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Abstract

The origin of the black hole mergers detected by LIGO-Virgo remains an open question. While the unusual mass
and spin of a few events constrain their possible astrophysical formation mechanisms, it is difficult to classify the
bulk of the observed mergers. Here we consider the distribution of masses and spins in LIGO-Virgo’s first two
observing catalogs. We show that, for black holes in the mass gap, our fiducial active galactic nucleus (AGN)
model is preferred over a parametric mass—spin model fit to the full GWTC-2 merger sample (Bayes factor
B > 10). This preference, nevertheless, depends on uncertain AGN model parameters. We further show that a 20%
fractional contribution of the detected events of an AGN-disk origin reproduces well the observed black hole mass
distribution in the pair-instability mass gap, while only marginally contributing to the lower-mass detected

population. The overall AGN contribution corresponds to a black hole merger rate of about 2.5 Gpc > yr ',

comparable to theoretical expectations.
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Unified Astronomy Thesaurus concepts: Gravitational wave astronomy (675); Gravitational waves (678)

Supporting material: machine-readable table

1. Introduction

Stellar-mass binary black holes (BHs) can be the end results
of several distinct astrophysical processes. They can form from
isolated stellar binaries (Portegies Zwart & Yungelson 1998;
Belczynski et al. 2002; Marchant et al. 2016; de Mink &
Mandel 2016) or triples (Antonini et al. 2014; Kimpson et al.
2016; Veske et al. 2020), dynamical interactions in star clusters
(Sigurdsson & Hernquist 1993; Portegies Zwart & McMil-
lan 2000), primordial BHs formed in the early universe (Carr &
Hawking 1974), and in the accretion disks of active galactic
nuclei (AGNs; McKernan et al. 2012; Bartos et al. 2017b;
Stone et al. 2017; Tagawa et al. 2020b).

The origin of BH mergers discovered by the LIGO (Aasi
et al. 2015) and Virgo (Acernese et al. 2015) gravitational-
wave observatories is not yet known (Abbott et al.
2019, 2021a). Nonetheless, some initial clues have emerged
that challenge the isolated stellar binary origin of at least some
of the events. These clues include the detection of at least one
BH in the pair-instability mass gap (S0M, <M <120
M; Woosley & Heger 2015) that may not be populated
through isolated stellar evolution (Abbott et al. 2020; although
supernova theory remains uncertain; Belczynski et al. 2020; Di
Carlo et al. 2020; Farmer et al. 2020) and mergers with large
BH spins that are misaligned from the binary orbital axis
(Abbott et al. 2021b).

In this Letter we examine which of the observed mergers
may have occurred in AGNs, and use this to estimate the AGN
fractional contribution to LIGO-Virgo’s events. We carried out
a Bayesian model comparison in which we contrasted the
likelihood of each merger originating in an AGN disk to the
likelihood of origin from the empirical mass—spin distribution
obtained from the full observed BH population. Additionally,
we considered the maximum AGN contribution to the total
merger rate that is still consistent with the observed BH mass
distribution.

A major advantage of such a comparison is that it avoids
relying on the uncertain parameters and fractional contributions
of other astrophysical scenarios. There are also several
disadvantages: (i) our analysis relies on a parametric model
fit on the observed data (Abbott et al. 2021b), which is not
guaranteed to closely resemble the true underlying distribution;
(ii) the adopted parametric model was fit to all detected events,
while we carried out model comparison for individual events,
potentially introducing a bias; (iii) the parametric model was fit
on the full data set that also includes AGN-assisted mergers,
although this should make the fit more favorable to AGN-
related events and make the model comparison more
conservative. In addition, the model parameters of AGN-
assisted mergers are themselves uncertain. To characterize this
uncertainty we considered two AGN scenarios with astro-
physically motivated sets of parameters.

While the ultimate answer to which events correspond to
different formation channels may come once we gain a detailed
understanding of the relevant formation scenarios, the analysis
presented here provides a first indication of the contribution of
AGNs to the overall detection rate by LIGO-Virgo.

2. Model Comparison

We carried out model comparisons for individual gravita-
tional-wave events. For merger population model A, we
computed the probability distribution Byp(6]A) of binary
parameters 6. For our AGN model this was done by simulating
a large number of mergers and taking the obtained parameter
distribution, while for our LIGO-Virgo model we adopted this
distribution from Abbott et al. (2021a) that was obtained by
fitting a model on the observed data. Within 6 we considered
the binary’s chirp mass M = (m;m,)>/(m; + m»)~'/5; mass
ratio qg=my/my; effective spin
Xegt = G Hmy + ma)~1(S1/my + S2/ma)L/|L], which
describes the objects’ spin component parallel to the binary’s
orbital axis; and precessing spin Xp=
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max (Sl/ml, %E/ZSZ/mZ) x L/|L|, which describes the

projection of component spin vectors perpendicular to the
orbital axis (Hannam et al. 2014). Here, m; and m, are the
masses in the binary with m; >m,, S; and S; are the two
objects’ spin vectors, and L is the binary’s orbital angular
momentum vector.

The posterior probability of model A given gravitational-
wave data x from a single event is (Mandel et al. 2019; Vitale
et al. 2020; Gayathri et al. 2020)

[dOP @lx) 7 (6) ' Byop (B1A)

P(A =7(A
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Here, m(A) is the prior probability of A. P (élx) is the
probability density of true event parameters 6 for the
gravitational wave. It is obtained using parameter estimation
algorithms based on the observed data. We adopted P(@lx) for
observed events from Abbott et al. (2021a) and Abbott et al.
(2019). For these we divided the posterior by the prior
probability provided by these analyses. Rje[(@) is the detection
probability for an event with true parameters 6, which we
obtained by computing the cosmic volume within which the
gravitational wave with these parameters would give a signal-
to-noise ratio of >8 combined for two LIGO detectors, We
adopted a typical LIGO noise curve during O3, while for O1
and O2 we adopted a relative decrease of sensitivity of 50%
and 25%, respectively, compared to O3. The prior probability
density W(@) assumes uniform source distribution in comoving
volume and source-frame time. The integral in Equation (1) is
approximated by summing the Monte Carlo samples of the
underlying distributions obtained by LIGO-Virgo. We margin-
alized over binary parameters not considered here in 6. We
computed the Bayes factor for population models A and B as

_ P@[B) _ P(B) n(B)

BoA= B~ P r@)
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3. Model 1: Binary Mergers in AGNs

Following Bartos et al. (2017b), we adopted a geometrically
thin, optically thick, radiatively efficient, steady-state accretion
disk expected in AGNs. We used a viscosity parameter
a =0.1, radiative efficiency e€=0.1, fiducial supermassive
BH mass M. = 10° M, and accretion rate 0. | Mgq4, where Mggq
is the Eddington accretion rate. We computed the expected
mass and spin distributions of binary mergers in AGNs
following Yang et al. (2020) and Tagawa et al.
(2020b, 2020a). For simplicity, we adopted a Salpeter initial
mass function dN/dm o« m~23> for BHs and a normal initial
mass function m/Mg ~ N(1.49, 0.19) for neutron stars (NSs;
Ozel & Freire 2016). We assumed that the total mass of the BH
population is 1.6% of the stellar mass in galactic centers and
the number of NSs is 10 times that of BHs. We also took into
account the mass segregation in the spatial distributions of BHs
and NSs following O’Leary et al. (2009) and Gondéan et al.

(2018).

BHs and NSs (hereafter compact objects) orbiting the central
supermassive BH will periodically cross the AGN disk. We
simulated the process of orbital alignment with the disk
following Yang et al. (2019). Compact objects were assumed to
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migrate from their original locations inward once they have
been aligned with the AGN disk. We adopted the type I and
type Il migration rates given in Tagawa et al. (2020a). Compact
objects can undergo close encounters with other objects around
the supermassive BH. When this happens in the AGN disk, the
surrounding gas might remove enough energy such that the two
objects involved in the close encounter are able to form a
binary (Goldreich et al. 2002; Tagawa et al. 2020b). We found
through numerical simulations that the flux of compact objects
passing by an object in the AGN disk can be approximated as
;=4 x 1078 aufzyrfl(p,-/lo4 pcf3), where the index i can
refer to BHs or NSs, and p; is their number density in the
galactic center. The orientation of their velocity was assumed to
be isotropically distributed, following a normal distribution
N(0, ¢%) in each spatial dimension, where
o% = 2.5 x 103%(r/pc)~'(km/s)>. The rate for close encounters
in the AGN disk is then
Leni o \/§¢irl_2[<vrel>/av ~ \/§¢irl_2[4l1 + vkzep/a%, where ry
is the mutual Hill radius and vy, is the Keplerian velocity of
an orbit with radius ». When the two objects have small relative
velocity, the gaseous friction is able to remove the necessary
energy for binary formation (Tagawa et al. 2020b). With these
assumptions gas capture typically occurs in the inner regions
(107*-10"2 pc) of the AGN where gas density is high.

We assumed that binaries can also form via three-body
interactions (Binney & Tremaine 2008), with an estimated
formation rate of yppe; ~ %nf b3 Vi1, Where n; is the density of
BHs or NSs and by, = min{bog, 1y}, bog = G /v

BHs capture gas from the AGN disk while they are moving
in or crossing the disk, changing their masses and spins. The

spin magnitude after Amgy accreted mass is (Bardeen 1970;
Tagawa et al. 2020a)

) 1/2
af = Ll 4(3”%“’1) : 3)

3 fglCC acc
where f,.. = (mgy + Amgy)/mpy and ri., is the radius of the
innermost stable circular orbit (ISCO) in gravitational units.
The BHs may possess minidisks. If the spin angular

momentum Jgy = Ez}/GméHRg of a BH is misaligned with
its inner minidisk, they will tend to align due to Lense—Thirring
precession. The inner parts of the minidisk is defined by a so-
called warp radius Ry, that is given by (Volonteri et al. 2007)

Ryap/Ry = 3.6 % 102|ﬁ|5/8méé8)\1/4(%)051/2. 4)
1

Here, ) is the Eddington ratio, v is the viscosity corresponding
to angular momentum transfer in the accretion disk, and v, is
the viscosity responsible for warp propagation. We assumed
1> /vy =50. We also assumed that the spin of a BH can align
with the total angular momentum Jio = Jgu +Jwarp in each
time step of our simulations, where
Jwarp = Ampy ,/GmpgRy,p- Following  Tagawa et al
(2020a), we assumed that the direction of Jy..p is aligned with
AGN-disk angular momentum for a single BH and is aligned
with the orbital angular momentum for a BH in binary.

The direction of orbital angular momentum of binaries
evolves due to accretion torques. We assumed that the orbital
angular momentum after Amg;, being captured by the binary is
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Toin = Join + Juas (Tagawa et al. 2020a; Lubow et al. 1999)
with Jyas = AmBin,/GmbmszGN, where s is the separation of

the binary and Jaon is the direction of AGN-disk angular
momentum.

When a binary travels in the AGN disk, the surrounding gas
can provide a drag force on the binary, which will reduce its
separation. We followed the results of Kim & Kim (2007) and
Kim et al. (2008) for dynamical force in gaseous medium and
assumed that the drag force is Fy; M? = const. when M > 8,
where M is the Mach number. Recent simulations of binary
evolution give similar results within a factor of 2 (Antoni et al.
2019; Kaaz et al. 2021), although Li et al. (2021) find no gas-
driven contraction for some orbital parameters.

When the orbital separation of a binary is sufficiently
compact, gravitational radiation dominates the dynamical drag
force. We assumed that the hardening rate is the combination of
the contribution from dynamical friction and GW radiation.

The spatial distribution in galactic nuclei is not yet well
constrained. While we assumed above an isotropic initial
distribution, vector resonant relaxation could substantially
reduce the BHs’ initial velocity dispersion (Szolgyén &
Kocsis 2018), which can increase the chance of capture during
a close encounter as well as the probability of forming binaries
via three-body encounters. To characterize this scenario, we
additionally considered below the AGN-assisted merger model
of Tagawa et al. (2021a) that adopts a small initial velocity
dispersion of ~ 0.2v,. Beyond the difference in the velocity
dispersion, Tagawa et al. (2021a) also adopt a BH initial mass
function with a maximum mass of 15 M, (see 50 M., for the
fiducial model), reflecting the high metallicity observed near
AGN disks.

4. Model 2: LIGO-Virgo GWTC-2

To differentiate AGN-assisted mergers from the rest of
LIGO-Virgo’s detections, we considered the population
properties of the 47 binary mergers identified by LIGO-Virgo
for the available observing runs O1, O2, and O3a (Abbott et al.
2019, 2021a). We adopted the obtained parameter distributions
for the “Power Law + Peak mass” model of Abbott et al.
(2021b) (hereafter GWTC-2 model). For m; this model gives

7T(’nll)\peak, a0, Mmins Oy Mimax, Hon> Om)
=(1 - Apeak)m(mll — O, Mnax)S (M| Mins Om)
+ /\peakG(mll,um, Um)S(mllmmin’ 6m) (5)

Here, the three functions on the right-hand side describe a
normalized power-law distribution with spectral index — o and
high-mass cutoff m,,,, (3), a normalized Gaussian distribution
with mean p,, and width o,, (G), and a smoothing function that
rises from O to 1 between my;, and My, + 6, (S). The
parameter Ape.x iS a mixing fraction determining the relative
prevalence of mergers in power-law and Gaussian distribution.
We adopted the conditional mass ratio distribution

7(q| By M1, Mumin, O) o< g% (gmy|Mumin, O)- (6)

The mass distribution model is represented by eight parameters,
namely, A,cai, Q0 Pimin, Oy Mimaxs tns O, and 3,. Here, m; and
m, samples were extracted from the hyperparameter space
model, and these parameter estimations are reported by Abbott
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et al. (2021b, see their Figure 16), and S(gm,|mmin, 0,,) is a
smoothing function (see Equation B6 of Abbott et al. 2021b).
Similarly, we considered their default spin model for spin
estimation. This dimensionless spin magnitude model is
represented by two parameters, namely, o, and 3, by a beta
distribution, 7(x2|ay, By) = Beta(cy, 5,). These parameters
are known as standard shape parameters that determine the
distribution’s mean and variance. Here we assume the same
distribution for y; and x,. The cosine of the tilt angle between
component spin and binary orbital angular momentum is
represented by two parameters, namely, ¢ and o,. This cosine
angle is distributed as a mixture of two populations: (J
isotropic  distribution + G, truncated  Gaussian)
and 7(cos 0;|C, 0;) = (Gi(cos bya]0r) + (1 — ) T(cos b 2).

5. Results

We computed the Bayes factor for each binary merger
detected by LIGO-Virgo in their O1, O2, and O3a observing
runs by comparing our fiducial AGN model to the baseline
GWTC-2 model. We determined the Bayes factor using the
parameters M, Xerr, Xp> and g. We also determined the Bayes
factor using pairs of parameters involving the chirp mass M
and either Xefr, Xp» OF g.

In Table 1 we present a detailed list of Bayes factors for each
event. We see that, for our fiducial AGN model, 10 out of the
48 gravitational-wave events have Bayes factor 5 > 10, which
we use here as a threshold to indicate probable AGN origin
(Kass & Raftery 1995).

To show the parameters of the binaries that are distinct from
the GWTC-2 model and are likely of AGN origin, in Figure 1
we show 2D slices of the parameter distributions. These slices
include the M — x4, M — ¥, and M — ¢ combinations.
The numerical values of the Bayes factors for the above three
combinations are listed in Table 1. We see that our fiducial
AGN model is favored mainly for high-mass, high-spin
sources, where the GWTC-2 model has weaker support. Note
that the AGN model of Tagawa et al. (2021a) generally favors
lower masses as its BH initial mass function extends only up to
15 M., and accordingly high-mass binaries have less support
for this model.

We estimated the overall fraction of AGN-assisted mergers
within LIGO-Virgo’s detections. We considered a chirp mass
threshold of My, = 40 M, above which all (four out of four)
events are favored to have an AGN origin with B > 10. We
then computed the overall AGN-assisted merger rate that
corresponds to four expected detections above this mass from
AGNs by LIGO-Virgo during O1, O2, and O3a. In this
computation we adjusted the overall AGN merger rate density
in comoving volume. We assumed a uniform rate density
distribution, reflecting the shallow cosmic evolution of the
merger rate (Yang et al. 2020). All other model parameters
were adopted as described above in our fiducial model, and
were not adjusted in this fit. The expected number of detections
was calculated using LIGO’s typical O3 noise curve for the
three observing runs, the observing times, and the binary
gravitational waveforms (NRSur7qd4 waveform model) as
functions of binary mass and spin. We required a network-wide
signal-to-noise (LIGO-Handford and LIGO-Livingston detec-
tors) ratio of 8 (individual detector signal-to-noise ratio greater
than 4) for detection. With this we estimated the AGN BH
merger rate to be about 2.5 Gpc™> yr~'. This corresponds to an
overall expected ~15 binary mergers of AGN origin in LIGO-
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GWTC-2 Gravitational-wave Event Parameters and Bayes Factors

Table 1

Gayathri et al.

Estimated Source Parameters

Bayes Factor

Event

m ny M q Xeft Xp Mxerr  Mx, Mg M-XegXpq
GW190408_181802 2467382 18.44135, 18347120 0757930 —0.03797,  0.39703) 0.88 1.66 0.42 5.46 0.19
GW190412 30.047343 8.33+0:22 1326703 0.2875% 0.2540:34 0.37518 1.29 0.94 1.6 <1072 <1072
GW190413_052954  34.58%773,  23.64759) 2463148 069703 —0.01303F 041503 3.61 3.25 091 <1072 <1072
GW190413_134308  47.571942 31.81H%80 32044332 0691038 —0.04753%  0.56704 6.65 15 472 <107 <1072
GW190421_ 213856 41.437958%  31.91788 31247 079793  —0.06%33]  0.48593° 7.27 10.0 186 <107 <1072
GW190424_180648 4041778, 31.84777 31064430 081597 0.137973 0.527938 3.81 12 1.38 32 6.67
GW190503_185404  43.26%59, 28457751 3017743 065793 —0.03%0% 038798 0.6 52 2.65 44 11
GW190512_180714  23.2373¢} 12.58%%22 14.62119%  0.541018 0.03%13 0.227947 1.04 0.7 0.44 28 8.74
GW190513_205428  35.65791, 18.07%44 21577188 0.57318 0.117947 031733 13 1.3 1.33 119 74
GW190514_065416  39.08" 5, 28577541 2873539 0754032 —0.19%03 046703 39 6.53 1.4 <1072 <1072
GW190517_055101  37.43%]8}, 25337738 26.61739°  0.68793) 0.527918 0.4979% 42 7.34 139 <1072 <1072
GW190519_153544  66.113133 40651193 4456777 0.6170% 0315932 0.44+032 3.18 34 40 68 44
GW190521_074359  42.23+482 32877832 3206434 078303 0.091313 04792 156 8.17 234 <1072 <1072
GW190521 947311343 69.43%335]  69.2471935 0751033 0.039%, 0.671932 1.71 341 101 1979 259
GW190527_092055  36.697325;  22.53*512, 2431338 0.63+932 0.117938 0.4470% 22 2.9 116 <1072 <1072
GW190602_175927  69.0571397  48.247[5% 4927872 0.71+532 0.07792¢ 0.42+931 17 37 31 189 72
GW190620_030421  57.1671233  3535+137 3819183  0.6270% 0.3319% 0.43+028 1.17 16 15 134 39
GW190630_185205  35.02+2:83 23.787313 249472}, 0.6870% 0.097013 0.3279% 29 2.28 0.9 <1072 <1072
GW190701_203306  54.088°,  40.77H%¢ 4026723 0767330 007103 042803 22 27 12 83 15
GW190706_222641  66.847133) 383371391  42.82*718 058707 0.2819:28 0.387938 0.3 18 41 <107 <1072
GW190707_093326  11.58*}7) 8.3871:93 8.5510:4¢ 073127 —0.05709%  0.2979% 0.52 0.42 006 <1072 <1072
GW190708_232457  17.53733¢ 1321383 13.16108°  0.764028 0.02799% 029793 2.16 1.03 032 <1072 <1072
GW190719_215514  36.597193]  20.64753 23397397 0.5710%8 0.317534 0.44%93% 0.34 2.68 1.15 382 284
GW190720_000836  13.3873% 7.827312 8.94+08! 0.58%93 0.18%312 0.3319% 3.17 0.52 009 <1072 <1072
GW190727_060333  38.04*5l, 29444839 28,6773 0.87973 0.1159% 0.47+53¢ 0.25 7.68 1.31 29 64
GW190728_064510  12.2972% 8.097%5° 8.627533 0.661037 0.1273% 0.2979%, 3.4 0.38 007 <1072 <1072
GW190731_140936 4154771,  28.827531 2967331 0.717535 0.065934 0.4793; 3.86 4.93 2.1 85 33
GW190803_022701 3734775, 27.19782% 272774953 075403 —0.03793¢ 044708 3.86 5.1 1.26 95 27
GW190814 2321419, 259108 6097908 0.11+59! —0.075%  0.0413% 0.02 0.05 49 <1072 <1072
GW190828_063405  32.13*493 26.1874% 2496774 0.8279%2 0.19791¢ 0.43+93 0.66 2.35 0.53 5.64 113
GW190828_065509  24.04+79¢ 10254318 1335799 04370148 0.08701¢ 03792 3.05 1.2 059 <1072 <1072
GW190909_114149 459471321 28167123  30.631%, 061303 006103 0525038 3.64 4.57 236 <1072 <1072
GW190910_112807  43.94783, 35.52774, 3427749 0.8279% 0.027918 04933 6.41 9.71 2.93 8.56 0.0
GW190915_235702  35.26%$3% 2441782 2526725 0.697937 0.0279% 0.55703% 1.95 5.82 096 <1072 <1072
GW190924_021846 8.85129 5037148 576102 0.570% 0.03+3% 0.247018 0.08 0.11 003 <1072 <1072
GW190929_012149 8124734, 24.03+19%0 3584824,  0.3*01¢ 0017332 0.58104 8.11 8.95 173 <1072 <1072
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Table 1
(Continued)

Event Estimated Source Parameters Bayes Factor

m ny M q Xefr Xp Mxetrr  Mxp, Mg M-XepXpq
GW190930_133541 12.37353% 7831332 8.514048 0.6470% 0.14731 0.34792* 0.26 11 4721 <1072 <1072
GW150914 35657346 30.6%33 2867146 08672,  —0.017313  03479% 0.26 0.44 0.1 <1072 <1072
GW151012 23214948, 13.62740) 152248 059703 0.05%93, 033702 1.83 1.24 0.5 <1072 <1072
GW151226 13.7213% 76833 8.8610%8 0.56°93 0.18%342 0.491932 1.82 1.89 0.8 <1072 <1072
GW170104 30.84733% 20037438 2141178 06510 —0.0475% 036703 12 0.18 009 <1072 <1072
GW170608 10.977172 76738 7943518 0.697038 0.0379% 0.36:031 141 13 10 <1072 <1072
GW170729 502741028 33.97H0907 3545478 0.68°0%% 0.37:0% 0.44+0%8 1.01 2.28 1.04 90 59
GW170809 34.9873%¢ 23.847%17 24917198 0.68703¢ 0.08%17 0.35793% 5.81 2.85 051 <1072 <1072
GW170814 30.6+2:28 2522739 2417183 0.8310% 0.07313 0.48+03¢ 3.58 6.94 088 <102 <1072
GW170818 35.377%72 267353 26567377 076793 —0.09%93  0.49793 3.58 432 173 <1072 <1072
GW170823 39.53%% 29047783 2019738 074793, 0.09928 0427931 0.0 432 173 <102 <1072

Note. Columns (2)—(7) show the median and 90% symmetric credible intervals on selected source parameters (Abbott et al. 2021a). Columns (8)—(11) report our

estimated Bayes factors for our fiducial AGN versus GWTC-2 models.

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

— AGN
— GWTC-2
Tagawa-20

: 10}

- — — -

10° T T - T T
-06 -04 -02 0.0 02

Xeff

Figure 1. Probability densities for the GWTC-2 model and reconstructed parameters for gravitational-wave events. The distributions and reconstructed values are
shown for M — x g (left), M — Xp (middle), and M — ¢ (right). Probability densities for single parameters marginalized over other parameters are also shown on
the top and on the right for the GWTC-2 model, for the fiducial AGN model in this work, and for the AGN model of Tagawa et al. (2021a) (see the legend).
Gravitational-wave events with Bayes factor B > 10 (B < 10) are shown in magenta (black). For the B > 10 case we also show the 90% credible intervals of the
reconstructed parameters (dotted lines). For the GWTC-2 model probability density, white lines mark the 95%, 65%, and 10% credible areas. The red lines mark the
95%, 65%, and 10% credible areas for the fiducial AGN model in this work. Note that the shown probability densities depict the expected rate of occurrence, i.e., they
are not weighted by the expected detection volume, while the distributions of the parameters of observed events are affected by their detection volumes.

Virgo’s O1-03a detected sample, which is comparable to the
number of events we identified with B > 10.

Figure 2 shows the expected number of detections per unit
mass as a function of M and m; for both AGN and GWTC-2
models. For our fiducial AGN model, this spectrum was
normalized so it corresponds to a total of four detections for
M > 40 M., corresponding to 15 detections for all masses.
For the GWTC-2 model the curve corresponds to a total of 47

detections, i.e., the number of LIGO-Virgo’s detections during
01-03a. We see that, below 50 M, the GWTC-2 spectrum is
substantially above the spectrum of our suspected AGN
detections. This changes above ~50 M., where our fiducial
AGN channel dominates, especially above the maximum mass
~90 M., allowed by the GWTC-2 model.

The above results rely on the assumption that the GWTC-2
model accurately represents the underlying binary distribution.
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Figure 2. Detection and merger spectra of M and m, for the AGN and GWTC-2 models. Expected number of detections ((a) and (b)) and expected merger rate ((c)
and (d)) per unit mass as functions of M ((a) and (c)) and m; ((b) and (d)) for the AGN model (red), Tagawa model+2021 (yellow), and the GWTC-2 model (blue;
“power-law peak” model from Abbott et al. 2021b). For comparison, we also show the “broken power-law” model from Abbott et al. (2021b) (gray dashed). Vertical
gray bands mark the expected range of the BH pair-instability mass gap ~50-120 M.

This is not necessarily the case, which might bias our Bayes
factors to favor high-mass events as the AGN channel mainly
produces events there. In addition, the GWTC-2 model was fit
on all events, including AGN-assisted mergers, although this
makes the performed model comparison more conservative.

To understand our rate estimates in a more independent way
of our model comparison, we can consider the following
question: what is the maximum AGN-assisted merger rate that
is consistent with the observed BH mass distribution and the
overall LIGO-Virgo detection rate? For both of our AGN
models, we found that this question gives a similar rate to what
we found through model comparison, i.e., about
2.5Gpc 2 yr~'. This can be seen in Figure 2: for both AGN
models this rate gives a detected mass spectrum similar to that
observed by LIGO-Virgo at high masses, while giving a lower-
than-observed spectrum for lower masses. Further increasing
the rate would, however, “overproduce” high-mass detections,
making it inconsistent with observations.

6. Conclusions

We carried out a Bayesian model comparison to probe which
of LIGO-Virgo’s binary mergers detected within the O1, O2,
and O3a observing periods could be of AGN origin and to
estimate the rate of AGN-assisted mergers. We used the one
fiducial model from GWTC-2 as a conservative comparison as
it is fit to the observed data and therefore also includes events
that are possibly of AGN origin. We used the obtained Bayes
factors comparing our fiducial AGN model and the best-fit
GWTC-2 model to examine the population of AGN-assisted
mergers within the population detected by LIGO-Virgo. Our
conclusions are summarized below:

1. Out of the 47 events in the GWTC-2 catalog, 12 have
Bayes factor B > 10, i.e., are better fit by our fiducial
AGN-disk model than by the GWTC-2 distribution.

2. Using the highest-mass events, which are all better
explained by our fiducial AGN model, we estimated the
total BH merger rate in AGNs to be 2.5 +0.7 Gpc™ > yr~ !
(90% CL statistical uncertainty, not including any model

uncertainty). This is 2%—30% of the total merger rate
23.9M149 Gpc?yr ! estimated from all LIGO-Virgo
detections. We find a similar rate estimate if we determine
the maximum AGN contribution for our fiducial model
that is consistent with LIGO-Virgo’s detected mass
spectrum.

3. The detected mass distribution expected from our fiducial
AGN model reproduces well (without any fit parameters)
the GWTC-2 distribution fit to observations at high
masses (M = 40 M., or m; 250 M.). Based on this
model, AGNs only marginally contribute to the detected
lower-mass mergers (5 M, Sm < 50 M.,); therefore, the
mass spectrum of BHs in this mass range could be
representative of non-AGN formation channels observed
by LIGO-Virgo.

Several caveats remain regarding the above conclusions. First,
our analysis relies on the fact that the GWTC-2 parametric
model (Abbott et al. 2021b) reasonably covers the true
distribution of detected mergers. While the model is well
motivated by astrophysical expectations and observed features,
we cannot quantitatively assess its accuracy here. An inaccurate
model could mean that some of our Bayes factors are
overestimated. Second, other merger channels, for example
hierarchical mergers in non-AGN environments, could simi-
larly result in a BH mass distribution that extends to high
masses and accounts for some of the most massive events we
associate here with AGNs. Third, many of the parameters in
our AGN model are not well constrained observationally. This
introduces an uncertainty in our results that is difficult to
quantitatively assess. Results from the second AGN model
(Tagawa et al. 2021a) considered here provide some qualitative
idea of this uncertainty. With the model of Tagawa et al.
(2021a) that produces mergers with low binary masses, we
found no source with high-Bayes-factor preference for an AGN
origin except GW190426_152155. (GW190426_152155 was
not used when fitting the GWTC-2 model.) Fourth, here we did
not take into account the fact that some AGN-assisted mergers
could be highly eccentric (Samsing et al. 2020; Tagawa et al.
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2021b), which would affect their detectability and the accuracy
of their mass and spin reconstruction. These caveats merit
further study. Similarly, other approaches also used to analyze
the hierarchical component are discussed in Doctor et al.
(2020), McKernan et al. (2020), and Abbott et al. (2021b).
Fifth, in the above results the Bayes factor was used for model
comparison, which does not take into account prior probabil-
ities of our AGN and null models. Considering our results as
reasonably accurate, however, the two prior probabilities are
only a factor of 3 different; therefore, events favored by a
Bayes factor of >10 are still favored by an odds ratio of >3.

Nonetheless, assuming that the above described AGN
contribution is accurate, we can make predictions on some
expected features of mergers and future detections:

1. Future observations should uncover mergers with BH
masses >100 M., which could represent up to a few
percent of detected events. Many such massive events
should have high precessing spins.

2. The large fractional contribution of AGNs enhances the
utility of correlating the localization of the detected
mergers with catalogs of AGNs. A 30% contribution may
be identifiable from several hundred detections (all
channels included), assuming sufficiently complete
AGN catalogs (Bartos et al. 2017a).
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