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Abstract

Particles with strangeness content are predicted to populate dense matter, modifying the equation of state of matter
inside neutron stars as well as their structure and evolution. In this work, we show how the modeling of strangeness
content in dense matter affects the properties of isolated neutron stars and the tidal deformation in binary systems.
For describing nucleonic and hyperonic stars we use the many-body forces model at zero temperature, including
the ¢ mesons for the description of repulsive hyperon—hyperon interactions. Hybrid stars are modeled using the
MIT Bag Model with vector interaction (vMIT) in both Gibbs and Maxwell constructions, for different values of
bag constant and vector interaction couplings. A parameterization with a Maxwell construction, which gives rise to
a third family of compact stars (twin stars), is also investigated. We calculate the tidal contribution that adds to the
post-Newtonian point-particle corrections, the associated love number for sequences of stars of different
composition (nucleonic, hyperonic, hybrid, and twin stars), and determine signatures of the phase transition on the
gravitational waves in the accumulated phase correction during the inspirals among different scenarios for binary
systems. In light of the recent results from GW170817 and the implications for the radius of ~1.4 M, stars, our
results show that hybrid stars can only exist if a phase transition takes place at low densities close to saturation.
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1. Introduction

At the core of neutron stars, densities many orders of
magnitude higher than the ones measured in experiments on
Earth can be reached. It is predicted that exotic degrees of
freedom can also populate these objects, and that even the
dissolution of baryons into their quark constituents through a
phase transition to quark matter could be facilitated in such
extreme environments. The impact of exotic compositions on the
structure of isolated neutron stars has been studied in the past for
stars composed of hyperons (Dexheimer & Schramm 2008;
Gomes et al. 2015; Oertel et al. 2015; Chatterjee & Vidafia 2016;
Mishra et al. 2016; Vidaiia 2016; Yamamoto et al. 2016; Tolos
et al. 2017a; Torres et al. 2017), Delta baryon resonances
(Schurhoff et al. 2010; Drago et al. 2014, 2016; Cai et al.
2015; Zhu et al. 2016), meson condensates (Menezes et al. 2005;
Alford et al. 2010; Fernandez et al. 2010; Mesquita et al. 2010;
Mishra et al. 2010; Lim et al. 2014; Muto et al. 2015), quarks, or
even color superconducting quark matter (Buballa et al. 2004;
Alford et al. 2005; Bombaci et al. 2007; Bonanno & Sedrakian
2012; Alford & Sedrakian 2017). Such degrees of freedom are
usually associated with a softening of the equation of state
(EoS), impacting the maximum mass and stability of stars
(Hempel et al. 2009; Kléhn et al. 2013).

When hyperons are taken into account in relativistic mean field
models, special attention must be given to the hyperon—hyperon
interaction modeling due to their internal strangeness degree of
freedom. This is done through the introduction of ¢ and &*
mesons, which mediate the interaction among these particles by
describing repulsion and attraction features, respectively (Schaffner
& Mishustin 1996). The impact of the presence of hyperons on the
EoS of dense matter has been widely discussed in the literature
under the name of hyperon puzzle (Bednarek et al. 2012; Jiang
et al. 2012; Colucci & Sedrakian 2013; Gomes et al. 2015;
Oertel et al. 2015; Zhao 2015; Chatterjee & Vidafia 2016;

Fortin et al. 2016; Bombaci 2017; Haidenbauer et al. 2017; Tolos
et al. 2017a, 2017b; Torres et al. 2017; de Oliveira et al. 2018). In
particular, these new degrees of freedom are responsible for the
softening of the EoS, making it difficult to reproduce massive
neutron stars without the need of extra ingredients in the models,
such as the vector strange meson ¢, a phase transition to quark
matter at higher densities or quarkyonic matter (McLerran &
Reddy 2018). So far, the scarce information regarding the hyperon-
meson coupling, largely obtained by reproducing hyperon
potentials deduced from experiment (Weissenborn et al. 2012;
Gomes et al. 2015; Fortin et al. 2017; Sun et al. 2018), makes this
topic still unresolved.

With respect to a possible quark phase in astrophysical
environments, the indirect observation of the quark-gluon
plasma in the regime of high temperatures and low densities in
ultrarelativistic heavy-ion collisions is in accordance with the
existence of quark matter at the beginning of the universe
(Shuryak 2009). The general study of the QCD phase structure
relates the fields of heavy-ion collisions and neutron stars,
where both approaches cover complementary regimes of
density and temperature. Here, the experimental efforts toward
lower heavy-ion beam energies with rather large baryon
densities at the future Facility for Antiproton and Ion Research
(FAIR) and Nuclotron-based Ion Collider fAcility, and the
conditions of the recently observed neutron star mergers might
lead to overlapping conditions of density and temperature in
heavy-ion collisions and merger events. However, the fact that
the regime of (star-relevant) high densities and low tempera-
tures cannot be accessed by lattice or perturbative calculations
makes the quark matter EoS even less constrained than the
hadronic one, where at least there is some information on
ground state matter properties. For this reason, effective models
are used, rendering the determination of the phase transition
point extremely model dependent.
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Hybrid stars have been applied to investigate a broad range
of topics regarding compact stars, such as nucleation in
hadronic matter (Bombaci et al. 2007, 2009, 2016), color
superconductivity in quark matter (Buballa et al. 2004; Alford
et al. 2005; Bombaci et al. 2007; Bonanno & Sedrakian 2012;
Alford & Sedrakian 2017), stability (Buballa et al. 2004;
Ippolito et al. 2008; Pereira et al. 2018), rotation of neutron
stars (Glendenning et al. 1997; Chubarian et al. 2000;
Glendenning & Weber 2001; Zdunik et al. 2006; Ippolito
et al. 2008; Dimmelmeier et al. 2009; Ayvazyan et al. 2013;
Bejger et al. 2017), magnetic neutrons stars (Rabhi et al. 2009;
Franzon et al. 2015, 2016; Sotani & Tatsumi 2015), thermal
evolution (Page et al. 2006; Dexheimer et al. 2013, 2015; de
Carvalho et al. 2015), proto-neutron stars (Pons et al. 2001;
Yasutake & Kashiwa 2009; Mariani et al. 2017), supernovae
(Hempel et al. 2009; Heinimann et al. 2016), radial oscillations
(Brillante & Mishustin 2014; Alford & Han 2016; Pereira et al.
2018), etc. The deconfinement phase transition has been
extensively studied with different models such as Nambu-Jona-
Lasinio (Yasutake & Kashiwa 2009; Lenzi & Lugones 2012;
Klihn et al. 2013; Shao et al. 2013; Benic et al. 2015; Alvarez-
Castillo et al. 2016b; Pereira et al. 2016; Ranea-Sandoval et al.
2016; Miyatsu et al. 2017), MIT bag model (Burgio et al. 2002;
Alford et al. 2005; Bhattacharyya et al. 2010; Yasutake et al.
2011; Shao et al. 2012; Franzon et al. 2016; Pereira et al.
2018), quark-meson coupling models (Mishra et al. 2016;
Whittenbury et al. 2016; Zacchi et al. 2016; Miyatsu et al. 2017),
and other approaches (Dexheimer & Schramm 2010; Chen et al.
2011; Dexheimer et al. 2015; Li et al. 2015; Alvarez-Castillo
et al. 2016a; Burgio & Zappala 2016; Schramm et al. 2016),
showing that the features of the models used to describe both
phases have implications for the determination of the macro-
scopic properties and composition of stars.

Phase transitions taking place in neutron stars are usually
described either in sharp or smooth scenarios: in the case of a
sharp transition, a local charge neutrality is imposed in what is
named a Maxwell construction; while in a Gibbs construction
scenario a global charge neutrality takes place, generating a
mixed phase structure (Glendenning 1992). However, which
approach might be more realistic depends on poorly known
strong interaction quantities like the QCD surface tension (w.g.
Heiselberg et al. 1993; Alford et al. 2001; Voskresensky et al.
2003; Pinto et al. 2012; Stiele & Schaffner-Bielich 2016). Both
scenarios have been applied to describe hybrid stars (Hempel
et al. 2009; Yasutake & Kashiwa 2009; Alaverdyan et al. 2010;
Bhattacharyya et al. 2010; Yasutake et al. 2011; Contrera et al.
2017), indicating that the internal composition of stars can
change substantially. In particular, the occurrence of a sharp
phase transition to quark matter can in some cases allow for the
appearance of a third family of compact stars and, conse-
quently, for twin star configurations in which two stars have the
same gravitational mass but different radii and composition
(Dexheimer et al. 2015; Alford & Han 2016; Alford &
Sedrakian 2017; Ayriyan et al. 2017).

In this sense, observational data from neutron stars can better
constrain the modeling of strangeness in dense matter and
works as a powerful tool to address the hyperon puzzle, as well
as the interaction among quarks in hybrid stars. Almost a
decade ago, the observation of massive neutron stars imposed
constraints on the EoS of nuclear and quark matter, indicating
that repulsion must be strong enough to reach ~2 M,
(Demorest et al. 2010; Antoniadis et al. 2013). However, in a
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recent reanalysis also using Shapiro delay for determining the
mass of pulsars, a smaller mass of M = 1.928 £ 0.017 M,
(with 68.3% credibility) is estimated for the PSR J19180642
pulsar (Fonseca et al. 2016).

A further stellar property that is affected by possible exotic
phases is the neutron star radius. The accuracy of radius
determinations, which come from energy flux measurements
including assumptions about the stellar atmosphere, is still
quite limited. One of the current problems for acquiring such
data is due to the impossibility of accurately measuring
luminosity and distance of the stars separately. Furthermore,
the temperature determination of these objects is complicated
due to nonthermal emissions on their spectra arising from
cyclotron radiation. For these reasons, values of neutron star
radii have large error bars and substantial efforts are being
made to obtain much improved results in the future, like
the missions Neutron Star Interior Composition Explorer
(NICER),” Nuclear Spectroscopic Telescope Array (NuSTAR)®
and the Square Kilometer Array (SKA).’

The recent detection of gravitational wave (GW) events has
started the multimessenger era in astrophysics, and due to the
extremely compact nature of neutron stars, it has proven to be a
superb tool for constraining the nuclear matter EoS (Abbott
et al. 2017; Banik & Bandyopadhyay 2017). It is expected that
more GW events will be detected with the new generation and
forthcoming ground-based ~detectors such as aLIGO,®
aVIRGO,” KAGRA,'° and the proposed Einstein Telescope.''

In a coalescing binary neutron star system, stars exert a tidal
force on each other and, when they are close enough, this tidal
perturbation leads to a deformation on them. For this system,
the imprint of this deformation can be clearly seen in the early
inspiral stages of the GW signal. It modifies the waveform from
the point-particle structure and results in a lag in the waveform
phase. In particular, analysis from the first direct BNS GW
event, the GW170817 event, detected from Advanced LIGO in
2017 (Abbott et al. 2017), pose new constraints on the tidal
deformability features of neutron stars. From preliminar results
for low spin systems, it is estimated that the dimensionless tidal
deformability A has upper and lower limits of A < 800-1000
(Abbott et al. 2017; De et al. 2018) and A > 400 (Radice et al.
2018), respectively, the latter one obtained by considering the
substantial kilonova signal. In a recent reanalysis of the data
by the LIGO collaboration a limit on A was derived as
A = 300742 (Abbott et al. 2019). Assuming the validity of
chiral effective field theory results for neutron matter up to 2
times saturation density, a range of 80 < A < 570 was derived
(Tews et al. 2018).

The phase correction due to tidal deformation is character-
ized by a single EoS-dependent parameter, the Love number k,
of the NS (Love 1909), also associated to the tidal deformation
parameter \. Tidal effects in this part of the signal will result in
a phase shift accumulated over the cycles, which comes from
the deviation from the point particle post-Newtonian wave-
forms. This is defined as A, the weighted average of the
deformations of individual stars, and also depends on the chirp

NICER: http://heasarc.gsfc.nasa.gov/docs /nicer/index.html.
NuSTAR: https://www.nustar.caltech.edu.

SKA: http://www.skatelescope.org.

LIGO: http://www ligo.caltech.edu.

VIRGO: http://www.virgo.infn.it.

10 Kagra: http://gwcenter.icrr.u-tokyo.ac.jp/en/

T ET: http:/ /www.et-gw.eu/.
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mass of the system. Therefore, a sufficiently large signal-to-
noise ratio detection can be used to distinguish such corrections
to the waveform to extract the EoS information. The under-
standing of tidal deformation in double neutron stars system
has been a topic in the literature for a long time (Damour &
Nagar 2009; Hinderer et al. 2010; Postnikov et al. 2010). In
particular, because the detection of GWs from a double black
hole system, more excitement about this topic took place, and
more recent research has been performed in order to understand
the composition of neutron stars (Alford & Sedrakian 2017;
Banik & Bandyopadhyay 2017; Kumar et al. 2017; Marques
et al. 2017; Alvarez-Castillo et al. 2018; Ayriyan et al. 2018;
Burgio et al. 2018; Drago & Pagliara 2018; Most et al. 2018;
Nandi & Char 2018; Rueda et al. 2018; Paschalidis et al. 2018)
and also on constraining the nuclear matter EoS (Alford &
Sedrakian 2017; Banik & Bandyopadhyay 2017; Annala et al.
2018; Drago et al. 2018; Krastev & Li 2018; Malik et al. 2018;
Raithel et al. 2018; Zhou et al. 2018; Zhu et al. 2018).

In this work we aim for constraining the composition of
neutron stars through the analysis of isolated and binary
systems and the comparison within the new constraints from
observational data. The hadronic phase (with nucleons,
hyperons, and leptons) is described by the many-body forces
model (MBF model), which simulates the effects of MBF via
nonlinear scalar field contributions in the effective coupling
(Gomes et al. 2015). For the quark phase,we use the MIT bag
model with vector interaction contributions (vMIT). When
hybrid stars are modeled, the two phases are connected through
a first-order phase transition and, in order to search for signals
for the deconfinement, we investigate Maxwell and Gibbs
construction scenarios.

In the case of isolated stars, we explore the effects of
different compositions on the properties of stars, focusing on
how the modeling of interaction among particles with
strangeness content (hyperons and quarks) impacts the phase
transition scenario and, consequently, the radius of stars. We
also identify the existence of a third family of compact stars
when a sharp phase transition takes place. For binary systems,
we use a post-Newtonian approximation to calculate the
structure of tidally deformed stars, in order to constrain the
composition of neutron stars, as the comparatively cleaner
signal from the early inspiral stage of the merger can present a
detectable tidal signature (Flanagan & Hinderer 2008). Further-
more, due to the difference in radius for twin stars, we use the
accumulated phase (sensitive to the fifth power of the radius) in
order to identify a signal to distinguish these stars.

The article is organized as follows: In Section 2 we present
the two models used for describing the EoS of matter inside
stars, as well as the Maxwell and Gibbs construction
formalisms. Section 3 is dedicated to the formalism used for
describing binary systems in a post-Newtonian approximation
and in Section 4, we discuss the results for isolated and binary
systems. Finally, in Section 5, discussion and perspectives are
presented.

2. Equation of State

In this section, we present the MBF model and the MIT bag
model with vector interaction (VMIT) used to describe the
hadronic and quark matter in our analysis, respectively. The
two phases are connected by a first-order phase transition and
modeled both in a Maxwell and a Gibbs construction.
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2.1. Hadronic Phase

The MBF model (Gomes et al. 2015) is a relativistic mean
field model in which meson field dependences are introduced in
the couplings of baryons to mesons. The Lagrangian density of
the MBF model reads:

L= Pl 0" — 8w — 8,505 — mpcley
b

+ (18#08“0 - m(faz) + l(—lwm,w”” + mfwuw“)
2 2\ 2

+ %(—%g,w.gw + mjg,,.g“) + (%8/,6.8“6 — m,;zéz)

(1 7
+ E(fg%,sﬁ’“’ + m$¢u¢”) + EZ @0 — mi) g,
ey

where b and [ correspond to the degrees of freedom of baryons
(n, p, A, ©F, ¥° »7, 2% =7) and leptons (e, p),
respectively. The scalar mesons o and ¢ account for the
description of attraction among baryons, while repulsion is
described by the vector mesons w, o, and ¢. Note that the ¢
mesons mediate interaction among hyperons, providing extra
repulsion, which plays an important role in the description of
massive stars with hyperon content (Schaffner & Mishustin
1996). For more about the properties of baryons, leptons, and
mesons in this work, see Gomes et al. (2015).

The MBF contribution is introduced in the coupling of scalar
fields as:

—C
850 + 813503
g = (1 + %) Sips 2

for i = o, 4, directly affecting the effective masses of baryons
and, consequently, their chemical potentials. The field depend-
ence in the couplings is, hence, introduced as a medium effect
and is controlled by the { parameter, impacting directly on the
effective mass of baryons: m;" = m;, — g;';a - g(;zlgb&. This
parameter can be associated to nonlinear terms that appear if
one expands the term in Equation (2).

As strangeness is not conserved inside neutron stars due to
the fact that typical timescales are much longer than the one for
weak interaction, we allow for the appearance of hyperon
degrees of freedom in our calculations. We model the coupling
of hyperons using the SU(6) spin-flavor symmetry (Dover &
Gal 1985; Schaffner et al. 1994), and also by fixing the hyperon
potentials as Ul = 28 MeV, UL = +30MeV, and UL =
18 MeV (see Gomes et al. 2015 for other choices of hyperon
potentials).

The MBF model reproduces both nuclear matter properties at
saturation and the observational properties of neutron stars with
hyperons (Gomes et al. 2015) and magnetic hybrid stars
(Franzon et al. 2016; Dexheimer et al. 2017). For this work,
the following nuclear properties at saturation were used: binding
energy per nucleon B/A = —15.75MeV, saturation density
po = 0.15 fm >, symmetry energy and its slope as(;m = 32 MeV
and Ly = 97 MeV, respectively.
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2.2. Quark Phase

The quark matter is described by the MIT bag model with
vector interaction contributions (VMIT). The Lagrangian
density of the model reads:

L= Z[l_pq(i%a“ — By V! — mg — B)Yy 10y
q
+ > P i0r — m), 3)
I

where we consider the u, d, and s quarks and ¢~ and p~ as
leptons, labeled by the subscripts g and [, respectively. Also in
this expression B denotes the bag constant and 6y is the
Heaviside step function that allows for a confinement/
deconfinement feature of the model (05 = 1 inside the bag;
0 = 0 outside) (Farhi & Jaffe 1984).

The vector interaction is introduced via the coupling of a
vector-isoscalar meson V* to the quarks (with coupling
constant gy). Such a field is analogous to the w field in
hadronic models (Shao et al. 2013) and has a direct impact on
the chemical potential of quarks, i.e., on the equilibrium
conditions as:

i = ke g + (mg)? + gy, V., @

where kg, and (m,) are, respectively, the Fermi momenta and
bare masses of quarks. Also, due to the beta equilibrium
condition, the chemical potentials of quarks are related as
s = Pag = [, + e and p, = %un — %ue, meaning that both
hadronic and quark phases can be determined from the
chemical potentials of neutrons and electrons.

It has been shown that vector interaction contributions in the
description of quark matter plays a crucial role in the
description of massive hybrid stars in agreement with
observational data (Bonanno & Sedrakian 2012; Shao et al.
2012; Denke & Pinto 2013; Masuda et al. 2013; Contrera et al.
2014, 2017; Menezes et al. 2014; de Carvalho et al. 2015;
Kldhn & Fischer 2015; Ranea-Sandoval et al. 2016). These
contributions have been investigated for different quark models
(Contrera et al. 2014; Klihn & Fischer 2015; Ranea-Sandoval
et al. 2016), and applied to neutron star studies (Shao et al.
2012; Denke & Pinto 2013; Contrera et al. 2014; Menezes et al.
2014; de Carvalho et al. 2015). In particular, we point out that
the approach for describing quark matter with vector interac-
tions used in this work is equivalent to the ones in Alford et al.
(2005), Weissenborn et al. (2011), and Kldhn & Fischer (2015),
and referred to also as the vBag-model.

Although attempts to constrain the value of the vector
interaction coupling have been made (for example, by incorpor-
ating higher orders of perturbation theory and radiative
corrections; Fraga et al. 2001, 2014; Restrepo et al. 2015), this
quantity remains widely uncertain. In order to investigate the
impact of vector interactions in hybrid stars, we vary the coupling
constant value and adopt the following set of parameters:
m, = my = 1MeV, m; = 100MeV, ag = (gy/m,) = 1.8, 2.0,
22fm 2, m, = 782 MeV, and B'/* = 170 MeV.

2.3. Phase Transition

In the zero temperature regime present inside neutron stars, it
is predicted that a first-order phase transition from hadronic to a
deconfined quark matter takes place at high chemical potentials
(baryon densities). In order to cover a wide range of scenarios,
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we investigate hybrid stars both with Gibbs and Maxwell
constructions.

In a Gibbs construction the interface between the two phases
is smoother, allowing for a mixed phase to appear. The mixed
phase is constructed under the assumption of global charge
neutrality, which leads to a charge rearrangement in both
phases. On the other hand, a first-order phase transition
described in a Maxwell construction has a sharp interface and,
in order to guarantee the electric charge neutrality in the
system, local charge neutrality is imposed in both phases
separately.

The Maxwell criteria for zero temperature system reads (for
both constructions):

Py =Py 1 =pp. )
where Py(Pg) and uf (,ug) stand for the pressures and chemical
potentials in the hadronic (quark) phase, respectively.

The chemical equilibrium condition determines the coex-
istence phase and the way that the charge conservation is
introduced in the system has a direct impact on the pressure
behavior at the transition point. When a local charge neutrality
is imposed, the pressure depends only on the baryon chemical
potential (Pg(ft,), Po(it,)) and is constant along the phase
transition as a consequence of the Maxwell criteria. However,
in a Gibbs construction scenario in which charge neutrality is
global, the pressure depends both on the electrical and baryon
chemical potentials (Pg(ii, fte), Po(fi, fte)). This extra degree
of freedom allows the pressure to vary as a function of the
baryon chemical potential and still obey the pressure equality
condition in both phases.

The comparison of both scenarios in the investigation of
hybrid stars has been studied in several works, see, e.g.,
Bhattacharyya et al. (2010), Hempel et al. (2009), Yasutake &
Kashiwa (2009), Yasutake et al. (2011), and Alaverdyan et al.
(2010), where essentially the surface tension between the two
phases determines which scenario is more appropriate. The
threshold value for the surface tension has been calculated in
several works (Alford et al. 2001; Voskresensky et al. 2003;
Maruyama et al. 2007, 2008; Palhares & Fraga 2010; Pinto
et al. 2012; Garcia & Pinto 2013; Lugones et al. 2013;
Yasutake et al. 2016; Lugones & Grunfeld 2017), indicating
that values are high and more compatible with a Maxwell
construction.

In particular, a minimal threshold of o ~ 40 MeV fm—2
(Endo et al. 2006; Yasutake et al. 2014) for this construction
was estimated. However, such estimates depend strongly on the
EoS (see Voskresensky et al. 2003), leaving the correct
treatment of the phase transition as still an open question.

3. Love Number and Tidal Deformation

We follow the perturbation scheme developed in Flanagan &
Hinderer (2008), Hinderer (2008), and Hinderer et al. (2010) to
compute the tidal deformability and the associated Love
number. If a static spherically symmetric star of mass M and
radius R is placed in a time-independent external tidal field &,
a quadrupole moment Q;; is induced onto the star and to linear
order, they satisfy the relation

Qi = — A&, (6)

where A is defined as the tidal deformation parameter. It is
related to the [ = two-dimensionless Love number k,, which is
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associated with the most dominant contribution to the stellar
deformation as

N = gszs. )

We consider only the leading order (I = 2), static perturbation,
which is axisymmetric (m = 0) around the line joining the stars.
The perturbed metric in Regge—Wheeler gauge (Regge &
Wheeler 1957) can be written as (Hinderer et al. 2010)

ds?> = —e?[1 + H(r)Yao(0, ¢)dt?

+ e O[1 — H(r)Yy (0, ¢)ldr?

+ r2[1 — K(r)Yao(0, §)1(d6> + sin*6d¢?),  (8)
where, K(r) and H(r) are the perturbed metric functions related
by K'(r) = H'(r) + 2H (r)®'(r). Substituting the fluid pertur-
bations, 6T," = —&e (r)Yao(0, ) and &T," = 6p(r)Yao (0, ¢),

one obtains the equation for the function H(r) (Hinderer et al.
2010)

2Kk
,66 _ 2(1//)2 + 20" + EI{/
r? r

+ ZV’ — 2K + ]—C(y’ + n’))H
r r
2
+ (— + v = n’)H’ +H" =0, 9)
r

where, ¢ is the energy density and p is the pressure and, f = de/
dp. To calculate the tidal deformation, Equation (9) is to be
solved simultaneously with the TOV equations

-1
e = (1 - 2—’") , (10)
r
v _ _Ld_p’ (11)
dr €+ pdr
dp m + 4mrip
- = —(e+p)—=, 12
dr (€+p) r(r — 2m) 12)
am _ g2 (13)

r

Here, m = m(r) is the enclosed mass at radius r from the
center. We take the radius of star R where p(R) = 0 and the
mass of the star M = m(R). The second-order differential
equation for H(r) can be rewritten as two coupled first-order
differential equations and substituting the equlibrium metric

functions using the TOV equations, taking the form
dH
— =7 14
dr 14

dz ! 3
—:2(1—2ﬂ) H{—27r[56—|—9p+f(6+p)] + =
r r

’
m\ Y m 2
+ 2(1 — 2—) (—2 + 47rrp)
r r

-1
+2—Z(1—2ﬂ) {—1+ﬁ+277r2(6—p)}.
r r

r

s)
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The system is then solved radially outward from the center to
the surface and matched with the exterior solution at the
surface. The love number &, is given by

5
ky = %(1 —20°2[24+2C(y — 1) —y]

x {2C[6 — 3y + 3C(5y — 8)]

+4C3[13 — 11y + CBy — 2) + 2C%(1 + y)]

+3(1 = 2022 — y + 2C(y — D]In(l — 20)}',
(16)

RZ(R)
HR)

where a quantity y = is introduced and C = % is the

compactness of the star.

The observable signature of relativistic tidal deformation will
have an imprint of the phase evolution of the GW spectrum of a
binary NS system. To calculate the phase evolution for
different EoS’s, we again follow the formalism used by
Hinderer et al. (2010), which shows in the secular limit, where
the orbital period is much less than the gravitational radiation
reaction timescale, that the tidal correction term adds linearly to
the leading order post-Newtonian point particle corrections.
Also, the signal will have cumulative effects of deformation
coming from both the stars. Therefore, it is calculated from the
weighted average of quadrupolar responses for the stars in a
quasi-circular orbit, given by

1 [Ml + 12M2)\1 N M, + 12M, Az]

=L
26 M1 MZ

a7)

where, \; and )\, are the tidal deformations of stars with masses
M, and M,. Finally, the tidal correction term to the phase
evolution is given by
$45/2
6\I/tidal — _ 117}‘); / , (18)
877Mtotal
where M = My + M, is the total mass of the binary,
X = (me[al)z/ 3 is a dimensionless post-Newtonian parameter,
and ) = MM, /M2, is the symmetric mass ratio. We also use
the dimensionless tidal deformability A in our calculations,
defined as A = \/M°. Similarly, Equation (17) can be recast
following (Favata 2014) as

A=32 AS
Mtotal
_ 16 (My + 12My)M' Ay + (M + 12M) My A, (19)
13 (M + My)? '

4. Analysis and Discussion

In this section we discuss the impact of different neutron star
compositions on the properties of isolated and binary star
systems. The analysis was carried out using the models
presented in Section 2, for nucleonic (Set 1), hyperonic (Set 2),
and hybrid stars in Gibbs (Sets 3-5) and Maxwell (Sets 6-9)
constructions.

For hadronic matter, we use two parameterizations of the
MBF model, ¢ = 0.040, 0.085, which are able to describe
nuclear properties at saturation and, in particular, have a
compressibility Ky = 297, 225MeV, respectively (Gomes
et al. 2015). When hyperons are allowed, ¢ mesons are
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Table 1
Sets of Parameters Used in the Analysis, Where Y Stands for Hyperons (A, 3,
=) and Q Stands for Quarks (u, d, s)

Gomes, Char, & Schramm

Table 2
Information About the Critical Strangeness Point (Due to Hyperons or Quarks)
and Properties of Stars for the Different Sets of Parameters

Set Composition Strangeness B'/* ag ¢ Set Honc M. M ax Riam,

Modeling (MeV) (fm?) (MeV) (M) M) (km)
1 n,p,e, [t n.a. n.a. n.a. 0.040 1 n.a. n.a. 2.57 14.44
2 np Y e p Y-Y int. (¢) n.a. n.a. 0.040 2 1122 1.50 2.15 14.44
3 np Y e QO Gibbs 160 1.8 0.085 3 976 0.36 1.97 12.32
4 np Y e Q Gibbs 170 1.8 0.040 4 1038 0.98 2.04 14.02
5 np Y e pu Q Gibbs 170 22 0.040 5 1058 1.15 2.14 14.30
6 np Y e n Q Maxwell 160 1.8 0.085 6 1058 1.03 1.99 12.87
7 np, Y e p Q Maxwell 170 1.8 0.040 7 1260 1.96 2.01 14.44
8 np Y e Q Maxwell 170 22 0.040 8 1638 2.15 2.15 14.44
9 n,p, e, Q Maxwell 171 1.7 0.040 9 1232 1.97 1.97 (N) 14.44

1.98 (Q)

Note. The columns are (when applicable) name of the set, particles population,
strangeness modeling, bag constant B, and vector interaction parameter aj.

introduced in the calculations. We have chosen not to consider
the minor contributions of the scalar meson ¢* in our
calculations, as we are interested in massive neutron stars.
For both Gibbs and Maxwell constructions, we vary the
values of the bag constant and vector coupling strengths in the
ranges B'/* = 160,170 MeV and ao = 1.8, 2.2 fm? respec-
tively. For a Maxwell construction, we also identify a third
family configuration of stars (twin stars) for the parameteriza-
tion B'/* = 171 MeV and a = 1.7 fm?, which is present in the
sets of our analysis. The choice of parameters for both phases
allows for a description of symmetric nuclear matter in terms of
a pure hadronic phase at low densities, and the regime of high
densities to be described by a quark phase. All sets of
parameters used in this work are summarized in Table 1.

4.1. Isolated Hybrid Stars

The features of phase transitions are directly affected by the
stiffness of the EoS in both hadronic and quark phases.
Therefore, the modeling of particles with nonzero strangeness
interaction (hyperons and quarks) plays an important role in the
properties of hybrid stars described within this framework.
Table 2 summarizes this impact from both microscopic (EoS)
and macroscopic (stars properties) points of view, for all sets of
parameters used in our analysis.

First, comparing Sets 1 and 2 from Table 2, one can see that
the introduction of hyperons in a hadronic model Set 2 softens
drastically the EoS of hadronic matter, generating a sequence of
stars with much smaller maximum mass, as discussed several
times in the literature. For the same reason, as hyperons start to
populate the core of stars, for masses above 1.5 M, the stars
become more compact, i.e., present a smaller radius. Similarly,
comparing hadronic stars, composed of nucleons, hyperons,
and leptons (Sets 1 and 2) to all hybrid ones, containing a quark
core (Sets 3-9), one can see a reduction in radius of
14.44—12.32 km (Set 3) for the 1.4 M, star due to the presence
of quarks, for example.

Hybrid stars modeled under the assumption of a Gibbs
construction (Sets 3-5) lead to a phase transition at low
chemical potentials because of an extensive mixed phase. The
critical chemical potentials range 976-1058 MeV, depending
on the stiffness of the EoS used. From the comparison of Sets 3
and 4, we see that softer hadronic EoS lead to an earlier phase
transition (lower i, ), as lower values of the ¢ parameter (Set
4) in the MBF model generate a stiffer EoS due to weaker

Note. The columns are name of the set, critical chemical potential (), critical
(M,.) and maximum (M,,,x) mass of hybrid stars, and the radius of the
M = 1.4 M, star, respectively.

shielding of the scalar couplings of the model (Gomes et al.
2015). Equivalently, Sets 4 and 5 show that a softer quark EoS
also results in a lower p,, ., but here this behavior is caused by
the strength of the vector interaction coupling. The critical
masses for the onset of the appearance of quarks ranges
between 0.36 and 1.15 M, indicating that it is possible to
obtain low mass and more compact hybrid stars for such
construction.

For the parameterization of the MBF model used in the
analysis of Sets 3-5, a small fraction of A hyperons populate
these stars because of global conservation conditions imposed
in a Gibbs construction. In particular, the mixed phase covers a
broad range of densities, implying that all stars present in this
analysis have an incomplete phase transition to quark matter
and, therefore, a core composed of a mixture of nucleons, A
hyperons, leptons, and quarks.

For the corresponding stars modeled in a Maxwell
construction (Sets 6-8), the phase transition takes place for
chemical potentials higher than the ones in a Gibbs construc-
tion, and consequently the gap between critical and maximum
masses is smaller. For this case, stars are mostly hadronic,
containing only a small quark core. In particular, the critical
and maximum masses are the same for Set 8, indicating that all
stars in this family are hadronic and correspond to Set 2, as the
phase transition never takes place for stable stars.

Moreover, after a scan of different parameterizations of the
quark model, we identify in Set 9 a third family of stars. From
Table 2, one can see that the critical chemical potential is
slightly lower in comparison to other sets described by a
Maxwell construction (Sets 7-8), which is associated to the
lower value of the vector interaction coupling. However, the
transition occurs for a baryon density of p,; = 0.382fm ",
ensuring that hyperons are present in the core of stars. For this
configuration, the critical mass of 1.97 M., corresponds to the
maximum mass of the first branch (denoted by N, for nucleonic
stars). For higher densities, a phase of instability takes place
until a stable branch of hybrid stars rises for a mass of
1.968 M., growing to a maximum mass of 1.978 M, (denoted
by Q, for stars with a quark core).

In order to visualize the microscopic and macroscopic
differences between these constructions, in Figure 1 we show
the EoS (top) and the mass-radius diagrams (bottom) for all
sets of parameters. The different approaches directly affect the
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Figure 1. Equation of state (top) and mass-radius relation (bottom) for all parameterizations listed on Table 1. The curve in red (Set 9) shows a third family of stars
configuration.
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Figure 2. Love number (vertical axis) as a function of compactness (horizontal axis) for different sets of parameters.
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Figure 3. Same as Figure 2, plotted as a function of the mass of the star.

composition of stars and consequently their compactness. For
the 1.4 M, star, from Table 2 one can see that the difference in
radius can vary by more than 2 km when comparing hadronic
and hybrid stars.

However, it is important to point out that parameterizations
in Sets 3 and 6 present a reconfinement feature at high densities
(Heinimann et al. 2016), which is removed by hand in Set 6,
and ignored in Set 3 as the central densities of stars still allow
for a mixed phase. Set 3 also presents a critical density slightly
below saturation, but still above crust densities (pp. =
0.138 fm ). In particular, Sets 3 and 6 present a lower value
of the bag constant, which shifts the transition point to lower
chemical potentials both for Maxwell and Gibbs constructions.
The early transition leads to an increase of compactness of stars
and, therefore, to lower radii. As we are going to see in the next

session, this has a dramatic impact on the tidal deformation of
stars during mergers.

4.2. Binary Systems

In the previous section we investigated how different
features in the modeling of particle interactions affect the
macroscopic properties of stars. In the following, we explore
the behavior of the tidal deformability when these stars are part
of binary systems, according to the formalism presented in
Session III. Note that, as Set 8 overlaps with Set 2, we do not
display the results for this parameterization.

Figures 2 and 3 show the values of the Love number &, as a
function of compactness and mass, respectively. One can see
that the spread is little for the sets considered in this analysis,
when k, is shown as a function of compactness in comparison
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Figure 5. Same as Figure 4, as a function of the stellar radius.

to the mass of the star. The value of k, peaks around 1 M.,
while it is much lower at both higher and lower masses. This
behavior comes from the fact that in both limits of mass, stars
are more dense in the center and therefore more difficult to
deform. In other words, if the mass is mostly concentrated in
the center, then, regardless of how deformed the outer region
could become, it will not contribute much to the quadrupole
moment. If the radius is large and the mass is also uniformly
distributed, then the quadrupolar contribution is also larger.
The dimensionless tidal deformability A, which is directly
measurable from GW observations, is plotted in Figures 4 and
5 as a function of mass and radius of the stars, respectively. Our
results are consistent with previous studies (Hinderer et al.
2010; Postnikov et al. 2010), and are here reported for the first
time in a broad analysis of hadron-quark transition comparing

Gibbs and Maxwell constructions and their respective impact
on the tidal deformability of hybrid stars.

Regarding Gibbs and Maxwell constructions for hybrid stars,
one can see that the range of values of A and k;, lie essentially
in the same region for different values of the vector interaction
couplings, but branches of two sequences from the nucleonic
sequence are different, being smoother for a Gibbs construc-
tion, due to the presence of a mixed phase. Also, as Gibbs
transitions occur at lower densities than Maxwell, a consider-
able amount of quarks appears making the EoS softer and stars
more compact, i.e., less deformed. More specifically, the tidal
deformability A for the set of parameters in Figure 4, for a
1.6 M, star, is A = 512.014 for a nucleonic star (Set 1),
whereas for a hybrid star in a Gibbs construction (Set 4) it is
A = 339.51, indicating a reduction of ~34%. For a 1.8 M,
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Figure 6. Total accumulated phase as a function of gravitational wave frequency for an equal mass binary system of 1.6 M, stars.
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Figure 7. Same as Figure 6, but for a binary system of 1.97 M, stars with a companion of 1.39 M.

star, the same comparison leads to an even larger relative
reduction of ~48%. For the Sets 7, 8, and 9 with a Maxwell
construction, the value of A falls drastically immediately after
the transition due to the sharper transition, indicating that this
construction creates more compact stars in a similar mass
range, in relation to Sets 1 and 2.

Furthermore, in order to study the phase lag, we plot the
reduction of accumulated gravitational wave phase due to tidal
interaction in Figures 6 and 7. As the innermost stable circular
orbit is supposed to correspond to a phase lag frequency
between 400 and 500 Hz, which can be termed as the end of the
early inspiral stage (Hinderer et al. 2010), we fix the value at
450 Hz, in order to analyze each set of parameters.

For an equal mass binary where M| = M, = 1.6 M, from
Equation (17) we have A = A; = \,. As shown in Figure 6, we
find the curves for nucleonic (Set 1), hyperonic (Set 2), and

10

most Maxwell constructions (Sets 7, 9) essentially overlap, as
the mass of the system lies only slightly above the critical one
for Set 2 (only a few hyperons populate the star), and below the
critical mass for the appearance of quarks for these parameter-
izations. However, for the Gibbs construction (Sets 3-5) and
Set 6 with Maxwell, quarks are present in the core of stars
starting at much lower densities. In order to quantify our
results, the phase lag for a nucleonic system is 1.6614 rad, and
1.0928 rad for Set 4, with an associated difference of ~34%.
This means that the gravitational wave phase is more delayed
when stars are more deformed (described with a stiffer EoS).
These stars absorb more orbital energy, leading to a faster
orbital decay and, hence, an earlier merger.

The weighted average of deformation A is the combined
effect of both stellar deformations on the waveform, as defined
in Equation (20) of Hinderer et al. (2010). In Figure 7, we use
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Figure 8. Tidal deformabilities associated with the individual components of the binary of GW170817.

Table 3
Properties of the 1.97 M, Star in a Binary System Described in Figure 7, for a
Particular Binary Where m; = 1.97 M., the Mass Ratio is my/m; = 0.7, and
the Values for Phase Correspond to the Frequency 450 Hz

Set X(10* kmd) —6W (rad) M/R R(km)
1 3.976 1.5365 0.138 14.32
2 3.814 1.4737 0.140 14.05
9 (Twin 1) 3.934 1.5208 0.138 14.25
9 (Twin 2) 3.510 1.3565 0.147 13.42

Note. The columns read: set of parameters, weighted average deformation X,
phase lag —6W, compactness M/R, and radius, respectively.

this quantity for evaluating a pair of twin stars in Set 9, defining
Twin-1 (nucleonic) and Twin-2 (hybrid), for a fixed mass of
M = 1.97 M. We take the mass ratio of the stars in the binary
to M,/M, = 0.7, for the partner star of mass, radius, and
deformation of M = 1.39 M., 14.43 km, and 4.313 x 10*km’,
respectively. The results for weighted average of deformation,
phase lag, and radius are shown in Table 3, where we also
compare with a similar mass ratio for nucleonic (Set 1) and
hyperonic (Set 2) stars. From the results one can see once again
that the more compact stars are less deformed and present also
lower phase lag, as discussed before.

Finally, we plot the individual tidal deformabilities (A
and A,) for each of the components of the binary associated
with GW170817. The detected chirp mass [M = (M;M,)3/>/
(M + M,)'/3] for this event is 1.188 M. We vary the high
mass component (M;) from 1.36 M, to 1.6 M., keeping the
chirp mass fixed while the low mass component (M,) being
varied from 1.17 M, to 1.36 M, and plot the corresponding
As in Figure 8. The brown dashed lines correspond to the 90%
probability contour found from the event GW170817 assum-
ing slow spinning components of the binary, being Taylor F2
for the first analysis (Abbott et al. 2017) and Phenom PNRT
for the latest and improved wave model (Abbott et al.
2018, 2019), which has supplied a stronger bound. This
contour tells us that allowed EoS should form smaller and
more compact stars than previously thought. We also find
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the Set 3 and Set 6 comfortably satisfy the constraint set by
the event.

In both cases, we get a very early phase transition due to the
smaller value of the bag constant. Hence, a large quark fraction
exists even in the low mass stars in the sequences which also
have smaller radii leading to very compact object formation
with smaller deformabilities. The stars on Set 4 also have
smaller radii due to early onset of the transition and lie very
close to the contour. But, the other EoS have larger radii,
therefore larger deformabilities, which place them fairly outside
the constraint. Our results agree with other analyses of hybrid
stars that consider only Maxwell or Gibbs constructions
separately (Nandi & Char 2018; Paschalidis et al. 2018).

Another important factor for the early phase transition is the
choice of a soft parameterization of the hadronic model
(¢ = 0.085), which is a parameterization so soft that cannot
reproduce 2 M., stars while considering only hadronic stars
(with hyperons). In this sense, our results indicate that an early
phase transition supresses hyperons, making them only
possible to be present in the core of hybrid stars together with
quarks, in a mixed phase, when a Gibbs construction is
assumed. Furthermore, as most hadronic models present a large
radius for all neutron stars, our results are general and indicate
that the critical mass for a phase transition should be lower than
~14M. in order to reproduce the new observational
constraints from tidal deformability.

5. Conclusions

The new era of multimessenger astronomy and especially the
results from GW170817 make the tidal deformability a
powerful tool to constrain the equation of nuclear and quark
matter at high densities. In this work, we have investigated the
impact of hadron-quarks phase transitions on the properties of
isolated hybrid stars, as well as hybrid stars in binary systems.
We have also for the first time compared hybrid stars in Gibbs
and Maxwell construction in light of the new data from
GW170817.

For a fixed parameterization of the MBF model, we have
changed the hadronic phase content, in order to also compare
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our results with nucleonic and hyperonic stars. The quark phase
was described with an MIT Bag model with vector interaction,
for Gibbs and Maxwell constructions, with the vector
interaction coupling and bag constant as free parameters.

We have shown that a Gibbs construction allows for a phase
transition that happens at distinctly lower densities than the
same set of parameters with a Maxwell construction. These
results show a drastic impact on the composition of stars,
making essentially the entire family of hybrid stars in a Gibbs
construction contain only a thin lawyer of nucleonic matter and
a core mostly composed of a mixture of phases, whereas for a
Maxwell construction, only massive stars are hybrids, with a
large portion of their composition consisting of hadronic matter
(including hyperons) and only a small quark core. We also
identify a third family of stars using a Maxwell construction
that allows for the description of high mass twin stars of up to
1.97 M, (maximum mass for nucleonic) and 1.98 M., (max-
imum mass for hybrid).

For binary systems, we have investigated the tidal deform-
ability and love number for stars in the different sets (different
compositions). We have shown that only two among the nine
sets of parameters analyzed agree with all the current
observational constraints. In particular, we have shown that
hybrid stars described in a Gibbs construction are more
compact and less deformed because of the higher fraction of
quarks inside the stars due to an early phase transition in
comparison to Maxwell constructions. We have also calculated
the phase lag due to tidal interaction, showing that a higher
phase lag leads to faster orbital decay, being a potential tool to
distinguish twin stars.

To a certain extent, Maxwell and Gibbs constructions are
only simplified ways of modeling the smoothness of the
interface between the phases. In reality, the transition might be
more complex and, therefore, effects such as surface and
Coulomb interaction can and should be incorporated explicitly
when describing realistic hybrid stars (Wu & Shen 2017).

Our results show that both Gibbs and Maxwell scenarios are
still possible for the description of hybrid stars, as long as the
transition takes place at low enough densities. Here we stress
that, although only one model was used to describe the
hadronic phase, results shall remain similar for other choices of
models or parameterizations, as 1.4 M. hadronic stars in
general present a large radius and, therefore, do not predict a
tidal deformability compatible to the GW170817 event. In this
sense, we have shown that hybrid stars should have a critical
mass M, < 1.4 M, able to allow for a high amount of quarks
at the core of the stars, which ultimately reduces its radius and
its tidal deformability.

Future observations of new NS-NS binary systems can bring
new insights on the distinguishing of these two possible
constructions. Nucleonic and hyperonic parameterization of the
MBF model used in our analysis do not fulfill the tidal
deformability constraints from GW170817. In this context,
further investigations on the correlation of nuclear matter at
saturation and tidal deformability are already being carried out.
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