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Abstract: Swift has now completed 18 years of mission, during which it discovered thousands of
gamma-ray bursts as well as new classes of high-energy transient phenomena. Its first breakthrough
result was the localization of short duration GRBs, which enabled for redshift measurements and
kilonova searches. Swift, in synergy with the Hubble Space Telescope and a wide array of ground-based
telescopes, provided the first tantalizing evidence of a kilonova in the aftermath of a short GRB. In
2017, Swift observations of the gravitational wave event GW170817 captured the early UV photons
from the kilonova AT2017gfo, opening a new window into the physics of kilonovae. Since then, Swift
has continued to expand the sample of known kilonovae, leading to the surprising discovery of a
kilonova in a long duration GRB. This article will discuss recent advances in the study of kilonovae
driven by the fundamental contribution of Swift.
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1. Introduction

Kilonovae are a new class of luminous (Lpk ≈ 1040−41 erg s−1) astrophysical transients
powered by the radioactive decay of heavy elements [1,2]. These heavy nuclei are synthe-
sized during the rapid decompression of dense and neutron-rich material ejected from
compact binary mergers, composed either by two neutron stars (NSs) [3–8] or by a NS
and a black hole (BH) [9–16]. These mergers are loud sources of gravitational wave (GW)
radiation [17] and progenitors of short-lived flashes of high-energy radiation, known as
gamma-ray bursts (GRBs) [18–21]. Therefore, kilonovae are expected to accompany GW
sources detected by ground-based interferometers as well as GRBs, especially those of
short (<2 s) duration. The key observational features of a kilonova are its red color [22,23]
and fast evolving timescales (∼day to ∼week), which distinguish it from the plethora of
astrophysical transients [24,25].

The Neil Gehrels Swift mission (hereafter Swift) [26] played a fundamental role in the
discovery and characterization of the first kilonovae. Swift, launched on 20 November 2004,
was primarily designed to chase GRBs and localize their rapidly fading afterglow [27–29].
The satellite is equipped with a wide-field hard X-ray (15–150 keV) monitor, the Burst
Alert Telescope (BAT) [30], that continuously scans the sky searching for new bursts. Once
a GRB is discovered, the satellite rapidly slews to its position and, within a couple of
minutes, begins observations in the X-ray, ultraviolet (UV) and optical bands with its
narrow field instruments, the X-ray Telescope (XRT) [31] and the UltraViolet/Optical
Telescope (UVOT) [32], respectively. This strategy has led to the accurate localization of
thousands of GRBs and, in particular, was key to localize short duration GRBs, measure
their distance scale, and enable searches for kilonovae with sensitive optical and near-
infrared facilities [33,34].

The identification of kilonovae in a sample of nearby short GRBs [35–41] provides
direct evidence that these bursts are produced by the merger of two compact objects. Unex-
pectedly, signatures of kilonova emission were also found in a small number of nearby long
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GRBs [42–48], upending the standard paradigm that links the GRB duration to its progeni-
tor system. In fact, the canonical classification of GRBs in two phenomenological classes,
long duration/soft spectrum bursts and short duration/hard spectrum bursts [49], is often
translated into a dichotomy of their progenitor systems, collapsing massive stars and NS
mergers, respectively. Whereas this tidy scheme seems to hold for the majority of events,
the large sample of well-localized Swift bursts demonstrated that each phenomenological
class is a heterogeneous mix of different astrophysical phenomena involving both young
and evolved stellar populations [50].

In addition to its premiere role in GRB studies, Swift naturally became a workhorse
facility for the follow-up of GW sources thanks to its multi-wavelength coverage, rapid
response and flexible schedule. Thus far, Swift observations of GW sources were performed
either as rapid large-scale tiling of GW error regions or as single pointings of candidate
counterparts identified by other facilities [51–55]. This led to the detection of the early
UV emission from the kilonova AT2017gfo [54], associated with the binary NS merger
GW170817 [56].

As the sensitivity of the GW detectors improves and the rate of detectable events (as
well as their distance from us) increases, the detection and identification of the associated
kilonova emission becomes a daunting task (e.g., [57]). The ideal scenario would be for BAT
to trigger on a gamma-ray transient associated with the GW source. This could be either the
standard prompt GRB emission, if the GRB outflow is pointed toward Earth (on-axis), or a
weaker high-energy signal, if the outflow is misaligned (off-axis) as in the case of GW170817.
Shock-breakout flares [58,59], precursors [60], and temporally extended emission [61] could
be visible from a wider range of viewing angles, and potentially aid gamma-ray monitors in
the discovery of off-axis explosions. A BAT trigger would deliver an arcminute localization
of the GW transient and initiate sensitive observations at X-ray and UV/optical wavelengths
with Swift’s narrow field instruments. These early-time observations have great diagnostic
power. X-rays probe the non-thermal radiation from the fastest ejecta and can place initial
constraints on the relativistic outflow and its orientation [54,62–64]. As demonstrated by
the case of GW170817, they are also essential to estimate the afterglow contribution at lower
energies, thus aiding in the kilonova identification. Moreover, during the first few hours
after the merger, the kilonova emission from the hot, sub-relativistic ejecta peaks at UV and
optical wavelengths. Its luminosity depends on the ejecta composition and morphology,
and is sensitive to the nature of the merger remnant and the properties of the relativistic
outflow [65–71]. Joint GW/BAT triggers, although expected to be rare, would provide us
with a treasure trove of information on infant kilonovae that is unlikely to be collected
through standard GW follow-up.

In this paper, I will review recent advances in the study of kilonovae driven by the
contribution of Swift. Section 2 focuses on Swift observations of GW sources with particular
regard to the UVOT detection of the kilonova AT2017gfo. Section 3 discusses the discovery
and status of kilonovae associated with GRBs.

2. Kilonovae Associated with Gravitational Wave Counterparts

In its early years, Swift operated during the observing runs of the Laser Interfer-
ometer Gravitational-Wave Observatory (LIGO) in its initial configuration (November
2005–September 2007) and enhanced configuration (July 2009–October 2010). During the
latter run, Swift performed the first follow-up observations of candidate GW sources [72],
but none of the candidates turned out to be a real astrophysical event and no electromag-
netic counterpart was found.

Thanks to an increased sensitivity, Advanced LIGO, followed a couple of years later
by Advanced Virgo, ushered in a new era of gravitational wave astronomy which began
with the discovery of the first binary BH merger (GW150914; [73]) and culminated with the
first multi-messenger observations of a binary NS merger (GW170817; [74]). Unfortunately,
at the time of the merger, the location of GW170817 was occulted by the Earth and its
associated GRB170817A could not be seen by the BAT. Nonetheless, Swift responded to the
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alert and began observations of the field within 1 h since the GW trigger, first by tiling the
probability peak of the GRB localization, then by targeting known nearby galaxies within
the refined GW localization [54,75]. However, none of these early observations covered
NGC4993, the host galaxy of the GW source.

As the first candidate counterparts from ground-based imaging were publicly released,
Swift began pointed observations of the most promising sources, and ultimately settled
for the target Swope Supernova Survey 17a [76], later confirmed to be the counterpart of
GW170817 and dubbed AT2017gfo.

XRT and UVOT observations of AT2017gfo began 0.6 d after the GW trigger, providing
key spectral information for the classification of the transient. Swift/UVOT detected a bright
UV and optical counterpart (Figure 1) characterized by a rapid temporal decay, Fν ∝ t−1.1,
and a steep spectral index, Fν ∝ ν−4. These properties are different from those observed
at optical and nIR wavelengths. The steep spectral index and chromatic behavior are not
typical of GRB afterglows at this stage of their evolution. An afterglow origin was further
disfavored by the lack of an X-ray counterpart down to a 3 σ limit of .10−13 erg cm−2 s−1

at 1 d post-merger [54].
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Figure 1. Swift/UVOT light curves of the kilonova AT2017gfo associated with the GW transient
GW170817 [54]. Data are corrected for Galactic extinction along the line of sight, and compared with
a range of temporal models. An empirical power-law function is used to illustrate the decay of the
u and w1 measurements. Three possible kilonova models were compared to the m2 data: one with
light r-process elements (solid line), one with light and heavy r-process elements (shaded area), and
one including the effects of jet/ejecta interactions (dashed line).

The early behavior of AT2017gfo is instead well described by a thermal spectrum with
temperature T ≈ 7300 K at 0.6 d and emitting radius R ≈ 6× 1014 cm at 0.6 d [54]. According
to this model, the bolometric luminosity of the blackbody component is Lp ≈ 6× 1041 erg s−1

and its peak is tp . 0.6 d. These two quantities can be used for a rough estimate of the
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ejecta physical properties, such as its total mass Mej and expansion velocity vej, using a
simple analytical model [77,78]:

Mej ≈ 0.015M�

(
Lp

6× 1041 erg s−1

)(
tp

0.6 d

)α

(1)

vej ≈ 0.3 c
(

κ

0.3 cm2 g−1

)( Mej

0.015M�

)(
tp

0.6 d

)−2
(2)

where α ≈ 1.3 is the nuclear energy generation rate [5,79] and κ is the opacity of the ejecta,
which must be low in order to explain the bright UV emission.

If entirely powered by radioactive decay energy, the luminosity and timescale of the
UV emission imply a relatively large mass (≈0.015 M�) of fast-moving (≈0.3c) low-opacity
ejecta, hard to explain through the standard channels of mass ejection in compact binary
mergers [4,6,80,81]. Although a widespread consensus interprets the UV counterpart
of GW170817 as kilonova emission, these results appear in tension with our common
understanding of NS mergers. Viewing angle effects and uncertainties in the heating rate
could alleviate this discrepancy [82,83]. Alternatively, the UV/optical luminosity could be
boosted if the merger ejecta gets re-energized either by a long-lived NS remnant [84] or by
its interactions with the relativistic outflow [65,70].

Early time UV observations of infant kilonovae would be crucial to distinguish be-
tween different models and probe the ejecta composition [67,71]. This is illustrated in
Figure 1 where the UVOT m2 light curve of AT2017gfo is compared with different kilo-
nova models. The effects of jet/ejecta interactions would make the kilonova look bluer
and brighter (dashed line) than basic radioactively powered models (solid line). Heavy
r-process elements, if present, would instead suppress the UV emission, leaving detectable
imprint in the kilonova light curve and spectrum [66,67]. Swift/UVOT observations of
future GW counterparts can potentially fill this knowledge gap if an accurate localization
is promptly available. Imaging of the kilonova in its early stages would distinguish be-
tween pure radioactive models and those requiring an additional energy source. However,
spectroscopy is ultimately necessary to characterize the ejecta composition, e.g., [85–88].
The predicted range of kilonova luminosities and distance scales are not within the reach
of the UVOT grism spectrograph [89], and would require ultra-rapid observations with
the Hubble Space Telescope (HST). In the immediate future, the ideal scenario to make these
observations possible would be a joint GW/BAT trigger, capable of delivering a precise
position of the GW source within minutes. In the longer term, the launch of a wide-field UV
monitor, such as the Ultraviolet Transient Astronomy Satellite (ULTRASAT) [90], would
increase the prospects for an early kilonova detection [91].

3. Kilonovae Associated with Short GRBs

One of the most enduring notion in the GRB field is that bursts of short duration are
produced by mergers of compact objects. This link was spectacularly demonstrated by the
detection of GW170817 and its associated short duration GRB170817A [74]. In its first 18
years of mission (2004–2022), Swift has detected over 130 short-duration, hard-spectrum
GRBs. These are defined by the criteria T90 < 2 s and HR > 1, where the duration T90 is
the time interval over which 90% of the broadband (15–150 keV) fluence is measured, and
the hardness ratio HR is the fluence ratio between the hard band (100–150 keV) and the
soft (50–100 keV) band [92,93]. This legacy dataset is the most valuable tool to probe the
properties of compact binary mergers and their associated kilonovae across cosmic time.

Of the ∼130 short hard GRBs observed by Swift, ≈70% were localized by the XRT, and
only 7% were also detected in at least one of the Swift/UVOT filters, typically the broad
white filter. These UVOT-detected short bursts have inferred redshifts in the range between
0.111 [94] and 2.609 [95] with a median of z ≈ 0.9, consistent with the general population
of short GRBs [96].
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3.1. Kilonovae in the Nearby Universe

The discovery of GRB170817A and its delayed X-ray afterglow [64,97] showed that
the local population of NS mergers would likely appear as low-luminosity short GRBs
with no bright X-ray counterpart at early times. Thus, archival data from Swift were re-
analyzed in a new light in an attempt to find local bursts similar to GRB170817A. This led
to the identification of GRB150101B as a possible cosmological analogue [40], characterized
by a late-peaking afterglow and an early optical emission consistent with a bright blue
kilonova (Figure 2). Its prompt gamma-ray properties were also considered similar, in some
aspects, to GRB170817A [98]. Its low gamma-ray energy and long lived X-ray emission are
characteristic traits of a GRB jet seen far from its axis (off-axis).
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Figure 2. Optical (blue circles) and X-ray (black squares) light curves of GRB150101B [40]. Downward
triangles are 3 sigma upper limits. At early times, the optical emission lies above the afterglow model
(dashed lines), and is consistent with a kilonova excess (shaded area).

Modeling of the X-ray afterglow points to an energetic jet (Ek,iso ≈ 1053 erg) with a
narrow core (θc ≈ 3 deg), seen from an angle of θv ≈ 13 deg [40]. For comparison, the
viewing angle inferred for GRB170817A is approximately 20-25 deg [63,97,99]. This model
shows that the afterglow contribution at optical wavelengths is sub-dominant at t . 2 d
(dashed lines, Figure 2), suggesting that the observed optical counterpart is mostly powered
by kilonova emission (shaded area, Figure 2). The candidate kilonova in GRB150101B has
an optical luminosity Lo ≈ 2× 1041 erg s−1 at 1.5 d, that is roughly 2 times brighter than
AT2017gfo at the same epoch. It provided the first evidence, later confirmed by other short
GRBs (Section 3.2), that the early blue emission of AT2017gfo is not unusual and could
be a rather common component of kilonovae. However, as in the case of AT2017gfo, this
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luminous optical emission implies a massive (&0.02 M�) low-opacity (κ . 1 cm2 g−1)
ejecta in rapid expansion (&0.15c), whose origin is not fully understood.

Based on the experience of GRB170817A and GRB150101B, subsequent searches for off-
axis afterglows mainly focused on short GRBs without an early X-ray detection [100–102],
as this sample could potentially harbor other off-axis short GRBs in the nearby universe.
A third of Swift short bursts lack an X-ray counterpart, and are localized by BAT with an
accuracy of a few arcminutes. These BAT localizations were cross-correlated with galaxy
catalogs, e.g., [103] and, in a handful of cases, were found to intercept a known nearby
galaxy. In general, the BAT localization error is too large to robustly identify the GRB host
galaxy. However, the number of matches between short GRBs with no X-ray afterglow and
nearby galaxies is slightly higher than the value expected from spurious alignments [101],
the probability to recover the same number of matches by chance being ≈2%. This lends
support to the hypothesis that at least some of these GRBs were hosted in nearby galaxies,
constraining the local event rate to .160 Gpc−3 yr−1 [101]. Among the candidate local
GRBs, a notable example is the short duration (T90 ≈ 0.6 s) GRB190610A [104], which
occurred during operations of the two LIGO detectors and was localized by BAT close to a
nearby (≈165 Mpc) galaxy. Unfortunately, the target’s position was too close to the Sun
and could not be promptly observed. It was also not optimal for GW detectors, which only
reached a distance horizon of 63 Mpc for a NS merger progenitor [105].

Thus far, these tentative associations between GRBs and local galaxies were not con-
firmed by any other observational evidence. In particular, no evidence for a bright kilonova
was found in archival data, either from Swift/UVOT or ground-based imaging [101]. The
available limits are sparse and mostly obtained in the UV/optical range, thus are not suffi-
cient to rule out the presence of a kilonova fainter or redder than AT2017gfo. Long-term
radio monitoring of these bursts can potentially constrain their distance scale by detecting
the late-time synchrotron afterglow arising from the interaction of the kilonova ejecta with
the surrounding medium [100,102,106–109].

Explosions seen slightly off-axis, like GW170817, are the most promising targets
for studying the early kilonova behavior, which is otherwise outshone by the standard
afterglow. As Swift continues to operate and new facilities, such as SVOM (Space-based
multi-band astronomical Variable Objects Monitor; [110]) and Einstein Probe [111], come
online, observing campaigns targeting candidate off-axis GRBs could confirm their local
origin and identify their kilonovae.

3.2. Kilonovae at Cosmological Distances

The majority of Swift short bursts lie at cosmological distances, where events like
GRB170817A are too faint to be detected. Therefore, the observed population is dominated
by on-axis explosions, that is those with a relativistic jet pointing toward Earth. Detection
of the non-thermal afterglow emission from this jet enables for a rapid and accurate GRB
localization [33]. However, the bright afterglow tends to outshine any other emission com-
ponent at all wavelengths, and represents one of the main challenges in the identification of
a kilonova. Other factors affecting the search for kilonovae are the presence of dust along
the sightline, contamination from the host galaxy light, and the GRB distance scale. Their
effect is discussed in more detail below.

Dust extinction is estimated through the study of the UV/optical and near-infrared
(nIR) afterglow spectral energy distribution (SED). The afterglow is characterized by a
broadband synchrotron spectrum, which, over a narrow energy range, can be approximated
as a power-law function, Fν ∝ ν−α. On its way to us, the intrinsic power-law shape is
modified by dust effects, which mainly suppress the UV and optical flux. Therefore, the
amount of extinction AV along the line of sight can be measured by comparing the observed
spectral shape with the expected power-law model (e.g., [112–114]). Due to the faintness of
short GRB afterglows, the available dataset is sparse and allows for a direct measurement
of AV in just a few cases (e.g., [94,115–121]).



Universe 2023, 9, 245 7 of 24

An indirect inference of the dust content along the sightline can be derived from
X-ray spectroscopy [122,123]. Soft X-rays are absorbed by the intervening gas, generally
quantified in terms of the equivalent hydrogen column density NH . This measurement
can be related to the optical extinction by assuming a gas-to-dust ratio comparable to the
Galactic one, NH ≈ 2.69× 1021 AV [124].

The distribution of extinction values, calculated with both these methods, is reported
in Figure 3, and shows that a modest amount of dust is present in short GRB environments.
This is sufficient to redden the optical spectrum as kilonovae do. Therefore, a red color
of the GRB afterglow does not represent unambiguous evidence for a kilonova: two or
more epochs of multi-color observations are crucial to track the spectral evolution and
disentangle the effects of dust from a genuine kilonova.
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Figure 3. Dust extinction in GRB afterglows. Triangles show upper limits (leftward) and lower limits
(rightward). Data for long GRBs were taken from [125].

The GRB location within its host galaxy is another factor affecting the identification
of kilonovae. This observational bias disfavors the detection of kilonovae in the inner
galactic regions in two ways. First, contamination from the galaxy’s light is higher in
these regions and affects our practical capabilities to resolve the transient against the
background. Second, according to the canonical fireball model [19,29,126], the afterglow
brightness depends on the density of the surrounding environment as ∝ n1/2

0 , which tends
to be higher near the galactic core [127,128]. Indeed, the sample of short GRB afterglows
displays a trend of brightness versus galactocentric offset [96] and, as mentioned above,
bright afterglows hinder the identification of kilonovae. Fortunately, short GRBs are widely
spread around their galaxies, and only about one third is located within 0.5” from the
galaxy’s center [34,96,129].
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Finally, a major obstacle in the discovery of new kilonovae has been the GRB distance
scale. Bright kilonovae can be detected with HST up to z ∼ 0.5, whereas ground-based
telescopes can probe them up to z . 0.25. Although the median redshift typically quoted
for short GRBs is z ∼ 0.5, this value is derived from measured redshifts and only places
a lower limit to the true distance distribution of short GRBs: most bursts with unknown
redshift are likely harbored in distant (z & 1) galaxies [96,130] for which spectroscopic
measurements are often unsuccessful. When accounting for this population of events, the
median distance scale of short GRBs tends to z ≈ 1. Therefore, only a small fraction of
bursts are sufficiently close for a kilonova detection. For instance, during Swift’s lifetime,
approximately 100 short GRBs were localized to arcsecond accuracy, but only ≈20 events
were found at z. 0.5, and less than 10 at z< 0.25. A list of these bursts and their properties
is reported in Table 1.

Table 1. Swift short GRBs at z . 0.5. Bursts are grouped in two samples based on the robustness of
their association with a host galaxy.

GRB Redshift 1 Comment

Group 1

051221A 0.5464 Afterglow dominated
070724A 0.4571 Dust obscured
080905A 0.1218 Possible kilonova
130603B 0.3565 Candidate kilonova
140903A 0.3510 Afterglow dominated
150101B 0.1341 Candidate kilonova
160821B 0.1613 Candidate kilonova
170428A 0.454 Afterglow dominated
200522A 0.5541 Afterglow dominated

Group 2

050509B 0.225 No OT
060502B 0.258 No OT
061201 0.111/0.084 Hostless/Possible kilonova
070809 0.218/0.473 Hostless/Possible kilonova
090515 0.403 Hostless/Possible kilonova

100206A 0.4068 No OT
100625A 0.452 No OT
101224A 0.4536 No OT
120305A 0.225 No OT
130822A 0.154 No OT
150120A 0.4604 No OT
150728A 0.461 No OT
160624A 0.4833 No OT
210919A 0.2415 No OT

1 Redshifts were compiled from the literature [33,39,40,94,96,115,116,118,119,129,131–137].

The first group of bursts (Group 1) is characterized by a robust galaxy association,
quantified by the chance coincidence probability Pcc . 2% [138]. The second group of
bursts (Group 2) is characterized by a higher probability of a spurious association, either
because of their larger localization error or because the putative host galaxy lies several
arcseconds away from the GRB position (hostless bursts). The reported redshift is the value
measured for the galaxy with the lowest Pcc, but it cannot be excluded that the true host
is a faint galaxy at higher redshift. If two galaxies have comparable probability to be the
host, then both their redshifts are listed. Although it is unlikely that all the GRB/galaxy
associations in Group 2 are spurious, results based on a single burst should be interpreted
with caution.

In Table 1 we consider candidate kilonovae those cases with a robust redshift measure-
ment and a significant optical/nIR excess above the non-thermal afterglow. Other cases
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in which the optical luminosity falls within the kilonova range are considered possible
kilonovae. However, uncertainties in the distance scale or in the afterglow contribution
prevent a clear identification of the kilonova component.

The rest-frame optical and near-infrared light curves of these bursts are shown in
Figures 4 and 5, respectively. For comparison, the light curve of the kilonova AT2017gfo is
also shown.

GRB070724A
GRB130603B
GRB140903A
GRB051221A
GRB170428A
GRB200522A
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GRB150101B
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no OT
GRB061201
GRB070809
GRB090515

Ab
so

lu
te

 m
ag

ni
tu

de
  M

r(A
B)

−24

−22

−20

−18

−16

−14

Time [d]
0.1 1

Figure 4. Optical light curves of nearby short GRBs. Bursts with bright afterglows are indicated by the
squared symbols. Solid lines show the best fit afterglow model from multi-wavelength observations.
Optical counterparts with a possible kilonova contribution are shown by the circles. Hostless GRBs
are indicated with bulls-eye symbols. Downward triangles are 3 sigma upper limits. Empty symbols
refer to GRBs with no optical counterpart.
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Figure 5. Near-infrared light curves of nearby short GRBs. The available measurements are few
and sparse. Only two short GRBs have late-time detections in the nIR: GRB130603B (squares) and
GRB160821B (circles). Downward triangles are 3 sigma upper limits. Empty symbols refer to GRBs
with no optical counterpart. Dotted lines show the best fit afterglow model from multi-wavelength
observations. As an illustrative example of a bright afterglow, we report the model of GRB051221A
extrapolated from the X-ray and optical data [119,139].

Short GRBs are often observed using the r or i filters, therefore the optical light curves
were directly derived from the available dataset. After correcting for Galactic extinction
in the burst direction [140], the k-correction to rest-frame r-band was calculated using the
redshift reported in Table 1 and the observed spectral slope [141], then a correction for
intrinsic extinction at the GRB site was estimated using a Milky Way extinction law [142].
If the optical counterpart was detected only in one filter, a spectral slope of 0.6 was used
for the k-correction, and no correction for the unknown intrinsic extinction was applied.
Coverage at near-infrared wavelengths is sparser and often consists of upper limits. When
no detection was available, the nIR light curve was extrapolated from the optical and X-ray
data using the measured spectral slope.

At optical wavelengths, AT2017gfo is characterized by an early peak, Mr ∼ −16 at
about 12 h [76,143–145], and fast evolving timescales. In some nearby (z ≈ 0.2) GRBs,
the optical emission falls in the range of kilonova luminosities and can be used to con-
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strain the kilonova properties. A diverse range of behaviors emerges from these obser-
vations: a possible kilonova component is visible in 6 short GRBs (∼30%) although only
one event (GRB160821B) closely resembles AT2017gfo [116]. In the case of GRB061201,
GRB080905A and GRB070809, the observed light curve, if powered by a kilonova, would
require earlier peak times and a faster decay rate than AT2017gfo. In a few bursts (∼10%),
including GRB050509B and GRB130822A, deep optical limits rule out a kilonova similar to
AT2017gfo [33,146]. In all other cases (∼60%), the limits are unconstraining either due to
the bright afterglow or to the shallow depth of the observations. In particular, no useful
constraint is derived for z & 0.2. Exploring kilonovae at farther distances would require a
combination of rapid reaction timescales (.1 d) and depth (.27 AB mag), achievable with
the next generation of ground-based telescopes.

Searches in the near-infrared appear more promising. The kilonova peaks a few days
after the merger when the afterglow has significantly faded. The outflow collimation,
which determines the time of the jet-break, plays a significant role in shaping the late-time
afterglow evolution. Bursts with bright afterglows and late jet-breaks, like GRB051221A
(dotted gray line in Figure 5), are not suitable for kilonova searches. GRB130603B instead
was a good target because of its early jet-break at ∼0.5 days. Kilonovae span a range of nIR
luminosities: from GRB130603B, which is brighter than AT2017gfo by a factor of ≈2 (solid
black line in Figure 5), to GRB160821B, which is fainter than AT2017gfo by a factor of ≈2
(note that the data in Figure 5 include both the afterglow and the kilonova contribution).
The only other useful constraint comes from GRB160624A [115], which rules out a kilonova
as bright as AT2017gfo.

Despite sustained efforts over the last decade, the available nIR dataset for short GRBs
remains limited. Even for the closest events at z ≈ 0.1, the range of kilonova luminosities is
challenging for any ground-based observatories. However, it is within reach of space-based
facilities such as HST, JWST, and the planned Roman Space Telescope. The detections of
GRB130603B and GRB160821B as well as the constraining upper limit from GRB160624A
were all obtained by HST. The advent of JWST can potentially accelerate progress in
this area. Thanks to its unprecedented sensitivity, JWST can detect a kilonova similar to
AT2017gfo up to z ∼ 1, thus allowing us to probe several short GRBs per year rather than
one every few years. However, these observations would require reaction timescales of 2–3
days and are therefore limited by the small number of disruptive Targets of Opportunity.

In order to derive constraints on the ejecta mass, composition, and velocities, each
event was compared to a broad grid of simulated kilonova light curves [68]. These models
include emission from two components: a toroidal-shaped (T) outflow with low electron
fraction Ye, which represents the robust r-process composition of dynamical ejecta; and a
high-Ye component with either spherical (S) or poloidal (P) geometry to reproduce a wind
outflow. The latter includes two possible compositions, one with Ye = 0.37 (wind1) and a
second one with Ye = 0.27 (wind2). Due to the presence of a gamma-ray signal, viewing
angles that are far off-axis (θv > 20◦) were not included. A total of 1800 simulations were
compared to the data adding a 1 mag systematic error to account for uncertain opacities
and nuclear physics. The results of this comparison are summarized in Figure 6.

Existing kilonovae candidates and possible kilonovae from short GRBs tend to favor
large wind ejecta masses (&0.01 M�), whereas upper limits place only mild constraints
(.0.03 M� at the 90% confidence level). The velocity of the wind ejecta is not well con-
strained in most cases. As expected, GRBs with a possible early onset of the kilonova
(e.g. GRB061201, GRB070809) favor larger velocities (≈0.15c). A slight preference for the
spherical wind geometry (TS) is observed, although both morphologies can adequately
reproduce the dataset.

The existing sample is mostly driven by optical observations acquired at early times
(.7 d), thus the properties of the low-Ye outflow (dynamical ejecta) are only loosely con-
strained and are not reported in Figure 6. Furthermore, no preference is found for any of
the two compositions of the wind outflow. Therefore, whereas short GRBs confirm that
kilonovae and light r-process production commonly take place in NS mergers, the existing
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dataset is not sufficient to constrain the presence of elements heavier than A & 130 (second
and third-peak r-process elements). These studies would greatly benefit from observations
in the nIR band (rest-frame) capable of tracking the kilonova emission on longer timescales.
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Figure 6. Comparison between short GRBs observations and kilonova simulations [67,68,82]. Top:
Schematics of the two morphologies including a toroidal (T, red) component and a spherical (S) or
peanut-shaped (P) wind (blue). The TS morphology is slightly preferred by the data. Bottom: fraction
of kilonova lightcurves consistent with the observational constraints for each GRB in the sample.
Simulations were ran for five possible values of ejecta mass (0.001, 0.003, 0.01, 0.03, and 0.1 M�; left)
and three velocities (0.05, 0.10, and 0.15 c; right). Each bin corresponds to the set of simulations with
the described parameters. The color is proportional to the fraction of allowed models in that bin, as
indicated by the color scale.

Below short GRBs with a possible kilonova component are discussed in more detail.
GRB130603B: this event provided the first evidence for a late-time infrared signal,

brighter and redder than any afterglow models [37,41,117,147]. Three key factors con-
tributed to the discovery: the early-time multi-color observations, which constrained the
afterglow colors and the amount of dust along the sightline; the rapid fading of the bright
non-thermal afterglow; the late-time HST observations, which were essential to detect the
nIR excess. Although the dataset, consisting of a single detection in the F160W filter (broad
H), is limited and does not rule out alternative models, such as dust echoes [148,149], the
kilonova is generally considered the most likely explanation. If interpreted as a kilonova,
the nIR emission would be more luminous than AT2017gfo at a similar epoch and require a
large mass of ejecta (&0.03 M�; Figure 6).

This candidate kilonova was also associated with a late-time X-ray signal, in excess
to the standard afterglow [117]. However, this measurement, based on XMM-Newton
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observations, was possibly contaminated by a neighbooring X-ray source, visible in
archival Chandra observations (ObsIDs 22400 and 23160, PI: Fong) and located at RA,
Dec (J2000) = 11:28:48.34, +17:04:07.23. This is approximately 10′′ from the GRB posi-
tion and within the typical resolution of the EPIC/pn camera aboard XMM-Newton. The
observed X-ray flux of this source is 1.4+0.8

−0.6×10−15 erg cm−2 s−1 and comparable to the
flux measured by XMM-Newton a few days after the GRB. This significantly weakens the
evidence for late-time X-ray emission associated with kilonovae.

GRB160821B: a rich multi-wavelength dataset, including X-ray, radio, optical and nIR
imaging, allowed for a detailed modeling of its non-thermal afterglow and the identification
of a red excess in its light curve [37–39,150,151]. This event was studied by different groups
and, although the methodologies were different, the general consensus is that the observed
infrared counterpart is due to a kilonova. The color and timescales match the evolution
of AT2017gfo. An optical excess consistent with a blue kilonova is marginally detected at
early times. To date, GRB160821B remains one of the best sampled kilonova light curves
in a short GRB, and allows for tight constraints on the ejecta properties. Its comparison
with kilonova simulations [68] yields Mw ≈ 0.01 M� and Md ≈ 0.003 M� for the wind and
dynamical ejecta, respectively.

GRB061201: this event displays a shallow decay of the optical counterpart and
marginal evidence for spectral evolution, from βOX = 0.50 ± 0.10 at 1 h to βOX = 0.82
± 0.15 at 10 h [94]. The main uncertainty in the interpretation of this feature is the GRB
distance scale. The only direct constraint on the redshift, z . 1.5, comes from the detection
of the UV counterpart and leaves open several interpretations: a distant burst at z ≈ 1, a
nearby burst in the intra-cluster environment at z = 0.084, or a nearby burst kicked out of
its host galaxy at z=0.111. In the latter two cases, the observed spectral change could be
interpreted as a faint and blue kilonova on top of the standard afterglow [35,36].

GRB070809: the optical counterpart of this burst displays a red color (g− R ≈ 1), and
appears brighter than the extrapolation of the non-thermal X-ray emission. This provides
some evidence for a kilonova component [36]. Also in this case, the true GRB distance scale
is uncertain, and the kilonova model holds only if the GRB is relatively close, favoring the
association with the spiral galaxy at z ∼ 0.2, located 5.9′′ away from the GRB position [118].
However, a single epoch of multi-color observations is not sufficient to rule out other
explanations, such as a high-redshift and/or dusty environment. Multi-epoch observations
are critical to detect the rapid color variation of kilonovae and rule out other options.

GRB080905A: its optical counterpart is generally interpreted as standard afterglow [131].
However, given the fast decay rate of the early X-ray emission (FX ∝ t−2.4) and the lack of an
X-ray detection after 1000 s, the afterglow contribution at late times remains unconstrained.
It cannot be excluded that the optical counterpart is powered, at least in part, by a kilonova
fainter than AT2017gfo. The lack of X-ray and nIR constraints at late times prevents a firm
conclusion. Its low optical luminosity favors a low mass of wind ejecta (Mw . 0.003 M� in
68% of the simulations). However, an additional factor of uncertainty is introduced by the
GRB distance scale. Although the chance alignment between GRB080905A and the nearby
spiral galaxy is small (Pcc≈ 1%), a faint (F160W≈ 26 AB mag) galaxy lies only 0.7 arcsec
away, and has a comparably low Pcc≈ 8% [129].

GRB090515: like GRB080905A, this burst is characterized by a fast-fading X-ray
afterglow (FX ∝ t−9) and a weak optical counterpart [152]. Due to the limited dataset and
uncertain distance scale, the nature of the optical emission (afterglow or kilonova) remains
unclear. If placed at redshift z ∼ 0.403, its optical luminosity is comparable to AT2017gfo
and implies Mw ≈ 0.01–0.03 M� in 85% of the simulations.

4. Kilonovae Associated with Hybrid Long GRBs

Swift observations were pivotal to identify a new class of GRBs with hybrid high-
energy properties [61,153]. These bursts display a long lasting (>>2 s) prompt gamma-ray
emission, but share many other features typical of short GRBs, such as a negligible spectral
lag [154] and a short variability timescale [155]. A distinctive feature of these bursts is



Universe 2023, 9, 245 14 of 24

the morphology of their gamma-ray light curve, composed by a short duration, hard
spectrum burst, followed by a lull, then by a weaker temporally extended and spectrally
soft emission. For this reason, these bursts are often referred to as “short GRBs with
extended emission” [61]. However, not all the examples of hybrid long GRBs fit into this
phenomenological description. The two most notable exceptions are GRB060614 [50,153]
and GRB211211A [42–44,156].

Hints for this subclass of GRBs were found in the BATSE data [61,157], but it is
only thanks to Swift that evidence for their different nature clearly emerged: the lack
of a bright supernova [42,43,158,159] disfavor a massive star progenitor, whereas their
heterogeneous sample of host galaxies as well as their offset distribution link them to older
stellar systems [96,160,161]. The most direct link to compact binary mergers is represented
by the possible kilonova emission in a small sample of nearby bursts [45–48,162,163], and
convincingly identified in GRB211211A [42–44].

The list of nearby hybrid long GRBs and their properties are reported in Table 2.
The duration T90 was calculated in two energy bands: the standard Swift/BAT range
(15–150 keV) and the BATSE range (50–300 keV) used for the traditional GRB classifica-
tion [49]. It shows that most of these bursts would have been classified as standard short
GRBs by BATSE, except for GRB060614 and GRB211211A. The exceptionally bright and
long-lasting gamma-ray phase of these two bursts sets them apart from the population of
short GRBs with extended emission. It remains unclear whether they represent an extreme
manifestation of the same phenomenon or a distinct subclass.

Table 2. Hybrid long GRBs at z . 0.5.

GRB T90 (s)
[15–150 keV]

T90 (s)
[50–300 keV] Redshift 1 Comment

050709 2 155 ± 7 0.7 ± 0.1 0.1606 Possible kilonova
050724A 99 ± 9 0.35 ± 0.13 0.254 Afterglow dominated
060505 ∼4 – 0.0894 Possible kilonova
060614 109 ± 3 87 ± 5 0.1255 Possible kilonova
061006 130 ± 30 0.53 ± 0.10 0.436 Afterglow dominated
061210 85 ± 13 0.06 ± 0.02 0.4095 No OT
071227 140 ± 50 1.5 ± 0.3 0.381 Dust obscured
080123 120 ± 60 0.37 ± 0.02 0.495 No OT

180618A 47 ± 11 1.4 ± 0.3 0.554 Afterglow dominated
211211A 50.7 ± 0.9 42.8 ± 1.3 0.0785 Candidate kilonova

1 Discovered by the HETE-2 satellite [164]. The durations are reported in the 2–25 keV and 30–400 keV energy
bands, respectively; 2 Redshifts were compiled from the literature [34,42,48,165–167].

The small size of the sample (less than half the sample of Table 1) may indicate an
intrinsically low rate of events, or may also reflect the challenging classification of these
bursts. For instance, Table 2 shows a noticeable gap between 2008 and 2018, unlikely to
be a statistical fluctuation. Additional hybrid long GRBs may have been discovered and
misclassified as standard bursts. For example, GRB111005A, GRB210704A, GRB211227A
were discussed in the literature [168–170], and more recently the very bright GRB230307A,
at a putative redshift of 0.065 [171], is being investigated. However, to date, no systematic
search for similar events has been performed.

All the bursts in Table 2 have an X-ray afterglow, and only 2 lack an optical counterpart.
Swift/UVOT detections were reported for GRB180618A [167] and for the three closest
events, namely GRB060505, GRB060614, and GRB211211A. In the latter two cases, the
detection in all 6 UVOT filters (v, b, u, uvw1, uvm2, uvw2) helped constrain the GRB distance
scale (z . 1.5) directly from the afterglow data, and ruled out high values of dust extinction
along the line of sight [42,172]. Swift/UVOT data also helped break the degeneracy between
the low-redshift (z ∼ 0.3) and high-redshift (z ∼ 1) origin of GRB 150424A [36,173], favoring
the latter. For this reason, this GRB is not reported in Table 2.



Universe 2023, 9, 245 15 of 24

Searches for an associated supernova were carried out for half of the sample, and
resulted in non-detections (Figure 7, top panel). For bursts at z < 0.2 the limits are orders
of magnitude fainter than SN1998bw [174] and rule out most known core-collapse SNe.
The rest-frame optical light curves of these bursts are shown in Figure 7 (bottom panel) and
compared to the kilonova AT2017gfo. Among the nearby events, only GRB211211A and
GRB060505 are characterized by luminosities and timescales consistent with AT2017gfo.
High-energy (&100 MeV) emission was detected in coincidence with GRB211211A, and
interpreted either as standard afterglow [175] or external Compton emission of the kilonova
photons [176]. The optical light curves of GRB050709 and GRB060614 are instead longer
lived than AT2017gfo: they include a substantial afterglow contribution, however a possible
red excess was identified at ≈13 d in GRB060614 [46,47] and at ≈7–10 d in GRB050709 [45].
This excess emission, if interpreted as a kilonova, is consistent with models producing hot
and massive (Mej ∼ 0.05–0.1 M�) ejecta in fast (v ∼ 0.2 c) expansion [177].

Events at z > 0.2 display optical counterparts orders of magnitude brighter than
AT2017gfo, and are plausibly dominated by afterglow emission. An alternative possibility
to explain optical luminosities larger than &1042 erg s−1 is energy injection from a long-
lived central engine, which heats up and accelerates the merger ejecta [68,84,162,178,179].
Sustained energy injection could in fact be the culprit of the long lasting gamma-ray
emission characterizing this class of events. If the merger remnant is a highly magnetized
and rapidly spinning NS (magnetar) [180–182], then part of its rotational energy could
be transferred to the ejecta via a neutrino-driven wind emerging from the NS before its
collapse into a BH. The resulting thermal emission would be significantly enhanced and
brighter than transients purely powered by r-process nucleosynthesis. This model, applied
to GRB180618A [167], GRB050724A, and GRB061006A [162], can reproduce their luminous
optical emission for reasonable values of the magnetic field, B ≈ 5× 1015 G, and initial spin
period, P ≈ 3–5 ms. The extreme luminosities implied by some magnetar-powered models
can be constrained with wide-field optical surveys [57]. Indeed, follow-up of gravitational
wave sources already probed a large portion of the allowed parameter space [183,184],
suggesting that they are not the most common outcome of binary NS mergers.
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Figure 7. Top: Optical upper limits for a sample of nearby long duration (T90 > 2 s) GRBs, corrected
for extinction and normalized to the light curve of SN1998bw. Bottom: Optical light curves of nearby
long GRBs with hybrid high-energy properties. Thin solid lines show the afterglow model. The
kilonova AT2017gfo (solid thick line) matches with GRB211211A and GRB060505. Possible kilonova
components were identified in GRB050709 (dashed line) and GRB060614 (dotted line).

5. Conclusions

Over a period of 18 years, Swift carried out landmark observations of GRBs and
their associated kilonovae which had a far-reaching impact in nuclear and high-energy
astrophysics. From the first tantalizing evidence of r-process nucleosynthesis in a short
GRB to the discovery of long duration gamma-ray transients produced by compact binary
mergers, Swift has redefined this field of research.

Its key capability is the rapid and accurate localization of GRBs, which enables for
sensitive searches at optical and near-infrared wavelengths. At cosmological distances,
typical of short GRBs, the XRT has been the main driver of Swift’s discoveries. However,
the UVOT proved to be invaluable to detect the first electromagnetic counterpart of a GW
event. Its observations of luminous UV emission from the kilonova AT2017gfo opened
novel avenues of investigations and offer new prospects for the discovery of future GW
counterparts or, more in general, kilonovae in the nearby Universe.

As the mission continues to operate, its discovery potential will be expanded by the
advent of modern facilities with unprecedented capabilities, such as, for example, the Vera
Rubin Observatory, the James Webb Telescope and the growing network of GW interferometers.
On-going and planned upgrades of the GW detectors are predicted to increase the number
of well-localized (&100 deg2) GW sources by over an order of magnitude [185], thus
increasing the chances for the identification of an EM counterpart. The next observing run
(O4) will begin in May 2023 and is projected to last for approximately 18 months (https:
//observing.docs.ligo.org/plan/, accessed on 15 May 2023), fully overlapping with Swift’s
operations. Prospects for a joint GW/EM detection during O4 remain highly uncertain,
as the expected rate of well-localized NS mergers ranges between 1 and 10 yr−1 [186]. A
tenfold increase in the rate may be achieved with the fifth run (O5), planned to start no
earlier than 2027.
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1. Li, L.X.; Paczyński, B. Transient Events from Neutron Star Mergers. Astrophys. J. Lett. 1998, 507, L59–L62. [CrossRef]
2. Metzger, B.D. Kilonovae. Living Rev. Relativ. 2019, 23, 1. [CrossRef] [PubMed]
3. Baiotti, L.; Rezzolla, L. Binary neutron star mergers: A review of Einstein’s richest laboratory. Rep. Prog. Phys. 2017, 80, 096901.

[CrossRef] [PubMed]
4. Bauswein, A.; Goriely, S.; Janka, H.T. Systematics of Dynamical Mass Ejection, Nucleosynthesis, and Radioactively Powered

Electromagnetic Signals from Neutron-star Mergers. Astrophys. J. Lett. 2013, 773, 78. [CrossRef]
5. Korobkin, O.; Rosswog, S.; Arcones, A.; Winteler, C. On the astrophysical robustness of the neutron star merger r-process. Mon.

Not. R. Astron. Soc. 2012, 426, 1940–1949. [CrossRef]
6. Rosswog, S.; Liebendörfer, M.; Thielemann, F.K.; Davies, M.B.; Benz, W.; Piran, T. Mass ejection in neutron star mergers. Astron.

Astrophys. 1999, 341, 499–526. [CrossRef]
7. Freiburghaus, C.; Rosswog, S.; Thielemann, F.K. R-Process in Neutron Star Mergers. Astrophys. J. Lett. 1999, 525, L121–L124.

[CrossRef]
8. Eichler, D.; Livio, M.; Piran, T.; Schramm, D.N. Nucleosynthesis, neutrino bursts and γ-rays from coalescing neutron stars. Nature

1989, 340, 126–128. [CrossRef]
9. Kyutoku, K.; Ioka, K.; Okawa, H.; Shibata, M.; Taniguchi, K. Dynamical mass ejection from black hole-neutron star binaries. Phys.

Rev. D 2015, 92, 044028. [CrossRef]
10. Foucart, F.; Deaton, M.B.; Duez, M.D.; Kidder, L.E.; MacDonald, I.; Ott, C.D.; Pfeiffer, H.P.; Scheel, M.A.; Szilagyi, B.; Teukolsky,

S.A. Black-hole-neutron-star mergers at realistic mass ratios: Equation of state and spin orientation effects. Phys. Rev. D 2013,
87, 084006. [CrossRef]

11. Shibata, M.; Taniguchi, K. Coalescence of Black Hole-Neutron Star Binaries. Living Rev. Relativ. 2011, 14, 6. [CrossRef] [PubMed]
12. Etienne, Z.B.; Faber, J.A.; Liu, Y.T.; Shapiro, S.L.; Taniguchi, K.; Baumgarte, T.W. Fully general relativistic simulations of black

hole-neutron star mergers. Phys. Rev. D 2008, 77, 084002. [CrossRef]
13. Lee, W.H.; Ramirez-Ruiz, E. The progenitors of short gamma-ray bursts. New J. Phys. 2007, 9, 17. [CrossRef]
14. Rosswog, S. Mergers of Neutron Star-Black Hole Binaries with Small Mass Ratios: Nucleosynthesis, Gamma-Ray Bursts, and

Electromagnetic Transients. Astrophys. J. Lett. 2005, 634, 1202–1213. [CrossRef]
15. Lattimer, J.M.; Schramm, D.N. The tidal disruption of neutron stars by black holes in close binaries. Astrophys. J. Lett. 1976,

210, 549–567. [CrossRef]
16. Lattimer, J.M.; Schramm, D.N. Black-Hole-Neutron-Star Collisions. Astrophys. J. Lett. 1974, 192, L145. [CrossRef]
17. The LIGO Scientific Collaboration; the Virgo Collaboration; the KAGRA Collaboration. GWTC-3: Compact Binary Coalescences

Observed by LIGO and Virgo During the Second Part of the Third Observing Run. arXiv 2021, arXiv:2111.03606.
18. Mészáros, P. Theories of Gamma-Ray Bursts. Annu. Rev. Astron. Astrophys. 2002, 40, 137–169. [CrossRef]
19. Piran, T. Gamma-ray bursts and the fireball model. Phys. Rep. 1999, 314, 575–667. [CrossRef]
20. Narayan, R.; Paczynski, B.; Piran, T. Gamma-Ray Bursts as the Death Throes of Massive Binary Stars. Astrophys. J. Lett. 1992,

395, L83. [CrossRef]
21. Paczynski, B. Cosmological gamma-ray bursts. Acta Astron. 1991, 41, 257–267.
22. Tanaka, M.; Hotokezaka, K. Radiative Transfer Simulations of Neutron Star Merger Ejecta. Astrophys. J. Lett. 2013, 775, 113,

[CrossRef]
23. Barnes, J.; Kasen, D. Effect of a High Opacity on the Light Curves of Radioactively Powered Transients from Compact Object

Mergers. Astrophys. J. Lett. 2013, 775, 18. [CrossRef]
24. Cowperthwaite, P.S.; Berger, E. A Comprehensive Study of Detectability and Contamination in Deep Rapid Optical Searches for

Gravitational Wave Counterparts. Astrophys. J. Lett. 2015, 814, 25. [CrossRef]

https://heasarc.gsfc.nasa.gov
https://www.swift.ac.uk/xrt_products
https://www.swift.ac.uk/xrt_products
https://github.com/BHianca/GRBKN
https://doi.org/10.5281/zenodo.5745556
http://doi.org/10.1086/311680
http://dx.doi.org/10.1007/s41114-019-0024-0
http://www.ncbi.nlm.nih.gov/pubmed/31885490
http://dx.doi.org/10.1088/1361-6633/aa67bb
http://www.ncbi.nlm.nih.gov/pubmed/28319032
http://dx.doi.org/10.1088/0004-637X/773/1/78
http://dx.doi.org/10.1111/j.1365-2966.2012.21859.x
http://dx.doi.org/10.48550/arXiv.astro-ph/9811367
http://dx.doi.org/10.1086/312343
http://dx.doi.org/10.1038/340126a0
http://dx.doi.org/10.1103/PhysRevD.92.044028
http://dx.doi.org/10.1103/PhysRevD.87.084006
http://dx.doi.org/10.12942/lrr-2011-6
http://www.ncbi.nlm.nih.gov/pubmed/28163619
http://dx.doi.org/10.1103/PhysRevD.77.084002
http://dx.doi.org/10.1088/1367-2630/9/1/017
http://dx.doi.org/10.1086/497062
http://dx.doi.org/10.1086/154860
http://dx.doi.org/10.1086/181612
http://dx.doi.org/10.1146/annurev.astro.40.060401.093821
http://dx.doi.org/10.1016/S0370-1573(98)00127-6
http://dx.doi.org/10.1086/186493
http://dx.doi.org/10.1088/0004-637X/775/2/113
http://dx.doi.org/10.1088/0004-637X/775/1/18
http://dx.doi.org/10.1088/0004-637X/814/1/25


Universe 2023, 9, 245 18 of 24

25. Andreoni, I.; Coughlin, M.W.; Kool, E.C.; Kasliwal, M.M.; Kumar, H.; Bhalerao, V.; Carracedo, A.S.; Ho, A.Y.Q.; Pang, P.T.H.;
Saraogi, D.; et al. Fast-transient Searches in Real Time with ZTFReST: Identification of Three Optically Discovered Gamma-Ray
Burst Afterglows and New Constraints on the Kilonova Rate. Astrophys. J. Lett. 2021, 918, 63. [CrossRef]

26. Gehrels, N.; Chincarini, G.; Giommi, P.; Mason, K.O.; Nousek, J.A.; Wells, A.A.; White, N.E.; Barthelmy, S.D.; Burrows, D.N.;
Cominsky, L.R.; et al. The Swift Gamma-Ray Burst Mission. Astrophys. J. Lett. 2004, 611, 1005–1020. [CrossRef]

27. van Paradijs, J.; Groot, P.J.; Galama, T.; Kouveliotou, C.; Strom, R.G.; Telting, J.; Rutten, R.G.M.; Fishman, G.J.; Meegan, C.A.;
Pettini, M.; et al. Transient optical emission from the error box of the γ-ray burst of 28 February 1997. Nature 1997, 386, 686–689.
[CrossRef]

28. Costa, E.; Frontera, F.; Heise, J.; Feroci, M.; in’t Zand, J.; Fiore, F.; Cinti, M.N.; Dal Fiume, D.; Nicastro, L.; Orlandini, M.; et al.
Discovery of an X-ray afterglow associated with the γ-ray burst of 28 February 1997. Nature 1997, 387, 783–785. [CrossRef]

29. Mészáros, P.; Rees, M.J. Optical and Long-Wavelength Afterglow from Gamma-Ray Bursts. Astrophys. J. Lett. 1997, 476, 232–237.
[CrossRef]

30. Barthelmy, S.D.; Barbier, L.M.; Cummings, J.R.; Fenimore, E.E.; Gehrels, N.; Hullinger, D.; Krimm, H.A.; Markwardt, C.B.; Palmer,
D.M.; Parsons, A.; et al. The Burst Alert Telescope (BAT) on the SWIFT Midex Mission. Space Sci. Rev. 2005, 120, 143–164.
[CrossRef]

31. Burrows, D.N.; Hill, J.E.; Nousek, J.A.; Kennea, J.A.; Wells, A.; Osborne, J.P.; Abbey, A.F.; Beardmore, A.; Mukerjee, K.; Short,
A.D.T.; et al. The Swift X-Ray Telescope. Space Sci. Rev. 2005, 120, 165–195. [CrossRef]

32. Roming, P.W.A.; Kennedy, T.E.; Mason, K.O.; Nousek, J.A.; Ahr, L.; Bingham, R.E.; Broos, P.S.; Carter, M.J.; Hancock, B.K.; Huckle,
H.E.; et al. The Swift Ultra-Violet/Optical Telescope. Space Sci. Rev. 2005, 120, 95–142. [CrossRef]

33. Gehrels, N.; Sarazin, C.L.; O’Brien, P.T.; Zhang, B.; Barbier, L.; Barthelmy, S.D.; Blustin, A.; Burrows, D.N.; Cannizzo, J.; Cummings,
J.R.; et al. A short γ-ray burst apparently associated with an elliptical galaxy at redshift z = 0.225. Nature 2005, 437, 851–854.
[CrossRef] [PubMed]

34. Berger, E. Short-Duration Gamma-Ray Bursts. Annu. Rev. Astron. Astrophys. 2014, 52, 43–105. [CrossRef]
35. Rossi, A.; Stratta, G.; Maiorano, E.; Spighi, D.; Masetti, N.; Palazzi, E.; Gardini, A.; Melandri, A.; Nicastro, L.; Pian, E.; et al. A

comparison between short GRB afterglows and kilonova AT2017gfo: Shedding light on kilonovae properties. Mon. Not. R. Astron.
Soc. 2020, 493, 3379–3397. [CrossRef]

36. Jin, Z.P.; Covino, S.; Liao, N.H.; Li, X.; D’Avanzo, P.; Fan, Y.Z.; Wei, D.M. A kilonova associated with GRB 070809. Nat. Astron.
2020, 4, 77–82. [CrossRef]

37. Ascenzi, S.; Coughlin, M.W.; Dietrich, T.; Foley, R.J.; Ramirez-Ruiz, E.; Piranomonte, S.; Mockler, B.; Murguia-Berthier, A.; Fryer,
C.L.; Lloyd-Ronning, N.M.; et al. A luminosity distribution for kilonovae based on short gamma-ray burst afterglows. Mon. Not.
R. Astron. Soc. 2019, 486, 672–690. [CrossRef]

38. Lamb, G.P.; Tanvir, N.R.; Levan, A.J.; de Ugarte Postigo, A.; Kawaguchi, K.; Corsi, A.; Evans, P.A.; Gompertz, B.; Malesani, D.B.;
Page, K.L.; et al. Short GRB 160821B: A Reverse Shock, a Refreshed Shock, and a Well-sampled Kilonova. Astrophys. J. Lett. 2019,
883, 48. [CrossRef]

39. Troja, E.; Castro-Tirado, A.J.; Becerra González, J.; Hu, Y.; Ryan, G.S.; Cenko, S.B.; Ricci, R.; Novara, G.; Sánchez-Rámirez, R.;
Acosta-Pulido, J.A.; et al. The afterglow and kilonova of the short GRB 160821B. Mon. Not. R. Astron. Soc. 2019, 489, 2104–2116.
[CrossRef]

40. Troja, E.; Ryan, G.; Piro, L.; van Eerten, H.; Cenko, S.B.; Yoon, Y.; Lee, S.K.; Im, M.; Sakamoto, T.; Gatkine, P.; et al. A luminous
blue kilonova and an off-axis jet from a compact binary merger at z = 0.1341. Nat. Commun. 2018, 9, 4089. [CrossRef]

41. Tanvir, N.R.; Levan, A.J.; Fruchter, A.S.; Hjorth, J.; Hounsell, R.A.; Wiersema, K.; Tunnicliffe, R.L. A ‘kilonova’ associated with the
short-duration γ-ray burst GRB 130603B. Nature 2013, 500, 547–549. [CrossRef] [PubMed]

42. Troja, E.; Fryer, C.L.; O’Connor, B.; Ryan, G.; Dichiara, S.; Kumar, A.; Ito, N.; Gupta, R.; Wollaeger, R.T.; Norris, J.P.; et al. A
nearby long gamma-ray burst from a merger of compact objects. Nature 2022, 612, 228–231. [CrossRef] [PubMed]

43. Rastinejad, J.C.; Gompertz, B.P.; Levan, A.J.; Fong, W.f.; Nicholl, M.; Lamb, G.P.; Malesani, D.B.; Nugent, A.E.; Oates, S.R.; Tanvir,
N.R.; et al. A kilonova following a long-duration gamma-ray burst at 350 Mpc. Nature 2022, 612, 223–227. [CrossRef]

44. Yang, J.; Ai, S.; Zhang, B.B.; Zhang, B.; Liu, Z.K.; Wang, X.I.; Yang, Y.H.; Yin, Y.H.; Li, Y.; Lü, H.J. A long-duration gamma-ray
burst with a peculiar origin. Nature 2022, 612, 232–235. [CrossRef] [PubMed]

45. Jin, Z.P.; Hotokezaka, K.; Li, X.; Tanaka, M.; D’Avanzo, P.; Fan, Y.Z.; Covino, S.; Wei, D.M.; Piran, T. The Macronova in GRB
050709 and the GRB-macronova connection. Nat. Commun. 2016, 7, 12898. [arXiv:astro-ph.HE/1603.07869].

46. Yang, B.; Jin, Z.P.; Li, X.; Covino, S.; Zheng, X.Z.; Hotokezaka, K.; Fan, Y.Z.; Piran, T.; Wei, D.M. A possible macronova in the late
afterglow of the long-short burst GRB 060614. Nat. Commun. 2015, 6, 7323. [CrossRef]

47. Jin, Z.P.; Li, X.; Cano, Z.; Covino, S.; Fan, Y.Z.; Wei, D.M. The Light Curve of the Macronova Associated with the Long-Short Burst
GRB 060614. Astrophys. J. Lett. 2015, 811, L22. [CrossRef]

48. Ofek, E.O.; Cenko, S.B.; Gal-Yam, A.; Fox, D.B.; Nakar, E.; Rau, A.; Frail, D.A.; Kulkarni, S.R.; Price, P.A.; Schmidt, B.P.; et al. GRB
060505: A Possible Short-Duration Gamma-Ray Burst in a Star-forming Region at a Redshift of 0.09. Astrophys. J. Lett. 2007,
662, 1129–1135. [CrossRef]

49. Kouveliotou, C.; Meegan, C.A.; Fishman, G.J.; Bhat, N.P.; Briggs, M.S.; Koshut, T.M.; Paciesas, W.S.; Pendleton, G.N. Identification
of Two Classes of Gamma-Ray Bursts. Astrophys. J. Lett. 1993, 413, L101. [CrossRef]

http://dx.doi.org/10.3847/1538-4357/ac0bc7
http://dx.doi.org/10.1086/422091
http://dx.doi.org/10.1038/386686a0
http://dx.doi.org/10.1038/42885
http://dx.doi.org/10.1086/303625
http://dx.doi.org/10.1007/s11214-005-5096-3
http://dx.doi.org/10.1007/s11214-005-5097-2
http://dx.doi.org/10.1007/s11214-005-5095-4
http://dx.doi.org/10.1038/nature04142
http://www.ncbi.nlm.nih.gov/pubmed/16208363
http://dx.doi.org/10.1146/annurev-astro-081913-035926
http://dx.doi.org/10.1093/mnras/staa479
http://dx.doi.org/10.1038/s41550-019-0892-y
http://dx.doi.org/10.1093/mnras/stz891
http://dx.doi.org/10.3847/1538-4357/ab38bb
http://dx.doi.org/10.1093/mnras/stz2255
http://dx.doi.org/10.1038/s41467-018-06558-7
http://dx.doi.org/10.1038/nature12505
http://www.ncbi.nlm.nih.gov/pubmed/23912055
http://dx.doi.org/10.1038/s41586-022-05327-3
http://www.ncbi.nlm.nih.gov/pubmed/36477127
http://dx.doi.org/10.1038/s41586-022-05390-w
http://dx.doi.org/10.1038/s41586-022-05403-8
http://www.ncbi.nlm.nih.gov/pubmed/36477130
http://xxx.lanl.gov/abs/1603.07869
http://dx.doi.org/10.1038/ncomms8323
http://dx.doi.org/10.1088/2041-8205/811/2/L22
http://dx.doi.org/10.1086/518082
http://dx.doi.org/10.1086/186969


Universe 2023, 9, 245 19 of 24

50. Zhang, B.; Zhang, B.B.; Liang, E.W.; Gehrels, N.; Burrows, D.N.; Mészáros, P. Making a Short Gamma-Ray Burst from a Long One:
Implications for the Nature of GRB 060614. Astrophys. J. Lett. 2007, 655, L25–L28. [CrossRef]

51. Oates, S.R.; Marshall, F.E.; Breeveld, A.A.; Kuin, N.P.M.; Brown, P.J.; De Pasquale, M.; Evans, P.A.; Fenney, A.J.; Gronwall,
C.; Kennea, J.A.; et al. Swift/UVOT follow-up of gravitational wave alerts in the O3 era. Mon. Not. R. Astron. Soc. 2021,
507, 1296–1317. [CrossRef]

52. Klingler, N.J.; Lien, A.; Oates, S.R.; Kennea, J.A.; Evans, P.A.; Tohuvavohu, A.; Zhang, B.; Page, K.L.; Cenko, S.B.; Barthelmy, S.D.;
et al. Swift Multiwavelength Follow-up of LVC S200224ca and the Implications for Binary Black Hole Mergers. Astrophys. J. Lett.
2021, 907, 97. [CrossRef]

53. Page, K.L.; Evans, P.A.; Tohuvavohu, A.; Kennea, J.A.; Klingler, N.J.; Cenko, S.B.; Oates, S.R.; Ambrosi, E.; Barthelmy, S.D.;
Beardmore, A.P.; et al. Swift-XRT follow-up of gravitational wave triggers during the third aLIGO/Virgo observing run. Mon.
Not. R. Astron. Soc. 2020, 499, 3459–3480. [CrossRef]

54. Evans, P.A.; Cenko, S.B.; Kennea, J.A.; Emery, S.W.K.; Kuin, N.P.M.; Korobkin, O.; Wollaeger, R.T.; Fryer, C.L.; Madsen, K.K.;
Harrison, F.A.; et al. Swift and NuSTAR observations of GW170817: Detection of a blue kilonova. Science 2017, 358, 1565–1570.
[CrossRef] [PubMed]

55. Evans, P.A.; Kennea, J.A.; Palmer, D.M.; Bilicki, M.; Osborne, J.P.; O’Brien, P.T.; Tanvir, N.R.; Lien, A.Y.; Barthelmy, S.D.; Burrows,
D.N.; et al. Swift follow-up of gravitational wave triggers: results from the first aLIGO run and optimization for the future. Mon.
Not. R. Astron. Soc. 2016, 462, 1591–1602. [CrossRef]

56. Abbott, B.P.; Abbott, R.; Abbott, T.D.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.; Addesso, P.; Adhikari, R.X.; Adya, V.B.;
et al. GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral. Phys. Rev. Lett. 2017, 119, 161101.
[CrossRef]

57. Chase, E.A.; O’Connor, B.; Fryer, C.L.; Troja, E.; Korobkin, O.; Wollaeger, R.T.; Ristic, M.; Fontes, C.J.; Hungerford, A.L.; Herring,
A.M. Kilonova Detectability with Wide-field Instruments. Astrophys. J. Lett. 2022, 927, 163. [CrossRef]

58. Lazzati, D.; López-Cámara, D.; Cantiello, M.; Morsony, B.J.; Perna, R.; Workman, J.C. Off-axis Prompt X-Ray Transients from the
Cocoon of Short Gamma-Ray Bursts. Astrophys. J. Lett. 2017, 848, L6. [CrossRef]

59. Bromberg, O.; Tchekhovskoy, A.; Gottlieb, O.; Nakar, E.; Piran, T. The γ-rays that accompanied GW170817 and the observational
signature of a magnetic jet breaking out of NS merger ejecta. Mon. Not. R. Astron. Soc. 2018, 475, 2971–2977. [CrossRef]

60. Troja, E.; Rosswog, S.; Gehrels, N. Precursors of Short Gamma-ray Bursts. Astrophys. J. Lett. 2010, 723, 1711–1717. [CrossRef]
61. Norris, J.P.; Bonnell, J.T. Short Gamma-Ray Bursts with Extended Emission. Astrophys. J. Lett. 2006, 643, 266–275. [CrossRef]
62. Ryan, G.; van Eerten, H.; MacFadyen, A.; Zhang, B.B. Gamma-Ray Bursts are Observed Off-axis. Astrophys. J. Lett. 2015, 799, 3.

[CrossRef]
63. Ryan, G.; van Eerten, H.; Piro, L.; Troja, E. Gamma-Ray Burst Afterglows in the Multimessenger Era: Numerical Models and

Closure Relations. Astrophys. J. Lett. 2020, 896, 166. [CrossRef]
64. Troja, E.; Piro, L.; van Eerten, H.; Wollaeger, R.T.; Im, M.; Fox, O.D.; Butler, N.R.; Cenko, S.B.; Sakamoto, T.; Fryer, C.L.; et al. The

X-ray counterpart to the gravitational-wave event GW170817. Nature 2017, 551, 71–74. [CrossRef]
65. Nativi, L.; Bulla, M.; Rosswog, S.; Lundman, C.; Kowal, G.; Gizzi, D.; Lamb, G.P.; Perego, A. Can jets make the radioactively

powered emission from neutron star mergers bluer? Mon. Not. R. Astron. Soc. 2021, 500, 1772–1783. [CrossRef]
66. Banerjee, S.; Tanaka, M.; Kato, D.; Gaigalas, G.; Kawaguchi, K.; Domoto, N. Opacity of the Highly Ionized Lanthanides and the

Effect on the Early Kilonova. Astrophys. J. Lett. 2022, 934, 117. [CrossRef]
67. Even, W.; Korobkin, O.; Fryer, C.L.; Fontes, C.J.; Wollaeger, R.T.; Hungerford, A.; Lippuner, J.; Miller, J.; Mumpower, M.R.; Misch,

G.W. Composition Effects on Kilonova Spectra and Light Curves. I. Astrophys. J. Lett. 2020, 899, 24. [CrossRef]
68. Wollaeger, R.T.; Fryer, C.L.; Fontes, C.J.; Lippuner, J.; Vestrand, W.T.; Mumpower, M.R.; Korobkin, O.; Hungerford, A.L.; Even,

W.P. Impact of Pulsar and Fallback Sources on Multifrequency Kilonova Models. Astrophys. J. Lett. 2019, 880, 22. [CrossRef]
69. Waxman, E.; Ofek, E.O.; Kushnir, D.; Gal-Yam, A. Constraints on the ejecta of the GW170817 neutron star merger from its

electromagnetic emission. Mon. Not. R. Astron. Soc. 2018, 481, 3423–3441. [CrossRef]
70. Piro, A.L.; Kollmeier, J.A. Evidence for Cocoon Emission from the Early Light Curve of SSS17a. Astrophys. J. Lett. 2018, 855, 103.

[CrossRef]
71. Arcavi, I. The First Hours of the GW170817 Kilonova and the Importance of Early Optical and Ultraviolet Observations for

Constraining Emission Models. Astrophys. J. Lett. 2018, 855, L23. [CrossRef]
72. Evans, P.A.; Fridriksson, J.K.; Gehrels, N.; Homan, J.; Osborne, J.P.; Siegel, M.; Beardmore, A.; Handbauer, P.; Gelbord, J.; Kennea,

J.A.; et al. Swift Follow-up Observations of Candidate Gravitational-wave Transient Events. Astrophys. J. Suppl. 2012, 203, 28.
[CrossRef]

73. LIGO Scientific Collaboration.; Virgo Collaboration. Observation of Gravitational Waves from a Binary Black Hole Merger. Phys.
Rev. Lett. 2016, 116, 061102. [CrossRef] [PubMed]

74. Abbott, B.P.; Abbott, R.; Abbott, T.D.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.; Addesso, P.; Adhikari, R.X.; Adya, V.B.; et al.
Multi-messenger Observations of a Binary Neutron Star Merger. Astrophys. J. Lett. 2017, 848, L12. [CrossRef]

75. Gehrels, N.; Cannizzo, J.K.; Kanner, J.; Kasliwal, M.M.; Nissanke, S.; Singer, L.P. Galaxy Strategy for LIGO-Virgo Gravitational
Wave Counterpart Searches. Astrophys. J. Lett. 2016, 820, 136. [CrossRef]

http://dx.doi.org/10.1086/511781
http://dx.doi.org/10.1093/mnras/stab2189
http://dx.doi.org/10.3847/1538-4357/abd2c3
http://dx.doi.org/10.1093/mnras/staa3032
http://dx.doi.org/10.1126/science.aap9580
http://www.ncbi.nlm.nih.gov/pubmed/29038371
http://dx.doi.org/10.1093/mnras/stw1746
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://dx.doi.org/10.3847/1538-4357/ac3d25
http://dx.doi.org/10.3847/2041-8213/aa8f3d
http://dx.doi.org/10.1093/mnras/stx3316
http://dx.doi.org/10.1088/0004-637X/723/2/1711
http://dx.doi.org/10.1086/502796
http://dx.doi.org/10.1088/0004-637X/799/1/3
http://dx.doi.org/10.3847/1538-4357/ab93cf
http://dx.doi.org/10.1038/nature24290
http://dx.doi.org/10.1093/mnras/staa3337
http://dx.doi.org/10.3847/1538-4357/ac7565
http://dx.doi.org/10.3847/1538-4357/ab70b9
http://dx.doi.org/10.3847/1538-4357/ab25f5
http://dx.doi.org/10.1093/mnras/sty2441
http://dx.doi.org/10.3847/1538-4357/aaaab3
http://dx.doi.org/10.3847/2041-8213/aab267
http://dx.doi.org/10.1088/0067-0049/203/2/28
http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://www.ncbi.nlm.nih.gov/pubmed/26918975
http://dx.doi.org/10.3847/2041-8213/aa91c9
http://dx.doi.org/10.3847/0004-637X/820/2/136


Universe 2023, 9, 245 20 of 24

76. Coulter, D.A.; Foley, R.J.; Kilpatrick, C.D.; Drout, M.R.; Piro, A.L.; Shappee, B.J.; Siebert, M.R.; Simon, J.D.; Ulloa, N.; Kasen, D.;
et al. Swope Supernova Survey 2017a (SSS17a), the optical counterpart to a gravitational wave source. Science 2017, 358, 1556–1558.
[CrossRef]

77. Grossman, D.; Korobkin, O.; Rosswog, S.; Piran, T. The long-term evolution of neutron star merger remnants - II. Radioactively
powered transients. Mon. Not. R. Astron. Soc. 2014, 439, 757–770. [CrossRef]

78. Arnett, W.D. Type I supernovae. I - Analytic solutions for the early part of the light curve. Astrophys. J. Lett. 1982, 253, 785–797.
[CrossRef]

79. Goriely, S.; Bauswein, A.; Janka, H.T. r-process Nucleosynthesis in Dynamically Ejected Matter of Neutron Star Mergers.
Astrophys. J. Lett. 2011, 738, L32. [CrossRef]

80. Radice, D.; Perego, A.; Hotokezaka, K.; Fromm, S.A.; Bernuzzi, S.; Roberts, L.F. Binary Neutron Star Mergers: Mass Ejection,
Electromagnetic Counterparts, and Nucleosynthesis. Astrophys. J. Lett. 2018, 869, 130. [CrossRef]

81. Shibata, M.; Hotokezaka, K. Merger and Mass Ejection of Neutron Star Binaries. Annual Review of Nuclear and Particle Science
2019, 69, 41–64. [CrossRef]

82. Korobkin, O.; Wollaeger, R.T.; Fryer, C.L.; Hungerford, A.L.; Rosswog, S.; Fontes, C.J.; Mumpower, M.R.; Chase, E.A.; Even, W.P.;
Miller, J.; et al. Axisymmetric Radiative Transfer Models of Kilonovae. Astrophys. J. Lett. 2021, 910, 116. [CrossRef]

83. Barnes, J.; Zhu, Y.L.; Lund, K.A.; Sprouse, T.M.; Vassh, N.; McLaughlin, G.C.; Mumpower, M.R.; Surman, R. Kilonovae Across the
Nuclear Physics Landscape: The Impact of Nuclear Physics Uncertainties on r-process-powered Emission. Astrophys. J. Lett. 2021,
918, 44. [CrossRef]

84. Yu, Y.W.; Zhang, B.; Gao, H. Bright “Merger-nova” from the Remnant of a Neutron Star Binary Merger: A Signature of a Newly
Born, Massive, Millisecond Magnetar. Astrophys. J. Lett. 2013, 776, L40. [CrossRef]

85. Tarumi, Y.; Hotokezaka, K.; Domoto, N.; Tanaka, M. Non-LTE analysis for Helium and Strontium lines in the kilonova AT2017gfo.
arXiv 2023, arXiv:2302.13061.

86. Gillanders, J.H.; McCann, M.; Sim, S.A.; Smartt, S.J.; Ballance, C.P. Constraints on the presence of platinum and gold in the
spectra of the kilonova AT2017gfo. Mon. Not. R. Astron. Soc. 2021, 506, 3560–3577. [CrossRef]

87. Watson, D.; Hansen, C.J.; Selsing, J.; Koch, A.; Malesani, D.B.; Andersen, A.C.; Fynbo, J.P.U.; Arcones, A.; Bauswein, A.; Covino,
S.; et al. Identification of strontium in the merger of two neutron stars. Nature 2019, 574, 497–500. [CrossRef] [PubMed]

88. Pian, E.; D’Avanzo, P.; Benetti, S.; Branchesi, M.; Brocato, E.; Campana, S.; Cappellaro, E.; Covino, S.; D’Elia, V.; Fynbo, J.P.U.; et al.
Spectroscopic identification of r-process nucleosynthesis in a double neutron-star merger. Nature 2017, 551, 67–70. [CrossRef]

89. Kuin, P.; Breeveld, A.; Page, M. The Swift UVOT grism calibration and example spectra. arXiv 2015, arXiv:1502.07204.
https://doi.org/10.48550/arXiv.1502.07204.

90. Ben-Ami, S.; Shvartzvald, Y.; Waxman, E.; Netzer, U.; Yaniv, Y.; Algranatti, V.M.; Gal-Yam, A.; Lapid, O.; Ofek, E.; Topaz, J.; et al.
The scientific payload of the Ultraviolet Transient Astronomy Satellite (ULTRASAT). In Proceedings of the Space Telescopes
and Instrumentation 2022: Ultraviolet to Gamma Ray, Montreal, QC, Canada, 17–22 July 2022; den Herder, J.W.A., Nikzad, S.,
Nakazawa, K., Eds.; Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series; Volume 12181, p. 1218105.
[CrossRef]

91. Dorsman, B.; Raaijmakers, G.; Cenko, S.B.; Nissanke, S.; Singer, L.P.; Kasliwal, M.M.; Piro, A.L.; Bellm, E.C.; Hartmann, D.H.;
Hotokezaka, K.; et al. Prospects of Gravitational-wave Follow-up through a Wide-field Ultraviolet Satellite: A Dorado Case
Study. Astrophys. J. Lett. 2023, 944, 126. [CrossRef]

92. Lien, A.; Sakamoto, T.; Barthelmy, S.D.; Baumgartner, W.H.; Cannizzo, J.K.; Chen, K.; Collins, N.R.; Cummings, J.R.; Gehrels, N.;
Krimm, H.A.; et al. The Third Swift Burst Alert Telescope Gamma-Ray Burst Catalog. Astrophys. J. Lett. 2016, 829, 7. [CrossRef]

93. Sakamoto, T.; Barthelmy, S.D.; Barbier, L.; Cummings, J.R.; Fenimore, E.E.; Gehrels, N.; Hullinger, D.; Krimm, H.A.; Markwardt,
C.B.; Palmer, D.M.; et al. The First Swift BAT Gamma-Ray Burst Catalog. Astrophys. J. Suppl. 2008, 175, 179–190. [CrossRef]

94. Stratta, G.; D’Avanzo, P.; Piranomonte, S.; Cutini, S.; Preger, B.; Perri, M.; Conciatore, M.L.; Covino, S.; Stella, L.; Guetta, D.; et al.
A study of the prompt and afterglow emission of the short GRB 061201. Astron. Astrophys. 2007, 474, 827–835. [CrossRef]

95. Antonelli, L.A.; D’Avanzo, P.; Perna, R.; Amati, L.; Covino, S.; Cutini, S.; D’Elia, V.; Gallozzi, S.; Grazian, A.; Palazzi, E.; et al. GRB
090426: The farthest short gamma-ray burst? Astron. Astrophys. 2009, 507, L45–L48. [CrossRef]

96. O’Connor, B.; Troja, E.; Dichiara, S.; Beniamini, P.; Cenko, S.B.; Kouveliotou, C.; González, J.B.; Durbak, J.; Gatkine, P.; Kutyrev, A.;
et al. A deep survey of short GRB host galaxies over z 0-2: implications for offsets, redshifts, and environments. Mon. Not. R.
Astron. Soc. 2022, 515, 4890–4928. [CrossRef]

97. Troja, E.; van Eerten, H.; Ryan, G.; Ricci, R.; Burgess, J.M.; Wieringa, M.H.; Piro, L.; Cenko, S.B.; Sakamoto, T. A year in the life of
GW 170817: The rise and fall of a structured jet from a binary neutron star merger. Mon. Not. R. Astron. Soc. 2019, 489, 1919–1926.
[CrossRef]

98. Burns, E.; Veres, P.; Connaughton, V.; Racusin, J.; Briggs, M.S.; Christensen, N.; Goldstein, A.; Hamburg, R.; Kocevski, D.;
McEnery, J.; et al. Fermi GBM Observations of GRB 150101B: A Second Nearby Event with a Short Hard Spike and a Soft Tail.
Astrophys. J. Lett. 2018, 863, L34. [CrossRef]

99. Mooley, K.P.; Anderson, J.; Lu, W. Optical superluminal motion measurement in the neutron-star merger GW170817. Nature
2022, 610, 273–276. [CrossRef]

100. Ricci, R.; Troja, E.; Bruni, G.; Matsumoto, T.; Piro, L.; O’Connor, B.; Piran, T.; Navaieelavasani, N.; Corsi, A.; Giacomazzo, B.; et al.
Searching for the radio remnants of short-duration gamma-ray bursts. Mon. Not. R. Astron. Soc. 2021, 500, 1708–1720. [CrossRef]

http://dx.doi.org/10.1126/science.aap9811
http://dx.doi.org/10.1093/mnras/stt2503
http://dx.doi.org/10.1086/159681
http://dx.doi.org/10.1088/2041-8205/738/2/L32
http://dx.doi.org/10.3847/1538-4357/aaf054
http://dx.doi.org/10.1146/annurev-nucl-101918-023625
http://dx.doi.org/10.3847/1538-4357/abe1b5
http://dx.doi.org/10.3847/1538-4357/ac0aec
http://dx.doi.org/10.1088/2041-8205/776/2/L40
http://dx.doi.org/10.1093/mnras/stab1861
http://dx.doi.org/10.1038/s41586-019-1676-3
http://www.ncbi.nlm.nih.gov/pubmed/31645733
http://dx.doi.org/10.1038/nature24298
https://doi.org/10.48550/arXiv.1502.07204
http://dx.doi.org/10.1117/12.2629850
http://dx.doi.org/10.3847/1538-4357/acaa9e
http://dx.doi.org/10.3847/0004-637X/829/1/7
http://dx.doi.org/10.1086/523646
http://dx.doi.org/10.1051/0004-6361:20078006
http://dx.doi.org/10.1051/0004-6361/200913062
http://dx.doi.org/10.1093/mnras/stac1982
http://dx.doi.org/10.1093/mnras/stz2248
http://dx.doi.org/10.3847/2041-8213/aad813
http://dx.doi.org/10.1038/s41586-022-05145-7
http://dx.doi.org/10.1093/mnras/staa3241


Universe 2023, 9, 245 21 of 24

101. Dichiara, S.; Troja, E.; O’Connor, B.; Marshall, F.E.; Beniamini, P.; Cannizzo, J.K.; Lien, A.Y.; Sakamoto, T. Short gamma-ray bursts
within 200 Mpc. Mon. Not. R. Astron. Soc. 2020, 492, 5011–5022. [CrossRef]

102. Bartos, I.; Lee, K.H.; Corsi, A.; Márka, Z.; Márka, S. Radio forensics could unmask nearby off-axis gamma-ray bursts. Mon. Not.
R. Astron. Soc. 2019, 485, 4150–4159. [CrossRef]

103. Dálya, G.; Galgóczi, G.; Dobos, L.; Frei, Z.; Heng, I.S.; Macas, R.; Messenger, C.; Raffai, P.; de Souza, R.S. GLADE: A galaxy
catalogue for multimessenger searches in the advanced gravitational-wave detector era. Mon. Not. R. Astron. Soc. 2018,
479, 2374–2381. [CrossRef]

104. Evans, P.A.; Tohuvavohu, A.; Neil Gehrels Swift Observatory Team. GRB 190610A: Swift detection of a short burst. GRB Coord.
Netw. 2019, 24775, 1.

105. LIGO Scientific Collaboration; Virgo Collaboration. Search for Gravitational Waves Associated with Gamma-Ray Bursts Detected
by Fermi and Swift during the LIGO-Virgo Run O3a. Astrophys. J. Lett. 2021, 915, 86. [CrossRef]

106. Ghosh, A.; Vaishnava, C.S.; Resmi, L.; Misra, K.; Arun, K.G.; Omar, A.; Chakradhari, N.K. Search for merger ejecta emission from
late time radio observations of short GRBs using GMRT. arXiv 2022, arXiv:2207.10001.

107. Bruni, G.; O’Connor, B.; Matsumoto, T.; Troja, E.; Piran, T.; Piro, L.; Ricci, R. Late-time radio observations of the short GRB
200522A: Constraints on the magnetar model. Mon. Not. R. Astron. Soc. 2021, 505, L41–L45. [CrossRef]

108. Fong, W.; Metzger, B.D.; Berger, E.; Özel, F. Radio Constraints on Long-lived Magnetar Remnants in Short Gamma-Ray Bursts.
Astrophys. J. Lett. 2016, 831, 141. [CrossRef]

109. Nakar, E.; Piran, T. Detectable radio flares following gravitational waves from mergers of binary neutron stars. Nature 2011,
478, 82–84. [CrossRef]

110. Wei, J.; Cordier, B.; Antier, S.; Antilogus, P.; Atteia, J.L.; Bajat, A.; Basa, S.; Beckmann, V.; Bernardini, M.G.; Boissier, S.; et al. The
Deep and Transient Universe in the SVOM Era: New Challenges and Opportunities—Scientific prospects of the SVOM mission.
arXiv 2016, arXiv:1610.06892.

111. Yuan, W.; Zhang, C.; Feng, H.; Zhang, S.N.; Ling, Z.X.; Zhao, D.; Deng, J.; Qiu, Y.; Osborne, J.P.; O’Brien, P.; et al. Einstein
Probe—A small mission to monitor and explore the dynamic X-ray Universe. arXiv 2015, arXiv:1506.07735.

112. Schady, P.; Page, M.J.; Oates, S.R.; Still, M.; de Pasquale, M.; Dwelly, T.; Kuin, N.P.M.; Holland, S.T.; Marshall, F.E.; Roming, P.W.A.
Dust and metal column densities in gamma-ray burst host galaxies. Mon. Not. R. Astron. Soc. 2010, 401, 2773–2792. [CrossRef]

113. Starling, R.L.C.; Wijers, R.A.M.J.; Wiersema, K.; Rol, E.; Curran, P.A.; Kouveliotou, C.; van der Horst, A.J.; Heemskerk, M.H.M.
Gamma-Ray Burst Afterglows as Probes of Environment and Blast Wave Physics. I. Absorption by Host-Galaxy Gas and Dust.
Astrophys. J. Lett. 2007, 661, 787–800. [CrossRef]

114. Kann, D.A.; Klose, S.; Zeh, A. Signatures of Extragalactic Dust in Pre-Swift GRB Afterglows. Astrophys. J. Lett. 2006, 641, 993–1009.
[CrossRef]

115. O’Connor, B.; Troja, E.; Dichiara, S.; Chase, E.A.; Ryan, G.; Cenko, S.B.; Fryer, C.L.; Ricci, R.; Marshall, F.; Kouveliotou, C.;
et al. A tale of two mergers: Constraints on kilonova detection in two short GRBs at z ∼ 0.5. Mon. Not. R. Astron. Soc. 2021,
502, 1279–1298. [CrossRef]

116. Troja, E.; Sakamoto, T.; Cenko, S.B.; Lien, A.; Gehrels, N.; Castro-Tirado, A.J.; Ricci, R.; Capone, J.; Toy, V.; Kutyrev, A.; et al.
An Achromatic Break in the Afterglow of the Short GRB 140903A: Evidence for a Narrow Jet. Astrophys. J. Lett. 2016, 827, 102.
[CrossRef]

117. Fong, W.; Berger, E.; Metzger, B.D.; Margutti, R.; Chornock, R.; Migliori, G.; Foley, R.J.; Zauderer, B.A.; Lunnan, R.; Laskar, T.;
et al. Short GRB 130603B: Discovery of a Jet Break in the Optical and Radio Afterglows, and a Mysterious Late-time X-Ray Excess.
Astrophys. J. Lett. 2014, 780, 118. [CrossRef]

118. Berger, E.; Cenko, S.B.; Fox, D.B.; Cucchiara, A. Discovery of the Very Red Near-Infrared and Optical Afterglow of the
Short-Duration GRB 070724A. Astrophys. J. Lett. 2009, 704, 877–882. [CrossRef]

119. Soderberg, A.M.; Berger, E.; Kasliwal, M.; Frail, D.A.; Price, P.A.; Schmidt, B.P.; Kulkarni, S.R.; Fox, D.B.; Cenko, S.B.; Gal-Yam,
A.; et al. The Afterglow, Energetics, and Host Galaxy of the Short-Hard Gamma-Ray Burst 051221a. Astrophys. J. Lett. 2006,
650, 261–271. [CrossRef]

120. Roming, P.W.A.; Vanden Berk, D.; Pal’shin, V.; Pagani, C.; Norris, J.; Kumar, P.; Krimm, H.; Holland, S.T.; Gronwall, C.; Blustin,
A.J.; et al. GRB 060313: A New Paradigm for Short-Hard Bursts? Astrophys. J. Lett. 2006, 651, 985–993. [CrossRef]

121. De Pasquale, M.; Schady, P.; Kuin, N.P.M.; Page, M.J.; Curran, P.A.; Zane, S.; Oates, S.R.; Holland, S.T.; Breeveld, A.A.; Hoversten,
E.A.; et al. Swift and Fermi Observations of the Early Afterglow of the Short Gamma-Ray Burst 090510. Astrophys. J. Lett. 2010,
709, L146–L151. [CrossRef]

122. Galama, T.J.; Wijers, R.A.M.J. High Column Densities and Low Extinctions of Gamma-Ray Bursts: Evidence for Hypernovae and
Dust Destruction. Astrophys. J. Lett. 2001, 549, L209–L213. [CrossRef]

123. Stratta, G.; Fiore, F.; Antonelli, L.A.; Piro, L.; De Pasquale, M. Absorption in Gamma-Ray Burst Afterglows. Astrophys. J. Lett.
2004, 608, 846–864. [CrossRef]

124. Nowak, M.A.; Neilsen, J.; Markoff, S.B.; Baganoff, F.K.; Porquet, D.; Grosso, N.; Levin, Y.; Houck, J.; Eckart, A.; Falcke, H.; et al.
Chandra/HETGS Observations of the Brightest Flare Seen from Sgr A*. Astrophys. J. Lett. 2012, 759, 95. [CrossRef]

125. Covino, S.; Melandri, A.; Salvaterra, R.; Campana, S.; Vergani, S.D.; Bernardini, M.G.; D’Avanzo, P.; D’Elia, V.; Fugazza, D.;
Ghirlanda, G.; et al. Dust extinctions for an unbiased sample of gamma-ray burst afterglows. Mon. Not. R. Astron. Soc. 2013,
432, 1231–1244. [CrossRef]

http://dx.doi.org/10.1093/mnras/staa124
http://dx.doi.org/10.1093/mnras/stz719
http://dx.doi.org/10.1093/mnras/sty1703
http://dx.doi.org/10.3847/1538-4357/abee15
http://dx.doi.org/10.1093/mnrasl/slab046
http://dx.doi.org/10.3847/0004-637X/831/2/141
http://dx.doi.org/10.1038/nature10365
http://dx.doi.org/10.1111/j.1365-2966.2009.15861.x
http://dx.doi.org/10.1086/511953
http://dx.doi.org/10.1086/500652
http://dx.doi.org/10.1093/mnras/stab132
http://dx.doi.org/10.3847/0004-637X/827/2/102
http://dx.doi.org/10.1088/0004-637X/780/2/118
http://dx.doi.org/10.1088/0004-637X/704/1/877
http://dx.doi.org/10.1086/506429
http://dx.doi.org/10.1086/508054
http://dx.doi.org/10.1088/2041-8205/709/2/L146
http://dx.doi.org/10.1086/319162
http://dx.doi.org/10.1086/420836
http://dx.doi.org/10.1088/0004-637X/759/2/95
http://dx.doi.org/10.1093/mnras/stt540


Universe 2023, 9, 245 22 of 24

126. Kumar, P.; Zhang, B. The physics of gamma-ray bursts & relativistic jets. Phys. Rep. 2015, 561, 1–109. [CrossRef]
127. O’Connor, B.; Beniamini, P.; Kouveliotou, C. Constraints on the circumburst environments of short gamma-ray bursts. Mon. Not.

R. Astron. Soc. 2020, 495, 4782–4799. [CrossRef]
128. Bigiel, F.; Blitz, L. A Universal Neutral Gas Profile for nearby Disk Galaxies. Astrophys. J. Lett. 2012, 756, 183. [CrossRef]
129. Fong, W.; Berger, E. The Locations of Short Gamma-Ray Bursts as Evidence for Compact Object Binary Progenitors. Astrophys. J.

Lett. 2013, 776, 18. [CrossRef]
130. Dichiara, S.; Troja, E.; Beniamini, P.; O’Connor, B.; Moss, M.; Lien, A.Y.; Ricci, R.; Amati, L.; Ryan, G.; Sakamoto, T. Evidence of

Extended Emission in GRB 181123B and Other High-redshift Short GRBs. Astrophys. J. Lett. 2021, 911, L28. [CrossRef]
131. Rowlinson, A.; Wiersema, K.; Levan, A.J.; Tanvir, N.R.; O’Brien, P.T.; Rol, E.; Hjorth, J.; Thöne, C.C.; de Ugarte Postigo, A.; Fynbo,

J.P.U.; et al. Discovery of the afterglow and host galaxy of the low-redshift short GRB 080905A. Mon. Not. R. Astron. Soc. 2010,
408, 383–391. [CrossRef]

132. de Ugarte Postigo, A.; Thöne, C.C.; Rowlinson, A.; García-Benito, R.; Levan, A.J.; Gorosabel, J.; Goldoni, P.; Schulze, S.; Zafar, T.;
Wiersema, K.; et al. Spectroscopy of the short-hard GRB 130603B. The host galaxy and environment of a compact object merger.
Astron. Astrophys. 2014, 563, A62. [CrossRef]

133. Izzo, L.; Cano, Z.; de Ugarte Postigo, A.; Kann, D.A.; Thoene, C.; Geier, S. GRB 170428A: GTC spectroscopic redshift of candidate
host galaxy. GRB Coord. Netw. 2017, 21059, 1.

134. Bloom, J.S.; Perley, D.A.; Chen, H.W.; Butler, N.; Prochaska, J.X.; Kocevski, D.; Blake, C.H.; Szentgyorgyi, A.; Falco, E.E.; Starr,
D.L. A Putative Early-Type Host Galaxy for GRB 060502B: Implications for the Progenitors of Short-Duration Hard-Spectrum
Bursts. Astrophys. J. Lett. 2007, 654, 878–884. [CrossRef]

135. Nugent, A.E.; Fong, W.F.; Dong, Y.; Leja, J.; Berger, E.; Zevin, M.; Chornock, R.; Cobb, B.E.; Kelley, L.Z.; Kilpatrick, C.D.; et al.
Short GRB Host Galaxies. II. A Legacy Sample of Redshifts, Stellar Population Properties, and Implications for Their Neutron
Star Merger Origins. Astrophys. J. Lett. 2022, 940, 57. [CrossRef]

136. Berger, E. A Short Gamma-ray Burst “No-host” Problem? Investigating Large Progenitor Offsets for Short GRBs with Optical
Afterglows. Astrophys. J. Lett. 2010, 722, 1946–1961. [CrossRef]

137. Perley, D.A.; Modjaz, M.; Morgan, A.N.; Cenko, S.B.; Bloom, J.S.; Butler, N.R.; Filippenko, A.V.; Miller, A.A. The Luminous
Infrared Host Galaxy of Short-duration GRB 100206A. Astrophys. J. Lett. 2012, 758, 122. [CrossRef]

138. Bloom, J.S.; Kulkarni, S.R.; Djorgovski, S.G. The Observed Offset Distribution of Gamma-Ray Bursts from Their Host Galaxies: A
Robust Clue to the Nature of the Progenitors. Astron. J. 2002, 123, 1111–1148. [CrossRef]

139. Burrows, D.N.; Grupe, D.; Capalbi, M.; Panaitescu, A.; Patel, S.K.; Kouveliotou, C.; Zhang, B.; Mészáros, P.; Chincarini, G.;
Gehrels, N.; et al. Jet Breaks in Short Gamma-Ray Bursts. II. The Collimated Afterglow of GRB 051221A. Astrophys. J. Lett. 2006,
653, 468–473. [CrossRef]

140. Schlafly, E.F.; Finkbeiner, D.P. Measuring Reddening with Sloan Digital Sky Survey Stellar Spectra and Recalibrating SFD.
Astrophys. J. Lett. 2011, 737, 103. [CrossRef]

141. Hogg, D.W.; Baldry, I.K.; Blanton, M.R.; Eisenstein, D.J. The K correction. arXiv 2002, arXiv:astro-ph/0210394.
142. Pei, Y.C. Interstellar Dust from the Milky Way to the Magellanic Clouds. Astrophys. J. Lett. 1992, 395, 130. [CrossRef]
143. Lipunov, V.M.; Gorbovskoy, E.; Kornilov, V.G.; Tyurina, N.; Balanutsa, P.; Kuznetsov, A.; Vlasenko, D.; Kuvshinov, D.; Gorbunov,

I.; Buckley, D.A.H.; et al. MASTER Optical Detection of the First LIGO/Virgo Neutron Star Binary Merger GW170817. Astrophys.
J. Lett. 2017, 850, L1. [CrossRef]

144. Valenti, S.; Sand, D.J.; Yang, S.; Cappellaro, E.; Tartaglia, L.; Corsi, A.; Jha, S.W.; Reichart, D.E.; Haislip, J.; Kouprianov, V. The
Discovery of the Electromagnetic Counterpart of GW170817: Kilonova AT 2017gfo/DLT17ck. Astrophys. J. Lett. 2017, 848, L24.
[CrossRef]

145. Soares-Santos, M.; Holz, D.E.; Annis, J.; Chornock, R.; Herner, K.; Berger, E.; Brout, D.; Chen, H.Y.; Kessler, R.; Sako, M.; et al. The
Electromagnetic Counterpart of the Binary Neutron Star Merger LIGO/Virgo GW170817. I. Discovery of the Optical Counterpart
Using the Dark Energy Camera. Astrophys. J. Lett. 2017, 848, L16. [CrossRef]

146. Gompertz, B.P.; Levan, A.J.; Tanvir, N.R.; Hjorth, J.; Covino, S.; Evans, P.A.; Fruchter, A.S.; González-Fernández, C.; Jin, Z.P.;
Lyman, J.D.; et al. The Diversity of Kilonova Emission in Short Gamma-Ray Bursts. Astrophys. J. Lett. 2018, 860, 62. [CrossRef]

147. Pandey, S.B.; Hu, Y.; Castro-Tirado, A.J.; Pozanenko, A.S.; Sánchez-Ramírez, R.; Gorosabel, J.; Guziy, S.; Jelinek, M.; Tello, J.C.;
Jeong, S.; et al. A multiwavelength analysis of a collection of short-duration GRBs observed between 2012 and 2015. Mon. Not. R.
Astron. Soc. 2019, 485, 5294–5318. [CrossRef]

148. Waxman, E.; Ofek, E.O.; Kushnir, D. Strong NIR emission following the long duration GRB 211211A: Dust heating as an
alternative to a kilonova. arXiv 2022, arXiv:2206.10710.

149. Lu, W.; McKee, C.F.; Mooley, K.P. Infrared dust echoes from neutron star mergers. Mon. Not. R. Astron. Soc. 2021, 507, 3672–3689.
[CrossRef]

150. Kasliwal, M.M.; Korobkin, O.; Lau, R.M.; Wollaeger, R.; Fryer, C.L. Infrared Emission from Kilonovae: The Case of the Nearby
Short Hard Burst GRB 160821B. Astrophys. J. Lett. 2017, 843, L34. [CrossRef]

151. Jin, Z.P.; Li, X.; Wang, H.; Wang, Y.Z.; He, H.N.; Yuan, Q.; Zhang, F.W.; Zou, Y.C.; Fan, Y.Z.; Wei, D.M. Short GRBs: Opening
Angles, Local Neutron Star Merger Rate, and Off-axis Events for GRB/GW Association. Astrophys. J. Lett. 2018, 857, 128.
[CrossRef]

http://dx.doi.org/10.1016/j.physrep.2014.09.008
http://dx.doi.org/10.1093/mnras/staa1433
http://dx.doi.org/10.1088/0004-637X/756/2/183
http://dx.doi.org/10.1088/0004-637X/776/1/18
http://dx.doi.org/10.3847/2041-8213/abf562
http://dx.doi.org/10.1111/j.1365-2966.2010.17115.x
http://dx.doi.org/10.1051/0004-6361/201322985
http://dx.doi.org/10.1086/509114
http://dx.doi.org/10.3847/1538-4357/ac91d1
http://dx.doi.org/10.1088/0004-637X/722/2/1946
http://dx.doi.org/10.1088/0004-637X/758/2/122
http://dx.doi.org/10.1086/338893
http://dx.doi.org/10.1086/508740
http://dx.doi.org/10.1088/0004-637X/737/2/103
http://dx.doi.org/10.1086/171637
http://dx.doi.org/10.3847/2041-8213/aa92c0
http://dx.doi.org/10.3847/2041-8213/aa8edf
http://dx.doi.org/10.3847/2041-8213/aa9059
http://dx.doi.org/10.3847/1538-4357/aac206
http://dx.doi.org/10.1093/mnras/stz530
http://dx.doi.org/10.1093/mnras/stab2388
http://dx.doi.org/10.3847/2041-8213/aa799d
http://dx.doi.org/10.3847/1538-4357/aab76d


Universe 2023, 9, 245 23 of 24

152. Rowlinson, A.; O’Brien, P.T.; Tanvir, N.R.; Zhang, B.; Evans, P.A.; Lyons, N.; Levan, A.J.; Willingale, R.; Page, K.L.; Onal, O.; et al.
The unusual X-ray emission of the short Swift GRB 090515: Evidence for the formation of a magnetar? Mon. Not. R. Astron. Soc.
2010, 409, 531–540. [CrossRef]

153. Gehrels, N.; Norris, J.P.; Barthelmy, S.D.; Granot, J.; Kaneko, Y.; Kouveliotou, C.; Markwardt, C.B.; Mészáros, P.; Nakar, E.;
Nousek, J.A.; et al. A new γ-ray burst classification scheme from GRB060614. Nature 2006, 444, 1044–1046. [CrossRef] [PubMed]

154. Norris, J.P. Implications of the Lag-Luminosity Relationship for Unified Gamma-Ray Burst Paradigms. Astrophys. J. Lett. 2002,
579, 386–403. [CrossRef]

155. Golkhou, V.Z.; Butler, N.R. Uncovering the Intrinsic Variability of Gamma-Ray Bursts. Astrophys. J. Lett. 2014, 787, 90. [CrossRef]
156. Gompertz, B.P.; Ravasio, M.E.; Nicholl, M.; Levan, A.J.; Metzger, B.D.; Oates, S.R.; Lamb, G.P.; Fong, W.f.; Malesani, D.B.;

Rastinejad, J.C.; et al. The case for a minute-long merger-driven gamma-ray burst from fast-cooling synchrotron emission. Nat.
Astron. 2023, 7, 67–79. [CrossRef]

157. Lazzati, D.; Ramirez-Ruiz, E.; Ghisellini, G. Possible detection of hard X-ray afterglows of short gamma -ray bursts. Astron.
Astrophys. 2001, 379, L39–L43. [CrossRef]

158. Della Valle, M.; Chincarini, G.; Panagia, N.; Tagliaferri, G.; Malesani, D.; Testa, V.; Fugazza, D.; Campana, S.; Covino, S.; Mangano,
V.; et al. An enigmatic long-lasting γ-ray burst not accompanied by a bright supernova. Nature 2006, 444, 1050–1052. [CrossRef]

159. Gal-Yam, A.; Fox, D.B.; Price, P.A.; Ofek, E.O.; Davis, M.R.; Leonard, D.C.; Soderberg, A.M.; Schmidt, B.P.; Lewis, K.M.; Peterson,
B.A.; et al. A novel explosive process is required for the γ-ray burst GRB 060614. Nature 2006, 444, 1053–1055. [CrossRef]

160. Gompertz, B.P.; Levan, A.J.; Tanvir, N.R. A Search for Neutron Star-Black Hole Binary Mergers in the Short Gamma-Ray Burst
Population. Astrophys. J. Lett. 2020, 895, 58. [CrossRef]

161. Troja, E.; King, A.R.; O’Brien, P.T.; Lyons, N.; Cusumano, G. Different progenitors of short hard gamma-ray bursts. Mon. Not. R.
Astron. Soc. 2008, 385, L10–L14. [CrossRef]

162. Gao, H.; Zhang, B.; Lü, H.J.; Li, Y. Searching for Magnetar-powered Merger-novae from Short GRBS. Astrophys. J. Lett. 2017,
837, 50. [CrossRef]

163. Jin, Z.P.; Zhou, H.; Covino, S.; Liao, N.H.; Li, X.; Lei, L.; D’Avanzo, P.; Fan, Y.Z.; Wei, D.M. A kilonova from an ultra-quick merger
of a neutron star binary. arXiv 2021, arXiv:2109.07694.

164. Villasenor, J.S.; Lamb, D.Q.; Ricker, G.R.; Atteia, J.L.; Kawai, N.; Butler, N.; Nakagawa, Y.; Jernigan, J.G.; Boer, M.; Crew, G.B.;
et al. Discovery of the short γ-ray burst GRB 050709. Nature 2005, 437, 855–858. [CrossRef]

165. Covino, S.; Malesani, D.; Israel, G.L.; D’Avanzo, P.; Antonelli, L.A.; Chincarini, G.; Fugazza, D.; Conciatore, M.L.; Della Valle,
M.; Fiore, F.; et al. Optical emission from GRB 050709: A short/hard GRB in a star-forming galaxy. Astron. Astrophys. 2006,
447, L5–L8. [CrossRef]

166. D’Avanzo, P.; Malesani, D.; Covino, S.; Piranomonte, S.; Grazian, A.; Fugazza, D.; Margutti, R.; D’Elia, V.; Antonelli, L.A.;
Campana, S.; et al. The optical afterglows and host galaxies of three short/hard gamma-ray bursts. Astron. Astrophys. 2009,
498, 711–721. [CrossRef]

167. Jordana-Mitjans, N.; Mundell, C.G.; Guidorzi, C.; Smith, R.J.; Ramírez-Ruiz, E.; Metzger, B.D.; Kobayashi, S.; Gomboc, A.; Steele,
I.A.; Shrestha, M.; et al. A Short Gamma-Ray Burst from a Protomagnetar Remnant. Astrophys. J. Lett. 2022, 939, 106. [CrossRef]

168. Becerra, R.L.; Troja, E.; Watson, A.M.; O’Connor, B.; Veres, P.; Dichiara, S.; Butler, N.R.; Sakamoto, T.; Lopez, K.O.C.; De Colle, F.;
et al. Deciphering the unusual stellar progenitor of GRB~210704A. arXiv 2023, arXiv:2303.06909.

169. Lü, H.J.; Yuan, H.Y.; Yi, T.F.; Wang, X.G.; Hu, Y.D.; Yuan, Y.; Rice, J.; Wang, J.G.; Cao, J.X.; Kong, D.F.; et al. GRB 211227A as a
Peculiar Long Gamma-Ray Burst from a Compact Star Merger. Astrophys. J. Lett. 2022, 931, L23. [CrossRef]

170. MichałowskI, M.J.; Xu, D.; Stevens, J.; Levan, A.; Yang, J.; Paragi, Z.; Kamble, A.; Tsai, A.L.; Dannerbauer, H.; van der Horst,
A.J.; et al. The second-closest gamma-ray burst: Sub-luminous GRB 111005A with no supernova in a super-solar metallicity
environment. Astron. Astrophys. 2018, 616, A169. [CrossRef]

171. Gillanders, J.; O’Connor, B.; Dichiara, S.; Troja, E. GRB 230307A: Continued Gemini-South observations confirm rapid optical
fading. GRB Coord. Netw. 2023, 33485, 1.

172. Mangano, V.; Holland, S.T.; Malesani, D.; Troja, E.; Chincarini, G.; Zhang, B.; La Parola, V.; Brown, P.J.; Burrows, D.N.; Campana,
S.; et al. Swift observations of GRB 060614: An anomalous burst with a well behaved afterglow. Astron. Astrophys. 2007,
470, 105–118. [CrossRef]

173. Knust, F.; Greiner, J.; van Eerten, H.J.; Schady, P.; Kann, D.A.; Chen, T.W.; Delvaux, C.; Graham, J.F.; Klose, S.; Krühler, T.; et al.
Long optical plateau in the afterglow of the short GRB 150424A with extended emission. Evidence for energy injection by a
magnetar? Astron. Astrophys. 2017, 607, A84. [CrossRef]

174. Galama, T.J.; Vreeswijk, P.M.; van Paradijs, J.; Kouveliotou, C.; Augusteijn, T.; Böhnhardt, H.; Brewer, J.P.; Doublier, V.; Gonzalez,
J.F.; Leibundgut, B.; et al. An unusual supernova in the error box of the γ-ray burst of 25 April 1998. Nature 1998, 395, 670–672.
[CrossRef]

175. Zhang, H.M.; Huang, Y.Y.; Zheng, J.H.; Liu, R.Y.; Wang, X.Y. Fermi-LAT Detection of a GeV Afterglow from a Compact Stellar
Merger. Astrophys. J. Lett. 2022, 933, L22. [CrossRef]

176. Mei, A.; Banerjee, B.; Oganesyan, G.; Salafia, O.S.; Giarratana, S.; Branchesi, M.; D’Avanzo, P.; Campana, S.; Ghirlanda, G.;
Ronchini, S.; et al. GeV emission from a compact binary merger. Nature 2022, 612, 232–235. [CrossRef]

177. Tanaka, M.; Hotokezaka, K.; Kyutoku, K.; Wanajo, S.; Kiuchi, K.; Sekiguchi, Y.; Shibata, M. Radioactively Powered Emission from
Black Hole-Neutron Star Mergers. Astrophys. J. Lett. 2014, 780, 31. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2966.2010.17354.x
http://dx.doi.org/10.1038/nature05376
http://www.ncbi.nlm.nih.gov/pubmed/17183315
http://dx.doi.org/10.1086/342747
http://dx.doi.org/10.1088/0004-637X/787/1/90
http://dx.doi.org/10.1038/s41550-022-01819-4
http://dx.doi.org/10.1051/0004-6361:20011485
http://dx.doi.org/10.1038/nature05374
http://dx.doi.org/10.1038/nature05373
http://dx.doi.org/10.3847/1538-4357/ab8d24
http://dx.doi.org/10.1111/j.1745-3933.2007.00421.x
http://dx.doi.org/10.3847/1538-4357/aa5be3
http://dx.doi.org/10.1038/nature04213
http://dx.doi.org/10.1051/0004-6361:200500228
http://dx.doi.org/10.1051/0004-6361/200811294
http://dx.doi.org/10.3847/1538-4357/ac972b
http://dx.doi.org/10.3847/2041-8213/ac6e3a
http://dx.doi.org/10.1051/0004-6361/201629942
http://dx.doi.org/10.1051/0004-6361:20077232
http://dx.doi.org/10.1051/0004-6361/201730578
http://dx.doi.org/10.1038/27150
http://dx.doi.org/10.3847/2041-8213/ac7b23
http://dx.doi.org/10.1038/s41586-022-05404-7
http://dx.doi.org/10.1088/0004-637X/780/1/31


Universe 2023, 9, 245 24 of 24

178. Ma, S.B.; Lei, W.H.; Gao, H.; Xie, W.; Chen, W.; Zhang, B.; Wang, D.X. Bright Merger-nova Emission Powered by Magnetic Wind
from a Newborn Black Hole. Astrophys. J. Lett. 2018, 852, L5. [CrossRef]

179. Ai, S.; Zhang, B.; Zhu, Z. Engine-fed kilonovae (mergernovae)—I. Dynamical evolution and energy injection/heating efficiencies.
Mon. Not. R. Astron. Soc. 2022, 516, 2614–2628. [CrossRef]

180. Giacomazzo, B.; Perna, R. Formation of Stable Magnetars from Binary Neutron Star Mergers. Astrophys. J. Lett. 2013, 771, L26.
[CrossRef]

181. Fryer, C.L.; Belczynski, K.; Ramirez-Ruiz, E.; Rosswog, S.; Shen, G.; Steiner, A.W. The Fate of the Compact Remnant in Neutron
Star Mergers. Astrophys. J. Lett. 2015, 812, 24. [CrossRef]

182. Hanauske, M.; Takami, K.; Bovard, L.; Rezzolla, L.; Font, J.A.; Galeazzi, F.; Stöcker, H. Rotational properties of hypermassive
neutron stars from binary mergers. Phys. Rev. D 2017, 96, 043004. [CrossRef]

183. Becerra, R.L.; Dichiara, S.; Watson, A.M.; Troja, E.; Butler, N.R.; Pereyra, M.; Moreno Méndez, E.; De Colle, F.; Lee, W.H.; Kutyrev,
A.S.; et al. DDOTI observations of gravitational-wave sources discovered in O3. Mon. Not. R. Astron. Soc. 2021, 507, 1401–1420.
[CrossRef]

184. Kasliwal, M.M.; Anand, S.; Ahumada, T.; Stein, R.; Carracedo, A.S.; Andreoni, I.; Coughlin, M.W.; Singer, L.P.; Kool, E.C.; De,
K.; et al. Kilonova Luminosity Function Constraints Based on Zwicky Transient Facility Searches for 13 Neutron Star Merger
Triggers during O3. Astrophys. J. Lett. 2020, 905, 145. [CrossRef]

185. Abbott, B.P.; Abbott, R.; Abbott, T.D.; Abernathy, M.R.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.; Addesso, P.; Adhikari,
R.X.; et al. Prospects for observing and localizing gravitational-wave transients with Advanced LIGO, Advanced Virgo and
KAGRA. Living Rev. Relativ. 2018, 21, 3. [CrossRef] [PubMed]

186. Petrov, P.; Singer, L.P.; Coughlin, M.W.; Kumar, V.; Almualla, M.; Anand, S.; Bulla, M.; Dietrich, T.; Foucart, F.; Guessoum, N.
Data-driven Expectations for Electromagnetic Counterpart Searches Based on LIGO/Virgo Public Alerts. Astrophys. J. Lett. 2022,
924, 54. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.3847/2041-8213/aaa0cd
http://dx.doi.org/10.1093/mnras/stac2380
http://dx.doi.org/10.1088/2041-8205/771/2/L26
http://dx.doi.org/10.1088/0004-637X/812/1/24
http://dx.doi.org/10.1103/PhysRevD.96.043004
http://dx.doi.org/10.1093/mnras/stab2086
http://dx.doi.org/10.3847/1538-4357/abc335
http://dx.doi.org/10.1007/s41114-018-0012-9
http://www.ncbi.nlm.nih.gov/pubmed/29725242
http://dx.doi.org/10.3847/1538-4357/ac366d

	Introduction
	Kilonovae Associated with Gravitational Wave Counterparts
	Kilonovae Associated with Short GRBs
	Kilonovae in the Nearby Universe
	Kilonovae at Cosmological Distances

	Kilonovae Associated with Hybrid Long GRBs
	Conclusions
	References

