1
and GM3 with the different hyperon-meson couplings discussed
in the text.
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FIG. 2 (color online). The Gibbs energy per particle for the
[-stable hadronic phase (continuous curves) and for the respec-
tive Q" phase (dashed curves). The upper panel refers to the
GM1 and the lower panel to the GM3 EOS. The results for the
QMC model are plotted in both panels.
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TABLE I. Critical masses and energy released in the conversion process of an HS into a QS, for several values of the hyperon
coupling x,,, of the bag constant B and the surface tension ¢. The GM1 parameter set has been used for the hadronic EOS. The column
labeled Mg max (Mgs,max) denotes the maximum gravitational (baryonic) mass of the final QS sequence. The value of the critical
gravitational (baryonic) mass of the initial HS is reported on the column labeled M., (M%) whereas those of the mass of the final QS
and the energy released in the stellar conversion process are shown on columns labeled My, and E_,, respectively. BH denotes those
cases in which due to the conversion the initial HS collapses into a black hole. fy .. = ny/np denotes central hyperon fraction of the
critical mass star (i.e. the ratio between the total hyperon number density and the total baryon number density at the center of the
critical mass star). Units of B and o are MeV/fm® and MeV /fm? respectively. All masses are given in solar mass units and the energy
released is given in units of 103! erg. m, and «; are always taken equal to 150 MeV and 0, respectively. The Oppenheimer-Volkoff
maximum masses for pure hadronic stars in the case of the GM1 EOS are Myg .« = 1.790M (when x, = 0.6), 1.996M, (x, = 0.7),
and 2.169M, (x, = 0.8).

=10 o =30

Xo B MQS,max M(%S,max Mcr M<l:7r fY,cr Mfin Econv Mcr Mgr fY,cr Mfin Econv
0.6 75 1.630 1.968 1.326 1.454  0.079 1.254 128.4 1.471 1.630  0.147 1.387 149.4
85 1.542 1.812 1.447 1.596 0.134 1.385 110.4 1.540 1.711 0.201 1.479 125.5

100 1.457 1.661 1.598 1.789  0.261 BH BH 1.658 1.865  0.332 BH BH

150 1.447 1.601 1.770 ~ 2.010  0.527 BH BH 1.790  2.036  0.637 BH BH
0.7 75 1.630 1.968 1.442 1.595  0.059 1.361 144.8 1.602 1.794  0.119 1.507 169.6
85 1.542 1.812 1.584 1.764  0.111 1.509 134.2 1.685 1.892  0.170 BH BH

100 1.457 1.661 1.724 1.950  0.197 BH BH 1.791 2036 0253 BH BH

150 1.518 1.686 1.905 2.188 0.370 BH BH 1.931 2223 0.403 BH BH

0.8 75 1.630 1.968 1.592  1.782  0.044  1.498 1679  1.763  2.000  0.095 BH BH
85 1.542 1.812 1.735 1.954  0.085 BH BH 1.841 2.091 0.132 BH BH

100 1.457 1.661 1.879 2152 0152 BH BH 1.946  2.243 0.194 BH BH

150 1.518 1.686 2.054 2.391 0.275 BH BH 2.081 2429  0.299 BH BH

and therefore the onset of hyperons occurs at quite high
densities, & = 373.87 MeV/fm®>. As a consequence
although QMC is softer than GM1 EOS at lower densities,
it becomes, at higher densities, stiffer than GM1 (x, =
0.6) and very close to GM1 (x, = 0.7).

In Fig. 2, we plot the Gibbs free energy per baryon for
the hadronic phase and for the corresponding Q* phase
using the various EOS models (a pair of continuous and
dashed curves with the same color) considered in the

TABLE II.

present work. It is clearly seen that in the case of the
GM1 or GM3 EOS models, the lower the value of the
hyperon coupling x,, the softer the EOS (see also Fig. 1)
and the lower the pressure P at the crossing between the
hadronic and the Q* phase. This will give rise to lower
critical masses for the smaller x, values (see Tables I, I,
and IIT). The Q* phase is very sensitive to the particle
content and it is due to this fact that, although in Fig. 2
the EOS for QMC is softer than the EOS for GM1 with

Same as Table I but for the GM3 parameter set for the hadronic EOS. The Oppenheimer-Volkoff maximum masses for

pure hadronic stars in the case of the GM3 EOS are Myg 1, = 1.554M¢ (when x, = 0.6), 1.732M, (x, = 0.7), and 1.875M¢, (x, =

0.8).
o=10 o=30
Xo B MQS,max M(b)S,max Mcr Mgr fY,cr Mﬁn Econv Mcr Mcl:)r fY,cr Mfin Econv
0.6 75 1.630 1.968 1.237 1.351 0.092 1.175 111.6 1.269 1.389 0.110 1.204 1154
85 1.543 1.812 1.350 1.482 0.165 1.298 91.3 1.362 1.497 0.178 1.310 92.8
100 1.465 1.673 1.461 1.626 0.307 1.431 54.9 1.469 1.636 0.316 1.438 55.8
150 1.487 1.658 — — — — — — — — — —
0.7 75 1.630 1.968 1.373 1.510  0.078 1.297 136.4 1.402 1.545 0.091 1.324 1404
85 1.543 1.812 1.511 1.680  0.157 1.447 113.2 1.541 1.717 0.182 1.475 117.6
100 1.465 1.673 1.610 1.806 0.253 BH BH 1.645 1.851 0.295 BH BH
150 1.495 1.667 1.716 1.945 0.419 BH BH 1.723 1.956 0.444 BH BH
0.8 75 1.630 1.968 1.574 1.759  0.076 1.482 165.2 1.611 1.806  0.092 1.516 170.7
85 1.543 1.812 1.694 1.913 0.143 BH BH 1.744 1.979 0.181 BH BH
100 1.465 1.673 1.771 2.014 0.204 BH BH 1.802 2.057 0.234 BH BH
150 1.495 1.668 1.848 2.119 0.295 BH BH 1.856 2.131 0.309 BH BH
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TABLE III.

Same as Table I but for the QMC parameter set for the hadronic EOS.

PHYSICAL REVIEW D 77, 083002 (2008)

The Oppenheimer-Volkoff maximum mass for

pure hadronic stars in the case of the QMC EOS is Myg . = 1.927M.

=10 o =30

B MQS,max M(bzs,max Mcr M‘I,)r fY,cr Mfin Econv Mcr Mfr fY,cr Mfin Econv
75 1.630 1.968 1.587 1.768 0.044 1.488 176.8 1.694 1.903 0.090 1.585 195.8
85 1.530 1.793 1.705 1.917 0.096 BH BH 1.768 1.998 0.145 BH BH
100 1.454 1.656 1.790 2.027 0.168 BH BH 1.830 2.080 0.211 BH BH
150 1.479 1.638 1.898 2.171 0.352 BH BH 1.909 2.187 0.377 BH BH
x, = 0.8 and 0.7, its crossing with the Q* phase occurs at (Mg, = Mqs(M%)):
higher pressures. A similar observation occurs in the figure
with the GM3 results. This behavior will reflect itself on

Econv = (Min - Mfin)cz- (30)

values of the critical masses M.

In Fig. 3, we show the mass-radius (MR) curve for pure
HS within the QMC model for the EOS of the hadronic
phase, and that for hybrid stars or strange stars for different
values of the bag constant B. The configuration marked
with an asterisk on the hadronic MR curves represents the
hadronic star for which the central pressure is equal to the
threshold value Py and the quark matter nucleation time is
7 = 00, The full circle on the hadronic star sequence
represents the critical mass configuration, in the case o =
30 MeV /fm?. The full circle on the HYS (SS) mass-radius
curve represents the hybrid (strange) star which is formed
from the conversion of the hadronic star with Myg = M.
We assume [18] that during the stellar conversion process
the total number of baryons in the star (or in other words
the stellar baryonic mass) is conserved. Thus the total
energy liberated in the stellar conversion is given by the
difference between the gravitational mass of the initial
hadronic star (M;, = M_,) and that of the final hybrid or
strange stellar configuration with the same baryonic mass

As we can see from Fig. 3, for the case of the QMC model,
the region of metastability of pure hadronic stars (the part
of the MR curve between the asterisk and the full circle) is
very narrow. For this hadronic EOS, the quark star se-
quence can be populated only in the case of ‘“small’’ values
of the bag constant (B <= 80 MeV/fm?; in this case the
final star is a strange star). In all the other cases the critical
mass hadronic star will form a black hole.

For comparison, in Fig. 4 we plot the MR curve obtained
with the GM1 parametrization for the same surface tension
(o = 30 MeV/fm?) and two values for bag constant (B =
75 and 100 MeV/fm?). We consider the two extreme
values of the hyperon couplings studied in this work. The
dots and stars have the same meaning as in Fig. 3. We see
that for the cases plotted the only configuration that does
not end in a black hole has the smallest bag constant and
hyperon coupling considered. In the present model, how-
ever, the configuration with the central pressure P, and the

1 2

T gotoBH

B=100 MeV fm"

B=75 MeV fmn”  —|

2 L
goto BH
1.5
= b
= L
0.5 B=150 MeV fm"
0
2T
go to BH
1.5
I
= L
0.5 B=85 MeV fm”
Py S i e
4 6 8 10 12 14 16 18
Radius [km]

10 12 14
Radius [km]

| |
4 6 8 16 18

FIG. 3. Mass-radius relation for a pure HS described within the QMC model and that of the HYS or SS configurations for several
values of the bag constant and m; = 150 MeV and a, = 0. The configuration marked with an asterisk represents in all cases the HS
for which the central pressure is equal to P,. The conversion process of the HS, with a gravitational mass equal to M, into a final HY'S
or SS is denoted by the full circles connected by an arrow. In all the panels o is taken equal to 30 MeV /fm?.
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B R Ea e e T T T T 25
2 goto BH — — - gotoBH {9
515 =4 F —15
g L 4 L .
= 1+ — - —1
L 4 L 5 A
B=100 MeV fm B=100 MeV fi
0.5~ x=0.6 1 r w08 05
0 Il ‘ Il ‘ Il ‘ Il Il ‘ Il ‘ Il ‘ Il 0
B R Ea e e T T T T 25
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4 6 8 10 12 14 16 18 20 4 o6 8 10 12 14 16 18 20
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FIG. 4. Mass-radius relation for a pure HS described within th

Radius [km]

e GM1 parametrization and that of the HYS or SS configurations for

two values of the bag constant (B = 75 and 100 MeV/fm?) and two values of the hyperon-meson coupling (x, = 0.6 and 0.8) and
m; = 150 MeV and «; = 0. The configuration marked with an asterisk represents in all cases the HS for which the central pressure is
equal to Pj. The conversion process of the HS, with a gravitational mass equal to M, into a final HYS or SS is denoted by the full
circles connected by an arrow. In all the panels o is taken equal to 30 MeV/fm?.

M, configuration are quite separated, contrary to what was
observed with QMC, Fig. 3.

The larger mass difference between the star with the
central pressure P, and the one with the M, occurs when
these stars have small masses. A small change in the
central energy density corresponds to a large change in
the mass. If instead of plotting the MR graph we would
have plotted the corresponding mass-central pressure
graph a larger difference between these two configurations

would be expected. This is seen in Figs. 5 and 6 where the
mass-pressure curves for the family of stars obtained,
respectively, within QMC and GM1 are plotted for two
bag constants and two values of the surface tension (o =
10 and 30 MeV/fm?). We conclude that when the M, star
is almost on top of the P, star in the MR curves, these stars
lie on or close to the plateau that contains the maximum
mass configuration. A large separation between these two
configurations corresponds to a phase transition which

2
15k 4 F 15
Ea 1 goto BH | - go to BH 1
= B=150 MeV fm~ - B=150 MeV fm~ -
0.5 =10 MeV fm> 6=30 MeV fm~> —0.5
0 | | | | 0
2 2
=
= 5 A 3
B=75 MeV fm"" B=75 MeV fm
0.5 P 5 —o0s
0=10 MeV fm 6=30 MeV fm |
0 | | | | | |
0 100 200 300 400 0 100 200 300 200

Central pressure PC [MeV fm'S]

Central Pressure PC [MeV fm's]

FIG. 5. Mass-pressure relation for a pure HS described within the QMC model and that of the HYS or SS configurations for two

values of the bag constant (75 and 100 MeV/fm?) and m, =

150 MeV and a; = 0. The configuration marked with an asterisk

represents in all cases the HS for which the central pressure is equal to P,. The conversion process of the HS, with a gravitational mass

equal to M, into a final HYS or SS is denoted by the full circl
considered, 10 MeV/fm? (left) and 30 MeV/fm? (right).

08

es connected by an arrow. Two values of the surface energy o were
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=
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FIG. 6. The same as Fig. 5 for the GM1 parametrization with the x, = 0.6 hyperon coupling.

occurs during the rise of the MR curve before the plateau.
Because of the softness of the QMC EOS, hyperons initiate
at quite large energy densities and the star with the central
Pq pressure only occurs at high densities. We also conclude
that a smaller surface tension hastens the transition and the
critical mass is closer to the P, mass.

In Tables I, II, and IIT we give the gravitational (M) and
baryonic (M%) critical mass values for the hadronic star
sequence, together with the central hyperon fraction
(fye = ny/np, ie. the ratio between the total hyperon
number density and the total baryon number density at
the center of the critical mass star). We also report the
value of the gravitational mass (Mj;,) of the final quark star
configuration and the total energy [18] E . =
(M, — Mg,)c? released in the stellar conversion process,
assuming baryon mass conservation (i.e. no matter ejec-
tion) [18]. The gravitational (Mqg max) and the baryonic
(M(b)S,max) mass of the maximum mass configuration for the
quark (hybrid or strange) star sequence are also included.
The value of the latter quantity is relevant to establish
whether the critical mass hadronic star will evolve to a
quark star (MY <M65’max) or will form a black hole
(M5 > M(bgs,max)- The entries in Tables I and II [31], and
IIT are relative, respectively, to the GM1, GM3 and QMC
equation of state for the hadronic phase. For the quark
phase we consider four different values of bag constants,
75, 85,100 and 150 MeV/ fm?3, and two different values for
quark-hadron surface tension, 10 and 30 MeV /fm?. Notice
that for the quark matter parameter set adopted in the
present work (see Sec. I), strange quark matter is abso-
lutely stable [32,33] only for B = 75 MeV/fm?.

Some comments are in order: the critical masses in-
crease with the increase of the hyperon couplings. This
increase can be as large as 0.3-0.4My when x, changes
from 0.6 to 0.8; the critical mass is also dependent on the
particle content, namely, of the strangeness content, and

this explains the different relative positions for the different
bag pressures of the QMC result which essentially corre-
sponds to x, = 0.7. Because of the fact that the EOS for
QMC is very soft, the hyperon onset occurs at quite high
densities and therefore the critical mass is always quite
high for this model. The critical mass increases with the
bag constant because a larger bag constant corresponds to a
stiffer quark EOS and therefore the phase transition to the
quark phase will occur at larger densities. When the critical
mass hadronic star is converted to a black hole, this is
indicated in Tables I, II, and III with an entry BH, in the
columns for My, and E_,,, (no energy will be radiated as
soon as the star passes the event horizon). Notice that, in
the case of the GM3 model with x, = 0.6 and B =
150 MeV/ fm?3, there is no entry for the critical mass value
(and for M%., Mg, and E_,,) since in this case the nuclea-
tion time of the maximum mass hadronic star (Myg max) 1S
much larger than 1 yr (i.e. the star is metastable with a
lifetime comparable or much higher than the age of the
Universe).

We observe from the results in Tables I and II, that
increasing the value of the hyperon coupling constants
(for fixed B and o) reduces the central hyperon fraction
(fy,er) of the critical mass star, and increases the energy
released during the conversion into a quark or hybrid star
(for those configurations which will not form a black hole).

In Fig. 7, we show the internal composition for the
hadronic star with a gravitational mass M = 2.081M,
and radius R = 12.6 km, obtained using the GM1 parame-
trization with x, = 0.8. This star corresponds to the criti-
cal mass configuration when we  consider
B = 150 MeV/fm?® and o = 30 MeV/fm? (see Table I).
As we see, this star has a considerable central hyperon
fraction (fy,, = 0.299) and a wide hyperonic matter core
which extends up to Ry ~ 8.7 km. On the top of this core,
one has a nuclear matter layer (Ry = r = R, ) with a
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FIG. 7 (color online). The internal composition for an hadronic
star with gravitational mass M = 2.081M, and radius R =
12.6 km, obtained with the GM1 equation of state with x, =
0.8. This star corresponds to the critical mass configuration when
we consider B = 150 MeV/fm?® and o = 30 MeV/fm? (see
Table I). Ry is the radius of the hyperonic matter stellar core.
The nuclear matter layer extends between Ry and R, . The
crust extends between R . and R.

thickness of about 3.4 km. The stellar crust extends from
R s up to R.

It has been argued by several authors [34—37] that if
strange quark matter (SQM) is absolutely stable [32,33],
then all compact stars are likely to be strange stars. The
argument in favor of this thesis is the following: if the
interstellar medium is sufficiently contaminated by quark
nuggets (i.e. lumps of SQM), then the presence of a single
quark nugget in the interior of a “normal’’ neutron star
(hadronic star) is sufficient to trigger the conversion of the
star to a strange star [33,34]. Likely the quark nugget
contamination of the interstellar medium is the result of
the merging of strange stars in binary systems [35,38].
Under these conditions, compact star progenitors could
capture a quark nugget during their lives (i.e. during the
various nuclear burning stages of the stellar evolution).
Thus, according to this argument, a strange quark seed
will be present in all newborn compact stars, and thus the
conversion to a strange star will happen immediately,
without a metastable hadronic star being formed first.
This is a plausible scenario; however it would be relevant
only for a few of the stellar models considered in our work,
i.e. those relative to the value B = 75 MeV /fm? for the
bag constant (see Tables I, II, and III) for which SQM is
absolutely stable, and will not have any effect upon the
existence of metastable hadronic compact stars in all the
other cases considered in the present work. The magnitude
of the flux of quark nuggets in the interstellar medium
(which is a crucial quantity for the validity of the scenario
of Refs. [34—37]) has been estimated [35], making the
assumption that all pulsars exhibiting glitches must be
normal neutron stars (hadronic stars), not strange stars.
This assumption is based primarily on the nearly total
lack of models for the glitch phenomenon with strange
stars (see anyhow Refs. [39,40]), while such models have

PHYSICAL REVIEW D 77, 083002 (2008)

been quite successfully developed in the case of hadronic
stars (see e.g. Refs. [41-44]). However, recent studies have
established the possibility of an inhomogeneous crystalline
color superconducting phase (Larkin-Ovchinnikov-Fulde-
Ferrell phase) in the interior of strange stars (see [45,46]
and references therein quoted), or the likely existence of a
SQM crystalline crust in strange stars [47]. These late
theoretical developments raise the possibility of explaining
pulsar glitches with strange star based models, and thus
require as useful a recalculation of the astrophysical limits
of the flux of quark nuggets. The scenario discussed in the
present work is an alternative to the scenario [34-37]
according to which all compact stars are strange stars,
which requires that SQM is absolutely stable.

V. CONCLUSIONS

It has been recently shown [11-15] that pure hadronic
compact stars, above a threshold value of their gravita-
tional mass, are metastable to the conversion to quark stars.
In this work we have done a systematic study of the
metastability of pure hadronic compact stars using differ-
ent relativistic hadronic models for the equation of state of
hadronic dense matter. In particular, we have used and
compared the quark-meson coupling (QMC) model with
those for the Glendenning-Moszkowski parametrization of
the nonlinear Walecka model (NLWM). In the case of the
QMC model, we have obtained that the region of meta-
stability of pure hadronic stars is very narrow. For the GM
model, we have investigated the effect of the hyperon
couplings on the critical mass of the hadronic star sequence
and on the stellar conversion energy. We have found that
increasing the value of the hyperon coupling constants
shifts the bulk transition point for quark deconfinement
to higher densities, increasing the value of the critical mass
for the hadronic stellar sequence, and thus makes the
formation of quark stars less likely. The nucleonic EOS
for QMC is very soft and therefore the onset of hyperons
occurs at quite high densities, which gives rise to large
critical masses. The conversion to a quark star will occur
only for a small value of the bag constant. Finally we point
out that both QMC and GM1 with the largest values of the
hyperon-meson couplings predict limiting masses [12]
which may be as high as 1.9-2.1M,.

These values would be able to describe highly massive
compact stars, such as the one associated to the millisecond
pulsars PSR B1516 + 02B [20], and nearly the one in PSR
J1748-2021B [21].
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