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We carried outlong-term monitoring of the LIGO/Virgo/KAGRA binary black hole (BBH) merger
candidate S230922g in search of electromagnetic emission from the interaction of the merger remnant with
an embedding active galactic nuclei (AGN) accretion disk. Using a dataset primarily composed of wide-
field imaging from the Dark Energy Camera and supplementedby additional photometric and
spectroscopic resources,we searched ∼70% ofthe sky area probability for transientphenomena and
discovered six counterpartcandidates.One especially promising candidate—AT 2023aagj—exhibited
temporally varying asymmetric components in spectral broad line regions, a feature potentially indicative
of an off-center event such as a BBH merger.This represents the first live search and multiwavelength,
photometric, and spectroscopic monitoring of a gravitational wave BBH optical counterpart candidate in
the disk of an AGN.
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I. INTRODUCTION

As multimessenger astronomy continues to develop, the
branch of this field dedicated to studying compact binary
coalescences stands as an important forerunner as the first
to include direct observations of gravitational waves (GWs)
[1]. These events manifest phenomena at scales presently
unobtainable in manmade environmentsand hence are
importantnatural laboratories in which to study extreme

physics such as heavy elementnucleosynthesis [2]and
measure key physical quantities such as the expansion rate
of the Universe [3,4].

This potential was realized following the first successful
multimessenger detection of the binary neutron star merger
GW170817/GRB 170817A [5],wherein a globalelectro-
magnetic astronomy campaign succeededin locating
a kilonova (KN) [6–23] incident with the initial GW and
γ-ray burst (GRB) events [1,24,25]. This single event
by itself was enough to result in hundreds of analyses,
including constraints on neutron star (NS) physics*Contactauthor:tcabrera@andrew.cmu.edu
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(e.g., [26]) and the Hubble constant H0 [27]. In the case of
H0, it is predicted that Oð100Þ binary neutron star (BNS)
events with electromagnetic (EM) counterparts are required
to make a ∼ few % measurementof the parameter [28],
although joint multimessengerconstraints on the binary
viewing angle can further improve precision by a factor of a
few (e.g., [29,30]).

While BNS mergers are the only class of GW event with
a confirmed EM counterpart, it is also predicted that binary
black hole (BBH) mergers can produce counterparts in
certain circumstances.The majority of proposed counter-
part mechanisms involve the interaction of the binary or
merger remnantwith a coexistent medium, usually the
gaseous accretion disk of an active galactic nucleus (AGN),
whether through accretion [31],ram-pressure stripping of
gas about the remnant or jetted Bondi accretion [32],
breakout emission from accretion [33,34], or a postmerger

jet [35,36]. A representation of the AGN-associated EM
counterpart mechanism is shown in Fig.1.

Counterpart candidates for BBH mergers from previous
LIGO/Virgo/KAGRA (LVK) observing runs have been
proposed [37,38],although confirmation of a counterpart
has remained challenging. There are several reasons for this
difficulty. First, even if we know that a given merger
happens in an AGN,in principle, there is only a Oð1=4Þ
chance that we could detect an EM counterpart: our view of
around half of AGN (the type 2s) is obscured,and an
unfortunate kick direction out the opposite side of a type 1
AGN could still obscure any emission [38]. Second, even if
a flare emerges from an AGN, it must be discerned in the
presence of other AGN variability. This makes our task of
searching for counterpartsmore challenging in brighter
AGN, and our search is biased againstless luminous
counterparts.Third, possible flare parameters are weakly

(a) (b) (c)

(d) (e) (f)

FIG. 1. Multipanel schematic showing the mechanism believed to underpin luminous EM counterparts to BBH mergers in AGN disks.
(a) The premerger BBH accretes from minidisks within its Hill sphere in the AGN disk midplane and blows a cocoon within the disk via
feedback. (b) The merger happens, forming a highly spinning black hole (BH) (dimensionless spin parameter a ∼ 0.7 typically). A jet is
presumed to form at this stage (although it has yet to be established whether such a jet can persist for long or whether it is choked off by
high mass accretion). Mass and spin asymmetries in the progenitor black holes lead to a kick at merger [depicted by the arrow in (b)].
(c),(d) The development of Bondi-Hoyle-Lyttleton (BHL) accretion as the newly merged BH exits its original Hill sphere into the rest of
the AGN disk, powering a luminous transient. (e) The BH emerges from the AGN disk, dragging disk gas with it. (f) The EM emission
fades as the disk material is consumed and the BH continues on an inclined orbit around the supermassive black hole (SMBH) and will
reenter the AGN disk on half the orbital timescale.
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constrained, both because AGN disk properties are uncer-
tain to orders of magnitude and because the properties of
the postmerger flare depend on these uncertain parameters.

One possible means to confirm a counterpart is through
optical spectroscopy: because the BBH merger occurs off
center in the AGN disk, the resulting flare could unevenly
illuminate the broad line region (BLR) of the AGN,
resulting in asymmetric broad line features in the optical
spectrum [32]. Synchronized evolution of a transient with
such spectralfeatures can be a key piece of evidence in
favor of the classification of a transient as a EM counterpart
to a BBH merger. At the very least, an evolving asymmetric
line profile suggests an off-center flaring event in the AGN,
ruling out most sources of AGN variability near the SMBH.
Flare energetics and light curve profiles can allow us to rule
out, e.g., embedded supernovae, leaving few candidates for
a sufficiently energetic off-center AGN flare,including a
BBH merger.

Certainly, the search for EM counterparts to BBH
mergers has unique challenges versus the search for NS
merger counterparts (intrinsic AGN variability, delay time
uncertainties,etc.); however, as the historical rate of
detection of BBH mergers has been ∼Oð100Þ× greater
than that for NS mergers,there are many more opportu-
nities to search for a counterpart to the former kind of event.
Because multimessenger observations of BBH mergers are
also useful in making cosmological measurements [39–41],
the pursuit of EM counterparts to BBH mergers has the
potential to significantly contribute to the multimessenger
observations required to make the first 2% measurement of
the Hubble constant with standard sirens, which is the level
of precision needed to help us understand the Hubble
tension [28].

Currently, GW follow-up of distant events is best
enabled with technology capable of meeting the colloquial
requirements of“wide, fast, and deep,” as to ensure the
rapid and thorough coverage of event volumes.The Dark
Energy Camera (DECam) [42] on the 4 m Victor M. Blanco
Telescope at the Cerro Tololo Inter-American Observatory
is one of the premiere instruments thatcan address these
requirements. DECam already has a respectable history in
GW follow-up, having been used for this purpose from the
first GW event [43,44] and many events since then [45–50]
and, importantly, being one of the first instruments to detect
the counterpartKN to GW170817 [19]. The new survey
program GravitationalWave MultimessengerAstronomy
DECam Survey (GW-MMADS) (NOIRLab Prop. ID
2023B-851374;PIs: Andreoni and Palmese)is designed
to find EM counterparts to BNS, NS-BH, and BBH mergers
via rapid DECam follow-up of GW events during the fourth
gravitational wave observing run (O4).

In this work, we present results from our follow-up of the
GW event S230922g.S230922g is a LVK BBH merger
candidate detected atSeptember22, 2023 02∶03∶44.886
UTC [51,52]. The 90% credible region of 324 deg2 is one

of the smallest areas of O4a (the first part of O4, completed
in January 2024); this, combined with the localization
being visible from Chile in the months following the
trigger, made an effective follow-up with DECam possible
in pursuit of potential AGN-linked counterparts like those
mentioned previously.In this paper we presentour long-
term monitoring of S230922g;the paper is organized as
follows: Sec. II presents our program’s generic strategy for
GW follow-up and the data collected,highlighting com-
ponents especially relevant for S230922g. Section III
describes the methods we used to distillour population
of detected transientsinto a short list of counterpart
candidates.Section IV describes our mostfavored candi-
date, and to a lesser extent additional candidates of interest.
In Sec. V we estimate parameters forour most favored
counterpart candidate, finding it well within the confines of
existing BBH counterpart theory. In Sec. VI we summarize
our findings and highlight considerations relevant for future
efforts. Throughout this work we use a flat ΛCDM model
with H0 ¼ 70 km=s=Mpc and matter density of Ωm ¼ 0.3.

II. DATA

A. GW data
S230922g is an event of interest because it was detected

with high significance (False Alarm Rate of one per 1.6 ×
10−16 yr from GstLAL [53,54]) by both LIGO Livingston
and LIGO Hanford, it is well localized compared to the O4a
population, and it has ∼100% probability of being a BBH.
It was also identified with high significance by the Burst
CWB [55] search pipeline,potentially indicating a loud,
short burst, as one may expect for a massive BBH spending
a short fraction of the late inspiral phase in the LVK band.
The luminosity distance of the event, marginalized over the
entire sky, is dL ¼ 1491  443 Mpc. These quantities
are reported with the sky map from the Bilby [56]
reduction [52]; we use this sky map for our work.

Higher mass (M tot ≳ 50M⊙) BBH mergers are more
likely to have originated from the disks of AGNs
(e.g., [57]), and so we also inform our decision to trigger
BBH follow-up by estimating the total mass of the binary.
We follow a similar calculation to that in [37] and consider
that A90 ∝ SNR−2 [58], as well as SNR ∝ M5=6

c =dL [59],
where Mc is the chirp mass of the binary. For this event, we
assume a 1.4 − 1.4M⊙ binary neutron star merger detection
horizon of 150 and 152 Mpc for Hanford and Livingston,
respectively,an equal mass system,and the luminosity
distance marginalized over the sky;we derive a totalrest
frame mass of M tot ∼ 90M⊙ for S230922g.The BNS
mergerdetection horizon serves as an additionalscaling
factor in the overall calculation.Note that this estimate is
highly uncertain with an error bar of at least a factor of 2.
This uncertainty is informed from the calibration of the
proposed mass relationship with the LIGO O3 BBH
dataset.
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B. DECam observations
Our team was notified of S230922g through a General

Coordinates Network (GCN) listener1 that sent a digest of
the event to our Slack workspace.2 Our first response was to
generate an initial observing strategy withGWEMOPT [61]
to asses the probability coverage possible with a single
night of DECam observations.GWEMOPT selects exposure
pointings from a preset sky tiling. Because our image
subtraction pipeline uses archivalDECam exposures as
templates,we implemented a custom tiling based on
images calibrated by the National ScienceFoundation
National Optical-Infrared Research Laboratory (NOIRLab)
DECam community pipeline (CP) [62] and made available
through the NOIRLab Astro Data Archive3 [63] to ensure
our observing plans include pointings with usable tem-
plates. During each observing night, the CP calibrates the
response and astrometry of each exposure shortly after it is
taken which is then available to the image subtraction
pipeline.

We determined that70% of the GW localization area
could be covered with 60 and 80 s DECam exposures in g
and i bands,respectively,with ∼4.7 h of telescope time.
Our DECam tiling is shown in Fig. 2, overlaid on the LVK
Bilby sky map [52] for S230922g.When this plan was
finalized, we communicated ourpointings to the larger
astronomicalcommunity though the GW Treasure Map4
[64], and we updated information appropriately as we
executed our plan.

Because mostBBH counterpart models concern the
emergence ofan EM signature from the interior of an
AGN disk, delays of Oð10–100Þ days are expected before
such a signature becomes observable. Even so, it is valuable
to initiate EM follow-up for these kinds of events within a
few days of the GW trigger, as high-cadence archival data
are generally not available in the localization area of a given
GW event and a baseline of sources in the localization area
can be useful when vetting candidates.Accordingly, we
decided to trigger our target of opportunity (ToO) program
for the night following the event (the evening of September
22, 2023) in order to establish a baseline of activity at the
GW merger time and to facilitate the identification of novel
phenomena in subsequent observing epochs.

On the first night we were only able to complete ∼1 h of
observations before inclement weather began, but we were
able to observe our fullplan in its entirety the following
night (September23, 2023). We publicly reported tran-
sients in the area through GCN within 24 h of these
observations [65]. Further observations were conducted 11,

33, 41, and 70 days after the LVK trigger (October3,
October 25,November 2, and December 1, 2023). As we
processed thedata throughout the campaign,we took
additional observations of the most interesting candidates,
adding up to eight epochs altogether.We submitted all
transient sources discovered through this campaign to the
Fritz SkyPortal [60,66]. After composing our finalcandidate
short list (as detailed in Sec. III), we reported the respective
sources to the Transient Name Server (TNS).

C. Spectroscopic observations
BBH counterpart models have some degeneracy with

those for stochastic AGN variability and other transient
events like tidal disruption events (TDEs),but spectro-
scopic data has been predicted to serve as a key discrimi-
nator among these phenomena: specifically,the off-center
location of a BBH merger in the accretion disk of the AGN
as opposed to the centrallocation of TDEs or accretion-
based phenomena is expected to induce asymmetry in the
broad lines of AGN spectra as the transient event “washes”
over the BLR in an asymmetric manner [32]. The detection
of a BLR asymmetry evolving in concertwith the light
curve of a transient is a smoking gun that locatesthe
transient in an off-center position in the accretion disk. This
signature is expected for BBH merger counterparts, and the
coincidence of such an event with a GW merger is strong
evidence linking the merger to the AGN flare.

FIG. 2. Our observation plan for follow-up of S230922g.The
LVK sky map for the event is plotted on the lower layers of the
figure, and the 50% (90%) credible interval regions are outlined
in the solid (dashed) line. The candidates composing our short list
are shown as black X’s, with our favored candidate indicated with
a green star.

1Adapted from https://github.com/scimma/slackbot.
2Our team also uses the Fritz science data platform [60] for

notifications of GW events via phone call,but we reserve this
kind of notification for exceptionally time-sensitive events such
as BNS and NS-BH mergers.

3https://astroarchive.noirlab.edu/.
4https://treasuremap.space/.
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In pursuit of such evidence, we triggered several
spectroscopic resources foradditional follow-up of tran-
sients whose light curves demonstrated proposed counter-
part features (see Sec.III A). A total of five spectra were
collected during our follow-up campaign: two with Gemini
Multi-Object Spectrograph (GMOS),and one each with
Keck Low-Resolution Imaging Spectrograph (LRIS),
South African Large Telescope(SALT) Robert Stobie
Spectrograph(RSS), and P200 Double Spectrograph
(DBSP). We discuss the methodology for each spectrum
in the context of the respective candidate in Sec.IV B.

III. METHODS

A. Automated vetting
We analyze our data with our difference photometry

pipeline described in [67].We perform image subtraction
with Saccadic Fast Fourier Transform (SFFT) [68], a
scalable image subtraction algorithm and GPU-enabled
implementation of the same that produces difference
images up to an order of magnitude fasterthan widely
used tools with comparable accuracy. Aperture photometry
is conducted on the resulting difference images using
SExtractor [69] with fluxes calibrated to the Dark Energy
SpectroscopicInstrument (DESI) Legacy Survey (LS)
source catalog and corrected for extinction using the
DUSTMAPS package [70] and the EðB − VÞSFD coefficients
from [71]. Our image differencing pipeline detected over
25 million transient features in our campaign data,which
we distilled into a tractable list of astrophysical transients
through a series ofcuts. Table I summarizes the vetting
steps we applied,which are described in this section.

We first remove any detectionson difference images
contaminated by bad pixels recorded in the DECam CP data
quality mask products. Surviving features were then scored
using a rotation-invariantconvolutional neural network
(CNN) [72,73] trained on archivalDECam data products
from our pipeline to perform real/bogus classification.
Possible CNN scores range from 0 to 1, with higher scores
associated with more realistic astrophysicalobjects.From
testing on archival DECam data, a threshold of 0.7 was found
to facilitate a 98% recall rate with a 7.2% bogus contamination
rate; this threshold was accepted as our cutoff for this analysis.
Roughly 6% of the initial list of detections passed these steps
to form our list of real astrophysical detections.

These detections were then cross-matched among them-
selves to identify features presentin data from multiple
epochs and filters; the resulting list of transients consisted
of 233,313 objects. This list was subsequently cross-
matched with the LS DR10.1 catalog [74] and the
Minor PlanetCenter(MPC) service,and any transients,
respectively,matched to starlike sources (defined as a
source assigned a LS morphologicaltype of “PSF”) or
minor planetswere removed from our search.The LS
cross-match was also used to sortthe sources into three

categories based on proximity to the nearest galaxy-type5

LS source: sourceswithin 0.3 arc sec of a galaxy-type
source were labeled as “A” sources,sources greater than
1.0” away from the nearest such source were labeled as “T”
sources, and sources falling in the middle ground between
these two categories were labeled as “C” sources.

Two final cuts were then applied to limit our search to the
most realistic persistent sources, requiring sources to have
least two distinct observations separated by >30 min and
at least one high-fidelity detection (real/bogus CNN score
≥0.9). Of the remaining 3558 sources, 2388 of them were
within 1 arc sec of a galaxy-type LS object (A and C
sources); this finalgroup composed our automated list of
candidates based on ourphotometric DECam data.See
Table I for a summary of cuts applied and resulting
numbers of candidates at each cut.

B. Additional vetting
Our 2388 automatically identified sourceswere then

examined by eye to identify candidates for further study.
Sources flagged forfurther investigation included those
that had brightened since the time of the GW event and did
not exhibit early reddening (this latter criteria was moti-
vated by the expectation that the luminous counterpart
emerges from the depths of the accretion disk, see Fig. 1,
and we do not expect it to redden as the optical depth
decreases).Other considerations included whetherthere
was a perceptible delay time from the GW event time
(reflective of an EM counterpart needing time to escape the

TABLE I. Summary of selection cuts applied to our pipeline
products.The table is split into two sections: cuts applied to
individual difference image detections (first three cuts) and those
applied to multiepoch light curves composed of coincident
detections (remaining six cuts).

Vetting filter
Number
passed

Fraction
passed

Detection-based cuts

Initial photometry detections 25,392,140 1.00
Data quality masking 14,053,259 0.553
Real/bogus score ≥0.7 1,501,800 0.059

Source-based cuts

Initial transients 233,313 1.00
Remove LS variable stars 140,230 0.601
Remove MPC objects 18,528 0.079
≥1 real/bogus score ≥0.9 17,515 0.075
≥2 detections with Δt ≥ 30 min 3558 0.015
LS galaxy separation ≤1 arc sec 2388 0.010
Additional vetting 6 2.6 × 10−5

5We consider allLS sources with morphologicaltypes other
than PSF (stellar)and DUP (extended source components)as
“galaxy-type” sources.
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embedding accretion disk before being observed) and
whether sources appearedsimilar to different known
transients such as supernovae (SNe).Image stamps were
also examined for each source to exclude any artifacts and
the like that survived the CNN cut.

The resulting list was trimmed to remove any transients
over 2σ away from the GW distance posterior,as such
information was available. To determine distances to each
transient, the LS galaxy-type object matched to each
transientwas cross-matched with severalgalaxy catalogs
(with a search radius of 1 arc sec) in search of a redshift
measurement. Galaxy catalogs used included the
NASA/IPAC Extragalactic Database Local Volume
Sample (NED-LVS) [75],6 the DESI galaxy catalog [76],
and Quaia [77]; LS DR10.1 photometric redshifts were also
included.If the host galaxy matched in multiple catalogs,
then the bestredshift measurementwas used,preferring
spectroscopic redshifts overQuaia “spectrophotometric”
redshifts [77] and the latter over photometric redshifts.
Comparing the available redshift measurementsto the
distance posteriors (taken from the sky mapHEALPix7 tile
containing the respective transient) informed the elimina-
tion of sources beyond the 2σ threshold cut, using the larger
of the two uncertainties between the GW and galaxy
catalog measurements.Note that transientswhose host
galaxy lacked any redshift measurement were not subject to
this cut.

Candidates in our short list were photometrically
classified with Parametrizationof SupernovaIntrinsic
Properties(ParSNIP) [78], assuming a model trained on
the PLAsTiCC [79] simulations; becauseParSNIP uses
redshift as an input parameter,this classification was
limited to only those sources with a redshift measurement.
When classifying a light curve,ParSNIPassigns a probability
to each of a set list of transient classes so thatthe total
probability sums to 1, with each probability reflecting the
relative likeness of the light curve to each class.We note
that ParSNIP does not contain a catch-all class such as
“other” for use when classifying transients of unfamiliar
phenomenology: that is, if a transient is strongly dissimilar
to all but one of the classes,it could receive a high
classification probability for thatone class,even if it not
a strong match in and of itself. We consider the “TDE”
ParSNIP class as the one most similar to the AGN flares of
interest (all other classes concern some kind of SN, except
for the KN class, whose typical timescales are considerably
shorter than those we are interested in). Accordingly, in our
use case we broadly interpret transients classified as TDE
as those that are not identifiable as SN-like events, and we
refer to the TDE class as “non-SN” to better reflectthis
perspective.We find that most of our classified transients
receive this classification.

The final short list of 23 transients surviving these cuts is
shown in Table II. We separate several subsets from this list to
identify transientsthat we exclude from our search via
asynchronous analysis after our follow-up campaign; these
subsets appear in labeled sections of the table.Six of the
transients in our short list showed significant brightening, but
did not peak during the time they were observed (so
potentially consistentwith longer-term AGN variability),
and so we are unable to consider their full nature with our
present dataset. Nine transients, while initially interesting for
further monitoring, exhibited reddening in later epochs, and
so are excluded through disagreementwith our assumed
counterpart model that predicts a signature that becomes more
blue with time. Finally, two transients were excluded as
counterpartcandidates through spectroscopic classification
(see Secs. IV B 2 and IV B 3). The remaining six transients
are those that cannot be excluded as counterparts to S230922g
and are listed at the top of the table. Table II includes host
redshift information (where available), along with GW sky
map localization information: the 1σ distanceposterior
expressed as redshiftunder the assumed cosmology and
the 2D and 3D credible interval (CI) as calculated with the
LIGO.SKYMAP.postprocess.crossmatch.cros-
smatch routine8 [80]. The transients are ranked by ascend-
ing 2D CI, such that the objects in the highest probability
regions are listed first. The highest-probabilityParSNIP class
and the associated probability are listed in the lasttwo
columns of the table, where available.

IV. CANDIDATE COUNTERPARTS

In this section we describe candidate counterparts that
received particular scrutiny during our campaign, including
one we identify as the mostlikely to be a counterpartto
S230922g. While we generally refer to candidates by their
TNS name, we include the internal name for each
of our transients as well,as these names were used for
initial reports. Internal names are assembled from the
date of discovery and right ascension/declination (RA/
Dec) of the source; for example, the internal name of
C202309242206400m275139 refersto a transient first
detected on September 24,2023 with an RA/dec of 22 h
06 m 40.0 s, −27° 51 m 39 s (the letter between the RA and
dec can be either “p” or “m,” denoting a positive or negative
declination, respectively).The leading character in the
object names indicates the proximity ofthe transientto
the nearest galaxy-type LS source, in the same convention
explained in Sec.III A (A for nuclear sources,T for non-
nuclear sources, and C for marginally nuclear sources). The
internal names for all transients in ourshort list can be
found in the subfigure titles of Fig.5.

6https://ned.ipac.caltech.edu/.
7https://healpix.sourceforge.io/.

8https://lscsoft.docs.ligo.org/ligo.skymap/postprocess/
crossmatch.html#ligo.skymap.postprocess.crossmatch
.crossmatch.

TOMÁS CABRERA et al. PHYS. REV. D 110, 123029 (2024)

123029-6



A. AT 2023aagj (C202309242206400m275139)
We consider AT 2023aagjto be the transientfrom our

sample most likely to be an optical counterpart to
S230922g. This transient is distinguished by a ∼1 magni-
tude brightening over a period of a month, remaining blue
in color throughout its evolution. It is within 0.5 arc sec of
the host galaxy centroid,and as such may be associated
with activity in the host nucleus.Difference photometry,
spectra, and sample stamps for this candidate are visible in
Fig. 3. ParSNIP classifies AT 2023aagjas a TDE/non-SN-
type object with a probability of 94.4%, which in this
context distinguishes the transient from SNe and the like.

Two spectra of AT 2023aagj were taken before the
transient faded. The initial Keck LRIS spectrum, taken on
December 7, 2023 (PI: Kasliwal, PID: C360), and reduced
with the standardLPipe routine [81], revealed ionized gas
emission lines and broad line features for the Hα and MgII

regions, indicating a possible AGN host. The redshift of the
host was calculated to be 0.184, placing the transient within
the 83% credible volume for the S230922g sky map and
consistentat the 1.4σ level with the luminosity distance
posterior of the GW event.An additional spectrum of the
object was taken with Gemini North GMOS (GN-GMOS)
on December 25, 2023 (PI: Cabrera, PID: GN-2023B-DD-
109), using a B480 grating with 2 × 900 s dithered
exposures and a centralwavelength of 6250 Å.The data
were reduced with Data Reduction forAstronomy from
Gemini Observatory North and South (DRAGONS) [82], and
flexure corrections were applied by rerunning the reduction
software withoutsky subtraction and calculating a scalar
offset by comparing to a sky line catalog [83]. An
interesting feature observed in the Keck spectrum is some
degree of asymmetry (skewed toward the redderwave-
lengths) in both the Hα and MgII broad lines,as seen in

TABLE II. Summary table for our counterpart candidate short list. Redshifts are shown as available from cross-matching with several
extragalactic databases and direct measurement from our spectra. The luminosity distances and uncertainties are reproduced from the
GW sky map, using the DISTMU and DISTSIGMA values for theHEALPix tile in which the transient is located. The objects are sorted by
ascending 2D sky map probability CI, such that the objects in the highest probability regions are listed first. The highest probability
ParSNIPphotometric classification along with the probability are listed in the last two columns; in this work, we rename theParSNIPclass
TDE as non-SN (see text). The last three subdivisions of the table include transients that did not peak during our observation window,
those that reddened in later epochs, and those that were excluded as possible counterparts through spectroscopic classification. The zhost
source column specifies the source of the redshift measurement for the object; specz indicates a spectroscopic redshift, photz indicates a
photometric redshift,and SPz indicates the Quaia-specific spectrophotometric redshifts described in the catalog paper [77].

Host redshift GW sky map ParSNIP

Object zhost zhost source dL (Mpc) 2D CI 3D CI Classification Probability

AT 2023adwb     1360  430 0.136       
AT 2023uho     1250  552 0.484       
AT 2023adwp     1274  433 0.652       
AT 2023aagj 0.184 Specz (this work) 1478  425 0.754 0.829 Non-SN 0.944
AT 2023adwt     1429  413 0.756       
AT 2023uea 0.195  0.084 Quaia SPz 1459  426 0.790 0.814 Non-SN 0.991
Transients withoutpeak
AT 2023adio 0.212  0.097 Quaia SPz 1410  446 0.242 0.363 SNII 0.901
AT 2023adwd     1328  451 0.285       
AT 2023adwe 1.528  0.671 LS photz 1293  463 0.285   Non-SN 0.927
AT 2023adwn 0.349  0.078 LS photz 875  486 0.617 0.810 Non-SN 0.676
AT 2023adwq 0.391 0.112 Quaia SPz 1545  454 0.683 0.784 Non-SN 0.968
AT 2023adfo     1471  422 0.729       
Reddening transients
AT 2023adwc 0.216 NED specz 1228  445 0.143 0.080 Non-SN 0.996
AT 2023adwf 0.180 NED specz 1148  417 0.300 0.155 Non-SN 0.985
AT 2023adwj     1345  457 0.429       
AT 2023uec     1127  469 0.459       
AT 2023uos     1448  458 0.475       
AT 2023adwl     1051  441 0.583       
AT 2023unj     1127  439 0.642       
AT 2023unl 0.248 Specz (this work) 1535  444 0.677 0.652     
AT 2023adws 0.178 NED specz 1451  419 0.750 0.827 Non-SN 0.928
Excluded via spectra
AT 2023aden     1154  451 0.658       
AT 2023uab 0.128 Specz (this work) 919  479 0.785 0.554 SNIa 0.814
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FIG. 3. Observational data for AT 2023aagj. Upper left: difference photometry for the transient. gðiÞ-band data are shown in green
(yellow). The dashed gray line marks the GW event time of S230922g, and the colored vertical lines indicate the times additional data
(spectra and x-ray) were taken. Upper right: stamps from the template, science, and difference images for a sample epoch; the epoch
from which the sample stamps are taken is outlined in the photometry plot with a gray square. Center left: WISE photometry for the host
of AT 2023aagj. The span of the difference photometry plot is shaded in gray. Bottom: spectra taken for the transient. Telluric regions are
shaded in green. Several known emission lines (shifted according to the measured redshift of the host) are labeled and shown as dashed
gray lines.
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Fig. 4; however, the Hα asymmetry does not appear in the
later Gemini North-GMOS spectrum.The latter spectrum
does not cover the MgII feature,and so no comparison
between the two times is possible in this regime. Given that
there is no similarly resolved archivalspectrum for this
source,we are not able to distinguish transientspectral
features from persistent host features atthis time.

We fit the Gemini spectrum using the Penalized Pixel-
Fitting software (PPXF [84]) in order to study the possible
presence of an AGN. We fit the spectrum with stellar
templates from the E-MILES SSP library [85] along with a
number of narrow and broad Gaussian peaks corresponding
to various emission and absorption lines. Using these
measured gas line strengths,we place this object in the
Baldwin-Phillips-Terlevich diagram,finding that it lands
in the “composite” region (according to the delineations
of [86–88]). This indicates that it is likely that the observed
lines are due to a combination of star formation and AGN
activity. We further measure the mass of the AGN using the
fitted Hα velocity dispersion, which we find to be
2282  41 km=s. The resulting BH mass according to
the method presented in [89] is MSMBH ∼ 2 × 107M⊙.
Note that this measurementmay be inaccurateif the
transient is significantly contributing to the BLR emission.

Wide-Field Infrared Survey Explorer (WISE) [90] infra-
red data for the host of this event is shown in Fig. 3.
Following [91], we retrieved this data from the NASA/
IPAC infrared science archive,9 utilizing data from both the
ALLWISE [92] and NEOWISE Reactivation Releases
[93,94]. Individual observations are combined following

quality control cuts to obtain one mean magnitude per filter
for each observation period, providing a ∼6 month
cadence. The host is found to have brightened by ∼0.2 mag
(with typical photometric uncertainties ∼0.05 mag) in both
W1 and W2 bands starting around modified Julian date
(MJD) 57900. The SkyMapper data release [95] shows that
the object brightened by ∼0.13=0.1 mag (uncertainties
∼0.05 mag) in g=r-band 5 arc sec aperture photometry
over MJD 57870–57875. A possible explanation for these
phenomena identifiesthe infrared (IR) componentas a
reprocessed signature of the optical event; while blue, this
event is slower than AT 2023aagj, which at one point
brightened by ∼0.4 mag in both g and i bands over a 5 day
interval. We also examine archival DECam and
PanSTARRS [96] data covering this object, but are unable
to put further constraints on past activity, in part due to the
sparse temporal coverage of these datasets in this region.

We also produce a WISE color-color plotfor W1-W2
versus W2-W3, although this is not shown as W3 is only
available in one epoch, which may not be representative of
the entire color evolution of the object over the past years.
By comparison with populations of extragalactic objects (as
defined in [90]) we find that, while the hostmost clearly
lies in the WISE population regions associated with spiral
and luminous infrared galaxies, it is near the boundary into
the Seyfert and quasarparameterspacesand has been
observed to temporarily visit these regions.

We carried out a ToO observation of AT 2023aagj with
the Neil Gehrels Swift Observatory [97]x-ray telescope
(XRT [98]). Our observation began on December 25, 2023
at 06∶02 UT with a total exposure of3265 s in photon
counting (PC) mode.We used the Swift-XRT automated

FIG. 4. PPXF model and data for the two AT 2023aagj spectra around the two broad lines of interest. The bottom panels show the
residuals between the model and data. An asymmetry redward of the line appears to be present in the Keck spectrum, taken closer to
peak,but disappears in the later Geminispectrum.

9https://irsa.ipac.caltech.edu/.
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tools [99,100] to analyze our data and all previous data
covering the source position from May 2006 and April
2021 (totaling 7.8 ks exposure in PC mode, including the
latest data). We measure a source position of RA,
DEC ðJ2000Þ ¼ 22h06m40s:26, −27°51041.8 arc sec with
an uncertainty radius of 4.7 arc sec (90% confidence).In
our latest observation the source displays a soft spectrum
with all photon counts below 5 keV, similar to the previous
observations.The time-averaged spectra were fitwith an
absorbed power-law modelusing XSPEC v12.14.0 [101]
within HEASoft v6.32. The inferred photon index is relatively
unconstrained butfavors Γ ≈ 2.5 with hydrogen column
density NH ≈ 2 × 1020 cm−2. The unabsorbed flux (0.3–
10 keV) is FX ¼ ð3.2þ8.8

−1.0Þ × 10−13 erg cm−2 s−1 in our
latest observation. We find a factor of ∼4 increase in flux
between the 2006 and 2021 observations, but no significant
change (a factor of ∼1.2  0.5) between 2021 and 2023
(due also to the largererrors on the flux). We therefore
conclude that there is no ongoing x-ray outburst from AT
2023aagj,although we note thatthese observations were
taken ∼2 months after the optical peak at a time when any
additional flux from the transient may have been too faint to
be detected.It is interesting to note how the WISE flare
peaked around 2018,notably coincidentwith the signifi-
cant change in x-ray flux. We speculate this may be related
to a changing look AGN event, although this is hard to
confirm due to the lack of an older spectrum.

B. Other candidates of scrutiny
We took spectra for three additional candidates beyond

AT 2023aagj during our follow-up campaign. The spectrum
for one transient (AT 2023unl) provides inconclusive
evidence for the nature of the source; however, the source
was observed to redden in later epochs and so is disfavored
by our assumed counterpart model. The spectra for the other
two transients (AT 2023aden and AT 2023uab)contain
SN-like features; both of these transients are subsequently
excluded as possible counterparts to S230922g.The three
spectra are shown in Fig. 9 (see the Appendix).

1. AT 2023unl (C202310042207549m253435)
The spectrum forAT 2023unl was taken by the RSS

[102,103] on the SALT [104].The RSSMOSPipeline [105]10

was used for the reduction of SALT-RSS data. The pipeline
automatically identifies and extracts one-dimensional
spectra using the data products delivered by the SALT
observation team. Using the known redshift of the observed
object and the reduced spectra,PyQSOFit [106]11 was then
used to fit and identify possible emission lines in the data.
The SNR for the spectrum is relatively low, with few strong
features.The presentHβ line does not demonstrate any

unusual characteristicssuch as asymmetry.A possible
broad line feature is presentaround an observed wave-
length of 5525 Å, albeit a chip gap appears to have ended
up at the peak of the feature,and so it is uncertain how
much of the observed variation is due to imperfectdata
reduction; that said,there is no similar feature around the
second chip gap near6575 Å. We conclude there is no
conclusive evidence for this transient being in an AGN.

2. AT 2023aden (A202310262246341m291842)
A spectrum was taken for this transientusing Gemini

North GMOS on November 16,2023 (PI: Cabrera,PID:
GN-2023B-DD-103) and was acquired and reduced in a
similar manner as the Gemini spectrum for AT 2023aagj,
with a central wavelength of 7600 Å. The spectrum is blue
and has strong absorption features characteristic of SNe;
subsequently, we do not consider this transient as a likely
counterpart to S230922g.

3. AT 2023uab (C202309242248405m134956)
We used the DBSP mounted at the 200-in. Hale Telescope

at Palomar Observatory. For this source, we used a 1.5 arc
sec slitmask, a D55 dichroic, a blue grating of 600=4000,
and a red grating of 316=7500. The data were reduced using
a customPyRAF-DBSP reduction pipeline [107].The spec-
trum exhibits clear Hα and Hβ features that enable a redshift
measurementof 0.128 (computed with REDROCK [108];
Bailey et al. [109]). The continuum of the spectrum peaks
around ∼5000 Å, with several broad absorption features
presentaround the peak. This, in concert with ParSNIP
classifying the object as a type Ia SN, leads us to exclude
this object as a possible counterpart.

V. DISCUSSION

We return to our favored counterpartcandidateAT
2023aagj and assess its significance as an AGN transient.
The persistentblue color of the transientdistinguishes it
from the phenomenology of typical supernovae,a separa-
tion further supported by aParSNIP classification of TDE/
non-SN as noted above. We apply structure function
argumentsas presented in [41] to the photometry to
calculate the probability that the observed variation
occurred as a resultof typical AGN activity. We find the
variability of AT 2023aagjsignificant on the 5.9σ level,
with an associatedone-sided Gaussianprobability of
∼10−16; such a low value makes it highly unlikely that
AT 2023aagjis a feature of the hostAGN’s activity and
strongly prefers the modelof AT 2023aagjas a specially
transient phenomenon. Taking the 90% CI volume
of the event as 3.73 × 108 Mpc3 (as calculated with
LIGO.SKYMAP) and fiducial AGN number densities of
10−4.75 and 10−4 Mpc−3 [110,111] [the two values reflect
expected and conservative (more AGN/background flares)
rates], we estimate counts of 6600 and 37,000 AGN in the

10https://github.com/mattyowl/RSSMOSPipeline.
11https://github.com/legolason/PyQSOFit.
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volume. Alternatively, cross-matching the Milliquas [112]
quasar catalog with the sky map (also withLIGO.SKYMAP)
yields a 3D match of 826 objects.Given the discovery
window of our follow-up campaign t window ¼ 92 days
(calculated as the difference in time between the second
epoch and the last), we calculate the probability of a chance
discovery of a similar flare as

pcc ¼ nAGN
twindow

Δt rise
p flare≈ 4.48 × 10−16 flares

AGN
nAGN; ð1Þ

which predicts pcc ∼ Oð10−12Þ and Oð10−11Þ,and pcc ∼
Oð10−13Þ for the number density and Milliquas estimates,
respectively. We note that, while these rates distinguish AT
2023aagjas a specialevent,due to uncertainties in the
understanding of BBH counterpart morphology the identity
of AT 2023aagj as a counterpart to S230922g remains
largely uncertain. A caveat of this analysis is that we also
cannot accountfor the variability of this specific AGN
given the lack of long-term monitoring from archival data.

We compare our candidate flare with the sample of
Zwicky Transient Facility (ZTF) transientsfrom [38].
Assuming a roughly constantspectralflux density across
the g- and B-band frequency domain,we apply the B
bandpass bolometric correction of 5.15 from [113] to derive
a total flare energy of

Etot ≈ 4πd2
L 5.15

Z
dνTBðνÞ

Z
te

td
dt10−0.1mg;ABðtÞþ48.6

≈ 1.2 × 1050 erg; ð2Þ

where TBðνÞ is the transmissionfunction for the B
bandpass [114],and td and te are the times of the first
and last observations of the flare.Fitting a Gaussian rise-
exponential decay model to the g-band light curve yields a
rise time parameter (the standard deviation of the Gaussian)
of t rise ≈ 5.25 days.This places this transientin an inter-
mediate regime between the SN and TDE populations from
[38] (cf. Fig. 2 in that paper) among fast TDEs and high-
energy SNe. Notably, the [38] proposed flare counterparts
are all slower and more energetic than AT 2023aagj;this
may be associated with the measurementof our flare
parameters being based on difference photometry,while
the ZTF light curves used in the compared study are
assembled via directphotometry thatincludes the flux of
the host AGN.

We estimate physical parameters of the system following
the methodology of [37], which tests the hypothesis that the
flare is generated from a Bondi accreting BH as the remnant
emergesfrom the accretion disk due to a postmerger
kick. With a flare onset time delay of ∼2 days from the
GW trigger and total mass estimate of Mtot ∼ 90M⊙, under
the assumption of association we can conclude one or
more of the following: either (i) the kick velocity vkick is
large, (ii) the disk is geometrically thin [aspect ratio

h ≤ Oð10−3Þ], (iii) the disk is not optically thick away
from a geometrically thin midplane, or (iv) there is a cavity
in the disk due to feedback from the premerger BBH.

We continue by assuming the kick velocity is not
specially large or small. If we assume a kick velocity
vkick ∼ Oð200Þ km=s (which is consistent with the peak of
the prior in [115]) then we can constrain the approximate
disk height from [38]

texit ∼
H

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln τmp

p

vkick
; ð3Þ

where H is the disk height and τmp is the midplane optical
depth. Since texit ∼ 2 days, τmp ∼ 10½3;6yields a factor 4–5
from the square root,so H ∼ 0.3rgðMSMBH=2 × 107M⊙Þ.
This implies a thin disk, possibly similar to the thin regions
of a [116] model, which also has a lower τmp than other
models such as [117]. The thinner regions of AGN disks are
where gas damping is most efficient and consequently
where mergers are more likely to occur [118].

If we assume from Fig.3 that the flare begins 2 days
post-S230922g,and the flare lasts through the spectra
denoted by the blue and red lines,then the overall flare
duration is tflare ∼ Oð102Þ days.We note that this is to be
considered a rough estimate of the flare timescale in what
follows. Given Etot ∼ 1050 erg, the average luminosity of
the flare isL̄ flare ∼ 1043 erg=s,which can be parametrized
as L̄ flare ∼ 103LEddðMBBH=90M⊙Þ, where LEdd is the
Eddington luminosity.If we parametrize the Bondi accre-
tion rate onto the merged BH (̇MBHL) as

ṀBHL ∼
0.03M⊙

yr
MBBH
90M⊙

2

×
vrel

200 km=s
−3 ρdisk

10−11 g=cm3 ; ð4Þ

where ρdisk is the disk gas density and we assume the
relative velocity (vrel) between the BH and the AGN disk
gas is vrel ∼ vkick, i.e., the sound speed in the AGN disk gas
is less than vkick. We have chosen ρdisk to be comparable to
the typical density in a [116] model where the disk is near
its thinnest (aspect ratio h ∼ 10−3). Then Lflare ∼ 10−2LBHL,
where LBHL ¼ ηṀBHLc2. Interestingly, this accretion rate is
within an order of magnitude of the inferred accretion rate
onto embedded BBH in AGN from recent general relativ-
istic magnetohydrodynamic simulations [119].

Associating the line asymmetry with an off-center
flare implies that the signature persists in the BLR for
∼70 days postevent,but is gone ∼90 days postevent.
A light-travel time across the full BLR of Oð90 daysÞ
(∼80 in rest frame), corresponds to a distance scale of
0.07 pc ∼ 7 × 104rgðMSMBH=2 × 107M⊙Þ, implying that
the merger occurred around 4 × 104rgðMSMBH=2×
107M⊙Þ. This is located further out than the thinnest
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regions of a [117] model disk, so we can rule out an origin
in a disk similar to that model. This location could be
consistent with the thinnest (h ∼ 10−3) regions of a [116]
model disk, which extend O½0.01; 0.1 pc.

An alternative candidate for an off-center luminous flare
in an AGN is a μ-TDE, where a star is tidally disrupted by a
stellar mass BH embedded in an AGN disk. In [120] it is
shown that,in the outer regions [∼7 × 104rgðMSMBH=2 ×
107M⊙)] of a [116] disk model, a μ-TDE will peak in
afterglow very quickly (∼hours), which is inconsistent with
our observations. However, if MSMBH is actually a factor of
a few more massive, then the diffusion time becomes
longer, potentially months, which could be consistent with
our observations.

We also note that the light curve of AT 2023aagj
resemblesthose of afterglows in AGN disks as found
in [121]. The rise of an afterglow from a BBH merger is not
implausible, assuming that these objects are able to launch
jets, as explored by [35]. Future work could investigate the
possibility of fitting those afterglow models in high-density
environments.

Under the assumption that AT 2023aagj is the counter-
part to S230922g, our requirements are that the AGN disk
must be relatively thin, similar to a [116] model and that the
accretion rate onto the kicked BH is significantly super-
Eddington, but well below the Bondi rate (and requires an
associated jet for the radiation to emerge). One of our most
likely false positives for this event is a μ-TDE in the disk if
our estimate of MSMBH is too small by a factor of a few.

VI. CONCLUSIONS

In this work we present the results of the GW-MMADS
follow-up of S230922g.We discuss in detail our most
likely candidate AT 2023aagj, noting it is mostly constant
blue color, AGN-hosted nature, and especially the presence
of asymmetry in BLR spectral features as evidence in favor
of recognizing it as a counterpart to S230922g.However,
we do not find the current datasetsufficient to clearly
identify the transient as such.

It is worth noting that several aspectslead to an
inconclusive outcome regarding the significance ofthis
association.The variable nature of the AGN in question,
showing a significant flare in the infrared and a change in x-
ray faux over the past decade,mandates the need fora
disentanglementof the transient signal from coexistent
AGN activity in order to confirm the counterpart as such.
One possible discriminator is the observation of asymmet-
ric components in the broad lines of the AGN spectrum,
indicative of an off-center phenomenon;however,other
sources such as disk winds and tilted dust obscuration may
cause similar profiles. A smoking gun for the BBH
association would be the evolution of the asymmetric
componentin sync with the transient light curve, with
the asymmetry shifting toward bluer wavelengthsand
eventually disappearing asthe transient fades. For AT

2023aagj,due to the lack of wavelength coverage for
the Gemini spectrum and subsequentlack of multiple
observationsof MgII, a chip gap on Hβ in the Keck
spectrum, the telluric region blueward of Hα, and the target
setting in December, the extraction of such an evolution is
not feasible with the present data. A spectrum of this object
in 2024 as the target rises again may be informative about
the nature of the asymmetry.A persistent line asymmetry
long after the merger event may point to similarly persistent
asymmetric illumination in this source,such as a warped
disk, and could rule out the association between AT
2023aagjand S230922g. Finally, given the blue color
and the ParSNIP prediction, we cannot exclude that this
transient may have originated from a TDE.

We consider the uncertainty of our result as another
indicator of the challenging nature of the search for BBH
EM counterparts and successively the need forthe con-
tinuation and growth of future efforts for this purpose. More
so than for NS merger counterparts,predictions of BBH
counterparts share a parameter space with existing transient
families (e.g., that of TDEs) and AGN variability, and
distinguishing between the different classes of events at the
presenttime may be challenging.Spectroscopic data are
expected to be the most helpful toward this end, and so it is
important to combine the appropriate resources with photo-
metric follow-up while transients are still active, for as long
as it takes to develop models mature enough to perform
well without requiring such expensive resources.This is
especially relevant for the remainder of O4 follow-up, as all
efforts made now will be the last for GW follow-up until the
fifth gravitational wave observing run (O5) begins in 2027.
With Virgo having joined the GW detector network for
O4b, we expect future O4 searches to yield better localized
events,a trend that is expected to continue with O5;
these lower search volumes,in concert with forthcoming
powerful resources such as Legacy Survey of Space and
Time [122], will help future counterpart searches be more
efficient and effective and will help deepen and broaden the
impact of GW and multimessenger astronomy in the years
to come.

Software used in generating data in this paper include the
following: ASTROPY[123–125],DRAGONS[82], DUSTMAPS
[70], GWEMOPT [61], HEALPY [126,127], PPXF [84], Fritz
SkyPortal [60], LIGO.SKYMAP [80], LPipe [81], Matplotlib [128],
NumPy [129], Pandas[130], ParSNIP [78], PyRAF-DBSP [107],
REDROCK [108], SExtractor[69], SFFT [68], andSWarp [131].

ACKNOWLEDGMENTS

T. C.,A. P.,and L. H.acknowledge that this material is
based upon work supported by NSF GrantNo. 2308193.
B. O. gratefully acknowledges support from the
McWilliams PostdoctoralFellowship atCarnegie Mellon
University. B. M. and K. E. S. F.are supported by NSF
AST-2206096 and NSF AST-1831415 and Simons
Foundation Grant No. 533845 as well as Simons

TOMÁS CABRERA et al. PHYS. REV. D 110, 123029 (2024)

123029-12



Foundation sabbaticalsupport. The Flatiron Institute is
supported by the Simons Foundation. A. P. thanks Rosalba
Perna,Armin Rest, and Stephen Smarttfor useful dis-
cussion. This work was supported by the Deutsche
Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy—
EXC-2094–390783311.This research used resources of
the National Energy Research Scientific Computing
Center,a DOE Office of Science User Facility supported
by the Office of Science of the U.S. Department of Energy
under Contract No.DE-AC02-05CH11231 using NERSC
Awards No. HEP-ERCAP0029208 and No. HEP-
ERCAP0022871.This work used resources on the Vera
Cluster at the Pittsburgh Supercomputing Center(PSC).
We thank T. J. Olesky and the PSC staff for help with
setting up our software on the Vera Cluster. M. W. C.
acknowledges support from the National Science
Foundation with Grants No. PHY-2308862 and
No. PHY-2117997.This project used data obtained with
the Dark Energy Camera,which was constructed by the
Dark Energy Survey (DES) collaboration. Funding for the
DES Projects has been provided by the U.S. Department of
Energy, the U.S. National Science Foundation, the Ministry
of Science and Education of Spain, the Science and
Technology FacilitiesCouncil of the United Kingdom,
the Higher Education Funding Councilfor England,the
National Centerfor Supercomputing Applications atthe
University of Illinois at Urbana-Champaign,the Kavli
Institute for CosmologicalPhysicsat the University of
Chicago, Center for Cosmology and Astro-Particle Physics
at The Ohio State University, the Mitchell Institute for
FundamentalPhysics and Astronomy at Texas A&M
University, Financiadora de Estudos e Projetos,
Fundação Carlos Chagas Filho de Amparo `a Pesquisa do
Estado do Rio de Janeiro, Conselho Nacional de
Desenvolvimento Científico e Tecnológico and the
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Keck Foundation.The Legacy Surveys consistof three
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PIs: Zhou Xu and Xiaohui Fan), and the Mayall z-band
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Dey). DECaLS,BASS, and MzLS together include data
obtained, respectively,at the Blanco telescope, Cerro
Tololo Inter-American Observatory,NSF’s NOIRLab; the
Bok telescope, Steward Observatory, University of
Arizona; and the Mayall telescope,Kitt Peak National
Observatory,NOIRLab. Pipeline processing and analyses
of the data were supported by NOIRLab and the Lawrence
Berkeley National Laboratory (LBNL). The Legacy
Surveysproject is honored to be permitted to conduct
astronomicalresearch on Iolkam Du’ag (Kitt Peak), a
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Propulsion Laboratory/California Institute of Technology.
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Departmentof Energy under Contract No. DE-AC02-
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Computing Center, a DOE Office of Science User Facility
under the same contract; and by the U.S. National Science
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made use of the NASA/IPAC Extragalactic Database
(NED), which is funded by the National Aeronautics

and Space Administration and operated by the California
Institute of Technology.

DATA AVAILABILITY

The data products and figure code for this publication are
available at[132].

APPENDIX: ADDITIONAL DATA

This section contains light curves (Figs. 5–8) and spectra
(Fig. 9) for all candidates other than AT 2023aagj.

For some transients, we collected additional data with the
Three Channel Camera [133] at the 2.1-m-Fraunhofer
Wendelstein Telescope [134] located in the German alps.
The instrument takes three images at the same time in two
optical passbands and one near-infrared (NIR) band. For the
monitoring of the transients, we used the g, i, and J bands.
For the detrending of the images, the pipeline makes use of
the tools from [135]. Then the images are calibrated and
coadded usingSExtractor[136],SCAMP[137], andSWarp[131],
difference photometry is conducted withSFFT [68], and
extinction corrections are applied as described in Sec. III A.
During this process,the astrometric solution is computed
against the Gaia EDR3 catalog [138,139] and the zero points
for the optical bands are calibrated with the PanSTARRS 1s
(PS1s) catalog [140]. The NIR zero points are matched to the
Two Micron All Sky Surveys catalog [73] and converted to
AB magnitudes [141]. Wendelstein data are plotted as
outlined diamonds in Fig. 5, with g, i, and J band data
plotted in green, yellow, and red, respectively.

TOMÁS CABRERA et al. PHYS. REV. D 110, 123029 (2024)

123029-14



FIG. 5. Light curves for our remaining 22 candidates (continued in following figures). The dashed line indicates the S230922g event
time. The sample stamps for each transient are taken from the exposure with the highest SNR, indicated with a gray square. Data taken
with Wendelstein appear as smalldiamonds,where relevant(the red pointfor AT 2023uab is J band).
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FIG. 6. Light curves for our remaining 22 candidates (continued).

TOMÁS CABRERA et al. PHYS. REV. D 110, 123029 (2024)

123029-16



FIG. 7. Light curves for our remaining 22 candidates (continued).
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FIG. 8. Light curves for our remaining 22 candidates (continued).
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FIG. 9. Additional spectra taken as a part of our follow-up campaign. A selection of spectral lines and telluric features are marked as in
Fig. 3.
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