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Thereis some weak evidence that the black hole merger named GW190521 had a
non-zero eccentricity’ In addition, the masses of the component black holes
exceeded the limit predicted by stellar evolution®. The large masses can be explained

by successive mergers*®, which may be efficient in gas disks surrounding active
galactic nuclei, butitis difficult to maintain an eccentric orbit all the way to the
merger, as basic physics would argue for circularization®. Here we show that active
galactic nuclei disk environments can lead to an excess of eccentric mergers, if the
interactions between single and binary black holes are frequent® and occur with
mutualinclinations of less than a few degrees. We further illustrate that this eccentric
population has a different distribution of the inclination between the spin vectors of
theblack holes and their orbital angular momentum at merger’, referred to as the
spin-orbit tilt, compared with the remaining circular mergers.

Black holes that eventually merge in active galactic nuclei (AGN) disks
canbebroughtinto the disk through gas capture fromthe surrounding
nuclear star cluster® or can be produced through in situ star forma-
tion® ™. Once ablack holeis in the disk, it will undergo radial migration®
and can, asaresult, pair up with another black hole to formabinary™>*>,
Recent studies show that interactions between such migrating binary
black holes and other single black holes in the AGN disk, referred to as
binary-singleinteractions, likely provide the main pathway for bringing
binaries to merger>*" (Fig. 1). Despite progress on characterizing such
interactions', the inclusion of gravitational-wave emission during the
interactions, whichhasbeenshown to be essentialinresolving mergers
withnon-zero eccentricity that formin stellar clusters'', remains unex-
plored. Observationally, GW190521is among the first gravitational-wave
sources withindications of an AGN disk origin®>®. Itis sensible toinquire
whether its apparent non-zero eccentricity’, as well as its observed
approximately 90° spin-orbit tilt’, could arise naturally as a distinct
signature, characteristic of dynamically induced AGN disk mergers.
With this motivation, we explore how binary black holes merge
through binary-single interactions in AGN disk environments when
gravitational-wave emission is included in the dynamics by means of
the2.5-post-Newtonian (2.5-PN) term? (see Methods). To approach this
complexastrophysical situationin a systematic way, we focus here on
quantifying the unique signatures that might be associated with the
roughly 2D disk-like environment of the AGN disk compared with the
usual 3D interactions found in stellar clusters®. For this, we perform
controlled experiments of initially circular black hole binariesinteract-
ing with singles incoming on an orbital plane that is inclined relative
to the binary orbital plane by an angle ¢, for which ¢ = 0 corresponds
to a coplanar interaction (Fig. 4). For a given scattering, we study the
characteristics of the merging black holes, which we divide into the
following two distinct categories; 3-body merger: two of the three

interacting black holes merge while they are allbound and interacting"
(Fig.1); 2-body merger: the binary black hole survives the three-body
interaction, but merges before undergoing its next interaction®.

Figure 2shows the probability for merger as a function of black hole
binary semimajor axis, a. Asshownin this figure, restricting theinter-
actionsto be coplanarleads toanotable enhancement of mergers; for
example, for a binary with a semimajor axis a =1 AU, the fraction of
3-body mergersisabout100 times largerin the 2D disk case compared
with the 3D cluster case. As outlined in the Methods, this enhancement
is due to the differencein eccentricity distributions of the dynamically
assembled binaries, P(e), that follows =e/~/1- e? in the 2D case, com-
pared with =2e in the 3D case?®%. Our analytic approximations
(see Methods) for both the 2-body and the 3-body merger probabilities,
P, and p;, respectively, are also included in Fig. 2. Assuming the
equal-mass limit, the corresponding ratio of probabilities between the
2D and the 3D casesis
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inwhichmistheblack hole massand ¢, is the time betweeninteractions
scaled to a value characteristic for AGN disk models®. These results
show that the effects from breaking the scattering isotropy become
increasingly important atlarger aand smaller m. Note further the weak
dependence on ¢,,.

Aninteresting observational consequence of the enhancement of the
merger probabilitiesis theincrease inthe number of black hole mergers
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Fig.1|Illustration of an eccentricLIGO-Virgo source forminginan AGN
disk.Bottom, AGN disk (not to scale) withits central supermassive black hole
and a population of smaller orbiting black holes. These smaller black holes
occasionally pair up to form binary black holes, which oftenundergo

with ameasurable eccentricity, e, at gravitational-wave frequency fgy.
Thisisillustrated in Fig. 2, which includes the probability that a given
scattering resultsinamerger with ameasurable ein LIGO-Virgo (e > 0.1
atfgy =10 Hz). Asshownin the figure, the eccentric population follows
closely the 3-body merger population, but the scaling with m and a
is slightly different. As a consequence, the probability of forming a
merger withe > 0.1atf;,, >10 Hzin the 2D case is enhanced relative to
the 3D case by the factor (see Methods)
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Figure 3 extends this analysis to the less-idealized case by plotting
the merger probabilities as afunction of ¢ for fixed a =1 AU. As shown
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Fig.2|Merger probability. Probability of undergoing a2-body merger

(plus signs) or a3-body merger (circles) withinspiral time ¢, < t;,,=10° years,
derived from2.5-PN binary-singleinteractions between black holes with equal
mass 20 M,, as afunction of initial semimajor axis, a. The triangles show the
probability of undergoing amerger withe>0.1at >10 Hz. Red, numerical results
from 2D co-planarinteractions; blue, numerical results from 3D isotropic
interactions; dashed lines, analytical approximations (see Methods).
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Eccentric merger

scatterings with the single-black-hole population. Top, outcome of a[SOM,,

80 M,]binaryblack holeinteracting withanincoming [70 M ] black hole, which
resultsina[80M,, 70 M,] binary black hole merger during the interaction, with
aneccentricity ofabout 0.5in LIGO-Virgo.

inthe figure, ¢ here must be <1° for the boost in eccentric LIGO-Virgo
mergers to be notable. The true distribution of ¢ is observationally
unconstrained, and it is unclear whether binary-single scatterings
are within a few degrees of coplanar, as is necessary in our model.
Ifthe characteristic inclination angle is comparable with the AGN disk
thickness i divided by the radius r,, = R(m/M)*? of the Hill sphere, in
whichRisthedistance to the central supermassive black hole with mass
M, then g =1°for thin disk models>** (h/R =107, M =10°M,, m =~ 50 M,,).
If, instead, the characteristic inclination angle is given by h divided by
the semimajor axis of the binary (as might happenif turbulent eddies
and/or 2-body scattering areimportant), then ¢ = 1radian or more and
interactions coplanar enough for our mechanism to operate are rare.
Itis uncertain whether gas drag will typically lead to efficient copla-
nar alignment, but if it does, then ¢ less than a few degrees would be
lessrare.
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Fig.3|Dependence onorbitalinclination. Probability of undergoinga
2-body merger (plussigns) or a3-body merger (circles) with inspiral time
tow<tin=10°years,derived from2.5-PNinteractions between a binary with
a=1AUandanincomingsingle, for varying relative orbital inclination angle, ¢.
Thetriangles show the probability of undergoing amerger withe>0.1at>10 Hz.
Allthree objects are black holes with equal mass m=20M,. The dotted lines
illustrate the 2D (disk) and 3D (cluster) limits for the eccentric population
(e>0.1at>10Hz).
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Fig.4 |Distribution of orbital plane orientations. Results from2.5-PN
scatterings betweenanincoming 20 M, black holeand a[40 M, 20 M] binary
black hole with a=1AU. The initial orbital inclination (depicted in top right
panel)issetto¢=0.5° The histograms, each normalized, show the inclination
angle between the orbital angular momentum vector of the final merging

Finally, our 2.5-PNscatterings also show aninteresting new relation
between black hole merger eccentricity and spin-orbit tilt caused by
the anisotropic environment provided by the AGN disk. The spin-orbit
tiltisa powerful statistical measure of the underlying formation chan-
nel; for example, sources dynamically assembled in stellar clusters
are expected to have anisotropic distribution, in contrast to mergers
originating fromisolated stellar binary evolution®. Figure 4 explores
this for AGN-disk-mediated mergers, by plotting distributions of the
angle betweenthe orbital angular momentum vector of the final merg-
ingbinary black hole and that of theinitial black hole binary, denoted 8,
with Fig. 5 (see also Methods) showing the corresponding distributions
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Fig.5|Eccentricity and gravitational-wave frequency distributions.
Results from 2.5-PN scatterings, between anincoming 20 M, black holeand a
[40M,,20 M ] binaryblack hole withinitiala=1AU. Theinitial inclination
betweenthebinary and single orbital planesis ¢=0.5°. Thered and purple
distributions show the outcome from 2-body mergers and 3-body mergers with

binaryblack holeand theinitial one, 6 (depicted in lower right panel), where
yellow and blue refer to the populations of merging binaries with eccentricity
e<0.05at10Hzande>0.5at>10 Hz, respectively. The dotted line shows for
comparisonanisotropic distribution expectedinthe 3D cluster-like case.

of gravitational-wave frequency and eccentricity. We split the distribu-
tions in Fig. 4 into two categories based on binary eccentricity at the
time of detectability,e<0.05at 10 Hz (yellow) and e> 0.5 at >10 Hz (blue).
Asseeninthefigure, the distribution of 8 with notable eccentricity in
LIGO-Virgo (e > 0.5 population) is much broader and flatter than for
theremainingcircular (¢e<0.05 population). Part of the reason for this
is that eccentric mergers have a relatively small angular momentum
vector, which can therefore be easily reoriented without being notably
constrained by the (near coplanar) initial conditions, in contrast to the
lesseccentric mergers. The angle @is not directly observable; however,
the gas thatbringstheinteractingblack holes close to the plane of the
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tow <t =10°years, respectively, where grey is their sum. Left, distribution of
binaryblack hole gravitational wave peak frequency, f;,, measured right after
the time of assembly. Right, cumulative distribution of binary black hole orbital
eccentricitiesat 210 Hz. For sources formed with f;,, >10 Hz, the corresponding
eccentricityhasbeensettoe=1.
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AGN disk before interaction’ will also spin them up throughaccretion,
whichwill drive their spin vectors towards being perpendicular to the
AGN disk. As aresult, 8is roughly equal to the observable spin-orbit
tilt. This opens up the previously undescribed possibility of using
eccentricity together with spin-orbit tilt to investigate the origin of
AGN-disk-mediated mergers, and provides further a possible expla-
nation for the non-zero eccentricity and noticeable spin-orbit tilt of
GW190521ifit formed in an AGN disk.
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Methods

Analytical estimations and theoretical modelling

The coplanar 2D binary-single scattering setup, for which ¢y=0, not
only represents the limiting case of our AGN disk scattering model but
also leads also to an upper limit on the number of mergers compared
with theisotropic 3D cluster case. Although idealized, itis therefore use-
fulto consider thismodel to explore the expected maximum enhance-
ment of the merger probability, when going from the cluster-like 3D
case to the disk-like 2D case. In the following analytical treatment, we
assume equal-mass binary components and omit the possible effects
from gas drag in the dynamics®®?,

We start by calculating the probability P(t,, < 7) that a dynamically
assembled binary black hole has a gravitational-wave inspiral time
tow less than some timescale 7. For an eccentric binary black hole, ¢,
is given roughly by®

5
tow= szc m 3(1 e’ =t x(1-€%"?, “)
inwhich e, a and m are the initial orbital eccentricity, semimajor axis
and individual black hole mass, respectively, and ¢, denotes the cir-
cular inspiral time for which e = 0. The eccentricities of binary black
holes dynamically assembled through 2D coplanar interactions are
distributed as®**

P e)=e/J1-€2, (5)

fromwhichit directly follows that

POt <) = (/8" (6)

inwhichwe have used that P?”(e > e,) = ./ (1 - e2) .With this expression,
we can now estimate the probability thata binary black hole with given
orbital parameters will merge through a 2-body or a 3-body merger
process.

The probability of a 2-body merger, p(zzD), is found by equating 7in
equation (6) with the time until the binary black hole undergoes its
nextinteraction, ¢,

, T T A
peo = V7 int a -
(Eini/2™" = 0. 07LO5 years} {20 MJ [IAU} 0

in which we have normalized to values characteristic of AGN disk
environments’. To estimate the 3-body merger probability, p(ZD) we
describe the often highly chaotic binary-single interaction as aseries
of N temporary states, each characterized by a binary black hole
withabound single*’. Now, for one of these temporary binary black
holes to merge, its inspiral time ¢, must be smaller than the char-
acteristic timescale for the system*, T, - ./a®/(Gm) . Hence, the
probability that a binary black hole undergoes a 3-body merger is
found by first equating rin equation (6) with T,and then multiplying
by N,

m /14 a TS
@D) Y7 8
Py = N'x(Ty/t) 0.15{20%} [IAU} . (8)

For thelast equality, we have used AV = 20 as found using the simula-
tionsintroduced inFig.2 (we do not find AV to depend greatly on ¢ for
our considered equal-mass setups; however, it does depend on the
mass hierarchy and should therefore be treated as a variable in the
general case®). For comparison, in the isotropic 3D case, the eccentric-
ity distribution P(e) instead follows® P®P(e) = 2e, from which one finds",

P = (60/t)*7and p{P = N x (Ty/t)* Therelative change in going
from 3Dtothe 1IIustrat|ve 2D caseis therefore

(D) ~6/14 ~1/7
P2 (/07 <10 x| - [LTM —fine )
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which shows here why a disk-like environment can lead to a notable
enhancement of both 2-body and 3-body mergers. Comparing the
relative probabilities,

(P51 105P) = e/ T 21 )

we further conclude that the relative number of 3-body mergers form-
inginthe2D caseis always greater thaninthe 3D case. Thisisimportant
inrelation to eccentric mergers, as will be described further below.
Lastly, Fig. 2 illustrates the merger probabilities as a function of a,
derived using our 2.5-PN N-body code®, together with our analytic
approximations. Asshown in this figure, we find excellent agreement
in the large a limit as expected, as this is where the probabilities are
small enough to be written as an uncorrelated sum over  states, as
wedid inequation (8).

Oneimmediate consequence of the relative enhancement of 3-body
mergers is a non-negligible population of binary black hole mergers
thatappear with a detectable eccentricity, e, at some gravitational-wave
frequency, fou- As for the merger probabilities above, we start by cal-
culating an upper limit on the number of such eccentric mergers by
again considering the illustrative 2D limit. For these calculations, we
consider only the contribution from 3-body mergers, as they greatly
dominate (Fig. 5).

For abinary black hole to appear with an eccentricity e > e;at gravi-
tational-wave peak frequency f;,, = wL/2Gm/r}, inwhich r;is the
pericentre distance, the initial binary black hole pericentre distance
at assembly (or ‘capture’) has to be smaller than r.(e;), for which r (e;)
at quadrupole order is given by'***

1/3
26m | 1l+el425(, 121 ,
relen) = {f “2} 2e}2/19{304[1+304 j 2

-1 870/2299
GW :|

Therefore the probability that abinary-single interactionresultsin
an eccentric merger during the interaction is, to leading order, the
probability that two of the three black holes form a temporary binary
black hole with aninitial pericentre r, < r.(e;). To calculate this probabil-
ity, denoted hereinshortby p..., we again describe the 3-body inter-
action as V' temporary binary-single states and, by using that
P®(e>e,) = {2(1- ey) inthe high-eccentricity 2D limit, together with
the Keplerian relation ro/a =1- e,, we find”

2r.(ef)
(ZD),. f.
e =N [ = (13)
For fgw =10 Hz, relevant for LIGO-Virgo™®,
Ve 4 TU2
P _a_ 14
@D)(e>0.1: >10 Hz) ~ 015{20/”} [IAU} , (14)

in which this relation includes all sources that will appear with e > 0.1
at10 Hz or above. Comparing this to the isotropic 3D case’ for which
P = N'x 2rep)/a, we find p22/pBD) = \jp®D) Therefore, in the 2D
case, the probability that a scattering results in an eccentric source is
greater by atleast afactor of about ' compared with the 3D case. These

analytical considerations are further supported by the scattering
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results showninFig. 2. Finally, note that, for converting to the probabil-
ity for actually observing an eccentric source, one has to sum the indi-
vidual scattering probabilities — the ones we have considered so far
— over the number of scatterings a given binary undergoes before
merger takes place. The relative observable number of eccentric merg-
ersis therefore greater than that stated above.

Results from unequal-mass scatterings

Toillustrate that eccentricbinary black hole mergers are nota unique
outcome of the equal-massinteractions mainly presentedin thisarticle,
we show here the results from 2.5-PN scatterings between abinary black
hole [40 M,, 20 M,] with a =1 AU and an incoming single 20 M, black
hole on aninclined orbital plane with ¢ = 0.5°. Figure 5 left shows the
gravitational-wave peak frequency distribution at the time of dynamical
formation (assembly) for each binary black hole that eventually merges.
Nearly all 3-body mergers form near or in the LIGO-Virgo band, whereas
the 2-body mergers peak at lower frequencies inthe LISAband. Figure 5
right shows the corresponding cumulative eccentricity distribution
at 10 Hz, in which we have assumed the quadrupole approximation®
for propagating the sources from their initial gravitational-wave peak
frequency. As shown here, about 40% of all the binaries with merger
time <10° years will appear with an eccentricity e> 0.1at f;,, > 10 Hz
in this unequal-mass example. This is similar to what is found in the
equal-mass case, whichiillustrates that the unequal-mass case is also
expected to produce eccentric mergers atan enhanced rate when the
interactions are near coplanar.

Post-Newtonian scattering simulations

We use a2.5-PNN-body code that hasbeen well tested and used in sev-
eral previous studies®, including both 3-body*?and 4-body* dynamics.
Although we had the option of including all lower-order PN terms up
to 2.5, we included only the 2.5-PN term to both ensure stability’® and
as this has been proved sufficient to accurately resolve and track the
population of 3-body mergers that is unique to this channel®®. We did
notincludethe possible effects from gas dragin the 3-body equations
of motion, or tidal effects from the central supermassive black hole.
2D simulations of binaries in an AGN disk have been performed very
recently®, but an extension to the chaotic 3D few-body problem is
highly non-trivial and will be the topic of future studies.

Inallour2.5-PNsimulations, we limited the interaction time to 1,000
times the orbital time of the initial target binary, which resulted in
only afew percent ofinconclusive scatterings. These mainly originate
from scatterings for which the third object is sent out on an almost
unbound orbit with a corresponding orbital time that theoretically
approachesinfinity. These were therefore excluded from our sample.
Inaddition, we only considered the strong-scattering regime, for which
thesingle object onits first passage has an effective pericentre distance
with respect to the binary that is similar to the binary semimajor axis.
Therefore we do not include the regime of weak scatterings®, which
could take place during the early stages of the interaction when the
single approaches the binary on a near corotating orbit, as could be
the case from the AGN disk migration model. This naturally requires
amore comprehensive N-body modelling of the problem, including
effects from the disk and central black hole, and will be addressed in
future studies.

For all our presented scatterings based on interactions between a
binaryandasingle onafixed orbital plane, we assume that the singles
have anisotropic distribution ofimpact parameters atinfinity. For the
3D isotropic scattering cases, the distribution is instead taken to be
isotropic at a sphere at infinity. For all interactions, we randomized

the internal binary orbital phase angle; therefore, in this work, we do
not distinguish between counterrotating and corotating interactions.
We further assumed the single to nearly free-fall from infinity.
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