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Abstract

The formation channels of binary black hole (BBH) mergers detected by the LIGO/Virgo/KAGRA network remain
uncertain. BBH mergers occurring inside the disks of active galactic nuclei (AGNs) may interact with surrounding
gas and generate observable optical flares. We test this scenario by quantifying the spatial and temporal correlation
between BBH events in GWTC-4.0 and AGN flares identified from six years of the Zwicky Transient Facility (ZTF)
DR23 data. Using 80 BBH mergers selected for adequate localization, redshift reach, observing-epoch overlap, and
ZTF sky coverage, we construct a likelihood for the flare-associated fraction, fj,., that combines each event’s 3D
localization with a locally estimated flare number density derived from a 3D Voronoi tessellation, while explicitly
accounting for survey boundaries and incomplete catalog coverage. Adopting a postmerger time window of
200 days for potential counterparts, we infer f, .. = 0.07793¢ (90% confidence level). This nonzero maximum-
likelihood value is driven primarily by GW190412, for which a single flare candidate (J143041.674355703.8) is
consistent in both time and spatial position. The candidate’s light curve is limited to two data points during its peak,
so it remains classified only as a candidate AGN flare. Excluding GW190412 yields results consistent with no
association and an upper limit of f;, . < 0.17 at 90% confidence level. The intrinsic properties of GW190412 and
the characteristics of the candidate host AGN are broadly consistent with theoretical expectations for the AGN-disk
formation channel, motivating continued, targeted electromagnetic follow-up of well-localized and highly
asymmetric BBH mergers in current and upcoming time-domain surveys.

Unified Astronomy Thesaurus concepts: Gravitational wave sources (677); Black holes (162); Active galactic
nuclei (16); Optical flares (1166); Sky surveys (1464)

1. Introduction

The LIGO/Virgo/KAGRA (LVK) ground-based gravita-
tional-wave (GW) detector network has officially released
version 4.0 of the Gravitational-Wave Transient Catalog
(GWTC-4.0; A. G. Abac et al. 2025a; LVK Collaboration
et al. 2025b). This catalog presents 176 compact binary
coalescence events with parameter estimates (false alarm rate
<1yr "), covering observations from the first observing run
(O1) through the first part of the fourth observing run (O4a;
B. P. Abbott et al. 2019a; R. Abbott et al. 2021, 2023, 2024).
More than 90% of the reported events originate from binary
black hole (BBH) mergers. The properties of these BBH events
have substantially advanced our understanding of stellar-mass
black hole (BH) and BBH populations (e.g., B. P. Abbott et al.
2016, 2019b; R. Abbott et al. 2020a, 2020b, 2020c; A. G. Abac
et al. 2025b, 2025¢; LVK Collaboration et al. 2025¢c). However,
the origins of the observed BBHs remain highly uncertain.

Several formation channels have been proposed, including
the evolution of primordial black holes (S. W. Hawking 1974;
E. Bagui et al. 2025), remnants of Population III stars
(A. Stacy et al. 2010; S. Hirano & V. Bromm 2017), and
isolated binary evolution in galactic fields (H. A. Bethe &
G. E. Brown 1998; K. Belczynski et al. 2002; M. Dominik
et al. 2012; K. A. Postnov & L. R. Yungelson 2014;
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S. E. Woosley 2016; L. du Buisson et al. 2020). Alternatively,
BBHs may form dynamically through hierarchical mergers in
dense environments, such as young stellar clusters (B. M. Ziosi
et al. 2014; S. Banerjee 2017; U. N. Di Carlo et al. 2019),
globular clusters (M. C. Miller & D. P. Hamilton 2002;
M. Colpi et al. 2003; C. L. Rodriguez et al. 2015, 2016;
G. Fragione & B. Kocsis 2018), nuclear star clusters
(F. Antonini & F. A. Rasio 2016; F. Antonini et al. 2019),
and the disks of active galactic nuclei (AGNs; B. McKernan
et al. 2012; 1. Bartos et al. 2017b; Y. Yang et al. 2019a;
H. Tagawa et al. 2020b). Each proposed channel is
theoretically capable of producing a subset of the detected
BBH events (T. Kinugawa et al. 2021; B. Liu & D. Lai 2021;
Y.-J. Li et al. 2024b; G.-P. Li & X.-L. Fan 2025a). However,
the predicted distributions of intrinsic BBH properties exhibit
significant overlap across channels, despite their distinct
characteristic features. This degeneracy, coupled with the
insufficient precision of GW source localization (for identify-
ing the unique host of a GW source), poses a significant
challenge to identifying the formation pathways of individual
BBH events (e.g., V. De Luca et al. 2025; V. Delfavero et al.
2025; Y.-J. Li et al. 2025a; S. Liu et al. 2025; G.-P. Li &
X.-L. Fan 2025b; L. Passenger et al. 2025; A. Tanikawa et al.
2025). Consequently, this challenge necessitates relying on
population-level statistical methods to infer BBH formation
channels, namely, estimating the fractional contribution of
each proposed channel to the overall observed BBH
population.
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Currently proposed methods for such inference include: (i)
hierarchical Bayesian inference (T. J. Loredo 2004;
M. Fishbach et al. 2018; I. Mandel et al. 2019; E. Thrane &
C. Talbot 2019), (ii) spatial correlation tests between BBHs
and AGNs (J. Braun et al. 2008; I. Bartos et al. 2017a;
N. Veronesi et al. 2022, 2023, 2025), and (iii) spatial
correlation tests between BBHs and electromagnetic (EM)
transients (e.g., flares, N. Veronesi et al. 2024) (also see
A. Palmese et al. 2021, with similar principles but a different
statistical framework). The first method quantifies the
consistency between the observed posterior distributions of
BBH source parameters (e.g., component masses, mass ratios,
spins, effective spins, and orbital eccentricities; M. Mapelli
2021; M. Mapelli et al. 2021; F. Santoliquido et al. 2021;
M. Zevin et al. 2021; G.-P. Li et al. 2023; E. Berti et al. 2025)
and the predicted distributions from theoretical formation
channels. Its key advantage lies in not relying on additional
observational data, but the results are highly sensitive to the
accuracy of the theoretical models themselves (B. P. Abbott
et al. 2019b; V. Gayathri et al. 2021; Y.-Z. Wang et al. 2021b,
2022; Y.-J. Li et al. 2024a; G.-P. Li & X.-L. Fan 2025a; LVK
Collaboration et al. 2025c¢).

The second method is specifically designed to test the AGN
formation channel for BBHs (I. Bartos et al. 2017a). AGN
disks are considered a favorable environment for producing
LVK BBH events due to several key characteristics (I. Bartos
et al. 2017b; Y. Yang et al. 2019a; H. Tagawa et al. 2020b;
M. Cantiello et al. 2021; V. Gayathri et al. 2021): a number
density of compact objects far exceeding that in galactic
nuclear star clusters; dense gas that can fuel BH growth via
accretion; and gas-induced dynamical friction, which promotes
the efficient formation of bound multi-BH systems, enhances
merger rates, and leads to spontaneous spin alignment, even
for BBHs with distinctive properties such as larger masses,
smaller mass ratios, higher premerger spins, higher effective
inspiral spin magnitudes, and greater eccentricities (Y. Yang
et al. 2019b; H. Tagawa et al. 2020a, 2021; J. Samsing et al.
2022; Y.-J. Li et al. 2025b, 2025c). Using this method,
L.-G. Zhu & X. Chen (2025) reported preliminary evidence for
a statistical association between LVK GW events and AGNs.

The third method extends the second by further restricting
the spatial correlation targets to AGNs that exhibit temporally
coincident EM transients (N. Veronesi et al. 2024). Within the
framework of general relativity, BBH mergers in vacuum do
not produce EM emission. However, if a BBH merger occurs
within an AGN disk, the interaction of its component black
holes—and the remnant black hole—with the surrounding gas
before and after the merger can potentially generate observable
EM counterparts (B. McKernan et al. 2019; S. S. Kimura et al.
2021; J.-M. Wang et al. 2021a; K. Chen & Z.-G. Dai 2024;
J. C. Rodriguez-Ramirez et al. 2024). The confirmed spatial
correlation between a fraction of BBH mergers and such AGN
EM transients can be interpreted as evidence that those BBHs
formed in AGN disks.

N. Veronesi et al. (2024) first applied the third method to
statistically test the spatial correlation between BBH events
detected during the third LVK observing run and candidate
AGN flares identified from the Zwicky Transient Facility
(ZTF) data by M. J. Graham et al. (2023), finding no evidence
for an association (a result also supported by T. Cabrera et al.
(2025) using a different framework). However, observations
from other studies provide some support for the possibility that
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a subset of BBH mergers may be accompanied by flare
counterparts. For instance, M. J. Graham et al. (2020) reported
a high-confidence AGN flare counterpart associated with
GW190521 (see A. Palmese et al. (2021) for a detailed
analysis), and later works (T. Cabrera et al. 2024; L. He et al.
2025a, 2025b; H. Zhang et al. 2025) have identified other
candidate AGN flares potentially correlated with other BBH
mergers. The nondetection of N. Veronesi et al. (2024) is
likely attributable to the low completeness of the flare
catalog used.

In this work, we employ updated observational data and an
improved statistical framework to analyze the spatial correla-
tion between LVK BBH mergers and candidate flares, thereby
inferring the fraction of detected BBH merger events with
associated flare counterparts. The enhanced completeness of
the updated dataset increases the probability of capturing
genuine EM counterparts, while the refined method more
effectively accounts for spatial anisotropy in the flare catalog,
reducing potential systematic biases.

This paper is organized as follows. Section 2 describes the
data, Section 3 introduces the statistical framework, Section 4
presents the findings, and Section 5 provides the discussion. We
adopt a flat ACDM cosmology (Hy=67.8kms ' Mpc™',
Qy=0.308; P. A. R. Ade et al. 2016) for redshift—distance
conversion throughout this work.

2. Data

The data used in this work consist of skymaps of BBH GW
sources and AGN flare catalogs. The skymaps of BBH sources
are obtained from the results of GWTC-4.0 of the LVK
Collaboration, including the officially published BBH events
from the first observing run to the first part of the fourth
observing run (O1-O4a; B. P. Abbott et al. 2019a; R. Abbott
et al. 2021, 2023, 2024; LVK Collaboration et al. 2025b).5
These skymaps provide us with the probability density
distribution function of the three-dimensional (3D) localization
of each BBH source.

The AGN flare catalog used in this work is adopted from
L. He et al. (2026). This catalog was constructed by searching
six years (2018 March—-2024 October) of data from the ZTF
(E. C. Bellm et al. 2019; M. J. Graham et al. 2019).6 L. He
et al. (2026) provide two versions: a refined AGN flare catalog
(AGNFRC) containing ~2000 high-confidence flares, and a
coarse AGN flare catalog (AGNFCC) containing ~28,000
candidate flares. Both were identified using Bayesian blocks
and Gaussian processes, with the AGNFRC being a subset of
the AGNFCC. Given the still limited understanding of the
observational characteristics of genuine BBH merger-asso-
ciated flares, we utilize the more complete AGNFCC to search
for candidate counterparts in this work, after removing flares
that have been identified as tidal disruption events, supernovae,
and blazars from the catalog. The AGNFCC used covers
approximately 55% of the sky.

To enhance computational efficiency, we applied a selection
to the BBH events, retaining only those satisfying the
following criteria for our analysis: (i) a spatial localization
error volume AV, smaller than 10'°Mpc®, since poorer
localization would cause the statistical signal of its unique

5
6

GWTC-4.0 is available at: https://gwosc.org/eventapi/html/GWTC/.

ZTF Data Release 23 is available at: https://www.ztf.caltech.edu/ztf-
public-releases.html.
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flare counterpart (if it exists) to be more easily drowned out by
numerous flare candidates; (ii) a fraction of the 90%
confidence level (CL) localization error volume covered by
the flare catalog greater than 0.2, because a lower coverage
fraction increases the probability that the true flare counterpart
of the BBH event was missed observationally; (iii) the entire
localization error volume lying within z < 1.5, a redshift range
containing approximately 90% of the cataloged flares; and (iv)
a merger time falling within the observational epoch of the
ZTF data. In this work, we utilized a total of 80 BBHs from
GWTC-4.0 that met these criteria. Our selection is independent
of BBH intrinsic properties (and hence of formation channels),
and the resulting subsample (representing ~50% of the total)
remains representative of the full population regarding
potential flare associations.

3. Methodology
3.1. Statistical Framework

In this work, we adopt the statistical framework presented
by L.-G. Zhu & X. Chen (2025) to test the spatial correlation
between the LVK BBH events and ZTF flares. This framework
was originally introduced by 1. Bartos et al. (2017a) to assess
spatial correlations between GWs and AGNs. It was later
modified by N. Veronesi et al. (2023, 2024) to incorporate
skymap information from GW events more effectively.
L.-G. Zhu & X. Chen (2025) further extended the method by
implementing a Voronoi tessellation approach to address the
significant anisotropies in the AGN catalog. Given that the
flare catalog used here also exhibits significant anisotropy, the
framework of L.-G. Zhu & X. Chen (2025) is particularly well-
suited for our analysis.

Let f,.. denote the fraction of BBH merger events
consistent with the observed EM flares. For a dataset
consisting of N BBH events, the likelihood can be expressed as

N
'C(fflare) = H [ng(‘:l ﬁlare Si
i=1
+ (1 - 0'9f<;,ifﬂare)8i]7 (1)

where f. ; represents the coverage fraction of the flare catalog
for the localization error volume of the ith GW event, and the
coefficient 0.9 comes from the CL employed in the skymaps of
BBH events. The functions S; and B; represent the “signal
probability” and “background probability,” respectively. These
probabilities are constructed on the following principle: the
statistical expectation of S; is greater than that of 3; if the ith
BBH event is consistent with an observed flare and vice versa.
A theoretical proof provided in the appendix of L.-G. Zhu &
X. Chen (2025) demonstrates that an unbiased estimate of f;
can be achieved using the likelihood form of Equation (1).
The signal probability is defined as

are

MNare D; (Xj)

Si=Y, (2)

9
j=1 MNflare (Xj)

where x; denotes the 3D position of the jth candidate flare,
pi(x;) represents the spatial localization probability density of
the ith BBH event at position X;, nfiar (X;) represents the spatial
number density of the jth candidate flare, and Ny, is the total
number of candidate flares of the BBH event. The search for
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the candidate flares requires spatial and temporal coincidence
with the BBH event: (i) located within the 90% CL error
volume of the BBH event; (ii) the start time of the rise and the
peak time of the flare both occur within 200 days after the
BBH merger. The experimental search window was set based
on the EM flare production model of ram pressure stripping
(B. McKernan et al. 2019); when the time delay of the flare
counterpart for a BBH merger GW event falls within this
window, the flare is more likely to be observable. This search
window aligns with previous researches (M. J. Graham et al.
2020, 2023; N. Veronesi et al. 2024).

To derive nfae as a function of x;, we follow L.-G. Zhu &
X. Chen (2025) and apply a 3D first-order Voronoi tessellation
method (G. Voronoi 1908; A. Okabe et al. 1992; K. A. Brakke
2005; V. Lucarini 2009; 1. Vavilova et al. 2021). Since the
Voronoi tessellation is suitable for large samples, we first
select all flares that are temporally consistent with each
utilized BBH event from the total flare catalog according to
the criteria for searching for candidate flare counterparts of
BBHs outlined by M. J. Graham et al. (2023): (i) the start
time of the Gaussian rise (#p — 1.8¢,) and the peak time #; of
the flare occur within 200 days after the BBH merger, (ii) the
timescale #, of Gaussian rise of the flare is 7, <100 days,
and (iii) the exponential decay timescale f. of the flare is
t. <200 days. These flares form a subcatalog; we then use the
Voronoi tessellation method to partition the comoving
volume covered by the flare subcatalog into polyhedral cells
within a Cartesian coordinate system, with each cell
containing exactly one flare. The flare density is equal to
the reciprocal of the volume of the Voronoi polyhedron cell,
ie., nflare(xj) = l/V&':ell (Xj)-

The background probability ; is defined as the expected
value of S; when the BBH event is unrelated to all observed
candidate flares. Because S; merely performs a summation
over the probability density distribution of BBH source spatial
localization using observed flare samples, and flare catalogs
are often incomplete—potentially covering only a portion of
the localization error volume of the BBH event—the definition
of B; must account for this limitation. The background
probability can be expressed as

B; = 0.9f... 3)

The coverage fraction can be calculated from

fi = N%L f/fA @ 8, DoVl dadb dDe, (4

where (o, 6) are celestial coordinates, D, is the comoving
distance, pi(«, 6, D.) represents the spatial probability density
distribution of the ith BBH source localization, |J| = Dc2 cos 6
is the Jacobian determinant for spherical-to-Cartesian coordi-
nate transformation, and N, = 0.9 is the normalization factor
that accounts for the 90% CL localization error volume. The
integration domain AV, g, is the portion of the 90% CL
localization volume of the ith BBH event that is covered by the
union of the Voronoi cells associated with all flares used in the
analysis.

3.2. Accounting for the Boundary Effects

An examination of the likelihood formula in Equation (1)
reveals a complete degeneracy between the parameters f ; and
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Jiare- Consequently, the reliability of estimating f;,.. depends
directly on the accuracy of the {f.;} calculations. For the
majority of GW events in our sample—those whose localiza-
tion error volume is only partially covered by the flare catalog
—the calculation of f ; is highly sensitive to the adopted sky-
coverage boundaries. Therefore, it is essential to rigorously
account for boundary effects in the data analysis.

To accurately account for boundary effects, we performed
two data-processing steps. First, we employed the alphashape
algorithm to determine the sky-coverage boundaries of the flare
distribution from the full flare catalog, excluding isolated flares
and small-scale clusters located outside these boundaries. When
calculating the volumes of the polyhedral cells (occupied by
flares) using the Voronoi tessellation method, we removed
vertices lying outside the sky boundaries (including those with
redshifts exceeding the maximum threshold of z=1.5). This
procedure ensures that all Voronoi polyhedral cells reside within
the sky boundaries and possess finite volumes. However, at this
stage, the outer surfaces of the resulting polyhedral tessellations
(formed by the retained flares) do not coincide with the original
sky boundaries. This discrepancy becomes more pronounced in
regions of lower flare spatial density. The volumes enclosed by
these polyhedral tessellation surfaces define the precise
integration region, AV, fire, for calculating the coverage fraction
Je.; in Equation (4).

Second, to precisely determine the volumes occupied by the
polyhedral tessellations, we discretize the total volume
(enclosed by the sky boundaries) into numerous minute cubic
elements within the comoving-distance space. Each element is
labeled by the coordinates of its center. The volume of each
Voronoi polyhedral cell (associated with a flare) is then
determined by employing the scipy.spatial.Delaunay algo-
rithm to select all cubic elements whose centers lie inside that
cell. The union of these selected elements defines the
integration region for calculating f. ;. Note that the computa-
tional precision of f ; depends critically on the size of the cubic
elements, which must be chosen to be much smaller than the
volume of the smallest Voronoi cell in the sample.

4. Results
4.1. Indications of a Nonzero f,..

We first employ a postmerger search window of 200 days
and the condition (z; < 100 days, 7. < 200 days) to identify all
flares temporally coincident with LVK BBH events from
AGNFCC. The fraction of BBHs associated with flares, f. .,
is estimated using Equation (1), and the resulting estimates are
presented in Figure 1.

The key distinction between our estimates and those from
previous studies (e.g., N. Veronesi et al. 2024; T. Cabrera et al.
2025) is the detection of a nonzero best-fit value for f,... We

estimate f, . = 0.07103¢ (maximum-likelihood value with
symmetric 90% CLs, see the red solid curve in Figure 1). This
result provides the first statistically derived preliminary
evidence that a fraction of BBH merger events are accom-
panied by observable EM flares, representing a significant step
forward since the search for candidate flares for the
GW190521 event was reported by M. J. Graham et al. (2020).

Before drawing a definitive conclusion, we investigated the
origin of the signal for this nonzero f,. evidence. We
examined the signal probability S; for each individual BBH
event, as a higher S; provides stronger support for f, .. > 0.

Zhu et al.

1ok — ALl BBHs

--- Without GW190412

p(fflare)

fflare

Figure 1. Probability density distributions of f,. derived from the LVK
GWTC-4.0 BBH events and the ZTF AGN candidate flares. The red solid and
black dashed curves represent the results derived from the all BBH events and
the set without GW190412, respectively. The vertical red and black dotted
lines indicate the error interval and the upper limit at the 90% CL,
correspondingly.
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Figure 2. Skymap of GW190412 event and candidate flares. The red contours
represent the 50% and 90% CL sky localization regions. The gray, blue, and
purple star points denote all flares in AGNFCC, those consistent with
GW190412 in time, and those consistent in both time and spatial localization
(sky position + distance), correspondingly.

We found that GW190412 has an exceptionally high signal
probability of S; > 10, which far exceeds those of the other
BBH events. After removing it, the estimated f;, . becomes
consistent with zero (black dashed curve in Figure 1), with an
upper limit of 0.17 at the 90% CL, in agreement with the result
from N. Veronesi et al. (2024). This evidence of f .. > 0 is
primarily driven by GW190412.

However, this does not imply that the preliminary evidence
we obtained for f;,.. > 0 is unreliable. Figure 2 presents the
skymap of GW190412 localization and the distribution of
flares from AGNFCC. The gray points represent all AGNFCC
flares, the blue points mark flares temporally coincident with
the GW190412 merger, and the purple point identifies the sole
candidate: J143041.67+355703.8, consistent with the
GW190412 merger in both time and spatial position. A
number of gray points and several blue points fall within the
sky localization region of GW190412, indicating that the
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Figure 3. The ZTF g- and r-band light curves for the J143041.67+4355703.8
candidate flare associated with GW190412. The green and red points (with
error bars) show the g- and r-band apparent magnitudes, respectively; the blue
points denote the g —r color. The vertical black and magenta dashed lines
mark the merger time of GW190412 and the candidate flare’s peak time,
respectively.

survey coverage of AGNFCC was relatively complete across
this sky area during the merger epoch. This suggests that the
high signal probability derived from the J143041.67
+355703.8 candidate flare is unlikely to be merely an artifact
of residing in an underdense region (or “cavity”) of the flare
distribution, where a low local flare density 7, would lead to
an artificially high signal probability S; (see Equation (2)).

Additionally, among the 80 BBH events used in this work,
we find that 12 have localization error volumes comparable to
or smaller than that of GW190412 (within a factor of 3).
Within this subset, eight events exhibit a signal probability of
zero, and the average ratio of signal probability to background
probability is close to unity. This indicates that although the
signal probability of GW190412 itself is an outlier, the overall
distribution of signal probabilities for events with similarly
precise localizations is statistically consistent with a balanced
population.

4.2. Light Curve and Host AGN Properties of the Candidate
Flare Counterpart for GW190412

The light curve of the J143041.674-355703.8 candidate flare
of GW190412 is shown in Figure 3. When fitting the light
curve using an empirical form

ro + AeXp [ 2tro) :|’ t<to
3

y(@) = (&)

r()—|—Aexp[ ZTZO):I, t > 1,

the best-fit timescales of Gaussian rise and exponential decay
are t, = 3 days and t. = 24 days, respectively, with the fitted
reference flare peak time f,, amplitude A, and background flux
ro. The time delay between the merger of the GW190412 event
and the peak of the J143041.674-355703.8 candidate flare is
about 189 days. As can be seen from Figure 3, there is
unfortunately only one observational data point in each of the
g and r bands around the peak time of the J143041.67
+355703.8 candidate flare, corresponding to a magnitude
variation of ~0.5 mag. Although the probability of J143041.67
+355703.8 being a genuine flare, estimated using the test

Zhu et al.

statistic for flare searches employed by L. He et al. (2026),
reaches pg,.. > 0.99, it is still insufficient to draw a strong
conclusion comparable to that of M. J. Graham et al. (2020).

We specifically note that the peak data point of the
J143041.67+355703.8 candidate flare corresponds to the final
observation in a contiguous ZTF monitoring block for this
source. A manual inspection of hundreds of ZTF light curves
of flares in the AGNFCC reveals that a rising trend in the final
data points of a continuous observing block is relatively
common. This phenomenon may be attributed to systematic
photometric biases when the source is observed at low
elevation, as it approaches the limit of ZTF’s observable
window at the end of a block. Nevertheless, a brightening as
large as ~0.5 mag, as seen for J143041.67+355703.8, remains
rare. Furthermore, based on the spatial localization volume of
GW190412 (2 ~0.15, AV,~ 10’ Mpc®, R. Abbott et al.
2020b), the average number density of AGNFCC flares
(~0.4 x 1077 Mpc > per 200 days, derived from ~6400 flares
withz <0.50out of a total comoving volume of 1.7 X
10" Mpc?), we estimate that the number of flares ZTF could
expect to detect within GW190412’s error volume is ~0.4.
This implies that the probability of finding at least one
candidate flare from the AGNFCC that matches the
GW190412 skymap by pure chance reaches =>33%.

To further investigate whether the GW190412 event and
J143041.67+355703.8 candidate flare share a common origin,
we examined the properties of the GW190412 source and the
J143041.674355703.8 candidate flare’s host AGN. The
inferred intrinsic parameters of the GW190412 event, which
may indicate its formation channel, are as follows (R. Abbott
et al. 2020b, 2021): (i) source-frame mass of the more massive
BHm = 30.172% M., (ii) mass ratio ¢ = m,/m; = 0.287033,
(iii) d1mens1onless spin magnitudes of component BHs
(x = 0447028, x, ~ 0.570%), (iv) effective inspiral spin

parameter X.; = 0.2570%, and (v) formation eccentricity

er ~ 0.347033 (V. Baibhav 2025). The extreme mass ratio,
nonzero premerger spins, and formation eccentricity in
GW190412 suggest that it likely formed through a hierarchical
merger channel (U. N. Di Carlo et al. 2020; D. Gerosa et al.
2020; C. L. Rodriguez et al. 2020; ; A. Olejak et al. 2020;
B. Liu & D. Lai 2021). Its nonzero effective spin further
supports an origin in an AGN environment (Y. Yang et al.
2019b; A. Secunda et al. 2020; H. Tagawa et al. 2020a, 2021;
V. Gayathri et al. 2021).

Regarding the host AGN of the J143041.67+355703.8
candidate flare, its apparent B-band magnitude is recorded as
21.04 mag (E. W. Flesch 2023). Adopting a typical bolometric
correction of Lyo/Lg= 16 for a bolometric luminosity of
~10% erg s~ (P. F. Hopkins et al. 2007; X. Shen et al. 2020),
we roughly estimate its bolometric luminosity to be
Lot ~ 3.3 x 107 erg s~!. Furthermore, based on the host
AGN spectrum from the first data release of the Dark Energy
Spectroscopic Instrument (DESI; DESI Collaboration et al.
2025), we estimate the mass of its central massive BH to be
Mygn ~ 10" M., (see the Appendix for the spectrum of the
J143041.674+355703.8 flare’s host AGN). From L, and
Mygh, the Eddington ratio of the host AGN is estimated as
IgAgga ~ —1.6, a value lower than that of 70% of AGNs
with Ly < 10¥ ergs™' presented by Q. Wu & Y. Shen
(2022). The relatively lower Ly, and lower Aggq of the
host AGN of J143041.67+355703.8 are consistent with the
property constraints reported for AGNs that host BBHs
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(L.-G. Zhu & X. Chen 2025). They also match the
characteristic AGN properties predicted by theoretical studies
(e.g., E. Grishin et al. 2024; S. Gilbaum et al. 2025) that
suggest the presence of migration traps for BHs in AGN disks.

In summary, the intrinsic parameters of the GW and the
properties of the flare’s host AGN collectively support an
association between the BBH merger GW190412 and the
candidate flare J143041.67+355703.8. We note, however, that
the ZTF obtained only two observations during the candidate
flare’s peak phase. We have also searched for the J143041.67
+355703.8 flare in data from other transient surveys, including
the Transient Name Server (TNS), the Asteroid Terrestrial-
impact Last Alert System (ATLAS; J. L. Tonry et al. 2018),
and the All-Sky Automated Survey for Supernovae (ASAS-
SN; K. Hart et al. 2023). Similarly, no effective observations
are available from these archives during the candidate flare’s
peak period.

5. Discussion

In this work, we estimate the fraction of the LVK BBH
merger events that are associated with AGN flares observed by
ZTF. Our preliminary result suggests that f,.. = 0.07753¢ of
BBH mergers may have an associated ZTF flare. However,
this nonzero f;,,. is primarily contributed by the association
between the GW 190412 event and the J143041.674355703.8
candidate flare. Despite ZTF having only two -effective
observations during the peak period of the J143041.67
+355703.8 flare, the intrinsic properties of the GW190412
merger event and the properties of the host AGN of the
J143041.674-355703.8 candidate flare both support a common
origin for them.

The theoretical interpretation of the J143041.67+355703.8
flare as a flare produced by the GW190412 merger is
straightforward. From the observed light-curve amplitude
(~0.5 mag) of the J143041.674-355703.8 candidate flare and
its fitted duration (~27 days), the total energy released by the
J143041.67+355703.8 flare is estimated to be O(10* erg).
An energy release of this magnitude can be explained by the
same model proposed for a BBH merger-induced flare by
M. J. Graham et al. (2020), in which the postmerger BH drags
its bound gas to collide with the surrounding disk gas,
producing optical thermal emission. The BBH corresponding
to GW190521 had a total mass of Mgy ~ 160 M., and its
candidate flare found by M. J. Graham et al. (2020) exhibited
a duration of ~50 days and a total energy release of O
(10°! erg). In the present case, the GW190412 event has a
total mass of Mgy ~ 40 M. Using the radiative luminosity
model from M. J. Graham et al. (2020; also see B. McKernan
et al. 2019), Ly o< npMagyvi >, where 7 is the radiative
efficiency, p is the gas density in the AGN disk, and v, is the
kick velocity of the BBH, the total energy released by the
J143041.67+355703.8 flare can be explained by adopting
parameter values similar to those used for the candidate flare
associated with GW190521: ~ 0.1, p~ 10" gem ™, and
Ve~ 200 km s~ '. This kick velocity lies within the constraints
from LVK GW detections (J. Calderén Bustillo et al. 2022;
V. Baibhav 2025).

If the J143041.67+355703.8 flare is considered a genuine EM
counterpart to the GW190412 merger, the Hubble—Lemaitre
constant H, can be constrained using its host’s spectroscopic
redshift from DESI and the GW luminosity distance from LVK
detection (here, we used the mixed skymap). Adopting a
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uniform prior Hy € [20,200]kms ' Mpc™' and a fixed flat
ACDM cosmology with €2,,=0.308 in a Bayesian framework
(refer to G.-P. Li & X.-L. Fan 2025c), we obtain H, =
82.97198 km s~! Mpc~!. This central value agrees closely with
the value derived from GW190412 combined with the DESI
galaxy catalog (W. Ballard et al. 2023). Such consistency
supports, or at a minimum does not contradict, a physical
connection between the J143041.674355703.8 flare and the
GW190412 merger.

Furthermore, it is worth noting that this work and L.-G. Zhu
& X. Chen (2025) employed the same statistical framework to
test the spatial correlation between BBHs and AGNs, with
the key distinction being that this work specifically targeted
AGNs exhibiting temporally coincident flare activity. The
GW190412 event, which provides the dominant support for
the nonzero most probable f;, . in this work, was also included
in the analysis of L.-G. Zhu & X. Chen (2025). However, its
contribution to favoring a nonzero fraction parameter f,q, in
that work was not significant. This discrepancy primarily
arises because the host AGN of the candidate flare counterpart
J143041.67+355703.8 associated with GW190412 in this
work was identified from the Milliquas (E. W. Flesch 2023)
and DESI (DESI Collaboration et al. 2025) AGN catalogs, but
was not recorded in the Sloan Digital Sky Survey AGN catalog
(see B. W. Lyke et al. 2020 or Q. Wu & Y. Shen 2022) used by
L.-G. Zhu & X. Chen (2025).

In conclusion, our search for candidate flares associated
with the GWTC-4.0 BBH events, together with statistical
constraints on the flare fraction parameter f;,., provides
preliminary indications that a fraction of BBH mergers may be
linked to ZTF flares. We caution that the nonzero estimate
Of fiure 1S driven primarily by GW190412. Furthermore, the
light curves of GW190412’s sole candidate flare contain
merely a single data point in each of the g and r bands during
the peak period, which does not meet the criteria for inclusion
in the refined AGN flare sample (such as AGNFRC) and thus it
can only be regarded as a candidate. However, within the
context of current nondetections of EM counterparts to BBH
mergers (e.g., C. Cai et al. 2021; J. Kim et al. 2021; O. Adriani
et al. 2022; S. Biswas et al. 2023; R. Poggiani 2024;
G. Waratkar et al. 2024; P. Darc et al. 2025; H. Zhang et al.
2025; L. He et al. 2026; also see the “LVK GW” page in TNS
for centralized reporting, https://www.wis-tns.org/ligo/
events), these preliminary indications strengthen the motiv-
ation for continued counterpart searches and offer a reference
for future search strategies. Clearly, establishing definitive
associations—both statistical and individual—between BBH
events and candidate flares remains a key objective. With the
ongoing operations of the LVK network (LVK Collaboration
2025a) and the advent of new time-domain surveys such
as the Wide Field Survey Telescope (T. Wang et al. 2023;
S. Huang et al. 2024), the Vera C. Rubin Legacy Survey of
Space and Time (LSST Science Collaboration et al. 2009;
K. M. Hambleton et al. 2023), and the Einstein Probe
(W. Yuan et al. 2025), it is expected that the connection
between BBH mergers and their potential EM counterparts
will become increasingly clear.
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Appendix
Spectrum of the Host AGN of J143041.67+355703.8

In this appendix, we present the observer-frame DESI
spectrum of the host AGN of J143041.67+355703.8 (DESI
Collaboration et al. 2025) (the sole candidate flare for the
GW190412 merger) in Figure 4. Vertical dotted lines mark the
positions of its characteristic emission or absorption lines. The
mass of the central massive black hole is estimated from the
width of the AGN’s broad emission lines, combined with the
empirical radius—luminosity relation of the broad-line region.
In this work, we derive the mass of the massive black hole
using the radius-luminosity relation at 5100 A.
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Figure 4. DESI spectrum of the host AGN of the J143041.674-355703.8 flare. Vertical dotted lines mark the positions of characteristic AGN emission or absorption

lines.
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