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GW190521: A binary black hole merger inside an active galactic nucleus?
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GW190521, the most massive binary black hole merger confidently detected by the LIGO-Virgo-
KAGRA Collaboration, is the first gravitational-wave observation of an intermediate-mass black hole. The
signal was followed approximately 34 days later by flare ZTF19abanrhr, detected in AGN J124942.3 4
344929 by the Zwicky Transient Facility at the 78 % spatial contour for GW190521°s sky localization. Using
the GWTC-2.1 data release, we find that the association between GW 190521 and flare ZTF19abanrhr as its
electromagnetic counterpart is preferred over a random coincidence of the two transients with a log Bayes’
factor of 8.6, corresponding to an odds ratio of ~5400:1 for equal prior odds and ~400:1 assuming an
astrophysical prior odds of 1/13. Given the association, the multimessenger signal allows for an estimation

of the Hubble constant, finding H, = 102327 kms

-25

~I'Mpc~! when solely analyzing GW190521 and

79.27 %% kms~! Mpc~! assuming prior information from the binary neutron star merger GW 170817, both

consistent with the existing literature.

DOI: 10.1103/PhysRevD.108.123039

I. INTRODUCTION

On May 21, 2019, the two LIGO interferometers [1] and
the Virgo interferometer [2] detected GW 190521, a reported
binary black hole (BBH) merger between a 85M and a
66M, black hole (BH) that produced a 142M, BH [3]
(hereafter also discovery paper), potentially the first
intermediate-mass BH confidently observed. GW190521’s
high-primary mass M; was found in tension with the earlier
population inferred with the observations from the first and
second LIGO-Virgo-KAGRA (LVK) Observing Runs (O1
and O2) [4]. Subsequent population studies including the
third Observing Run (O3) observations, however, reconciled
this event with the rest of the BH population for some
models [5,6].

The main model used in Abbott et al. [6], the
POWERLAW+PEAK model, is inspired by the initial stellar
mass function [7,8] and revolves around a power-
law model with the addition of a Gaussian peak and a
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high-mass cutoff. The latter feature is included to
account for the presence of a mass gap at large masses
due to the inability of astrophysical processes to form
black holes in that range [9—16]. Abbott et al. [6] finds that
the low-mass end of the mass gap is above 75M  at 96.9%
credibility, while inferring the population properties of the
BHs observed up to O3. Since the primary mass of
GW190521 is on the edge of the mass gap, several other
possible explanations have been proposed to interpret the
existence of this massive system, such as the primary mass
coming from the far side of the mass gap [17], introducing
a large orbital eccentricity [18,19], formation through
dynamical capture [20], or new physics [21,22].
Approximately 34 days after GW190521, the Zwicky
Transient Facility (ZTF) observed a flare, ZTF19abanrhr, in
an active galactic nucleus (AGN) located within the spatial
footprint of the detected GW event [23]. The AGN in
question, AGN J124942.3 4 344929, is reported by
Graham et al. [23] to have a very consistent luminosity
for the year surrounding the event, making it unlikely that
flare ZTF19abanrhr is due to the intrinsic variability of the
source. Moreover, the observation of the flare showed little

© 2023 American Physical Society
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color variation, suggesting its cause to be a constant
temperature shock to the AGN gas.

BBHs in AGNSs are expected to produce electromagnetic
(EM) counterparts as a result of accretion onto the remnant
BH that produces jet launching, outflow bubbles, breakout
emission, and shock cooling [24-27]. Additionally, the
collisional interaction between the merger-remnant BH and
the surrounding gas can produce shocks [28,29], as a result
of the kick velocity induced by the significant loss of linear
momentum from GWs [9]. Each of these mechanisms
produces delayed x-ray, optical, UV, or infrared flares on
top of the AGN emission. For the GW190521 detection, the
ZTF identified a possible counterpart (ZTF19abanrhr)
applying this model [23] and the observations are consistent
with these predictions.

In the accretion disks of AGNs the BH mass gap is also
not expected to be present due to the increased probability
for hierarchical mergers and accretion [30]. In this for-
mation model, BHs can either form within the disk in
gravitationally unstable regions [31,32] or be captured into
the disk plane via drag forces [33,34]. Subsequent migration
through the disk prompts mass accretion [35,36], and can
lead to BH accumulation in the migration trap [37]. The
deep potential well of the central supermassive black hole
(SMBH) not only facilitates high-mass BH mergers but also
influences the evolution of the binary and its associated GW
signal, as we discuss in this work. Conversely, the presence
of matter in the surroundings of the binary system seems to
have a negligible effect on the GW itself [38,39].

The association between the AGN flare and the GW event
has been originally discussed in Ashton et al. [40], where
the authors find marginal evidence in favor of the BBH
and the EM counterpart having the same origin, mainly due
to the poor overlap between the discovery paper luminosity
distance posterior distribution and the AGN’s redshift. The
LVK collaboration released an updated set of posterior
samples under the name of GWTC-2.1 [41], where the
events detected up to the first half of O3 (0O3a) were
reanalyzed with improved calibration and noise subtraction
and updated waveforms with respect to the initial catalog
GWTC-2 [42]. The most recent dataset for GW190521
includes a substantially different posterior distribution for
the luminosity distance D;, placing the BBH significantly
closer to us than previously thought. This opened up the
possibility for a different answer to the question if there is an
association between GW190521 and the EM counterpart
candidate.

The rest of this paper is outlined as follows: we first
discuss the motivation for reinvestigating the association
between GW190521 and EM flare ZTF19abanrh in Sec. II.
Then we present a theoretical background for our model in
which the BBH resides in an AGN and additional redshift is
present in Sec. III. The results in Sec. IV compare our
association model to the coincidence model in which the
GW and EM events are unrelated. Additionally, in Sec. V

the Hubble constant is estimated within an association
model both with and without prior information from the
multimessenger event GW170817.

II. MOTIVATION

When analyzing the odds of association between two
astrophysical events, a significant contribution comes from
the three dimensional spatial overlap. In this case, the GW
luminosity distance posteriors can be compared to the
luminosity distance of the EM flare, obtained from the
AGN’s redshift. Prior works by Ashton et al. [40] and
Palmese er al. [43] investigate the possible association
between GW190521 and ZTF19abanrhr to have a common
origin using the initial LVK data release associated with the
discovery paper [3] and find only marginal evidence in favor
of the association. The original data indicate a poor
luminosity distance overlap between the GW source and
the EM counterpart, with the AGN lying at 1.6 & 0.7¢ [40]
from the GW peak marginal luminosity distance of
537099 Gpe [23] (see Fig. 1).

The luminosity distance discrepancy between the
GW and EM events with the discovery paper posterior
samples [3] led to the inability to confidently associate
GW190521 with the EM candidate. In Ashton et al. [40]
with the discovery paper data, odds ratios were only 1 in 12
or less—depending on the waveform model used—in
favor of the association. The Bayes’ factors for the
common origin hypothesis versus coincidence are mainly
driven by the spatial posterior overlap integrals for each
waveform presented in Abbott et al. [3]. In their work,
due to the better precision of EM measurements with
respect to GW posterior distributions, the sky position, and
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FIG. 1. Posteriors on luminosity distance using the IMRPhe-

nomPv3HM waveform from Abbott er al. [3] (dashed blue),
GWTC-2.1 posterior marginalized over sky position (dot-
dashed orange), and conditioned on the sky position of AGN
J124942.3 4 3449 (solid purple). The AGN distance is shown as
a dashed line in red for comparison. The older data release
prefers further distances than GWTC-2.1 data.
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luminosity distance for the source are taken to be that of
the AGN, neglecting uncertainties; here we make use of
the same approximation. For the IMRPhenomPv3HM
waveform, as compared throughout this work, the odds
in favor of the common source hypothesis is 2 when
assuming that the luminosity distance and sky position are
independent.

In a more recent data release, GWTC-2.1, more robust
waveforms provide significantly different mass and lumi-
nosity distance posteriors for GW190521. The GWTC-2.1
posterior samples [41] favor closer luminosity distances of
3.3"28 Gpc. This is significantly closer to the AGN distance
of ~2.5 Gpc compared to Abbott et al. [3], as shown in
Fig. 1; the EM counterpart distance lies at the 31st percentile
for the distribution marginalized over the entire sky position
of the GW source, as opposed to the discovery paper
posterior distribution (second percentile). When the GW
luminosity distance posterior distribution is conditioned on
the sky location of AGN J124942.3 + 3449," the AGN lies
at the 49th percentile of the GW luminosity distance
posterior. This significant change in the spatial overlap
motivates the need for further analysis of the association
given that a dominant factor in determining the odds of
association is based on the luminosity distance.

III. METHODS

In this section, we will discuss the effects of a SMBH’s
gravitational well on the GW signal emitted by a nearby
merging BBH and present the Bayesian framework used in
this analysis.

A. Environmental effects

A BBH residing in an AGN disk is influenced by
different environmental effects that impact the properties
of the source and the parameter estimation of the binary.
Due to the proximity of the BBH to the SMBH in the center
of the AGN disk, the observed mass and distance of the
source are altered. The motion of the BBH when orbiting
the SMBH induces a relativistic redshift

Zrel = ]/(1 tv COS(@)) -1 (1)
where y:= (1 —2?)""/2 is the Lorentz factor, v is the
magnitude of the velocity, and 6 is the viewing angle
between the velocity and the line of sight in the observer
frame. Assuming that the BBH is on a circular orbit around
a nonspinning SMBH [44], its velocity can be calculated as

1

V2(r/R, = 1) @)

v =

"The conditioned posterior distribution is obtained making use
of the mathematical properties of the Dirichlet process Gaussian
mixture model, as discussed in Sec. III C.

where R is the Schwarzschild radius of the SMBH and
r is the distance between the BBH and the SMBH.
Furthermore, the gravitational potential of the nonspinning
SMBH induces a gravitational redshift

[, R
Zgrav = 1- 7 - 1. (3)

Note that SMBHs in AGN disks are expected to be
spinning [45]. However, we do not include the effect of
the spin because, for the distances we expect the BBH to be
with respect to the SMBH, it becomes negligible [46—48].

For a redshifted source, the detected mass differs from
the source frame intrinsic mass by a factor equal to the
product of all redshifts [49]

le,.eff = (] + Zc)<1 + Zrel)(l + Zgrav)Ml’ (4)

where z. is the cosmological redshift, and M f’eff and M| are
the observed (detector-frame) and intrinsic (source-frame)
mass of the source, respectively. The effective distance of
the source is also affected by the redshifts but with a square
factor for the relativistic redshift term induced by aberration
of GWs [50],

Diff = (1 + Zrel)z(l + Zgrav)DL’ (5)

where D; = (1 4 2.)Dop is the luminosity distance of the
source and D, is the comoving distance between source
and observer. In summary, the environmental effects of the
SMBH can be accounted for by simply replacing M5 with
M3 and D, with DS,

We point out that, when detecting higher spherical
modes, the velocity of the source can in principle be
detected removing the ambiguity between the relativistic
redshift and the other redshifts [51-53]. However, when
detection is mainly done with the dominant quadrupolar
mode, as it is the case here, the degeneracy between mass
and redshift remains unresolved [54].

B. Bayesian statistical framework

In order to assess whether it is more likely that the GW
event and the EM transient share a common origin or they
are associated by chance, we work within a Bayesian
statistical framework; thus, our figure of merit will be the
odds ratio (’)‘é between the two models,

Hald) _ p(dHa) p(Ha)
OA:p( A _ :BAPA. (6)
© " p(Hcld)  p(d[Hc) p(He) @
Here d is the data and H, and H, are the competing
hypothesis A and C (association model and coincidence
model respectively). Following the Bayesian principle of
conditional probability, the odds ratio Q4 combines our
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previous knowledge or belief on the analyzed phenome-
non, conveyed via the so-called prior odds P4, with the
information carried by the available data, included in the
Bayes’ factor,

L p(dry)
Be = pdHe) )

In most cases, there is no reason to believe that one model
is a priori more likely than the other; thus, it is often
assumed that P4 = 1 and the model selection is performed
on the Bayes’ factor only. The problem that we are
addressing here, however, is one of the few cases in which
it is possible to compute a prior probability for the two
competing models: in fact, Ashton et al. [40] uses an
astrophysical prior odds of 1/13.

The Bayes’ factor /3¢ is the ratio of the evidences for the
two competing models. For a single model, this quantity
can be computed via the marginalization over all param-
eters A required by our model H,,

pld|H,) = / P H)PAH)dL  (8)

The parameters of interest for this work are the source
luminosity distance D;, the detector-frame primary mass
M3, and the sky position of the host galaxy in right
ascension « and declination &,

pllty) = [ pla;.Dr.a5.)
x p(M5,Dy,a,6/H;)dMidD dads. (9)

Making use of Bayes’ theorem we can write
p(M5,Dy,a,d|d
plap) = [ 2 DL
p(Mi. Dy, a.95)
H;)dM;dD;dads.  (10)

x p(M3,Dy,a,6

In particular, p(M7, Dy, a,6|d) is the posterior probability
density for the parameters of the GW and p(M7, Dy, a, ) is
the prior probability on the same quantities used during the
parameter estimation (PE) run by the LVK collaboration. In
particular, the PE prior is uniform in primary mass, right
ascension and declination, and follows Farr [55] for the
luminosity distance,

p(Mi, Dy, a,d|d)
p(Mf,DL,a,é)

p(Mi, Dy, a,d|d)
P(DL)

The second term of Eq. (10), p(M%, Dy, a, 5|H;), is the
prior conditioned on the hypothesis we are considering.
Under the assumption that these quantities are a priori
independent, we can factorize it as

(11)

p(Mf, Dy |H;)p(a. 6

H,). (12)

The following sections specify the prescriptions for these
distributions under the two competing models (or hypoth-
eses) considered in this work.

1. Association model

In the association model H,, flare ZTF19abanrh and
GW190521 share a common origin and location. The sky
location is thus fixed to the AGN location (@agn,SagN)>
and the prior for the sky position reads,

p(a.0[Ha) = 6(a — aren)d(6 — aen).  (13)
As described in Sec. III A, the parameters that enter in the
GW posterior probability density under the common origin
hypothesis used in this work are the detector-frame effective
primary mass M?’eff and effective luminosity distance DS,
These quantities depend on the additional redshift intro-
duced by environmental effects dependent on the distance
from the SMBH r, the orbital position @, and the cosmo-
logical redshift z., which is obtained from the EM source’:
zZagn = 0.438. The prior then reads,

pMEST DE(H,) = / P DSz, 7, 0. M, H,)

x p(ze|Ha)p(r|Ha)p(O]H4)
X P(Ml |HA)dZCdrd6dM1 s (14)

where we assumed the independence of the prior distribu-
tions. The first term of the integral in Eq. (14), the one that
includes the effective quantities, is given by

p(M Dz, 1, 0. M, H,)
= 8(D" = (1 + 2 (7, 0))* (1 + Zgray (7)) D (2, Q)
X S(MT" = (1+ 21 (r, 0)) (1 + Zgray (1) (1 + 2)M).
(15)

The expressions for z, and z,,, are the ones in Eqs. (1)
and (3) respectively, while D; (z., Q) denotes the luminosity
distance associated with redshift z. under the assumption of
a set of cosmological parameters Q. Here we make use of
the values reported in Aghanim et al. [56].

The common origin hypothesis for both the GW and EM
transients fixes the cosmological redshift,

P(ze|Ha) = 8(zc — zagn)- (16)

2https ://skyserver.sdss.org/dr12/en/tools/explore/Summary
.aspx?id=1237665128546631763.
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FIG. 2. Primary-mass probability density in the range
[0,300]M, of BBHs formed in the migration trap of AGN
disks [30].

The prior for the distance from the SMBH p(r|H,) is based
on the prediction of migration traps [37] in accretion disk
models by Sirko and Goodman [57]. We adopt the model
with a constant, high-accretion rate (Eddington ratio of
0.5), as well as a linear dependence on radial distance to
account for the overall axial symmetry of the system.
Migration trap locations at 24.5 and 331 Schwarzschild
radii’ are approximated as Laplacian resonances centered at
the migration trap locations with a full width at half
maximum of 4.8 R,. Concerning the viewing angle 6,
we assume p(6|H,) to be uniform in cos(6).

The primary mass distribution prior p(M|H,) follows
the mass distribution presented in Vaccaro ef al. [30] for
BBHs formed in AGN disks (see Fig. 2). It displays two
peaks at roughly 10M 5 and 20M, populated by stellar-
origin BHs, and a high-mass tail extending up to 10*M
populated by dynamically-formed BHs. The posterior
distribution for the primary mass of GWI190521 in
GWTC-2.1 has support only below roughly 160M , hence
we limit our range of interest to the interval [0,300]M .

2. Coincidence model

In the coincidence model H,, the EM counterpart
candidate and GW190521 are not associated and appear
within the same sky localization by chance. Since the
coincidence model for the GW event does not make use
of any information from the EM counterpart candidate,
the sky position is not conditioned on the sky location of the
AGN. We then assume that p(a, §|H¢) is the same uniform
prior used for PE.

The precise location of migration traps will vary depending
on the disk model [32], but we find this does not strongly affect
our results.

In this model, the only redshift present is the cosmo-
logical one, therefore the prior for the intrinsic primary
mass and luminosity distance reads

p(Mi,DL|Hc¢) :/P(MﬂMhZc,HC)P(DL|chHC)
x p(M\[Hc)p(ze|He)dzedMy. (17)

Under the hypothesis H¢, the two probability densities
now read

p(Mi|My, 2., He) = 6(Mi — (1 +2)My),  (18)
and
p(Dplze, He) = 8(Dy, — D (z¢, Q). (19)

Consequently, the only parameters of this model are the
source-frame primary mass M; and the cosmological redshift
z. of the source. The prior on the primary mass p(M;|Hc)
follows the POWERLAW+PEAK model using the median
parameters quoted in Abbott ef al. [6], which includes the
mass gap at the observed masses, whereas the prior distri-
bution for z. is proportional to the comoving volume element,

v,
pladHe) « L= (20)

C. GW posterior probability density

The LVK collaboration released, for every GW event
contained in their catalogs, a set of samples4 drawn from
their PE posterior distribution. In this work, we make
use of the posterior samples released within GWTC-2.1
drawn from the four-dimensional posterior distribution
p(Mi,D;,a,8|d) making use of the IMRPhenomXPHM
waveform. This waveform model is the only one included
in GWTC-2.1 for GW190521 [41]; therefore, while
comparing our findings with the existing literature, we
will quote the results obtained with the waveform belong-
ing to the same family, IMRPhenomPv3HM.

These samples are used to infer an analytical approx-
imant using a Dirichlet process Gaussian mixture model
(DPGMM), which is a flexible approximant based on an
infinite mixture of Gaussian distribution capable of recon-
structing arbitrary multivariate probability densities [58].
Making use of this approximant, we are able to analytically
condition and/or marginalize the posterior distribution
p(Mj,Dy,a.8|d) on some of its variables (a and 8, in
this case).

We obtained the a%proximant for p(M3,Dy,a,d|d)
making use of FIGARO™ [59], a Python code designed to

4Publicly available via GWOSC: https://gwosc.org.
5Publicly available at https:/github.com/sterinaldi/FIGARO.
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FIG. 3. Posterior samples for the association model. The

vertical blue line marks GW190521’s median primary mass as
reported in GWTC-2.1, 98.47375M .

infer probability densities with a DPGMM. The integral
in Eq. (10) is evaluated with RayNest,6 a Cython-based
implementation of the nested sampling algorithm, which
is a sampling scheme primarily designed for evidence
computation [60].

IV. RESULTS

Figure 3 shows the posterior distribution for the param-
eters of the association model; the radial distance from the
central SMBH is consistent with the prior described above,
other than slight deviations in the innermost region
(S10Ry). This implies that the effect of the gravitational
redshift is negligible. The BBH motion towards the observer
is favored, with a cosine of the orbital angle equal to —1
defined as motion directly towards the Earth. This motion
corresponds to a blueshift of the GW, leading to a detector
frame mass that is smaller than the corresponding mass for a
BBH at rest in the comoving frame.

Figure 4 compares different primary mass posterior
probability densities; the one obtained with the association
model is slightly shifted towards higher masses and is
better constrained compared to the GWTC-2.1 distribu-
tion. Both distributions favor a more massive object with
respect to the discovery paper. Making use of the nested
sampling algorithm, we are able to compute the evidence
for each of the two models, thus making it possible to do
model selection. The Bayes’ factor favors the common

®publicly available at https:/github.com/wdpozzo/raynest.

---- Discovery paper
0.06 ——Association
GWTC — 2.1 (marginal)
0.05F
_0.04F
=
2, 0.03F
0.02F
0.01f e
N
000755 80 100 20 140

My [Mg)

FIG. 4. Posterior distribution for the source frame primary mass
for the association model (solid pink) compared to the discovery
paper (dashed blue) and the more recent GWTC-2.1 (dot-dashed
orange) posterior distributions.

origin hypothesis; log B4 = 8.6 & 0.1. To be sure that this
result is not driven by the different astrophysical priors
p(M|H;) and in particular by the absence of the mass gap
in the AGN formation channel, we repeated the analysis
with a variation of the POWERLAW+PEAK model without the
mass gap as a primary mass prior for the coincidence
model, finding an analogous value for the log Bayes’
factor: log BA = 8.5 +0.1. The Bayes’ factor is driven
predominantly by two factors, with similar contribution;
the updated luminosity distance in GWTC-2.1 compared
to GWTC-2 and the different mass priors adopted for the
two models. We find that the additional redshift contri-
bution to the Bayes’ factor is minimal; this can be
understood from the fact that the posterior distribution
for /R, in Fig. 3 closely follows the prior probability
density, thus suggesting that the available data are not
informative in this regard.

Odds ratios require astrophysical prior odds for
the random association between an AGN flare and
GW190521. When computing odds ratios, we adopt P4 =
1/13 from Ashton et al. [40] as the astrophysical prior
odds for a common source, given as the inverse of
potentially associated flares within certain spatial and
temporal bounds. Within the ZTF data, the number of
flares similar to ZTF19abanrhr within the time span was
13. Even with the inclusion of this prior, which favors
random coincidences, the association model is largely
favored—log O = 6.0 & 0.1—confidently relating the
EM signal with the GW event.

V. THE HUBBLE CONSTANT

GW events with EM counterparts can be used to
determine the Hubble constant H, and ease the Hubble
tension [61-72]. To date, only one GW event, the binary
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neutron star (BNS) merger GW170817 [73], has been
confidently associated with its EM counterpart [74], thus
allowing for a standard siren measurement of the Hubble
constant [74].

Both Mukherjee et al. [75] and Chen et al. [76], following
the potential association of Ashton er al. [40], analyzed
GW190521 as a standard siren. The former finds a value
of Hy=43.1"2}/ kms~' Mpc~! using the discovery
paper IMRPhenomPv3HM posterior samples7 and an unin-
formative prior on H,. Chen et al. [76] finds Hy =
48733 kms~! Mpc~' making use of the discovery paper
NRSur7dqg4 posterior samples. For both values, the asso-
ciated uncertainty corresponds to the 68% credible interval.
Both of these works favors a lower value of H compared to
the SHOES [77] (73.04 & 1.04 kms~! Mpc~!) and Planck
[56] (67.4 & 0.5 kms~!' Mpc~') values. Gayathri et al. [78],
using the same dataset, considers the possibility of a highly
eccentric binary, measuring H, = 88.6'3/3 kms~! Mpc™.

We extend the statistical framework presented in
Sec. III B to include the Hubble constant among the
parameters of the association model and infer a probability
density for H,. In Eq. (15), we make use of the cosmo-
logical parameters €2, including H, to convert the cosmo-
logical redshift into a luminosity distance. Instead of fixing
the whole set of Q parameters, we treat H, as a free
parameter of our association model. The remaining values
(density and dark energy equation of state parameters) are,
again, taken from Aghanim et al. [56].

We explore two different prior choices for H, under the
association model, with and without prior knowledge of the
H, posterior distribution obtained with GW170817:

(1) Uninformative prior: We assume no previous
knowledge about H, particularly about its magni-
tude and we convey this via a flat-in-log prior,
p(Ho[Hy) < 1/H.

(i) GWI170817 prior: We use the GW170817 H,
posterior (Abbott et al. [74], dot-dashed line in
Fig. 5) as a prior distribution. This is equivalent
to jointly analyzing GW170817 and GW190521.

Figure 5 shows the posterior distributions for H, under
the two different prior choices. With the agnostic, flat-in-
log prior, we find Hy = 10273 kms™' Mpc™!, whereas,
with a prior distribution that accounts for GW170817, H, is
found to be 79.217¢ kms~! Mpc~'. Both distributions are
consistent with Planck [56] and SHOES [77], with a
preference towards larger H(, values.

When compared to the coincidence model, the common
origin hypothesis with the agnostic H prior is preferred
with a log Bayes’ factor log B4 = 8.5 + 0.1, corresponding

In Mukherjee et al. [75], the authors consider also two
alternative waveform models not included in the GWTC-2.1
data release, NRSur7dg4 and SEOBNRv4PHM, finding
Hy=622173 kms~'Mpc™' and H,=50.4"7%! kms™' Mpc~!,
respectively.

g Planck

i SHOES

0.04f B ——s GWIT0817

i —— GW190521 + GW170817
----- GW190521

0.03r
=
= 0.02t
0.01p
0-00—==55 80 100 120 140
Hy [km 57! Mpc™']
FIG. 5. Hubble constant posterior distributions for GW170817,

GW190521, and joint GW190521 + GW170817 compared to the
reported values by Planck and SHOES (lo and 20 credible
intervals).

to log O4 = 5.9 £ 0.1 when astrophysical prior odds are
included. The GW170817-informed prior favors the asso-
ciation model even more, resulting in log B4 = 9.1 £ 0.1
and log O4 = 6.6 +0.1. The fact that our H, inference
with an agnostic prior is consistent with the existing
literature adds a piece of circumstantial evidence in favor
of the association claimed in the previous section.

VI. CONCLUSIONS

In this work, we investigate the possibility of the AGN
flare ZTF19abanrhr to be the EM counterpart of the BBH
merger GW190521, thus identifying AGN 124942.3 +
344929 to be the host galaxy of this GW event. Our model
accounts for the environmental effects due to the proximity
of the BBH to the SMBH in the center of the AGN disk
including two additional redshift terms.

Making use of the GWTC-2.1 [41] posterior samples, the
model in which the two transients share a common origin is
preferred with respect to the random coincidence hypoth-
esis, even assuming astrophysical prior odds of 1/13 [40]
based on the a priori possibility of a random coincidence.
The Bayes’ factors and odds ratios for all the models
presented in Secs. IV and V compared to the coincidence
model are shown in Table L.

TABLE 1. Bayes’ factors and odds ratios for the different
models considered in this work compared to the coincidence
model.

Model log B4 log O4

Association, fixed H, 8.6 +0.1 6.0 £0.1
Free H), uninformative prior 8.5+0.1 59+0.1
Free Hy, GW170817 prior 9.1 £0.1 6.6 £0.1
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The additional redshift of the BBH caused by its
orbit around the AGN’s SMBH results in a slightly
different, albeit consistent, source frame primary mass
with respect to the coincidence model. We find that the
GW is likely to be blueshifted, increasing the source frame
mass to 101.972-7 M, compared to the reported GWTC-2.1
value of 98.47375M,.

Making use of the bright siren method, we report a
measurement of the Hubble constant H, = 10213]
kms~! Mpc~!. Additionally, the independent multimessen-
ger detection of the BNS merger GW170817 can be used
as informed prior for Hy. In this case, H is found to be
79.273%% kms~! Mpc~'. The two distributions, although
consistent with both Planck [56] and SHOES [77], hint
towards a larger value of H, contrary to the findings of
Mukherjee et al. [75] and Chen et al. [76].

While previously puzzling for the expectation of a mass
gap above 80M , our findings that GW190521 is likely to
have originated in an AGN helps to reconcile the obser-
vation of this massive binary system with the existing
astrophysical models.
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