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The discovery of pulsars PSR J1614-2230 and PSR J0348+0432 with masses of around 2Mg
imposes strong constraints on the equations of state of cold, ultra-dense matter. If a phase transition
from hadronic matter to quark matter were to occur in the inner cores of such massive neutron stars,
the energetically favorable state of quark matter would be a color superconductor. In this study, we
analyze the stability and maximum mass of such neutron stars. The hadronic phase is described by
non-linear relativistic mean-field models, and the local Nambu-Jona Lasinio model is used to describe
quark matter in the 25C+s quark phase. The phase transition is treated as a Maxwell transition,
assuming a sharp hadron-quark interface, and the “constant-sound-speed” (CSS) parametrization
is employed to discuss the existence of stellar twin configurations. We find that massive neutron
stars such as J1614-2230 and J0348+4-0432 can only exist on the connected stellar branch but not on
the disconnected twin-star branch. The latter can only support stars with masses that are strictly

below 2Mg.

I. INTRODUCTION

Confronting neutron star observables, such as mass
and radii [1, 2], with detailed theoretical calculations of-
fers the intriguing possibility to probe matter at ultra-
high densities and to put constraints on models for the
equation of state (EoS) of such matter [3, 4]. For
instance, the discovery of the massive pulsars PSR
J1614-2230 [5] (M = (1.928 £+ 0.017) M [6]) and PSR
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J0348+0432 (M = (2.01 £ 0.04) My, [7]) have been used
to rule out many theoretically proposed models for the
EoS, which all fail to accommodate such high-mass neu-
tron stars. Despite this success, the core composition of
neutron stars is still largely unknown. In the most prim-
itive conception, a neutron star is constituted from neu-
trons. At a more accurate representation, neutron stars,
which are in chemical equilibrium, will contain neutrons
and protons whose charge is balanced by leptons. At
the densities in the interior of neutron stars, the neutron
chemical potential is expected to exceed the mass (mod-
ified by interactions) of various members of the baryon
octet, so that in addition to neutrons, protons and elec-
trons, neutron stars are also expected to have populations
of hyperons, which together with nucleons and leptons
are in a charge-neutral equilibrium state. Lastly, the
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Figure 1. Square of the speed of sound, céM = dp/de, for different 25C+s quark EoSs with fixed strange quark mass MY = 500
MeV (a), 600 MeV (b). The model parameters used are the same as in Fig. 4 depicting the mass-radius relation of hybrid stars

using NL3 for the hadronic EoS.

matter in the centers of neutron stars may become so
highly compressed that a phase transition from hadronic
matter to deconfined quark matter can occur in their
cores [8-13]. Such neutron stars are referred to as quark-
hybrid stars.

It has been argued that the ground state of quark mat-
ter consists of quark pairs which form a color supercon-
ductor [14, 15] where the attractive interaction between
quarks emerges naturally through the exchange of glu-
ons. As seen in the Bardeen-Cooper-Schrieffer theory of
ordinary superconductivity, quarks with equal but op-
posite momenta at their respective Fermi surfaces form
Cooper pairs to lower the energy of the system. Color
superconductivity in the interiors of compact stars has
been studied by many authors in recent years [16-20].
In Ref. [9] vector interactions are included in the quark
EoS, and stable hybrid star configurations with color su-
perconducting quark cores are possible. The authors
of Ref. [10] found that assuming a sharp phase transi-
tion between hadronic and quark matter, the condition
Mpax > 2Mg puts strong constraints on the EoSs of the
two-flavor superconducting (25C) phase and/or the three
flavor color-flavor locked (CFL) phase. It was found that
strong additional hyperon repulsion is necessary, and the
density discontinuity at the hadron-quark interface ought
to be small, while the speed of sound in quark matter
has to be large. In addition, several recent studies have
shown that a third family of massive hybrid stars (so-
called twin stars) could exist, by using the NJL quark
model with multiquark interactions [21], a chiral SU(3)
EoS derived from the quark-meson model [22], a multi-
polytrope EoS [23], or based on the relativistic string-
flip model (which is a mean-field modification to the free
Fermi gas model) [24]. Other authors have obtained twin-
stars for three-flavor quark matter, with masses lower
than 2Mg, [25, 26]. The inclusion of a very strong mag-
netic field (~ 10! G) in the quark matter EoS can also

lead to the appearance of a third family of stable hybrid
stars [27]. In Ref. [28], a systematic study of the loca-
tion of the phase transition between the hadronic matter
and quark matter occurs in the “constant-sound-speed”
(CSS) [29, 30] parameter space was performed by scan-
ning the transition pressure pians and the discontinuity
in the energy density Ae/etrans between two phases.

In order to study the effects of color superconductivity
on the stability of compact stars and search for possible
twin-star configurations, we consider the 2SC+s phase,
where green and red up and down quarks form pairs, em-
bedded in a gas of free strange quarks, and strange quarks
can form pairs amongst themselves [31, 32]. We assume
a sharp first-order phase transition between hadronic
matter and color superconducting quark matter in or-
der to compare the analysis of the stability of hybrid
stars with that in the framework of the CSS parametriza-
tion [29, 30]. For the hadronic phase we apply several
EoSs based on the non-linear relativistic mean field model
proposed in [33]; quark matter in 2SC+s quark phase is
described within the local Nambu-Jona Lasinio model
(see Sects. IT A and IIB and for details). As was pointed
out in [26, 28, 30, 33, 34], a lower transition pressure
together with a not too large discontinuity in the en-
ergy density at the phase transition favors the forma-
tion of stable hybrid star branches. In this work we will
show that, in the context of NJL 2SC+s color super-
conducting quark phase, a combination of diquark con-
densates, large values of the vector and diquark interac-
tion, and large effective strange quark masses lowers the
hadron-quark transition pressure leading to stable hy-
brid branches which could be connected, disconnected,
or both.

The article is organized as follows. In Sec. II we discuss
some basic aspects of phase transitions, and give a brief
description of both the hadronic and quark matter EoS as
well as the CSS parametrization. In Sec. ITI we show the



numerical results for different hadronic EoSs and param-
eter combinations of the 25C+s quark matter in the CSS
framework. In addition, we discuss the results obtained
taking into account constraints on the behavior of dense
matter from astrophysical observations. Conclusions are
provided in Sec. IV.

II. PHASE TRANSITIONS

It has been suggested that at low temperatures and
high densities there might be a first-order phase transi-
tion between hadronic and quark matter inside neutron
stars [35—41]. Although the density at which such a phase
transition occurs is unknown it is expected to be several
times the nuclear saturation density.

Depending on the value of the surface tension at the
hadron-quark interface, this kind of phase transition can
lead to two possible stellar configurations [42—48]. If the
surface tension is higher than a critical value, which is
estimated to be around 5 to 40 MeV /fm? [42, 45], then
there is a sharp interface (Maxwell construction) between
neutral hadronic matter and neutral quark matter; if the
surface tension is below such critical value, there exists
a mixed phase (Gibbs construction) with global charge
conservation, and the pressure varies monotonically dur-
ing the phase transition. In this work we assume that the
surface tension is high enough to ensure the occurrence
of a sharp interface. For a discussion of generic equations
of state that continuously interpolate between the phases
to model mixing or percolation, see [49-51].

A. Hadronic matter EoS

We have used several EoSs to describe hadronic mat-
ter in the interior of hybrid stars. The crust region is
constructed by combining the Baym-Bethe-Pethick and
Baym-Pethick Sutherland EoSs [52, 53]. The EoS of the
outer core region is modeled using the well-known nonlin-
ear relativistic mean field (RMF) theory in which baryons
interact via the exchange of scalar (¢), vector (w), and
isovector (p) mesons [54-56], and for which numerous
nuclear parametrizations exist. First we calculate the
hadronic EoS using the NL3 parametrization with the
standard set of RMF parameters initially fit to properties
of finite nuclei [57]. Hyperons were considered with the
following meson-hyperon coupling constants: z,p = 0.7
and z,p = z,p = 1.0, where z;5 = g;5/g; [58].

A second hadronic EoS is constructed using the RMF
theory with the GM1 parametrization [59], but modified
to include a density-dependent isovector meson-baryon
coupling constant [60],

908(n) = gpB(no) exp[—a, (n/ng — 1)]. (1)

This modification provides the extra parameter a, used
to fix the slope of the asymmetry energy (L) at nuclear

density (Lg), but leaves the remaining saturation param-
eters of the original GM1 parametrization intact [61]. In
this work we fix Ly = 55 MeV, a value consistent with
a number of constraints from the literature (e.g. [62-
65]), and refer to this parametrization as GM1(L) [66].
Reducing the slope of the asymmetry energy softens the
low density region of the equation of state, decreasing
the neutron star radius such that the mass-radius rela-
tion of the modified GM1(L) parametrization is consis-
tent with bounds suggested by neutron matter calcula-
tions [63]. Hyperons are included with vector meson-
hyperon coupling constants given by the SU(3) flavor
symmetry, isovector couplings given by the SU(6) rela-
tions, and scalar couplings fit to the following hypernu-

clear potentials: U/(\N) = —28 MeV, UéN) = 30 MeV, and
ULN) = —18 MeV [67, 68]. Delta isobars (A(1232)) are
also included with z,A = z,A = 1.1 and z,A = 1.0.

Next we use an RMF model with density-dependent
scalar, vector, and isovector meson-baryon coupling con-
stants [60]. The functional density dependence of the
couplings requires an additional nine parameters that are
fit to properties of finite nuclei and provided by the DD2
parametrization [69, 70]. Nonlinear cubic and quartic
scalar self-interaction contributions to the Lagrangian,
necessary to reproduce reasonable values of the nuclear
incompressibility and effective nucleon mass at satura-
tion with the NL3 and GM1(L) parametrizations, are no
longer required. Only nucleons are considered with the
DD2 parametrization.

Finally, we test four additional parametrizations for
the hadronic EoS to obtain a hadron-quark phase tran-
sition: SFHo and SFHx, parametrized to control the
isospin asymmetry energy as a function of density and
satisfy the initial mass constraint set by PSR J1614-2230
[5, 71], and BHBA¢ (BHBA) including the lambda hy-
peron with (without) the repulsive hyperon-hyperon in-
teraction mediated by the ¢ meson [72].

B. 2SC+s quark matter EoS

It is known that the constraint from charge neutral-
ity disfavors the 2SC phase, but a large enough strange
quark mass helps to stabilize such a superconducting
phase [17, 32]. In this work, the 2SC+s superconduct-
ing quark phase is described within the two-flavor 2SC
Nambu-Jona Lasinio model including vector interactions
in a background of strange quarks, with a large con-
stituent strange quark mass.

Although in our model the dynamical strange quark
mass is not treated as in the standard NJL model with
three flavors, the effective mass of the strange quark,
Mg (), is taken as a chemical potential (u-dependent) pa-
rameter. The ad-hoc dependence of the effective strange
quark mass is described by



Table I. Properties of compact stars arising from the hybrid EoS: NL3 plus 2SC+s (for MJ = 500 MeV, As = 10 MeV, and
Nqg = 1.1). We show the parameter values for the phase transition, perans/€trans and Ae/etrans, varying the vector coupling
constant 7. The value <C2QM> is obtained by calculating the slope of the quark EoS through a linear fitting. We also give the
mass and radius of the heaviest hadronic star (Mirans and Ryirans), the mass and radius range (AM and AR) of the hybrid
branch, calculated from the 2SC+s EoS and the CSS parametrization separately. For CSS we pick up the minimum or maximum
of the speed of sound for quark matter and assume a constant céM to be of that value. We found that with nqq = 1.1 and
v = 0.85 both stable connected and disconnected (twin stars) hybrid branches are generated. The masses are expressed in

Mg and the radii in kilometers.

Naa | Mv pt/Et AE/Et <Cé1w> Mirans | Rirans AMQSC+S A]\4CSS ARQSC+S A-FgCSS

1.1]/0.80{0.147| 0.510 0.360 1.73 |14.82 0.12 (0.035, 0.48) —3.27 (—1.51, —3.10)

1.1]/0.82]0.164| 0.528 0.360 1.84 |14.82 0.06 (0.017, 0.215) —2.42 (—1.37, —2.82)

1.1/0.850.186| 0.521 —C 1 P | 198 | 1479 - 1 D 1 (0.005, 0.0) —C 1 P {(—0.13, —1.85)
0.325|0.375 0.008]0.006 —0.16|—1.38
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where /i = 530 MeV and 8 = 5 x 102 MeV. In this func-
tional form of the strange effective mass, a rapid change
from an almost constant value of M? to a value of ~ 200
MeV occurs for a quark chemical potential ~ . This be-
havior is consistent with the results of [73]. Adopting the
change of the strange quark mass as described by Eq. (2)
allows us to study the influence of strangeness in the sys-
tem in a relatively simple manner that retains qualitative
and quantitative features of more complex approaches,
where a SU(3) NJL Lagrangian with a t’Hooft interac-
tion term and vector interaction is used to determine
the strange quark mass self-consistently [9, 17]. Pairing
among strange quarks themselves is also allowed, while
with the choice of M(0) = M{ = 500 to 600 MeV, we
force the strange quarks to remain heavy even at higher
densities which inhibits the possibility of them pairing
with non-strange quarks. From here onwards we will re-
fer M2 as the initial value of the effective strange quark
mass for chemical potentials lower than ~ 550 MeV.

At zero temperature, quark matter in the 25SC+s phase
with vector interactions is described in terms of the grand
canonical potential

(2)

0.2 AQ 62
Q — Qo+ Qe+ Qe+ —— 4 =
2SC+s o+ lep+ b+2Gs+2H 2GV
9 A
-= p*dp (E(p) + E1(p) + E_(p))
0
L 2d E 3
- p°dp [pun) — E(p)] (3)
1 e

dep [M(db) - E(p)] )

where {2 is a constant fixed by the condition that Qagcas
vanishes at ;1 = T' = 0, Qy¢p, is the lepton contribution (we
have included both electrons and muons), €, is the con-
tribution from the s quark, p%b) and p%db) are the com-
mon Fermi momenta for the blue u and d quarks respec-

tively and E(p) = v/p? + m(o)?, o= (p = &) = 5 + 15,

Ei(p) = \/[E(p) + i]> + A2. The effective mass in the
chiral condensate o is given by m(o) = m;—y=q — 2Gs0.
Ggs, H and Gy are the strong, diquark and vectorial cou-
pling constants respectively. Finally, £ is the mean field
related with the vector interaction included in the model.

Blue strange quarks do not pair, so they are treated
as a Fermi quark gas. Red and green strange quarks
form pairs, contributing to the grand canonical potential
Eq. (3) through a term given by

I
Q;ed,green _ ﬁ / dpp2 |: p2 —+ MS2 + As - ,Ufs:| 7(4)
0

where Mg is the p-dependent effective strange quark
mass taken as a free parameter and k% is the com-
mon Fermi momenta. We choose the parameter values
as My = mg = 5.5 MeV, Gg = 10.1 x 1076 MeV and
A =650 MeV in the NJL model [74, 75].

The mean field values o, &, and A are obtained by
minimizing the grand canonical potential Eq. (3), i.e.

dQasc4s
9 do_ b

dQsc4s
dA

dQasc4s

dg

Imposing electric and color charge neutrality by minimiz-
ing the potential with respect to the electron and color
chemical potentials, p, and pg, we have

= 0. (5)

Q <
_ o, dQascys 0.
dus

dQascys

. (6)

Therefore, Egs. (5) and (6) form a system of five equa-
tions that will be solved together to model the quark
matter phase in the inner core of the hybrid star.
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Figure 2. (Color online) Diagram showing (black symbols)
where phase transition between NL3 EoS and 2SC+s quark
EoS with various parameter values (see Table I and Fig. 4,
panel (a)) fall in the CSS parameter space. Each panel is
for a different range of céM. EoSs below the straight solid
(red) line (regions B and C) yield a connected hybrid branch;
EoSs above the (green) window (regions B and D) yield a
disconnect hybrid branch. EoSs within the shaded gray area
are excluded because their heaviest star is below 2Mg.

C. CSS parametrization

The “constant-sound-speed” framework enables a
generic analysis of the stability of hybrid stars [30]. For

a given nuclear matter EoS, exm(p), the full CSS EoS is
then

) ENM (p) P < Dtrans

elp) = —2
ENM (ptrans) + Ae + CQM (p - ptrans) p > Ptrans -
(7)
The CSS form can be viewed as the lowest-order terms
of a Taylor expansion of the high-density EoS about the
transition pressure. We express the three parameters
in dimensionless form, as Pirans/Etrans, A&/Etrans (equal
to A — 1 in the notation used in [76]) and cgy;, where

Etrans = ENM(ptrans)~

As we will show later in Sec. III, EoS models
considered in this work can give rise to values of
Dtrans/Etrans ~ 0.14 — 0.19 and Ae/eqans ~ 0.04 — 0.7 in
the CSS framework. With these ranges of parameters,
which characterize the location of the phase transition,
stable hybrid stars are obtained. This is the major dif-
ference from previous results in [33] where local and non-
local NJL models without diquarks were used to describe
the quark matter EoS. In that work, both the phase tran-
sition pressure pians and the energy discontinuity Ae
were too high to obtain stable hybrid stars with quark
matter cores, in agreement with the predictions from the
CSS parametrization. The inclusion of diquarks in the
NJL model instead helps both lower the transition pres-
sure and shrink the gap in the energy density, and thus
favors a stable hybrid star configuration. At this point, it
is worth to point out that stable hybrid stars with quark
matter in their cores and maximum masses above 2M¢
have already been obtained for the local NJL model, if
deconfinement and the chiral phase transition occur at
the same chemical potential [77]. The authors of this
paper note that this condition together with a low vac-
uum constituent quark mass are essential to obtain hy-
brid stars with pure quark matter in their cores when
Gibbs conditions are considered.

In Fig. 1 we show the square of the speed of sound,
C%M, in the quark matter phase as a function of the
pressure for two different effective strange quark masses
M? = 500,600 MeV. For a given M?, the speed of sound
increases slightly with the vector coupling constant 7y,
and more significantly with the diquark coupling con-
stant 74q. The first peak of céM on these curves, more
evident for M? = 600 MeV, occurs at the blue strange
quark onset, representing a change in the properties of
the matter inside the compact star. The second peak
corresponds to the appearance of the strange diquarks.
In Tables. I and IT we compute an estimate mean value
of the square speed of sound (cgy;) through a linear fit-
ting to the quark EoS e(p) (only for values giving stable
stars); the inverse of the linear fitting slope is taken as

<C2QM>
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Figure 3. (Color online) Diagram showing (black symbols)
where phase transition between NL3 EoS and 2SC+s quark
EoS with various parameter values (see Table II and Fig. 4,
panel (b)) fall in the CSS parameter space. Each panel is
for a different range of céM. EoSs below the straight solid
(red) line (regions B and C) yield a connected hybrid branch;
EoSs above the (green) window (regions B and D) yield a
disconnect hybrid branch. EoSs within the shaded gray area
are excluded because their heaviest star is below 2Mg.

III. HYBRID STARS WITH COLOR
SUPERCONDUCTING CORES

Considering a sharp first-order phase transition we are
able to construct hybrid EoSs and solve the TOV equa-
tions to find stable configurations of compact stars. We
then analyze the effect of the vector interaction, the su-
perconducting coupling constant, the role of the strange
quark mass and the possibility of a superconducting
quark matter core in hybrid stars.
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Figure 4. Mass-radius relationship for hybrid stars using an
effective strange quark mass M? = 500 MeV (a), M? = 600
MeV (b), and the superconducting gap for the strange quark
As = 10 MeV. We use NL3 for the hadronic EoS, and quanti-
ties that characterize the phase transition to the 25C+s phase
are shown in Tables I and II. Variation of the speed of sound
in the quark phase is shown in Fig. 1. Labels (i), (ii) and (iii)
are in accordance with the corresponding (a), (b) and (c) CSS
diagrams in Figs. 2 and 3.

A. NL3 hadronic EoS

In Tables I and II we show the relevant quantities for
the 25C+s model considering the phase transition with
the NL3 hadronic EoS for a given effective strange quark
mass (M? = 500 and 600 MeV respectively). Comparison
with the results obtained from the CSS parametrization



Table II. Properties of the compact stars arising from the hybrid EoS: NL3 plus 25C+s (for M{ = 600 MeV and Ay = 10 MeV).
We show the parameter values for the phase transition, pirans/€trans and Ae/egrans, varying the vector coupling constant 7,
and the diquark coupling constant 1qq. The value (c2QM> is obtained by calculating the slope of the quark EoS through a linear
fitting. We also give the mass and radius of the heaviest hadronic star (Mans and Rirans), the mass and radius range (AM
and AR) of the hybrid branch, calculated from the 2SC+s EoS and the CSS parametrization separately. For CSS we pick up
the minimum or maximum of the speed of sound for quark matter and assume a constant C?QM to be of that value. The masses

are expressed in My and the radii in kilometers.

Naa | T |pe/ee |Ae/es | (cqm) | Mirans | Rivans |[AMascis|  AMoss  |ARascys ARcss
1.05/0.60{0.141| 0.736 | 0.360 | 1.67 | 14.82 0.02 <0.36 —4.42 > —3.75
1.1 {0.82]0.164| 0.528 | 0.400 | 1.84 |14.82 0.11 (0.017, 0.182)| —2.70 |(—1.37, —2.71)
1.1 [0.85]0.186| 0.521 | 0.400 | 1.98 |14.79 0.04 (0.005, 0.078)| —1.79 |(—0.09, —2.33)

is also given, where maximum and minimum values of
AMcss and ARcgs correspond to the extremes of céM
in the stable hybrid branches.

We have noticed that changes in the choice of the ef-
fective strange quark mass MY do not alter the transition
pressure from hadronic matter to quark matter; however
increasing MY stiffens the quark matter EoS. There is no
variation of the transition point when the gap parame-
ter Ag changes, but greater values of Ay make the EoS
(slightly) stiffer, although the difference is practically in-
sensitive. Regarding the diquark coupling constant 74,
we have found that when 74 < 1 all stable stars are
purely hadronic (same result as obtained in [33]); on the
contrary, when 1,4 > 1 hybrid star branches (connected,
disconnected or both) are present. Fixing 74q and in-
creasing the vector coupling constant 7, leads to a stiffer
EoS (see more evidently in Fig. 1), and at the same time
shifts the transition point to higher pressures and disfa-
vor the formation of a quark matter core.

In Fig. 4 (a), we show mass-radius relation for different
choices of the model parameters. Fixing M? = 500 MeV,
Ag =10 MeV and 74q = 1.1, we vary the vector coupling
constant as n, = 0.80,0.82,0.85. As shown in Table I the
transition pressure pirans between hadronic matter and
quark matter increases with 7, which results in a higher
mass for the heaviest purely-hadronic star M = M ans-

For all these cases, there always exists a connected
branch of hybrid stars right above the transition pressure
Dtrans. 11 particular for n, = 0.85 (dotted curve), a dis-
connected hybrid branch is also present, and a maximum
mass ~ 2Mq is reached. For 7, = 0.80 and 7, = 0.82
only connected hybrid branches exist.
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Figure 5. Mass-radius relationship for hybrid stars using an
effective strange quark mass M = 500 MeV (a), MJ = 600
MeV (b), and the superconducting gap for the strange quark
Ay = 50 MeV. We use GMI1(L) for the hadronic EoS, and
quantities that characterize the phase transition to the 25C+s
phase are shown in Tables III and IV. Variation of the speed
of sound in the quark phase is shown in Fig. 1. Labels (i) and
(ii) are in accordance with the corresponding (a), (¢) and (b),
(d) of the CSS diagrams in Fig. 6.

Fig. 4 (b) displays the mass-radius relation for hybrid
star configurations fixing M? = 600 MeV and Ay =
10 MeV. The cases where nyq = 1.1, n, = 0.82 and
7y = 0.85 (dashed and dotted curves) are similar to
those in panel (a) with connected hybrid branches and



slightly higher maximum mass because the quark EoS
stiffens when MY increases (see Fig. 1). Both curves are
consistent with the observational data of the two ~ 2Mg
pulsars. For 1qq = 1.05 and 7, = 0.6 (solid line), as also
can be seen in Table II, lower values of both the diquark
and vector coupling constants result in a lower transi-
tion pressure and a lower mass for the heaviest purely-
hadronic star. A disconnected branch of stars with color
superconducting cores is present, but its maximum mass
is below 2Mg.

One remarkable feature of Fig. 4 is that hybrid stars
with color superconducting quark cores have systemat-
ically smaller radii than purely hadronic stars, a result
of the first-order phase transition in dense matter that
has been widely discussed. For instance, Ref. [78] shows
that if hybrid EoSs are constructed with extremely stiff
hadronic matter at transition densities around 1.5 times
nuclear saturation density, disconnected hybrid branches
covered a range of 2 — 3 kilometers smaller than the
purely-hadronic branch.

In Fig. 2 we show with crosses the phase transition
points corresponding to the 25C+s EoS for Mg = 500
MeV model combined with NL3 hadronic EoS. For the
lowest and highest values of ¢2,, realized in stable stel-
lar configurations, we calculate the Mpya.x = 2Mg con-
tours and the twin-star windows demarcating the dis-
connected branches. An interesting transition point as in
panel (c) indicates hybrid star configurations very close
to the edge of region B, where both disconnected and
connected hybrid branches should exist, which is con-
firmed in the actual mass-radius relation for 2SC+s mod-
els (see dotted curve in Fig. 4 (a)). It is worth mention-
ing that the reason why at this phase transition point
both branches (represented by region “B”) do not ap-
pear for the CSS parametrization in Fig. 2 (c) is that
g is not strictly constant in the 25C+s phase. This

could be seen in a 3-D diagram, with s gradually vary-
ing along a third axis, while the phase transition point
(ptrans/gtransa A5/5trans7 C%QM (p = ptrans)) lies il’l the tWiIl—
star window (a 2-D plane). In Fig. 3 we show the same
but for Mg = 600 MeV. Panel (a) represents a typical
case of disconnected family of hybrid stars (in region D
above the solid red line) but with a maximum mass be-
low the 2M, threshold (within the gray excluded area),
which refers to the red solid curve in Fig. 4 (b).

To obtain massive (2 2Mg) hybrid stars on the dis-
connected branch, the range of parameters combination
is quite narrow; it is very difficult but not impossible.
In the EoS models considered, high values of the diquark
coupling constant and the vector interaction coupling en-
sure relatively low transition pressures, which are favored
to generate stable hybrid stars as predicted from the CSS
parametrization. Similarly, in a previous work, massive
twin hybrid stars have been obtained by including higher-
order quark interactions in the Dirac scalar and vector
coupling channels [78]; these interactions also effectively
rebound to lower transition pressures and large values of
> although they additionally have high M ans due to
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Figure 6. (Color online) Diagram showing (black symbols)
where phase transition between GM1(L) EoS and 2SC+s
quark EoS with various parameter values (panels (a) & (b):
Table III; panels (c) & (d): Table IV) fall in the CSS param-
eter space. Each panel is for a different range of C2QM. EoSs
below the straight solid (red) line (regions B and C) yield a
connected hybrid branch; EoSs above the (green) window (re-
gions B and D) yield a disconnect hybrid branch. EoSs within
the shaded gray area are excluded because their heaviest star
is below 2Mg.



the extremely stiff DD2-EV hadronic EoS.

B. GM1(L) hadronic EoS

The GM1 parametrization has been widely used for
the description of nuclear matter in neutron stars (see
for example [79, 80] and references therein), however its
continued utility may be questionable in light of recent
constraints placed on the slope of the isospin asymmetry
energy and neutron star radii.

Therefore, in this work we use the modified version of
the GM1 parametrization (GM1(L)) discussed in Sub-
section IIIB which is more consistent with these con-
straints and with results from microscopic neutron mat-
ter calculations. In Table IIT and IV we show the re-
sults obtained using the GM1(L) parametrization for the
hadronic phase. It can be seen that hybrid stars with
color superconducting quark matter cores are possible
and that quark matter appears not only in the cores
of high mass hybrid stars but also in intermediate mass
compact objects. This is also shown in Fig. 6 where the
gray shaded region is excluded by the measurement of the
2M¢ stars. We obtain connected hybrid branches with
color superconducting cores with masses below 2M¢, but
still within the error bars, of PSR J1614-2230 and PSR
J0348+4-0432. In contrast, a previous study of hybrid stars
obtained with the GM1 EoS using the CSS parametriza-
tion [33] led to very short connected or absent hybrid
branches for 2M, neutron stars.

C. DD2 and other hadronic EoS

The results obtained using the DD2 parametrization
for the hadronic EoS are shown in Table V, where sta-
ble hybrid stars with color superconducting quark matter
cores only appear on the connected branch. We show the
mass-radius relation in Fig. 7 (a), and mass as a function
of the central energy density in Fig. 7 (b). Compared to
the results from the NL3 hadronic EoS (see Fig. 4), these
hybrid stars have higher masses, smaller radii and shorter
connected branches compared with GM1(L). Fig. 8 shows
the results on the CSS plane (Pirans/€transs AE/Etrans)
where only for panel (a) with 7qq = 1.1 and 7, = 0.65
are stars obtained that have maximum masses < 2Mg
(transition point inside the gray shaded area).

Similar calculations were performed using the SFHo
and SFHx parametrizations and the BHBA¢ (BHBA)
parametrizations including A hyperons with (without)
repulsive interactions [72]. For SFHo and SFHx EoS,
disconnected families of hybrid stars are possible (for ex-
ample, if vector interactions are strong (7, > 0.5) with
the strange quark mass M? = 500, the phase transition
parameters are Pirans/Etrans ~ 0.2 and Ae/etrans ~ 0.55),
but in neither case does the maximum mass reach the
limit imposed by the measurements of J1614-2230 [5, 6]
and J03484-0432 [7].
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Figure 7. Hybrid star configurations based on the DD2
hadronic EoS and quark matter EoS with the effective strange
quark mass M2 = 500 MeV, and the superconducting gap for
the strange quark, As = 50 MeV. Panel (a): mass-radius
curves; panel (b): mass as a function of the central energy
density. All curves show connected families of hybrid stars.
Labels (i), (ii) and (ili) are in accordance with the corre-
sponding (a), (b) and (c¢) CSS diagrams in Fig.8. Quantities
that characterize the phase transition to the 2SC+s phase are
shown in Table V.

In addition, for MY = 600 MeV, even by combining
and increasing 7, and/or 744, the phase transition itself
does not occur. For BHBA¢ and BHBA the appearance
of a quark matter superconducting core destabilizes the
star immediately. The phase transition is only possible
if 5, < 0.3 and if MY < 500 MeV. In these cases typ-
ical phase transition parameters are pirans/Etrans ~ 0.2
and Ae/etrans > 0.7, where the presence of a color su-
perconducting phase in the inner core of the hybrid star
destabilizes it.

It should be noted that in a recent analysis of cold hy-
brid stars, using DD2 and BHBA¢ parametrizations for
the hadronic phase and an MIT bag model with the CSS
parametrization for the quark matter, Myx = 2M¢ for
the disconnected hybrid branch are obtained only in a
narrow parameter space [28]. This study can be interest-
ing for future supernovae EoS candidates.
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Figure 8. (Color online) Diagram showing (black symbols)
where phase transition between DD2 EoS and 2SC+s quark
EoS with various parameter values (see Table V) fall in the
CSS parameter space. Each panel is for a different value of
com ~ (chu). EoSs below the straight solid (red) line (re-
gions B and C) yield a connected hybrid branch; EoSs above
the (green) window (regions B and D) yield a disconnect hy-
brid branch. EoSs within the shaded gray area are excluded
because their heaviest star is below 2Mg. Only panels (b)
and (c) predict phase transitions that ensure Mmax > 2Me,
consistent with (ii) and (iii) curves in Fig. 7.

IV. CONCLUSIONS

In this work we have analyzed the existence of con-
nected, disconnected or both simultaneously stable hy-
brid star branches considering the 25C+s color super-
conducting phase for the description of quark matter.
Our results confirm that a 25C+s color superconducting
quark phase in the framework of local NJL models where
diquark condensates lower the phase transition pressure
can give rise to stable hybrid stars with quark cores,
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as expected in a previous work [33]. However, the pa-
rameter space for quark EoSs to be compatible with the
Mimax 2 2Mg, constraint is fairly restricted, and not for
all the hadronic EoSs we considered either.

Although we find that disconnected branches (third
family) of hybrid stars could exist for some of the
hadronic EoSs used in this paper, masses of these twin
stars are below 2M; massive stars with ~ 2M, are pos-
sible only on the connected branch. Similar results were
found in the previous study [26], where the authors ap-
plied the Field Correlator Method for three flavors of
quarks but did not include the possibility of diquark pair
formation. In contrast, with extremely stiff hadronic
matter as found with the DD2-EV EoS as introduced
in [78], hybrid stars on the disconnected branch heavier
than 2M, are possible, which remains consistent with
predictions on the CSS phase diagram [21]. In fairly good
agreement with other recent studies carried out for the
generic CSS framework e.g. [28, 34], our results reinforce
the applicability of the CSS parametrization in hybrid
star studies, when a sharp phase transition is considered
between hadronic matter and quark matter.

The hybrid star branches (connected or disconnected)
obtained with our model cover a large range of radii (AR
of a couple of kilometers) but a narrow range of masses
(AM of a few tenths of the maximum solar mass). This
is a major difference with respect to the stellar configura-
tions based on most of the hadronic EoSs, which cover a
wide range of masses ranging from ~ Mg /2 up to ~ 2Mg
at almost constant radius. Our results strengthen the ex-
isting idea that accurate measurements of radii of high-
mass compact objects are needed in order to break the
degeneracy of most stars on the hybrid branch, proba-
bly ruling out most of the high-density hadronic EoSs
for neutron stars.

We have taken typical values of the constituent strange
quark mass at zero baryon chemical potential of M{ =
500 and 600 MeV and considered an ad-hoc functional
dependence of the strange quark mass on the baryon
chemical potential, which is consistent with the results
of Ref. [73]. This choice allow us to study the influence
of strangeness in the system in a relatively simple man-
ner, while retaining qualitative and quantitative features
of more complex approaches, where the strange quark
mass is determined self-consistently We expect that the
essential features established in this paper for our model
will have their close correspondence in a treatment where
a SU(3) NJL Lagrangian with a t'Hooft interaction term
and vector interaction would be used to determine the
strange quark mass self-consistently [9, 17]. For our
25C+s model, all the phase transitions from hadronic
matter to quark matter occurs for chemical potentials
u < 530 MeV, where the simulated strange quark mass
is almost constant.

We have restricted ourselves to studying the phase
transition of hadronic matter to two-flavor color super-
conducting matter, but the possibility of a phase transi-
tion of hadronic matter to quark matter in the 2SC or



CFL phases and the influence of the strange quark mass
on these transitions has not be studied. Also, we have
not considered any mixing terms between up, down and
strange quarks because, for NJL-type models, this could
lead to a 2SC-CFL phase transition at rather low baryon
chemical potentials. In this case, the CFL phase would
be the favored condensation pattern of quark matter at
low to intermediate densities [17].
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Table TII. Properties of the compact stars arising from the hybrid EoS: GM1(L) plus 2SC+s (for MS = 500 MeV, Ay = 50
MeV and 74q = 1.20). We show the parameter values for the phase transition, pirans/Etrans and Ae/egrans, varying the vector
coupling constant n,. The value (céM> is obtained by calculating the slope of the quark EoS through a linear fitting. We also
give the mass and radius of the heaviest hadronic star (Mirans and Rirans) and the mass and radius range (AM and AR) of
the hybrid branch, calculated from the 2SC+s EoS and the CSS parametrization separately. For CSS we pick up the minimum
or maximum of the speed of sound for quark matter and assume a constant cZQM to be of that value. The masses are expressed
in My and the radii in kilometers.

Naq| Mv ptrans/etrans AE/Etrans <C(2QM> Mtrans Rtrans AMQSC+S AAJCSS ARQSCH-S ARCSS
1.210.90 0.148 0.05 0.390 | 1.62 |12.78 0.36 (0.34,0.71)| —1.47 |(—1.28,—1.59)
1.211.00 0.117 0.04 0.390 | 1.40 |12.85 0.62 (0.52,1.07)| —1.48 |(—1.09,—1.14)

Table IV. Properties of the compact stars arising from the hybrid EoS: GM1(L) plus 2SC+s (for M2 = 600 MeV ). See caption
of Table III for more information.

Naq| Mv ptrans/strans AE/Etrans <CQQ]\{> Mtrans Rtrans AMQSC+S AAJCSS ARQSC+S A}%CSS
1.210.90 0.148 0.05 0.420| 1.62 |12.78 0.35 (0.32,0.58)| —1.26 |(—1.22,—1.59)
1.211.00 0.117 0.04 0.420| 1.40 |12.85 0.68 (0.52,0.95)| —1.24 |[(—1.04,—1.14)

Table V. Properties of compact stars computed for the hybrid EoS DD2 plus 2SC+s (for M2 = 500 MeV and As = 50 MeV).
We show parameter values for the phase transition, perans/€trans and Ae/etrans, varying the vector coupling constant 7, and
the diquark coupling constant 7qq. The value (c(QQM> is obtained by calculating the slope of the quark EoS, through a linear
fitting. We also give the mass and radius of the heaviest hadronic star (Mirans and Rirans), the mass and radius range (AM and
AR) of the hybrid branch, calculated from the 2SC+s EoS and the CSS parametrization separately. For CSS due to negligible
variance in the speed of sound for 2SC+s quark matter we assume constant céM to be of the mean value (c(23M>. The masses
are expressed in My and the radii in kilometers. See also Fig. 7 for mass-radius relations.

Naa| Mv |Ptrans/Etrans | A€ /Etrans | (inr) | Mirans | Rerans | AMascys | AMcess | ARoscqs | ARcss
1.110.65 0.201 0.441 0.330| 1.89 |13.38 0.015 0.009 —0.27 |-0.191
1.1]0.70 0.261 0.446 0.355| 2.14 | 13.17 0.005 0.003 —0.03 |—0.032
1.2]1.00 0.185 0.150 0.398 | 1.81 |13.42 0.280 0.503 —1.33 |—1.071




