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Abstract

The accretion disks of active galactic nuclei (AGN) are widely considered the ideal environments for binary black
hole mergers and the only plausible sites for their electromagnetic counterparts. M. J. Graham et al. (2023)
identified seven AGN flares that are potentially associated with gravitational wave (GW) events detected by the
LIGO-Virgo-KAGRA Collaboration during the third observing run. In this article, utilizing an additional three
years of Zwicky Transient Facility public data after their discovery, we conduct an updated analysis and find that
only three flares can be identified. By implementing a joint analysis of optical and GW data through a Bayesian
framework, we find two flares exhibit a strong correlation with GW events, with no secondary flares observed in
their host AGN up to 2024 October 31. Combining these two most robust associations, we derive a Hubble
constant measurement of Hy = 72. 1*%%? km s~! Mpc~! and incorporating the multimessenger event GW 170817
improves the precision to Hy = 73.5 ¢’ km s~'Mpc~!. Both results are consistent with existing measurements
reported in the literature.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Gravitational wave sources (677); Stellar

mass black holes (1611)

1. Introduction

During the third observing run (O3), the LIGO-Virgo-KAGRA
(LVK) collaboration reported approximately 80 confirmed binary
black hole (BBH) mergers in the local Universe (R. Abbott et al.
2023a, 2024). These events predominantly originate via two
formation channels (M. Mapelli 2020): the isolated evolution of
stellar binary systems (S. E. de Mink & I. Mandel 2016) and
dynamic formation within dense environments, such as globular
clusters (C. L. Rodriguez et al. 2016) or the accretion disks of
active galactic nuclei (AGN; B. McKernan et al. 2019). While
these pathways explain many observed BBH properties, several
massive BBH merger progenitors detected by LVK, which reside
within the pair-instability mass gap (S. E. Woosley 2017),
challenge isolated evolution models and highlight the unique role
of hierarchical (i.e., dynamical) mergers in producing systems
with component masses exceeding theoretical limits.

In hierarchical mergers, remnant black holes (BHs) from
previous coalescences accumulate mass through successive
mergers (G. Fragione & J. Silk 2020; G.-P. Li & X.-L. Fan
2025a). This process naturally generates BHs with masses
spanning 50-130 M, bridging the pair-instability mass gap.
Within this framework, the binary components are expected to
have dimensionless spins approaching 0.7, which is a character-
istic value of merger remnants as dictated by angular momentum
conservation principles (D. Gerosa & M. Fishbach 2021).

AGN accretion disks represent a promising location for
hierarchical mergers. Crucially, gravitational recoil velocities
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from mergers (V. Varma et al. 2022) are typically insufficient
to eject remnants from the disk’s deep potential well, enabling
successive mergers to build up BH masses. Coupled with the
efficient binary formation and evolution facilitated by
surrounding gas (Y. Yang et al. 2019; B. McKernan et al.
2020), this environment significantly enhances the formation
of massive BHs (J. Samsing et al. 2022). Furthermore, recent
modeling efforts suggest that compact binaries formed in AGN
accretion disks can retain measurable eccentricities within the
(LVK) observational frequency band, making eccentricity
detection a crucial diagnostic for verifying disk-mediated
binary formation mechanisms (J. Samsing et al. 2022; G. Fabj
& J. Samsing 2024). Intriguingly, the rotational symmetry of
accretion disks has been proposed as a plausible explanation
for the observed anticorrelation between the effective spin
parameter X.g and mass ratio g in the LVK merger population
(T. A. Callister et al. 2021; A. Santini et al. 2023; Y.-J. Li
et al. 2025), suggesting that disk environments may imprint
specific correlations on binary parameters.

Unlike mergers in other channels, BBH mergers in AGN
accretion disks offer a unique opportunity to detect electro-
magnetic (EM) counterparts (I. Bartos et al. 2017). The
mechanisms responsible for generating EM signals typically
involve the interactions between the binary (or its merger
remnant) and the surrounding medium, usually the gas in the
AGN disks, such as ram pressure stripping of gas around the
remnant (B. McKernan et al. 2019), hyper-Eddington accretion
leading to a Bondi explosion (J.-M. Wang et al. 2021), and jet
launching after the postmerger kick (K. Chen & Z.-G. Dai
2024). These processes result in delayed EM radiation that is
superimposed on the AGN’s intrinsic emission, making it
detectable in observations.
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Detecting EM counterparts to BBH mergers in AGN
accretion disks holds transformative potential for multi-
messenger astrophysics. These counterparts provide critical
insights into both the merger dynamic and the ambient AGN
environment (A. Vajpeyi et al. 2022). Furthermore, secure
association between gravitational wave (GW) events with
specific AGN at confirmed redshift transforms these events
into standard sirens, which enable independent constraints on
the Hubble constant H, (S. Mukherjee et al. 2020; H.-Y. Chen
et al. 2022;G.-P. Li & X.-L. Fan 2025b). A statistically
significant sample of such events could resolve the current
Hubble tension (E. Di Valentino et al. 2021) by providing an
independent pathway to measure H,.

Motivated by these scientific prospects, dedicated searches
for such EM counterparts have been conducted through wide-
field surveys. The Zwicky Transient Facility (ZTF,
E. C. Bellm et al. 2018; M. J. Graham et al. 2019) has
identified seven unusual AGN flares that are temporally and
spatially coincident with GW events observed during the O3
run, potentially representing EM counterparts to BBH mergers
(M. J. Graham et al. 2023). Among these, the most promising
candidate is event ZTF19abanrhr (M. J. Graham et al. 2020),
which occurred in AGN J124942.30+4-344928.9 approximately
30 days after GW190521, a BBH merger notable for its
exceptionally high mass (R. Abbott et al. 2020).

However, these associations remain contentious due to
observational limitations. Delayed spectroscopic follow-up
observations failed to capture asymmetric broad-line features,
which are predicted to arise when off-center flares unevenly
illuminate the broad-line region (B. McKernan et al. 2019;
T. Cabrera et al. 2024). Additionally, the original ~3yr
temporal baseline (2018-2021) may be insufficient to
distinguish transient merger signals from stochastic AGN
variability. The newly available ZTF photometry (2021-2024)
now enables a statistically robust re-evaluation. Extended 6 yr
light curves allow us to examine AGN variability over a long
timescale, thereby providing a more precise assessment of the
nature of these flares. Furthermore, hierarchical merger models
predict that a BBH remnant kicked out of the disk may return
after roughly half an orbital period, triggering recurrent flares
after O(years) (M. J. Graham et al. 2020), which we could
search for in the extended data set.

If a flare is confirmed to be a genuine flare rather than AGN
intrinsic variability, the next question is whether its temporal
and spatial coincidence with a GW event reflects a physical
association or chance coincidence. For the pair of ZTF19a-
banrhr and GW190521, Bayesian analyses yield conflicting
conclusions: G. Ashton et al. (2021) found insufficient
evidence for association mainly due to the AGN’s position
near the edge of the discovery skymap, whereas S. L. Morton
et al. (2023) demonstrated strong evidence using updated
skymap and hierarchical merger priors. For the remaining pairs
of AGN and GW events, however, no systematic association
studies exist, leaving their potential connections largely
unexplored.

In this work, we expand the Bayesian framework presented
in S. L. Morton et al. (2023) to quantify the probability of
association for each pair of AGN flares and GW events
proposed by M. J. Graham et al. (2023). The rest of this paper
is organized as follows. In Section 2, we present the optical
light curves used in our analysis and calculate the significance
of the flares. In Section 3, we describe the GW data used in our
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analysis and calculate the kick velocities of the GW events. In
Section 4, we outline the theoretical framework used to
evaluate the potential associations between AGN flares and
GW events, and the results for each candidate pair are
presented in Section 5. In Section 6, we estimate the Hubble
constant with several possible pairs. Finally, we discuss the
implications of our results and draw conclusions in Section 7.

2. AGN Flares During O3
2.1. ZTF Light Curves and Data Processing

ZTF is a time-domain survey with a 47 deg” field-of-view
camera mounted on the Palomar 48inch Samuel Oschin
Schmidt telescope (E. C. Bellm et al. 2018), providing critical
insights into transient phenomena. In M. J. Graham et al.
(2023), ZTF Data Release 5 was utilized to identify seven
AGNSs exhibiting flaring behavior that could be linked to BBH
mergers. Our analysis employs the ZTF DR23 data set,
released on 2025 January 21, which includes all data from
public surveys up to 2024 October 31 and all data from private
surveys before 2023 June 30. This represents a three-year
temporal extension compared to DRS, substantially improving
our ability to distinguish genuine AGN flares from stochastic
variability through extended baseline monitoring. ZTF surveys
the entire observable northern sky every 2-3 days in the g and
r bands, reaching a limiting magnitude of approximately 20.5
(F. J. Masci et al. 2018; E. C. Bellm et al. 2019), which ensures
both sufficient sampling and sensitivity to detect transient
features in our target AGNs.

To mitigate contamination while preserving astrophysical
signals, we implement a hybrid sigma-clipping algorithm. A
standard 3o clipping is applied first, which removes outliers
that deviate >30 from the median flux. Then, to ensure that the
potential flare signals are retained, we preserve sequences
where more than two consecutive points exceed 30 and
isolated 3o outliers flanked by points >2.5¢0 (characteristic of
flare peaks). After cleaning, the light curves are binned into
3 days intervals to improve the signal-to-noise ratio. The final
light curves for the seven AGNs are shown in Figure 1.

2.2. AGN Flare Significance Analysis via Gaussian Processes

To quantify the statistical significance of candidate flares
against the stochastic variability inherent in AGNs, we
introduce the metric py,., defined as the probability that a
given flare is indeed a genuine flare rather than a characteristic
of variability intrinsic to the AGN itself.

We calculate py,.. with Gaussian processes (GPs), a class of
nonparametric statistical models widely used for regression
and classification tasks, particularly when dealing with
complex and noisy data. Formally, a GP defines a distribution
over functions, where any finite collection of function values
follows a joint multivariate Gaussian distribution. GPs have
become valuable tools in astronomy, particularly for modeling
and analyzing time series data with inherent stochasticity
(S. Aigrain & D. Foreman-Mackey 2023), such as quasi-
periodic oscillations (S. Yang et al. 2021), exoplanet transits
(I. J. M. Crossfield et al. 2016), and AGN variability
(R. E. Koztowski et al. 2009; C. L. MacLeod et al. 2010).

A GP is completely specified by its mean function and
covariance function. For the mean function, we use the median
of the light curve, which is sufficiently effective in most AGN
cases. For the covariance function, commonly known as the
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Figure 1. The ZTF g- and r-band light curves for the seven AGNs associated with GW events. The vertical lines represent the trigger times of the GW events. The
blue lines indicate the events that remain as possible associations after our analysis, while associations with all other events have been excluded.
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Figure 2. (Left) A real AGN light curve (blue line) and 100 random light curves (gray lines) generated with the same GP model fitted to the AGN data. The two red
vertical dashed lines indicate the selected time interval for computing the A value. (Right) The distribution of A values from the simulated light curves, with the red

vertical line representing A value from the real AGN.

kernel, we select the Matern-1/2 kernel, which has proven to
be effective in modeling AGN light curves (R.-R. Griffiths
et al. 2021). The kernel is defined as:

, ) |t — t']

k(t, t") = prexp| ——|, €))

T
where p is the variability amplitude hyperparameter, and 7 is
the variability timescale hyperparameter. Given N observa-
tions of a variable y = {y}i—;, .~ with associated measure-
ment uncertainties o = {o;}, which are taken at times ¢ = {t,},

the marginal log likelihood is given by:

log £ = —l(y - m)’K 'y —m) — llog|K| — Elogzﬂ,
2 2 2
2)

where the mean vector m consists of identical elements, each
equal to the median of the data. The term K is a matrix with
elements Kj; = k(t;, t;) + 0 o2, where 0; is the discrete
Kronecker delta function. For a given light curve, the optimal
hyperparameters are obtained by maximizing the likelihood
function, which gives the best-fit values that provide the most
accurate description of the observed data under the GP model.

If a light curve contains a flare within a specific time interval
11, where t;, = {tpeax — L/2 <t <tpea + L/2} with £y, being
the flare peak time and L the interval length, the hyperpara-
meters fitted to the nonflare segments, denoted as py and 7,
cannot accurately capture the variability during the flare. This
is because the GP model trained on the nonflare data is
designed to describe the baseline variability and does not
account for the distinct features introduced by the flare. A test
statistic, similar to that used in M. J. Graham et al. (2023), is
defined as:

A=y, —mo)'Ky'(y, — my), A3)

where y; represents the observations at times #; and my is
determined from the nonflare data, matching the length of y;.
In the analysis, we set L to 50 days, consistent with the
approach in M. J. Graham et al. (2023).

For each AGN light curve with a potential flare, we first
estimate the hyperparameters 7o and po using the nonflare data.
Using these hyperparameters, we generate 10,000 simulated
light curves with GPs, matching the observation time and

uncertainties. Subsequently, we compute the test statistic A for
both the observed light curve and the simulated light curves.
By comparing the observed A with the distribution of A values
from the simulations, we obtain the py, .. for each AGN.

The above steps are implemented with celerite
(D. Foreman-Mackey et al. 2017), a Python package designed
for efficient and scalable GP modeling and analysis. Figure 2
shows a real AGN light curve along with several light curves
generated using the same GP model fitted to the AGN. In
addition, the X values for each light curve are computed. The A
value of the real AGN significantly deviates from the
distribution of A\ values obtained from the simulated light
curves, indicating the presence of a flare that is not attributable
to typical AGN variability.

For each AGN, py, .. is independently calculated using the
g- and r-band light curves, with the smaller value adopted to
conservatively minimize false positives (Table 1). Our analysis
identifies three AGNs (J181719.94+4541910.0, J224333.95
+760619.2, and J154342.464+-461233.4) with pg,. < 0.995,
falling below the empirical threshold used in M. J. Graham
et al. (2023). This downward revision in significance arises
from the extended temporal baseline of ZTF DR23 (spanning
three additional three years compared to DRS), which resolves
previously flagged flares as natural extremes of AGN
stochastic variability. Of the remaining four candidates, the
AGN J053408.414085450.6 has a radio counterpart at 21 cm
in the NRAO VLA Sky Survey (J. J. Condon et al. 1998),
suggesting a blazar classification. Given that such flares are
common in blazars (M.-F. Gu & Y. L. Ai 2011), we do not
consider this AGN to be associated with any GW events.
Therefore, only three AGN flares remain as possible counter-
parts for further analysis.

3. Gravitational Wave Data
3.1. GW Posterior Probability Density

The LVK Collaboration released the Gravitational Wave
Transient Catalog (GWTC), which includes posterior distribu-
tion samples” for the parameters of each GW event. The O3a
and O3b events are listed in GWTC-2.1 (R. Abbott et al. 2024)
and GWTC-3 (R. Abbott et al. 2023a), respectively, with their
MIXED posterior samples used in this work. However, two

4 https: //gwosc.org
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Table 1
Summary of the Seven AGN Flares
AGN Name Redshift log,,(Msmpr) Tpeak De Dr Pliare
M) (MJD)
J124942.30+344928.9 0.438 8.6 58666 0.9999 0.9999 0.9999
J120437.98+500024.0 0.389 8.0 58890 0.9999 0.9999 0.9999
J183412.42+365655.3 0.419 9.1 58690 0.9994 0.9994 0.9994
J053408.41+085450.6 0.5 (8.0) 58880 0.9999 0.9998 0.9998
J181719.94+541910.0 0.234 8.0 58805 0.2521 0.9592 0.2521
J224333.95+760619.2 0.353 8.8 58775 0.2442 0.6265 0.2442
J154342.46+461233.4 0.599 9.3 58960 0.0902 0.4251 0.0902

Note. The redshift and the supermassive black hole mass (Msypn) are taken from M. J. Graham et al. (2023), with the redshift for J053408.414+085450.6 being a
photometric redshift and its SMBH mass assumed to be the fiducial value of 108M,,. peak 18 the peak time of the flare. p, and p, represent the probabilities that the
AGN flare exists in the g or r bands, respectively, and py,,. is the smaller one of the two. Events above the horizontal line are those identified as AGN flares in
this work.

Table 2
Summary of the Parameters for the Nine GW Events
GW ID Data Set Dy, M, M, X1 X2 Vi Agg ng
(Gpe) M) M) (kms ") (deg”)
GW190521 GWTC-2.1 3328 98433 5772 0.7179% 0.53+042 73011450 1021 16221
GW190803_022701 GWTC-2.1 32118 38710 2878 0.417532 0.447088 48011300 1004 7315
GW190403_051519 GWTC-2.1 8.3%¢] 85728 20*36 0.891099 0.53704 510185 3930 94466
GW190424_180648 GWTC-2 2.651% 39741 3147 0.545044 0.47+543 64071300 28336 86909
GW190514_065416 GWTC-2.1 3.912¢ 41y 28+10 0.47048 0.48+947 47011990 3435 30861

GW190731_140936 GWTC-2.1 3.37%4 40+ 29+19 0.391932 0.4670:42 5001130 3640 16688
GW190909_114149 GWTC-2 49437 43731 28+13 0.607035 0.49754¢ 47011100 4732 42047
GW200216_220804 GWTC-3 3.8139 5143 30718 0.48+9:4¢ 0.51754¢ 49011390 3010 34563

GW200220_124850 GWTC-3 404338 39734 2873 0.517542 0.47+04¢ 54011100 3169 33500

Note. Luminosity distance (Dy), component masses (M, »), and component spins () >) are obtained from GWTC. The velocity of the kick (vy) is inferred using the
method described in V. Varma et al. (2020). The uncertainties correspond to the 90% credible interval. Ao is the 90% confidence area of the event, and n; is the
number of Million Quasar Catalog (v8, E. W. Flesch 2023) sources within the 90% confidence volume. Events above the horizontal line are those identified in this
work that may potentially have EM counterparts.

events, GW190424_180648 and GW190909_114149, fall
below the threshold in GWTC-2.1. For these events, we use

influencing hierarchical merger rates and EM counterpart
detectability.

the publication samples from GWTC-2 (R. Abbott et al. 2021).
Several key parameters for the GW events used in this analysis
are given in Table 2.

These posterior samples are used to derive posterior
probability distributions with a Dirichlet process Gaussian
mixture model (DPGMM), which is a nonparametric Bayesian
method that allows flexible approximation of the probability
distributions (T. T. Nguyen et al. 2020). To obtain posterior
distributions, we make use of the open-source Python package
FIGARO’ (S. Rinaldi & W. Del Pozzo 2022), which employs
a DPGMM to make an accurate approximation of the
distributions from the available samples.

3.2. Kick Velocity Analysis

During the final stages of BBH coalescence, GW emission
impacts a recoil or kick to the remnant BH, predominantly near
the merger phase (J. A. Gonzilez et al. 2007). This kick plays a
critical role in determining whether the remnant remains
gravitational bound to its host environment or escapes,

https://github.com/sterinaldi/FIGARO

Following the method in V. Varma et al. (2020), we
compute the kick velocity (vk) using the surrogate models
NRSur7dg4 and NRSur7dg4Remnant (V. Varma et al.
2019). The posterior samples of binary properties including
component masses and 3D spin vectors are extracted from the
GWTC for events whose parameter estimation results using
the waveform NRSur7dg4 are contained in the release.
Otherwise, we rerun parameter estimation with this waveform
model. Then, the kick velocity can be evaluated using the
surfinBH® (V. Varma et al. 2018).

The inferred vy values for all GW events are summarized
in Table 2, showing consistency with the upper and lower
limits reported in M. J. Graham et al. (2023). Crucially,
these values remain orders of magnitude below the
Keplerian orbital velocity of BBHs in the AGN disks
(Vorb ~ 10%(r/10°Ry)"1/2  km s~!, R, is the Schwarzschild
radius of the central supermassive black hole; SMBH),
indicating that this kick has no significant impact on the
orbital and is insufficient to cause the remnant to escape the

6 10.5281/zenodo.1435832
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Figure 3. Position of seven flares (red stars, from left to right: J183412+365655.3, J181719.94+541910.0, J224333.95+760619.2, J154342.46+461233.4,
J124942.30+4-344928.9, 1120437.984-500024.0, and J053408.414-085450.6) described in Section 2 and 90% credibility level (CL) localization surfaces of the nine
possible associated GW events (solid lines): GW190403_051519 (G1), GW190424_180648 (G2), GW190514_065416 (G3), GW190521 (G4), GW190731_140936
(G5), GW190803_022701 (G6), GW190909_114149 (G7), GW200216_220804 (G8), and GW200220_124850 (G9). The background illustrates the spatial

distribution of AGNs from the Million Quasars catalog.

AGN. Therefore, repeat flares are expected for these GW
events if they occur in the AGN disks.

4. Association with GW Events

In M. J. Graham et al. (2023), AGN flares are preliminarily
flagged as potential GW counterparts if they locate within the
90% confidence volume of a GW event and exhibit a peak
occurring within 200 days post-GW trigger. Furthermore, a p-
value approach is applied to estimate the chance coincidences
given the observed matched pairs. However, this approach
does not statistically evaluate individual associations.

To rigorously assess whether a flare and GW event originate
from the same source and to identify the most probable GW
event associated with a given flare, we employ a Bayesian
statistical framework proposed by S. L. Morton et al. (2023).
This framework is used to assess whether the flare and a
potential GW event share a common origin or are merely
coincidental. The primary objective is to calculate the odds
ratio O2 between two competing models:

oA = P(Hald) _ pldHa) p(Ha) _

= BAPE. 4
7 p(Held)  pWHo) p(He)  © € @

In this equation, d represents the data, while H, and H,. denote
the competing hypotheses: the association model (A) and the
coincidence model (C), respectively. In the association model,
the flare and the GW event share a common astrophysical
origin, whereas in the coincidence model, the flare and the GW
event are unrelated.

The prior odds P{ represents the initial belief or expectation
before observing, based on theoretical information or previous
knowledge. The Bayes factor Bé quantifies the support
provided by the data for one model over the other, calculated
as the ratio of their evidence. The odds ratio Oé‘ combines the
prior odds and the Bayes factor to provide a comprehensive
assessment. A detailed explanation of these terms is provided
in the following sections.

4.1. Prior Odds

In most cases, the prior odds are set to unity, assuming equal
likelihood for both models. This choice reflects a state of
minimal prior knowledge or bias, ensuring that the evaluation
of the models is driven solely by the evidence provided by the
data. However, an approximate estimate of the prior odds has
been found to be the inverse of the expected number N of
events that could plausibly be considered consistent with the
association model within the specific duration and volume of
search (G. Ashton et al. 2018). Previous studies typically set N
to 13 (G. Ashton et al. 2021), which is the number of flares
similar to ZTFl19abanrhr in the ZTF alert stream
(M. J. Graham et al. 2020). However, it is important to note
that using the same prior odds for every pair of GW and AGN
is inappropriate, since the confidence regions of the GW
localizations and the significance levels of the AGN flares can
vary between events. In our analysis, N is estimated as the
number of AGNs within the localization region of the GW
event that could potentially produce flares of similar
significance (G. Ashton et al. 2021).

The prior odds are then calculated as:

L1 1

7o L — 5
¢ N (1 _pﬂare)ns ( )

Here, py,.. is the probability that a given flare is indeed a
genuine flare rather than a variability feature intrinsic to the
AGN itself, which we calculated in Section 2.2, and n; is the
number of AGNs located within the 90% confidence volume
of the corresponding GW event. We estimate n, with the
Million Quasar Catalog (v8, E. W. Flesch 2023), which
includes all published quasars to 2023 June 30. Following the
procedure in M. J. Graham et al. (2023), we exclude all
sources at redshift z > 1.2 and known blazars. The distribution
of sources in this catalog is presented in Figure 3, as well as
the position of flares and the 90% confidence area of GW
events used in this work. For each GW event, we calculate ng
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with the postprocess.crossmatch function from the
ligo.skymap’ Python package, and the results are listed in
Table 2.

4.2. Bayes Factor

The Bayes factor is defined as the ratio of the evidence:

g _ P

— . 6
© 7 pWH,) ©

We calculate B2 following the formalism in S. L. Morton et al.
(2023), where the evidence for each model can be written as:

eff eff
P(d|Hl) — fp(M 5 D, ef’f a, 6|d)
p(Dr)
x p(MFE, DS, o, S| H)dM T dDE dads,  (7)

where M{™ is the detector-frame effective primary mass, Df'
is the effective luminosity distance, and « and 6 are the R.A.
and decl. of the transient source. Specifically,
p(ME™, D, o, 6|d) is the posterior probability density of
the GW event and p(Df™), which follows W. M. Farr (2020),
is the prior probability corresponding to a uniform merger rate
in the source frame for parameter estimation by the LVK
collaboration.

In the association model H,, the GW event is assumed to
originate from a specific AGN, so its position in the sky is
fixed at (agn, 0agn) and redshift z4gn. Taking into account
the environmental effects of BBH motion within the AGN
disk, including the relativistic redshift and gravitational
redshift, the effective primary mass and luminosity distance
are given by:

M = (1 + zac) (1 + ze)(1 + Zgray) My, ®)

DLeff = (1 + Zrel)z(l + ZgraV)DL(ZAGN’ Q) (9)

Here, () represents the cosmological parameters, which we
adopt from the results reported in N. Aghanim et al. (2020).
Under the assumption that the SMBH is nonspinning, these
quantities can be expressed as:

Zet = (1 + veos(9)) — 1, (10)

Zgravqu_&_l, (1)
r

V= ; (12)

J2(r /R — 1)

Here, ~v=(1 —v»"/2 is the Lorentz factor,
R, = 2GMsygn/ ¢? is the Schwarzschild radius, r is the
distance between the BBH and the SMBH, 6 is the viewing
angle between the velocity and the observer’s line of sight and
v is the velocity of the BBH. The final form of the evidence for

7 https:/ /1scsoft.docs.ligo.org/ligo.skymap/
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the association model is thus given by:

p(dIHs)
_ fP(Mf“ (M, 7, 0, za6N)» DEE(r, 0, zacns ), aacNs 9AGN)

p(DE(r, 0, zagn, )
x p(riHa)p (OIHa) p (Mi|H4) drdOdM,.

(13)

We adopt a simple prior p(r|H,) o< r under the assumption
of uniform surface density in the AGN disk, which is an
axisymmetric system. The kick velocity for each remnant, as
presented in Table 2, is too small to have significant impacts
on the orbital period. Assuming that the kicked remnant does
not return to the AGN disk before 2024 October 31, we can
estimate the lower bound for r:

_ 817 2/3
> (LIO—M) x 10°R,, (14)
1.6 yr MsyBH

where f;, is the time interval between the peak time of the flare
and 2024 October 31. The upper bound for r is set to be
3 x 10°R;. The viewing angle prior p(6|H,) is assumed to be
uniform in cos(#). The primary mass prior p(M,;|H,) is based
on the mass distribution proposed by M. P. Vaccaro et al.
(2024) for the formation of BBH mergers in AGNs.

In the coincidence model H,., the GW event is not assumed
to originate from an AGN, and the appearance of the AGN
flare is regarded as a random coincidence. There are no
environmental effects in this model, and the sky position of the
GW event is not fixed. Thus, the evidence for the coincidence
model is given by:

P+ OMLDLED), 0.6)
plHe) = [ P (DL D)

x p(adHe)p(OIH )
p@He) p(MIH ) dadbddzdM,. (15)

In our analysis, we implement two types of prior
distributions. The default approach adopts uniform priors
p(alHc) and p(6|Hc) for sky location, and a redshift prior
proportional to the comoving volume, p(z|H¢) x ‘Z To
better account for the nonuniform spatial distribution of
observed AGNs, we construct a 2D prior p(a, §|H¢) and 3D
prior p(a, 6, z|Hc) based on the distribution of AGNs in the
Million Quasars Catalog. These priors assign higher prob-
abilities to sky regions with greater AGN number densities. In
such regions, the likelihood of chance spatial coincidences
with a GW localization is naturally higher, leading to lower
Bayes factors and providing a more conservative estimate of
the physical association.

For the prior of the primary mass p(M;|H¢), we assume the
POWERLAW+PEAK model with the median parameters calcu-
lated by R. Abbott et al. (2023b), which is obtained from all
GW events. Figure 4 illustrates the prior distributions of the
primary mass under two different models. The prior p (M;|H,)
is significantly higher at the high-mass end compared to
p(Mi|H¢), indicating that high-mass BBHs are more likely to
form within AGN disks, thus increasing the probability of
association with a specific AGN.
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Figure 4. The primary mass prior distributions for association model (blue curve) and coincidence model (orange curve).
Table 3

Bayes Factor (Bé), Prior Odds (7934) and Odds Ratio (Oé) for Each Matched Pair of AGN Flare and GW Event
Pair AGN name GW ID log B2 log P4 log O4 log O2(2D) log O2(3D)
1 J124942.30+-344928.9 GW190403_051519 5.5 22 33 1.8 1.8
2 J124942.304-344928.9 GW190514_065416 2.7 —1.1 1.5 0.2 -0.2
3 J124942.304-344928.9 GW190521 8.8 —0.5 8.3 7.0 6.5
4 J120437.984+-500024.0 GW190803_022701 5.7 0.3 6.0 4.9 4.9
5 J120437.984-500024.0 GW190909_114149 3.7 —14 2.3 2.7 22
6 J183412.424-365655.3 GW190403_051519 1.9 —4.0 —-2.1 —-3.5 —3.6
7 J053408.414+-085450.6 GW190731_140936 4.7 —-1.2 35 4.1 3.6
8 J053408.414+-085450.6 GW190803_022701 5.9 —-0.4 5.5 4.5 4.5
9 J181719.944+-541910.0 GW190424_180648 2.5 —11.1 -85 -8.7 -9.1
10 J224333.95+760619.2 GW190514_065416 3.9 —10.1 —6.2 -7.5 -7.9
11 J154342.46+461233.4 GW200216_220804 5.1 —10.4 —-53 —-53 —-5.8
12 J154342.46+461233.4 GW200220_124850 5.8 —10.3 —4.5 —5.2 -5.7

Note. The last two columns show the odds ratios computed using spatially nonuniform priors derived from the 2D and 3D distribution of AGNs in the Million

Quasars Catalog.

5. Results

The Bayes factor, prior odds, and odds ratio for each
matched pair of AGN flares and GW events are presented in
Table 3. In general, an odds ratio greater than one
(log Oé > 0) is considered to favor the association model. In
this work, we interpret log Oé values greater than 3 as positive
evidence, and values exceeding 5 as very strong evidence
(R. E. Kass & A. E. Raftery 1995).

5.1. J124942.30+344928.9

Our analysis identifies J124942.30+344928.9 and
GW190521 as the most robust association pair, yielding an
odds ratio of log O2 = 8.6 under the coincidence model with
uniform priors, which is consistent with the prior expectation
that this pair is the most promising candidate for a common
origin (M. J. Graham et al. 2020). Our calculated Bayes factor
(log B8 = 8.8) aligns closely with the value log B2 = 8.6
reported in S. L. Morton et al. (2023). Due to the selection of
different prior odds, the odds ratio yields different results.

When spatially nonuniform priors derived from the AGN
distribution are used instead, the odds ratio decreases,
primarily due to the relatively high density of AGNs within
the localization region of GW190521. Nevertheless, the odds
ratio remains high, supporting a significant physical associa-
tion between the AGN and this GW event.

Additionally, two other GW events, GW190403_051519
and GW190542_065416, exhibit spatial and temporal coin-
cidence with this AGN. Under the coincidence model with
uniform priors, the former shows positive evidence
(log O2 = 3.3) for association, while the latter provides only
weak support and is not considered physically connected to the
AGN. However, when incorporating spatially nonuniform
priors derived from the AGN distribution, the evidence for
GW190403_051519 is reduced to a low level, suggesting that
the initial support may be largely due to the high AGN number
density in that region rather than a genuine physical
association.

Both GW190521 and GW190403_051519 have sources
with a large total mass (=100M, Table 2) and their primary



THE ASTROPHYSICAL JOURNAL, 990:154 (11pp), 2025 September 10

components likely reside within the pair-instability mass gap
(50-130 M., S. E. Woosley 2017). This disfavors isolated
binary evolution, instead supporting a dynamical formation
channel like a hierarchical merger of smaller BHs. For
GW190403_051519, the high primary spin (y; = 0.89799})
further corroborates its second-generation origin, which is
consistent with its large mass (D. Gerosa & M. Fishbach
2021). The low mass ratio (¢ = 0.23%337) of GW190403_
051519 is unusual in isolated binary evolution (J. J. Eldridge &
E. R. Stanway 2016; P. Marchant et al. 2016), but it is
expected if the primary and secondary components are
a second- and a first-generation BH, respectively (C. L.
Rodriguez et al. 2019). All these features hint that these two
BBHs were more likely to originate from dense environments.

The absence of a secondary flare in J124942.30+4-344928.9
appears inconsistent with earlier predictions of recurrent
activity (M. J. Graham et al. 2020). This discrepancy arises
from the dependence of the recurrence timescale (#...) on both
the central SMBH mass and the distance between BBH and
SMBH, following the relation f. o< Msypr (r/Ry)>/2. While
current estimates of Mgypy carry significant uncertainties,
even assuming that the measurement in M. J. Graham et al.
(2023) represents the true mass (~108'6M®), the unknown
value of r prevents definitive constraints. Applying
Equation (14) to this system yields » 2 900R, corresponding
to approximately 0.03 pc for the adopted Mgy py. Continued
monitoring of this AGN is essential to probe the recurrence
window and elucidate the physical origin of its transient signal.

5.2. J120437.98+500024.0

Another notable association arises between AGN
J120437.984+500024.0 and GW190803_022701, yielding a
high odds ratio of log O2 = 6.0 under the coincidence model
with uniform priors, and still substantially value of
log O =49 with both 2D and 3D nonuniform priors.
Although the primary mass (M, = 381°M,) is not particularlzy
high, its well-constrained sky area (Agy = 1021deg”)
substantially enhances the positional coincidence probability.
This small localization area contains relatively few AGNs,
reducing the potential for chance coincidence. When coupled
with the significance of the flare in this AGN, a high prior odds
is obtained, leading to a high level of this association. In
contrast, GW190909_114149 shows weaker evidence for
association, so we exclude it from further consideration.

5.3. J183412.42+365655.3

The other AGN with a high-confidence flare, J183412.42
+365655.3, is possibly associated with GW190403_051519 in
M. J. Graham et al. (2023). However, this source lies at the
edge of the 90% credible sky localization region of this GW
event, resulting in a small Bayes factor and a low odds ratio.
This value renders the association statistically unreliable,
suggesting that the observed flare originates from other
astrophysical processes rather than the BBH merger.

5.4. Others

While the remaining four AGNs are excluded in Section 2.2
through light curve analysis, we compute their odds ratio for
completeness. Notably, AGN J053408.41+085450.6 exhibits
positive evidence for association with GW190731_140936 and
GW190803_022701, and there 1is a recurrent flare
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approximately three years after the initial one in this AGN,
with the peak luminosity comparable to the earlier flare. If this
AGN is not a blazar, it would represent a compelling optical
counterpart for BBH mergers.

For the other three AGNs (J181719.94+541910.0,
J224333.95+760619.2, and J154342.46+461233.4), the low
odds ratios (log O2 < 0) decisively favor the coincidence
hypothesis. This outcome is driven by their low flare
significance, which directly suppresses the prior odds and
consequently the overall odds ratio. The consistency between
low pg,.. and low odds ratio underscores the effectiveness of
our filtering approach in prioritizing robust candidates.

6. Constraining the Hubble Constant

The Hubble constant H, is a fundamental parameter in
cosmology that describes the rate at which the Universe is
expanding. By associating GW events with EM counterparts,
one can estimate the distance and redshift independently, and
the joint observation of a source can be used to constrain H,
and potentially ease the Hubble tension (E. Di Valentino et al.
2021). Currently, GW170817 (B. P. Abbott et al. 2017a)
is the only GW event with a confirmed EM counterpart
(A. Goldstein et al. 2017; V. Savchenko et al. 2017), and its joint
observation yields a value of Hy = 70.074%°km s~! Mpc~!
(B. P. Abbott et al. 2017b).

Hj has also been estimated based on the association between
GW190521 and J124942.30+344928.9 (S. Mukherjee et al.
2020; V. Gayathri et al. 2021; H.-Y. Chen et al. 2022;
S. L. Morton et al. 2023; G.-P. Li & X.-L. Fan 2025b). While
the results vary slightly, they are consistent with those derived
from Planck (N. Aghanim et al. 2020) and SHOES (A. G. Riess
et al. 2022). Based on our findings, another pair of an AGN
and a GW event may also be associated. According to these
associations, we estimate H, following the method outlined in
S. L. Morton et al. (2023).

To calculate the evidence for the association model with
Equation (13), we make use of the cosmological parameters (2.
Instead of fixing the whole set of cosmological parameters, we
treat Hy as a free parameter while keeping other parameters
(density and dark energy equation of state parameters)
unchanged, thus we can derive the posterior distribution of
Hy. We employ two types of priors: a flat prior, where Hy is
uniformly distributed within the range [20, 160], and a prior
based on the results of GW170817 (B. P. Abbott et al. 2017b).
Using these priors, we estimate Hy for multiple AGN-GW
pairs.

Figure 5 shows the H, posterior distribution estimated from
two potentially associated pairs, both individually and in
combination. The distributions are consistent with the results
from Planck and SHOES but exhibit large uncertainties. When
combining two pairs, the uncertainty is reduced, yielding
Hy = 72.17337 km s~' Mpc~" under the flat prior. Using the
GW170817 prior instead results in a tighter constraint of
Hy = 73.57¢5 kms~! Mpc~!. A summary of all H, estimation
is provided in Table 4.

7. Discussions and Conclusions

We present a systematic re-evaluation of seven AGN flares
proposed as potential EM counterparts to GW events detected
by LVK collaboration (M. J. Graham et al. 2023) with three
additional years of ZTF public data. While the original
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Figure 5. Hubble constant posterior distributions for single pair (left) and pair combination (right), compared to the reported values from Planck and SHOES (1o

credible interval).

Table 4
Hubble Constant Estimated for Different Pairs with Different Priors
(Uncertainties Represent the 68% Credible Interval)

Pair(s) Hy (Uniform Prior) Hy (GW170817 Prior)
(km s~! Mpcfl) (km s ! Mpcfl’

3 85.4133¢ 752755

4 624437 69.743%

3+4 721337 73.550%

analysis reported that these AGNs show the probability of
having a flare exceeding 99.5% in both g and r bands, our
extended temporal baseline reveals that three flares are
statistically consistent with stochastic AGN variability rather
than transient merger signals. Furthermore, the classification of
J053408.414-085450.6 as a likely blazar eliminates its
candidacy, leaving only three AGNs that can possibly be
associated with GW events.

We quantify the associations between AGN flares and GW
events using the Bayesian statistical framework from
S. L. Morton et al. (2023). First, we estimate the AGN
number within the 90% credible volume of each GW event
using the Million Quasar Catalog, we then compute prior odds
for each AGN-GW pair by combining the number with flare
occurrence probabilities in individual AGN. Subsequently, we
evaluate the Bayes factor for two competing hypotheses:
common origin and chance coincidence. The key factors
influencing this calculation are the location of the AGN and
the primary mass of the GW event. To better account for the
nonuniform spatial distribution of AGNs, we also consider
nonuniform priors derived from the distribution of AGNs in
the Million Quasars Catalog under the coincidence model,
which modify the Bayes factor depending on the local AGN
density within the GW localization region. Finally, by
combining the prior odds and Bayes factor to calculate the
odds ratio, we find that two AGN-GW pairs, pair 3
(J124942.30+344928.9 and GWI190521) and pair 4
(J120437.984+500024.0 and GW190803_022701), show a
positive tendency for association.

We conclude that only two flares, J124942.304344928.9
and J120437.984-500024.0, could be associated with GW
events, while the remaining flares are excluded for various
reasons. However, neither of the AGNs hosting these two
flares shows secondary flaring activity until 2024 October 31,

which is predicted to occur after several years (M. J. Graham
et al. 2020).

We estimate the Hubble constant for these potential AGN-GW
pairs with different priors. All of the results are consistent with
both Planck (N. Aghanim et al. 2020) and SHOES (A. G. Riess
et al. 2022) measurements. For the most promising AGN-GW
pair combination, we report Hy = 72.17233 km s~ 'Mpc—! with a
flat prior and Hy = 73.57¢5 km s~ 'Mpc~! with GW170817
prior, hint toward a larger value of Hy.

Continued monitoring of the two AGNs identified as
potential EM counterparts is essential. In particular, it is
important to track these AGNs for the occurrence of a
secondary flare. If such a flare is detected, prompt spectro-
scopic observations must be carried out to provide critical
insight that could definitely establish or rule out the association
between these flares and the corresponding GW events.
Moreover, the significantly improved GW localization during
04 will greatly enhance our ability to search for EM
counterparts. The discovery of additional EM counterparts in
the future will not only refine our understanding of the
associations between AGN and GW events but also contribute
to a deeper insight into the underlying astrophysical processes
and the evolution of the Universe.
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