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Abstract: We discuss the constraints on the equation of state (EOS) of neutron star matter obtained
by the data analysis of the neutron star-neutron star merger in the event GW170807. To this scope,
we consider two recent microscopic EOS models computed starting from two-body and three-body
nuclear interactions derived using chiral perturbation theory. For comparison, we also use three
representative phenomenological EOS models derived within the relativistic mean field approach.
For each model, we determine the -stable EOS and then the corresponding neutron star structure by
solving the equations of hydrostatic equilibrium in general relativity. In addition, we calculate the
tidal deformability parameters for the two neutron stars and discuss the results of our calculations in
connection with the constraints obtained from the gravitational wave signal in GW170817. We find
that the tidal deformabilities and radii for the binary’s component neutron stars in GW170817,
calculated using a recent microscopic EOS model proposed by the present authors, are in very good
agreement with those derived by gravitational waves data.
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1. Introduction

The physics of neutron stars represents a way to test our understanding of matter under extreme
conditions of density and temperature. Large variation of the density in the range ~10 x 10'° g/cm?
are indeed expected in neutron stars. This requires the modeling of systems in very different physical
conditions such as heavy neutron rich nuclei arranged to form a lattice structure as in the outer crust of
the star, or a charge neutral system of interacting hadrons (nucleons, and possibly hyperons or a phase
with deconfined quarks) and leptons forming a quantum fluid as in the stellar core [1]. The description
of such a variety of systems, of considerable interest for nuclear physics as well as for astrophysics,
needs for a challenging theoretical effort and an accurate knowledge of the interactions between
the particles present inside the star. The bulk properties of neutron stars (e.g., mass, radius, moment
of inertia, mass-shed frequency, tidal deformability, etc.) chiefly depend on the equation of state
(EOS) describing the macroscopic properties of stellar matter. The EOS of dense matter is also one
of the main ingredients for the study of various astrophysical phenomena related to neutron stars,
as core-collapse supernovae (SNe) [2] and binary neutron star (BNS) mergers [3-5]. The recent detection
by the LIGO-Virgo collaboration [6] of gravitational waves (GW) from a BNS merger (GW170817)
has increased the interest in dense matter physics. Although the structure of a neutron star a few
minutes after its birth [1] can be described using a zero temperature EOS, in order to perform realistic
numerical simulations for core-collapse SNe and BNS mergers, the inclusion of thermal contributions
in the EOS is extremely important.
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In the present work, we model the core of neutron stars as a uniform charge neutral fluid made of
neutrons, protons, electrons and muons in equilibrium with respect to the weak interaction (B-stable
nuclear matter). In addition, we also consider the possible formation of hyperons which are likely
to appear in the core of neutron stars due to the very large momenta acquired by nucleons in the
hadronic medium [7]. For densities below 0.08 fm >, i.e., to describe the neutron star crust, we employ
the EOS reported in Reference [8]. Accordingly we calculate various neutron star properties making
use of two EOSs for the stellar core obtained within a microscopic non-relativistic approach based
the Brueckner—Bethe-Goldstone (BBG) many-body theory and adopting the Brueckner-Hartree—Fock
(BHF) approximation [9]. We also consider some EOSs derived using the relativistic mean field (RMF)
approach with the aim of comparing with the results obtained using microscopic EOS models.

2. Equation of State for Neutron Star Matter

The main ingredient needed to describe the structure of neutron stars is the EOS namely the
relation between the pressure, the energy density and the temperature of the system. In the last 40 years,
several approaches have been developed to derive the dense matter EOS. Among non-relativistic
approaches, some of the most popular models are based on effective Skyrme interactions which can be
used both to describe finite nuclei as well as nuclear matter and neutron stars [8,10,11]. In this approach,
the parameters of an effective nuclear interaction are adjusted to reproduce the binding energies
of nuclei and/or the saturation properties of symmetric nuclear matter. Microscopic many-body
approaches such as the BHF [9], the auxiliary-field-diffusion Monte Carlo (AFDMC) [12,13], or the
variational Monte Carlo (VMC) [14], start instead from two- and three-body forces fitted to reproduce
nucleon—nucleon scattering data and light nuclei properties, and try to derive a parameters free EOS.
Finally, RMF approaches [15] are based on effective Lagrangians based on quantum field theory.
The Euler-Lagrange equations are solved in mean field approximation adopting the Hartree or
Hartree—-Fock scheme. The parameters of the effective Lagrangian are usually fixed to reproduce
various nuclear matter properties at the empirical saturation density [15]. Each of these approaches
has clearly advantages and drawbacks. Non-relativistic many-body approaches for instance have the
advantage to start up from the microphysics provided by the nuclear interactions and then they aim to
calculate the EOS in a parameter-free way. However non-relativistic approaches do not guarantee the
causality condition vs < ¢ (with vs the speed of sound in matter and ¢ the speed of light in vacuum) at
high baryon density.

In RMF theories, point-like nucleons interact through the exchange of virtual mesons, so that static
potentials need not to be introduced. The effects of relativistic propagation are naturally incorporated,
so the causality condition is strictly achieved. The coupling constants and some meson masses of the
effective meson—nucleon Lagrangian are taken as free parameters, and are adjusted to reproduce the
properties of finite nuclei and of nuclear matter at the empirical saturation density.

In the present work, we use two different microscopic EOS models for -stable nuclear matter
derived within the BHF approach starting from two different non-relativistic Hamiltonians containing
two-body and three-body nuclear interactions. As it is well known, three-nucleon forces (TNFs) play a
very important role in nuclear physics. For example, TNFs are required to reproduce the experimental
binding energy of few-nucleon (A = 3, 4) systems [16]. TNFs are also essential to reproduce the
empirical saturation point (g = 0.16 = 0.01 fm >, E/ Alyy = —16.0 = 1.0 MeV) of symmetric nuclear
matter [17-20], and to give an adequately stiff EOS [21-24] which is consistent with present measured
neutron star masses and in particular with the mass M = 2.01 £ 0.04M, [25] of the neutron star in
PSR J0348 + 0432.

A modern approach, based on a seminal idea of Weinberg [26], to derive two- as well as
many-body nuclear interactions is the one provided by chiral effective field theory (ChEFT) (for
a review, see Reference [27,28]). In this method two-, three- and many-body nuclear interactions can
be calculated order by order according to a well defined procedure based on a low-energy effective
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quantum chromodynamics (QCD) Lagrangian. This Lagrangian is built in such a way to keep the
main symmetries of QCD and in particular the approximate chiral symmetry.

The first two EOSs considered in the present work differ in the two- and three-body interactions
used as input. In the first case, we have employed interactions derived in the so-called A-full
chiral effective field theory in both the two- and three-nucleon sectors, as reported in Reference [21].
These interactions provide very good saturation properties of nuclear matter, as discussed in a previous
low density study [18]. This EOS model (hereafter the BL EOS) has been recently used in Reference [29]
to simulate the merging of two neutron stars. A finite temperature version of the BL EOS model is
under development.

The second microscopic EOS model has been derived within the BHF approach using very
simple two- and three-nucleon potentials calculated at leading order (LO) of ChEFT and imposing
additional constraints set by the unitary limit of the nucleon-nucleon system [30]. The EOS models of
Reference [30] have the remarkable feature that allow for a combined description of nuclear matter
saturation properties as well as few-body nuclear systems such as the *H, 3He and *He nuclei. In the
present calculations, we have used the interaction parameters set § = 5 fm; r3 = 1.25 fm in Table 1 of
Reference [30] (hereafter the LO EOS).

Table 1. Maximum mass configuration properties for the EOS models (first column) considered in this
work. In the other columns are reported, respectively: the stellar gravitational maximum mass My,
the corresponding radius R, the central baryon number density 7. and the central energy density e..
Stellar masses are given in units of the solar mass: M = 1.989 x 10% g.

Model M0 [Mg] RIkm]l n.[fm~3] e [MeVfm—3]

BL 2.08 10.26 1.156 1535
LO 2.52 11.65 0.842 1129
T™M1-2 223 12.17 0.858 1064
T™M1-2Y 1.98 12.23 0.877 1042
GM3 2.01 10.97 1.088 1393

We also consider three different EOS models based on the RMF approach. In particular, we use the
so-called TM1-2 EOS (see Reference [31]) considering both the cases in which hyperons are included
(TM1-2Y) or not (TM1-2), and the GM3 parametrization of the Glendenning—-Moszkowski model [15]
which is a pure nucleonic model. Notice that in the present work we do not consider the possibility
of a transition to a phase with deconfined quarks (quark matter) in neutron star matter [15,32—41],
even though the formation of quark matter could be expected due to the large densities reached at the
center of the most massive neutron stars.

3. Results

In Figure 1, we show the total (i.e., including the leptonic contribution) pressure P as a function
of the total energy density ¢ for S-stable matter for all the EOS models considered in the present
work. Even though all the considered EOSs reproduce (within the experimental uncertainties) nuclear
matter properties at the saturation density 7, as expected, their predictions are substantially different
in the high density regime. With these EOS models as an input, we next numerically integrate the
Tolman-Oppenheimer—Volkoff (TOV) equation for hydrostatic equilibrium in general relativity [42,43]
to get the structural properties of non-rotating neutron stars. The solutions of these equations are
reported in Figure 2 where we plot the (gravitational) mass M of the star as a function of its radius
R (Figure 2, left) and the mass M versus the central baryonic density n. (Figure 2, right) for the
considered EOSs. The strip with boundaries marked with orange lines stands for the measured mass
M = 2.01 +0.04 Mg [25] of the neutron stars in PSR J0348 + 0432. All the models that we have
employed are consistent with such measurement. Various structural properties of the maximum mass
configuration for the considered EOS models are listed in Table 1.
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Figure 1. Equation of state for the models described in the text. P denotes the total (i.e., including the
leptonic contribution) pressure and ¢ the total energy density for B-stable matter. The square on
each curve marks the value of the central energy density (¢.) of the neutron star maximum mass
configuration for the corresponding EOS model (see fifth column in Table 1).
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Figure 2. Mass-radius relationship (left) and mass—central baryon density relationship (right) for the
EOS models considered in this work. The strip with boundaries marked with orange lines stands for
the measured mass M = 2.01 4 0.04 M, [25] of the neutron stars in PSR J0348 + 0432.

As it is well known, to obtain much tighter constraints on the dense matter EOS, with respect to
those derived from accurate mass measurements of “heavy” (M ~ 2 M) neutron stars, it would be
highly valuable to get combined measurements of the mass and radius for a certain number of neutron
stars. These measurements will be very soon provided by the Neutron star Interior Composition
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ExploreR (NICER) X-ray telescope [44] and, in a not-too-distant future, by the Enhanced X-ray Timing
and Polarimetry (eXTP) mission [45] expected to be launched in the mid-2020s.

GW170817 gives a new opportunity to get combined constraints of the mass and radius of the
binary’s component neutron stars [6] and thus to probe the dense matter EOS. During the inspiral
phase of the coalescence, the influence of the EOS enters via the mutual tidal effects of the two stars.

A static, spherically symmetric star of mass M placed in a static external quadrupolar tidal field
¢;j will develop in response an induced quadrupole moment Q;;, which is given (to linear order in ¢;;)
by Qj; = Ae;j , where A is called tidal deformability (polarizability) of the star. The parameter A can be
written in terms of the stellar radius R and of the tidal Love number k, as:

A=Z22R%, 1)

where G is the gravitational constant. The (quadrupolar) tidal Love number k;, which is a
dimensionless quantity, depends on the mass of the star and on the EoS of stellar matter and in
the case of relativistic stars can be calculated as described in [46-50] .

It is customary to introduce the dimensionless tidal deformability:

2 5
a=2k(Sy) @
where the tidal deformation of the star is expressed in terms of the stellar compactness § = GM/ (c?R).
The tidal effects between the two neutron stars cause the phase of the GW signal to differ from
that emitted in the inspiral of point-mass bodies [48,49]. This phase change in the GW signal has been
measured in the case of GW170817 [6] and to leading order in post-Newtonian theory is related to the
dimensionless binary tidal deformability:

Ao 16| (M~ 12M) M A1 + (M + 12M1 ) M3 Ap
13 (M + My)5 ’

®)

where M;(M;) and A1(A;) are the mass and tidal deformability for the high (low) mass component
of the binary system.

A new analysis (with respect to the original one [6]) of the GW170817 data has been carried out in
References [51-53]. In particular, as shown in Reference [53], such analysis allowed obtaining a robust
constraint on the nuclear matter EOS up to ~2 1. Remarkably, similar results have been obtained in
the independent analysis performed in Reference [54]. Future detections may provide the opportunity
to improve and extend such constraints on the EOS to higher nuclear densities.

In Figure 3, we report the posterior probability density function for the tidal deformability
parameters A; and A for the two merging neutron stars inferred from the detected signals in
GW170817 derived in Reference [53]. The dark green, brown, and orange lines, taken from
Figure 1 of Reference [53], denote 50% (dashed) and 90% (solid) credible levels for the posteriors
obtained using EOS-insensitive relations, a parametrized EOS without a maximum mass requirement,
and independent EOSs [51]. The gray shading corresponds to the unphysical region where Ay < Aj.
The deduced constraints on the tidal deformabilities depend on assumptions on the dimensionless
neutron star spin x = cJ/ (GMZ) (where | is the angular momentum of the neutron star) for the two
components. Here, we consider only the “low-spin” prior analysis which assumes x < 0.05. This upper
value for x is compatible with measured pulsar spins in Galactic double neutron star binaries.
In addition, for the “low-spin” prior case, the lower bound value, M, = 1.18 M, (see Table III in
Reference [52]) for the low-mass component (M, < M), is still compatible with measured neutron star
masses, and in particular with the measured mass M = 1.174 4= 0.004 M, for the companion star in the
double neutron star system PSR J0453 + 1559 [55]. In the same figure, we show the tidal deformabilities
Aj and A; for the two binary components, calculated as described in [47-50], for the EOS models
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considered in the present work. The portion of the curve corresponding to each EOS model is obtained
by varying the value of the mass of the high-mass component in the range 1.36 < M;/Ms < 1.58,
obtained from GW170817 data [52] (for the “low-spin” prior case) and next deriving the value M, for
the low-mass component by keeping the chirp mass Mir, = (M1 My)%/>(M; + M)~/ fixed to the
measured value My;,, = 1.186 Mg [52].
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Figure 3. (Color online) Tidal deformabilities A1, A, of the two merging neutron stars for the EOS
models adopted in the present work. The dark green, brown, and orange lines, taken from
Reference [53], denote 50% (dashed) and 90% (solid) credible levels for the posteriors obtained
using EOS-insensitive relations, a parameterized EOS without a maximum mass requirement, and
independent EOSs [51]. The gray shading corresponds to the unphysical region where A, < Aj.
Here, we consider “low-spin” prior | x |< 0.05 for the adimensional spins of the two neutron stars.

The BL EOS is compatible with the 90% credible region for A; and A, obtained from GW170817
data while the LO model is within the 90% credible region only considering the case of independent
EOSs [53]. It is interesting to observe that the fully microscopic models BL and LO, which have been
obtained using interactions derived in ChEFT, are able to provide a good description of data analysis
of GW170817. The GM3 model is just partially consistent with the constraints obtained in the case
of independent EOSs. Finally, the tidal deformabilities for the models TM1 and TM1-2Y lie outside
the 90% of credible region, thus these EOS models are unfavored with respect to the microscopic BL
and LO EOS models. Notice that the two curves in Figure 3 relative to the TM1-2 (nucleons only)
EOS and to the TM1-2Y (nucleons plus hyperons) EOS are one on the top of the other. This result is
not surprising in view of the following considerations. For the considered parameterization of the
TM1-2Y model, the hyperon threshold is equal to ~0.35 fm 2, which corresponds to a neutron star
with M~1.36 M. We note that for the high mass component M; of the GW170817 binary system,
even considering the upper value M; = 1.58 M, [52,53], the total hyperons number density at the
center of this star is just ~ 4% of the total baryon number density. Thus, within the TM1-2Y model,
hyperons are barely present in the binary’s component neutron stars in GW170817 during their inspiral
phase. Larger hyperons concentrations could be present in the post-merger compact object and show
peculiar signatures in the GW signal at a few kHz [56,57], which could be detected with the third
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generation of GW observatories. A similar analysis can be extended also to the case of the formation of
other degrees of freedom which may be produced in the high density core of neutron stars such as
quark matter or meson condensates [33,58].

A very interesting consequence of GW detection in GW170817 has been the possibility to translate
the informations on the tidal polarizability on constraints on the neutron star radius [53]. This has
been done by different research groups using different assumptions and strategies. Assuming that
the two merging neutron stars obey the same EOS, which was not imposed in the initial LIGO-
Virgo analysis [6], the authors of Reference [54] found A = 245f‘1lgi’ at 90% of confidence level
and a common radius of R = 10.91’%:% + 0.2 km for a 1.4 Mg neutron star. A similar parameter
estimation of GW170817 has been proposed in Reference [59] where, in addition to GW data, data from
electromagnetic counterparts have been included. The authors of Reference [59] found: A in the
interval (323; 776) at 90% of confidence level and common neutron star radius R = 12.2:1):3 + 0.2 km.
Finally, in Reference [60], the GW data were combined with radiative transfer models of the kilonova
lightcurve, phenomenological fits from numerical relativity simulations of the disk and dynamical
ejecta masses, and fits between the GRB jet energy and disk mass. These authors found: A in the interval
(292;822) and common neutron star radius in the range (11.1;13.4) km. We note that, although the
findings of Reference [60] are in agreement with the predictions of References [54,59], they are based on
the strong assumption about the electromagnetic model fitting. Note that the prediction of the radius
for a 1.4 M neutron star for the BL and LO models (see Figure 2) is in very good agreement with that
reported in the above quoted papers [54,59,60]. The models based on the RMF approach, at least those
used in the present paper, show instead larger radii than those inferred from GW170817 [53,54,59,60].
In the future, when hopefully a large database of GW data coming from neutron star merging will
be created, it may be possible to strongly constrain the EOS of neutron star matter and even to get
informations on the nuclear interactions in the medium.

4. Conclusions

In the present work, we have studied how recent estimates of the tidal deformabilities of the
binary’s component neutron stars, obtained by the analysis of the GW data in the event GW170817,
can help to constrain the EOS of neutron star matter. To this end, we have considered some microscopic
and phenomenological EOS models for nucleonic as well as hyperonic matter. All the considered
EOS models reproduce, within the experimental uncertainties, empirical nuclear matter properties at
the saturation density 1y and are consistent with present measured neutron star masses. For each of
these models, we have determined various neutron star structural properties and calculated the tidal
deformabilities A1 and A for the two merging neutron stars. We have found that the microscopic EOS
model BL produces a very good agreement both considering the posterior distribution obtained from
the data analysis of GW170817 and the mass-radius constraints on a 1.4 M, neutron star obtained
by different research groups [54,59,60]. Using GW170817 data and within the TM1-2Y EOS model,
we cannot make any significant statement about the possible presence of hyperons in the two stars
during their inspiral phase. Hyperons could be abundantly present in the post-merger object and
strongly influence its evolution. Large hyperon fractions in the post-merger object can give peculiar
signatures in the GW signal at a few kHz, which could be detected with the third generation of
GW observatories.
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