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The gamma-ray burst, 170817A, and kilonova,
AT2017gfo, are so far the only secure electromagnetic
(EM) counterparts to a gravitational wave (GW)
signal (GW170817). Further associations are required
to obtain a clear understanding of these compact
binary mergers, including their formation and their
contribution to the production of heavy elements in
the Universe. With the fourth LIGO-Virgo-KAGRA
observing run currently underway, the hunt is on to
find further EM counterparts to GW signals. However,
GW localizations are large, typically tens to hundreds
of square degrees. Finding the EM counterpart is not
an easy task, given that within these areas, there will
be a number of IR/optical/UV transient sources that are
detected serendipitously and that are not necessarily
related to the GW. Understanding how the light from
these false positives evolves with time is important to
rapidly confirm or rule out their association with the
GW trigger. In this review, I discuss the steps involved
in searching for the EM counterpart of a GW event,
the false positives and how they can be quickly ruled
out and why false positives are of interest even though
they are contaminants to the GW-EM community.
This article is part of the Theo Murphy meeting issue
‘Multi-messenger gravitational lensing (Part 1)".

1. Introduction

The era of gravitational wave (GW) astronomy began with
the detection of GW150914, a binary black hole (BBH)
merger detected by LIGO [1]. Since this detection, al-
most a decade ago, the LIGO-Virgo consortium has per-
formed several observing runs and the GW observatories
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have received several upgrades to improve sensitivity. An additional GW observatory, KAGRA,
has also commenced operations. Up to the end of the third observing run (‘O3’), there have been
90 compact binary mergers, with a probability of being astrophysical in origin, p,., of greater
than 0.5, detected by GW observatories (e.g. [2]).

These compact binary mergers include BBHs, binary neutron stars (BNS) and black hole-
neutron stars (BH-NS) (e.g. [3]). Compact binary mergers may be accompanied by electromagnetic
(EM) light. Detecting both EM and GW signals from a merger event is important to form a fuller
picture of the astrophysical phenomena than can be otherwise be achieved from either the EM or
GW signal alone (e.g. [4-6]).

BNS and BH-NS mergers are expected to be accompanied by a short gamma-ray burst"? (GRB;
e.g. [17,18]) and a kilonovae (KNe); red, thermal emission, produced when the ejected mate-
rial, rich in neutrons, forms heavy elements, such as lanthanides, through rapid neutron capture
(r-process) nucleosynthesis (e.g. [19-34]) and subsequently decays radioactively. The emission
received from the BNS or BH-NS merger depends on the merging bodies, the geometry of the
system and our viewing angle [35-40]. The GRB emission is highly collimated, while the KN
component is expected to be more isotropic [20,21]. Emission from the short GRB will only be de-
tected if the viewer lies close to the axis of rotation [17,18]. While the observer’s viewing angle may
also affect the colours and luminosity of the observed KN emission [37,38,40]. The KN emission
strongly depends on the properties of the ejecta (e.g. mass, density and composition [35]), which
in turn depends on the properties of the binary components (the type of merger, their masses and
spins; [36,38,39]). Magnetic fields may also affect the observed emission, for instance, by enhanc-
ing winds [36] or through magnetic spin-down of a highly magnetized NS [41]. The fate of the
system post-merger also strongly affects the expected KN emission. Different KNe are expected
in the BNS scenarios where the merger directly collapses to a BH, has an intermediate phase as a
super/hypermassive NS or leaves a stable NS. In the BH-NS scenario, a KN is only expected if the
NS is tidally disrupted and not swallowed whole [39].

BBH mergers are not typically expected to produce EM radiation [38], but there have been pre-
dictions, e.g. [42-50]. Graham et al. [51] proposed ZTF19abanrhr as the optical EM counterpart,
for the BBH merger, GW190521 [52]. The EM flare lasted around 50 days and peaked around
50 days after the GW trigger. The flare was a 50 deviation from the baseline Zwicky Transient
Facility (ZTF) flux that had varied by only a few per cent prior to the GW event [51]. Graham
et al. [51] concluded that this EM flare is consistent with expectations for a kicked BBH merger in
the accretion disk of an AGN.

GW170817 [4,53] was the first GW event with a secure association with EM emission, marking
our entry into the era of GW-EM astronomy. Associated with this GW event was a weak short
GRB 170817A detected by the Fermi and Integral satellites (e.g. [54,55]). This provided the first
confirmation that short GRBs are associated with the mergers of compact objects. The GW signal
was also accompanied by a bright KN (AT2017gfo; e.g. [24-34,56-69]), detected 11 hours after the
GW event. Several days later, an X-ray and radio counterpart emerged, consistent with off-axis
GRB afterglow emission (e.g. [70-72]). The KN was initially blue and evolved to the red. This was
surprising as it was expected that the high-opacity lanthanide-rich ejecta would suppress the UV
optical emission. This UV component therefore provided the first evidence for a lanthanide-poor
wind [24-32,34,56,57,59,60,65,67]. The detection of the KN AT2017gfo in the galaxy NGC 4993
allowed the first application of GWs as standard sirens, measuring the Hubble constant using
the distance information from the GW signal and the redshift information from the EM signal
(e.g. [53,73-79]).

While detecting EM counterparts to GW events is highly important, actually finding the EM
counterpart is not an easy task. If the GW event is a BNS or a BH-NS merger, we may not detect
gamma-ray emission from a GRB and therefore have to rely on locating the counterpart using
emission at longer wavelengths. This review will focus on the search for the IR/optical/UV EM
counterpart. The error regions provided by the GW detectors are large, typically of the order of
tens to thousands of square degrees [2,52,80] and the optical/UV night sky is host to a vast number
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of transient sources that have to be excluded. This is an issue for all types of GW searches, whether
the GW signal is expected to be gravitationally lensed or not. In this review, I will discuss the
search methods and processes used to identify candidate optical/UV counterparts and how we
separate them from false positives, essentially other transient phenomena identified during these
search processes. I will focus on the search strategies for BNS and BH-NS mergers since these
mergers are expected to be associated with EM phenomena. The search for EM counterparts to
BBHs will have a different strategy although many of the false positives will be the same. I will
discuss the nature of the false positive events and why they can be of interest themselves. In §2, I
will discuss the methods used by the GW-EM community to search GW error regions and iden-
tify candidate sources. In §3, I will discuss what the false positives are. In §4, I will discuss what
we find during EM searches of GW localizations from the point of view of the Ultraviolet Optical
Telescope (UVOT) [81] onboard the Neil Gehrels Swift Observatory (henceforth Swift) [82].

2. The search for electromagnetic counterparts

Gamma-ray detectors, such as Swift and Fermi, are designed to observe large areas of the sky and
in the case for Swift to trigger optical/UV and X-ray follow-up automatically with the detection
of a short GRB, which is expected to accompany a GW event shortly after the merger [4,54]. The
gamma-ray sky is also much less affected by contaminants compared with the IR/optical/UV. Thus
the detection of a GRB soon after the GW event, within the GW localization, would imply a high
chance of the GRB-GW association. Therefore, the simplest way to locate the EM counterpart to a
GW signal would be for the merger to produce a short GRB and for it to trigger the usual response
of telescopes designed to detect the prompt gamma-ray emission.

For a short GRB to be produced and detected, the merger should be a BNS or BH-NS, and the
Earth should lie along or close to the rotation angle of the merger. However, the opening angles
of the jets are expected to be narrow, between 3 and 8° [83-86]. If the jet is characterized by an
angular structure, as seen in GW170817 (e.g. [70,71,87-96]), then its prompt emission could be
detected for even larger viewing angles, though the chance of the Burst Alert Telescope onboard
Swift detecting the y-ray emission from the short GRB resulting from the merger of a BNS or
BH-NS detected by LIGO-Virgo is still very small (0.2 yr™'; [97]).

Therefore alternative strategies for finding the EM counterpart must be considered. One such
strategy, that is currently utilized by many, is one that is optimized for the detection of the ap-
proximately isotropic KN°. One may also observe the GRB afterglow; however, since the jet will
likely be off-axis to the observer, the afterglow emission will enter our line of sight much later
(e.g. [101]). The KN component is expected to produce IR/optical/UV emission and to be detected
within hours after the GW signal (e.g. [38]). The exact temporal and spectral behaviour is de-
pendent on many parameters as described in §1. Though, the general expected behaviour can
be described as the following: the emission is expected to rise within the first few hours to days
and then to decay on a week timescale*. The emission is thermal and the colour is expected to be
become redder as it evolves and may be blue initially (e.g. [38]).

The strategy used for detecting the kilonova component for IR/optical/UV ground and space-
based facilities is dependent on the field of view of the instrument. For narrow field instruments
(< 1 square deg), such as Swift/UVOT, many pointings must be used to cover the GW error region.
This would likely take an unreasonable amount of time and so for many narrow field of view
facilities further constraints are placed in order to prioritize regions of the sky within the GW
localization. Since BNS and BH-NS mergers are expected to occur in or near galaxies, a galaxy-
targeted strategy is used, whereby the GW localization and the distance of the GW trigger is
convolved with a galaxy catalogue (e.g. [102-104]), such that galaxies are given a probability of
hosting the GW event and those with the highest probability are observed first. These catalogues
are not complete, meaning that beyond a certain distance, they may not contain all galaxies at the
distance we are interested in (e.g. [105]). Further, using galaxy catalogues may provide an un-
reasonable number of targets to follow-up for poorly localized GW events and/or those at large
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distance. For facilities with larger fields of view, such as the All-Sky Automated Survey for Super-
Novae (ASAS-SN), the Gravitational-wave Optical Transient Observer and the ZTF [39,106-108],
the GW localizations can be observed with a reasonable number of pointings. The observing strat-
egy will, however, also depend on many other factors, that will vary from telescope to telescope
and from one GW event to another, for example the required depth of observations, scheduling
constraints and the time between repeat observations.

Once a given area has been observed, candidate transient sources must be identified in the im-
ages. Wide field telescopes will likely have archival images of the night sky observed on a previous
night, which cover the GW localization. In this case, difference imaging is usually performed to
find transient sources. Differencing is where a template image taken on a previous night is sub-
tracted off of the science image, leaving only sources that have faded or become brighter in the
resultant difference image. For narrow field instruments, difference imaging may be performed
if the field has been observed previously or if archival images are available from other facilities
that can be used as templates. Otherwise, transient sources are found through source detection
and comparing the brightness of the detected objects with those found in catalogues, as is the
case for Swift/UVOT [109]. With either method, given the large areas observed and the rapid fad-
ing nature of the KN, these processes need to be automated to locate candidate transient sources
rapidly [109,110]. These pipelines may also perform further checks on the candidate sources, such
as cross-matching against solar system bodies, other near-Earth objects and high proper-motion
stars. These checks can be performed using databases such as Vizier [111] and the Minor Planet
Checker’. Known transient and variable sources may also be excluded either through checks
against transient alert brokers such as Lasair [112] and the Transient Name Server®.

3. False positives

After detection and initial automated checks, a number of objects may remain and require further
examination. Most, however, will be ‘false positives’, as only one can be the counterpart to the
GW event (if it is detected in the first place). The first main source of false positives are image
artefacts. Once these have been excluded, the remaining objects are likely astrophysical in origin,
either Galactic or extragalactic in nature. In the following, we will look at the main properties of
the objects that have to be considered and excluded during searches of GW fields.

(a) Image artefacts

Visual inspection of the images may reveal that some of the remaining candidate sources may
be artefacts produced by the optics of the telescope or as a result of imperfect image subtraction.
Images may contain features such as read out streaks (vertical lines of enhanced brightness on the
images produced by light from bright stars), scattered light features such as smoke rings, diffrac-
tion spikes or ghosts. Ghosts are a scattered light feature first noticed on UVOT images as a result
of GW follow-up, see figure 1. They are small (a few arcsec in diameter) point-like or smudge-like
sources that appear on images where there is a bright source in the field of view, which pro-
duces strong scattered light features. Ghosts are likely a result of secondary reflections within the
instrument [109]. In difference images, bogus artefacts may remain due to bright star residuals,
point-spread-function mismatch and/or misalignment of images [113]. Most artefacts can be ruled
out quickly by eye, though some artefacts, such as the ghosts, may require more consideration.

(b) Galactic transients

(i) Cataclysmic variables

Cataclysmic variables (CVs) are binary systems with a white dwarf and a companion star. CVs
are found predominantly in the Galactic Plane” [116,117]. The white dwarf accretes matter from
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Figure 1. Two Swift/UVOT u-band images. The left panel is a confirmed astrophysical source, while the right panels show an
image containing a ghost. Ghosts are scattered light features that result from secondary reflections within Swift/UVOT when
there s a bright source in the field of view. The red circle indicates the location of the astrophysical source or ghost on the image.
A zoom-in is provided in the insert. Figure reproduced from [109].

the companion star. CVs can be subdivided into novae and dwarf novae based on the size of their
eruptions, with novae increasing in brightness between approx. 7 and 15 magnitudes [117] and
dwarf novae increasing by approx. 2 to 8 magnitudes [118,119]. CVs are also known to display
flickering, minute-long changes in brightness which superimposed on the underlying behaviour
(e.g. [119,120]). The brightness of the flickering can be a few millimagnitudes to more than an
entire magnitude [119]. In dwarf novae, the eruption is powered by gravitational energy released
during accretion [121], while in novae, thermonuclear runaway of the accreted material produces
an outburst. In dwarf novae, the outbursts are semi-regular (in intervals of days to decades) and
last a few days [119]. For novae, the rise time is typically 1-3 days and the outburst can last
from a few days to hundreds of days [117,122]. Some novae have only been observed to erupt
once, these are called classical novae. Novae outbursts are usually observed in the radio through
to the optical/UV. X-ray emission can be observed simultaneously with the longer wavelength
emission [123], although may not be observed until years later [114]. Novae spectra are thermal,
stellar-like and evolve during the outburst. In the early stages of the nova outburst, the spectra
feature broad-blue shifted absorption lines, which may have P-Cygni profiles [117], while in the
later stages, emission lines dominate [124].

(ii) Stellar flares

Stellar flares are bursts of EM radiation produced when magnetic reconnection occurs on the
surfaces of main sequence stars [125]. They occur on timescales of seconds to days, but are typ-
ically minutes long [126]. They can emit in X-ray to radio wavelengths [127]. The most common
high-amplitude, fast transient found in surveys are flares from M-dwarfs [125]. M-dwarf flares
are commonly detected due to the contrast of the hot (= 10000 K), blue thermal component of
the flare emission with the cool (~ 3000 K), red photosphere of the M-star [125]. The change in
magnitude in the U-band has been measured as 0.1-5 magnitudes [128] and up to 10 magnitudes
has been measured in the V-band [125]. Stellar flares are likely to be detected in crowded stellar
fields and lack an underlying galaxy [129].
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(c) Extragalactic transients
(i) Supernovae

Supernovae (SNe) can be subdivided into two main categories depending on whether they have
hydrogen emission lines in their spectra (Type II with and Type I without) [130] or based on their
progenitor: core-collapse and thermonuclear (see [131] and references therein). A thermonuclear
supernova, classified as Type Ia, occurs when a white dwarf in a binary system is triggered into
runaway nuclear fusion either by the merger with a companion white dwarf or through the accre-
tion of material from a companion star (e.g. [132,133]). Core-collapse SNe are the death throws of
massive stars (e.g. [134]). They can be divided into Type Ib/c and Type II. Type Ib/c’s can be dis-
tinguished from Type Ia’s due to the lack of silicon absorption. Type Ic’s are separated from Type
Ib due to the lack of helium emission (for a review of the differences in SN spectra, see [131] and
references therein). In optical surveys, the most commonly discovered SN class are Type Ia (79%),
followed by Type II (17%) and then Type Ib/c (4%), in magnitude-limited surveys [135,136]. SNe
in general evolve on days to weeks timescales. They increase in brightness to a peak quickly, typ-
ically within the first two to three weeks [137], and then fade over tens to hundreds of days. Type
IIs typically decline on longer timescales, compared with Type Is (e.g. [135]). Spectral energy dis-
tributions of SNe close to peak are best fit with blackbodies, which decrease in temperature with
time (e.g. [138]); SNe are initially blue, becoming redder with time post-peak (e.g. [139,140]). The
earliest emission that may be detected from a supernova is the shock break out. This emission is
produced as the shock emerges from the stellar surface [141-146] and has been observed to rise
at a rate of around 43 mag day™ [145,146].

(ii) Tidal disruption events

A tidal disruption event (TDE) is a bright flare that arises as a consequence of a star being torn
apart as it passes too close to the centre of a supermassive black hole [147-149], or potentially
an intermediate black hole [150-154]. TDEs are generally found residing in the centres of galax-
ies, though they may be produced by black holes that are off-centre or ‘wandering’ (e.g. [155]).
TDEs increase in brightness faster than they fade. They fade on timescales of tens to hundreds
of days [156,157]. These timescales are longer than observed for SNe [156]. The spectral energy
distributions are well fit by a blackbody with temperatures of 10'~10° K. The temperature is ap-
proximately constant for the duration of observations [136,156]. This implies that TDEs are blue
and constant in colour. SNe have been shown to have similar initial temperatures; however, SNes
cool below 10*K within a few weeks [138,156]. A few TDEs are shown to have relativistic jets
(e.g. [158-164]). As the jet ploughs into the external medium an afterglow may arise, which pro-
duces optical/UV emission. After a few days, the emission transitions to bluer thermal emission,
produced in outflows from the self-crossing shock and the accretion disk. This evolution was seen
for AT2022cmc [99,164].

(iii) Active galactic nuclei

Active Galactic Nuclei (AGN) are supermassive black holes at the centres of galaxies that are
actively accreting (e.g. [165]). AGN are variable, with the optical variability typically, AM 0.5
mag [166]. However, a few AGN have exhibited a broader range in variability than previously
thought. Slow-blue transients, with AM > 1.5 mag over xyears, have been identified [167,168].
Changing-look AGN show rapid changes in brightness, some of which have associated spec-
tral changes [169]. There is also a recently identified population of ambiguous nuclear tran-
sients (ANTSs) that have properties of both TDEs and AGN (e.g. [71,157,170,171]. Furthermore,
Graham et al. [51] proposed the discovery of an optical EM counterpart of a BBH merger,
GW190521 [52], whereby the EM emission is thought to originate from the kicked remnant of the
BBH merger as it traverses the accretion disk of an AGN [49]. AGN are potentially false positives
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in the searches for KNe from BNS and BH-NS mergers; although note the case of GRB 1910194,
which may have been a BNS that occurred in the disk of an AGN [172]. AGN may, however, be
important sites to monitor for EM emission associated with BBH mergers (e.g. [42-51]).

(iv) Rapidly evolving transients

The cadence of optical surveys has historically been tailored to detect and follow-up Type Ia SN.
However, the increase in the cadence of typical optical surveys (e.g. from 5 to 3 days; PTF ver-
sus Pan-STARRS1 [173,174]) has led to the detection of a number of rapidly evolving transients
(RETs), also known as Fast Blue Optical Transients, e.g. [174-177], which includes AT2018cow
(e.g. [178-180]). For these RETs, the timescales and luminosities are not easily explained by tra-
ditional SNe models [174]. RETs rise and fade more rapidly in comparison with traditional SNe.
The spectral energy distributions can be fit with a blackbody with temperatures of up to 3 x 10*K
and cool with time [175]. Several scenarios may explain these rapid events (see [177] and refer-
ences therein for a list of scenarios). One possibility is that they are the result of a shock breakout
and consequent shock cooling in optically thick, low-mass circumstellar wind surrounding a core
collapse SN [174,175,181].

(v) Gamma-ray bursts

A GRB may be expected after the merger of a BNS or BH-NS that has been detected in GWs. How-
ever, there may be GRBs found in optical surveys that are not associated with the GW event. There
have been a number of GRBs detected through their afterglow emission, without corresponding
prompt emission. These ‘orphan” afterglows may be orphan due to one of several reasons: the
fireball is “dirty’, the initial Lorentz factor of the jet is below 100, and the gamma-ray emission can
not escape the jet (e.g. AT2019pim®, [182]); an off-axis viewing angle, resulting in low-luminosity
events (e.g. [183]) and an afterglow that evolves slower in comparison with an on-axis viewer
(e.g. 170817A [72,88,93,96,184-186]); or simply that space-based observatories did not catch the
prompt emission (e.g. [187]). Afterglows are non-thermal [188] and can be distinguished from a
thermal kilonova based on colour evolution or redshift.

(d) Excluding false positives—finding the KN

Many of the objects found during the search of the GW localization will need additional spec-
tral or photometric information to exclude them as the EM counterpart. Since spectra are costly
in terms of telescope time, spectroscopy tends to be reserved for the most likely candidates, if
not the KN itself once its identification is secure. Much of the candidate vetting will therefore be
done with colour and temporal information obtained with photometry. With an understanding
of the different types of optical transient that fill the night sky, immediate cuts can be performed.
As shown in figure 2, KNe are some of the fastest decaying transients and so many objects can
be excluded based on their decay rate. For instance, searches for KNe in wide optical surveys ex-
clude objects that fade slower than 0.4 mag day™, with slightly different values for different filters
(= 0.6 mag day™! in g-band and 0.3 mag day™ in i-band) [189]. KNe are also expected to evolve
quickly in colour transitioning from blue to red. If the colour of a transient remains constant with
time, this would be inconsistent with expected KN behaviour. Very red transients will also be
considered of interest because the blue component for some KNe may be absent; for example BH-
NS mergers may predominantly produce red emission [35,38,152]. Since during the formation of
BNS and BH-NS, some systems will experience large velocity kicks that will lead to their even-
tual merger outside of their host galaxies, further evidence would be the location of the transient.
Some may be located within their host galaxies, while others may be located close to, but outside
the galaxy [190-192]. One may expect the position of the merger to be similar to the projected
offsets measured for short GRBs (e.g. [193,194]).

H
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Figure 2. Comparison of KNe light curves with other transient sources. Left: fig. 9 reproduced from [189], displaying the KN
associated with GW170817, AT2018cow and other transient light curves found during optical transient searches with ZTF. Right:
light curve of transient, ZTF21abcyioo, and several other transients, reproduced from [177]. The transient light curves are:
AT2018cow (red), Type Ibn SN (blue), Type Ibc (grey) and GW170817 KN (black). Markers represent data in the following fil-
ters: ATLAS o (blue), ATLAS ¢ (yellow), g (green) and r (red). The decay of ZTF21abcyioo is consistent with that of GW170817
KN. Investigation by [177] suggests this is a Galactic source, making it unlikely that it is a KN. Together the two panels show
that KNe are among the fastest decaying optical transients and that slow evolving transients can be quickly excluded during
searches for KNe. The left figure was reproduced by permission of the AAS.

This final vetting and follow-up of candidates has to be done by human experts. However, ef-
forts are underway to reduce the need for manual intervention during discovery and follow-up,
for instance using machine learning, e.g. [195-208]. Machine learning methods require the use of
training sets that guide the algorithms so they can apply knowledge to larger datasets. One of the
ways to create and/or to improve a training set is to make use of citizen scientists [113]. This also
has the benefit of engaging the public and enabling them to assist in scientific discovery. The best
methods for classifying objects may, for now at least, be a combination of human and machine
classifications [209].

4. EM searches in practise: the UVOT perspective from 03

As an example of the GW search process and the types of sources discovered, we now look at the
results of the searches made by Swift/UVOT during the third LIGO-Virgo observing run.

Of the 56 public GW alerts released by the LIGO-Virgo Collaboration in O3 [52], Swift followed-
up for 18 GW alerts following the criteria outlined in [109,210]. The LIGO-Virgo Collaboration
gives a probability for each type of merger producing a given GW event. Classifying GW events
by the merger types with the highest probability, the 18 GW events that Swift triggered are: five
BBH mergers, seven BNS mergers, three BH-NS, one Mass Gap trigger, two unmodelled/burst
triggers.

Swift/UVOT obtained 5644 unique u-band observations [109]. At the end of O3, with almost 16
years of operation, UVOT had only observed 8.4% of the sky in the u-band [109]. The UVOT GW
pipeline, therefore, uses a source-detection algorithm and compares the position and brightness
of detected sources with catalogued sources, rather than image differencing. A series of checks
are performed by the pipeline, which include comparing the size of the major and minor axes of
the source with that expected for a point source, and nearness to other bright UVOT sources and
whether it is a minor body (see [109] for details).

The pipeline produces thumbnails (small image cut outs) for objects that are detected by the
source-detection algorithm and that pass a quality threshold (e.g. a new source or a source at least
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two magnitudes brighter than a catalogued value; see [109] for full details) and are given an as-
sociated flag that represents the quality rating of the candidate; sources are flagged as QO if they
are brighter than 19.9 mag (AB) in u and Q1 if below this value; see [109] for a full list of quality
flags. The thumbnails allow the team to evaluate the reliability of possible UVOT counterparts
quickly. The source-finding software sometimes misses new sources within extended sources,
therefore, thumbnails are also produced for nearby galaxies to ensure no KNe are missed due to
their location. Overall, the UVOT GW pipeline produced 18 459 thumbnails that were inspected
visually [109]. While some of these thumbnails will be for Q0 and Q1 sources, the majority were
of galaxies. During visual inspection, the majority of thumbnails were discarded; however, 27
thumbnails were found to contain ‘sources of interest’. These ‘sources of interest’” were consid-
ered to be worth investigating further as they were deemed to be astrophysical in origin and to
have had a 30 change in brightness compared with a second UVOT image (observed before or
after the GW event) or archival u-band image from other facilities (e.g. Sloan Digital Sky Sur-
vey; SDSS [211]). For six events, we noticed a large difference in the u detection image and an
archival g of at least 0.6 magnitudes. These sources did not lie close to the Galactic plane (with
Galactic latitudes less than —40°) and therefore are unlikely to be stars. We therefore have used the
difference in the u detection image and an archival g to define these as sources of interest. Investi-
gation of the nature of all 27 sources of interest indicates no strong evidence to identify any of the
transients as counterparts to the GW events, consistent with the reports by other IR/optical/UV
facilities [104,212-225].

Swift/UVOT followed up a further 13 sources in O3 that were discovered by other observa-
tories. In total, 40 sources were investigated by [109]. Using catalogue information reported by
VizieR, these sources were initially divided into five classifications: 11 candidate AGN/QSOs,
three CVs, nine SNe, 11 unidentified sources that had archival photometry and six uncatalogued
sources for which no archival photometry was available [109]. All available information, from
archives and UVOT photometry, was then used to try to determine the nature of these sources.
Figure 3, reproduced from [109], displays the change in magnitude (difference in the magnitude
measured at the time of the GW follow-up and a second observation taken either from the archives
or from a follow-up image, in u (preferably), or g-band (g for six sources)), versus their peak u-
band magnitude measured at the time of the GW follow-up for the sources of interest’. The figure
shows the sources clustering into various groups.

For the sources identified as candidate AGN, further investigation supported this initial
identification [109]. This was based on redshift information (mostly photometric), morphol-
ogy of the sources in SDSS observations, their archival light curve behaviour and their loca-
tion on a IR colour-colour diagram created using WISE observations, taken from the ALLWISE
catalogue [226].

The unidentified sources were found to have archival light curves spanning similar duration
as those observed for the candidate AGN, but they typically had fewer observations. In figure 3,
these sources fall into three main clusters. One group, consisting of five sources, is slightly fainter
but has a similar magnitude change as the AGN. Archival colours and light curve behaviour for
all but one of these sources is also consistent with the AGN, suggesting that at least four of these
sources are AGN [109].

The second cluster of three unidentified sources are all brighter and have a larger Am compared
with the candidate AGN and in figure 3 are positioned close to KN AT2017gfo, the EM counter-
part to GW170817. Two of these sources were shown to have decline rates of greater than 0.6
mag per day [109], ruling out slow evolving transients such as such as SNe [227,228], TDEs [156]
and AGN [166,229], suggesting these two sources are fast evolving transients such as GRBs [188],
KNe [38], fast-evolving CVs and novae (e.g. [230]), and flare stars [231,232], although the classi-
fication could not be narrowed down further [109]. The third source was investigated by [157],
who determined this source, Swift ]221951-484240, as one of the most luminous optical/UV tran-
sient sources ever recorded, see figure 4. This source was classified as an ANT. Its origin could
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Figure 3. The peak u-band magnitude (AB) versus the change in magnitude, Am for the Swift/UVOT sources of interest ob-
served within the GW localizations during the third LIGO-Virgo Collaboration observing run. Figure reproduced from [109]. The
sources displayed are divided into the categories: candidate AGN, cataclysmic variables, unidentified sources that had archival
photometry and uncatalogued sources for which no archival photometry was available, see legend for colours and symbols. Am
is calculated using two UVOT u-band exposures or the UVOT detection magnitude and an archival g-band magnitude. Arrows
indicate lower limits to Am, and points with a black outline indicate those points where Am was calculated using an archival
g-band magnitude rather than a u-band image. Also displayed is the peak u-band magnitude vs Am for AT2017gfo, the EM
counterpart to GW170817.

not be determined with certainty, but it had properties consistent with a TDE and the turn-on of
an AGN.

The third cluster of unidentified sources lie in the top left of figure 3, they are faint but have
Am > 4. Archival observations of these sources are quite sparse, but they have faint, red archival
values suggesting a faint star or distant galaxy origin. [109] suggested these were potentially fast
evolving transients, similar to the two fast evolving events in the second cluster of unidentified
sources.

For the six uncatalogued sources, four had very limited data and it was suggested that these
sources could also be similar to the second cluster of fast evolving unidentified sources [109]. Of
the remaining two sources, one (also identified as ZTF20aamvmzj and AT2020cja [220]) was found
to display behaviour reminiscent of a Type II SNe. The other, which was also reported by [225] as
Cand-AQ9, was noted to lie just beneath the CV cluster in figure 3, with only a lower limit known
on Am. It was concluded that this object is a possible CV [109].

5. Summary

GW localizations are currently large, typically tens to thousands of square degrees. Finding the
EM counterpart is not an easy task given that within these areas there will be a number of EM
transient sources that are detected serendipitously and that are not necessarily related to the GW.
These are contaminants in GW searches or in other words false positives. Understanding how
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Figure 4. The bolometric light curve of J221951-484230 (pink triangles), reproduced from [157]. The light curve
of J221951-484230 is shown together with a sample of TDEs: PTF09ge [233]; PS1—10jh [234]; PS1—11af [235];
ASASSN—14ae [236]; ASASSN—14li [237]; ASASSN—150i [238]; iPTF16fnl [239]; AT2017eqx [240]; AT2018dyb [241];
AT2018hyz [242,243]; AT2018zr [244]; AT2019ahk [245]; AT2019qiz [246] and ANTs: ASASSN—15lh [247-250],
ASASSN—18jd [251], ASASSN—17jz [170], ASASSN—18el [252], PS16dtm [253], ASASSN—20hx [254].

the light from these false positives evolves with time is important to rapidly confirm or rule out
their association with the GW trigger. False positives can be classified into three main groups:
instrumental artefacts (such as scattered light features or residuals in difference imaging not re-
lated to transient phenomena), Galactic and extragalactic sources. Following a GW detected BHS
or BH-NS merger, a GRB and/or kilonova may be observed in the UV/optical/IR. From a geomet-
ric perspective, at least for relatively nearby GW events, the approximately isotropic kilonova is
more likely to be observed than the GRB emission, which is beamed into a jet with narrow open-
ing angles with a low probability that it is pointing in our direction. The kilonova evolves rapidly,
fading beyond detection within approximately a week after detection of the GW signal. This rapid
fading behaviour is inconsistent with a number of IR/optical/UV transients. This rapid temporal
evolution together with the spectral evolution (becoming redder with time) is the strongest indi-
cator that the transient may be a kilonova. ZTF21abcyioo and AT2019pim have shown that there
are other sources that decay at a similar rate as AT2017gfo and are potentially false positives, and
so further evidence to support a kilonova origin needs to be obtained (e.g. colour evolution, spec-
trum, association with a GRB occurring at a similar time and location as the GW event). Finally,
sources considered as contaminants within GW searches, such as Swift ]221951-484240, may be
rare transient phenomena in their own right and of great interest to the transient community.
With the fourth LIGO-Virgo-KAGRA run underway, it is an exciting time to be a member of the
EM transient community, with high hopes of finding the second confirmed EM counterpart to a
GW signal and in the process other rare groundbreaking transients.
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Endnotes

For a short duration gamma-ray burst, the duration time over which 90% of their gamma-ray emission
(prompt emission) is measured, T90, is less than 2s [7].

2The division at 2 s is rudimentary. There may be natural overlap in duration between the classes [8] and is
detector dependent (e.g. [8-11]). In addition, there have been GRBs categoried by their duration as long GRBs
(s), but have been shown to have other properties that suggest that they are the result of a compact binary
merger event, e.g. GRB 211211A [12-14] and GRB 230307A [15,16].

31n O5, GW detectors will be sensitive to events out to a distance of around 300 Mpc. Based on the behaviour
of AT2017gfo, a kilonova at this distance will have a peak brightness in the r-band of ~ 22 mag [98], which
would still be achievable to larger facilities such as the Vera Rubin telescope [99]. For detection of GW events
beyond 300 Mpc (for example the events seen face-on; see [100] and references therein), the kilonova may be
too faint to be detected by most telescopes [98] and at this point the GRB may be the emission most likely to
be found associated with a GW event.

“This behaviour is based on theoretical expectations and observations of only two well-sampled kilonovae: to
date AT2017gfo, e.g.[24-34,56-69]) and GRB 211211A [12-14]. Detections of additional kilonova may reveal
a more diverse range in behaviour.

Shttps://minorplanetcenter.net/cgi-bin/checkmp.cgi

Ohttps://www.wis-tns.org/

’n.b. CVs have been observed within the local group (e.g. [114,115]).

8AT2019pim was discovered serendipitously during the search of the BNS candidate GW event
5190901ap [182].

9We caution that for the difference in u-g may be due to the shape of the spectrum rather than variability and
cannot be used on its own to classify these objects.

References

1. Abbott BP et al. 2016 Observation of gravitational waves from a binary black hole merger.
Phys. Rev. Lett. 116, 061102. (doi:10.1103/PhysRevLett.116.061102)

2. Abbott R et al. 2023 GWTC-3: compact binary coalescences observed by LIGO and virgo dur-
ing the second part of the third observing run. Phys. Rev. X 13, 041039. (doi:10.1103/physrevx.
13.041039)

3. Abbott BP et al. 2009 LIGO: the laser interferometer gravitational-wave observatory. Rep.
Prog. Phys. 72, 076901. (doi:10.1088/0034-4885/72/7/076901)

4. Abbott BP et al. 2017 Multi-messenger observations of a binary neutron star merger. Astro-
phys. J. Lett. 848, 112. (d0i:10.3847/2041-8213/aa91c9)

5. Vitale S. 2021 The first 5 years of gravitational-wave astrophysics. Science 372, ¢7397. (doi:10.
1126/science.abc7397)

6. Nicholl M, Andreoni I. 2024 Electromagnetic follow-up of gravitational waves: review and
lessons learned. arXiv arXiv:2410.18274. (d0i:10.48550/arXiv.2410.18274)

7. Kouveliotou C, Meegan CA, Fishman GJ, Bhat NP, Briggs MS, Koshut TM, Paciesas WS,
Pendleton GN. 1993 Identification of two classes of gamma-ray bursts. Astrophys. ]. 413, L101.
(doi:10.1086/186969)

8. Bromberg O, Nakar E, Piran T, Sari R. 2013 Short versus long and collapsars versus non-
collapsars: a quantitative classification of gamma-ray bursts. Astrophys. J. 764, 179. (doi:10.
1088/0004-637X/764/2/179)

9. Sakamoto T ef al. 2011 Spectral cross-calibration of the konus-wind, the suzaku/WAM, and
the Swift/BAT data using gamma-ray bursts. Publ. Astron. Soc. Japan 63,215-277. (doi:10.1093/
pasj/63.1.215)

10. Savchenko V, Neronov A, Courvoisier TJL. 2012 Timing properties of gamma-ray bursts de-
tected by SPI-ACS detector onboard INTEGRAL. Astron. Astrophys. 541, A122. (doi:10.1051/
0004-6361/201218877)

11. Qin Y, Liang EW, Liang YF, Yi SX, Lin L, Zhang BB, Zhang J. 2013 A comprehensive anal-
ysis of fermi gamma-ray burst data. III. energy-dependent T 90 distributions of GBM GRBs
and instrumental selection effect on duration classification. Astrophys. J. 763, 15. (d0i:10.1088/
0004-637X/763/1/15)

12. Rastinejad JC et al. 2022 A kilonova following a long-duration gamma-ray burst at 350 Mpc.
Nature 612, 223-227. (doi:10.1038/s41586-022-05390-w)

‘e1s1/Jounof/biobuysyigndiraposiefos

0CLOYCOC -€8€ 1 20S Y ‘Supil Jiyd


https://minorplanetcenter.net/cgi-bin/checkmp.cgi
https://www.wis-tns.org/
http://dx.doi.org/10.1103/PhysRevLett.116.061102
http://dx.doi.org/10.1103/physrevx.13.041039
http://dx.doi.org/10.1103/physrevx.13.041039
http://dx.doi.org/10.1088/0034-4885/72/7/076901
http://dx.doi.org/10.3847/2041-8213/aa91c9
http://dx.doi.org/10.1126/science.abc7397
http://dx.doi.org/10.1126/science.abc7397
http://dx.doi.org/10.48550/arXiv.2410.18274
http://dx.doi.org/10.1086/186969
http://dx.doi.org/10.1088/0004-637X/764/2/179
http://dx.doi.org/10.1088/0004-637X/764/2/179
http://dx.doi.org/10.1093/pasj/63.1.215
http://dx.doi.org/10.1093/pasj/63.1.215
http://dx.doi.org/10.1051/0004-6361/201218877
http://dx.doi.org/10.1051/0004-6361/201218877
http://dx.doi.org/10.1088/0004-637X/763/1/15
http://dx.doi.org/10.1088/0004-637X/763/1/15
http://dx.doi.org/10.1038/s41586-022-05390-w

Downloaded from https://royal societypublishing.org/ on 04 May 2025

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Troja E, Fryer CL, O’Connor B, Ryan G, Dichiara S, Kumar A, Ito N. 2022 A nearby long
gamma-ray burst from a merger of compact objects. Nature 612, 228-231. (doi:10.1038/s41586-
022-05327-3)

Yang ] etal. 2022 A long-duration gamma-ray burst with a peculiar origin. Nature 612,
232-235. (d0i:10.1038/541586-022-05403-8)

Levan AJ et al. 2024 Heavy-element production in a compact object merger observed by JWST.
Nature 626, 737-741. (doi:10.1038/s41586-023-06759-1)

Yang YH et al. 2024 A lanthanide-rich kilonova in the aftermath of a long gamma-ray burst.
Nature 626, 742-745. (doi:10.1038/s41586-023-06979-5)

Eichler D, Livio M, Piran T, Schramm DN. 1989 Nucleosynthesis, neutrino bursts and y-rays
from coalescing neutron stars. Nature 340, 126-128. (d0i:10.1038/340126a0)

Narayan R, Paczynski B, Piran T. 1992 Gamma-ray bursts as the death throes of massive
binary stars. Astrophys. J. 395, L83. (d0i:10.1086/186493)

Lattimer JM, Schramm DN. 1974 Black-hole-neutron-star collisions. Astrophys. J. 192, L145.
(doi:10.1086/181612)

Li LX, Paczynski B. 1998 Transient events from neutron star mergers. Astrophys. |. 507,
L59-L62. (doi:10.1086/311680)

Metzger BD et al. 2010 Electromagnetic counterparts of compact object mergers powered by
the radioactive decay of r-process nuclei. Mon. Not. R. Astr. Soc. 406, 2650-2662. (doi:10.1111/
j.1365-2966.2010.16864.x)

Barnes J, Kasen D. 2013 Effect of a high opacity on the light curves of radioactively powered
transients from compact object mergers. Astrophys. J. 775, 18. (doi:10.1088/0004-637X/775/1/
18)

Rosswog S, Korobkin O, Arcones A, Thielemann FK, Piran T. 2014 The long-term evolution
of neutron star merger remnants - I. The impact of r-process nucleosynthesis. Mnras 439,
744-756. (d0i:10.1093/mnras/stt2502)

Chornock R et al. 2017 The electromagnetic counterpart of the binary neutron star merger
LIGO/Virgo GW170817. IV. detection of near-infrared signatures of r-process nucleosynthe-
sis with gemini-south. Astrophys. J. 848, L19. (d0i:10.3847/2041-8213/aa905c)

Cowperthwaite PS ef al. 2017 The electromagnetic counterpart of the binary neutron star
merger LIGO/Virgo GW170817. II. UV, optical, and near-infrared light curves and compari-
son to kilonova models. Astrophys. ]. 848, L17. (d0i:10.3847/2041-8213/aa8fc7)

Drout MR et al. 2017 Light curves of the neutron star merger GW170817/SSS517a: Implications
for r-process nucleosynthesis. Science 358, 1570-1574. (d0i:10.1126/science.aaq0049)
Kasliwal MM et al. 2017 Illuminating gravitational waves: a concordant picture of photons
from a neutron star merger. Science 358, 1559-1565. (doi:10.1126/science.aap9455)

McCully C et al. 2017 The rapid reddening and featureless optical spectra of the optical coun-
terpart of GW170817, AT 2017gfo, during the first four days. Astrophys. |. Lett. 848, 1.32. (doi:
10.3847/2041-8213/aa9111)

Nicholl M et al. 2017 The electromagnetic counterpart of the binary neutron star merger
LIGO/Virgo GW170817. I1I. optical and UV spectra of a blue kilonova from fast polar ejecta.
Astrophys. |. Lett. 848, L18. (doi:10.3847/2041-8213/aa9029)

Shappee BJ et al. 2017 Early spectra of the gravitational wave source GW170817: evolution of
a neutron star merger. Science 358, 1574-1578. (d0i:10.1126/science.aaq0186)

Smartt SJ et al. 2017 A kilonova as the electromagnetic counterpart to a gravitational-wave
source. Nature 551, 75-79. (doi:10.1038/nature24303)

Tanvir NR et al. 2017 The emergence of a lanthanide-rich kilonova following the merger of
two neutron stars. Astrophys. ]. Lett. 848, L27. (d0i:10.3847/2041-8213/aa90b6)

Utsumi Y et al. 2017 J-GEM observations of an electromagnetic counterpart to the neutron
star merger GW170817. Publ. Astron. Soc. Japan 69, 101. (doi:10.1093/pasj/psx118)

Villar VA et al. 2017 The combined ultraviolet, optical, and near-infrared light curves of the
kilonova associated with the binary neutron star merger GW170817: unified data set, analytic
models, and physical implications. Astrophys. |. Lett. 851, L21. (d0i:10.3847/2041-8213/aa9c84)
Just O, Bauswein A, Ardevol Pulpillo R, Goriely S, Janka HT. 2015 Comprehensive nucle-
osynthesis analysis for ejecta of compact binary mergers. Mon. Not. R. Astr. Soc. 448, 541-567.
(doi:10.1093/mnras/stv009)

e1sy/[ewinol/610'buiysigndiaapos(efos

0CLOYCOC -€8€ 1 20S Y ‘Supil Jiyd


http://dx.doi.org/10.1038/s41586-022-05327-3
http://dx.doi.org/10.1038/s41586-022-05327-3
http://dx.doi.org/10.1038/s41586-022-05403-8
http://dx.doi.org/10.1038/s41586-023-06759-1
http://dx.doi.org/10.1038/s41586-023-06979-5
http://dx.doi.org/10.1038/340126a0
http://dx.doi.org/10.1086/186493
http://dx.doi.org/10.1086/181612
http://dx.doi.org/10.1086/311680
http://dx.doi.org/10.1111/j.1365-2966.2010.16864.x
http://dx.doi.org/10.1111/j.1365-2966.2010.16864.x
http://dx.doi.org/10.1088/0004-637X/775/1/18
http://dx.doi.org/10.1088/0004-637X/775/1/18
http://dx.doi.org/10.1093/mnras/stt2502
http://dx.doi.org/10.3847/2041-8213/aa905c
http://dx.doi.org/10.3847/2041-8213/aa8fc7
http://dx.doi.org/10.1126/science.aaq0049
http://dx.doi.org/10.1126/science.aap9455
http://dx.doi.org/10.3847/2041-8213/aa9111
http://dx.doi.org/10.3847/2041-8213/aa9029
http://dx.doi.org/10.1126/science.aaq0186
http://dx.doi.org/10.1038/nature24303
http://dx.doi.org/10.3847/2041-8213/aa90b6
http://dx.doi.org/10.1093/pasj/psx118
http://dx.doi.org/10.3847/2041-8213/aa9c84
http://dx.doi.org/10.1093/mnras/stv009

Downloaded from https://royal societypublishing.org/ on 04 May 2025

36.

37.

38

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Metzger BD, Thompson TA, Quataert E. 2018 A magnetar origin for the kilonova ejecta in
GW170817. Astrophys. ]. 856, 101. (doi:10.3847/1538-4357/aab095)

Wollaeger RT et al. 2018 Impact of ejecta morphology and composition on the electromag-
netic signatures of neutron star mergers. Mon. Not. R. Astr. Soc. 478, 3298-3334. (doi:10.1093/
mnras/sty1018)

. Metzger BD. 2020 Kilonovae. Living Rev. Relativ. 23, 9. (doi:10.1007/s41114-019-0024-0)
39.

Kawaguchi K, Shibata M, Tanaka M. 2020 Diversity of kilonova light curves. Astrophys. ]. 889,
171. (doi:10.3847/1538-4357/ab61£6)

Korobkin O et al. 2021 Axisymmetric radiative transfer models of kilonovae. Astrophys. J. 910,
116. (doi:10.3847/1538-4357/abe1b5)

Metzger BD, Piro AL. 2014 Optical and X-ray emission from stable millisecond magnetars
formed from the merger of binary neutron stars. Mon. Not. R. Astr. Soc. 439, 3916-3930. (doi:
10.1093/mnras/stu247)

Bartos I, Kocsis B, Haiman Z, Marka S. 2017 Rapid and bright stellar-mass binary black hole
mergers in active galactic nuclei. Astrophys. J. 835, 165. (d0i:10.3847/1538-4357/835/2/165)
Stone NC, Metzger BD, Haiman Z. 2017 Assisted inspirals of stellar mass black holes embed-
ded in AGN discs: solving the ‘final au problem’. Mon. Not. R. Astron. Soc. 464, 946-954. (doi:
10.1093/mnras/stw2260)

Perna R, Lazzati D, Farr W. 2019 Limits on electromagnetic counterparts of gravitational-
wave-detected binary black hole mergers. Astrophys. ]. 875, 49. (doi:10.3847/1538-4357/
ab107b)

McKernan B et al. 2019 Ram-pressure stripping of a kicked hill sphere: prompt electro-
magnetic emission from the merger of stellar mass black holes in an AGN accretion disk.
Astrophys. |. 884, L50. (doi:10.3847/2041-8213/ab4886)

Wang JM, Liu JR, Ho LC, Li YR, Du P. 2021 Accretion-modified stars in accretion disks
of active galactic nuclei: gravitational-wave bursts and electromagnetic counterparts from
merging stellar black hole binaries. Astrophys. J. 916, L17. (doi:10.3847/2041-8213/ac0b46)
Graham M] et al. 2023 A light in the dark: searching for electromagnetic counterparts to black
hole-black hole mergers in LIGO/Virgo O3 with the zwicky transient facility. Astrophys. J.
942, 99. (doi:10.3847/1538-4357/aca480)

Tagawa H, Kimura SS, Haiman Z, Perna R, Bartos I. 2023 Observable signature of merging
stellar-mass black holes in active galactic nuclei. Astrophys. J. 950, 13. (doi:10.3847/1538-4357/
acc4bb)

Chen K, Dai ZG. 2024 Electromagnetic counterparts powered by kicked remnants of black
hole binary mergers in AGN disks. Astrophys. J. 961, 206. (d0i:10.3847/1538-4357/ad0dfd)
Rodriguez-Ramirez JC, Bom CR, Fraga B, Nemmen R. 2024 Optical emission model for bi-
nary black hole merger remnants travelling through discs of active galactic nuclei. Mon. Not.
R. Astr. Soc. 527, 6076-6089. (doi:10.1093/mnras/stad3575)

Graham M]J et al. 2020 Candidate electromagnetic counterpart to the binary black hole merger
gravitational-wave event S190521g. Phys. Rev. Lett. 124, 251102. (d0i:10.1103/PhysRevLett.
124.251102)

Abbott R et al. 2020 GW190521: a binary black hole merger with a total mass of 150 M. Phys.
Rev. Lett. 125, 101102. (d0i:10.1103/PhysRevLett.125.101102)

Abbott BP et al. 2017 Gravitational waves and gamma-rays from a binary neutron star merger:
GW170817 and GRB 170817A. Astrophys. ]. 848, L13. (d0i:10.3847/2041-8213/aa920c)
Goldstein A et al. 2017 An ordinary short gamma-ray burst with extraordinary implications:
fermi-GBM detection of GRB 170817A. Astrophys. ]. 848, L14. (d0i:10.3847/2041-8213/aa8f41)
Savchenko V et al. 2017 INTEGRAL detection of the first prompt gamma-ray signal coinci-
dent with the gravitational-wave event GW170817. Astrophys. ]. Lett. 848, L15. (doi:10.3847/
2041-8213/aa8f94)

Andreoni I etal. 2017 Follow up of GW170817 and Its electromagnetic counterpart by
Australian-led observing programmes. Publ. Astron. Soc. Aust. 34, e069. (d0i:10.1017/pasa.
2017.65)

Arcavil et al. 2017 Optical emission from a kilonova following a gravitational-wave-detected
neutron-star merger. Nature 551, 64-66. (doi:10.1038/nature24291)

Coulter DA et al. 2017 Swope Supernova Survey 2017a (55517a), the optical counterpart to a
gravitational wave source. Science 358, 1556-1558. (doi:10.1126/science.aap9811)

‘e1s1/Jounof/biobuysyigndiraposiefos

0CLOYCOC -€8€ 1 20S Y ‘Supil Jiyd


http://dx.doi.org/10.3847/1538-4357/aab095
http://dx.doi.org/10.1093/mnras/sty1018
http://dx.doi.org/10.1093/mnras/sty1018
http://dx.doi.org/10.1007/s41114-019-0024-0
http://dx.doi.org/10.3847/1538-4357/ab61f6
http://dx.doi.org/10.3847/1538-4357/abe1b5
http://dx.doi.org/10.1093/mnras/stu247
http://dx.doi.org/10.3847/1538-4357/835/2/165
http://dx.doi.org/10.1093/mnras/stw2260
http://dx.doi.org/10.3847/1538-4357/ab107b
http://dx.doi.org/10.3847/1538-4357/ab107b
http://dx.doi.org/10.3847/2041-8213/ab4886
http://dx.doi.org/10.3847/2041-8213/ac0b46
http://dx.doi.org/10.3847/1538-4357/aca480
http://dx.doi.org/10.3847/1538-4357/acc4bb
http://dx.doi.org/10.3847/1538-4357/acc4bb
http://dx.doi.org/10.3847/1538-4357/ad0dfd
http://dx.doi.org/10.1093/mnras/stad3575
http://dx.doi.org/10.1103/PhysRevLett.124.251102
http://dx.doi.org/10.1103/PhysRevLett.124.251102
http://dx.doi.org/10.1103/PhysRevLett.125.101102
http://dx.doi.org/10.3847/2041-8213/aa920c
http://dx.doi.org/10.3847/2041-8213/aa8f41
http://dx.doi.org/10.3847/2041-8213/aa8f94
http://dx.doi.org/10.3847/2041-8213/aa8f94
http://dx.doi.org/10.1017/pasa.2017.65
http://dx.doi.org/10.1017/pasa.2017.65
http://dx.doi.org/10.1038/nature24291
http://dx.doi.org/10.1126/science.aap9811

Downloaded from https://royal societypublishing.org/ on 04 May 2025

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Diaz MC et al. 2017 Observations of the first electromagnetic counterpart to a gravitational-
wave source by the TOROS collaboration. Astrophys. . Lett. 848, 1.29. (d0i:10.3847/2041-8213/
aa9060)

Evans PA etal. 2017 Swift and NuSTAR observations of GW170817: detection of a blue
kilonova. Science 358, 1565-1570. (doi:10.1126/science.aap9580)

Fong W et al. 2017 The electromagnetic counterpart of the binary neutron star merger
LIGO/Virgo GW170817. VIII. A comparison to cosmological short-duration gamma-ray
bursts. Astrophys. ]. Lett. 848, L23. (doi:10.3847/2041-8213/aa9018)

Gall C, Hjorth J, Rosswog S, Tanvir NR, Levan AJ. 2017 Lanthanides or dust in kilonovae:
lessons learned from GW170817. Astrophys. ]. Lett. 849, L19. (doi:10.3847/2041-8213/aa93£9)
Hu L et al. 2017 Optical observations of LIGO source GW 170817 by the Antarctic survey
telescopes at Dome A, Antarctica. Sci. Bull. 62, 1433-1438. (doi:10.1016/j.scib.2017.10.006)
Lipunov VM et al. 2017 MASTER optical detection of the first LIGO/Virgo neutron star binary
merger GW170817. Astrophys. ]. Lett. 850, L1. (d0i:10.3847/2041-8213/aa92c0)

Pian E etal. 2017 Spectroscopic identification of r-process nucleosynthesis in a double
neutron-star merger. Nature 551, 67-70. (doi:10.1038/nature24298)

Soares-Santos M et al. 2017 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. 848, L16. (d0i:10.3847/2041-8213/aa9059)

Valenti S et al. 2017 The discovery of the electromagnetic counterpart of GW170817: kilonova
AT 2017gfo/DLT17ck. Astrophys. |. Lett. 848, 1.24. (doi:10.3847/2041-8213/aa8edf)

Pozanenko AS et al. 2018 GRB 170817A associated with GW170817: multi-frequency observa-
tions and modeling of prompt gamma-ray emission. Astrophys. J. Lett. 852, L30. (doi:10.3847/
2041-8213/aaa2f6)

Villar VA et al. 2018 Spitzer space telescope infrared observations of the binary neutron star
merger GW170817. Astrophys. J. Lett. 862, L11. (doi:10.3847/2041-8213/aad281)

Hallinan G et al. 2017 A radio counterpart to a neutron star merger. Science 358, 1579-1583.
(d0i:10.1126/science.aap9855)

Margutti R, Berger E, Fong W, Guidorzi C, Alexander KD, Metzger BD, Blanchard PK. 2017
The electromagnetic counterpart of the binary neutron star merger LIGO/Virgo GW170817.
V. Rising X-ray emission from an off-axis Jet. Astrophys. ]. Lett. 848, L20. (doi:10.3847/2041-
8213/aa9057)

Troja E et al. 2017 The X-ray counterpart to the gravitational-wave event GW170817. Nature
551, 71-74. (doi:10.1038/nature24290)

Abbott BP etal. 2017 A gravitational-wave standard siren measurement of the Hubble
constant. Nature 551, 85-88. (doi:10.1038/nature24471)

Guidorzi C, Margutti R, Brout D, Scolnic D, Fong W, Alexander KD, Cowperthwaite PS.
2017 Improved constraints on H 0 from a combined analysis of gravitational-wave and
electromagnetic emission from GW170817. Apjl 851, L36. (d0i:10.3847/2041-8213/aaa009)
Palmese A et al. 2017 Evidence for dynamically driven formation of the GW170817 neutron
star binary in NGC 4993. Astrophys. |. 849, L34. (doi:10.3847/2041-8213/aa9660)

Cantiello M et al. 2018 A precise distance to the host galaxy of the binary neutron star merger
GW170817 using surface brightness fluctuations. Astrophys. J. Lett. 854, L31. (doi:10.3847/
2041-8213/aaad64)

Lee MG, Kang J, Im M. 2018 A globular cluster luminosity function distance to NGC 4993
hosting a binary neutron star merger GW170817/GRB 170817 A. Astrophys. ]. Lett. 859, Lé.
(doi:10.3847/2041-8213/aac2e9)

Hotokezaka K, Nakar E, Gottlieb O, Nissanke S, Masuda K, Hallinan G, Mooley KP, Deller
AT. 2019 A Hubble constant measurement from superluminal motion of the jet in GW170817.
Nat. Astron. 3, 940-944. (doi:10.1038/s41550-019-0820-1)

Sneppen A, Watson D, Poznanski D, Just O, Bauswein A, Wojtak R. 2023 Measuring the hub-
ble constant with kilonovae using the expanding photosphere method. Astron. Astrophys. 678,
Al4. (doi:10.1051/0004-6361/202346306)

Abbott DT et al. 2020 GW190412: observation of a binary-black-hole coalescence with asym-
metric masses. arXiv arXiv:2004.08342.

Roming PWA et al. 2005 The Swift ultra-violet/optical telescope. Space Sci. Rev. 120, 95-142.
(doi:10.1007/s11214-005-5095-4)

‘e1s1/Jounof/biobuysyigndiraposiefos

0CLOYCOC -€8€ 1 20S Y ‘Supil Jiyd


http://dx.doi.org/10.3847/2041-8213/aa9060
http://dx.doi.org/10.3847/2041-8213/aa9060
http://dx.doi.org/10.1126/science.aap9580
http://dx.doi.org/10.3847/2041-8213/aa9018
http://dx.doi.org/10.3847/2041-8213/aa93f9
http://dx.doi.org/10.1016/j.scib.2017.10.006
http://dx.doi.org/10.3847/2041-8213/aa92c0
http://dx.doi.org/10.1038/nature24298
http://dx.doi.org/10.3847/2041-8213/aa9059
http://dx.doi.org/10.3847/2041-8213/aa8edf
http://dx.doi.org/10.3847/2041-8213/aaa2f6
http://dx.doi.org/10.3847/2041-8213/aaa2f6
http://dx.doi.org/10.3847/2041-8213/aad281
http://dx.doi.org/10.1126/science.aap9855
http://dx.doi.org/10.3847/2041-8213/aa9057
http://dx.doi.org/10.3847/2041-8213/aa9057
http://dx.doi.org/10.1038/nature24290
http://dx.doi.org/10.1038/nature24471
http://dx.doi.org/10.3847/2041-8213/aaa009
http://dx.doi.org/10.3847/2041-8213/aa9660
http://dx.doi.org/10.3847/2041-8213/aaad64
http://dx.doi.org/10.3847/2041-8213/aaad64
http://dx.doi.org/10.3847/2041-8213/aac2e9
http://dx.doi.org/10.1038/s41550-019-0820-1
http://dx.doi.org/10.1051/0004-6361/202346306
http://dx.doi.org/10.1007/s11214-005-5095-4

Downloaded from https://royal societypublishing.org/ on 04 May 2025

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Gehrels N et al. 2004 The swift gamma-ray burst mission. Astrophys. J. Lett. 611, 1005-1020.
(doi:10.1086/422091)

Burrows DN et al. 2006 Jet breaks in short gamma-ray bursts. II. The collimated afterglow of
GRB 051221A. Astrophys. ]. 653, 468-473. (doi:10.1086/508740)

Fong W, Berger E, Margutti R, Zauderer BA. 2015 A decade of short-duration gamma-
ray burst broadband afterglows: energetics, circumburst densities, and jet opening angles.
Astrophys. |. 815, 102. (doi:10.1088/0004-637X/815/2/102)

Troja E et al. 2016 An Achromatic break in the afterglow of the short GRB 140903A: evidence
for a narrow jet. Astrophys. |. 827, 102. (doi:10.3847/0004-637X/827/2/102)

Jin ZP et al. 2018 Short GRBs: opening angles, local neutron star merger rate, and off-axis
events for GRB/GW association. Astrophys. |. 857, 128. (d0i:10.3847/1538-4357/aab76d)
Haggard D, Nynka M, Ruan JJ, Kalogera V, Cenko SB, Evans P, Kennea JA. 2017 A deep
chandra x-ray study of neutron star coalescence GW170817. Astrophys. ]. Lett. 848, L.25. (doi:
10.3847/2041-8213/aa8ede)

Alexander KD et al. 2018 A decline in the x-ray through radio emission from GW170817 con-
tinues to support an off-axis structured jet. Astrophys. J. Lett. 863, L18. (d0i:10.3847/2041-8213/
aad637)

Lyman JD et al. 2018 The optical afterglow of the short gamma-ray burst associated with
GW170817. Nat. Astron. 2, 751-754. (doi:10.1038/541550-018-0511-3)

Mooley KP et al. 2018 A mildly relativistic wide-angle outflow in the neutron-star merger
event GW170817. Nature 554, 207-210. (doi:10.1038/nature25452)

Fong W et al. 2019 The optical afterglow of GW170817: an off-axis structured jet and deep
constraints on a globular cluster origin. Astrophys. ]. Lett. 883, L1. (doi:10.3847/2041-8213/
ab3d9%e)

Ghirlanda G et al. 2019 Compact radio emission indicates a structured jet was produced by
a binary neutron star merger. Science 363, 968-971. (doi:10.1126/science.aau8815)

Hajela A et al. 2019 Two years of nonthermal emission from the binary neutron star merger
GW170817: rapid fading of the jet afterglow and first constraints on the kilonova fastest ejecta.
Astrophys. |. Lett. 886, L17. (doi:10.3847/2041-8213/ab5226)

Lamb GP et al. 2019 The optical afterglow of GW170817 at one year post-merger. Astrophys.
J. Lett. 870, L15. (d0i:10.3847/2041-8213/aaf96b)

Troja E, van Eerten H, Ryan G, Ricci R, Burgess JM, Wieringa MH, Piro L, Cenko SB, Sakamoto
T. 2019 A year in the life of GW170817: the rise and fall of a structured jet from a binary
neutron star merger. Mon. Not. R. Astron. Soc. 489, 1919-1926. (doi:10.1093/mnras/stz2248)
Troja E etal. 2020 A thousand days after the merger: continued x-ray emission from
GW170817. Mon. Not. R. Astron. Soc. 498, 5643-5651. (doi:10.1093/mnras/staa2626)

Dichiara S, Troja E, O’Connor B, Marshall FE, Beniamini P, Cannizzo JK, Lien AY, Sakamoto
T. 2020 Short gamma-ray bursts within 200 Mpc. Mon. Not. R. Astron. Soc. 492, 5011-5022.
(doi:10.1093/mnras/staal24)

Rossi A et al. 2020 A comparison between short GRB afterglows and kilonova AT2017gfo:
shedding light on kilonovae properties. Mon. Not. R. Astron. Soc. 493, 3379-3397. (doi:10.1093/
mnras/staa479)

Andreoni I et al. 2022 Target-of-opportunity observations of gravitational-wave events with
vera C. Rubin observatory. Astrophys. . 260, 18. (doi:10.3847/1538-4365/ac617c)

Gehrels N, Cannizzo JK, Kanner J, Kasliwal MM, Nissanke S, Singer LP. 2016 Galaxy strategy
for LIGO-virgo gravitational wave counterpart searches. Astrophys. J. 820, 136. (doi:10.3847/
0004-637X/820/2/136)

Lamb GP, Nativi L, Rosswog S, Kann DA, Levan A, Lundman C, Tanvir N. 2022 Inhomoge-
neous jets from neutron star mergers: one jet to rule them all. Universe 8, 612. (doi:10.3390/
universe8120612)

Evans PA, Kennea JA, Palmer DM, Bilicki M, Osborne JP, O’Brien PT, Tanvir NR. 2016 Swift
follow-up of gravitational wave triggers: results from the first aLIGO run and optimization
for the future. Mnras 462, 1591-1602. (doi:10.1093/mnras/stw1746)

Evans PA, Kennea JA, Palmer DM, Bilicki M, Osborne JP, O’Brien PT, Tanvir NR. 2019 Erra-
tum: Swift follow-up of gravitational wave triggers: results from the first aLIGO run and
optimisation for the future. Mon. Not. R. Astron. Soc. 484, 2362-2363. (d0i:10.1093/mnras/
stz113)

‘e1s1/Jounof/biobuysyigndiraposiefos

0CLOYCOC -€8€ 1 20S Y ‘Supil Jiyd


http://dx.doi.org/10.1086/422091
http://dx.doi.org/10.1086/508740
http://dx.doi.org/10.1088/0004-637X/815/2/102
http://dx.doi.org/10.3847/0004-637X/827/2/102
http://dx.doi.org/10.3847/1538-4357/aab76d
http://dx.doi.org/10.3847/2041-8213/aa8ede
http://dx.doi.org/10.3847/2041-8213/aad637
http://dx.doi.org/10.3847/2041-8213/aad637
http://dx.doi.org/10.1038/s41550-018-0511-3
http://dx.doi.org/10.1038/nature25452
http://dx.doi.org/10.3847/2041-8213/ab3d9e
http://dx.doi.org/10.3847/2041-8213/ab3d9e
http://dx.doi.org/10.1126/science.aau8815
http://dx.doi.org/10.3847/2041-8213/ab5226
http://dx.doi.org/10.3847/2041-8213/aaf96b
http://dx.doi.org/10.1093/mnras/stz2248
http://dx.doi.org/10.1093/mnras/staa2626
http://dx.doi.org/10.1093/mnras/staa124
http://dx.doi.org/10.1093/mnras/staa479
http://dx.doi.org/10.1093/mnras/staa479
http://dx.doi.org/10.3847/1538-4365/ac617c
http://dx.doi.org/10.3847/0004-637X/820/2/136
http://dx.doi.org/10.3847/0004-637X/820/2/136
http://dx.doi.org/10.3390/universe8120612
http://dx.doi.org/10.3390/universe8120612
http://dx.doi.org/10.1093/mnras/stw1746
http://dx.doi.org/10.1093/mnras/stz113
http://dx.doi.org/10.1093/mnras/stz113

Downloaded from https://royal societypublishing.org/ on 04 May 2025

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Antier S, Agayeva S, Almualla M, Awiphan S, Baransky A, Barynova K, Beradze S. 2020
GRANDMA observations of advanced LIGO’s and advanced Virgo’s third observational
campaign. Mon. Not. R. Astron. Soc. 497, 5518-5539. (doi:10.1093/mnras/staal1846)

Evans PA et al. 2016 Optimization of the Swift X-ray follow-up of advanced LIGO and Virgo
gravitational wave triggers in 2015-16. Mon. Not. R. Astron. Soc. 455, 1522-1537. (doi:10.1093/
mnras/stv2213)

de Jaeger T, Shappee BJ, Kochanek CS, Stanek KZ, Beacom JF, Holoien TWS, Thompson TA,
Franckowiak A, Holmbo S. 2021 ASAS-SN search for optical counterparts of gravitational-
wave events from the third observing run of advanced LIGO/Virgo. Mon. Not. R. Astron. Soc.
509, 3427-3440. (d0i:10.1093/mnras/stab3141)

Steeghs D et al. 2022 The gravitational-wave optical transient observer (GOTO): prototype
performance and prospects for transient science. Mon. Not. R. Astron. Soc. 511, 2405-2422.
(d0i:10.1093/mnras/stac013)

Ahumada T et al. 2024 Searching for gravitational wave optical counterparts with the Zwicky
transient facility: summary of O4a. arXiv arXiv:2405.12403. (doi:10.48550/arXiv.2405.12403)
Oates SR et al. 2021 Swift /UVOT follow-up of gravitational wave alerts in the O3 era. Mon.
Not. R. Astron. Soc. 507, 1296-1317. (doi:10.1093/mnras/stab2189)

Chang SW et al. 2021 SkyMapper optical follow-up of gravitational wave triggers: alert sci-
ence data pipeline and LIGO/Virgo O3 run. Publ. Astron. Soc. Aust. 38, e024. (d0i:10.1017/pasa.
2021.17)

Ochsenbein F, Bauer P, Marcout J. 2000 The VizieR database of astronomical catalogues.
Astron. Astrophys. 143, 23-32. (doi:10.1051/aas:2000169)

Smith KW, Williams RD, Young DR, Ibsen A, Smartt SJ, Lawrence A, Morris D, Voutsinas S,
Nicholl M. 2019 Lasair: the transient alert broker for LSST:UK. Res. Notes Am. Astron. Soc. 3,
26. (doi:10.3847/2515-5172/ab020f)

Killestein TL et al. 2024 Kilonova Seekers: the GOTO project for real-time citizen science in
time-domain astrophysics. arXiv arXiv:2406.02334. (doi:10.48550/arXiv.2406.02334)

Darnley MJ, Henze M. 2020 On a century of extragalactic novae and the rise of the rapid
recurrent novae. Adv. Space Res. 66, 1147-1168. (doi:10.1016/j.asr.2019.09.044)

Hubble EP. 1929 A spiral nebula as a stellar system, Messier 31. Astrophys. J. 69, 103. (doi:10.
1086/143167)

Downes RA, Webbink RF, Shara MM, Ritter H, Kolb U, Duerbeck HW. 2005 A catalog and
atlas of cataclysmic variables: the final edition. J. Astron. Data 11, 2. (doi:10.48550/arXiv.astro-
ph/0602278)

Bode MF, Evans A. 2008 Classical novae. Cambridge Astrophysics Series, No. 43. Cambridge,
UK: Cambridge University Press (doi:10.1017/CBO9780511536168)

Morales-Rueda L, Marsh TR. 2002 Spectral atlas of dwarf novae in outburst. Mon. Not. R.
Astron. Soc. 332, 814-826. (doi:10.1046/j.1365-8711.2002.05357.x)

Bruch A. 2021 A comparative study of the strength of flickering in cataclysmic variables. Mon.
Not. R. Astron. Soc. 503, 953-971. (doi:10.1093/mnras/stab516)

Bruch A. 1992 Flickering in cataclysmic variables: its properties and origins. Astron. Astrophys.
266, 237-265.

Warner B. 2003 Cataclysmic variable stars. Cambridge, UK: Cambridge University Press. (doi:
10.1017/CBO9780511586491)

Payne-Gaposchkin C. 1957 Galactic novae. Amsterdam, the Netherlands: North Holland
Publishing Company; New York, NY: Interscience Publishers.

Page KL, Kuin NPM, Osborne JP. 2022 Ultraviolet and x-ray light-curves of novae observed
by the neil gehrels swift observatory. Universe 8, 643. (d0i:10.3390/universe8120643)

Shore SN. 2014 The spectroscopic development of a nova. In Stellar novae: past and future
decades. Astronomical society of the Pacific conference series (eds PA Woudt, V Ribeiro), p.
145, vol. 490. San Francisco, CA: Astronomical Society of the Pacific.

Schmidt SJ et al. 2019 The largest M dwarf flares from ASAS-SN. Astrophys. ]. 876, 115. (doi:
10.3847/1538-4357/ab148d)

Webb S et al. 2021 The deeper, wider, faster programme: exploring stellar flare activity with
deep, fast cadenced DECam imaging via machine learning. Mon. Not. R. Astron. Soc. 506,
2089-2103. (doi:10.1093/mnras/stab1798)

Kowalski AF. 2024 Stellar flares. Living Rev. Sol. Phys. 21, 1. (doi:10.1007/s41116-024-00039-4)

0ZLOVTOZ S€8E Y 705y Supi fiyg  e1s)/jeuinol/biobuysiigndiaaposiefos H


http://dx.doi.org/10.1093/mnras/staa1846
http://dx.doi.org/10.1093/mnras/stv2213
http://dx.doi.org/10.1093/mnras/stv2213
http://dx.doi.org/10.1093/mnras/stab3141
http://dx.doi.org/10.1093/mnras/stac013
http://dx.doi.org/10.48550/arXiv.2405.12403
http://dx.doi.org/10.1093/mnras/stab2189
http://dx.doi.org/10.1017/pasa.2021.17
http://dx.doi.org/10.1017/pasa.2021.17
http://dx.doi.org/10.1051/aas:2000169
http://dx.doi.org/10.3847/2515-5172/ab020f
http://dx.doi.org/10.48550/arXiv.2406.02334
http://dx.doi.org/10.1016/j.asr.2019.09.044
http://dx.doi.org/10.1086/143167
http://dx.doi.org/10.1086/143167
http://dx.doi.org/10.48550/arXiv.astro-ph/0602278
http://dx.doi.org/10.48550/arXiv.astro-ph/0602278
http://dx.doi.org/10.1017/CBO9780511536168
http://dx.doi.org/10.1046/j.1365-8711.2002.05357.x
http://dx.doi.org/10.1093/mnras/stab516
http://dx.doi.org/10.1017/CBO9780511586491
http://dx.doi.org/10.3390/universe8120643
http://dx.doi.org/10.3847/1538-4357/ab148d
http://dx.doi.org/10.1093/mnras/stab1798
http://dx.doi.org/10.1007/s41116-024-00039-4

Downloaded from https://royal societypublishing.org/ on 04 May 2025

128.

129.

130

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Chang SW, Wolf C, Onken CA. 2020 Photometric flaring fraction of M dwarf stars from the
skymapper southern survey. Mon. Not. R. Astron. Soc. 491, 39-50. (doi:10.1093/mnras/stz2898)
Andreoni I et al. 2020 Constraining the kilonova rate with Zwicky transient facility searches
independent of gravitational wave and short gamma-ray burst triggers. Astrophys. J. 904, 155.
(d0i:10.3847/1538-4357/abbf4c)

. Minkowski R. 1941 Spectra of supernovae. Publs. Astr. Soc. Pacif. 53, 224. (doi:10.1086/125315)
131.

Gal-Yam A. 2017 Observational and physical classification of supernovae. In Handbook of su-
pernovae (eds AW Alsabti, P Murdin), pp. 195-237. Cham, Switzerland: Springer International
Publishing. (doi:10.1007/978-3-319-21846-5_35)

Hillebrandt W, Niemeyer JC. 2000 Type Ia supernova explosion models. Annu. Rev. Astron.
Astrophys. 38, 191-230. (doi:10.1146/annurev.astro.38.1.191)

Ruiter AJ. 2019 Type Ia supernova sub-classes and progenitor origin. In White dwarfs as
probes of fundamental physics: tracers of planetary, stellar and galactic evolution (eds MA Barstow,
SJ Kleinman, JL Provencal, L Ferrario), pp. 1-15, vol. 15. San Francisco, CA: Cambridge
University Press. (doi:10.1017/51743921320000587)

Woosley S, Janka T. 2005 The physics of core-collapse supernovae. Nat. Phys. 1, 147-154. (doi:
10.1038/nphys172)

Li W et al. 2011 Nearby supernova rates from the lick observatory supernova search - II. The
observed luminosity functions and fractions of supernovae in a complete sample. Mon. Not.
R. Astron. Soc. 412, 1441-1472. (doi:10.1111/j.1365-2966.2011.18160.x)

Holoien TWS et al. 2019 The ASAS-SN bright supernova catalogue — IV. 2017. Mon. Not. R.
Astron. Soc. 484, 1899-1911. (d0i:10.1093/mnras/stz073)

Firth RE ef al. 2015 The rising light curves of type Ia supernovae. Mon. Not. R. Astron. Soc.
446, 3895-3910. (doi:10.1093/mnras/stu2314)

Pierel JDR efal. 2018 Extending supernova spectral templates for next-generation space
telescope observations. Publs. Astr. Soc. Pacif. 130, 114504. (doi:10.1088/1538-3873/aadb7a)
Hoeflich P et al. 2017 Light and color curve properties of type ia supernovae: theory versus
observations. Astrophys. J. 846, 58. (d0i:10.3847/1538-4357/aa84b2)

de Jaeger T et al. 2018 Observed type II supernova colours from the Carnegie supernova
project-1. Mon. Not. R. Astron. Soc. 476, 4592-4616. (d0i:10.1093/mnras/sty508)

Soderberg AM et al. 2008 An extremely luminous X-ray outburst at the birth of a supernova.
Nature 453, 469-474. (doi:10.1038/nature06997)

Schawinski K et al. 2008 Supernova shock breakout from a red supergiant. Science 321,
223-226. (d0i:10.1126/science.1160456)

Rabinak I, Waxman E. 2011 The early UV/optical emission from core-collapse supernovae.
Astrophys. . 728, 63. (doi:10.1088/0004-637X/728/1/63)

Garnavich PM, Tucker BE, Rest A, Shaya EJ, Olling RP, Kasen D, Villar A. 2016 Shock break-
out and early light curves of type II-P supernovae observed with kepler. Astrophys. J. 820, 23.
(doi:10.3847/0004-637X/820/1/23)

Bersten MC et al. 2018 A surge of light at the birth of a supernova. Nature 554, 497-499. (doi:
10.1038/nature25151)

Li G, Hu M, Li W, Yang Y, Wang X, Yan S, Hu L. 2024 A shock flash breaking out of a dusty
red supergiant. Nature 627, 754-758. (d0i:10.1038/s41586-023-06843-6)

Hills JG. 1975 Possible power source of Seyfert galaxies and QSOs. Nature 254, 295-298. (doi:
10.1038/254295a0)

Rees MJ. 1988 Tidal disruption of stars by black holes of 10°-10° solar masses in nearby
galaxies. Nature 333, 523-528. (doi:10.1038/333523a0)

Loeb A, Ulmer A. 1997 Optical appearance of the debris of a star disrupted by a massive
black hole. Astrophys. ]. 489, 573-578. (doi:10.1086/304814)

Lin D et al. 2018 A luminous X-ray outburst from an intermediate-mass black hole in an
off-centre star cluster. Nat. Astron. 2, 656-661. (doi:10.1038/s41550-018-0493-1)

Angus CR et al. 2022 A fast-rising tidal disruption event from a candidate intermediate-mass
black hole. Nat. Astron. 6, 1452-1463. (d0i:10.1038/s41550-022-01811-y)

Gomez S, Gezari S. 2023 The search for thermonuclear transients from the tidal disruption
of a white dwarf by an intermediate-mass black hole. Astrophys. J. 955, 46. (doi:10.3847/1538-
4357/acefbc)

‘e1s1/Jounof/biobuysyigndiraposiefos

0CLOYCOC -€8€ 1 20S Y ‘Supil Jiyd


http://dx.doi.org/10.1093/mnras/stz2898
http://dx.doi.org/10.3847/1538-4357/abbf4c
http://dx.doi.org/10.1086/125315
http://dx.doi.org/10.1007/978-3-319-21846-5_35
http://dx.doi.org/10.1146/annurev.astro.38.1.191
http://dx.doi.org/10.1017/S1743921320000587
http://dx.doi.org/10.1038/nphys172
http://dx.doi.org/10.1111/j.1365-2966.2011.18160.x
http://dx.doi.org/10.1093/mnras/stz073
http://dx.doi.org/10.1093/mnras/stu2314
http://dx.doi.org/10.1088/1538-3873/aadb7a
http://dx.doi.org/10.3847/1538-4357/aa84b2
http://dx.doi.org/10.1093/mnras/sty508
http://dx.doi.org/10.1038/nature06997
http://dx.doi.org/10.1126/science.1160456
http://dx.doi.org/10.1088/0004-637X/728/1/63
http://dx.doi.org/10.3847/0004-637X/820/1/23
http://dx.doi.org/10.1038/nature25151
http://dx.doi.org/10.1038/s41586-023-06843-6
http://dx.doi.org/10.1038/254295a0
http://dx.doi.org/10.1038/333523a0
http://dx.doi.org/10.1086/304814
http://dx.doi.org/10.1038/s41550-018-0493-1
http://dx.doi.org/10.1038/s41550-022-01811-y
http://dx.doi.org/10.3847/1538-4357/acefbc
http://dx.doi.org/10.3847/1538-4357/acefbc

Downloaded from https://royal societypublishing.org/ on 04 May 2025

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Pomeroy RT, Norris MA. 2024 A search for intermediate-mass black holes in compact stellar
systems through optical emissions from tidal disruption events. Mon. Not. R. Astron. Soc. 530,
3043-3050. (doi:10.1093/mnras/stae960)

Tang VL, Madau P, Bortolas E, Peng EW, Feng Y, Guhathakurta P. 2024 Searching for
intermediate-mass black holes in globular clusters through tidal disruption events. Astrophys.
J. 963, 146. (d0i:10.3847/1538-4357/ad1dd9)

Ricarte A, Tremmel M, Natarajan P, Quinn T. 2021 Unveiling the population of wander-
ing black holes via electromagnetic signatures. Astrophys. J. 916, L18. (doi:10.3847/2041-8213/
ac1170)

van Velzen S et al. 2021 Seventeen tidal disruption events from the first half of ZTF survey
observations: entering a new era of population studies. Astrophys. ]. 908, 4. (d0i:10.3847/1538-
4357/abc258)

Oates SR, Kuin NPM, Nicholl M, Marshall F, Ridley E, Boutsia K, Breeveld AA. 2024
Swift/UVOT discovery of Swift J221951-484240: a UV luminous ambiguous nuclear transient.
Mon. Not. R. Astr. Soc. 530, 1688-1710. (doi:10.1093/mnras/stae795)

Zauderer BA et al. 2011 Birth of a relativistic outflow in the unusual y-ray transient Swift
J164449.3+573451. Nature 476, 425-428. (doi:10.1038/nature10366)

Wiersema K, van der Horst AJ, Levan AJ, Tanvir NR, Karjalainen R, Kamble A, Kouveliotou
C. 2012 Polarimetry of the transient relativistic jet of GRB 110328/Swift J164449.3+573451.
Mon. Not. R. Astr. Soc. 421, 1942-1948. (doi:10.1111/j.1365-2966.2011.20379.x)

Bradley Cenko Set al. 2012 Swift J2058.4+0516: discovery of a possible second relativistic tidal
disruption flare? Astrophys. J. 753, 77. (d0i:10.1088/0004-637X/753/1/77)

Brown GC, Levan AJ, Stanway ER, Tanvir NR, Cenko SB, Berger E, Chornock R, Cucchiaria
A. 2015 Swift J1112.2-8238: a candidate relativistic tidal disruption flare. Mon. Not. R. Astr.
Soc. 452, 4297-4306. (doi:10.1093/mnras/stv1520)

Pasham DR et al. 2015 A multiwavelength study of the relativistic tidal disruption candidate
Swift J2058.4+0516 at late times. Astrophys. ]. 805, 68. (d0i:10.1088/0004-637X/805/1/68)
Andreoni I ef al. 2022 A very luminous jet from the disruption of a star by a massive black
hole. Nature 612, 430-434. (doi:10.1038/s41586-022-05465-8)

Pasham DR et al. 2022 The birth of a relativistic jet following the disruption of a star by a
cosmological black hole. Nat. Astron. 7, 88-104. (doi:10.1038/s41550-022-01820-x)

Padovani P et al. 2017 Active galactic nuclei: what’s in a name? Astron. Astrophys. Rev. 25, 2.
(d0i:10.1007/s00159-017-0102-9)

MacLeod CL et al. 2012 A description of quasar variability measured using repeated SDSS
and POSS imaging. Astrophys. J. 753, 106. (doi:10.1088/0004-637X/753/2/106)

Lawrence A et al. 2016 Slow-blue nuclear hypervariables in PanSTARRS-1. Mon. Not. R.
Astron. Soc. 463, 296-331. (doi:10.1093/mnras/stw1963)

Graham M]J, Djorgovski SG, Drake A], Stern D, Mahabal AA, Glikman E, Larson S, Chris-
tensen E. 2017 Understanding extreme quasar optical variability with CRTS - I. Major AGN
flares. Mon. Not. R. Astr. Soc. 470, 4112-4132. (d0i:10.1093/mnras/stx1456)

Ricci C, Trakhtenbrot B. 2023 Changing-look active galactic nuclei. Nat. Astron. 7, 1282-1294.
(doi:10.1038/s41550-023-02108-4)

Holoien TWSet al. 2022 Investigating the nature of the luminous ambiguous nuclear transient
ASASSN-17jz. Astrophys. . 933, 196. (d0i:10.3847/1538-4357/ac74b9)

Wiseman P et al. 2023 Multiwavelength observations of the extraordinary accretion event
AT2021lwx. Mon. Not. R. Astron. Soc. 522, 3992-4002. (doi:10.1093/mnras/stad 1000)

Levan AJ et al. 2023 A long-duration gamma-ray burst of dynamical origin from the nucleus
of an ancient galaxy. Nat. Astron. 7, 976-985. (d0i:10.1038/s41550-023-01998-8)

Law NM et al. 2009 The Palomar Transient Factory: system overview, performance, and first
results. Publs. Astr. Soc. Pacif. 121, 1395-1408. (d0i:10.1086/648598)

Drout MR et al. 2014 Rapidly evolving and luminous transients from pan-STARRSI. Astro-
phys. ]. 794, 23. (doi:10.1088/0004-637X/794/1/23)

Pursiainen M et al. 2018 Rapidly evolving transients in the dark energy survey. Mon. Not. R.
Astron. Soc. 481, 894-917. (doi:10.1093/mnras/sty2309)

Wiseman P et al. 2020 The host galaxies of 106 rapidly evolving transients discovered by the
Dark Energy Survey. Mon. Not. R. Astron. Soc. 498, 2575-2593. (d0i:10.1093/mnras/staa2474)

‘e1s1/Jounof/biobuysyigndiraposiefos

0CLOYCOC -€8€ 1 20S Y ‘Supil Jiyd


http://dx.doi.org/10.1093/mnras/stae960
http://dx.doi.org/10.3847/1538-4357/ad1dd9
http://dx.doi.org/10.3847/2041-8213/ac1170
http://dx.doi.org/10.3847/2041-8213/ac1170
http://dx.doi.org/10.3847/1538-4357/abc258
http://dx.doi.org/10.3847/1538-4357/abc258
http://dx.doi.org/10.1093/mnras/stae795
http://dx.doi.org/10.1038/nature10366
http://dx.doi.org/10.1111/j.1365-2966.2011.20379.x
http://dx.doi.org/10.1088/0004-637X/753/1/77
http://dx.doi.org/10.1093/mnras/stv1520
http://dx.doi.org/10.1088/0004-637X/805/1/68
http://dx.doi.org/10.1038/s41586-022-05465-8
http://dx.doi.org/10.1038/s41550-022-01820-x
http://dx.doi.org/10.1007/s00159-017-0102-9
http://dx.doi.org/10.1088/0004-637X/753/2/106
http://dx.doi.org/10.1093/mnras/stw1963
http://dx.doi.org/10.1093/mnras/stx1456
http://dx.doi.org/10.1038/s41550-023-02108-4
http://dx.doi.org/10.3847/1538-4357/ac74b9
http://dx.doi.org/10.1093/mnras/stad1000
http://dx.doi.org/10.1038/s41550-023-01998-8
http://dx.doi.org/10.1086/648598
http://dx.doi.org/10.1088/0004-637X/794/1/23
http://dx.doi.org/10.1093/mnras/sty2309
http://dx.doi.org/10.1093/mnras/staa2474

Downloaded from https://royal societypublishing.org/ on 04 May 2025

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Li W et al. 2023 Rapidly evolving transients in archival ZTF public alerts. Astrophys. ]. 955,
144. (doi:10.3847/1538-4357/ace4bc)

Kuin NPM et al. 2019 Swift spectra of AT2018cow: a white dwarf tidal disruption event? Mon.
Not. R. Astron. Soc. 487, 2505-2521. (doi:10.1093/mnras/stz053)

Margutti R et al. 2019 An embedded x-ray source shines through the aspherical AT 2018cow:
revealing the inner workings of the most luminous fast-evolving optical transients. Astrophys.
J. 872, 18. (d0i:10.3847/1538-4357/aafa01)

Perley DA et al. 2019 The fast, luminous ultraviolet transient AT2018cow: extreme super-
nova, or disruption of a star by an intermediate-mass black hole? Mon. Not. R. Astron. Soc.
484, 1031-1049. (d0i:10.1093/mnras/sty3420)

Ofek EO et al. 2010 Supernova PTF 09U]J: a possible shock breakout from a dense circumstellar
wind. Astrophys. ]. 724, 1396-1401. (doi:10.1088/0004-637X/724/2/1396)

Perley DA, Ho AYQ, Fausnaugh M, Lamb GP, Kasliwal MM, Ahumada T, Anand S. 2024
AT2019pim: A Luminous Orphan Afterglow from a Moderately Relativistic Outflow. arXiv.
(d0i:10.48550/arXiv.2401.16470)

Panaitescu A, Vestrand WT. 2008 Taxonomy of gamma-ray burst optical light curves: iden-
tification of a salient class of early afterglows. Mon. Not. R. Astr. Soc. 387, 497-504. (doi:10.
1111/j.1365-2966.2008.13231.x)

Alexander KD et al. 2017 The electromagnetic counterpart of the binary neutron star merger
LIGO/Virgo GW170817. VI. Radio constraints on a relativistic jet and predictions for late-time
emission from the kilonova ejecta. Astrophys. J. Lett. 848, L21. (d0i:10.3847/2041-8213/aa905d)
Nynka M, Ruan JJ, Haggard D, Evans PA. 2018 Fading of the X-Ray afterglow of neutron star
merger GW170817/GRB 170817A at 260 days. Astrophys. J. 862, L19. (d0i:10.3847/2041-8213/
aad32d)

Balasubramanian A, Corsi A, Mooley KP, Brightman M, Hallinan G, Hotokezaka K, Ka-
plan DL, Lazzati D, Murphy EJ. 2021 Continued radio observations of GW170817 3.5 yr
post-merger. Astrophys. J. Lett. 914, L20. (doi:10.3847/2041-8213/abfd38)

Ho AYQ et al. 2022 Cosmological fast optical transients with the Zwicky transient facility: a
search for dirty fireballs. Astrophys. ]. 938, 85. (doi:10.3847/1538-4357/ac8bd0)

Sari R, Piran T, Narayan R. 1998 Spectra and light curves of gamma-ray burst afterglows.
Astrophys. |. 497, L17-L20. (d0i:10.1086/311269)

Andreoni I et al. 2021 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. 918, 63. (d0i:10.3847/1538-4357/ac0bc7)

Bloom JS, Sigurdsson S, Pols OR. 1999 The spatial distribution of coalescing neutron star
binaries: implications for gamma-ray bursts. Mon. Not. R. Astron. Soc. 305, 763-769. (doi:10.
1046/j.1365-8711.1999.02437 .x)

Fryer CL, Woosley SE, Hartmann DH. 1999 Formation rates of black hole accretion disk
gamma-ray bursts. Astrophys. J. 526, 152-177. (doi:10.1086/307992)

Mandhai S, Lamb GP, Tanvir NR, Bray J, Nixon CJ, Eyles-Ferris RAJ, Levan AJ, Gompertz BP.
2022 Exploring compact binary merger host galaxies and environments with zELDA. Mon.
Not. R. Astron. Soc. 514, 2716-2735. (doi:10.1093/mnras/stac1473)

Berger E. 2010 A short gamma-ray burst ‘no-host” problem? Investigating large progenitor
offsets for short GRBs with optical afterglows. Astrophys. J. 722, 1946-1961. (doi:10.1088/0004-
637X/722/2/1946)

Fong W et al. 2013 Demographics of the galaxies hosting short-duration gamma-ray bursts.
Astrophys. . 769, 56. (doi:10.1088/0004-637X/769/1/56)

Goldstein DA et al. 2015 Automated transient identification in the Dark Energy Survey.
Astron. ]. 150, 82. (doi:10.1088/0004-6256/150/3/82)

Wright DE et al. 2015 Machine learning for transient discovery in Pan-STARRSI difference
imaging. Mon. Not. R. Astron. Soc. 449, 451-466. (d0i:10.1093/mnras/stv292)

Cabrera-Vives G, Reyes I, Forster F, Estévez PA, Maureira JC. 2017 Deep-HiTS: rotation in-
variant convolutional neural network for transient detection. Astrophys. |. 836, 97. (doi:10.
3847/1538-4357/836/1/97)

Duev DA et al. 2019 Real-bogus classification for the Zwicky transient facility using deep
learning. Mon. Not. R. Astron. Soc. 489, 3582-3590. (d0i:10.1093/mnras/stz2357)

‘e1s1/Jounof/biobuysyigndiraposiefos

0CLOYCOC -€8€ 1 20S Y ‘Supil Jiyd


http://dx.doi.org/10.3847/1538-4357/ace4bc
http://dx.doi.org/10.1093/mnras/stz053
http://dx.doi.org/10.3847/1538-4357/aafa01
http://dx.doi.org/10.1093/mnras/sty3420
http://dx.doi.org/10.1088/0004-637X/724/2/1396
http://dx.doi.org/10.48550/arXiv.2401.16470
http://dx.doi.org/10.1111/j.1365-2966.2008.13231.x
http://dx.doi.org/10.1111/j.1365-2966.2008.13231.x
http://dx.doi.org/10.3847/2041-8213/aa905d
http://dx.doi.org/10.3847/2041-8213/aad32d
http://dx.doi.org/10.3847/2041-8213/aad32d
http://dx.doi.org/10.3847/2041-8213/abfd38
http://dx.doi.org/10.3847/1538-4357/ac8bd0
http://dx.doi.org/10.1086/311269
http://dx.doi.org/10.3847/1538-4357/ac0bc7
http://dx.doi.org/10.1046/j.1365-8711.1999.02437.x
http://dx.doi.org/10.1046/j.1365-8711.1999.02437.x
http://dx.doi.org/10.1086/307992
http://dx.doi.org/10.1093/mnras/stac1473
http://dx.doi.org/10.1088/0004-637X/722/2/1946
http://dx.doi.org/10.1088/0004-637X/722/2/1946
http://dx.doi.org/10.1088/0004-637X/769/1/56
http://dx.doi.org/10.1088/0004-6256/150/3/82
http://dx.doi.org/10.1093/mnras/stv292
http://dx.doi.org/10.3847/1538-4357/836/1/97
http://dx.doi.org/10.3847/1538-4357/836/1/97
http://dx.doi.org/10.1093/mnras/stz2357

Downloaded from https://royal societypublishing.org/ on 04 May 2025

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Mong YL et al. 2020 Machine learning for transient recognition in difference imaging with
minimum sampling effort. Mon. Not. R. Astron. Soc. 499, 6009-6017. (doi:10.1093/mnras/
staa3096)

Stachie C, Coughlin MW, Christensen N, Muthukrishna D. 2020 Using machine learning for
transient classification in searches for gravitational-wave counterparts. Mon. Not. R. Astron.
Soc. 497, 1320-1331. (doi:10.1093/mnras/staal776)

Killestein TL et al. 2021 Transient-optimized real-bogus classification with Bayesian convo-
lutional neural networks — sifting the GOTO candidate stream. Mon. Not. R. Astron. Soc. 503,
4838-4854. (doi:10.1093/mnras/stab633)

Corbett H et al. 2023 The Evryscope Fast Transient Engine: real-time detection for rapidly
evolving transients. Astrophys. |. Suppl. Ser. 265, 63. (doi:10.3847/1538-4365/acbd41)

Mong YL etal. 2023 Self-supervised clustering on image-subtracted data with deep-
embedded self-organizing map. Mon. Not. R. Astron. Soc. 518, 752-762. (d0i:10.1093/mnras/
stac3103)

Muthukrishna D, Mandel KS, Lochner M, Webb S, Narayan G. 2022 Real-time detection of
anomalies in large-scale transient surveys. Mon. Not. R. Astron. Soc. 517, 393-419. (doi:10.
1093/mnras/stac2582)

Hlozek R et al. 2023 Results of the photometric LSST astronomical time-series classification
challenge (PLAsTiCC). Astrophys. . Suppl. Ser. 267, 25. (doi:10.3847/1538-4365/accd6a)
Gupta R, Muthukrishna D, Lochner M. 2024 A Classifier-based approach to multi-class
anomaly detection for astronomical transients. arXiv arXiv:2403.14742. (doi:10.48550/arXiv.
2403.14742)

Li M, Wu C, Kang Z, Liu C, Deng S, Li Z. 2024 TLW: a real-time light curve classifi-
cation algorithm for transients based on machine learning. Universe 10, 31. (doi:10.3390/
universe10010031)

Sravan N, Graham M], Coughlin MW, Ahumada T, Anand S. 2024 Machine-directed
gravitational-wave counterpart discovery. Astrophys. ]. 974, 214. (doi:10.3847/1538-4357/
ad7257)

Wright DE ef al. 2017 A transient search using combined human and machine classifications.
Mon. Not. R. Astron. Soc. 472, 1315-1323. (doi:10.1093/mnras/stx1812)

Page KL et al. 2020 Swift -XRT follow-up of gravitational wave triggers during the third
aLIGO/Virgo observing run. Mon. Not. R. Astron. Soc. 499, 3459-3480. (doi:10.1093/mnras/
staa3032)

Alam S et al. 2015 The eleventh and twelfth data releases of the Sloan digital sky survey: final
data from SDSS-IIL. Astrophys. J. Suppl. 219, 12. (doi:10.1088/0067-0049/219/1/12)

Andreoni I et al. 2019 GROWTH on 5190510g: DECam observation planning and follow-up
of a distant binary neutron star merger candidate. Astrophys. J. Lett. 881, L16. (doi:10.3847/
2041-8213/ab3399)

Goldstein DA et al. 2019 GROWTH on S5190426c: real-time search for a counterpart to the
probable neutron star-black hole merger using an automated difference imaging pipeline
for DECam. Astrophys. |. Lett. 881, L7. (d0i:10.3847/2041-8213/ab3046)

Lundquist MJ et al. 2019 Searches after gravitational waves using ARizona Observatories
(SAGUARO): system overview and first results from advanced LIGO/Virgo’s third observing
run. Astrophys. J. Lett. 881, 1.26. (doi:10.3847/2041-8213/ab32f2)

Ackley Ket al. 2020 Observational constraints on the optical and near-infrared emission from
the neutron star-black hole binary merger candidate S190814bv. Astron. Astrophys. 643, A113.
(doi:10.1051/0004-6361/202037669)

Andreoni I et al. 2020 GROWTH on S190814bv: deep synoptic limits on the optical/near-
infrared counterpart to a neutron star-black hole merger. Astrophys. J. 890, 131. (doi:10.3847/
1538-4357/ab6alb)

Coughlin MW, Dietrich T, Antier S, Bulla M, Foucart F, Hotokezaka K, Raaijmakers G, Hin-
derer T, Nissanke S. 2020 Implications of the search for optical counterparts during the first
six months of the Advanced LIGO’s and Advanced Virgo's third observing run: possible lim-
its on the ejecta mass and binary properties. Mon. Not. R. Astron. Soc. 492, 863-876. (doi:10.
1093/mnras/stz3457)

Coughlin MW et al. 2020 Implications of the search for optical counterparts during the second
part of the Advanced LIGO’s and Advanced Virgo’s third observing run: lessons learned for

 eysy/feunof/biobuysiigndiraposiefos

0CLOYCOC -€8€ 1 20S Y ‘Supil Jiyd


http://dx.doi.org/10.1093/mnras/staa3096
http://dx.doi.org/10.1093/mnras/staa3096
http://dx.doi.org/10.1093/mnras/staa1776
http://dx.doi.org/10.1093/mnras/stab633
http://dx.doi.org/10.3847/1538-4365/acbd41
http://dx.doi.org/10.1093/mnras/stac3103
http://dx.doi.org/10.1093/mnras/stac3103
http://dx.doi.org/10.1093/mnras/stac2582
http://dx.doi.org/10.1093/mnras/stac2582
http://dx.doi.org/10.3847/1538-4365/accd6a
http://dx.doi.org/10.48550/arXiv.2403.14742
http://dx.doi.org/10.48550/arXiv.2403.14742
http://dx.doi.org/10.3390/universe10010031
http://dx.doi.org/10.3390/universe10010031
http://dx.doi.org/10.3847/1538-4357/ad7257
http://dx.doi.org/10.3847/1538-4357/ad7257
http://dx.doi.org/10.1093/mnras/stx1812
http://dx.doi.org/10.1093/mnras/staa3032
http://dx.doi.org/10.1093/mnras/staa3032
http://dx.doi.org/10.1088/0067-0049/219/1/12
http://dx.doi.org/10.3847/2041-8213/ab3399
http://dx.doi.org/10.3847/2041-8213/ab3399
http://dx.doi.org/10.3847/2041-8213/ab3046
http://dx.doi.org/10.3847/2041-8213/ab32f2
http://dx.doi.org/10.1051/0004-6361/202037669
http://dx.doi.org/10.3847/1538-4357/ab6a1b
http://dx.doi.org/10.3847/1538-4357/ab6a1b
http://dx.doi.org/10.1093/mnras/stz3457
http://dx.doi.org/10.1093/mnras/stz3457

Downloaded from https://royal societypublishing.org/ on 04 May 2025

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.
229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

future follow-up observations. Mon. Not. R. Astron. Soc. 497, 1181-1196. (d0i:10.1093/mnras/
staal1925)

Gompertz BP et al. 2020 Searching for electromagnetic counterparts to gravitational-wave
merger events with the prototype gravitational-wave optical transient observer (GOTO-4).
Mon. Not. R. Astron. Soc. 497, 726-738. (d0i:10.1093/mnras/staal845)

Kasliwal MM et al. 2020 Kilonova luminosity function constraints based on zwicky transient
facility searches for 13 neutron star merger triggers during O3. Astrophys. ]. 905, 145. (doi:10.
3847/1538-4357/abc335)

Paterson K et al. 2021 Searches after gravitational waves using ARizona observatories
(SAGUARO): observations and analysis from advanced LIGO/Virgo’s third observing run.
Astrophys. . 912, 128. (d0i:10.3847/1538-4357/abeb71)

Thakur AL, Dichiara S, Troja E, Chase EA, Sanchez-Ramirez R, Piro L, Fryer CL. 2020 A
search for optical and near-infrared counterparts of the compact binary merger GW190814.
Mon. Not. R. Astron. Soc. 499, 3868-3883. (d0i:10.1093/mnras/staa2798)

Vieira N et al. 2020 A deep CFHT optical search for a counterpart to the possible neutron
star-black hole merger GW190814. Astrophys. |. 895, 96. (doi:10.3847/1538-4357/ab917d)
Anand S ef al. 2020 Optical follow-up of the neutron star-black hole mergers S200105ae and
5200115j. Nat. Astron. 5, 46-53. (doi:10.1038/s41550-020-1183-3)

Ohgami T, Tominaga N, Utsumi Y, Niino Y, Tanaka M, Banerjee S, Hamasaki R. 2021 Opti-
cal follow-up observation for GW event S190510g using subaru/hyper suprime-cam. Pas;j 73,
350-364. (doi:10.1093/pasj/psab002)

Cutri RM et al. 2021 VizieR Online Data Catalog: AIIWISE Data Release (Cutri+ 2013). In
VizieR Online Data Catalog, p. 11/328.

Wheeler JC, Harkness RP. 1990 Type I supernovae. Rep. Prog. Phys. 53, 1467-1557. (doi:10.
1088/0034-4885/53/12/001)

Gal-Yam A. 2012 Luminous supernovae. Science 337, 927-932. (doi:10.1126/science.1203601)
Smith KL, Mushotzky RF, Boyd PT, Malkan M, Howell SB, Gelino DM. 2018 The Kepler light
curves of AGN: a detailed analysis. Astrophys. J. 857, 141. (d0i:10.3847/1538-4357/aab88d)
Hachisu I, Kato M. 2018 A light curve analysis of recurrent and very fast novae in our galaxy,
magellanic clouds, and M31. Astrophys. ]., Suppl. 237, 4. (doi:10.3847/1538-4365/aac833)
Osten RA, Godet O, Drake S, Tueller J, Cummings ], Krimm H, Pye J. 2010 The mouse
that roared: a superflare from the dMe flare star EV lac detected by swift and konus-wind.
Astrophys. ]. 721, 785-801. (d0i:10.1088/0004-637X/721/1/785)

Schmidt SJ et al. 2014 Characterizing a dramatic AV -0.5ex -9 Flare on an ultracool dwarf
found by the ASAS-SN survey. Astrophys. J. 781, L24. (d0i:10.1088/2041-8205/781/2/1.24)
Arcavilet al. 2014 A continuum of H- to He-rich tidal disruption candidates with a preference
for E+A galaxies. Astrophys. ]. 793, 38. (doi:10.1088/0004-637X/793/1/38)

Gezari S et al. 2012 An ultraviolet-optical flare from the tidal disruption of a helium-rich
stellar core. Nature 485, 217-220. (d0i:10.1038/nature10990)

Chornock R et al. 2014 The ultraviolet-bright, slowly declining transient PS1-11af as a partial
tidal disruption event. Astrophys. J. 780, 44. (doi:10.1088/0004-637X/780/1/44)

Holoien TWS et al. 2014 ASASSN-14ae: a tidal disruption event at 200 Mpc. Mon. Not. R.
Astron. Soc. 445, 3263-3277. (doi:10.1093/mnras/stu1922)

Holoien TWS et al. 2016 Six months of multiwavelength follow-up of the tidal disruption
candidate ASASSN-14li and implied TDE rates from ASAS-SN. Mon. Not. R. Astron. Soc. 455,
2918-2935. (doi:10.1093/mnras/stv2486)

Holoien TWS et al. 2016 ASASSN-150i: a rapidly evolving, luminous tidal disruption event
at 216 Mpc. Mon. Not. R. Astron. Soc. 463, 3813-3828. (d0i:10.1093/mnras/stw2272)
Blagorodnova N ef al. 2017 iPTF16fnl: a faint and fast tidal disruption event in an E+A galaxy.
Astrophys. |. 844, 46. (doi:10.3847/1538-4357/aa7579)

Nicholl M et al. 2019 The tidal disruption event AT2017eqx: spectroscopic evolution from
hydrogen rich to poor suggests an atmosphere and outflow. Mon. Not. R. Astron. Soc. 488,
1878-1893. (doi:10.1093/mnras/stz1837)

Leloudas G et al. 2019 The spectral evolution of AT 2018dyb and the presence of metal lines
in tidal disruption events. Astrophys. ]. 887, 218. (doi:10.3847/1538-4357/ab5792)

Short P et al. 2020 The tidal disruption event AT 2018hyz — I. Double-peaked emission lines
and a flat Balmer decrement. Mon. Not. R. Astron. Soc. 498, 4119-4133. (d0i:10.1093/mnras/
staa2065)

‘e1s1/Jounof/biobuysyigndiraposiefos

0CLOYCOC -€8€ 1 20S Y ‘Supil Jiyd


http://dx.doi.org/10.1093/mnras/staa1925
http://dx.doi.org/10.1093/mnras/staa1925
http://dx.doi.org/10.1093/mnras/staa1845
http://dx.doi.org/10.3847/1538-4357/abc335
http://dx.doi.org/10.3847/1538-4357/abc335
http://dx.doi.org/10.3847/1538-4357/abeb71
http://dx.doi.org/10.1093/mnras/staa2798
http://dx.doi.org/10.3847/1538-4357/ab917d
http://dx.doi.org/10.1038/s41550-020-1183-3
http://dx.doi.org/10.1093/pasj/psab002
http://dx.doi.org/10.1088/0034-4885/53/12/001
http://dx.doi.org/10.1088/0034-4885/53/12/001
http://dx.doi.org/10.1126/science.1203601
http://dx.doi.org/10.3847/1538-4357/aab88d
http://dx.doi.org/10.3847/1538-4365/aac833
http://dx.doi.org/10.1088/0004-637X/721/1/785
http://dx.doi.org/10.1088/2041-8205/781/2/L24
http://dx.doi.org/10.1088/0004-637X/793/1/38
http://dx.doi.org/10.1038/nature10990
http://dx.doi.org/10.1088/0004-637X/780/1/44
http://dx.doi.org/10.1093/mnras/stu1922
http://dx.doi.org/10.1093/mnras/stv2486
http://dx.doi.org/10.1093/mnras/stw2272
http://dx.doi.org/10.3847/1538-4357/aa7579
http://dx.doi.org/10.1093/mnras/stz1837
http://dx.doi.org/10.3847/1538-4357/ab5792
http://dx.doi.org/10.1093/mnras/staa2065
http://dx.doi.org/10.1093/mnras/staa2065

Downloaded from https://royal societypublishing.org/ on 04 May 2025

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

Gomez S etal. 2020 The tidal disruption event AT 2018hyz II: light-curve modelling of
a partially disrupted star. Mon. Not. R. Astron. Soc. 497, 1925-1934. (doi:10.1093/mnras/
staa2099)

van Velzen S et al. 2019 The first tidal disruption flare in ZTF: from photometric selection to
multi-wavelength characterization. Astrophys. J. 872, 198. (doi:10.3847/1538-4357/aafe0c)
Holoien TWS et al. 2019 Discovery and early evolution of ASASSN-19bt, the first TDE
detected by TESS. Astrophys. |. 883, 111. (doi:10.3847/1538-4357/ab3c66)

Nicholl M et al. 2020 An outflow powers the optical rise of the nearby, fast-evolving tidal
disruption event AT2019qiz. Mon. Not. R. Astron. Soc. 499, 482-504. (do0i:10.1093/mnras/
staa2824)

Dong S et al. 2016 ASASSN-15lh: a highly super-luminous supernova. Science 351, 257-260.
(doi:10.1126/science.aac9613)

Leloudas G et al. 2016 The superluminous transient ASASSN-151h as a tidal disruption event
from a Kerr black hole. Nat. Astron. 1, 0002. (doi:10.1038/s41550-016-0002)

Godoy-Rivera D et al. 2017 The unexpected, long-lasting, UV rebrightening of the superlumi-
nous supernova ASASSN-15lh. Mon. Not. R. Astron. Soc. 466, 1428-1443. (doi:10.1093/mnras/
stw3237)

Brown PJ et al. 2016 ASASSN-151h: a superluminous ultraviolet rebrightening observed by
Swift and Hubble. Astrophys. J. 828, 3. (doi:10.3847/0004-637X/828/1/3)

Neustadt JMM et al. 2020 To TDE or not to TDE: the luminous transient ASASSN-18jd with
TDE-like and AGN-like qualities. Mon. Not. R. Astron. Soc. 494, 2538-2560. (doi:10.1093/
mnras/staa859)

Trakhtenbrot B et al. 2019 1ES 1927+654: an AGN caught changing look on a timescale of
months. Astrophys. |. 883, 94. (doi:10.3847/1538-4357/ab39e4)

Blanchard PK, Nicholl M, Berger E, Guillochon J, Margutti R, Chornock R, Alexander KD,
Leja J, Drout MR. 2017 PS16dtm: A tidal disruption event in a narrow-line Seyfert 1 galaxy.
Astrophys. |. 843, 106. (d0i:10.3847/1538-4357/aa77f7)

Hinkle JT et al. 2022 The curious case of ASASSN-20hx: a slowly evolving, UV- and X-
Ray-luminous, ambiguous nuclear transient. Astrophys. J. 930, 12. (doi:10.3847/1538-4357/
acbf54)

e1sy/[ewinol/610'buiysigndiaapos(efos

0CLOYCOC -€8€ 1 20S Y ‘Supil Jiyd


http://dx.doi.org/10.1093/mnras/staa2099
http://dx.doi.org/10.1093/mnras/staa2099
http://dx.doi.org/10.3847/1538-4357/aafe0c
http://dx.doi.org/10.3847/1538-4357/ab3c66
http://dx.doi.org/10.1093/mnras/staa2824
http://dx.doi.org/10.1093/mnras/staa2824
http://dx.doi.org/10.1126/science.aac9613
http://dx.doi.org/10.1038/s41550-016-0002
http://dx.doi.org/10.1093/mnras/stw3237
http://dx.doi.org/10.1093/mnras/stw3237
http://dx.doi.org/10.3847/0004-637X/828/1/3
http://dx.doi.org/10.1093/mnras/staa859
http://dx.doi.org/10.1093/mnras/staa859
http://dx.doi.org/10.3847/1538-4357/ab39e4
http://dx.doi.org/10.3847/1538-4357/aa77f7
http://dx.doi.org/10.3847/1538-4357/ac5f54
http://dx.doi.org/10.3847/1538-4357/ac5f54

	False positives in gravitational wave campaigns: the electromagnetic perspective
	Introduction
	The search for electromagnetic counterparts
	False positives
	Image artefacts
	Galactic transients
	Cataclysmic variables
	Stellar flares

	Extragalactic transients
	Supernovae
	Tidal disruption events
	Active galactic nuclei
	Rapidly evolving transients
	Gamma-ray bursts

	Excluding false positives—finding the KN

	EM searches in practise: the UVOT perspective from O3
	Summary

	References

