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Abstract
Faculty of Science

School of Physics and Astronomy

Doctor of Philosophy

The observational signatures of nascent neutron stars

by Nikhil S ARIN

Two neutron stars merge somewhere in the Universe approximately every
10 to 100 seconds, creating explosions potentially observable in gravitational
waves and across the electromagnetic spectrum. These observations are in-
trinsically connected to the fate of the merger. This thesis focuses on using
these different signatures to shed light on the aftermath of these explosions
and several fundamental questions in astrophysics. I begin by reviewing the
different signatures expected from a binary neutron star merger, describing
the impact of different merger outcomes in detail. In particular, I examine the
X-ray afterglows of gamma-ray bursts and their connection to nascent neu-
tron stars. I describe work introducing a new method to study the behaviour
of nuclear matter in a previously unexplored regime. This work has led to
tentative evidence for the presence of temperature-dependent phase transi-
tions. I introduce a new model incorporating radiative losses with energy in-
jection from a nascent neutron star that self-consistently explains X-ray �ares
seen in gamma-ray bursts, plateau diversity, and X-ray afterglow data. I de-
scribe a Bayesian framework for identifying the mechanism responsible for
powering the X-ray afterglow of gamma-ray bursts. I apply this method to
GRB140903A, demonstrating that GRB140903A de�nitively produced an in-
�nitely stable neutron star. I also describe work introducing a new waveform
model for the gravitational-wave signature of such a neutron star and how
we can use X-ray observations to guide our searches for gravitational waves.
I also include work on interpreting the nature of two transients, CDF-S XT1
and AT2020blt. The latter likely being the afterglow of a low-ef�ciency long
gamma-ray burst, with prompt emission potentially weaker than . 98.4% of
the gamma-ray burst population hinting at a sub-population of very-low ef�-
ciency gamma-ray bursts. On the other hand, I show that CDF-S XT1 is likely
the X-ray afterglow of an off-axis short gamma-ray burst. As potentially the
�rst orphan afterglow observed in X-rays, and at z = 2.23, one of the most
distant binary neutron star merger ever observed this event has several im-
plications. I discuss these implications alongside the prospect of identifying
other off-axis afterglows. The works presented in this thesis are shedding
signi�cant insight into the presence and dynamics of nascent neutron stars
and improving our understanding of the biggest explosions in the Universe.
I conclude by discussing these insights, some closing thoughts and the next
big questions in this �eld.
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Chapter 1

Introduction

The joint electromagnetic and gravitational-wave observation of a binary
neutron star merger, GW170817 (Abbott et al., 2017b,c,d) ushered in a new
era of gravitational-wave and electromagnetic multi-messenger astronomy.
This historical event and its ongoing observations continue to offer unprece-
dented insights into several fundamental questions in astrophysics (e.g., Ab-
bott et al., 2017e; Kasen et al., 2017; Troja et al., 2017; Evans et al., 2017a; Hajela
et al., 2020; Troja et al., 2020; Metzger & Fernandez, 2021). However, despite
the wealth of observations, one question remains unanswered. What was the
nature of the remnant of GW170817?

Among many things, GW170817 con�rmed the long-held suspicion
that binary neutron star mergers are the progenitors of at least some short
gamma-ray bursts. Short gamma-ray burst afterglow observations (since the
launch of Swift) have hinted towards nascent neutron stars, often referred
to as millisecond magnetars, to be the central engine of some subset of
explosions (e.g., Fan & Xu, 2006; Troja et al., 2007; Fan et al., 2013; Rowlinson
et al., 2013; Lü et al., 2015). These rapidly rotating, highly magnetic neutron
stars are also believed to be born in some long gamma-ray bursts and some
superluminous supernovae (e.g., Cano et al., 2017; Nicholl et al., 2017b).

Observations of gamma-ray bursts (both long and short) and supernovae
currently offer one of the only ways to probe these nascent, exotic objects that
harbour the hottest and densest observable matter and the largest magnetic
�eld �elds in the Universe. However, to better understand what is at the
heart of these explosions and probe the properties of the engine, one must
better understand these explosions themselves. The primary aim of this the-
sis is to gain insight into the different observational signatures of nascent
neutron stars, in particular their connection to gamma-ray bursts, to ulti-
mately determine what is present in the aftermath of these explosions. Better
understanding these explosions and the dynamics and nature of their central
engine has far-reaching implications on several fundamental questions in as-
trophysics. In the following, I provide a brief historical overview of gamma-
ray bursts, nascent neutron stars and binary neutron star mergers. For each
topic, I highlight some open questions that subsequent chapters in this thesis
attempt to address. I note that the bulk of the background into these topics is
in the subsequent chapters, particularly Chapter 2 and the following sections
serve as an overview of these topics.

1



2 CHAPTER 1. INTRODUCTION

1.1 Gamma-ray bursts

Gamma-ray bursts are aptly named highly energetic bursts of gamma-rays,
historically split into two categories: short and long. Long gamma-ray bursts
are known to be associated with the collapse of massive stars (e.g., Kulkarni
et al., 1998; Greiner et al., 2015; Cano et al., 2017). Short gamma-ray bursts
are now known to be due to the merger of a neutron star binary, i.e., a binary
neutron star merger (e.g., Abbott et al., 2017d) or a neutron star black hole
merger (e.g., Foucart, 2020). For a recent review into gamma-ray bursts see
e.g., Zhang (2018). A subset of short gamma-ray bursts may also be from
magnetar �ares (e.g., Burns et al., 2021). However, for the rest of this thesis,
this subpopulation will be ignored, and short gamma-ray bursts will be used
synonymously with the merger of a neutron star binary.

Typically, classi�cation between a long or a short gamma-ray burst is
determined by considering T90 (i.e., the time duration where 90% of the
gamma-ray energy is released). For short gamma-ray bursts, T90 . 2 s,
while long gamma-ray bursts have T90 & 2 s. This historical classi�cation
has shown several signs of strain (e.g., Levesque et al., 2010; Ahumada et al.,
2021; Rossi et al., 2021). This stresses the need for new classi�cation methods,
such as those that consider the host-galaxy properties (Wang et al., 2015; Fong
et al., 2015) or the gamma-ray emission energetics and spectra (e.g., Minaev
& Pozanenko, 2020).

To further complicate matters, the process of how gamma-ray bursts
generate gamma-ray emission is not well understood, and it is also unclear
whether the engine is a neutron star, black hole or a combination. Several
models for generating gamma-ray emission have been suggested in the
literature, such as internal shocks (Kumar, 1999; Beloborodov, 2000), photo-
spheric emission (Lazzati et al., 2013), and magnetic �eld dissipation (Zhang
& Yan, 2011) among others. These models are all able to describe some (but
not all) properties of the data. Given this uncertainty in the emission mech-
anism, typically, a radiative ef�ciency for the ratio between the gamma-ray
to total energy is computed, which in principle can shed insight into the
emission mechanism. This radiative ef�ciency ranges from 1 � 90% for
long and short gamma-ray bursts alike (Wang et al., 2015; Fong et al., 2015).
However, this large range of ef�ciencies is puzzling and led to the so-called
“ef�ciency crisis" of gamma-ray bursts (e.g., Fan & Piran, 2006) since no one
mechanism can explain the vast range.

Perhaps our best understanding of gamma-ray burst physics comes from
the broadband afterglow that follows these explosions (e.g., Piran, 1999).
This afterglow is believed to be the product of the interaction of the relativis-
tic jet with the surrounding interstellar medium (e.g., Piran, 1999; Sari et al.,
1998, 1999). This model is also referred to as the �reball model (e.g., Mészáros
et al., 1998; Sari et al., 1998, 1999). Predictions of an afterglow (e.g., Paczyn-
ski & Rhoads, 1993; Katz, 1994; Mészáros & Rees, 1997) predated and well
described the �rst-ever observation of a gamma-ray burst afterglow (Costa
et al., 1997). However, as more detailed afterglow observations arrived, prob-
lems started to emerge. These problems led to theorists reconsidering several
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vanilla assumptions such as a negligible reverse shock, a constant density in-
terstellar medium, shell thicknesses, etc (see Zhang & Mészáros (2004) for a
review of the problems at the beginning of the Swift era). A detailed look into
observations, particularly the temporal (“jet") breaks attributed to jet colli-
mation, provided a measurement of the proper energetics of the burst. These
observations indicate that there is a standard energy reservoir for gamma-ray
bursts (Frail et al., 2001). This standard energy reservoir hints that gamma-
ray burst jets might be structured (e.g., Rossi et al., 2002) i.e., the energy
and Lorentz factor distributions have an angular dependence, and different
gamma-ray bursts are viewed from different angles (e.g., Zhang & Mészáros,
2002; Kumar & Granot, 2003). More de�nitive evidence arrived in the spec-
tacular form of GW170817, where the multi-wavelength afterglow is best de-
scribed by structured jet models (e.g., Alexander et al., 2018; Troja et al., 2017;
Lamb et al., 2018; Ryan et al., 2019) con�rming that jets are likely structured.
In light of GW170817, other gamma-ray bursts have also been reinterpreted
and show evidence for a structured jet (e.g., Troja et al., 2018; Cunningham
et al., 2020). Some of these may have also been viewed from outside the
ultra-relativistic jet, i.e., observed off-axis. While several phenomenological
structured jet models have been used to �t the data, the true jet structure is
unknown.

Swift observations of the early afterglow also produced some surprising
features not expected theoretically. First, Swift often detected X-ray �ares of
varying sizes and durations in the afterglow (e.g., Fan & Wei, 2005; Burrows
et al., 2005; Giannios, 2006; Bernardini et al., 2011) requiring an engine that
suddenly restarts or is active for long timescales. Second, a signi�cant frac-
tion of afterglows showed an extended plateau in X-rays up to 10 5 � 106 s in
duration (e.g., Burrows et al., 2006; Fan & Xu, 2006; Rowlinson et al., 2013).
Perhaps even more puzzlingly, a subset of gamma-ray bursts showed a short
plateau phase followed by a rapid decay segment (e.g., Troja et al., 2007;
Rowlinson et al., 2010). These latter features, dubbed the external and in-
ternal plateau respectively, are remarkably well explained by the spin-down
energy of a rapidly rotating, highly magnetic, nascent neutron star (Zhang
& Mészáros, 2001; Fan & Xu, 2006; Dai et al., 2006; Rowlinson et al., 2013).
While the external plateau and the late-time �ares could be explained with-
out requiring a neutron star (e.g., Oganesyan et al., 2019; Beniamini et al.,
2020b), the internal plateaus are incredibly dif�cult (e.g., Zhang, 2014). This
suggests that some (if not all) internal and external plateaus indicate a neu-
tron star was born in the gamma-ray burst.

1.2 Nascent neutron stars

Neutron stars are born in the collapse of some massive stars and (depend-
ing on the nuclear equation of state) some fraction of binary neutron star
mergers. Newly born neutron stars were �rst proposed as an engine for
long gamma-ray bursts by Usov (1992). A nascent neutron star can natu-
rally explain the rapid variability observed in gamma-ray bursts, and their
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spin energy reservoir if ef�ciently tapped, is a large enough reservoir to ex-
plain the luminosity of gamma-ray bursts (e.g., Dai & Lu, 1998). However,
it is not fully understood how these young neutron stars launch a jet that
can power the gamma-ray burst. A range of numerical simulations of the
collapse of massive stars or binary neutron star mergers show the initial
stages of jet formation given suf�ciently strong neutron star magnetic �elds
(B & 1014 G) (e.g., Giacomazzo & Perna, 2013; Mösta et al., 2015; Ciol�, 2018;
Raynaud et al., 2020). This is easy to achieve for most progenitor properties
through processes like the magneto-rotational instability, the a � Wdynamo,
the Kelvin-Helmholtz instability and others which amplify magnetic �elds
by several orders of magnitude (e.g., Mösta et al., 2015; Aguilera-Miret et al.,
2020; Bernuzzi, 2020). It is important to note that no numerical simulation of
supernovae or binary neutron star mergers resolves all these magnetic �eld
ampli�cation mechanisms. Therefore, the ampli�cation seen in simulations
are only a lower limit. Typically, numerical simulations mitigate this issue by
starting with relatively high seed magnetic �elds B � 1012� 14 G. Although
the early stages of jet-formation are seen in these simulations with a neutron
star engine, none of these simulations produce jets that reach the required
Lorentz factor that could explain gamma-ray bursts. This may be a limita-
tion of the numerical simulations or hint at problems with the neutron star
engine model (e.g., Ciol�, 2018; Mösta et al., 2020).

As mentioned above, internal and external X-ray plateaus of gamma-ray
bursts are well described with the spin-down energy of a nascent neutron
star (e.g., Rowlinson et al., 2013; Lü et al., 2015). Their spin-down energy is
also invoked to explain some superluminous supernovae (e.g., Greiner et al.,
2015; Nicholl et al., 2017a). Fits to the internal and external plateaus and su-
perluminous supernovae observations with simpli�ed models all show great
agreement with the data. However, the models describing how this spin en-
ergy is extracted and turned into radiation are in their infancy. Moreover,
these models often ignore the complicated interplay between the spin-down
energy, ejecta and the jet, and where these models exist, they have not been
confronted with the data.

The X-ray afterglows of several gamma-ray bursts have been �t with the
spin-down energy of nascent neutron stars (e.g., Rowlinson et al., 2013; Lü
et al., 2015). However, some subset of these observations (particularly the ex-
ternal plateaus) can be explained by modi�cations to the �reball model (e.g.,
Troja et al., 2016; Beniamini et al., 2020b), high-latitude emission (Oganesyan
et al., 2019), or fallback accretion onto a newborn black-hole (Desai et al.,
2019). This raises the question of whether a neutron star engine is necessary
to explain some or all external and internal plateau observations.

Early models for the spin-down of a nascent neutron star assumed that
the neutron star spun down solely through magnetic dipole radiation (Zhang
& Mészáros, 2001; Rowlinson et al., 2013), �xing the braking index to n = 3.
This assumption is almost certainly �awed as realistic calculations of the
braking index show n . 3 (Melatos, 1997). Furthermore, most measure-
ments of braking indices of neutron stars in our Galaxy are signi�cantly dif-
ferent from n = 3 (e.g., Archibald et al., 2016). More recently, the assumption
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of solely magnetic-dipole spin down has been relaxed (Lasky et al., 2017;
Lü et al., 2018; Xiao & Dai, 2019), see also Sarin et al. (2020a) and Chap-
ter 5. These works are leading to measurements of the braking index of a
large fraction of putative neutron stars born in gamma-ray bursts. Unsur-
prisingly, these braking indices have a broad range and are often inconsistent
with n = 3. Moreover, in some cases, they hint towards spin down through
gravitational waves (Fan et al., 2013; Gao et al., 2016) and evolution of the
braking index through time (e.g., Şas, maz Mus, et al., 2019). All these fea-
tures have important implications for the dynamics of these young neutron
stars (e.g., Dall'Osso et al., 2015a; Lander & Jones, 2018, 2020). These insights
are essential to understanding how these objects evolve into the old isolated
neutron stars we see in our Galaxy today.

1.3 Binary neutron star mergers

Most neutron stars are born in binaries and are potentially observable in
gravitational waves and in radio. In total, we have potentially observed 20
binary neutron star systems in the Universe, 18 in our Galaxy (e.g., Farrow
et al., 2019; Andrews & Mandel, 2019) and two extra-galactic binaries ob-
served with gravitational waves (Abbott et al., 2017b, 2020a).

Binary neutron stars are predominately formed through isolated binary
evolution (e.g., Tauris et al., 2017) and offer a playground to probe several
fundamental questions in physics such as testing general relativity (e.g.,
Kramer et al., 2006), the expansion of the Universe (e.g., Abbott et al., 2017e;
Hotokezaka et al., 2019), the behaviour of nuclear matter (e.g., Abbott et al.,
2019b; Margalit & Metzger, 2017) and the source of r-process elements in
the Universe (e.g., Kasen et al., 2017; Watson et al., 2019). Their lives and
deaths can and have already been used to provide a myriad of insights into
stellar evolution, binary interactions and short gamma-ray bursts, among
others (e.g., Ferdman et al., 2013; Fong & Berger, 2013; Nakar, 2019; Chat-
topadhyay et al., 2020; Howitt et al., 2020). Long before GW170817 con�rmed
the link between binary neutron star mergers and short gamma-ray bursts,
there was a strong belief these two events were connected (e.g., Eichler et al.,
1989; Narayan et al., 1992; Paczynski & Rhoads, 1993). This connection was
reinforced when a detailed look into the offsets and host galaxies matched
theoretical expectations of binary neutron star formation (Nakar, 2007; Fong
& Berger, 2013; Berger, 2014). Similarly, excess emission observed in some
gamma-ray bursts (Metzger et al., 2010; Tanvir et al., 2013) hinted at the
presence of a kilonova alongside the gamma-ray burst, providing a tentative
link between the origin of the heaviest elements in the Universe and binary
neutron star mergers.

This all came together in the remarkable multi-messenger discovery of
GW170817 (Abbott et al., 2017b,c,d). This historic event de�nitively con-
nected binary neutron star mergers with kilonovae (e.g., Abbott et al., 2017c;
Evans et al., 2017a; Smartt et al., 2017; Cowperthwaite et al., 2017; Villar
et al., 2017; Kasen et al., 2017) and short gamma-ray bursts (e.g., Abbott
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et al., 2017d; Goldstein et al., 2017a; Savchenko et al., 2017). Although not
without its share of surprises, it is truly amazing how several features of the
gravitational-wave signal and electromagnetic emission matched theoretical
expectations (e.g., Metzger, 2017a). The broad features and colour of the kilo-
nova lightcurve matched qualitative predictions (Metzger et al., 2010). Sim-
ilarly, the afterglow qualitatively matched the theoretical expectation for an
off-axis observer (Granot et al., 2002). The masses of the binary were also
wholly consistent with binary neutron stars in our Galaxy.

The multi-messenger observations of GW170817 perhaps created a
warped perception of what to expect in the multi-messenger era. This
expectation likely came crashing back to reality with the observation of
GW190425 (Abbott et al., 2020a). Observed with a single gravitational-wave
detector, the sky localisation region was roughly half the sky (cf. � 20deg2

for GW170817). This large region, combined with the greater distance,
meant that no electromagnetic counterpart was detected, and upper limits
were mainly uninteresting (e.g., Coughlin et al., 2019; Nicholl et al., 2021).
Perhaps most interesting was the progenitor masses of GW190425, which
were a 5s outlier from the Galactic double neutron star population (Abbott
et al., 2020a) throwing into question our understanding of binary neutron
star formation.

In the near future, most gravitational-wave observations will likely be
without a gamma-ray counterpart since most mergers will be observed off-
axis (e.g., Howell et al., 2019). However, this leaves the opportunity to detect
the kilonova, which is quasi-spherical and observable for a wide range of
viewing angles (e.g., Chase et al., 2021). One also has the opportunity to
observe the afterglow emission, which is observable for a broader range of
viewing angles and longer lasting. Several features of these observations will
depend directly on what remains behind in the aftermath of these mergers,
and answering this question has implications on several fundamental ques-
tions in Astrophysics.

1.4 Thesis layout

The following chapters in the thesis address particular aspects related to
nascent neutron stars and gamma-ray bursts more broadly.

Chapter 2 is an in-depth review into the different merger remnants of a bi-
nary neutron star merger. In particular, the review discusses the evolution of
the post-merger remnant and the different electromagnetic and gravitational-
wave signatures expected in each scenario. This introduction and Chapter 2
together serve as the introductory material for this thesis, re�ecting the state
of the �eld and our understanding at the time of writing.

The �rst four science Chapters (3-6) focus on nascent neutron stars and
the X-ray afterglows of gamma-ray bursts. Chapter 3 introduces a Bayesian
method for determining whether a nascent neutron star was born in a
gamma-ray burst. We apply this Bayesian method to GRB140903A and
GRB130603B, �nding that GRB140903A likely produced an in�nitely stable



1.4. THESIS LAYOUT 7

neutron star for all possible equations of state. Having established evidence
that neutron stars are likely born in short gamma-ray bursts, I then turn to
their gravitational-wave signature. In Chapter 4, I introduce a waveform
model for the gravitational-wave signature of a nascent neutron star. This
waveform model has since been used in searches for gravitational-wave
transients and for the remnant of GW170817 by the LIGO Scienti�c Collab-
oration (LSC) (Abbott et al., 2017f, 2019c,a). I also demonstrate a detection
pipeline that improves the sensitivity of these gravitational-wave searches
by � 50% utilising coincident X-ray observations. Utilising our method,
third-generation gravitational-wave detectors may detect gravitational
waves out to the distance of GW170817.

The model used to �t the X-ray data described in Chapters 3-4, while be-
ing an extension to what came before in the literature, is still in many respects
simpli�ed. In Chapter 5, I describe a new model for the X-ray afterglow
of gamma-ray bursts incorporating radiative losses with the spin-down of a
nascent neutron star. This model builds a better picture of how nascent neu-
tron stars can power the X-ray afterglow of gamma-ray bursts. Moreover, the
model provides a natural way to explain X-ray �ares seen in some gamma-
ray bursts and explain the diversity of X-ray plateaus. I test this model on
a subset of gamma-ray bursts, �nding that the model is a better �t for the
data than previously used in the literature. I measure the braking index of
GRB061121 asn = 4.85+ 0.11

� 0.15 suggesting the neutron star born in this gamma-
ray burst spins down predominantly through gravitational-wave emission.

Having studied individual gamma-ray bursts, I then consider what clues
a large population of gamma-ray bursts provide. In Chapter 6, I identify
18 putative neutron stars born in the entire catalogue of short gamma-ray
bursts observed by Swift, including 5 that were previously not identi�ed in
the literature. I measured the collapse time of these putative neutron stars
and performed Bayesian hierarchical inference on the population of collapse
times. Together, this population offers several tantalising insights into these
objects. Firstly, most nascent neutron stars that collapse do so on timescales
. 100 s. This is signi�cant as this is approximately the time it takes Swift
to slew, implying that Swift may be missing a non-negligible fraction of in-
ternal plateaus. Secondly, I measure the maximum neutron star mass as
Mmax = 2.31+ 0.36

� 0.21M � , which indicates that a signi�cant fraction of binary
neutron star mergers will form neutron stars. I also found that these neu-
tron stars spin down predominantly through gravitational-wave emission,
which has important implications for the dynamics of these objects. Lastly,
I found tentative evidence that these nascent neutron stars are composed of
freely moving decon�ned quarks, hinting at temperature-dependent phase
transitions.

In Chapters 7-8, I turn my attention to transients more broadly, �rstly
CDF-S XT1 and later AT2020blt. CDF-S XT1 (Chapter 7) is an enigmatic fast
X-ray transient identi�ed in the Chandra Deep-Field South Survey. I �nd that
the X-ray data are best interpreted as the afterglow from an off-axis gamma-
ray burst similar to GRB170817A. By combining the multi-wavelength data,
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spectra and host galaxy properties, I build a cohesive picture for this tran-
sient being the orphan afterglow of a short gamma-ray burst at a redshift
z = 2.23. As one of the most distant binary neutron star mergers observed,
this has important implications on binary stellar evolution and the chemical
enrichment of the Universe. AT2020blt (Chapter 8) is an afterglow-like tran-
sient at z = 2.9 detected by the Zwicky Transient Facility. However, unlike
most detected afterglows, there is no prompt gamma-ray emission detection.
Through detailed afterglow analysis, I �nd that AT2020blt belongs to the low-
ef�ciency tail of long gamma-ray bursts that were previously missed due to
the selection bias of gamma-ray detectors.

In Chapter 9, I examine the implications of the works presented in this
thesis. I also discuss the big questions remaining in this �eld and what is nec-
essary to address these questions both from a theoretical and observational
perspective. I conclude by mentioning some of my planned future work and
presenting some closing thoughts.
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The evolution of binary neutron
star post-merger remnants: a
review

Published as:
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Abstract

Two neutron stars merge somewhere in the Universe approximately every
10 to 100 seconds, creating violent explosions potentially observable in grav-
itational waves and across the electromagnetic spectrum. The transforma-
tive coincident gravitational-wave and electromagnetic observations of the
binary neutron star merger GW170817 gave invaluable insights into these
cataclysmic collisions, probing bulk nuclear matter at supranuclear densities,
the jet structure of gamma-ray bursts, the speed of gravity, and the cosmolog-
ical evolution of the local Universe, among other things. Despite the wealth
of information, it is still unclear when the remnant of GW170817 collapsed
to form a black hole. Evidence from other short gamma-ray bursts indicates
a large fraction of mergers may form long-lived neutron stars. We review
what is known observationally and theoretically about binary neutron star
post-merger remnants. From a theoretical perspective, we review our under-
standing of the evolution of short- and long-lived merger remnants, includ-
ing �uid, magnetic-�eld, and temperature evolution. These considerations
impact prospects of detection of gravitational waves from either short- or
long-lived neutron star remnants which potentially allows for new probes
into the hot nuclear equation of state in conditions inaccessible in terrestrial
experiments. We also review prospects for determining post-merger physics
from current and future electromagnetic observations, including kilonovae
and late-time x-ray and radio afterglow observations.

2.1 Introduction

The coincident gravitational-wave and electromagnetic observations of bi-
nary neutron star merger GW170817/GRB170817A (Abbott et al., 2017b,c,d)

9
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was a watershed moment, signaling the beginning of a new �eld of multi-
messenger gravitational-wave astronomy. Gravitational-wave emission from
the inspiral phase was detected by the Advanced LIGO (Aasi et al., 2015)
and Advanced Virgo (Acernese et al., 2015) interferometers (Abbott et al.,
2017b). No gravitational-wave signal from the merger or post-merger phase
was observed (Abbott et al., 2017f, 2019c). Approximately 1.7 s after the
inferred merger time, GRB 170817A was observed by the Fermi Gamma-
ray Burst Monitor (von Kienlin et al., 2017; Meegan et al., 2009a) and Inte-
gral (Savchenko et al., 2017), with an optical/UV counterpart detected by an
array of instruments less than eleven hours later (Abbott et al., 2017c; Arcavi
et al., 2017; Coulter et al., 2017; Lipunov et al., 2017; Soares-Santos et al., 2017;
Tanvir et al., 2017; Valenti et al., 2017). Subsequent observations across a ma-
jority of the electromagnetic spectrum have continued for more than 1000
days (e.g., Fong et al., 2019; Hajela et al., 2019, 2020; Troja et al., 2020).

Gravitational-wave observations of the inspiral phase of binary neutron
star mergers such as GW170817 and the more-recent GW190425 (Abbott
et al., 2020a) provide valuable insight into the progenitor neutron stars, in-
cluding their masses and spins, as well as thecoldequation of state of nuclear
matter (Abbott et al., 2017b,d, 2019b, 2020a). The lack of gravitational-wave
observations of the merger and post-merger phase limits our inference of
the remnant's evolution. We rely instead on indirect observations of the
post-merger remnant derived from electromagnetic observations of ejected
and stripped material. Understanding the post-merger evolution has the
potential to provide valuable, complementary insights into the hot nuclear
equation of state, as well as details about short gamma-ray bursts and
kilonovae hitherto unknown.

This review is dedicated to understanding what we know about binary
neutron star post-merger remnants from both an observational and theo-
retical perspective, and what we hope to learn in the near future as both
gravitational-wave and electromagnetic observations increase in both num-
ber and detail.

There are four possible evolutionary pathways for a neutron star
post-merger remnant. These depend primarily on the remnant mass
and the unknown neutron star equation of state. The latter dictates the
Tolman-Oppenheimer-Volkoff mass MTOV , which is the maximum mass
a non-rotating neutron star can sustain (Tolman, 1939; Oppenheimer
& Volkoff, 1939). Observations of pulsars in binary systems indicate
MTOV & 2.0 M� (Demorest et al., 2010; Antoniadis et al., 2013; Cromartie
et al., 2019). Determining the evolutionary pathway of both individual
binary neutron star mergers and populations will therefore provide insights
into the nuclear equation of state.

Given a remnant mass M, the four evolutionary pathways (shown
schematically in Fig. 2.1) are:

• M & c MTOV : the system promptly collapses to a black hole. Here c is
the threshold for prompt collapse which is dependent on the equation
of state. Most equations of states predict 1.3 . c . 1.6 (e.g., Shibata
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FIGURE 2.1: The fate of binary neutron star merger remnants. Two neutron stars
coalesce, losing orbital angular momentum through the emission of gravitational
waves until they eventually merge (panels A ! B). Depending on the mass of the
remnant, it will either promptly collapse to form a black hole with an accretion
torus and jet (panels B! C), or form a rapidly differentially-rotating neutron star
(panels B ! D). Depending on the mass of this neutron star, it will either be hy-
permassive, in which case it will collapse to form a black hole in O(1 s) (panels
D! E), it will be supramassive, collapsing to form a black hole in . 105 s (panels

F! G), or it will form an in�nitely stable neutron star (panels F ! H).

et al., 2000, 2006; Baiotti & Rezzolla, 2017; Agathos et al., 2020; Bauswein
et al., 2020). See path A! B! C of Fig. 2.1 and Sec. 2.3.

• 1.2 MTOV . M . c MTOV : a hypermassiveneutron star survives the
collision, but collapses to form a black hole on dynamical timescales.
See path A! B! D! E of Fig. 2.1 and Sec. 2.4.

• MTOV < M . 1.2MTOV : a supramassiveneutron star will survive the
collision and will collapse to form a black hole on secular timescales.
See path A! B! D! F! G of Fig. 2.1 and Sec. 2.5.

• M � MTOV : a stable neutron star will survive the merger. See path
A ! B! D! F! H of Fig. 2.1 and Sec. 2.5

Neutron stars can sustain more mass than their non-rotating limit MTOV
only when rapidly rotating (e.g., Friedman & Ipser, 1987; Baumgarte et al.,
2000) or extremely hot (e.g., Bauswein et al., 2010; Kaplan et al., 2014), in
which case either centrifugal support or thermal gradients provide an ex-
tra term in the force-balance equation of hydrodynamic equilibrium. As the
star spins down and/or cools, this extra support is lost and the star even-
tually reaches a point where it can no longer support its own mass and
collapses to form a black hole. In the case of hypermassive stars where
M & 1.2MTOV , uniform rotation cannot provide enough centrifugal support
to prevent collapse, implying the star collapses as soon as enough differential
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rotation is quenched. While this necessarily happens on the system's dynam-
ical timescale i.e., the free-fall timescale the exact timescale is unknown. We
discuss this in detail in Sec. 2.4.

In the supramassive case, even once differential rotation ceases and the
star is uniformly rotating, it can still have enough centrifugal support to
prevent gravitational collapse. Secular timescales associated with magnetic
dipole radiation and gravitational-wave emission become relevant to estab-
lish the timescale for collapse in this case. It was previously believed that
collapse would necessarily happen on a timescale of . 105 s (Ravi & Lasky,
2014), but this is dependent on the strength of the external dipole magnetic
�eld. Recent afterglow observations of GW170817 may controversially shed
new light on this topic (e.g Yu et al., 2018; Li et al., 2018; Piro et al., 2019; Ai
et al., 2020; Troja et al., 2020). We discuss this in detail in Sec. 2.2.1.

Each of the pathways shown in Fig. 2.1 has different gravitational-wave
and electromagnetic signatures, providing hope that one will be able to use
such observations to make measurements of the nuclear equation of state.
For example, the speci�c kilonova color depends on the survival time of
merger remnants (e.g., Li & Paczyński, 1998; Metzger et al., 2010; Metzger
& Fernández, 2014). In this article, we review theoretical and observational
aspects of each of the pathways shown in Fig. 2.1.

The article is set out as follows. In Sec. 2.2, we review observational fea-
tures of GW170817/GRB170817A that potentially allow us to discriminate
the post-merger evolutionary pathway. We detail con�icting reports that in-
dependently suggest either a short- or long-lived neutron star survived the
merger. There is compelling evidence that we have observed electromagnetic
emission from numerous other binary neutron star mergers seen as short
gamma-ray bursts. In Sec. 2.2.2, we review observational features of short
gamma-ray bursts that potentially hint at long-lived neutron star remnants.
Following the observational review, we discuss more theoretical aspects of
post-merger remnant dynamics, separating the discussion into the different
pathways outlined in Fig. 2.1. In Sec. 2.3 we discuss the prompt formation of
black holes, in Sec. 2.4 we discuss dynamics and evolution of short-lived hy-
permassive remnants, and in Sec. 2.5 we discuss the evolution of longer-lived
supramassive and stable neutron star remnants.

2.2 Observational evidence for post-merger rem-
nants

2.2.1 The fate of GW170817

The smoking-gun observation to determine the nature of a post-merger rem-
nant are gravitational waves from the hot, differentially rotating nascent neu-
tron star. Searches for gravitational waves from possible post-merger rem-
nants of GW170817 or GW190425 have not detected a signal (Abbott et al.,
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2017f, 2019c, 2020a)1. This lack of detection was expected given current de-
tector sensitivities and theoretical models (e.g., Clark et al., 2016b; Sarin et al.,
2018; Zappa et al., 2018, and references therein). In the following, we concen-
trate on GW170817 for three primary reasons: �rst, given GW170817's rel-
ative proximity and loudness compared to GW190425; second the fact that
the former has a plethora of electromagnetic observations, whereas the latter
had no counterpart detections; and third, because of the larger total mass for
GW190425, implying it likely promptly collapsed to form a black hole (i.e.,
path A ! B! C in Fig. 2.1) (Abbott et al., 2020a).

Although the non-detection of gravitational waves means we are unable
to de�nitively con�rm the fate of the post-merger remnant of GW170817,
much can be inferred through the various electromagnetic observations, al-
beit with somewhat con�icting conclusions. Here we elaborate on the pos-
sible fates of the post-merger remnant of GW1708172, the observations that
support and contradict each scenario.

Parameter estimation of the gravitational-wave inspiral signal con-
strained the total mass of the system to 2.74+ 0.04

� 0.01M � (Abbott et al., 2019b).
A small fraction of this total mass � 0.07M � was ejected and powered
the optical kilonova AT2017gfo (Cowperthwaite et al., 2017; Coulter et al.,
2017; Soares-Santos et al., 2017; Arcavi et al., 2017; Smartt et al., 2017;
Chornock et al., 2017; Abbott et al., 2017c; Troja et al., 2017). AT2017gfo
was �rst detected as a luminous blue source with a thermal spectrum
peaking in optical and ultraviolet frequencies (e.g., Evans et al., 2017a),
evolving over the course of a few days to become dominated by emission
in the near-infrared (e.g., Tanvir et al., 2017; Pian et al., 2017). The late-time
near-infrared observations agree well with “red” kilonova models predicted
by the radioactive decay of heavy r-process nuclei (Li & Paczyński, 1998;
Metzger et al., 2010). Similarly, the early-time “blue” observations are well
explained by lower-opacity radioactive material (Metzger et al., 2010) as
would be expected if the outer layers of the ejecta are composed exclusively
of light r-process nuclei formed from matter with relatively high electron
fractions (Metzger & Fernández, 2014). We point the interested reader
to Fernández & Metzger (2016); Metzger (2017b) for detailed reviews of
kilonovae and Sec. 2.4.2, where we discuss the theoretical impact of merger
remnants on kilonovae.

Different neutron-richness of the material implies different ejecta sources.
Two possible sources are the dynamical ejecta launched by tidal forces (Ross-
wog et al., 1999; Radice et al., 2016), and matter launched from shock heat-
ing at the contact boundary of the merger (Bauswein et al., 2013; Hotokezaka
et al., 2013a; Margalit & Metzger, 2017). The former is ejected along the equa-
torial plane with typically lower electron fractions than the latter, which is

1van Putten & Della Valle (2019) claim a detection of gravitational waves following
GW170817, although see Oliver et al. (2019a) for a rebuttal of this work.

2It is worth noting that the electromagnetic observations of GW170817 are consistent with
a neutron star black hole merger, which would produce a black hole remnant. However, to
claim GW170817 was a neutron star black hole merger, one must be able to explain the
existence of black holes less massive than 2M � .
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launched along a broad range of directions (e.g., Sekiguchi et al., 2016; Met-
zger, 2017b). Another source of ejecta are out�ows from the accretion torus of
a central engine (Metzger et al., 2008; Siegel & Ciol�, 2016; Siegel & Metzger,
2018), typically with broad electron-fraction distributions that can increase
with time due to constant neutrino irradiation from a central neutron-star
engine.

As mentioned, observations of AT2017gfo showed evidence for at least
two distinctive components: an early-time “blue” component and a late-time
“red” component. There are also hints at a third “purple” component (Villar
et al., 2017), a point we discuss in more detail below. Common interpreta-
tions of these observations suggest that the two dominant components of the
kilonova were powered by two distinct ejecta components. The early blue
component by a lanthanide-poor � 0.02M � of material with electron frac-
tion Ye & 0.25 from accretion-disk out�ows along the binary polar axis (e.g.,
Smartt et al., 2017; Evans et al., 2017a; Tanvir et al., 2017; Pian et al., 2017), or
alternatively from dynamical ejecta launched through shock heating. On the
other hand, the late-time red component was likely powered by lanthanide-
rich � 0.05M � ejecta with electron fraction Ye . 0.25 (e.g., Cowperthwaite
et al., 2017). The total amount of ejecta and the blue component in particular,
offers the �rst clue into the nature of the post-merger remnant. The amount of
ejecta required to produce these observations is incompatible for a remnant
that promptly collapsed into a black hole (e.g., Radice et al., 2018b). Prompt
collapse would have resulted in a primarily red and dimmer kilonova (e.g.,
Margalit & Metzger, 2017; Piro et al., 2019).

The merger was accompanied by a gamma-ray burst jet that was most-
likely structured and off axis (Troja et al., 2017; Alexander et al., 2018; Moo-
ley et al., 2018b,a; Troja et al., 2019). In classical gamma-ray burst models,
the jet is launched through accretion onto a black hole, leading to interpreta-
tions of the 1.7 s delay between the gravitational-wave signal and gamma-ray
burst (Goldstein et al., 2017a; Savchenko et al., 2017) as the maximum lifetime
of a putative neutron star before it collapses into a black hole (e.g., Metzger
et al., 2018). This is further necessitated by claims that the region around
the poles needs to be relatively free of ejecta to ef�ciently launch an ultra-
relativistic jet (e.g., Ciol� et al., 2019), a point we return to in Sec. 2.5.1. This
interpretation is contentious. There are numerous short and long gamma-ray
burst observations with evidence of neutron-star central engines (e.g., Rowl-
inson et al., 2010, 2013; Lü et al., 2015; Sarin et al., 2020b), providing obser-
vational evidence jets are not only launched from accretion tori around black
holes. In addition, numerical-relativity simulations show short gamma-ray
burst jets could potentially be launched given suf�ciently large, but realistic,
magnetic �eld strengths of the remnant neutron star ( B & 1014 G) (e.g., Ruiz
et al., 2016; Ciol�, 2018; Mösta et al., 2020; Ruiz et al., 2021). We discuss these
points in greater detail in Sec. 2.5.1. These observations and simulations dis-
favour the hypothesis that the remnant of GW170817 must have collapsed
into a black hole in order to launch the jet, opening the possibility for the
remnant to be a long-lived supramassive or an in�nitely stable neutron star.

With the above caveats in mind, if the remnant collapsed to a black hole
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before launching the jet, strong constraints on the non-rotating neutron star
maximum mass can be derived, indicating MTOV . 2.2 M� (e.g., Margalit &
Metzger, 2017; Rezzolla et al., 2018a; Ai et al., 2020). Although other analy-
ses derive a more conservative estimate,MTOV . 2.3 M� by relaxing some
of the assumptions on energy emitted in gravitational-wave and neutrinos
indirectly imposed by other analyses (e.g., Shibata et al., 2019; Ruiz et al.,
2018).

While the blue color and total ejecta mass are helpful in ruling out prompt
collapse, the exact source of the ejecta mass is unclear. Observations suggest
an ejecta mass of� 0.02M � with a mean velocity and electron fraction of
� 0.25c and Ye & 0.25, respectively (Smartt et al., 2017; Evans et al., 2017a;
Tanvir et al., 2017; Pian et al., 2017). Although the velocity and high elec-
tron fraction agree with a shock-heated dynamical ejecta source, the quantity
of material is dif�cult to explain. Relativistic hydrodynamics simulations of
equal-mass progenitor systems typically only show ejecta mass . 0.01M �
for soft equations of state that have small neutron star radii R . 11 km (e.g.,
Hotokezaka et al., 2013a; Bauswein et al., 2013; Radice et al., 2016). However,
such compact progenitors have less ejecta in the tidal tails, and less mass
in the resultant torus, which is inconsistent with the observations of the red
component of the kilonova discussed above (Radice et al., 2018b; Metzger
et al., 2018). This raises doubt about the dynamical source of the blue com-
ponent of the kilonova. An alternate explanation for the origin of this ejecta
posits that it is a magnetized neutrino-irradiated wind from a hypermassive
neutron star that survived � 1 s before collapsing into a black hole and had
a strong poloidal magnetic �eld Bp � 1 � 3 � 1014 G (Metzger et al., 2018).
Kilonova observations a few hours after the merger, had they existed, could
have provided observational support for this hypothesis.

There are other interpretations of the kilonova observations that imply a
different fate of the post-merger remnant. For example, there is speculation
that observations are best �t by a three-component model (Villar et al., 2017).
Here, the early-time blue kilonova is of similar mass as inferred by other
groups, but the late-time observations are dominated by an intermediate-
opacity purple component with a signi�cantly weaker red component. These
purple/red components may be sourced by the accretion disk around a cen-
tral engine, however it is dif�cult to interpret why there is a large variation
in the opacity of these components, especially if they are coming from the
same source. The purple component may be naturally supported by a long-
lived remnant neutron star (Yu et al., 2018), where the high-energy emission
from the remnant's wind ionizes the surrounding material (Metzger & Fer-
nández, 2014). Li et al. (2018) compared models that could account for both
the peak luminosity and time of the kilonova observation, concluding that
the observations are best �t with a long-lived neutron star.

A long-lived remnant supports the low-signi�cance x-ray �are 155 d fol-
lowing the merger (Piro et al., 2019), potentially due to untwisting toroidal
magnetic �eld similar to x-ray �ares from older magnetars (Thompson &
Duncan, 1995, 1996; Piro et al., 2019) (although, see Lin et al. (2019) for an
alternate explanation). Energetic arguments imply the toroidal component
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of the magnetic �eld must be Bt & 1014 G, albeit with a relatively low �
1012 G poloidal �eld such that gravitational-wave emission dominates the
spin down for long times (Piro et al., 2019). Such a low poloidal but high
toroidal magnetic �eld structure is perhaps concerning but not dissimilar
to the soft gamma-ray repeater SGR 0418+5729 (Rea et al., 2013) (although
one should treat such measurements cautiously; see (e.g., Mastrano et al.,
2013)). Prolonged x-ray excess almost 1,000 d after the merger is still con-
sistent with a long-lived central engine driving the emission (Troja et al.,
2020). If indeed this excess is due to a long-lived neutron star, it is almost
certainly not supramassive, but likely has a mass below the TOV mass, i.e.,
it follows path A ! B! D! F! H in Fig. 2.1. Although the above interpre-
tations suggest a long-lived neutron star may have formed in the aftermath
of GW170817, there are also problems with this interpretation. For example,
if long-lived, the surface poloidal component of the magnetic �eld must be
Bp . 1011 � 1012 G (Yu et al., 2018; Piro et al., 2019; Ai et al., 2018). This con-
straint is problematic as it is energetically dif�cult to launch a Poynting-�ux-
dominated jet with Bp . 1014 G (e.g., Ciol�, 2018, and references therein).
Moreover, Kelvin-Helmholtz and magneto-rotational instabilities dramati-
cally amplify the seed magnetic �elds to values greater than Bp & 1015 G (e.g.,
Kiuchi et al., 2014, 2015; Aguilera-Miret et al., 2020). Furthermore, the lack
of signature of the rotational energy of the stable neutron star on the kilo-
nova Margalit & Metzger (2017) and radio (e.g., Ricci et al., 2020; Schroeder
et al., 2020) implies a considerable amount of energy emitted in gravitational
waves, which requires a large ellipticity (Ai et al., 2020). If the remnant
of GW170817 was long-lived, it perhaps provides the most interesting con-
straints on the maximum mass of neutron stars MTOV & 2.4 M� (Ai et al.,
2020).

If, dear reader, you are not yet confused enough about the nature of the
remnant of GW170817, there is one �nal scenario consistent with all obser-
vations. Namely, the remnant was a supramassive neutron star that spun-
down primarily through gravitational waves, collapsing into a black hole
after losing centrifugal support approximately 300 s after the merger (e.g.,
Ai et al., 2020). We note that one can impose longer collapse times for dif-
ferent magnetic �eld con�gurations. Such a scenario supports the kilonova
observations and the potential lack of observational signature of a rapidly
spinning neutron star in other electromagnetic bands at later times. In gen-
eral, one may expect to see the signature of such a remnant on the x-ray
afterglow of the short gamma-ray burst (e.g., Rowlinson et al., 2010, 2013,
and Sec. 2.2.2). However,Swift did not observe the region until � 0.039 d af-
ter the gamma-ray burst trigger (Evans et al., 2017a), placing an upper limit
on the collapse time tcol . 0.039 d of such a supramassive neutron star. If
supramassive and collapsing in less than � 0.039 d, the maximum neutron
star mass 2.1. MTOV / M � . 2.4 (Ai et al., 2020).

The �rst multimessenger binary neutron star merger GW170817 offered
an unprecedented opportunity for a detailed study into the the aftermath
of such a collision. Unfortunately, while electromagnetic observations were
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plentiful and extensive, they remain inconclusive. The lack of a smoking-
gun observation of gravitational waves from a post-merger remnant make
inferring the nature of the remnant dif�cult. In practice, the only scenario
everyone seems to agree can be ruled out is of prompt collapse into a black
hole.

2.2.2 The fate of other binary neutron star merger remnants

The coincident detection of gravitational waves from a binary neutron star
merger GW170817 and the short gamma-ray burst GRB170817A con�rmed
that at least some of the latter are caused by the former. While sensitivity
improvements in gravitational-wave detectors will see increased numbers
and regularity of binary neutron star merger detections, it will remain true
that most observed gravitational-wave signals will not be accompanied with
electromagnetic signatures. Likewise, the foreseeable future will see most
short gamma-ray burst observations not accompanied by gravitational-wave
detections. But there is already a wealth of short gamma-ray burst observa-
tional data at our disposal that can, and is, used to understand the remnants
of binary neutron star mergers.

The x-ray afterglows of some short gamma-ray bursts exhibit extended
plateaus that indicate energy injection from rapidly rotating neutron star cen-
tral engines (e.g., Rowlinson et al., 2013; Lü et al., 2015). This even includes
the observations of a putative off-axis gamma-ray burst seen only as an x-ray
transient CDF-S XT2 that is consistent with these other x-ray afterglows (Xue
et al., 2019; Xiao et al., 2019). Such observations are dif�cult to interpret in the
standard afterglow model of synchrotron radiation from shocks produced
by a jet interacting with the surrounding interstellar medium. The �rst such
observation consistent with energy injection from a short gamma-ray burst
was GRB051221A (Fan & Xu, 2006), which was followed by a catalogue of
bursts (Rowlinson et al., 2013). These were shown to be consistent with mod-
els of energy injection where the spin down of the nascent neutron star is
driven by magnetic dipole radiation (Dai & Lu, 1998; Zhang & Mészáros,
2001), a model that has further been extended to include spin down with ar-
bitrary braking indices (Lasky et al., 2017), akin to what is seen in the spin
down of radio pulsars.

For the majority of short gamma-ray bursts with extended x-ray plateaus,
debate continues to rage about the origin of the x-ray �ux. For exam-
ple, evidence for an achromatic jet break in the broadband observations
of GRB140903A. This achromatic break has been used to argue that the
long-lived emission is due to a combination of jet geometry and dynamics
of the �reball (Troja et al., 2016), in stark contrast to other works that
showed the afterglow is consistent with the spin down of a long-lived
central engine (Lasky et al., 2017; Zhang et al., 2017). Systematic Bayesian
model comparison between the two scenarios using only x-ray observations
overwhelmingly favours the latter explanation (Sarin et al., 2019).

Model comparison between �reball dynamics and a long-lived central en-
gine for another gamma ray-burst GRB130603B yields intriguingly different
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results (Sarin et al., 2019). The discriminator between the two models is a
quantity called the odds ratio, but this itself depends on the unknown equa-
tion of state. The punch line is that, if the maximum neutron star mass is
MTOV . 2.3 M� , the data favours the �reball-shock model. Conversely, if
MTOV & 2.3 M� , the data favours the existence of a long-lived neutron star
central engine. It is worth mentioning the above conclusion relies on know-
ing the underlying binary neutron star mass distribution, which in light of
GW190425, we do not. Moreover, more detailed modeling for each scenario
is required, which may further discriminate and potentially yield different
conclusions.

The evolution of the x-ray luminosity in these afterglows does allow us to
understand somewhat the dynamical evolution of the central engine. For ex-
ample, gamma-ray bursts GRB130603B and GRB140903A, are spinning down
with braking index n = 2.9� 0.1 andn = 2.6� 0.1, respectively (Lasky et al.,
2017), where a braking index of n = 3 is dipole magnetic spin down in vac-
uum. It is worth stressing that all but one radio pulsar with accurately mea-
sured braking index falls below n = 3 where magnetic torques are believed to
dominate spindown (Archibald et al., 2016; Clark et al., 2016a; Marshall et al.,
2016), although see Parthasarathy et al. (2019) for a census of the highly un-
certain nature of braking indices in youngpulsars. Moreover, it is also worth
emphasising that calculations of realistic braking indices for pulsars predicts
they fall below 3 (e.g., Melatos, 1997)—we discuss theoretical expectations for
the dynamics of neutron-star spin down on these relatively long timescales
in Sec. 2.5.

The highly dynamic nature of the newly-born neutron star implies the
assumed constant braking index and smooth spin-down evolution are al-
most certainly naive assumptions. For example, the magnetic �eld's incli-
nation angle will likely evolve as a function of time, leading to a changing
inferred braking index (see Şas, maz Mus, et al. (2019) for interpretations of
long gamma-ray bursts in this context and Sec. 2.5 for details of the rele-
vant physics), or the triaxial nature of the remnant may cause precession
and a �ux-modulated amplitude of the light curve (Melatos, 2000; Suvorov
& Kokkotas, 2020). In addition, the radiative ef�ciency is likely not constant
throughout the spin down and may, for example, depend on the luminos-
ity of the central engine itself (Xiao & Dai, 2019). This radiative ef�ciency
likely changes as the shock front decelerates as it ploughs into the interstellar
medium (Cohen & Piran, 1999; Dall'Osso et al., 2011; Stratta et al., 2018; Sarin
et al., 2020a), and may evolve through plerionic-like emission as electrons �ll
the cavity within the gamma-ray burst blast wave (Strang & Melatos, 2019).
In reality, the dynamical evolution of the remnant and the resultant emission
that eventually reaches the observer will be affected by all of these physical
processes and more, although which are truly the most dominant is still an
open question.

In all, approximately 70% of short gamma-ray bursts exhibit behaviour
consistent with long-lived remnants, split into � 30% with supramassive,
and � 30% stable neutron stars (Gao et al., 2016), although these numbers
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are highly uncertain (e.g., Margalit & Metzger, 2019). In principle, under-
standing these fractions together with the progenitor mass distribution has
the ability to provide strong constraints on the neutron star equation of state
through the maximum mass. In practice, our understanding of the num-
bers are not yet mature enough to make quanti�ably-reliable estimates for
three reasons. First, determining the nature of the remnant from the x-ray
data alone is fraught with dif�culties, as highlighted by the various analy-
ses of GRB130603B and GRB140903A mentioned above. Second, while we
previously thought we understood the mass distribution of binary neutron
stars from galactic radio observations of double neutron star systems (e.g.,
Kiziltan et al., 2013; Alsing et al., 2018; Farrow et al., 2019), only one of the
two extragalactic neutron star mergers has progenitor masses consistent with
that distribution (Abbott et al., 2020a). Third, it is possible that some short
gamma-ray bursts may be misidenti�ed as long gamma-ray bursts caused
by the collapse of massive stars, or that they are caused not by merging neu-
tron stars, but by a neutron star-black hole merger, or that they represent a
biased sample of neutron star mergers only including ones that produced a
black hole which could launch an ultra-relativistic jet. All of these effects
would cause systematic problems with measuring the maximum mass. Un-
derstanding both these systematic effects by collecting more gravitational-
wave observations to ameliorate the former issue, and more x-ray plateau
observations the latter, will eventually provide interesting and stringent con-
straints on MTOV .

Perhaps our best understanding of post-merger behaviour comes from
a subset of eighteen short gamma-ray bursts that not only exhibit x-ray
plateaus, but also show sudden drops in the x-ray luminosity tens to
thousands of seconds after the prompt emission (e.g., Troja et al., 2007;
Rowlinson et al., 2013; Sarin et al., 2020b). Such dramatic changes in �ux are
particularly dif�cult to explain in the standard �reball-shock scenario, but
�t well the premise that a supramassiveneutron star was born in a neutron
star merger and collapses to form a black hole simultaneously shutting of
the energy injection.

The supramassive neutron star observations again provide a tantalising
way of developing our understanding of the dynamics of the nascent neutron
star and the equation of state of nuclear matter (e.g., Fan et al., 2013; Lasky
et al., 2014; Ravi & Lasky, 2014; Li et al., 2016; Gao et al., 2016; Drago et al.,
2016; Drago & Pagliara, 2018). The procedure is straight forward: if we un-
derstand the progenitor mass distribution (which we do not), as well as the
dominant spin down mechanism (we do not understand that either), and the
spin-down rate/braking index (not really), then we can rearrange the set of
equations governing the system's evolution to �nd that the time of collapse
is a function of the unknown maximum neutron star mass, which we can
therefore infer. This procedure has been performed a number of times in dif-
ferent works, each arriving at different answers depending on the underlying
assumptions at each of the step. The vanilla assumptions of dipole vacuum
spin down of hadronic stars does not well �t the data (Fan et al., 2013; Ravi
& Lasky, 2014), leading some authors to infer that quark stars, rather than
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hadronic stars, best explain the data (e.g., Li et al., 2016; Drago et al., 2016),
while others infer that gravitational radiation dominates the star's angular
momentum loss rather than magnetic dipole radiation (e.g Fan et al., 2013;
Gao et al., 2016).

The correct way to do the above procedure rigorously is to include all
sources of uncertainty and marginalise over the unknown parameters such
as those describing the progenitor mass distribution, the braking index,
the equation of state, etc (for details, see Sarin et al., 2020b). Hierarchical
Bayesian inference then allows posterior probability distributions to be
calculated for each of these parameters, including those that describe the
population as a whole, rather than individual gamma-ray burst afterglows.
As one would expect, including all uncertainties implies less-well con-
strained parameters. Ultimately, the eighteen-known short gamma-ray
bursts allow us to constrain MTOV = 2.31+ 0.36

� 0.21M � , with 68% uncertainties.
Perhaps more interestingly, 69+ 21

� 39% of remnants are inferred to be spinning
down predominantly through gravitational-wave emission, potentially
providing interesting consequences for gravitational-wave detection of a
post-merger remnant, or indirectly through a stochastic gravitational-wave
background. Furthermore, the observations show tentative evidence for
these neutron stars to be composed of decon�ned quark matter, suggesting
a phase transition in the course of merger that may be visible through
gravitational-wave measurements of the inspiral (e.g., Chatziioannou et al.,
2017; Bauswein et al., 2019).

Having reviewed the observational aspects of short gamma-ray bursts
and what can be learned about the remnants of the binary neutron star merg-
ers that power them, we now move onto more theoretical aspects, following
the evolutionary scenarios discussed alongside Fig. 2.1d.

2.3 Prompt formation of black holes

FIGURE 2.2: A post-merger remnant of mass M & 1.5MTOV will immediately
collapse to form a black hole with an accretion torus and jet.

Perhaps the least interesting of outcomes of a binary neutron star merger
is the prompt collapse to a black hole (Fig 2.2; panels B! C). Upon collapse,
a thick accretion torus forms in the black hole's equatorial plane, potentially
driving a Blandford-Znajek jet (Blandford & Znajek, 1977) that is seen as the
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short gamma-ray burst. Such a scenario likely leaves an undetectable post-
merger gravitational-wave signal, and little direct electromagnetic signal that
can be used to infer properties of the central engine,unless the binary has sig-
ni�cantly unequal masses, where the tidal disruption of the secondary neu-
tron star can power signi�cant electromagnetic counterparts (e.g., Bernuzzi
et al., 2020).

Prompt black hole formation implies that, following coalescence, the
gravitational-wave signal simply shuts down, with nearly spherical collapse
generating comparatively minimal gravitational-wave emission. We can
approximate the lowest quasi-normal mode ringdown frequency for a
remnant black hole as (Echeverria, 1989)

f qnm
gw � 11 kHz

�
M

3M �

� � 1 h
1 � 0.63(1 � a)3/10

i
, (2.1)

where M is the remnant mass and a the dimensionless spin. Faster rotating
black holes emit higher frequency gravitational-wave signals; a non-rotating
(a = 0) black hole of M � 3 M � emits its lowest quasinormal mode signal
at f qnm

gw � 4 kHz . Prompt collapse will more typically result in a remnant
with a � 0.7–0.8 for which f qnm

gw & 6 kHz. In these regimes, the sensitivity of
current interferometers (Abbott et al., 2016; Aasi et al., 2015; Acernese et al.,
2015) and even proposed future detectors (e.g., Miller et al., 2015; Punturo
et al., 2010; Abbott et al., 2017a; Martynov et al., 2019; Ackley et al., 2020) is
not suf�cient to detect such a signal at relevant distances.

Potentially, the prompt formation of a black hole can have implications
for electromagnetic emission, in particular through a lack of sustained en-
ergy injection into the x-ray and optical afterglow signal and in the amount
of ejecta both dynamical and from an accretion disk. For example, kilonova
observations would likely differ from those of GW170817/AT2017gfo in that
they would be primarily red due to the lack of neutrino irradiation of the
ejected material and inferred to have less mass (e.g., Margalit & Metzger,
2017; Piro et al., 2019). If observations can concretely say no remnant sur-
vived the collisions, tight constraints could be placed on the equation of state
of nuclear matter. We return to this in subsequent sections.

2.4 Short-lived, hypermassive neutron stars

A dominant fraction of binary neutron star mergers likely form post-merger
neutron star remnants that are either hypermassive, supramassive, or long-
lived (e.g., Gao et al., 2016; Margalit & Metzger, 2019). In all these cases,
the remnant will undergo a short period of highly-dynamic activity (Fig. 2.3;
panels B! D) before either settling down into rigid-body rotation (Fig. 2.1;
panels D! F), or collapsing to form a black hole (Fig. 2.3; panels D! E).
The latter scenario describes that of a hypermassive neutron star. We re-
view those dynamics in Sec. 2.4.1, and consequences for electromagnetic and
gravitational-wave observations in Secs. 2.4.2 and 2.4.3, respectively.
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FIGURE 2.3: A post-merger remnant of mass 1.2MTOV & M & 1.5MTOV will
form a hypermassive neutron star which will collapse to a black hole on a

timescale O(1 s).

We note that the dynamics and emission scenarios outlined in this section
are also relevant for the early evolution of a supramassive (Fig. 1: panels
D! F! G) and an eternally-stable neutron star (panels D ! F! H).

2.4.1 Dynamics and the Collapse Time

The short-term dynamics of binary neutron star merger remnants in the �rst
tens of milliseconds and up to a few seconds depends on physics as yet not
completely understood. Immediately following the merger, the rotational
pro�le of the remnant and the amount of mass in the disk depend principally
on the mass ratio of the progenitor (e.g., Oechslin & Janka, 2006; Fernández
& Metzger, 2013; Metzger & Fernández, 2014; Bernuzzi, 2020) and the equa-
tion of state (e.g., Shibata & Taniguchi, 2006; Shibata et al., 2006; Kastaun &
Galeazzi, 2015). The hot remnant is rotating differentially, has an incredibly
strong magnetic �eld, several large-amplitude oscillation modes, and cools
primarily through neutrino emission. If the mass of the remnant is above the
supramassive limit, then it will collapse within a few seconds of formation.
General relativistic magnetohydrodynamic simulations are currently inad-
equate to robustly and reliably determine that lifetime for several reasons.
First, not all of the aforementioned physics is adequately resolved (Kiuchi
et al., 2018, and see below), and second, the simulations generally only last
. 50 ms Ciol� et al. (2017) (although (see e.g., Ciol� et al., 2019; Ciol�, 2020a;
Shibata et al., 2021) for recent, long-lived simulations lasting up to 1 s post
merger).

Differential rotation of the remnant and thermal pressure are expected to
provide extra centrifugal support to sustain the remnant above the maximum
rigidly-rotating mass limit. When either of these is suf�ciently quenched,
the remnant will collapse rapidly to form a black hole. Conventional wis-
dom (e.g., Baumgarte et al., 2000; Shapiro, 2000) states that differential ro-
tation is suppressed on an Alfvén timescale, which can be approximately
written as

t A � 0.3 s
�

hBi
1015 G

� �
M

2M �

� 1/2 �
R

10 km

� � 1/2

, (2.2)

where hBi is the volume-averaged magnetic �eld inside the star, and R is the
star's radius. Below we argue that magnetic-�eld quenching should occur
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on a longer timescale than expressed in Eq. 2.2. Clearly, not all of the differ-
ential rotation must be suppressed for the remnant to collapse, but only the
critical threshold must be reached which will depend ultimately on a num-
ber of factors, including how much more massive the remnant is than the
supramassive-mass threshold.

The speed with which the internal magnetic �eld grows, its saturation
strength, and the role of magnetic-�eld instabilities are potentially the most
signi�cant unknowns when considering the suppression of differential rota-
tion (e.g., Ferrario et al., 2015). General relativistic, three-dimensional mag-
netohydrodynamic simulations of mergers show the magnetic �eld at the
shock interface between the two stars grows rapidly at initial times (e.g., Gi-
acomazzo & Perna, 2013; Kiuchi et al., 2014, 2015; Ruiz et al., 2016; Ciol� et al.,
2017; Kiuchi et al., 2018; Ciol� et al., 2019; Aguilera-Miret et al., 2020). This
�eld growth is primarily due to the Kelvin-Helmholtz instability that devel-
ops at the shear boundary between the two stars. The highest-resolution sim-
ulations show ampli�cation of the average �eld up to � 103 times the seed
�eld (Kiuchi et al., 2018), although this is still under-resolved and consid-
ered a lower limit on the potential of the Kelvin-Helmholtz instability (Kiuchi
et al., 2018; Duez & Zlochower, 2019). Recently, numerical simulations with
a resolution � 37 m (cf. typical resolutions & 120 m) show ampli�cations
up to 105 times the seed �eld (Aguilera-Miret et al., 2020). This resolution
is considered adequate for resolving the Kelvin-Helmholtz instability. Mag-
netic winding, the magneto-rotational instability, and turbulence can subse-
quently amplify the �eld to & 1016 G on short timescales (e.g., Duez et al.,
2006a,b; Zrake & MacFadyen, 2013; Siegel et al., 2013). It is worth noting that
these latter effects are beyond the resolution limit of current numerical sim-
ulations Baiotti & Rezzolla (2017); Kiuchi et al. (2018), in particular with re-
spect to MRI-driven turbulence, implying quantitative evolution of the star's
magnetic-�eld growth should not be trusted.

Most numerical-relativity simulations are performed under the assump-
tion of ideal magnetohydrodynamics, where in�nite conductivity of the �uid
implies the magnetic �eld is frozen into the dynamic �uid. However, the
hot remnant should almost certainly have regions of �nite conductivity, im-
plying �ux freezing is not the correct assumption. The scarce numerical-
relativity simulations of post-merger remnants that includethe effects of re-
sistive magnetohydrodynamics in the core indeed show the expected result
that the magnetic �eld lags behind the �uid (Dionysopoulou et al., 2015).
This implies that magnetic winding is less ef�cient than previously believed,
and the Alfvén timescale of Eq. 2.2 should be taken as a rough lowerbound
for the quenching of differential rotation through magnetic-�eld winding.

In addition to differential rotation, the nascent star is supported through
thermal pressures. Merger simulations ubiquitously show temperatures at
the shock interface in excess of 3� 1011 K, and the majority of the star above
1011 K (e.g., Sekiguchi et al., 2011a,b; Foucart et al., 2016; Perego et al., 2019).
Simulations that take cooling into account show the remnant may not col-
lapse for a few cooling timescales (Paschalidis et al., 2012), which may be as
long as a few seconds (Duez & Zlochower, 2019). We return to the cooling
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of the nascent neutron star in Sec. 2.5.3, but the above argument suggests
the dominant physical processes dictating the collapse time of the remnant is
magnetic winding rather than thermal dissipation.

Quite clearly there is complicated physics dictating the collapse time of a
hypermassive remnant. If one believes that the collapse of the hypermassive
star is required to launch the gamma-ray burst, then 1.74 s delay between the
gravitational-wave inferred merger time of GW170817 and the gamma-ray
detection could be partially explained by the collapse time of the hypermas-
sive star. This is complicated by the additional unknown time it takes for the
jet to launch from the black hole, and for the jet to break out from the merger
ejecta. It would therefore be nice to be able to directly measure the collapse
time of the hypermassive star, which may be done with future gravitational-
wave detections—see Sec. 2.4.3.

Ultimately, when the remnant collapses to form a black hole, it will do so
approximately on a dynamical timescale (Stark & Piran, 1985). The dynam-
ics and timescale of the collapse depend heavily on the system's angular mo-
mentum (Baiotti et al., 2005, 2007) and the degree of differential rotation (Gi-
acomazzo et al., 2011). Although the free-fall timescale of a massive neutron
star is . 0.01 ms, the collapse timescale for a rapidly, differentially rotating
neutron star is � 1 ms (Giacomazzo et al., 2011). Whether the collapse time
can be measured upon a successful detection of post-merger gravitational
waves is an open question (see Sec. 2.4.3), however the lifetime of the rem-
nant is believed to indirectly impact the spectral evolution of the electromag-
netic signature; a point to which we now turn.

2.4.2 Electromagnetic consequences

Kilonova emission is a direct result of radioactive decay of heavy elements
produced by the merger ejecta. As this review deals speci�cally with the
merger remnant, rather than the merger itself, we do not review the physics
of kilonovae emission directly. Instead, we focus on the effects the hypermas-
sive remnant's lifetime, dynamics, and evolution have on the kilonova and
other electromagnetic emission channels. For reviews of kilonova itself (see
e.g., Fernández & Metzger, 2016; Metzger, 2017b).

The ejecta in a neutron star merger can be broadly split into two cate-
gories: dynamical ejecta produced in the merger itself, and the (secular) out-
�ow from the accretion disk formed around the remnant object. We note that
there may be additional sub-dominant channels that contribute to the total
ejecta. Both the amount of ejecta and its properties (velocity and electron
fraction) are intrinsically connected to binary parameters and the fate of the
merger remnant, with the electron fraction being perhaps the most critical as
it directly impacts what elements can be synthesised and therefore the color
of the kilonova.

Dynamical ejecta usually constitutes two sources: shock-heated ejecta
from the contact interface between the two merging neutron stars and spiral
arms from the tidal interactions in the merger. The former following a sin 2 q
distribution with respect to the polar angle (e.g., Perego et al., 2017a), while
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the latter is launched predominantly in the equatorial plane (e.g., Bernuzzi,
2020). The total quantity of dynamical ejecta depends sensitively on the
fate of the merger remnant and the binary mass ratio (e.g., Bauswein et al.,
2013; Lehner et al., 2016), if the remnant promptly collapses into a black hole,
there will be little shock-heated ejecta, as the region is promptly swallowed
up (Bauswein et al., 2013; Ciol� et al., 2017; Radice et al., 2018a). In gen-
eral, asymmetric binaries tend to produce more ejecta (Rezzolla et al., 2010;
Bauswein et al., 2013). However, we emphasise that this relationship is not
well understood quantitatively. Numerical simulations suggest that the total
dynamical ejecta in a merger is in the range of 10� 4 � 10� 2M � with veloc-
ities in the range 0.1 � 0.3c (see e.g., Hotokezaka et al., 2013a) and a broad
electron fraction distribution, Ye � 0.1 � 0.4 (Radice et al., 2016) which dic-
tates what elements can be synthesised from this ejecta, potentially up to an
atomic mass number, A � 195 (Wanajo et al., 2014; Martin et al., 2015). We
note that this is an area of active research, with signi�cant uncertainties in
many critical nuclear reaction quantities (Zhu et al., 2020).

The other source of ejecta in a neutron star merger is the out�ow from the
accretion disk that forms around the remnant object. The quantity of mass
in the accretion disk range from � 0.01� 0.3M � depending on the binary
parameters (e.g., Oechslin & Janka, 2006) and the fate of the merger remnant,
with prompt formation likely resulting in less mass around the remnant ob-
ject (e.g., Perego et al., 2014; Metzger & Fernández, 2014; Martin et al., 2015;
Metzger, 2017b). Depending on the lifetime of the remnant neutron star (as
we discuss below), out�ows from this disk likely contribute more mass to the
ejecta than the dynamical ejecta launched in the merger itself (Perego et al.,
2014; Fernández & Metzger, 2016; Siegel & Metzger, 2018), a statement seem-
ingly veri�ed by the inferred properties of the kilonova, AT2017gfo (e.g.,
Smartt et al., 2017; Kasen et al., 2017; Metzger et al., 2018). It is the properties
of this out�ow that are most affected by the nature and lifetime of the rem-
nant and make the biggest impact on the kilonova. In particular, the cooling
of the nascent neutron star through neutrino losses. We discuss the thermal
evolution of neutron stars in detail in Sec 2.5.3.

The accretion disk itself evolves viscously and cools through neutrino
emission, driving a wind similar to proto-neutron stars born in super-
novae (e.g., Beloborodov, 2008; Metzger et al., 2008). The mass loss through
this channel is dependent on the neutrino �ux, which as we elaborate below
is connected to the fate of the remnant. Depending on the merger outcome,
this process results in a mass loss of up to 10� 3M � either from the disk,
remnant neutron star or a combination of the two. Further evolution of the
disk is dictated by angular momentum transport, either through turbulence
generated by the magneto-rotational instability (e.g., Metzger & Fernández,
2014; Siegel & Metzger, 2017, 2018) or by spiral density waves excited by
oscillations of a neutron star remnant which expand the disk outwards (e.g.,
Nedora et al., 2019; Metzger, 2017b). Initially, the disk accretes matter at
a relatively high rate, but once this rate drops below a critical threshold,
cooling through neutrinos is ineffective and the disk thermally expands.
In this process, free nucleons recombine into a� particles which releases
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enough energy to unbind a signi�cant fraction of the disk (e.g., Beloborodov,
2008; Metzger et al., 2008, 2010; Fernández & Metzger, 2013; Perego et al.,
2014; Martin et al., 2015; Metzger & Fernández, 2014; Siegel & Metzger, 2017;
Fernández et al., 2019). The amount of ejecta this process unbinds is again
connected to the fate of the remnant, with numerical simulations suggesting
prompt black hole formation unbinds up to � 40% of the disk (e.g., Fernán-
dez & Metzger, 2016) while a neutron star remnant unbinds potentially up
to � 90% (e.g., Siegel & Metzger, 2017) due in large part to the additional
neutrino �ux from the remnant neutron star.

In principle, the quantity of ejecta driven by the out�ow of the accretion
disk is closely linked to the fate of the remnant and can principle be used
to infer the fate of the remnant. However, there are substantial quantita-
tive uncertainties (e.g., Bernuzzi, 2020) due to simpli�ed neutrino treatments,
numerical artifacts from limited resolution, and additional unmodelled pro-
cesses such as a magnetised neutrino driven wind (e.g., Metzger et al., 2018).
Moreover, there are signi�cant systematic uncertainties associated with nu-
clear reaction networks, opacities, etc., that can led to substantial bias in in-
ferring properties of the kilonova from observations (Zhu et al., 2020; Barnes
et al., 2020).

Ignoring the aforementioned complications, a more reliable discriminator
of the fate of the remnant is to consider the impact of neutrino radiation on
the electron fraction of the ejecta. As we discuss in more detail in Sec 2.5.3,
nascent neutron stars cool by emitting neutrinos. The additional neutrino
�ux increases the electron fraction with time through ne + n ! p + e� . The
electron fraction continues to increase with longer remnant lifetimes making
it increasingly dif�cult to synthesize heavier r-process elements (e.g., Met-
zger & Fernández, 2014; Kasen et al., 2015; Lippuner et al., 2017; Kawaguchi
et al., 2020), which directly affects the colour of the kilonova. For Ye . 0.25,
a predominantly red kilonova is expected with elements greater than atomic
mass A & 140, while for electron fractions Ye & 0.25, lighter elements are ex-
pected and the colour of the kilonova is predominantly blue (e.g., Metzger,
2017b). Numerical calculations suggest that a remnant lifetime longer than
� 300 ms will make Ye & 0.25 in the ejecta from the disk out�ow (Lippuner
et al., 2017), although other calculations suggest a larger lifetime of � 1s for
a similar electron fraction (Sekiguchi et al., 2016; Kawaguchi et al., 2020).

2.4.3 Gravitational-wave emission and detection

Gravitational-wave emission from the �rst second post-merger is expected
to have a relatively large strain amplitude, possibly comparable to the peak
amplitude of the inspiral phase, albeit with frequencies in the kHz range.
This makes them an interesting target for current and future ground-based
gravitational-wave observatories. In the following two subsections we re-
view state-of-the-art predictions for gravitational-wave emission and detec-
tion, respectively.
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Gravitational-wave emission

Numerical-relativity simulations of binary neutron star mergers and their
subsequent post-merger evolution show that gravitational-wave emission
from a hypermassive remnant is dominated by the quadrupolar f -mode (e.g.,
Xing et al., 1994; Ruffert et al., 1996). Depending on the equation of state,
this occurs anywhere from � 2 to 4 kHz (e.g., Takami et al., 2015), and is
strongly correlated with the star's compactness and tidal deformability (e.g.,
Bauswein et al., 2012; Bauswein & Janka, 2012; Hotokezaka et al., 2013a; Read
et al., 2013; Takami et al., 2014; Bauswein & Stergioulas, 2019). It is actu-
ally somewhat surprising that the frequency of the dominant f -mode post-
merger correlates so well with the tidal deformability and compactness—
these are quantities calculated for cold, non-rotatingneutron stars, whereas
the hypermassive post-merger remnant is rapidly rotating and has a temper-
ature & few � 1010 K (e.g., Sekiguchi et al., 2011a,b; Foucart et al., 2016). This
suggests rotational and temperature effects play a minor role in the dom-
inant properties of the gravitational-wave signal, and broadly implies that
a successful measurement of the dominant post-merger gravitational-wave
frequency is a robust measurement of the nuclear equation of state. Impor-
tantly, if the gravitational-wave frequency of the post-merger oscillations do
not match up to the tidal deformation measured from the inspiral phase, this
could be the signature of a �rst-order hadron-quark phase transition occur-
ring in the core of neutron stars at high temperatures and pressures (e.g.,
Most et al., 2019; Bauswein et al., 2019).

In Fig. 2.4 we plot an example gravitational waveform from a hypermas-
sive post-merger remnant (Bernuzzi et al., 2015)3. This shows the merger of
two 1.35 M � neutron stars with the H4 equation of state (Lackey et al., 2006)
at a distance of 40 Mpc. The strain amplitude is maximal at time t = 0, which
we take as a proxy for the merger time (other de�nitions are often used, in-
cluding the �rst contact between the two stars). For this simulation, the neu-
tron star collapsed after time t � 14 ms, although we reiterate this collapse
time is not a reliable prediction for all of the reasons given in Sec. 2.4.1.

In Fig. 2.5 we plot the gravitational-wave amplitude spectral density for
the waveform shown in Fig. 2.4. The amplitude spectra of the full waveform,
which includes almost ten full orbits of the binary prior to merger, is shown
as the solid black curve, whereas the dashed black curve includes only the
post-merger component. For comparison, we also plot the design ampli-
tude noise spectral densities for three instruments; Advanced LIGO (solid
blue curve; Aasi et al., 2015), the Einstein Telescope (red dashed curve; Pun-
turo et al., 2010) and Cosmic Explorer (dot-dashed green curve; Abbott et al.,
2017a).

For the three sensitivity curves shown alongside the predicted
gravitational-wave spectrum in Fig. 2.5 we can calculate the expectation

3This waveform is publicly available through the CoRe database of binary neutron star
merger waveforms (waveform ID BAM:0035; Dietrich et al., 2018)
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FIGURE 2.4: Gravitational-wave strain from a numerical relativity simulation of
a binary neutron star merger. Gravitational-waves from the hypermassive post-
merger remnant can have amplitudes comparable to that of the peak of the in-
spiral. In this example, the gravitational-wave signal shuts off rapidly approxi-
mately 14 ms after the merger, signifying the collapse of the hypermassive neu-
tron star to a black hole. This simulation (Bernuzzi et al., 2015; Dietrich et al.,
2018) is of an equal-mass binary with M = 1.35 M� component masses using the

H4 equation of state at a distance of 40 Mpc.

value of the single-detector, optimal matched �lter

hS/N i 2 = 4Re
Z

d f

�
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�
�

Sh( f )
, (2.3)

where h̃( f ) is the Fourier transform of the gravitational-wave time series,
and Sh( f ) is the noise power spectral density. We calculate this for the post-
merger signal only (i.e., for time t > 0) and �nd hS/N i = 1.0, 9.0, and 12.7,
for Advanced LIGO, Einstein Telescope, and Cosmic Explorer, respectively.

Together with the latest prediction for the merger rates derived from the
�rst gravitational-wave observation of a binary neutron star merger (Ab-
bott et al., 2017b), one can estimate the expected event rates for post-merger
gravitational-wave detection. Marginalising over a range of equations of
state, Martynov et al. (2019) predicted . 2, S/N > 5 detections of a post-
merger remnant per year with Einstein Telescope, and . 10 such detections
per year with Cosmic Explorer (see also Clark et al., 2016b). According to
these calculations, the pay-off is likely to only come with third-generation
detectors where the high-frequency (&kHz) sensitivity is increased by a fac-
tor of at least ten over Advanced LIGO design sensitivity. This has prompted
many to also think about the potential for stacking multiple sub-threshold
post-merger signals with second- or third-generation inteferometers (Yang
et al., 2018), or to build dedicated high-frequency gravitational-wave instru-
ments with the primary science goal to detect tidal effects during the inspiral
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of binary neutron star mergers as well as their post-merger remnants (e.g.,
Miao et al., 2018; Martynov et al., 2019; Ackley et al., 2020).

FIGURE 2.5: Gravitational-wave amplitude spectrum from the hypermassive
post-merger remnant shown in Fig. 2.4. The solid black curve shows the full spec-
tral density including almost 30 ms if inspiral, whereas the dashed black curve
shows the spectral density of just the post-merger remnant (i.e., truncating the
time series at the merger). The solid blue, dashed red, and dot-dashed green
curves are the projected amplitude spectral densities of Advanced LIGO at de-
sign sensitivity, the Einstein Telescope, and Cosmic Explorer, respectively. This
post-merger signal has a single-detector signal-to-noise ratio of 1.0, 9.0 and 12.7

for the three detectors, respectively.

When the hypermassive star collapses to form a black hole, it does so on a
relatively short timescale ( � ms; see Sec. 2.4.1 and Fig. 2.4), implying the sig-
nal is potentially upward of � 1 kHz. However, the amplitude of the signal
is weak; optimistic estimates from simulations of collapsing, differentially-
rotating stars suggest they may be detectable at a distance of up to 10 Mpc
with third-generation detectors such as the Einstein Telescope or Cosmic Ex-
plorer (Giacomazzo et al., 2011). Numerical relativity simulations of binary
neutron star mergers with subsequent hypermassive star formation and col-
lapse seem to show no discernible burst of radiation above that seen from the
star's oscillations immediately prior to collapse.

It is currently an open question as to whether gravitational-wave param-
eter estimation methods targeting hypermassive neutron star signals—see
next section—can infer the collapse time with a successful gravitational-wave
detection. If they can, this would allow us to probe the complex physics that
governs the quenching of differential rotation discussed in Sec. 2.4.1.

Gravitational-wave detection methods

The LIGO/Virgo collaborations have a number of methods in place to search
for and characterise gravitational waves in the immediate aftermath of a
neutron-star merger. Two algorithms were used to search for short-lived
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gravitational-wave signals following GW170817 (Abbott et al., 2017f, 2019b):
Coherent Wave Burst (cWB; Klimenko et al., 2016) and BayesWave (Cornish
& Littenberg, 2015; Littenberg & Cornish, 2015; Chatziioannou et al., 2017).
The cWB algorithm searches for coherent excess power in multi-resolution
wavelet transformations, while BayesWave uses Bayesian inference, mod-
elling the gravitational-wave signal itself as a linear superposition of
wavelets; see Abbott et al. (2017f) and Abbott et al. (2019b), respectively,
for details of the speci�c implementation and setup of the two algorithms
searching for gravitational waves following GW170817. Neither methods
found any hint of a signal, but placed upper limits on the total energy
emitted in gravitational waves.

The two methods described above do not rely on waveform models to
search for the gravitational-wave signal. While they are therefore more ro-
bust than modelled searches that use template waveforms, they are also less
sensitive (Tsang et al., 2019; Easter et al., 2020). However, modelled searches
are in their infancy due to a paucity of enough reliable gravitational-wave
templates to perform matched-�lter searches. This is rapidly changing, with
analytic approximations (Bauswein et al., 2016; Bose et al., 2018), principal
component decompositions (Clark et al., 2016b), and machine-learning algo-
rithms (Easter et al., 2019) showing promising results �tting to numerical-
relativity waveforms.

Two recent Bayesian methods have been independently developed that
use analytic waveforms. Using only a single oscillation mode modelled as
a damped sinusoid (or Lorentzian function in the frequency domain), Tsang
et al. (2019) showed an average mismatch between numerical-relativity in-
jections and recovered signals of 0.15. A single damped sinusoid allows the
main f2 peak to be measured, which is the key peak for determining the equa-
tion of state. This method is therefore capable of distinguishing inspiral and
post-merger inferences of the equation of state (Tsang et al., 2019) to, for ex-
ample, determine potential quark decon�nement in the stellar core that only
occurs at high temperatures (Bauswein et al., 2019).

Instead of a single damped sinusoid, Easter et al. (2020) modelled the full
waveform as a linear sum of three damped sinusoids (inspired by Bauswein
et al., 2016; Bose et al., 2018), also allowing all three frequencies to drift lin-
early in time. They found an average mismatch of only 0.03, implying the
method is � 15% more sensitive than Tsang et al. (2019). The addition of the
extra mode oscillations in the analytic waveform approximations is unlikely
to improve equation of state estimates, however realistic modelling of the
frequency drift of the fundamental f2 mode may have some, as yet undeter-
mined effects.

In reality, given the potential inaccuracies of gravitational waveforms
from numerical-relativity simulations (see previous section), both modelled
and unmodelled searches will be needed as this �eld hopefully moves from
the development to the observational stage.

Of course, many binary neutron star coalescences will likely be detected
before a bona �de post-merger detection. This opens the possibility to ef-
fectively stacksub-threshold events by either multiplying Bayes factors from
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