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Abstract

We present a comprehensive analysis of 653 optical candidate counterparts reported during the third gravitational-
wave (GW) observing run. Our sample concentrates on candidates from the 15 events (published in GWTC-2,
GWTC-3, or not retracted on GraceDB) that had a >1% chance of including a neutron star in order to assess their
viability as true kilonovae. In particular, we leverage tools available in real time, including pre-merger detections
and cross-matching with catalogs (i.e., point-source, variable-star, quasar and host-galaxy redshift data sets), to
eliminate 65% of candidates in our sample. We further employ spectroscopic classifications, late-time detections,
and light-curve behavior analyses and conclude that 66 candidates remain viable kilonovae. These candidates lack
sufficient information to determine their classifications, and the majority would require luminosities greater than
that of AT 2017gfo. Pre-merger detections in public photometric survey data and comparison of cataloged host-
galaxy redshifts with the GW event distances are critical to incorporate into vetting procedures, as these tools
eliminated >20% and >30% of candidates, respectively. We expect that such tools that leverage archival
information will significantly reduce the strain on spectroscopic and photometric follow-up resources in future
observing runs. Finally, we discuss the critical role prompt updates from GW astronomers to the EM community

, E. Christensen4,

play in reducing the number of candidates requiring vetting.

Unified Astronomy Thesaurus concepts: Gravitational wave astronomy (675); Neutron stars (1108)

Supporting material: machine-readable table

1. Introduction

Since the first detection of a compact object merger by
gravitational waves (GWs) in 2015 (Abbott et al. 2016a), the
large number of detected mergers of black holes (BHs) and/or
neutron stars (NSs) has contributed to the rapidly growing field
of multimessenger astronomy. Each subsequent GW observing
run has brought increased detector sensitivity and a larger
survey volume to detect the mergers of binary black holes
(BBHs), binary neutron stars (BNSs) and neutron star—black
hole (NSBH) mergers (Abbott et al. 2019; The LIGO Scientific
Collaboration et al. 2021; Abbott et al. 2021a, 2021b). BNSs
and some NSBH mergers are expected to produce kilonovae,
optical—near-IR thermal transients powered by the radioactive
decay of heavy r-process elements (Li & Paczyrniski 1998;
Metzger et al. 2010; Barnes & Kasen 2013; Tanaka &
Hotokezaka 2013; Kawaguchi et al. 2016). Given their
relatively low peak luminosities (~10*'-10** erg s™') and
fast-fading nature (observable on ~week timescales), discern-
ing kilonovae from the wide array of optical transients is a
long-standing challenge in this field.

The discovery of the first GW-detected BNS merger,
GW170817 (Abbott et al. 2017a), and its kilonova AT 2017gfo
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(Arcavi et al. 2017; Coulter et al. 2017; Lipunov et al. 2017,
Soares-Santos et al. 2017; Tanvir et al. 2017; Valenti et al.
2017) was the first proof of concept for multimessenger
astronomy between gravitational and electromagnetic (EM)
waves. Positively identifying new kilonova counterparts to GW
events will help to constrain their intrinsic and extrinsic
diversity (Metzger & Fernandez 2014; Gompertz et al. 2018;
Ascenzi et al. 2019; Shibata & Hotokezaka 2019; Rossi et al.
2020; Kawaguchi et al. 2020a; Rastinejad et al. 2021). Further,
by matching kilonova observations to models, one may infer
their ejecta masses and compositions, therein elucidating the
contribution of NS mergers’ r-process enrichment in the
universe. Given the high angular resolution of typical optical
instruments, the discoveries of kilonova counterparts to GW
events provide subarcsecond localizations and thus crucial
identifications to host galaxies and stellar populations. This in
turn can enable constraints on the Hubble constant (through
identification of the host galaxy; Abbott et al. 2017b) and lend
insight into the environments that give rise to BNS/NSBH
mergers. Finally, one can indirectly constrain the maximum
mass of NSs (as, with a greater sample of mergers with optical
counterparts, we can probe the upper end of component masses
that produce kilonovae; Fryer et al. 2015; Nicholl et al. 2021).

The third and most recent LIGO-Virgo Collaboration (LVC)
observing run (O3) took place from 2019 April to 2020 March.
The improved sensitivity of detectors produced a higher rate of
detected compact object mergers at greater distances. This
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resulted in 125 published O3 events between the second and
third Gravitational-Wave Transient Catalogs (GWTC-2 and
GWTC-3), augmenting the previous collection of GW-detected
mergers by a factor of ~10 (The LIGO Scientific Collaboration
et al. 2021; Abbott et al. 2021a). The O3 literature includes five
mergers for which the mass distribution of at least one
component falls within the upper limit of an NS, accounting for
uncertainties (<3 M.). In addition, tens of merger events
involving an NS were announced via the Gamma-ray
Coordinates Network circulars (GCNs) in O3 that did not pass
the traditional thresholds for inclusion in the published
samples. Despite these numerous opportunities and subsequent
efforts by the community, no credible EM counterpart to a GW
event has been identified since AT 2017gfo (Andreoni et al.
2019a; Coughlin et al. 2019; Dobie et al. 2019; Goldstein et al.
2019; Gomez et al. 2019; Hosseinzadeh et al. 2019; Lundquist
et al. 2019; Andreoni et al. 2020a; Antier et al. 2020a, 2020b;
Ackley et al. 2020; Garcia et al. 2020; Gompertz et al. 2020;
Kasliwal et al. 2020; Morgan et al. 2020; Pozanenko et al.
2020; Thakur et al. 2020; Vieira et al. 2020; Watson et al.
2020; Alexander et al. 2021; Anand et al. 2021; Becerra et al.
2021; Bhakta et al. 2021; Chang et al. 2021; de Wet et al. 2021;
Dichiara et al. 2021; Dobie et al. 2022; Kilpatrick et al. 2021;
Oates et al. 2021; Ohgami et al. 2021; Paterson et al. 2021;
Tucker et al. 2021; deJaeger et al. 2022). A significant
challenge for EM follow-up is the need to search large
localization areas, which spanned ~10-10,000 deg” for events
in O3.

Previously in Paterson et al. (2021), the Searches After
Gravitational-waves Using ARizona Observatories (SAGUARO)
collaboration presented an analysis of optical candidate counter-
parts to 17 O3 events. Similar to other surveys, SAGUARO’s
observations of the large localizations returned thousands of
candidate counterparts, roughly tens of which remained viable
candidates after initial vetting (Lundquist et al. 2019; Paterson
et al. 2021). In Paterson et al. (2021), we also examined optical
follow-up by the community, finding that only 65% of reported
candidates were ever reobserved. Among this follow-up, we
found a high potential for redundant spectroscopic or photometric
observations of candidates. In addition, we eliminated 12
previously “open” candidates as kilonovae by examining their
photometric light curves and host-galaxy redshifts.

With the LIGO-Virgo-KAGRA (LVK) fourth observing run
(O4) on the horizon, we are still confronted with the challenge
of the correct identification of optical counterparts amid large
localization areas. This is evidenced by the many remaining
viable O3 kilonova candidates and the limited nature of
spectroscopic and photometric follow-up resources. Thus, we
are motivated to leverage the full arsenal of tools available at
the time of follow-up (e.g., contextual catalog matching,
existing survey observations) to conduct a uniform analysis of
all kilonova candidates of any O3 merger involving an NS. We
aim to examine what fraction of kilonova candidates could
have been eliminated without targeted follow-up and what
fraction remain viable after thorough vetting.

In this work, we analyze 653 O3 kilonova candidates across
15 GW events gathered from the GCNs and the Transient
Name Server (TNS). We aim to (i) identify the most promising
methods to eliminate candidates as kilonovae in real time (i.e.,
shortly after candidates have been identified and before they are
reported in GCNs) and (ii) determine whether, after exploiting
all tools at our disposal, any of the candidates are still
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physically viable as kilonovae. In Section 2 we describe our
selection of 15 GW events and the corresponding 653
candidate counterparts. In Section 3 we apply tools to eliminate
candidates that will be available in real time for O4. In
Section 4 we utilize all tools, regardless of whether they are
available in real time, to eliminate any remaining candidates.
We examine the results of our analysis in Section 5 and make
recommendations for future GW observing runs. Finally, we
present our conclusions in Section 6. All magnitudes are
reported in the AB system and are corrected for Milky Way
dust extinction based on Schlafly & Finkbeiner (2011).
Throughout, we assume a standard cosmology of Hy=
69.6kms' Mpc™!, Q= 0.286, Q.. =0.714 (Bennett et al.
2014).

2. Collection of Kilonova Candidates
2.1. Event Selection

Toward our aim of identifying any remaining, plausible
kilonovae, we examine the candidate counterparts to GW events
involving at least one NS. Though potentially only a small
fraction of NSBH mergers produce EM emission (Foucart et al.
2013; Shibata & Hotokezaka 2019; Broekgaarden et al. 2021),
we search for candidates from all NSBH events, regardless of
their mass ratio, spin, or other properties. Our sample of GW
events includes (i) events published in the LVC literature whose
final mass distribution includes at least one component with a
>5% probability of being <3 M., (following the conservative
upper limit on an NS mass assumed by Abbott et al. 2021a based
on Rhoades & Ruffini 1974; Kalogera & Baym 1996) and
(i1) nonretracted events announced in the GCNs whose most
recent classification likelihood of being a BNS or NSBH merger
is >1%.

We first gather events from the GWTC-2 and GWTC-3
catalogs or other published LVC works (Abbott et al.
2020a, 2020b, 2021a, 2021b; The LIGO Scientific Collabora-
tion et al. 2021). Five GW events that were initially announced
in the GCNs meet the first criterion above (GW190425,
GW190426_152155, GW190814, GW200105_162426, and
GW200115_042309; Abbott et al. 2020a, 2020b, 2021a,
2021b). These events have false-alarm rates (FARs) of
<2.0yr', which corresponds to an expected contamination
fraction of <10% (Abbott et al. 2021a, 2021b). We also note
that the GWTC-3 catalog (The LIGO Scientific Collaboration
et al. 2021) published three events that meet the first criterion,
GW191113_071753, GW191219_163120, and GW200210_
092254, but they were not announced in real time via GCNs
and all have estimated median distances beyond which typical
nightly surveys depths would be sensitive to an AT 2017gfo-
like kilonova (Dy. 2 550 Mpc; The LIGO Scientific Collabora-
tion et al. 2021); thus, we do not include them in our sample.

Following the second criterion above, we augment our
sample with 10 additional nonretracted events (S190510g,
S190718y, S190901ap, S190910d, S190910h, S190923y,
S190930t, S191205ah, S191213g, and S200213t) that were
reported in the GCNs but did not meet the threshold for
inclusion in the GWTC-2 or GWTC-3 catalogs owing to low
FAR values found by offline analyses (The LIGO Scientific
Collaboration et al. 2021; Abbott et al. 2021a). As most of
these events were the subject of targeted optical searches
reported to the GCNs and the aim of this work is to investigate
how to improve future follow-up, we add them to our sample.
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Table 1
Total Sample of Gravitational-wave Events and Electromagnetic Counterpart Candidates

Event Classification® Distance GCN TNS Combined Unique Total
(Mpc) (Number of Candidates)

GW190425 BNS, NSBH 157479 16 33 34
GW190426" NSBH 3774180 22 20 28
S190510g BNS© 227782 15 19 21
S190718y BNS© 2274183 3 15 15
GW190814 Mass Gap, NSBH 241749 31 95 96
$190901ap BNS® 241473 12 94 95
$190910d NSBH® 6327188 0 7 7
$190910h BNS® 230788 16 59 59
$190923y NSBH® 4834133 1 1 2
$190930t NSBH® 108738 10 181 183
$191205ah NSBH® 3851154 8 27 27
S191213g BNS© 201781 12 23 23
GW200105" NSBH 280119 7 38 38
GW200115" NSBH 3007130 10 13 13
$200213t BNS® 201589 5 12 12
Total 168 638 653

Notes. Bolded event names indicate that the event met the significance threshold for inclusion in GWTC-2 or GWTC-3 (The LIGO Scientific Collaboration et al.
2021; Abbott et al. 2021a). Unbolded events were announced in the GCNs but not included in the GWTC-2 or GWTC-3 catalogs, though they have not been retracted.

 Most probable nonterrestrial classifications.

b We abbreviate these event titles from their full names: GW190426_152155, GW200105_162426, and GW200115_042309.

¢ Most recent classification, according to GraceDB.

We use the most recent localizations and properties reported on
GraceDB’ for these unretracted, low-significance events.

Though an optical counterpart to a BBH merger has been
claimed (Graham et al. 2020; but see also Ashton et al. 2021),
we do not include BBH mergers in our analysis, as their
probability of producing detectable EM counterparts is
exceedingly low compared to mergers involving an NS (Perna
et al. 2018). We note that mergers in which one object falls in
the “Mass Gap” (3 <M/M., <5; Abbott et al. 2016b) also
have the potential to create EM emission and thus received
some follow-up during O3. Three events were initially
announced in the GCNs as having a >95% chance of being
a Mass Gap event (GW190924_021846, GW190930_133541,
and GW200316_215756). However, final analyses of these
events (The LIGO Scientific Collaboration et al. 2021; Abbott
et al. 2021a) find that all three are most likely BBHs, and thus
they are not included in our sample. Our final sample of 15 GW
events and their properties are listed in Table 1.

2.2. GCN and TNS Candidates

We gather candidate counterparts to each GW event from the
GCNs and TNS.® GCNGs are real-time notices to the community
of EM follow-up to gamma-ray bursts (GRBs) or GW events.
GCNs primarily contain candidates reported immediately
following the event, while TNS is a more comprehensive
database of newly discovered transients that is independent of
GW events.

Our first step in optical candidate selection is to define initial
criteria based on time, location, and luminosity to use in our
GCN and TNS searches. Our initial criteria for inclusion are as

7 hutps: //gracedb.ligo.org

https: //www.wis-tns.org

follows: candidates (i) with 0 < 6t <5 days (where 6t is the
time between the event merger time and the discovery time of
the candidate) and (ii) that are within the 90% contour on the
final localization map (for events published in the O3 catalogs
or other LVK papers; Abbott et al. 2020a, 2020b, 2021a,
2021b) or the most recent LALInference map available in
GraceDB. We apply a third criterion, which filters out
candidates that would be more luminous than the brightest
kilonova model predictions (e.g., Barbieri et al. 2021; Fong
et al. 2021) and short GRB kilonova candidates (see analyses
of Fong et al. 2021; Rastinejad et al. 2021) at the GW-inferred
event distance. We calculate the luminosity, vL,, at the lo
lower bound on the GW-inferred event distance (providing a
conservative estimate) using the discovery filter pivot wave-
length (or the r-band pivot wavelength if no filter is reported)
and include only candidates fitting the criteria L, < 10** erg
s!, ~10 times the luminosity of AT 2017gfo and ~5 times the
peak luminosities of the brightest kilonova models (Barbieri
et al. 2021; Fong et al. 2021).

We apply these initial criteria to our GCN searches for the 15
events, collecting the name, R.A., decl., discovery magnitude,
and time of discovery of each reported candidate. Since our
goal is to investigate real-time tools that might eliminate the
need for follow-up, we include all GCN candidates that pass
the initial criteria, regardless of whether they were subse-
quently eliminated by further GCNs or the literature. However,
we do keep track of which candidates were later eliminated. In
total, we find 168 candidates across 15 events reported to the
GCNs, 96 (57.1%) of which were subsequently eliminated as
reported in the GCNs. One event had no candidates reported
(8190910d), while GW190814 had the most candidates
reported that meet our initial criteria (31).

We next apply the initial criteria to all transients reported to
TNS in 2019 and 2020, regardless of their TNS classification.
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Figure 1. The number of plausible kilonova candidates sorted by GW event after our initial criteria but before we eliminate candidates using “Tools Available in Real
Time” (Section 3). Each bar is color-coded by the source of the candidate (GCN, TNS, or both; Section 2). The most likely GW event classification is labeled at the top
of each bar. We list two classifications for GW190425 and GW 190814, as these events are well studied and the literature is divided on their origin. Inset: a pie chart
shows the distribution of the sources of all candidates meeting our initial criteria. Approximately one-quarter of candidates that we consider in our sample are reported

in the GCNSs, and almost all are reported to the TNS.

We gather 638 candidates from TNS across the 15 events, the
majority (Z290%) of which are not classified as a particular
transient type as of 2021 December. The event with the second-
largest 90% localization region, S190930t, had the greatest
number of candidates from TNS (181).

To remove any duplicate candidates, we cross-match
between the GCN and TNS samples using the unique TNS
name (if reported in GCNs) and by eliminating matches within
2". Together, our sample includes 652 unique candidates.
However, one transient is a candidate to both S190910d and
S190910h, and thus we ‘“double-count” it by independently
considering it for each GW event. Thus, after our preliminary
cuts, we consider a total of 653 candidates corresponding to the
15 GW events.

2.3. Total Sample

We present the number of candidates collected in the GCNSs,
in TNS, and in our total sample in Table 1. In Figure 1 we show
a histogram of the number of candidates per event. With the
exception of GW190814, for which deep, follow-up observa-
tions were conducted (Gomez et al. 2019; Ackley et al. 2020;
Morgan et al. 2020; Thakur et al. 2020; Vieira et al. 2020;
Andreoni et al. 2020a; Kilpatrick et al. 2021; Tucker et al.
2021), the four events with the highest number of candidates
have localizations of >7500 deg®. Despite the initial
classification of >99% chance Mass Gap event (LIGO
Scientific Collaboration & Virgo Collaboration 2019a), the
relatively small localization and subsequent >99% NSBH
event classification (LIGO Scientific Collaboration & Virgo
Collaboration 2019b; reported ~11 hr later) resulted in

extensive community follow-up of GW190814. The substantial
targeted follow-up is also evidenced by the high fraction of
GCN-reported candidates in comparison with other events.

3. Vetting Candidates with Tools Available in Real Time

We begin by cross-matching candidates with catalogs that
provide critical contextual information and searching public
surveys for pre-merger detections to vet candidates with tools
that would be available in real time. Motivated to find the most
efficient means of ruling out kilonova imposters, we apply the
first four conditions in parallel (point-source/stellar catalogs,
moving-object catalog, quasar catalogs, and pre-explosion
detections; Sections 3.1-3.4) to every candidate in our sample,
regardless of whether it was classified in the GCNs or TNS. We
apply the steps described in Section 3.5, host-galaxy matching,
to only the remaining candidates. In Figure 2 (left) we show the
fraction of candidates eliminated by each tool in this section.

3.1. Point-source and Variable-star Catalogs

Variable stars are sources of contamination in transient
surveys and may be eliminated by cross-matching transients with
the locations of known point sources. We query the Gaia
early Data Release 3 (eDR3; Gaia Collaboration et al. 2016,
2021) catalog, the Pan-STARRS (PS1) point-source catalog
(Tachibana & Miller 2018), and the ASAS-SN variable-star
catalog (Jayasinghe et al. 2019) for objects within 2” of each
candidate. Though the astrometrical uncertainty varies by
catalog, we elect to use a uniform cross-matching radius that
reflects the seeing and pixel size of the surveys. For Gaia, a
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Figure 2. Left: pie chart demonstrating the fractions of candidates ruled out by cross-matching with stellar, quasar, and moving-object catalogs (Sections 3.1-3.2; red);
photometric detections before the associated GW event (Section 3.4; blue); host galaxies inconsistent with the GW event distance (Section 3.5; yellow); and a
luminosity cut using the host-galaxy distance (Section 3.6; brown). Each of these tools can be applied in real time during future observing runs. Together, host-galaxy
distances and pre-explosion detections rule out over half of the candidates in our sample, demonstrating their utility. Right: same as the left panel, but with additional
eliminations made using tools available roughly days to weeks after the event. Eliminations made in the GCNs and literature are divided into those made with
spectroscopy (orange), photometry resources (turquoise), or other follow-up (mostly pre-detections, purple; Section 4.1). In addition, candidates ruled out as kilonovae
owing to detections after 30 days (Section 4.2; pink), TNS classifications (Section 4.3; green), and light-curve behavior inconsistent with a kilonova (Section 4.4; gray)
are shown. At the conclusion of the analysis, 66 candidates (10.1% of the 653 candidates in the original sample) remain viable kilonova candidates.

candidate is considered stellar if (i) its match has an absolute
proper motion value >3 times the error in total proper motion,
(ii) it is flagged as variable, or (iii) it has a parallax significance
>8 (following Tachibana & Miller 2018). The PS1 point-source
catalog assigns nearly all PS1 sources a score indicating their
likelihood of being stellar based on a random forest machine-
learning algorithm. We consider sources to be stellar if they have
a single counterpart in the catalog whose point-source score is
greater than 0.83 (reflecting a true-positive rate of ~0.995, and a
false-positive rate of 0.005; Tachibana & Miller 2018). Finally,
we inspect the light curves of the four ASAS-SN variable-star
matches, finding that three are good matches to variable stars.
The remaining source, AT 2019rup or ASASSN-V J094204.78
+234107.0, is classified as a young stellar object (YSO) and is
coincident with the nucleus of a galaxy. However, as its ASAS-
SN light curve shows pre-merger variability, we rule this out as a
viable candidate. In total, we conclude that 51 sources are stellar
after cross-matching with three catalogs. Notably, four were
reported in the GCNs as initially viable counterparts. The PS1
point-source catalog eliminates the greatest number of candi-
dates as kilonovae (38).

3.2. Moving-object Catalog

Near-Earth moving objects are another potential source of
contaminants. We use a radius of 20” to cross-match candidates
with the TAU Minor Planet Center Orbit Database’
(MPCORB). As many surveys already include moving-object
cross-matching in their pipeline, we expect few matches within
our sample. Accordingly, we identify 10 candidates with a
match in MPCORB.

We do not find any detections at the same coordinates prior
to or following the initial discoveries of the 10 candidates in the

° http:/ /www.minorplanetcenter.net/iau/MPCORB.html

public ZTF database, the SAGUARO database, or the TNS, or
using the ATLAS forced photometry tool (the use of these tools
is further described in Section 3.4). However, we note that for
three candidates (AT 2019nri, AT 2019nsn, AT 2019nsl) detec-
tions were reported ~2-8 minutes apart in the i- and z-band
filters, though these are consistent with the radial velocities of
known moving objects. We eliminate all 10 candidates with
matches in MPCORB as viable kilonovae.

3.3. Quasar Catalogs

Active galactic nuclei (AGNs) and quasars are known
variable sources that may masquerade as real transients. We
next query the Million Quasar Catalog (MILLIQUAS;
Flesch 2015, 2021) for objects within 1” of candidates. We
employ a smaller match radius than was used for point-source
matching to avoid confusion between an offset candidate and
an active host-galaxy center. We accept candidates as quasars if
their probability of being a quasar (calculated based on the
association of photometric data with radio or X-ray detections)
is >97%, following Flesch (2015), which found this threshold
to yield good agreement with confirmed quasars in the Sloan
Digital Sky Survey (SDSS) DR16 Quasar Catalog (Lyke et al.
2020). We also cross-match candidates to the SDSS quasar
catalog using the same matching radius. We consider objects
marked by the catalog as questionable quasars to still be viable
candidates. We also inspect the offsets of candidates to the
host-galaxy nucleus in the Legacy Survey viewer'’ to ensure
that quasars are not falsely attributed to real transients (for
future, larger samples of candidates, calculating the offsets
using cataloged coordinates may be prudent). Finally, we
examine the candidates’ light curves (further described in
Section 3.4) and find that 20 (none of which were reported in

10 http:/ /legacysurvey.org /viewer
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the GCNs) had credible pre-merger detections. Twenty-six
candidates are marked as quasars, thus eliminating them from
being viable kilonova candidates. In total, cross-matching to
point-source/stellar, moving-object, and quasar catalogs
(Sections 3.1-3.3) results in the elimination of 77 candidates,
or 11.8% of our sample (Figure 2, left).

3.4. Pre-merger Detections

Compact object mergers are not typically expected to
produce optical or IR emission prior to a GW event, allowing
us to eliminate any candidate with a pre-merger detection. We
search for and combine all available photometry of the 653
unique candidates in our sample from TNS, the public Zwicky
Transient Facility (ZTF; Bellm et al. 2019) database, the
Asteroid Terrestrial-impact Last Alert System (ATLAS; Tonry
et al. 2018; Smith et al. 2020) forced photometry tool, and our
own observations from the SAGUARO database. As
SAGUARO utilizes the Steward Observatory 1.5m Mt
Lemmon telescope with its 5 deg® imager (operated by the
Catalina Sky Survey; Christensen et al. 2018) as its discovery
engine, ~3 yr of observations at an average depth of 21.1 mag
are available to search for pre-explosion detections (see
Lundquist et al. 2019; Paterson et al. 2021, for more details). In
Section 5.3 we discuss additional surveys to search for pre-
merger detections.

For ZTF, we gather image-subtracted photometry when
available (Masci et al. 2019). For ATLAS, we perform forced
point-spread function (PSF) photometry at the positions of
candidates covered by the survey for 200 days preceding the
GW events using the publicly available service (simulating
what would be computationally reasonable in real time; Tonry
et al. 2018; Smith et al. 2020). We also stack multiple ATLAS
epochs of photometry in a given filter on a single ni%ht using
the publicly available script provided by the service.'" Finally,
we query the SAGUARO database for candidates using a
matching radius of 1” and obtain difference-imaged photometry
or 50 limits (Lundquist et al. 2019; Paterson et al. 2021). We
convert all magnitudes to AB units and correct all detections
for Milky Way extinction in the direction of the candidate
(Schlafly & Finkbeiner 2011).

As not all difference images are publicly available, it is
possible that poor galaxy subtractions can masquerade as pre-
merger detections at or near candidate positions. Further,
asteroid detections may contaminate the forced photometry
tool. Thus, we take a conservative approach by requiring that
any of the following criteria are met to eliminate a candidate as
viable: (i) there is a pre-merger detection <12 days prior to the
GW event that, upon manual inspection, follows a smooth
trajectory consistent with the subsequent light curve; (ii) there
are multiple pre-merger detections within 10 days of each
other; (iii) there are multiple pre-merger detections at any time
by different surveys; or (iv) there is a single pre-merger
detection that does not meet any of the criteria above but lacks
a contaminating source within ~5” of the candidate position in
archival PS1 imaging.

Ultimately, we rule out 186 candidates (>20% of our initial
sample; Figure 2, left) based on pre-merger detections. Thirty-
three of these eliminated candidates were reported in the GCNs.
Combined with eliminations made in Sections 3.1-3.3, we

" hitps: //gist.github.com/thespacedoctor/86777fa5a9567b7939¢8d84fd8cf6a76
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eliminate 218 candidates, leaving 435 candidates to be carried
to the following step.

3.5. Host-galaxy Associations and Distances

We next attempt to associate each candidate with its most
likely host galaxy and, if available, use the cataloged
photometric or spectroscopic redshift to eliminate candidates
whose hosts are outside the 95% credible interval of the GW-
inferred event distance. We search three catalogs for potential
host galaxies: SDSS Data Release 12 (SDSS DR12; Alam et al.
2015), Pan-STARRS Source Types and Redshifts with
Machine Learning (PS1-STRM; Chambers et al. 2016; Beck
et al. 2021), and Legacy Survey Data Release 9 (LS DRY; Dey
et al. 2019). SDSS DRI12 covers over 14,000 deg2 to an
average depth of r >22.7 AB mag and supplies spectroscopic
redshifts of more than 1.4 million galaxies (Alam et al. 2015).
The catalog presents >200 million photometric redshifts and
includes star—galaxy probabilistic classifications of objects
(Beck et al. 2016). The PSI-STRM catalog analyzes over 2.9
billion objects from PS1 DR1 (DR?2 is unavailable), presenting
star—galaxy classifications and a large catalog of photometric
redshifts (Beck et al. 2021). PS1 DR1 covers ~30,000 degz,
reaching similar depths to SDSS (Metcalfe et al. 2013;
Chambers et al. 2016). Finally, LS DR9 combines observations
from the fourth BASS (Zou et al. 2017) and MzLS (Silva et al.
2016) data release and the seventh DECaLS (Dey et al. 2019)
release. The combined survey covers 214,000 deg” to depths
of r>23.4 ABmag (Dey et al. 2019). The LS DR9 photo-
metric redshift catalog includes over 2.7 million objects that are
identified as galaxies using color and magnitude cuts (Zhou
et al. 2021). All three photometric redshift catalogs are trained
on a sample of spectroscopically classified galaxies spanning
the range 0 <z <0.8. Together, these three catalogs provide
nearly complete coverage of the candidates in our sample, with
the positions of only 14 candidates, or 3.1% of those
considered in this step, not covered by the combined footprints
of the surveys.

For host associations, we begin by searching for galaxies
near each candidate’s position in SDSS DR12 and PS1-STRM
through Vizier'” and in LS DR9 through NOIRLab’s Data
Lab.! Following Zhou et al. (2021), we do not use LS DR9
photometric redshifts of sources z <21 mag. Based on the
observed offsets of short GRBs from the centers of their host
galaxies (and thus the maximum observed offsets of NS
mergers; Fong & Berger 2013), we determine that a 100 kpc
offset between the transient and host center is a conservative
search radius. At the nearest GW event distance in our sample
(108 Mpc; Table 1), this corresponds to a search radius of
3/138. We cross-match between the three catalogs using a
radius of 2” and remove sources identified as stellar by either
SDSS or STRM. If a spectroscopic redshift is available, we
consider this value as the galaxy redshift. Otherwise, we record
any photometric redshifts reported in STRM, SDSS, or
LS DRO.

Next, we compute the probability of chance coincidence
(P..; Bloom et al. 2002) for each source. P.. calculates the
probability of chance alignment between the transient and
potential host galaxies in the field using the galaxy magnitudes
and angular offsets from the candidate’s position. A low P,

2 hitps: //vizier.cds.unistra.fr
13 https://datalab.noirlab.edu.
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Table 2
Candidates Whose Hosts Are within the GW Event Distance Range
Category Description No. of
Candidates

Platinum Highly Confident Host Association and Spectroscopic Redshift within GW Distance Uncertainty 19
Gold Moderately Confident Host Association and Spectroscopic Redshift within GW Distance Error 1
Silver Highly Confident Host Association and Photometric Redshift within GW Distance Error 94
Bronze Moderately Confident Host Association and Photometric Redshift within GW Distance Error 12
Inconclusive Either candidate region uncatalogued, no redshift of best galaxy, or no confident association 107
Eliminated Highly or Moderately Confident Host Association and Redshift outside GW Distance Error 202

Note. Candidates remaining after cross-matching to catalogs and searching for pre-merger detections (Sections 3.1-3.4) separated into categories of host-galaxy
association confidence. Confidence that each candidate is associated with a host galaxy in the GW-inferred distance range descends from Platinum to Bronze.

value, especially in comparison to the values of other galaxies
in the field, indicates a more likely host. Using the hosts’ P,
values, we sort the candidates into four categories based on our
confidence in their host-galaxy associations:

1. Highly Confident: Across all galaxies considered, the
minimum P, value (B¢ min) < 0.01, while the second
smallest £, > 3 X P min-

2. Moderately Confident: P min < 0.15 and the second
smallest £, > 3 X R min-

3. Not Confident: Sources were found within the vicinity of
the candidate, but neither the “Highly Confident” nor
“Moderately Confident” criterion was met.

4. Uncatalogued: Candidate not covered by SDSS, STRM,
and LS DR9 footprint.

We remove duplicate entries of a single host in multiple
catalogs on visual inspection and, when applicable, keep track
of both photometric redshifts.

In Table 2 we define categories that combine our confidence
in the host association (see above) and the relative robustness
between a spectroscopic and photometric redshift in determin-
ing whether a host is within the GW distance uncertainty.
Candidates for which we are unable to make a confident
association or are not covered by the footprint of the catalogs
we query are marked inconclusive. In total, 364 candidates
have “Highly Confident” associations. Of these, 37 have
spectroscopic redshifts available (“Platinum” associations) and
266 have photometric redshifts (“Silver”). Thirty-one candi-
dates have “Moderately Confident” associations. One “Mod-
erately Confident” host has a spectroscopic redshift (“Gold”),
and the remaining have photometric redshifts (“Bronze”). As
we cannot draw any firm conclusions for candidates with “Not
Confident” associations, we mark the 107 “Not Confident” and
uncatalogued candidates as “inconclusive.”

Finally, we use the spectroscopic and photometric redshifts
of the “Highly Confident” and “Moderately Confident”
associations to determine whether the candidates’ host-galaxy
redshifts are consistent with the 95% distance credible interval
inferred from GWs (Table 1), which is inherently position
dependent (Singer et al. 2016). We thus use the calculated GW
distance uncertainties from the 3D localization maps at the
position of each candidate for comparison. For hosts with
photometric redshifts, we determine whether the redshifts’ 1o
error range falls within the 95% GW credible interval. For hosts
with spectroscopic redshifts, we simply use the central value, as
spectroscopic redshift errors are negligible. Between the
“Highly Confident” and “Moderately Confident” samples, we
find hosts of 202 candidates (30.9% of our initial sample;

Figure 2, left) that do not fall within the event distance range;
thus, these sources are ruled out as GW counterpart candidates.
We state the number of remaining candidates in each of the
Platinum, Gold, Silver, and Bronze categories, as well as the
number of inconclusive and eliminated candidates, in Table 2.

3.6. Luminosity Cut Using Host Distance

Finally, we attempt to eliminate candidates with luminosities
inconsistent with kilonovae, calculated using the host-galaxy
distances determined in Section 3.5 (which generally have
lower errors than the GW event distances). We calculate the
luminosity (vL,) of each candidate with Platinum, Gold, Silver,
or Bronze associations using its host-galaxy redshift derived in
Section 3.5. For vL, we use the candidate’s discovery
magnitude, filter pivot wavelength, and the 1o lower bound
on the host-galaxy distance, as this provides a lower bound on
luminosity. We rule out any candidate that exceeds vL, > 10*
ergs™' (following the reasoning of Section 2.2). To rule out a
candidate whose host has multiple photometric redshift
measurements, the luminosities calculated from all inferred
redshifts for a given host must exceed the cut. We rule out two
candidates as viable kilonovae based on this criterion.

After applying the steps in Sections 3.1-3.6 in which only
information available in real time is used, we have eliminated
422 of the 653 candidates (64.6%) in our total initial sample.
Of the candidates we rule out using tools available in real time,
88 were reported in the GCNs, or 52.3% of GCN-reported
candidates in our sample. This demonstrates the power of using
available contextual information for winnowing down kilonova
candidates. For clarity, we break down exactly how these
candidates were eliminated, using the methods in this section,
in Figure 2 (left).

4. Employing Information Available Roughly Days to
Weeks after the Event

After eliminating candidates based on cross-matching to
catalogs, pre-merger detections, host associations, and lumin-
osities in Section 3, we examine the remaining viable
candidates (214) using tools or information available roughly
days to weeks after the event. Through this process of further
eliminating any of the 214 remaining candidates, we determine
which (if any) candidate counterparts to the events in our
sample remain viable. Exploring the sample of viable
candidates in aggregate will inform what future tools would
be most useful to eliminate them. In addition, tracking
classifications from the GCNs and literature allows us to
quantify what fraction of targeted follow-up would be
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Table 3
Remaining Viable Kilonova Candidates and Their Properties

Name R.A. Decl. Source Event Event Dist. o Mag.” Filt®  Host Host z VL, Notes

(deg) (deg) (Mpc) (days)  (AB mag) (ergs™")
AT 2019ig  9.92875  —31.99236  Both ~ GW190425 157 +70 4.29 18.5 G N 2.1 x 10% d
AT 2019efr 24673323 10.93689 TNS  GWI190425 157+ 70 2.10 20.6 w S 0.0354034 4.6 x 10" d
AT 2019frd  180.68045 —15.08255 TNS  GWI90426 377160  4.69 20.7 w S 0.086700% 4.5 x 10* d
AT 2019fxg 16575082  —7.19200  TNS  GWI190426 377+ 160  4.62 22.1 w S 0.102799% 1.2 x 10"
AT 2019ioy  172.08144 —11.04771 TNS  GWI190426 377+160  4.68 21.8 w S 0.10779%3¢ 1.7 x 10" d

Notes. Table 3 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its form and content.

 Time, magnitude, and filter of discovery.

b Host-galaxy association class, where P, G, S, and B are abbreviations for the Platinum, Gold, Silver, and Bronze classes (as defined in Table 2), respectively. T
indicates a redshift reported to TNS, and N indicates that no host galaxy can be confidently associated with the candidate.
¢ Kilpatrick et al. (2021) eliminate the candidate based on an inconsistent host distance. As we employ different methods of eliminating candidates with host-galaxy
redshifts (see Section 3.5), this candidate remains viable in our analysis.
4 The candidate’s light curve (based on photometry gathered from TNS, ATLAS, ZTF, and SAGUARO, further described in Section 3.4) consists of a single

detection.

¢ Time of discovery is not included in reporting GCN, and object is not included in reporting group’s published work summarizing candidates from this event
(Goldstein et al. 2019; Andreoni et al. 2019b). We approximate its discovery time with those of candidates reported in the literature by the same discovery group.

(This table is available in its entirety in machine-readable form.)

considered redundant if all tools we apply in Section 3 had
been available in O3 (further discussed in Section 5.1).

4.1. GCN and Literature Follow-up

We consider optical follow-up reported in the GCNs and
literature (submitted or published papers) by numerous EM
counterpart follow-up groups (Coughlin et al. 2019; Goldstein
et al. 2019; Gomez et al. 2019; Hosseinzadeh et al. 2019;
Andreoni et al. 2019a; Ackley et al. 2020; Garcia et al. 2020;
Gompertz et al. 2020; Kasliwal et al. 2020; Morgan et al. 2020;
Thakur et al. 2020; Vieira et al. 2020; Watson et al. 2020;
Andreoni et al. 2020a; Antier et al. 2020a, 2020b; Anand et al.
2021; Becerra et al. 2021; Chang et al. 2021; Dichiara et al.
2021; Kilpatrick et al. 2021; Oates et al. 2021; Ohgami et al.
2021; Tucker et al. 2021). We note that the majority of these
works were focused on follow-up of GW190814, the most
precisely localized event potentially involving an NS through-
out O3.

In total, we gather follow-up information of 199 of the 653
candidates in our initial sample from the GCNs and literature.
We find that 77 candidates (48 and 29 reported to the GCNs
and the literature, respectively) still considered viable after
employing real-time tools (e.g., after Section 3) are eliminated.
A total of 28 and 11 of the GCN eliminations are due to
spectroscopic  classifications and photometric follow-up,
respectively. Of the 26 candidates eliminated in the literature,
2 are reported as image artifacts, 2 as moving objects, 1 as an
AGN based on PS1 imaging, and 5 as stellar based on the Gaia,
PS1, or ASAS-SN catalogs. An additional 14 transients are
eliminated using serendipitous or targeted photometry of each
candidate. Five candidates are eliminated by a spectroscopic
classification.

Kilpatrick et al. (2021) determine that nine candidates cannot
be kilonova counterparts to GW190814 based on host-galaxy
cross-matching. As we employ a different method of associat-
ing candidates with host galaxies and, in cases where multiple
photometric redshifts are available, require all to be incon-
sistent with the GW event distance (Section 3.5), we retain the
nine candidates eliminated by Kilpatrick et al. (2021) (and note
them in Table 3). Thus, ignoring the nine eliminations based on

host distance, we rule out 29 candidates that have not already
been rejected based on reasoning from the literature. In
Figure 2 (right) we show the 71 candidates ruled out as viable
kilonovae in the GCNss or literature, classified by the method of
elimination. Later, we explore what fraction of the targeted
follow-up could be considered redundant in light of elimina-
tions made in Section 3 in Section 5.2.

4.2. Detections after &t =30 days

The optical and/or near-IR emission emitted by NS mergers
is not predicted to be detectable at the GW distances considered
in this work (see Table 1) beyond 6~ 2 weeks. Thus, we
examine late-time light curves of the 144 remaining candidates,
built using the same databases and process as described in
Section 3.4. We rule out transients as viable kilonovae if their
light curves contain optical and/or near-IR detections beyond a
conservative timescale of 6t > 30 days using criteria similar to
those employed in Section 3.4. In this case, to be eliminated,
the transient light curve must show (i) at least one detection
past 6t =30 days that follows the shape of the preceding light
curve, (ii) multiple detections past 6t = 30 days within 10 days
of each other, or (iii) multiple detections past 6t =30 days by
different telescopes. Forty-eight candidates meet one of these
criteria and are eliminated at this stage.

4.3. TNS Classifications

Next, we consider candidate classifications reported to TNS.
Generally, these classifications are based on spectroscopic
observations. Unlike in the GCNs, the follow-up and
classifications reported to TNS are not necessarily performed
with targeted kilonova or EM counterpart searches in mind.
Rather, much of the TNS follow-up is focused on reporting
newly discovered transients from targeted or untargeted
surveys often unconnected to GW follow-up. Nine candidates
not eliminated in previous steps were classified in TNS as Type
Ia, IIn, or Ic supernovae (SNe; Brennan et al. 2019; Fremling
et al. 2019; Gromadzki 2019; Dahiwale & Fremling 2019;
Strader 2019; Zimmerman et al. 2020), leaving 99 remaining
candidates at this stage.
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4.4. Analysis of Photometric Light Curves

Finally, we analyze the light curves of the remaining
candidates and rule out those whose behaviors are inconsistent
with predictions for kilonovae, even accounting for the most
luminous kilonova models. We again employ photometric data
gathered from TNS, the public ZTF stream, ATLAS forced
photometry, and the SAGUARO database (see Section 3.4).

Other O3 EM follow-up works analyzed light curves on a
case-by-case basis, eliminating candidates whose light curves
are flat (Ackley et al. 2020) or decline more slowly than 0.3
mag day ' (Kasliwal et al. 2020). Cowperthwaite & Berger
(2015) established cuts of (i — z) > 0.4 mag and 6t < 4 days
(where 6t is defined as the time it takes for a transient to rise
from 1 mag pre-peak to peak in z band) to discriminate between
kilonovae, Type Ia SNe, other fast-evolving transients (e.g.,
Drout et al. 2014; Margutti et al. 2019; Coppejans et al. 2020),
and other contaminants.

We elect a more conservative approach grounded in the
predicted luminosities and time evolution of several diverse
kilonova models. The observed colors and luminosities of
kilonovae are predicted to vary with both extrinsic (e.g.,
viewing angle) and intrinsic (primarily the ejecta mass and
composition) properties. Kilonovae viewed at an edge-on
(pole-on) angle are expected to be redder (bluer) owing to the
lanthanide-rich tidal tails produced during the merger (Kasen
et al. 2015; Chase et al. 2021; Korobkin et al. 2021). The ejecta
mass and composition are directly affected by the progenitor
(BNS or NSBH) and remnant (e.g., BH, short-lived rotationally
supported NS, or magnetar) types. In particular, a bluer, slow-
decaying kilonova is a predicted product of a long-lived NS or
magnetar remnant owing to the effects of neutrino irradiation
unbinding the disk material surrounding the remnant (Metzger
& Fernandez 2014; Kasen et al. 2015; Lippuner et al. 2017;
Fong et al. 2021). Taking into account predicted diversity, we
consider an AT 2017gfo-like model (Kasen et al. 2017), a
fiducial NSBH kilonova model (Kawaguchi et al. 2020b), a
stable NS remnant kilonova model (Kasen et al. 2015), a model
of the kilonova from massive progenitors (Barbieri et al. 2021),
and a kilonova model for a magnetar remnant (Fong et al.
2021). We find that none rise in luminosity beyond 6z ~ 4 days
in a single band, and thus we employ this as our first criterion
to eliminate candidates as kilonovae. We explain our use of
detections in multiple filters below. In light of bluer kilonova
models (Kasen et al. 2015), the early, blue peak of AT 2017gfo,
and the lack of color measurements for most candidates, we do
not employ any color criteria in eliminating candidates.

Eleven candidates show rising behavior in a single filter after
O0t=4 days and thus are not viable kilonovae. An additional
three candidate light curves show nearly constant magnitudes
in a single filter over periods of ~3-9 days, inconsistent with
any kilonova models. When enough data points were available,
we find that 13 candidate light curves decline by <1.5 mag
day ' over periods of 5—25 days in a single filter, again
inconsistent with AT 2017gfo or any kilonova model. We
further eliminate five candidates whose light curves decline by
< 1.5 mag over 13-to-18-day periods in “adjacent” (e.g., g- and
o-band) optical filters. Similarly, unlike any expected kilonova,
we eliminate one candidate that brightens over 6 days in
adjacent filters. The majority of the remaining light curves
contain only one detection, preventing us from making any
conclusions about their behavior. In all, we determine that 33
candidates are not kilonovae based on their light curves.

Rastinejad et al.

After applying all tools at our disposal, including those
available in real time and those available roughly weeks after
the merger, 66 candidates remain viable kilonovae. Our initial
sample of 653 is a fairly comprehensive compilation of
candidates to O3 NS mergers, and this work eliminates 587
(90%) of these candidates as kilonovae.

5. Discussion

We now explore the results and implications of our analysis.
We first determine whether there is sufficient evidence to claim
any of the remaining viable candidates as a real kilonova
counterpart. The remaining viable candidates and their proper-
ties are summarized in Table 3. Next, we examine sources of
redundancy in candidate follow-up and make recommendations
for improvements in future observing runs. Finally, we discuss
the results of this analysis in the context of previous work and
practices by the EM community.

5.1. Aggregate Analysis of the Remaining Viable Candidates

We now analyze the available information for the 66
remaining candidates still considered viable kilonovae after our
vetting procedures, including their maximum observed lumin-
osities and time evolution. We do not find convincing evidence
that any of the remaining candidates are indeed kilonovae
(though we cannot eliminate them using available information).

We show the initial and remaining number of candidates for
each event, ordered by increasing localization area, in Figure 3.
With the exception of GW190814, the three events with the
largest localization areas have the highest numbers of
remaining and initial candidates, as expected. Barring
GW190814 and the three events with the largest localizations,
the number of candidates (both initial and remaining) per event
is roughly consistent. Notably, despite being the most precisely
localized event in the sample, GW190814 has the second-
greatest number of initial kilonova candidates (96). This
indicates that well-localized, distant (200 Mpc) events with
a high astrophysical probability discovered in O4 will likely
receive wide, deep coverage by the EM community, resulting
in a much higher number of candidates per square degree than
the average event. This is further demonstrated by the higher
fraction of GCN-reported candidates for GW 190814 compared
to most other events (Figure 1).

In an effort to determine whether our remaining candidates
are either plausible kilonovae or clear contaminants, we next
compare our sample in aggregate to the landscape of known
transients. We first calculate the maximum observed luminos-
ities (L, max) Of remaining candidates based on the brightest
observation in their photometric light curve and their host
distance (determined based on TNS, redshift surveys, or the
median GW event distance). Figure 4 shows a histogram of
VL, max values for the remaining candidates in blue. The peak r-
and K-band luminosities of AT 2017gfo, calculated based on
best-fit models from Kasen et al. (2017), are shown as red
vertical bars. The expected peak luminosity range of plausible
kilonovae (Barnes & Kasen 2013; Tanaka & Hotokezaka 2013;
Metzger & Fernandez 2014; Kasen et al. 2015; Metzger 2019;
Fong et al. 2021) and short GRB afterglows (based on
observations from Fong et al. 2015) are shown with red
horizontal bars. The peak luminosity ranges of possible
contaminating transients (including novae and various SN
types) are overlaid in black bars at the top. Broadly, a majority
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Figure 3. Bottom: a bar chart showing the initial number of candidates per event (blue) and the remaining number (red) per event after our critical analysis discussed
in Sections 3 and 4. The events are sorted by the 90% confidence level localization size, shown in the top panel. The most likely event classifications are labeled at the
top of each bar, with labels in bold showing candidates included in GWTC-2 or GWTC-3 (The LIGO Scientific Collaboration et al. 2021; Abbott et al. 2021a). With
the exception of GW190814, the best-localized and most followed-up event of O3, the initial and remaining sample sizes generally scale with the localization size.

of the remaining candidates’ vL,, m,x are consistent with either
the expected kilonova peak range or the on-axis short GRB
afterglow range. However, we note that no coincident short
GRBs were detected during O3, despite at least partial
coverage of all events in our sample by either the Swift
Observatory or Fermi Space Telescope. In addition, many of
the maximum observed luminosities of remaining candidates
are consistent with those of core-collapse, Type Ia, thermo-
nuclear, or superluminous SNe (Figure 4).

In Figure 5, we plot the remaining candidates’ light curves
using all available information. We calculate luminosities and
rest-frame times using the host redshift reported to TNS (points
marked as squares), the spectroscopic (stars) or photometric
(circles) redshift of a host found in Section 3.5 (when multiple
photometric redshifts are available, we take a weighted
average), or the GW event distance (open triangles). As the
majority of photometric points are in the optical (filter pivot
wavelengths are denoted by the marker colors), we overplot
five diverse kilonova models in the r band.

Figure 5 shows that the majority of light curves are more
luminous than the most optimistic kilonova model plotted,
although we caution that the large errors of the GW event
distance and photometric redshifts (including some that are
consistent with z=0) imply that the actual luminosity may
vary widely. Additionally, 43 (71.7%) of the remaining
candidates’ light curves include only a single detection,
indicating that we have no knowledge of their behavior over
time and their true peak luminosity may be much higher than
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what we observe. The majority of candidate light curves
observed beyond ~5 days decline more slowly than all models
except that of the stable NS remnant (Kasen et al. 2015).
However, all of the slow-decaying light curves are ~10 times
more luminous than the model at the respective times. In
general, the light curves of candidates that fall within the
luminosity range of the plotted kilonova models consist of a
single detection, preventing a comparison of their fading
behavior or colors to the kilonova models. In addition, as
demonstrated by the large fraction of triangle symbols in
Figure 5, we are unable to associate the majority (53.3%) of the
remaining candidates with a host galaxy cataloged in SDSS, LS
DRY, or PS1-STRM. Finally, we note the lack of multiple
bands of photometry (and thus color information) for nearly all
candidates at early times, when color is a useful tool to
distinguish kilonovae from other contaminants (Cowperthwaite
& Berger 2015).

Ultimately, we do not find sufficient evidence in the
photometric light curves to claim that any of the remaining
viable candidates is a true kilonova. Future observations of
kilonovae from blind searches (Doctor et al. 2017; Kasliwal
et al. 2017; Smartt et al. 2017; Yang et al. 2017; Andreoni et al.
2020b, 2021), follow-up to short GRBs (see compilation
studies of Gompertz et al. 2018; Ascenzi et al. 2019; Rossi
et al. 2020; Rastinejad et al. 2021), or mergers detected by
GWs during O4 will further our knowledge on the acceptable
range of kilonova luminosities, colors, and decay timescales.
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afterglows and core-collapse, Type Ia, and thermonuclear SNe.

5.2. Examining Redundancy in Optical Candidate Follow-up

With the aim of making recommendations to improve
candidate follow-up in future observing runs, we investigate
two sources of redundancy. First, we contrast the use of
targeted spectroscopic and photometric follow-up of O3
kilonova candidates with eliminations made using the real-
time tools we consider in Section 3. Second, we examine how
often multiple spectra of a single object were reported to the
GCNs and discuss methods to reduce the number of redundant
observations during O4.

Both spectroscopic follow-up and multiband imaging
follow-up are time-intensive and expensive and are best
reserved for promising candidates one cannot eliminate with
other methods. Generally, the GCNs and literature are a
reflection of real-time follow-up in connection to GW events.
However, many relevant follow-up observations are only
reported in the literature (which is often not published until
months following the event), implying that relying on real-time
tools and reports is key. Sixty-one candidates in our initial
sample of 653 were followed up spectroscopically. Of these, 15
could have been eliminated based on pre-merger detections
(although we note that the ATLAS forced photometry tool, on
which the majority of these eliminations were based, was not
publicly available during O3). Moreover, an additional 13
could have been eliminated based on inconsistencies between
the GW and host-galaxy distances, all of which are “highly
confident” host associations. Twelve eliminations were made
based on photometric redshifts, while one was made based on a
spectroscopic redshift. Our analysis utilizes the 95% GW
distance credible interval to eliminate candidates based on their
host-galaxy redshift. In cases where there are fewer candidate
counterparts, follow-up groups may elect to use a wider
interval. Though photometric redshifts are often inaccurate at
low distances, they should still be used to prioritize follow-up
spectra. We find that ~46% of candidates that received
spectroscopic follow-up observations could have instead
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, on the upper end of the kilonova peak range, and consistent with the peak luminosities of short GRB

benefited from real-time archival information, making follow-
up observations somewhat redundant (Figure 6).

In a similar vein, 67 candidates had photometric follow-up
reported. Of these, 1 was a match to a star in PS1, 13 have pre-
merger detections, and 21 have associated host galaxies with
photometric redshifts outside of the GW event distance range.
Thus, ~51% of candidates with reported photometric follow-
up could have benefited from archival information. In Figure 6
we summarize the number of candidates with GCN or
literature-reported spectra (left) or photometry (right) in pink.
The black bars show the fraction of this follow-up that is
redundant or could have been avoided by employing all the
real-time tools described in Section 3.

We next examine another potential source of redundancy in
follow-up resources: cases in which multiple follow-up spectra
are taken of a single candidate. After examining the GCNs, we
find seven initially promising candidates for which more than
three spectra were reported, including AT 2019dzk (SN IIn; 4
spectra taken), AT 2019dzw (SN II; 5), AT 2019ebq (dust-
reddened SN Ib/c; 8), AT 2019wqj (SN II; 3), AT 2019wxt
(SN IIb, 7), AT 2020cja (blue, featureless continuum; 3),
ZTFabvizsw (CV; 3). In general, all redundant spectra of a
given candidate were obtained before any definitive classifica-
tion results were reported. Notably, the majority of the
candidates with multiple spectra were Type II SNe. For
AT 2019ebq, the candidate with the most spectra taken, a near-
IR spectrum was necessary to classify the dust-reddened SN
(Carini et al. 2019; Dimitriadis et al. 2019; Jencson et al. 2019;
McClully et al. 2019; Morokuma et al. 2019). Three out of
seven of these candidates were potential counterparts to the NS
merger GW190425. Generally, these well-followed candidates
met some combination of the following criteria: (i) reported
early in the search (¢r < 1 day), (i) showed red colors, and (iii)
were associated with a host consistent with the GW distance.
Overall, we find that obtaining multiple spectra of the same
source was not a large sink on resources and was most notable
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number of these that we rule out with tools available in real time (black).

for events of high interest (GW190425 and GW190814).
Indeed, if the candidate was the true counterpart, high-cadence
early spectra would be essential for characterizing the kilonova
(and would be critical for a comparison to the early, blue
component of AT 2017gfo; Andreoni et al. 2017; Arcavi et al.
2017; Coulter et al. 2017; Cowperthwaite et al. 2017; Drout
et al. 2017; Evans et al. 2017; Hu et al. 2017; Lipunov et al.
2017; Pian et al. 2017; Shappee et al. 2017; Smartt et al. 2017,
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Valenti et al. 2017; Villar et al. 2017) and its overall color
evolution.

We note here several reasons for redundancy in follow-up
and lessons learned. First, several of the tools that provide
essential archival information were not available in O3, such as
the ATLAS forced photometry tool and the LS DR9
photometric redshift catalog. The next era of EM follow-up
to GW events will greatly benefit from the use of such tools.
Additionally, we utilize the most updated GW localizations and
distances in our analysis, which are generally closer to final
values, thus allowing us to eliminate candidates that might have
been viable kilonovae at the time of follow-up. For example,
the photometric redshift of the host we associate with
AT 2019dzk in Section 3.5 is inconsistent with the updated
GW190425 distance but was consistent with the GW distance
reported at the time follow-up spectra were taken. We note that
some groups may choose to follow candidates that exhibit color
and fading behavior similar to AT 2017gfo, even if the
photometric redshift is inconsistent (especially given that they
become less robust for z < 0.1). Further, we calculate the
number of GCN and TNS candidates per event that meet our
initial criteria (Section 2.2) using the localization maps first
announced in the GCNs. We compare these numbers to those
found using the final localizations. Predictably, for events with
large final localizations (e.g., S190901ap, S190930t) the
number of candidates does not change significantly using the
preliminary maps. However, for half of the events in our
sample, the number of candidates increases by 30%-140%
when the preliminary localizations are utilized (GW190425,
GW190426, GW190814, S190910d, GW200105, GW200115,
S200213t), indicating the power of prompt localization updates
in reducing the strain on follow-up resources. Together, these
points highlight the importance of real-time updates from the
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GW community to the EM community, specifically of
localization maps and event distances.

Overall, an examination of follow-up redundancies high-
lights the need for implementation of real-time tools that
leverage archival information, improved organization of the
community’s follow-up plans and results, and updated key GW
parameters (such as distance, localization maps, component
masses, and mass ratios) in future observing runs. Potential
ways to assist community organization include reducing and
reporting spectra as quickly as possible, reporting intended
follow-up to the GCNs, or the creation of a database to report
planned observations (similar to the Gravitational Wave
Treasure Map, which aids the community by posting pointings;
Wyatt et al. 2020).

5.3. Comparison to Other Kilonova Candidate Studies

Finally, for context we comment on the methods used in our
analysis compared to those employed by other GW follow-up
groups. Many works focused on the candidates reported in their
own searches, with the exception of some works that analyzed
all publicly reported candidates for a given event (e.g.,
Hosseinzadeh et al. 2019; Kilpatrick et al. 2021), and often
the original samples of candidates were defined differently. For
instance, Kilpatrick et al. (2021) took a more conservative
approach in their study of GW190814 by including candidates
reported to TNS within 14 days of the merger and within the
99% localization. Their sample included 214 candidates, over
twice the size of our initial GW190814 candidate sample. As
we are analyzing a larger sample of GW events, we utilize the
90% localization contour, a stricter cut for 6t motivated by
kilonova light-curve models, and make a preliminary lumin-
osity cut (Section 2).

We find that cross-matching to stellar catalogs, such as PS1,
Gaia, the Two Micron All Sky Survey, SDSS, USNO-B, and
DES, is a fairly ubiquitous practice in GW optical candidate
vetting. In our analysis, the PS1 point-source classification
eliminated the greatest number of candidates (38) of the stellar
catalogs that we considered. Cross-matching to AGNs was not
always standard practice. Two examples of strategies include
cross-matching to the MILLIQUAS catalog (Flesch 2015) and
identifying AGN-like colors with Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010) observations in combina-
tion with a nuclear position (Ackley et al. 2020; Kasliwal et al.
2020). Our analysis found 26 quasars by cross-matching
(Section 3.3), 20 of which also had pre-merger detections,
indicating that the majority of quasars could be eliminated
using the methods outlined in Section 3.4.

The largest variation in candidate vetting is observed in the
methods employed to associate candidates with host galaxies
and the use of photometric or spectroscopic redshifts.
Databases or catalogs used include the NASA/IPAC Extra-
galactic Database, the Census of the Local Universe (Cook
et al. 2019), Galaxy List for the Advanced Detector Era (Dalya
et al. 2018), LS DRY, PS1-STRM, and DES Y3 (Hartley et al.
2022; Kasliwal et al. 2017; Ackley et al. 2020; Antier et al.
2020a; Morgan et al. 2020; Kilpatrick et al. 2021; Paterson
et al. 2021). We find that SDSS DR12, PS1-STRM, and LS
DR footprints combined cover >97% of kilonova candidates
queried (Section 3.5). Precise association methods varied
between searching web interfaces and determining hosts by
eye (Ackley et al. 2020), calculating the galaxy with the
minimum projected offset (Kilpatrick et al. 2021), and
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calculating probability based on angular offset and redshift
(following the prescriptions of Singer et al. 2016; Morgan et al.
2020). In our analysis, the SDSS, PS1, and LS DR9 redshift
catalogs are the most effective tools at eliminating candidates,
although we note that at low distances photometric redshifts are
not always robust. Future spectroscopic redshift surveys (e.g.,
DESI, Subaru; DESI Collaboration et al. 1611; Takada et al.
2014) will be valuable tools for eliminating candidates.

Photometric detections were also frequently used in the
literature to eliminate candidates based on their light curves,
although it was not clear whether this is standard practice in
real time. Some works examined their own data streams (e.g.,
GRAWITA, ZTF, SAGUAROQO/CSS), and some utilized public
data streams (e.g., the PS1 Detection catalog, TNS, ZTF, the
VISTA archive; Ackley et al. 2020; Kasliwal et al. 2020;
Kilpatrick et al. 2021; Paterson et al. 2021). Others obtained
follow-up observations at later times to examine their
candidates’ late-time light curves (Morgan et al. 2020). This
tool was the second most effective at eliminating candidates in
our analysis. Looking forward, we recommend that surveys
make these available, as they promise to be an invaluable tool
in eliminating candidates in real time, especially as the number
of detected NS mergers grows in subsequent years. Eventually,
publicly available, deep, multiband observations from the Vera
C. Rubin Observatory will transform the search for pre-
explosion detections, at least in the southern hemisphere.

Overall, we find that several of the steps we apply in
Section 3 are not standard practice among the O3 literature and
can significantly improve community candidate vetting in
future observing runs. The expansion of new surveys and
resources will also certainly enhance the candidate vetting
process in future observing runs.

6. Conclusion and Future Prospects

We analyze 653 optical candidate counterparts to 15 O3 GW
mergers involving at least one NS using a combination of
information available at the time of the GW event (“real time”)
and that available days to weeks afterward. The number of
candidates in our initial sample per event roughly scales with
the size of the 90% c.l. localization. The notable exception to
this is GW 190814, the best-localized multimessenger prospect
in O3, indicating that similarly well-localized O4 events will
also result in large numbers of candidates. At the conclusion of
our analysis, we find that only 66 candidates remain viable,
none of which have sufficient information to be claimed as a
real kilonova. We also review the GCNs and literature and
make recommendations for avoiding redundant observations to
classify a candidate in O4. Our main conclusions are as
follows:

1. Employment of the real-time tools (including pre-merger
detections and cross-matching with catalogs) that use
archival information eliminated 65% of the original
candidate sample as viable kilonovae. In particular, pre-
merger detections in public surveys account for >20% of
eliminations alone, and 15 of these still received follow-
up observations. Availability and incorporation of these
tools into follow-up of future GW events will allow the
community to focus limited follow-up resources and
reduce redundancy.

2. The most effective real-time tool at eliminating candi-
dates as viable kilonovae was association with host
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galaxies in public photometric or spectroscopic redshift
surveys outside the 95% GW event distance. The
combination of PS1-STRM, SDSS, and LS DR9 covered
the footprint of >97% of candidates queried. Future
spectroscopic redshift surveys will increase the robust-
ness of host-galaxy redshifts. Meanwhile, photometric
redshifts are an important tool for prioritizing classifica-
tion resources.

3. At the conclusion of our analysis, 66 candidates remain
viable as kilonovae, although the majority have insuffi-
cient information to be considered otherwise (single data
point, unidentified host). The remaining candidates with
light curves and redshifts would be particularly luminous
if they were kilonovae, although given the diversity of
model luminosities, they cannot be confidently eliminated
as such.

4. Increased collaboration and transparency between and
within the GW and EM communities would facilitate the
search for EM counterparts. For instance, tools that can
reduce redundancy or increase transparency among EM
follow-up groups should be more widely adopted.
Moreover, the prompt release of updated localization
maps and distance measurements in particular would
reduce the number of kilonova candidates that pass initial
vetting, and updated component masses would help to
prioritize the use of limited follow-up resources.

Looking forward, the larger volumes probed by GW
detectors make the issue of candidate contamination increas-
ingly urgent. It is imperative to take advantage of any available
tool that leverages the wealth of existing or follow-up data, as
well as to build tools that facilitate community follow-up
(Chang et al. 2019; Wyatt et al. 2020; Tak et al. 2021).

In tandem with observational strides, theoretical works
predict a wide diversity in the timescales, colors, and peak
luminosities of kilonovae (e.g., Li & Paczyniski 1998; Metzger
& Fernandez 2014; Lippuner et al. 2017; Shibata &
Hotokezaka 2019; Kawaguchi et al. 2020a). With concurrent
GW observations, it will be possible to connect each kilonova
and its r-process abundance to the observed population of NSs
and BHs. Each successive GW observing run has brought new
and exciting discoveries; the methods presented in this work,
along with many other developments in GW-EM astronomy,
set the stage for novel, multimessenger revelations in forth-
coming observing runs.
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