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A B S T R A C T 

Galactic nuclei are promising sites for stellar origin black hole (BH) mergers, as part of merger hierarchies in deep potential 
wells. We show that binary black hole (BBH) merger rates in active galactic nuclei (AGNs) should al w ays exceed merger rates in 

quiescent galactic nuclei (nuclear star clusters, NSCs) around supermassive black holes (SMBHs) without accretion discs. This 
is primarily due to average binary lifetimes in AGNs that are significantly shorter than those in NSCs. The lifetime difference 
comes from rapid hardening of BBHs in AGNs, such that their semimajor axes are smaller than the hard–soft boundary of their 
parent NSC; this contrasts with the large average lifetime to merger for BBHs in NSCs around SMBHs, due to binary ionization 

mechanisms. Secondarily, merger rates in AGNs are enhanced by gas-driven binary formation mechanisms. Formation of new 

BHs in AGN discs is a minor contributor to the rate differences. With the gravitational wave detection of several BBHs with at 
least one progenitor in the upper mass gap, and signatures of dynamical formation channels in the χ eff distribution, we argue 
that AGNs could contribute ∼ 25 –80 per cent of the LIGO–Virgo measured rate of ∼ 24 Gpc −3 yr −1 . 

Key words: accretion, accretion discs – gra vitational wa ves – galaxies: active – galaxies: nuclei. 
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 I N T RO D U C T I O N  

any binary black hole (BBH) mergers have now been observed, 
ut there is not yet suf ficient e vidence to disentangle the relative
mplitude of contributions from various proposed merger channels 
The LIGO Scientific Collaboration 2021 ). Given that the observed 

eff distribution possesses a non-negligible negative component, it 
eems likely that dynamical channels play a significant role in BBH
ergers observed to date (see e.g. Rodriguez et al. 2016b ). While

solated binary evolution can produce mergers with ne gativ e χ eff , 
he black hole (BH) natal supernova kick velocities would then 
e required to be O (10 3 ) km s −1 (Brandt & Podsiadlowski 1995 ).
o we ver, such high kicks are in tension with the observed binary
eutron star (NS) and NS–BH merger rate (see e.g. Giacobbo & 

apelli 2018 ; Broekgaarden & Berger 2021 ). 
Most dynamical BBH merger channels are characterized by a 

igh expected number density of BHs in that environment. In 
articular, BBH mergers are expected in globular clusters (GCs; 
odriguez et al. 2016a ) and in nuclear star clusters (NSCs; O’Leary,
ocsis & Loeb 2009 ; Antonini 2014 ; Fragione et al. 2019 ). Proposed
ynamical merger sites with lower BH number density include more 
umerous open clusters (e.g. Mapelli et al. 2021 ). Importantly, active 
alactic nuclei (AGNs) are a dynamical BBH merger channel (e.g. 
cKernan et al. 2012 , 2014 , 2018 ; Bellovary et al. 2016 ; Bartos

t al. 2017 ; Stone, Metzger & Haiman 2017 ; Secunda et al. 2020 ;
agawa et al. 2020b ) that generate parameters distinguishable from 

ther dynamical channels. Indeed, a possible anticorrelation between 
 E-mail: sford@amnh.org 1

2022 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
f fecti ve spin and mass ratio among LIGO–Virgo gravitational wave
GW) detected BBH mergers (Callister et al. 2021 ) might be a
ignature of the AGN channel (McKernan et al. 2022 ), but at present
t remains challenging to identify contributions from the different 
ynamical merger channels. 
Hierarchical mergers are especially useful discriminants, both 

etween non-dynamical and dynamical channels, and among dif- 
erent dynamical channels. Hierarchical mergers are expected from 

ynamics, as long as merger products are retained in the same
nvironment, and form an identifiable population based on their GW 

easured parameters alone – at least one progenitor mass component 
n the upper mass gap, and with high spin as a result of a prior
erger. Every individual hierarchical merger detected ( n g −m g, n >

, m ≥ 1, where g denotes the merger ‘generation’ of a progenitor
H) constrains the general contribution from dynamics, since each 
 g −m g merger requires multiple (1g −1g) mergers from the same
hannel . 1 Consequently, predictions of rate ratios R n g −m g / R 1g −1g 

ith n > 1 and m ≥ 1 from dynamical channels allow us to identify the
ikely fraction of 1g −1g mergers (though not the individual events)
rom the different dynamical channels. Since different channels 
roduce different expected mass and spin distributions, if we can 
rmly identify a small number of events as uniquely attributable to a
ingle channel, we can also hope to disentangle the ‘mixing fraction’
etween channels, and their parameter distributions by subtracting 
ff the contribution of a single well-identified channel. 
Dynamical BBH mergers can occur in shallow potential wells 

e.g. GCs or open clusters) or in deep potential wells (e.g. NSCs or
 Also noted by Gerosa & Berti ( 2019 ). 
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GNs). For BHs with non-negligible natal spins, the kick velocity
 v k ) generated by a 1g −1g BBH merger is expected to be v k >
0 km s −1 , i.e. the escape velocity of present-day GCs (Gerosa &
erti 2019 ), and far in excess of the escape speeds of open clusters.
o we ver, recent work (Rodriguez et al. 2022 ) suggests that the

ocal escape velocity at the location of the most massive mergers
n supermassive GCs (up to 10 8 M �) can be higher, up to v esc 

 120 km s −1 . So, hierarchical mergers up to 3g −3g can occur
rom the most o v ermassiv e GCs if and only if the natal spins of BH
re extremely small (e.g. Fuller & Ma 2019 ). Ho we ver, the highest
eneration mergers due to GCs al w ays occur after the bound BBH is
jected from the cluster (Rodriguez et al. 2022 ). This means that the
ighest generation BBH mergers originating in GCs should al w ays
ave circularized by the time they reach the frequencies of ground-
ased GW detectors. The rate of mergers of later BH generations
 n > 3) originating from GCs is al w ays strongly suppressed due
o the relatively low escape velocity of GCs (even accounting for
heir mass evolution o v er cosmic time). So, the detection of n g −m g

ergers with n > 3 and m ≥ 1 would strongly suggest a merger
rigin in a deep potential well along with an additional substantial
raction of the GW detected lower generation ( n g −m g and n ≤ 3)
ergers from the same origin. Even detection of a 3g −m g merger

uggests a dynamical origin unrelated to GCs if the binary is not
ircularized at merger. If BHs are born with modest natal spin, these
onclusions will apply even to 2g −m g mergers. A 3g BH has a mass
pper limit, M 3g,max ≤ 3 M gap,lower , where M gap,lower is the lower bound
n the upper mass gap in the natal BH mass distribution (see e.g.
armer et al. 2019 ; Abbott et al. 2021b ). For M gap,lower = 40 M �,
 3g,max ∼ 120 M �( M gap,lower /40 M �) would be the maximum mass

f a 3g progenitor. Expected 3g BH masses could be ∼90 M � or less
iven median masses ( ∼30 M �) observed in mergers, and accounting
or energy losses due to GWs (Abbott et al. 2021b ). 

If no higher generation mergers are ever detected, it will point
trongly towards clusters with shallow potentials (e.g. GCs and open
lusters) as the dominant dynamical channel among 1g −1g mergers,
nd very low natal spins for BHs. Ho we ver, gi ven the population
pin measurements of Abbott et al. ( 2021b ), it may be challenging
o accommodate low natal spins (current measurements suggest a

0.1 −0.2). 
If BH natal spins turn out to be modest (dimensionless spin

arameter a ∼ 0.2) rather than nearly zero, we r equir e a large
scape velocity along with a high density of BHs, to efficiently
roduce dynamically assembled, hierarchical mergers. Then, hierar-
hical mergers must occur in deep gravitational potential wells, and
ttempting to distinguish between mergers in active galactic nuclei
AGNs) and quiescent galactic nuclei (GNs) becomes important. 

We proceed as follows: we use the formalism of McKernan et al.
 2018 ) to consider the parameters influencing the rate of BBH
ergers in quiescent (gas-poor) and active (g as-rich) g alactic nuclei,

oth containing supermassive black holes (SMBHs). We determine
he variables go v erning the relativ e rates in each environment and
how, for any plausible set of nuclei, that AGNs will dominate the
BH merger rate relative to gas-poor nuclei containing an SMBH.
inally, we discuss the astrophysical consequences for current and
uture observers. 

 M E T H O D S  

e can write a simple but illuminating ‘Drake equation’ for the rate
ensity of BBH mergers in all galactic nuclei (GNs), both active (A)
NRAS 517, 5827–5834 (2022) 
nd quiescent (G) as (McKernan et al. 2018 ) 

 G + R A = 

N BH f b n GN 

t b 
, (1) 

here R A, G is the rate in Gpc −3 yr −1 from each environment, N BH 

s the number of stellar origin BHs per nucleus, f b is their binary
raction, n GN is the number density of galactic nuclei Gpc −3 in the
niverse, and t b is the average binary lifetime in years. We assume

hat all galactic nuclei are either active or quiescent, i.e. n GN = n A +
 G and we assume that the fraction of galactic nuclei that are active
s f AGN = n A /( n G + n A ). The merger rate density is then 

 G + R A = 

[
N G , BH f G , b (1 − f AGN ) 

t G , b 
+ 

N A , BH f A , b f AGN 

t A 

]
n GN , 

(2) 

here G or A modifies the previous quantities for galactic nuclei or
GNs and t A is a characteristic time-scale associated with binaries

n AGNs. In practice, we can use 

 A = 

⎧ ⎨ 

⎩ 

τAGN if t A , b < τAGN 

t A , b if t A , b = τAGN , 

t 2 A , b /τAGN if t A , b > τAGN 

here t A,b , is the average binary lifetime in AGN and τAGN is the
ifetime of the AGN disc. If t A,b < τAGN , then most binary mergers
appen quickly and early in the lifetime of the AGN, but we must
till average the observed rate over the entire AGN lifetime; if t A,b >

AGN , we will see fewer mergers in AGN, scaled by the ratio of the
verage binary lifetime to the AGN lifetime. Here, we are assuming
hat all binaries are pre-existing and no new binaries form in the disc
we will alter this assumption later on). Note that we do not divide the
GN population into BH embedded within and without the disc. This

s because the existence of the gas disc can harden the distribution of
inary semimajor axes in the galactic nucleus, even for those binaries
hat do not end up embedded in the AGN disc for their entire orbit
Tagawa et al. 2020b ). It is worth exploring the physical reasons for
his result; for fully embedded binaries [such as those considered by
aruteau, Cuadra & Lin ( 2011 ), or more recently, Li & Lai ( 2022 )],
e expect each member of the binary to produce a w ak e, which
rovides a gravitational torque to harden the binary. The binary also
xperiences pressure and accretion torques that can be important. To
uide the reader’s intuition, we can use equations (46) and (54) of
i & Lai ( 2022 ) to find a hardening time-scale due to all torques of 

a b 

< ȧ b > 

∼ −k 
m b 

� ∞ 

v b a b 
, (3) 

here a b is the semimajor axis of the binary, < ȧ b > is the orbit
veraged time deri v ati ve of a b , m b is the mass of the binary, � ∞ 

s the unperturbed disc surface density at the binary location, and
 b = 

√ 

Gm b /a b is the binary orbital velocity around its own centre of
ass. Using a shearing box hydrodynamical simulation in Athena to

ollow the binary’s evolution, Li & Lai ( 2022 ) find the constant k to be
f order unity for prograde binaries and ∼0.1 for retrograde binaries.
or binaries which are not fully embedded, Tagawa et al. ( 2020b )
how that torques experienced when the binary passes through the
as disc still e x ert a non-negligible hardening torque. 

Assuming that N BH is initially similar in both active and quiescent
uclei, and assuming f AGN is small, we write the total BBH merger
ate density from galactic nuclei ( R G + R A ) as 

 G + R A ≈ N BH n GN 

(
f G , b 

t G , b 
+ 

f AGN f A , b 

t A 

)
. (4) 
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o, AGNs will dominate the BBH merger rate density from galactic 
uclei if the ratio of the rates ( R A / G = R A / R G ) is 

 A / G = f AGN 

(
t G , b 

t A 

)(
f A , b 

f G , b 

)
> 1 . (5) 

hus, which type of nucleus dominates depends on the fraction of
alactic nuclei which are active f AGN , the ratio of the binary lifetime
n quiescent nuclei to the rele v ant time-scale in acti ve nuclei t G,b / t A ,
nd the ratio of the binary fractions in active to quiescent nuclei,
 A,b / f G,b . The latter ratio should be at least 1, and cannot be larger
han ∼100, since (1) binary fractions are typically driven to larger 
alues by the introduction of a gas disc (e.g. McKernan et al. 2018 ;
ecunda et al. 2019 ; Yang et al. 2020 ; Tagawa et al. 2020b ; and
thers); (2) binary fractions in quiescent nuclei are expected to be 
 (0.1 −0.01) (e.g. Antonini & Perets 2012 ); and (3) binary fractions

n AGN cannot be larger than 1, and are probably O (0.1), leading to
 A,b / f G,b ∼ O (1 −10). 

So, apart from factors roughly of order unity, the ratio of rates is
etermined by the fraction of galactic nuclei that are active (and for
ur purposes, ‘active’ refers to nuclei with discs dense enough to 
ubstantially alter the dynamics of stars and BH that interact with 
t), and the ratio of the binary lifetimes in quiescent nuclei to active
uclei. Simulations allow us to infer approximately t A,b ∼ 0.1 −1 Myr
e.g. Baruteau et al. 2011 ; Tagawa et al. 2020b ; Secunda et al. 2020 ;
ang et al. 2020 ; McKernan, Ford & O’Shaughnessy 2020b ). AGN

ifetimes are substantially uncertain, but 0.1 Myr < τAGN < 100 Myr
e.g. Schawinski et al. 2015 ). Average binary times to merger in
uiescent nuclei can be estimated them from the rates found by NSC
BH merger models and a rearrangement of equation ( 1 ) 

 G , b = 

N BH f G , b n GN 

R G 
. (6) 

hile the actual binary lifetime may vary by the type of NSC
cored, cusped, mass se gre gated; see also below), the rate of mergers
rom NSCs implies a characteristic average time-scale o v er all 
uiescent nuclei; we can apply that time-scale to e v aluate the relati ve
mportance of the presence or absence of a gas disc, which serves
s a substantial accelerant of BBH mergers. We note that this
average’ binary lifetime does not characterize the actual lifetime 
f an individual binary in a gas-poor NSC, since in the case where
 BBH is ionized before it can merge, the binary’s time to merger is
nfinite; indeed, most NSC-triggered BBH mergers happen extremely 
uickly, or not at all, and the average binary lifetime is a way of
omparing the types of nuclei, while accounting for the high rate of
onization events. 

 REALISTIC  GALACTIC  N U C L E I  

he stellar remnant population in galactic nuclei is expected to 
onsist of some combination of the results of dynamical decay 
including that of GCs (Generozov et al. 2018 ), dwarf galaxies, and
inor mergers (Antonini 2014 )], as well as stochastic episodes of

tar formation (including as a result of AGN activity). Where the 
MBH mass is M SMBH ≤ 10 7.5 M �, dense NSCs and the SMBH both
eem to both contribute significantly to the central potential (Seth 
t al. 2008 ). For M SMBH ≥ 10 7.5 M �, the central potential appears
o be dominated by the central SMBH. In this case, nuclear stellar
opulations should still be present, but are insufficiently massive 
o dominate the potential. From Section 2 , the relative rates from
uiescent and active galactic nuclei depends primarily on t G,b , and 
econdarily on f A,b and f G,b . Here, we elaborate on some of the
roperties of galactic nuclei on which ( t G,b , f G,b ) depend. 
.1 Binary lifetimes 

he average lifetime of a BBH in an NSC depends on the average
ass function, binary fraction ( f G,b ), mass se gre gation, relaxation

ate, and encounter rate between binaries and tertiaries (including 
ther binaries). 
Metallicity can also play a significant role in the rate of hierarchical 
ergers expected from NSCs, with a potentially high rate at low
etallicity ( Z ∼ 10 −3 −10 −4 Z �), but with the rate dropping to zero

t Z ≥ 0.01Z � (Mapelli et al. 2021 ). Metallicities are typically high
 Z > 0.1Z �) in galaxies out to redshift z > 3 with stellar masses
 ∗ > 10 9 M �, reflecting bursts of star formation after gas infall or
ergers (Mannucci et al. 2009 ). Likewise, metallicities are typically 

igh in AGN across redshifts out to z ∼ 3, even becoming supersolar
n more massive host galaxies (Matsuoka et al. 2018 ). Metallicity in
resent-day GCs in our own Galaxy is bimodal, with peaks at Z ∼
.02Z � and Z ∼ 0.2Z � (Muratov & Gnedin 2010 ). So, a combination
f AGN activity and star formation in the nucleus (due to major or
inor mergers) might be expected to enhance the metallicity of an
SC o v er the Z ≥ 0.01Z � threshhold, even with a large population

ontribution from very low metallicity GCs. Certainly, we should 
xpect modest metallicities in NSC at least out to z ∼ 2, reflecting
ergers, infall, star formation, and GC arri v al via dynamical friction.
s present GW detections of BBH mergers are restricted to z ∼ 2,

or the rest of this paper we shall ignore the role of metallicity in
stablishing o v erall rate comparisons. 

Antonini & Rasio ( 2016 ) find that in NSCs without SMBH, the
xpected rate of mergers is O(10 2 Gyr −1 NSC 

−1 ). But, the potentially 
igh rate of mergers per nucleus found by Antonini & Rasio ( 2016 )
oes not apply to any other sort of quiescent nucleus. Neumayer,
eth & B ̈oker ( 2020 ) note that dwarf galaxies (stellar masses
 10 9 M �) are unlikely to host an SMBH, but abo v e that mass

hreshold, a rising fraction of nuclei do host an SMBH, while also
requently hosting NSCs. Integrating over their expected galaxy 
ass function, Antonini & Rasio ( 2016 ) find an o v erall merger

ate density of 1.5 Gpc −3 yr −1 , which is typically subdominant to
ther merger channels (ho we ver see also Arca Sedda 2020 , who find
 somewhat higher rate when including Kozai–Lidov oscillations). 
erger hierarchies in SMBH-less NSCs in dwarf galaxies may also 

ccur (Fragione & Silk 2020 ), but here we will focus on galactic
uclei containing SMBH in non-dwarf galaxies. 
The merger rate in an NSC in the presence of an SMBH – absent a

as disc – is expected to be quite low (Antonini & Perets 2012 ). This
s because most binaries within ∼0.1 R inf of the SMBH are expected
o be softened by tertiary encounters, where 

 inf = 

GM SMBH 

σ 2 
∼ 0 . 1 pc 

(
M SMBH 

10 8 M �

)( σ

200 km s −1 

)−2 
, (7) 

nd σ is the typical velocity dispersion in the NSC. Merger rate
ensities due to Kozai resonances span O(10 −3 −10 −1 ) Gpc −3 yr −1 

n NSCs around an SMBH depending on whether an NSC is cored
low rate), cusped, or mass se gre gated (highest rate) (Antonini &
erets 2012 ). This rate density assumes a BH binary fraction of f b ∼
.1 and a BH number density that falls off as r −2 . We additionally
ssume n gal ∼ 4 × 10 −3 Mpc −3 = 4 × 10 6 Gpc −3 galaxies of Milky
ay mass or greater in the local Universe, and each such galaxy has

ne NSC and one SMBH (or n gal = n GN ). There may be additional
MBH in galaxies due to minor mergers, but their associated clusters
annot be too massive, otherwise they would be EM-detectable. 
MNRAS 517, 5827–5834 (2022) 
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The upper end of the rate from Antonini & Perets ( 2012 ) allows
s to deduce from equation ( 6 ) that 

 G , b = 40 Gyr 

(
N BH 

10 4 

)(
f G , b 

0 . 1 

)(
n GN 

4 × 10 6 Gpc −3 

)

×
( R G 

0 . 1 Gpc −3 yr −1 

)−1 

(8) 

here we assume N BH = 10 4 (see Section 3.3 ). 
By contrast, in AGN, binary ionizations are expected to be rare.

his is because of the efficiency of gas drag in shrinking the binary
emimajor axis to less than that of the hard-soft boundary. This is true
ven for binaries ejected from the AGN disc (Tagawa et al. 2020b ), or
hose which interact with the gas relatively briefly (as for those that
ass through the disc on inclined orbits). Thus, the binary lifetime
as a notable impact on our next set of important parameters, the
inary fraction in each environment. 

.2 Binary fractions 

he binary fraction in our own Galactic centre is poorly constrained.
stimates of the binary fraction are often an extrapolation from the
bserved binary fraction of massive or low-mass stars, incorporating
ikelihoods of disruptive supernova kicks, convolved with random
oftening or hardening tertiary encounters for those binaries that
urvi ve, or form. Se veral mechanisms act to suppress the binary
raction in the innermost regions of galactic nuclei and we outline
hem here. 

First, very close to an SMBH, for a binary of mass M bin and semi-
ajor axis a b there is a binary tidal disruption radius R b,T ∝ a b q −1/3 ,
here q = M bin / M SMBH at which tidal forcing on the binary exceeds

ts binding energy (Hills 1988 ). This process is directly analogous
o the tidal radius R T ∝ R ∗q −1/3 around SMBH at which the energy
n a raised tide on a star exceeds the binding energy of that star
ielding a tidal disruption event (TDE; Rees 1988 ; Phinney 1989 ).
inary disruption close to the SMBH takes the form of partner
xchange forming a new binary between M SMBH and M 1 , ejecting
 2 at hypervelocity and is most probable within ∼O (10 −100) au of

he SMBH, depending on M SMBH and a b (Hills 1988 ). 
Secondly, further from the SMBH, there is still a radius of influence

 R inf ) where we expect most binaries to be softened by tertiary
nteractions. That is, the binding energy of the binary is less than
he average energy in a tertiary encounter ( E b < M bin σ

2 ) where σ
s the 1d velocity dispersion of the NSC stars. Here, binaries are
onized on a time-scale (Binney & Tremaine 1987 ) 

 ion = 

1 

16 π

(
M bin 

M ∗

)
σ

ρ∗a b 

1 

ln � 

, (9) 

here M ∗ is the typical stellar mass in the NSC, ρ∗ is the central
tellar mass density (M � pc −3 ), ln � is the Coulomb logarithm, with
 ion ∼ O (10)Myr–Gyr for plausible ranges of these parameters. 

A combination of sources of binary ionization suggests that many
though not all) binaries will be rapidly ionized, deep in the central
alactic nucleus, in the absence of a gas disc. Around low-mass
MBH, the lower velocity dispersion (and wider hard-soft boundary)
oes permit the survi v al of relati vely long-li v ed BBH. F or e xample,
 pair of 20 M � BH with a semimajor axis of 20 R � (which could
orm via dynamical processes in a NSC) would be hard in our own
alactic nucleus (where σ < 120 km s −1 ). Ho we v er, the e xpected
W lifetime of such a binary is 3 Gyr (assuming zero eccentricity
eters 1964 ). So, unless the quiescent period of a given nucleus is

ess than 3 Gyr, such a binary is likely to merge in an active nucleus
NRAS 517, 5827–5834 (2022) 
where the acceleration of hardening due to gas torques is efficient),
ather than a quiescent one. 

The only way of circumventing the strong ionization tendency in
as-poor nuclei is via a high rate of binary formation, allied with
trong eccentricity pumping, which could drive binary hardening
aster than ionization. Ho we ver, for binaries dynamically formed
n AGN discs, typical binary eccentricities are significantly higher
han for binaries formed in gas-poor nuclei (Samsing et al. 2022 ;
agawa et al. 2021 ). Recall that low generation mergers in GCs are
ore likely to be detectably eccentric (at a rate of a few per cent

f all GC mergers), while the highest generation mergers from GCs
re expected to be circular (e.g. Rodriguez et al. 2018 ) due to their
ong merger timescale after being ejected from the cluster. These
esults do not depend sensitively on natal BH spins, as long as a <
.2 (Rodriguez et al. 2019 ). Thus, observations of eccentric high-
ass BBH mergers are a key discriminant between AGN-driven

ierarchical mergers and other dynamical assembly channels. 

.3 Number of stellar origin BH 

n general, in quiescent nuclei, the fraction of all the stars in BH
epends on the average stellar mass function and the history and
egree of mass segregation (e.g. Generozov et al. 2018 ). Ho we ver,
GN discs may undergo star formation (e.g. Nayakshin & Sunyaev
005 ; Levin 2007 ), which could enhance the number of stellar origin
H in AGN discs (Stone et al. 2017 ). There are also suggestions

hat the unusual conditions experienced by stars embedded in an
GN disc could further enhance production of stellar origin BH

Cantiello, Jermyn & Lin 2021 ). In general, from a number of
ifferent approaches to the problem, the number of stellar origin BH
n our own galactic nucleus is expected to be O(10 4 ) pc −3 (Morris
993 ; Hailey et al. 2018 ; Generozov et al. 2018 ; Miralda-Escud ́e &
ould 2000 ; Miralda-Escud ́e & Gould 2000 ). 
These processes are sufficiently uncertain that we will not attempt

o include them in our considerations below, but we note that there
re essentially no suggestions for mechanisms to suppress N A ,BH 

elative to N G ,BH , at the onset of an active period, and we therefore
onserv ati vely assume N A ,BH / N G ,BH = 1 throughout. 

 RESULTS  

sing the estimates abo v e, we can parametrize equation ( 5 ) as 

 A / G ∼ 400 

(
f AGN 

0 . 01 

)(
t G , b /t A 

40 Gyr / 1 Myr 

)(
f A , b /f G , b 

1 

)
. (10) 

ote that R A / G could be one or two orders of magnitude larger than
n equation ( 10 ) if t A ∼ O (0.1) Myr and if f A,b / f G,b ∼ 10. 

Fig. 1 shows the ratio of merger rate density in AGN to merger
ate density in GN ( R A / G ) as a function of AGN lifetime ( τAGN )
nd the fraction of galactic nuclei that are active ( f AGN ). Since we
ssume the typical time to merger in an AGN disc is 1 Myr, the
ighest rate enhancement of AGN/GN occurs for τAGN = 1 Myr.
he figure conserv ati vely assumes f A ,b / f G,b = 1. We can easily see

hat the only region of parameter space where quiescent nuclei are
ompetitive with or surpass active nuclei as contributors to the BBH
erger rate is where AGN are extremely long lived and if only the

arest of nuclei ( f AGN � 0.01) have discs which can act as BBH
erger accelerators. If we more realistically assume f A,b / f G,b = 10,
e will always find R A / G > 1. 
Thus, if any n g −m g mergers are observed at z ≤ 2, where n > 3,

hey must have originated in an A GN. Further , if natal BH spins are
hown to be non-negligible, at z ≤ 2, n g −m g mergers with n > 2
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Figure 1. Relative rate densities of BBH mergers in active versus quiescent 
galactic nuclei. For nuclei containing an SMBH, assuming f A,b / f G,b = 1, 
t G,b = 40 Gyr, t A,b = 1 Myr, we find that almost regardless of the fraction 
of galactic nuclei that are involved in accelerating BBH mergers ( f AGN ) or 
AGN disc lifetime ( τAGN ), AGNs dominate the rate of BBH mergers from 

deep potential wells (blue). For very small f AGN and very large τAGN , it is 
possible for quiescent nuclei to make a substantial contribution (red; see the 
text for more details); ho we ver, if we assume a more realistic f A,b / f G,b = 10, 
then there is no region of parameter space where AGNs are not dominant. 
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2 A candidate EM counterpart was also reported in an AGN (Graham et al. 
2020a ); if the association is correct, it clearly lends further strength to the 
arguments for dynamical assembly; ho we ver, our arguments do not rest on 
the association. 
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ust also have originated in AGN. Finally, if natal BH spins are non-
egligible, eccentric mergers with n > 1 (i.e. all eccentric hierarchical 
ergers) must originate in AGN. Our results depend almost entirely 

n the very large escape velocity of galactic nuclei with an SMBH
compared to that of GCs), coupled with the enormous difference in 
verage binary lifetime between active and quiescent nuclei. There is 
 secondary dependence on the binary fractions in each environment, 
ut given other evidence pointing towards relativ ely short-liv ed AGN 

pisodes ( τAGN � 40 Myr; Shen 2021 ), even this effect is likely
o be irrele v ant. We further note that this result does not depend
n any assumption of star formation or enhanced BH formation in 
ctiv e o v er quiescent nuclei. If nuclear activity leads to enhanced
H production, then AGNs become still more important as locations 

or hierarchical mergers. One caveat to the reasoning above is that if
ost AGN episodes are very short lived ( < 0.1Myr), then the AGN

isc in these cases may only be the catalyst for the production of a
opulation of very hard BH binaries that then go on to merge via
ertiary encounters post-AGN. Multiple short-lived AGN episodes 
ould still allow for multiple such phases of AGN BBH catalysis. 

 CON SEQUEN CES  F O R  AG N S  

ere, we discuss some of the implications of the arguments abo v e and
utline some observational tests that might be performed to measure 
he contribution of the AGN channel to GW-detected BBH mergers. 

e can determine the fraction of BBH mergers from the AGN 

hannel ( f BBH, AGN ) by identifying the rarest (especially hierarchical) 
v ents the y uniquely produce. Measuring the rate of those rare events,
e can then use models to determine the fraction of remaining (non-
ierarchical) mergers that must also come from the AGN channel, 
nd what fraction must come from other channels. We also consider 
hat AGN astrophysics we can learn (with caveats) from GW and 
ultimessenger observations. 
.1 Clues for events unique to AGN 

here are a handful of clues we can search for among GW-observed
BH merger events that indicate an origin in a deep potential well,
hich therefore must be from an AGN. Among these clues are

MBH formation events, significantly asymmetric mass ratios with a 
ery large primary mass, and eccentric mergers. Additionally, very 
symmetric mass ratio mergers (at any mass) are signatures of gas
rocesses unique to AGN. 
LIGO–Virgo is beginning to detect IMBH formation events, e.g. 

W190521 (Abbott et al. 2020b , c ). This event is exceptional in many
espects: the total mass is > 100 M � (an IMBH); the mass of both
rogenitors is > 50 � i.e. in the pair instability mass gap (although see
ishbach & Holz 2020 ); both component spins were not small and
ligned; and there is some evidence for non-zero eccentricity, though 
his may be degenerate with spin misalignment (Romero-Shaw et al. 
020 ). All of these characteristics point to a dynamical process of
ssembly (e.g. Samsing et al. 2022 ; Zrake et al. 2021 ; Tagawa et al.
021 ). 2 We note that though initial findings of the likelihood of
W190521 being a hierarchical merger were ambiguous (Abbott 

t al. 2020c ; Fishbach & Holz 2020 ), the ambiguity rests on the
rior expectation of the relative rates of hierarchical mergers to 
g −1g mergers. For a sufficiently strong prior, a Bayesian parameter
stimation will be forced to find the region of permitted parameter
pace that agrees with both the data and the prior being enforced.
n the AGN channel, hierarchical mergers with progenitors in the 
ass gap are sufficiently common (McKernan et al. 2020b ) that, if

he relative rates from the AGN channel were the enforced prior,
W190521 would have 2 progenitors in the upper mass gap, as the

ingle-source parameter estimation implies. 
If the parameters of GW190521 are as described in Abbott et al.

 2020b , c ), a hierarchical merger scenario is the most likely origin.
he maximum mass of most 1 g BHs could be as low as M gap, lower 

35 M � – (see e.g. fig. 16 in Abbott et al. 2021b ), which suggests
g merged BH are < 70 M � in mass. Thus, GW190521 (85 M � +
6 M �) could have been a 3g −2g merger. If BH natal spins are a ∼ 0.2
consistent with Abbott et al. 2021b ), such a high generation merger
ust have formed in a deep potential well, and by our arguments

bo v e, it must hav e come from an AGN disc. If the merger was
g −2g and eccentric (as argued by Romero-Shaw et al. 2020 ), it also
ust have come from an AGN disc, regardless of natal spins. 
There are additional suggestions of hierarchical mergers in the 

iterature, though none as strong as GW190521. Nevertheless, we 
ote that GW170729 (Abbott et al. 2019 ), GW190412 (Abbott et al.
020a ), and GW190814 (Abbott et al. 2020d ) have been specifi-
ally considered candidate hierarchical mergers (and see Gerosa & 

ishbach 2021 for an excellent re vie w). The latter two e vents
re also notable as candidate AGN-dri ven mergers, irrespecti ve 
f their generational status, due to their unequal mass ratios (see
ore below). Besides these, there are five additional events in 
bbott et al. ( 2021a ) with primary masses likely > 50 M �, again,
aking them high-probability hierarchical candidates. Most recently, 
W190426 190642 ( M BBH ∼ 184 M �) and GW190403 051519 ( M 1 

88 M �) are extremely strong candidates for hierarchical mergers, 
f they are astrophysical (The LIGO Scientific Collaboration 2021a ). 

e see additional candidates the full LIGO–Virgo O3 catalogue (The 
IGO Scientific Collaboration 2021b ). 
MNRAS 517, 5827–5834 (2022) 
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Modestly asymmetric mass ratio mergers, especially those at 1:2
r 1:3 are more likely to be hierarchical mergers (and thus dynamical
ergers), since these ratios are the result of integer combinations

rom some base population, but these can be produced by GCs
nder particular circumstances (Rodriguez et al. 2022 ). Ho we ver,
he most asymmetric mass ratio mergers (1:10 and more extreme)
re only likely to form in an AGN-driven merger environment. This is
ecause, in a gas-poor dynamical environment, exchange interactions
end to sort binaries towards equal mass, though 1:2 and 1:3 events
ccur occasionally, especially between the most massive object in
he cluster and a less massive 1g partner. By contrast, gas discs
roduce mass-dependent migration torques in AGN, which naturally
roduces asymmetric mass ratio mergers (see e.g. McKernan et al.
020b ; Secunda et al. 2021 ; Yang et al. 2020 ; Tagawa et al. 2021 ,
hough these al w ays remain a minority of all BBH mergers). In
ddition, v ery e xtreme mass ratio mergers are uniquely produced if
GN discs harbour migration traps (Bellovary et al. 2016 ), which
llow the growth of very large ( > 500 M �) IMBH (McKernan et al.
020a , b ). 

.2 AGN fraction of total BBH merger rate 

he currently measured BBH merger rate density is R BBH ∼
4 + 15 

−9 Gpc −3 yr −1 (Abbott et al. 2021b ). Including a full accounting
f uncertainties yields a BBH merger rate from AGN of R AGN ∼
0 4 –10 −4 Gpc −3 yr −1 for a priori equally valid parameter choices
or AGN discs and NSCs (McKernan et al. 2018 ). Tighter parameter
anges ( R AGN ∼ 0 . 1 –60 Gpc −3 yr −1 ) have been presented (Gr ̈obner
t al. 2020 ; Tagawa, Haiman & Kocsis 2020a ); ho we ver, these do
ot account for the possibility of multiple AGN episodes in the same
ucleus, but do assume more realistic upper limits on the number of
H in a nucleus. 
GW190521 is the event most likely to have happened in an AGN.

f it did, there are two possible locations: (1) at a migration trap or
2) elsewhere in the disc (which we will call the ‘bulk’). McKernan
t al. ( 2020b ) find O (15) mergers at a trap Myr −1 (for a 1 Myr AGN
ifetime and a large radius disc) that implies R trap ∼ 1 merger / 70 kyr
er trap per AGN. If we say that only quasars or the most luminous
eyfert AGNs are responsible for AGN channel BBH mergers, then
 AGN ∼ 0.01 n GN of all galaxies ( f AGN = 0.01), or n AGN ∼ 4 × 10 4 

GN Gpc −3 . If we simply assume each such AGN has a trap, then
he o v erall trap merger rate density is R trap n AGN ∼ 0 . 6 Gpc −3 yr −1 ,
hich is approximately the upper limit to the rate of IMBH formation
ergers seen by LIGO (Abbott et al. 2020c ). Assuming a 10:1 ratio of
ergers in the bulk disc to the trap (McKernan et al. 2020b ), we find
 A ∼ 6 Gpc −3 yr −1 or f AGN, BBH ∼ 0.25. If the AGN disc is radially

maller than assumed in McKernan et al. ( 2020b ), then the ratio of
ulk to trap mergers decreases, and f AGN, BBH < 0.25. If instead the
erger happened in the bulk disc, i.e. away from a trap, or traps do

ot exist, then the hierarchical nature of GW190521 corresponds to
 ∼1/20 bulk merger event (McKernan et al. 2020b ) and R A could
e as high as O(20 Gpc −3 yr −1 ), or f AGN, BBH ∼ 0.8. 
Interestingly, GW190521 is not the only event in Abbott et al.

 2021a ) that points to a notable f BBH, AGN . GW190814 is a q = M 2 / M 1 

0.1 merger that is either a BH–BH or a BH–NS merger (Abbott
t al. 2020d ). Interestingly, q = 0.1 is the expectation value for q of a
H–NS merger in an AGN disc (McKernan et al. 2020b ). For BBH
ergers in the bulk AGN disc, a q = 0.1 merger is a ∼ 5 per cent

ccurrence (McKernan et al. 2020b ), again implying an AGN-driven
erger rate ∼20 Gpc −3 yr −1 . 
If the fraction of BBH merger events that come from the AGN

hannel is relatively large ( f BBH, AGN ≥ 0.25), this implies the AGN in
NRAS 517, 5827–5834 (2022) 
hich BBH mergers are occurring are relatively short lived ( < 5 Myr),
nd relatively dense ( ρ > 10 −11 g cm 

−3 ). The short AGN lifetimes
re required by the observed χ eff distribution (Abbott et al. 2021b );
f most mergers were originating in long-lived AGN, gas accretion
ould have aligned BH spins with the angular momentum of the gas
isc. But that would produce spins also aligned (or antialigned) with
he orbital angular momentum of the binary, thus producing more
xtreme values of χ eff (McKernan et al. 2020b ). However, in order
o rapidly merge BHs in shorter lived discs, gas capture of inclined
rbiters must be efficient, and that requires high-gas densities (Fabj
t al. 2020 ). 

Longer lived ( ≥5 Myr) or low-density ( ρ < 10 −11 g cm 

−3 ) AGN
isc can certainly e xist; the y simply cannot substantially contribute to
he measured R BBH . We should therefore take care in generalizing our
nferences of AGN properties from GW detections of BBH mergers,
ince such detections are biased towards BBH mergers in dense,
horter lived AGN discs. 

From a multimessenger perspective, this is mixed news – dense,
hort-lived discs should also be more the more luminous ones. This
akes searching for direct EM counterparts harder (the AGN is

righter) (McKernan et al. 2019 ; Graham et al. 2020b ), but also
eans there should be fewer such luminous AGN in each LIGO–
irgo error volume. This means it will be easier to use indirect

tatistical inference methods (e.g. Bartos et al. 2017 ) to determine
 AGN, BBH from GW observations and archival AGN catalogues
lone – provided such catalogues have adequate completeness and
eliability out to the LIGO–Virgo horizon (Ford et al. 2019 ). 

Looking forward, LISA (Amaro-Seoane et al. 2017 ) could detect
 large population of IMBH–SMBH mergers, if IMBHs are formed
t migration traps in AGNs at high efficiency. LISA can also detect
MRIs that should also occur at migration traps when an IMBH
erges with a lower mass BH delivered by gas torques. McKernan

t al. ( 2020b ) find that the median mass at the migration trap is
150 M � within 1 Myr and the mass at the trap grows as τ 3 / 2 

AGN . If
GNs are relatively short lived ( ∼1 Myr), the IMBH will not grow
uch beyond a few hundred M �. If some AGNs are longer lived,
 ∼10 3 M � IMBH could build up; ho we ver , these A GNs will be
ifferent from the dominant source of BBH mergers seen by ground-
ased GW detectors. 
Finally, we note that the ratio of hierarchical mergers to 1g −1g
ergers varies by dynamical channel, and is largest for mergers in
GNs. Measuring this ratio can help constrain the branching fraction
etween channels, and especially between dynamical channels. If
igh-generation hierarchical mergers are found to be sufficiently
ommon, it will help constrain the branching fraction between
Cs and AGNs. This represents a critical tool for using the GW
easured distribution functions of such parameters as mass and spin

o constrain multiple channels . If a given model channel produces
nown mass, spin, eccentricity, etc. distributions, and that model’s
ranching fraction can be measured using rare or unique events,
e can subtract the distribution of that channel from the o v erall
bserved parameter distributions. The residual distribution will then
epresent only the remaining channels – and if it is possible to do this
equentially, as might be achieved for multiple dynamical channels,
e can better use GW observations to constrain important unknown
hysical processes, such as common envelope processes in isolated
inary evolution. 

 C O N C L U S I O N S  

BH merger rates should al w ays be higher in AGNs than in quiescent
alactic nuclei, if those nuclei contain an SMBH. This is primarily
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ue to the difference in the average time to merger for a BBH in each
nvironment, which in turn is driven by the high ionization rate of
inaries in gas-poor NSCs. There is a secondary effect due to the
nhanced rate of binary formation in AGNs; the formation of BHs
n AGNs is likely a small additional factor. Because high-generation 
ierarchical mergers are unique signatures of dynamical processes 
n a deep potential well (regions with a large escape velocity), we
an use any unambiguous detection of such a merger as a probe of
he o v erall merger rate of BBHs from AGNs. 

In particular, if natal BH spins are typically near zero, AGNs 
ust be uniquely responsible for n th-generation mergers where n 
 3, regardless of the properties of the merger. If natal BH spins

re modest ( a ∼ 0.2) or a merger is eccentric, AGNs must be
niquely responsible for mergers where n > 2. Finally, if natal 
H spins are modest and a merger is eccentric, AGNs must be
niquely responsible for mergers where n > 1. Since the maximum 

ass of the initial BH mass distribution remains uncertain, and 
rogenitor spin measurements are frequently also uncertain, it is still 
ifficult in most cases to distinguish which generation a particular 
erger may be, and we are hopeful that future observations will 

larify the underlying distributions of masses and spins for 1g −1g 
ergers. 
Current observations of candidate hierarchical mergers imply that 

 AGN,BBH ∼ 0.25 −0.8, the fraction of all BBH mergers that could be
ccounted for by AGNs. In principle, we can use such a measurement
o constrain the mass, spin, etc. distributions from this and from other
hannels. We note that the AGNs contributing the most to the BBH
erger rate will be those with shorter lifetimes ( < 5 Myr) and larger

as densities ( ρ > 10 −11 g cm 

−3 ). These short lifetimes make it
ifficult to build up very large IMBH masses ( ∼10 3 M �), which
ill limit the rate of formation of substantial IMBH–SMBH binaries 

asily detectable by LISA. Longer lived AGN discs may still exist, 
nd they may still produce some substantial IMBH–SMBH binaries; 
o we ver, these must be different from the AGN discs producing BBH
erger detections. 
We therefore should be cautious in our inferences about the 

roperties of AGN discs from GW observations. BBH mergers 
ikely probe only the most luminous AGNs; other types of AGNs 
o exist, and their parameters (lifetimes, densities, volume filling 
actors) will need to be probed via other methods (possibly including 
W observations of IMBH–SMBH binaries using LISA). 
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