Acta Physica Polonica B 56, 5-A1 (2025)

GRAVITATIONAL WAVES FROM NEUTRON STARS:
DETECTION PROSPECTS AND INFERENCES
FOR TWO DISTINCT TYPES OF REMNANTS*

JOSE A. FoNT

Departamento de Astronomia y Astrofisica, Universitat de Valéncia
Dr. Moliner 50, 46100, Burjassot (Valéncia), Spain
and
Observatori Astronomic, Universitat de Valéncia
Catedratico José Beltran 2, 46980, Paterna (Valéncia), Spain

Received 4 March 2025, accepted 4 March 2025,
published online 22 April 2025

The detection of gravitational waves from compact binary coalescences
is impacting our knowledge of stellar-origin compact objects. In particu-
lar, gravitational waves from neutron stars encode key information about
the nature of matter at nuclear densities and above. Its gravitational-
wave spectrum is linked to neutron star properties and can be used to
impose constraints on the equation of state, complementing those obtained
by electromagnetic observations or heavy-ion experiments. In turn, those
constraints can be used to infer key properties as the masses and radii of
neutron stars, their tidal deformability, or their moment of inertia. Numer-
ical simulations of neutron stars, either in compact binary systems or those
formed in supernova explosions, are fundamental to assist in the detection
of the gravitational waves they emit. Simulations are also essential for un-
derstanding their formation in highly dynamical events and assessing the
role they play across various fields: relativistic astrophysics (as the central
engine of gamma-ray bursts and kilonovae), gravitational physics (as prime
sources of gravitational waves), cosmology (as standard sirens), and nu-
clear physics (to constrain the equation of state). In this article, we review
the prospects to detect gravitational waves from two “types”’ of neutron
stars — the hypermassive neutron star resulting from the merger of two
neutron stars in a binary system, and the proto-neutron star born after
the gravitational collapse of the core of a sufficiently massive progenitor
star. Moreover, we also discuss ongoing efforts to infer parameters of the
source from the analysis of the gravitational-wave signals and the wealth
of physical information that can potentially be extracted.
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1. Introduction

After the momentous observation of GW150914, the first gravitational-
wave (GW) signal ever detected [1], GW science is rapidly becoming an ex-
citing field of research. GW150914 originated in the coalescence and merger
of two stellar-origin black holes in a compact binary system. Since then, the
LIGO-Virgo-KAGRA (LVK) Collaboration, which operates the network of
ground-based detectors Advanced LIGO [2], Advanced Virgo [3]|, and KA-
GRA [4], have reported nearly one hundred compact binary coalescence
(CBC) events during their first three observing runs [5, 6]. Those observa-
tions include all three classes of CBC systems, namely, binary black holes
(BBH), binary neutron stars (BNS), and black-hole-neutron star (BHNS)
systems. The latter two are prime targets for multi-messenger observations,
being visible in both GW, electromagnetic (EM) radiation, and possibly
also accessible to neutrino telescopes. Catalogues of BBH mergers in pri-
mary masses b-60 Mg have been assembled, allowing to place constraints on
astrophysical populations of sources and on cosmological parameters [7-9].
Moreover, the detection of the GW signal from the first BNS merger, along
with its post-merger EM emission, GW170817 [10-13], is helping address
some long-standing issues in relativistic astrophysics such as the association
between BNS mergers, short gamma-ray bursts, and their optical afterglows
(i.e. the kilonovae, powered by the radioactive decay of heavy r-process nu-
clei), the nature of the equation of state (EoS) of matter at supranuclear
densities, the radius and tidal deformability of neutron stars, the speed of
GW (ruling out, in turn, a large class of scalar—tensor theories), and has
even allowed for independent measures of the Hubble constant.

The physics program of the LVK Collaboration involves the study of
transient GW signals such as CBC events and bursts (e.g. supernovae),
longer signals (e.g. the nearly monochromatic continuous signals produced
by spinning neutron stars), and stochastic GW backgrounds. The latter are
a consequence of the superposition of the GW produced by a large number
of unresolved, independent sources, such as BBH and BNS mergers, but
also from other types of sources both transient, as supernovae or mergers of
white dwarf binaries, and continuous, as spinning neutron stars or magnetars
(see [14] and references therein).

All events detected so far by the LVK Collaboration are consistent with
CBC events. An important aid to the detection of these sources is the fact
that their inspiral can be accurately modelled using combinations of ana-
lytic relativity and numerical relativity techniques. To dig CBC signals out
of the detector noise, CBC searches are based on matched-filtering using
banks of waveform templates from general relativity. Huge amounts of tem-
plates are required to assist both in detection and parameter estimation.
Unfortunately, banks remain incomplete in some regions of the parameter
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space of CBC sources, e.g. for large component mass ratios, for misaligned
spins (i.e. different orientations between the individual spins and the orbital
angular momentum vector) yielding to precessing orbits, or for non-quasi-
circular, eccentric, orbits. Numerical relativity — the numerical solution
of Einstein’s field equations coupled to hydrodynamics for the two-body
problem — is our best tool to model CBC waveforms. However, not only
the physics current simulation codes incorporating is to some extent still
incomplete (particularly for non-vacuum systems) but also the simulations
themselves are intrinsically very expensive from a computational viewpoint.
To ameliorate this, the synergy between numerical relativity and analyti-
cal relativity has become fundamental to extract all transient GW signals
reported by the LVK Collaboration (see [15] and references therein). In ad-
dition, there is great hope that approaches based on Machine Learning and
AT may help complete CBC template banks, aiding both searches and pa-
rameter estimation. Aspects still to be improved are diverse, including the
increase in the component mass ratio and harmonic content, accounting for
non-quasi-circular orbits (eccentricity, dynamical captures, hyperbolic en-
counters), decreasing systematic errors, or even building waveform models
for mergers of exotic compact objects or in gravity theories beyond general
relativity.

CBC sources are the prime sources for GW astronomy and the loudest
systems for the LVK detector network. Among the yet undetected sources,
Core-Collapse Supernovae (CCSN) emit GW at frequencies that make them
perfect targets for ground-based detectors. The progenitors of CCSN are
typically non-rotating stars with masses in the range of 8-100 M, [16, 17].
Despite the fact that a CCSN is a very energetic event, with a binding
energy of about i, ~ 10°® erg, the deformation of spacetime it produces
and the associated GW amplitude is fairly small, Eqw < 107%Ej;,. Since
the strength of a typical CCSN GW signal is significantly smaller than that of
CBC sources, realistic detectability prospects of CCSN events are limited to
distances within 10 kpe, i.e. Galactic events, for current detectors [18, 19].
This strongly impacts the chances of detection as CCSN events are rare,
with rates of about one event every 30 years in our Galaxy [20]. In addition,
GW signals from CCSN are quite complex and, contrary to CBC systems,
they cannot be easily modelled as the post-bounce signal has a distinctive
stochastic nature (dominated by convective turbulence). For this reason,
numerical simulations of CCSN are highly necessary.

Despite the difficulties, a successful detection of a CCSN GW signal
would be a scientifically highly rewarding event as it could potentially reveal
the underlying explosion mechanism through the analysis of the waveform
along with physical properties of the progenitor star and of the remnant, the
new-born proto-neutron star (PNS). Hours after the collapse of the massive
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star’s core, the supernova shock breaks through the stellar surface. The su-
pernova explosion is then seen as an EM phenomenon. The light curve yields
indirect information about the core collapse mechanism as it is an “echo” of
the supernova driving engine. In order to look at the “heart” of a supernova,
we can use two messengers complementary to light, namely neutrinos and
GWs. Neutrinos stream out seconds after the collapse. Their flux decays
with the square of the distance, challenging its detection and most likely
limiting it to Galactic CCSN events. Correspondingly, GWs decouple from
matter directly after they are generated and are hence fully synchronised
with the core collapse. Compared to the flux of neutrinos, the amplitude of
the GW signal decays linearly with distance, which might help detecting an
extragalactic CCSN event in the future, once third-generation GW observa-
tories Einstein Telescope and Cosmic Explorer become operational [21, 22].

GW searches from CCSN are an essential activity in the LVK Collab-
oration physics program. Unlike CBC searches, in the case of CCSN (and
other types of burst signals), the searches are not based on matched filter-
ing, as CCSN are unmodelled GW sources. The typical ingredients of an
unmodelled search pipeline comprise the cross-correlation of the data col-
lected in pairs of detectors and the analysis of possible excess power, usually
through coherent combinations of data from several GW detectors. This
allows to look for signals in the sensitive band (from about 20 Hz to 2 kHz)
with duration from about 1 ms to 1 s. Some of the most widely used LVK
CCSN search pipelines are coherent Wave Burst 23|, X-pipeline [24], and
BayesWave [25].

First CCSN searches were initiated in 2016 with the Initial LIGO and Ini-
tial Virgo detectors (and GEO600) [26]. In this study, GW data coincident
with 2 CCSN observed optically in 2007 and 2011 (within 15 Mpc) was anal-
ysed. Three families of artificial GW waveforms were injected into the data:
stochastic waveforms from 2D and 3D numerical simulations of CCSN events,
waveforms from semi-analytical calculations for models of extreme emission
of known shape (bar-mode deformation and torus fragmentation instability),
and phenomenological sine-Gaussian waveforms. The latter probe specific
combinations of signal frequency and time intervals, and allow to compute
upper limits on the GW energy. The study conducted in [26] reported no
GW but allowed to place upper limits on the amount of GW energy that
could have been emitted by the two supernovae considered (~ 0.1M¢c? at
low frequencies to ~ 10Mc? at frequencies above 1 kHz). This initial search
could not constrain or exclude any of the CCSN models considered.

The most recent CCSN search conducted by the LVK Collaboration
has used data from O3, the third observing campaign of the detector net-
work [27]. This study searched for GW transients associated with 8 CCSN
observed optically within 30 Mpc during O3. As in previous cases, no GW
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association was identified (which was not unexpected due to the distance
range of the sources considered). The study allowed to analyse the detec-
tion efficiency for a variety of possible GW emission mechanisms in CCSN,
namely neutrino-driven and magneto-rotational explosions, black hole for-
mation, QCD phase transitions, and extreme models of collapse leading to
the formation of long-lasting bars in the PNS. The results reported in [27]
placed more stringent upper limits on the distance reach of CCSN searches,
on the GW energy and luminosity, and on the PNS ellipticity.

In the remainder of this paper, we will discuss the GW modelling of
neutron stars both in BNS mergers and in CCSN, providing an overview of
selected recent results. For the case of BNS mergers, we will highlight the im-
portance of finite-temperature effects in the long-term dynamics of the rem-
nant and on the GW emission, the detectability prospects of high-frequency
features present in the late-time spectrum, and the role non-convex EoS may
play in the merger dynamics and how their effects might challenge the in-
terpretation of physical results. Correspondingly, for the CCSN system, we
will discuss how the analysis of the waveforms associated with the oscilla-
tion modes of the PNS may help design a detection strategy and will discuss
inference prospects in the particular case of rotational CCSN progenitors.

2. GW modelling of neutron stars in BNS mergers and CCSN
2.1. BNS mergers

Modern waveform models of BNS merger signals produce a complete
waveform through its inspiral stage up to merger by relying either on semi-
analytical procedures, typically using effective-one-body (EOB) and phe-
nomenological modelling, or a fully data-driven approach as in so-called
surrogate models [28]. In particular, prior to merger, the signal is well de-
scribed using approximations from analytical relativity by performing an
iterative procedure to obtain corrections to the Newtonian dynamics (post-
Newtonian expansion), and corrections to flat spacetime accounting for the
GW emission (post-Minkowskian expansion). There is a large body of work
on these approaches, in particular for quasi-circular binaries in the adiabatic
approximation (see [29] for a review). Post-Newtonian waveform approxi-
mants currently include high-order tidal corrections, dynamical tidal effects,
and spin-tidal couplings. On the other hand, the EOB approach [30-32]
describes the two-body dynamics in general relativity and its GW emission
employing a resummation of the post-Newtonian information for the dynam-
ics in terms of the geodesic motion of a particle in an effective spacetime.
Present-day tidal waveform models for BNS mergers are mostly based on
the EOB approach.
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As illustrated in Fig. 1, the computation of the BNS post-merger wave-
form (not plotted on purpose) is the current frontier. Its analytic modelling
is not possible and numerical relativity is the only reliable tool to produce
waveforms. This part of the signal strongly depends on the many phys-
ical ingredients that need to be included in the modelling. Contrary to
vacuum systems such as BBH mergers, a faithful numerical description of
BNS mergers must not only solve Einstein’s field equations but also the
magneto-hydrodynamics equations for the matter fields, capture the ampli-
fication of the magnetic field during merger and post-merger (as a result of
the Kelvin—Helmhotz and magneto-rotational instabilities), and handle the
nuclear matter EoS, non-ideal viscous effects, or the transport of neutrinos.
Each of those ingredients impacts the fate of the remnant in a significant
way and, hence, the associated gravitational waveforms.
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S o ll  B-field ampilification
X H | ‘i Supranuclear matter EoS
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Fig. 1. Tllustration of the coalescing part of the GW (chirp) signal of a BNS inspiral
and merger. The form of the post-merger signal, not plotted, depends strongly on
the physical ingredients incorporated in the numerical modelling.

Obtaining numerical relativity waveform models for BNS mergers is chal-
lenging: on the one hand, there are mathematical and physical difficulties as-
sociated with the presence of strong gravitational fields and magnetic fields,
matter motion at relativistic speeds, shock waves, as well as aspects from
nuclear physics which are not straightforward to simulate, as the transport
of thermal and non-thermal radiation, the incorporation of nuclear reaction
networks, or the access to tables of microphysical EoS. On the other hand,
there are numerical difficulties associated with the absence of symmetries or
issues inherent to Einstein’s gravity such as the possible existence of coor-
dinate degrees of freedom and curvature singularities, or the need to resolve
simultaneously both the near zone (to model the source dynamics) and the
wave zone (to compute the GW information). Finally, BNS merger simula-
tions require significant computational resources in terms of both memory
and power. This is aggravated by the large parameter space of the prob-
lem, limiting the ability to perform detailed parameter studies even when
using supercomputers. Despite those many difficulties, numerical relativity
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simulations of BNS mergers have steadily progressed during the last 25 years,
notably advancing the state-of-the-art in our knowledge of these systems (see
reviews by [28, 33-36]).

The spacetime evolution equations are in most cases written down em-
ploying hyperbolic formulations such as BSSN [37, 38] or Z4 [39], and solved
with high-order finite differencing or (pseudo-)spectral methods. On the
other hand, the most widely adopted formulation of general relativistic hy-
drodynamics and MHD casts the hyperbolic systems of equations in flux-
conservative form (in the so-called “Valencia” formulation [40, 41]) allowing
for a solution procedure based on high-order, shock-capturing finite vol-
ume methods (employing either Riemann solvers of central schemes). Cur-
rent simulations have reached a significant level of sophistication. Aspects
worth highlighting involve the incorporation of individual spins in the ini-
tial data [42, 43], hence allowing for precessing orbits, and improvements
on the treatment of the microphysics. In particular, the use of microphysi-
cal, finite-temperature EoS tables constructed using “tabulated” data from
observations and nuclear physics experiments has now become routine (see
e.g. |[44-49]). This provides a self-consistent method for probing the im-
pact of thermal effects on the fate of the binary remnant. Moreover, the
amplification of magnetic fields by dynamical instabilities is also being in-
corporated in the modelling, either through direct numerical simulations
with extreme resolutions [50, 51|, or using sub-grid models to capture the
growth of the instabilties at smaller scales [52-55|. Studying the effects of
the magnetic field in the formation of collimated outflows and jets has also
been possible [56-58]. Many groups are developing strategies to incorporate
nuclear reaction networks into the simulation codes that allow to compute
the nucleosynthetic yields and the kilonova emission in the late post-merger
phase [59-63|. Likewise, simulations are starting to consider non-ideal flu-
ids and dissipative effects [64—67|. Finally, implementing neutrino radiation
transport is a major effort in current BNS merger simulations (see [68] for
a recent review). All of these physical ingredients have an impact on the
fate of the post-merger remnant and, as a result, on the associated GW
emission. Their gradual incorporation in the numerical modelling will in-
crease the faithfulness of the simulated post-merger waveforms which will
certainly help future searches of those signals' in preparation for the signifi-
cant increase in the amount of detections anticipated with third-generation
observatories?.

L A search for GWs from the remnant of the BNS merger GW170817 was reported
in [69]. Both, short-duration (< 1 s) and intermediate-duration (< 500 s) signals,
corresponding to GW emission from a hypermassive or supramassive neutron star,
respectively, were considered. No signal from the post-merger remnant was found.

2 In one year of operation, a network consisting of one Cosmic Explorer and the Einstein
Telescope is expected to detect O(10%) BNS mergers [70, 71].
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2.2. PNS

Numerical simulations of CCSN have consistently shown that the main
source of GW in the explosion of massive stars is not related to the violent
hydrodynamical bounce that abruptly halts the gravitational collapse of the
stellar core but it is rather associated with the subsequent excitation of the
oscillation modes of the PNS during post-bounce evolution (see [72]| and ref-
erences therein). Therefore, at least potentially, the analysis of the eventual
observations of GW signals from CCSN might help infer PNS properties.
Such an accomplishment would make PNS asteroseismology possible, in the
same way as helioseismology helps reveal the structure and dynamics of the
Sun through the study of its oscillations.

The GW signals associated with PNS oscillations are highly stochastic.
Most of the energy is stored in the so-called f-modes or g-modes (see below)
whose frequencies depend on the mass and radius of the PNS, and are in
general above 500 Hz. The waveforms may also contain low-frequency modes
(below 500 Hz) triggered by the standing accretion shock instability (SASI).
An example time-frequency (or spectrogram) plot of a post-bounce CCSN
waveform is shown in Fig. 2. Distinct arch-shaped features are visible in
the spectrogram, associated with characteristic vibration modes of the PNS.
Such features are consistently observed in all numerical simulations of the
post-bounce evolution of the PNS.
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g 2000 A
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& 1500 4 :
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0 —24.5
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Fig.2. Example of a PNS spectrogram. The arch-shaped features are associated
with characteristic oscillation modes of the star. Colours indicate the power spec-
tral density.
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The most important quasi-normal modes of oscillation of neutron stars
for GW emission are the f (fundamental), p (pressure), and g (gravity)
polar fluid modes, the r (rotation) axial fluid modes (a subclass of inertial
modes), and the w (wave) polar and axial spacetime modes. The f-mode
exists only for non-radial oscillations and describes surface waves. This
mode is due to the interface between the star and its surroundings and its
eigenfunction has no nodes inside the star. The frequency of the f-mode is
proportional to the square root of the average density of the star and has
a typical value of f ~ 2 kHz, with a characteristic damping time 7 < 1 s.
The p-modes exist for both radial and non-radial oscillations and there are
infinitely many of them. Pressure is their restoring force and the oscillations
are nearly radial. The frequencies of the p-modes depend on the travel time
of acoustic waves across the star (standing sound waves), attaining typical
values of f > 4 kHz with damping times 7 > 1 s. The g-modes only exist
for finite temperature stars and there are infinitely many of them. Their
restoring force is buoyancy and the oscillations are nearly tangential. The
typical frequencies and damping times of the g-modes are f < 500 Hz and
T > 5 s, respectively.

The idea of employing pulsating neutron stars for GW asteroseismology
was put forward in the seminal work of [73]. By computing linear eigenfre-
quencies of the oscillation modes of neutron stars most important for GW
astronomy (the f-mode, the first pressure p-mode, and the first w-mode)
and using stellar models with twelve realistic EoS, a set of empirical re-
lations between the mode-frequencies and the mass and radius of the star
was inferred. The work of [73] was a proof-of-principle that those empirical
relations can be used to extract properties of neutron stars from observed
oscillation modes.

In the CCSN context, the characterization of the oscillation modes of
the PNS can also be studied using linear perturbations of a spherical back-
ground, as an eigenvalue problem. FEarly attempts used simplified back-
grounds based on Tolman-Oppenheimer—Volkoff (TOV) models [74-79].
More recent works employ a dynamical background from numerical sim-
ulations of CCSN [80-87]. In particular, Torres-Forné et al. [80, 82, 83]
have developed the Great code (General Relativistic Eigenmode Analysis
Tool)? which allows to compute PNS oscillation modes using a general-
relativistic formalism that includes space-time perturbations on a dynam-
ical background from simulations. This code is currently being upgraded
to incorporate new solvers (spectral methods and Physics-Informed Neural
Networks) and advection terms (accreting background, relevant for p-modes
and SASI), while future extensions will account for rotating stars (adding ro-
tation corrections to g/ f/p-mode frequencies). Figure 3 shows that features

3 www.uv.es/cerdupa/codes/GREAT
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in the spectrograms can be matched to specific PNS eigenmodes. Shown
are fits to two particular g-modes and to the f-mode, the fundamental pres-
sure mode. Discerning which one is the dominant mode in a CCSN event
and how the mode structure depends on the PNS properties might thus be
possible after a successful detection of the gravitational waves produced in
supernova explosions.
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S
o
o

0.8
Time [ms]

Fig. 3. Example of PNS eigenmodes. Shown are fits to two particular g-modes and
to the f-mode.

3. Overview of recent results

3.1. BNS mergers
3.1.1. (Late) inspiral

Neutron stars in binary systems produce mutual tidal stresses that de-
form the metric around the stars in an EoS-dependent manner, through the
tidal deformability parameter,

A= gﬁz (%)5 , (1)

where k9 is the quadrupolar Love number, R is the radius, and M is the
mass of the star. Both R and ko are fixed for a given stellar mass M by
the EoS (k2 = 0.05-0.15 for realistic neutron stars). The tidal deformability
parameter describes the degree at which a local metric suffers quadrupole
deformations when in the tidal field of a companion. Large tidal effects
on the late inspiral phase of a BNS merger have been observed in numerical
simulations. The tidal deformability determines the (I,m) = (2,0) departure
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of the asymptotic metric from spherical symmetry and the departure of the
waveform’s orbital phase evolution from the point-particle form. The latter
becomes significant as the GW frequency increases above ~ 600 Hz, i.e. only
during the last few orbits before merger, and can be potentially observable.

In [88], Read et al. conducted a systematic investigation of the BNS
inspiral using an extended set of EoS and a multiple-code effort to generate
numerical-relativity waveforms. This study unveiled a quasi-universal (EoS-
insensitive) relation between the peak GW frequency at merger and the tidal
deformability. Quasi-universality implies that if the GW frequency at peak
amplitude were observationally measured, the tidal deformability could be
directly inferred from the empirical fit, and hence the moment of inertia
and the compactness parameter M/R. Furthermore, the analytic relation
between A and R given by Eq. (1) would yield the individual radii of the
stars. Read et al. [88] concluded that with a single source at ~ 100 Mpc,
the neutron star radius or A could be constrained to about 10%.

Signal GW170817 allowed to use the tidal deformability parameter to
constrain the neutron star radius and EoS, as shown in [10]. The prop-
erties of the GW source were inferred by matching the data with pre-
dicted waveforms, conducting Bayesian analysis in the frequency range of
30-2048 Hz. The source-frame chirp mass was accurately constrained to be
about 1.18 M. However, the estimates of the component masses are not
as accurate as they are affected by the degeneracy between mass ratio and
aligned spin components. Assuming a low-spin prior (consistent with the
observed population), one obtains component masses M; € (1.36,1.60) M
and My € (1.17,1.36) Mg. A single function A(m) was computed from the
static [ = 2 perturbation of a TOV solution. The LVK Collaboration con-
straints on Ay and Ag disfavour (stiff) EoS that predict less compact stars,
such as MS1 and MS1b, since the mass range recovered generates A values
outside the 90% probability region. These results are consistent with radius
constraints from X-ray observations of neutron stars.

3.1.2. Post-merger

Neutron stars aged ~ 107 years have undergone long-term cooling by
neutrinos and photons. Hence, neutron stars in the late inspiral phase of
a BNS merger are cold and can be modelled by zero-temperature EoS. As
a result, the inspiral phase of a BNS coalescence event only probes cold
EoS and thermal effects are not accessible. However, at merger and during
the post-merger phase neutron stars heat up. Shock heating increases the
temperature to about 10 MeV or more making finite-temperature effects
likely to play an important dynamical role. Hence, neutron stars at those
stages in the evolution of a BNS merger must be modelled by thermal EoS.
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Loosely speaking, the fate of a BNS post-merger remnant can be twofold:
it can be either a “hypermassive” neutron star (HMNS) where the remnant
is supported by differential rotation and thermal gradients, or a “supramas-
sive” neutron star, where the mass is small enough to be supported by rigid
rotation. Numerical relativity simulations reveal that, fixing the EoS, a
binary with a smaller mass will produce an HMNS which is further away
from the stability threshold and will collapse to a black hole at a later time.
Correspondingly, fixing the total mass, a binary with an EoS allowing for
a larger thermal internal energy (i.e. hotter after merger) will have an in-
creased pressure support and will collapse at a later time.

The post-merger phase has a rich GW phenomenology, with spectral
features dominated by distinctive peaks that can be associated with spe-
cific oscillation modes of the remnant (see [89] and references therein for
a recent study on this topic). The analysis of the spectra provides good
prospects for constraining the thermal EoS of neutron stars. This is the ul-
timate goal of HMNS asteroseismology, specifically to use the GW spectra to
find quasi-universal relations between oscillation frequencies (spectral peaks)
and neutron star properties (e.g. mass, radius, tidal deformability). Indeed,
numerical relativity simulations have revealed that a number of peculiar fre-
quencies are related to the properties of the binary through quasi-universal
relations. Those relations have been suggested for: (1) the GW frequency at
merger [88-95], (2) the dominant peak frequency in the post-merger spec-
trum [88, 89, 92, 96-98|, and (3) additional frequencies identifiable in the
transient period right after merger [91, 92, 99]. While the early post-merger
GW emission is dominated by the quadrupolar f-mode, the late post-merger
emission is dominated by a low-frequency gravito-inertial mode triggered by
convective instabilities in the remnant [100, 101]. Despite the fact that
those modes have significantly less power than the f-mode, they might still
be within reach of third-generation detectors, offering a possibility to infer
rotational and thermal properties of BNS remnants [49, 102].

A robust method to characterize the GW emission from a BNS merger
remnant is provided by Bayeswave [103, 104], a Bayesian GW data analysis
pipeline developed within the LVK Collaboration?. This pipeline employs
a morphology-independent approach to reconstruct the post-merger GW
signal through a sum of basis functions (sine-Gaussians wavelets) and sup-
ply the full posterior probability distribution of the underlying waveform.
Bayeswave has been applied on simulated data from numerical relativity sim-
ulations of BNS mergers injected into a network of advanced ground-based
detectors [49, 102, 105-108|.

4 https://docs.ligo.org/lscsoft/bayeswave
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The quality of the reconstruction is measured by the overlap between
the signal s and the waveform model h

1 — @
Vs, s)\/(h, h)’

where the inner product of two complex quantities is defined by

O

o0

T alh () + et ()
<““‘2/ 5 (f) d
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0

Here, the symbol * denotes complex conjugation and Sp,(f) is the one-sided
noise power spectral density (PSD) of the detector. The GW signal recon-
struction capabilities of Bayeswave allow one to obtain accurate posterior
distributions for the GW peak frequency and for the neutron star radius,
particularly as the SNR increases [107|. This property was used by [98] to
obtain an estimate of the radius of a 1.6 My non-rotating star, Rj g, from
a potential measurement of the peak frequency from the post-merger sig-
nal, as both quantities are correlated in an EoS-independent manner. The
results show that the statistical error in the radius measurement from the
post-merger signal is comparable to the corresponding error from the inspi-
ral part of the waveform, yielding a measurement within 300-700 m at the
90% confidence level [98].

Numerical relativity simulations of BNS mergers also incorporate ther-
mal effects in the post-merger phase where shock heating significantly in-
creases the temperature. Early simulations adopted a hybrid approach to
model the temperature dependence on the nuclear EoS [109], combining a
collection of piecewise-polytropic EoS for the cold part and an ideal-gas-like
EoS for the thermal part of the pressure, given by

DPth = (Fth - 1)(6 - Ecold)pv (4)

with I, = 1.375-1.8, and € and p being the specific internal energy and den-
sity, respectively. Finite temperature adds further pressure support to the
remnant that may change its internal structure and its subsequent evolution.
Reference [110] showed that at densities above one-half of nuclear satura-
tion density (ng =~ 0.16 fm~3), I}y, strongly depends on the nucleon effective
mass. Hence, a hybrid approach may overestimate the thermal pressure by
a few orders of magnitude [111] and may induce significant changes in the
GW frequencies [112, 113]. To overcome this limitation, currently, most BNS
simulations incorporate thermal effects through the full finite-temperature
EoS.
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Recently, the authors of [114] have compared pairs of BNS merger simu-
lations in which the EoS is described by either a hybrid approach or a tab-
ulated approach. This work focuses on whether the different treatment of
thermal effects is imprinted in the GW spectra of the HMNS signal. The
binaries consist of two identical irrotational neutron stars modelled by four
hybrid EoS (SLy, APR4, H4, and MS1) composed of seven piecewise poly-
tropic pieces and a thermal part with I}, = 1.8. The corresponding tab-
ulated models are built using the tables provided by [115] freely available
at https://stellarcollapse.org/ The simulations show that a few ms
after merger, heat production is much more significant in the tabulated EoS
models, which exhibit a ring of higher temperature surrounding the HMNS.
The most important dynamical difference was found for the 1.5220 EoS. In
this case, the tabulated EoS model produces a stable HMNS, while in the
simulation with the hybrid EoS treatment the remnant collapses promptly
to a black hole.

Indeed, the different matter and spacetime dynamics are also imprinted
on the gravitational waveforms. Figure 4 depicts the waveforms for the BNS
simulations of [114| with the HShen EoS (left) and the DD2 EoS (right). The
red curves correspond to the hybrid treatment of thermal effects, while the
yellow curves correspond to the tabulated treatment. While no differences
are found in the inspiral phase, the post-merger waveform is markedly differ-
ent. In general, the oscillations of the HMNS are damped more rapidly for
tabulated EoS model. Among all EoS considered by [114], the most signif-
icant differences in the post-merger waveform are found for the HShen EoS
(see Fig. 4). The influence of these differences in the detectability prospects
of BNS post-merger signals has been reported in [49, 116].
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Fig. 4. Quadrupolar GW signals of two BNS mergers simulated by [114], HShen
EoS (left) and DD2 EoS (right). Yellow and red waveforms refer to hybrid and
tabulated models, respectively.
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It is worth mentioning that non-convex dynamics, triggered by non-
convex thermodynamics, might also play some role in BNS mergers. In
classical fluid dynamics, the convexity of a system is determined by the
EoS [117], more specifically, by the so-called fundamental derivative

| o1
ov?2 nc
= —_ S =1 5
g 2 v Ip + 0lnpol|, (5)
ov s

In this equation, V' denotes the specific volume, pg is the rest-mass density,
¢ 18 the sound speed, and s is the specific entropy. The sign of the funda-
mental derivative measures the convexity of the isentropes in the pressure-
density plane. If it is positive, isentropes are convex, leading to expan-
sive rarefaction waves and compressive shocks. This is the usual regime in
which many astrophysical scenarios develop. However, some EoS may dis-
play regimes in which the fundamental derivative is negative and the EoS
is non-convex. Non-convexity yields exotic fluid dynamics, e.g. compressive
rarefaction waves and expansive shocks. Fluids attaining negative values
of the fundamental derivative are called Bethe—Zel’dovich-Thompson flu-
ids [118-120] to highlight the pioneer work of these scientists in the study
of EoS-driven, non-convex thermodynamics.

Non-convex dynamics may appear in neutron stars. At densities higher
than nuclear saturation density mng, nuclear/hadronic matter undergoes a
phase transition into a quark—gluon plasma. In the crossover region the
sound speed may become non-monotonic, a situation that can also result
from the behaviour of the adiabatic index. The non-monotonicity of either
quantity is a genuine feature of matter at a few times nuclear saturation
density. Under such conditions, and particularly if there are phase transi-
tions to exotic components of matter, the fundamental derivative could be
negative, implying a non-convex EoS in that regime. This would lead to
non-convex dynamics.

Recently, the authors of [121] illustrated the effects a non-convex EoS
may produce on the dynamics of BNS mergers using a phenomenological EoS
first employed by [122, 123]| (a Gaussian “gamma-law” or GGL EoS). This
toy-model EoS mimics the loss of convexity resulting from a non-monotonic
behaviour of the adiabatic index with density. To do so, the pressure has
the following functional form:

2

p=I"—-1ps, I'=v+ (11 —"0)exp [—(pgfl)] (6)

The results reported by [121] provide an explanation to the observable im-
print of a first-order hadron—quark phase transition on the GW emission of
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BNS mergers discussed in [124]. The latter found that the dominant post-
merger GW frequency fpeax may exhibit a significant deviation from an
empirical quasi-universal relation with the tidal deformability if a first-order
phase transition leads to the formation of a stable extended quark-matter
core in the post-merger remnant. The results reported by [121] indicate
that the shift in frequency is ultimately associated with the appearance of
anomalous dynamics triggered by the non-convexity of the EoS, and could
also appear in EoS without phase transitions. Figure 5 shows that the em-
pirical quasi-universal relation between the peak frequency and the tidal
deformability is affected by non-convex dynamics, yielding, in some cases,
to significant shifts in frequency. Those can be as large as 500 Hz for some
choice of the parameters of the toy model GGL EoS (see [121] for specific
details on the EoS parameters).

4.00
e Constant-I EoS

3.751 e GGLEoST;=3.0
e GGLEoST;=3.5

3.50 A

3.25 A

fpeak[kHZ]
w
o
1S3

(€]

2.00

250 500 750 1000 1250 1500 1750 2000
N1.am,
Fig.5. GW peak frequency of the post-merger remnant fpeax as a function of
the tidal deformability A. Each circle corresponds to one initial-data EoS, the
corresponding colours indicating the EoS used in the evolutions (see the legend).
Solid curves display the quasi-universal relations reported in [121]. Coloured regions
represent the standard deviation of the corresponding fit.

3.2. PNS

Recent numerical work has addressed the feasibility of performing PNS
asteroseismology with simulated waveforms from CCSN. In [83], empirical
fits to the main PNS oscillation modes (the f-mode, p-modes, and g-modes)
were built using 25 simulations of 8 CCSN progenitors (spanning a range of
masses from 11.2Mg, to 75Mg), 6 EoS (LS220, Gshen-NL3, Hshen, SFHo,
BHB-A, Hshen-A) and two different codes, Aenus-ALCAR [125, 126] and
CoCoNuT [127|. It was found that the time-frequency relations (fits) of
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excited PNS modes are quasi-universal, as they do not depend on the EoS,
progenitor star, or neutrino treatment. Those relations might potentially
be used for parameter inference once actual GW observations from CCSN
become available. The fits and quasi-universal relations reported in [83]
have also been applied to independent 3D CCSN models studied by [19],
obtaining remarkable agreement.

The use of those quasi-universal relations for detection and parameter
inference has been reported in [128] and [129]. Both works focus on the 2gs
mode, as this is the most salient feature in the spectrograms, with the goal
of measuring the time evolution of the ratio r = Mpns/ R%NS (the surface
gravity) in GW data. In the first step of the method, a model is built to relate
this ratio to the frequency evolution of the GW signal, r(f), using Aenus-
ALCAR 1D simulations (model set) and the quasi-universal relations of [83].
In the second step, the method uses 2D simulations (test set) for which r(t)
is known to validate the model and provide detectability estimates.

In the study conducted by [128|, waveforms are injected into 100 Gaus-
sian noise realizations using the design Advanced LIGO PSD, assuming that
the source is optimally oriented and the signal has been identified in the data.
By varying the distance to the source, the reconstructed ratio is compared
to the true ratio using as metrics the coverage (fraction of values within
the 95% credible interval) and the relative error. It was found that the ra-
tio is well reconstructed for most waveforms up to about 15 kpc (with a
coverage greater than 80% and a relative error below 20%). Not surpris-
ingly, the detectability prospects with third-generation detectors improve
significantly, yielding a reconstructed ratio with good accuracy (median of
coverage less than 95% of noise-only values) up to distances of 100-700 kpc.
The study initiated in [128] was extended to a network of detectors in [129],
including both the current second-generation network and the planned third-
generation detectors. This is a more realistic working case as it takes into
account the sky position of the source and the location/orientation of each
ground-based detector. Since the location and orientation of the Einstein
Telescope and of the Cosmic Explorer are not yet known, the Einstein Tele-
scope detector was assumed for simplicity to be placed in the location of the
Virgo detector with arbitrary orientation, while the two Cosmic Explorer
sites were set according to [130], where a 40 km detector is located in Idaho
and a smaller 20 km detector is in New Mexico. Furthermore, the network
of five second-generation detectors (LHO, LLO, Virgo, KAGRA, and LAO)
was considered at their nominal locations and design sensitivities. The re-
sults reported in [129] indicate that the current network of detectors at
their design sensitivities is able to measure the ratio r of a Galactic CCSN
for most of the progenitors considered, while a global network of the three
third-generation detectors (CE20-CE40-ET) increases the distance reach to
several hundred kpc from Earth.
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Parameter inference studies of rapidly rotating CCSN progenitors have
been reported in [131, 132]. Both works employ the waveform catalog pro-
duced in the comprehensive study of the CCSN bounce signal conducted
by [133]. This catalog comprises over 1800 2D CCSN simulations (up to
10 ms post-bounce) that cover a parameter space of 98 different rotation pro-
files and 18 different EoS. The bounce GW signal is largely EoS-insensitive
but instead is sensitive primarily to the ratio of rotational to gravitational
energy, T'/|W|, and at high-rotation rates, to the degree of differential rota-
tion. The simulations of [133| show that the peak GW emission at bounce
is related to the degree of oblateness of the core, which is related to the ro-
tation rate. This study also reveals two main features in the bounce signal,
a peak in the waveform with a well-defined amplitude Ah and several cycles
of post-bounce oscillations with a distinctive frequency fpeax, such that

T f 1
X T kX ——,
(W PR e

where p. is the central rest-mass density of the PNS. A successful detection
of the GW signal of a rotational CCSN might allow us to employ these
functional dependences to estimate the source parameters p. and T7'/|W| by
performing Bayesian inference on Ah and fpeak-

Using the simulated waveforms of [133], Pastor-Marcos et al. [131] have
recently assessed the feasibility of such parameter estimation. A key method-
ological aspect is the fact that a large fraction of the waveforms in the early
post-bounce phase can be cast in a simple form — a master waveform tem-
plate — depending only on DAhA and fpeak, where D is the distance to
the source. This master template was used to perform a Bayesian analy-
sis of waveforms injected in Gaussian-coloured noise for a network of three
GW detectors formed by Advanced LIGO and Advanced Virgo. The results
of [131] show that using the master waveform template for a Galactic event
(D ~ 10 kpc), it is possible to recover the peak frequency and amplitude
with an accuracy better than 10% for about 80% and 60% of the signals,
respectively, assuming that the distance and inclination angle are known. As
an example, Fig. 6 shows the median values and errors of the inferred poste-
riors depending on the injected values for the master template for quantities
fpeaks D Ah sin® 6 (where 6 is the inclination angle between the rotational
axis of the core and the observer’s line of sight), and ¢ (polarization an-
gle). Despite the fact that the results attained with the master template are
promising, the study of [131] also shows that inference on waveforms that
do not belong to the catalog of [133] (used to build the master template) is
not sufficiently reliable.

Ah (7)
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Fig. 6. Bayesian inference for the master template injections of [131]. Upper panels:
Median of the inferred posteriors for fpear (left panel), D Ah sin? @ (middle panel;
0 is the inclination angle), and the waveform polarization angle 1) (right panel) as a
function of the true value of the injected waveform. Colours indicate the logarithm
of the Bayes factor. Values of log;, B > 100 are indicated in red and log;, B < 0.5
in grey. The blue solid line in the diagonal of all plots corresponds to equal true
and inferred values. Lower panels: Error in the inferred values in terms of standard
deviations. Horizontal dashed lines indicate the 2¢ interval. See [131] for details.

We end by commenting on the recent work of Nunes et al. [132] who
attempted to infer Ah and fpeak via a deep-learning approach (based on
residual convolutional neural networks), instead of the Bayesian methodol-
ogy employed in [131]. The same waveforms of [133] were injected into noise
from the Advanced LIGO and Advanced Virgo detectors corresponding to
the O2 and O3a observing runs. It was found that the inference of fpeak
and Ah using neural networks can be successfully achieved, yielding results
within the 1o band from the expected (true) values (with the inference on
fpeak Systematically more accurate than that of Ah). The best model was
also tested on waveforms from a recent CCSN catalog built by [134], differ-
ent from the one used for the training of the neural network, finding that the
true values of the two parameters for the new waveforms are mostly within
the 10 band around the network’s predicted values. These results show
that deep-learning techniques hold promise to infer physical parameters of
Galactic rotational CCSN events.

4. Summary

The detection of gravitational waves by the LVK Collaboration detec-
tor network is having a major impact on our understanding of stellar-origin
compact objects. Key properties of neutron stars such as their equation of
state, mass, radius, or tidal deformability, can be inferred from the analysis
of the gravitational waves they emit. This paper has reviewed the prospects
to detect gravitational waves from two “types” of neutron stars — the hy-
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permassive neutron star resulting from the merger of two neutron stars in
a binary system, and the proto-neutron star born after the gravitational
collapse of the core of a massive star. We have discussed the importance
of performing numerical simulations of neutron stars in these astrophysical
systems to understand their highly dynamical formation and to assist in the
detection of the gravitational waves produced. Finally, we have considered a
few selected investigations to illustrate ongoing efforts to infer neutron star
parameters from the analysis of the gravitational-wave signals.
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(PID2021-125485NB-C21) funded by MCIN/AEI/10.13039/501100011033
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