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(Antonini and Rasio ’16)

NUCLEAR  
CLUSTERS 

GLOBULAR 
CLUSTERS 

BH mergers from nuclear clusters have distinct 
properties from those formed in globulars

• Continuous star formation 

• Some host central SMBHs  

• High escape velocities                
(~100 Km s-1) 

• GCs are old 

• No central SMBH 

• Low escape velocities       
(~20 Km s-1) 

(Rodriguez+ ’16)



NUCLEAR CLUSTERS 
WITHOUT MASSIVE BLACK 

HOLE
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Relativistic Kick
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BH binaries form 
via three body interactions

Globulars

 Hardening  Ejections 

Nucle
i

GW inspiral  
What happens next?

``Newtonian’’ 
Kick



RETENTION OF MERGER 
REMNANTS

Antonini and Rasio ‘16

A large fraction of BH merger remnants is retained in NCs; 
Significant growth can occur.
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MODEL PREDICTIONS

Nuclear clusters are efficient 
factories of BH-BH mergers

Antonini and Rasio ‘16

�GC ⇡ 5Gpc�3yr�1

�NC ⇡ 2Gpc�3yr�1



Nuclear clusters are efficient 
factories of BH-BH mergers

Nuclear clusters are efficient 
factories of GW150914-like mergers

�GC ⇡ 5Gpc�3yr�1

�NC ⇡ 2Gpc�3yr�1

�NC(z < 0.3;M > 50M�) ⇡ 0.4� 1.5Gpc�3yr�1

�GC(z < 0.3;M > 50M�) ⇡ 0.05� 1Gpc�3yr�1

MODEL PREDICTIONS
Antonini and Rasio ‘16



NUCLEAR CLUSTERS WITH 
MASSIVE BLACK HOLE



THE LIDOV-KOZAI MECHANISM 
Triple system is stable and can be thought as two interacting 

wires rather than point masses on orbits (orbit-average 
approximation):

I J1

J2

Outer orbit

Inner orbit10 Antonini & Perets

important since e1 approaches (or exceeds) the value of
the maximum eccentricity that would be attained by the
binary via Kozai processes, which is mainly fixed by the
initial inclination (emax =

√
1 − 5/3cos2I, neglecting ad-

ditional sources of apsidal precession).

4.3. Merger fraction and eccentricity distribution
The number of GW sources from binary mergers in

galactic nuclei NGW, is the number of binaries residing in
some region close to the SMBH where they can efficiently
merge (r < Rmerger):

NGW =N⋆(r < Rmerge) × fbin

× fcbin(r < amerge)fmerge(i > |90 − imerge|)(29)
where N⋆(r < Rmerge) is the number of stars in the en-
closed region, fbin is the binary fraction for the given
stellar type discussed earlier, fcbin is the fraction of close
enough binaries (a < amerge) that survive in this region
and fmerge is the fraction of binaries for which Kozai evo-
lution lead to merger. In the following we estimate the
rate of binary mergers as well as the properties of the co-
alescing binaries, which will determine their GW signal
characteristics. In order to do so we use a Monte-Carlo
approach which accounts for all the relevant parameters
in Equation (29), through random sampling of binaries
with the appropriate properties. Binary properties are
sampled from the large phase-space of the various bi-
nary properties, which we describe below. Through the
random sampling, we obtain a large ensemble of binaries
and use the approximate method described in section
4.2, to evolve each of the binaries and check whether
it could coalesce before it evaporates due to encounters
with other stars. For those binaries that coalesce we
save the binary eccentricity as it enters the LIGO band;
these are then used to determine the overall eccentric-
ity distribution of the GW sources. We first determine
the relative fractions of merging binaries arising from dif-
ferent separations around the SMBH (see Table 1), and
then normalize the overall rates by the expected number
of binaries residing in that region (which depends on the
total number of stars multiplied by the binary fraction).
In the following, we describe the method in details.

We considered the idealized case of binaries with equal
components of masses 10 M⊙ or 2 M⊙ corresponding
to BH-BH and NS-NS binaries respectively. Given the
uncertainty in the spatial distribution and properties of
compact binaries in galactic nuclei the results presented
in this section constitute a set of baselines for making
predictions about the expected gravitational wave signal
produced by such systems.

We sampled the binaries external orbits from the dis-
tribution of orbital elements:

N(a, e2)dade2 = N0a
2−βdade2, (30)

which generates steady-state phase-space distributions
for an isotropic density cusp near a dominating point
mass potential. We first used the density model of Equa-
tion (1) with γ = 0.5, 1.8 to determine the evaporation
time scale of the binary systems and we assumed that
they follow the same density distribution of background
perturbers, solar mass stars in this case. In a further set
of integrations, the evaporation time-scale was computed
from the combined density profile of stars and BHs corre-
sponding to a mass segregated cusp near SgrA* (Hopman

& Alexander 2006a):

ρ(r) = ρ⋆(r) + ρBH

(
r

1pc

)−2

, (31)

with ρBH = 1 × 104M⊙pc−3. The functional form of
the stellar density profile, ρ⋆(r), is that of Equation (1)
with γ = 1.4. The power law index in equation (30)
was set to β = 2 and β = 1.5 for BHs and NSs respec-
tively. We imposed a lower limit for the periapsis of the
external orbit of a2(1 − e2) > 4rbt based on the fact
that at shorter distances the binary is unstable due to
the strong perturbations from the central black hole and
Equations (3)-(6) become a poor description of the dy-
namical evolution of the triple system. The distribution
of inner semi-major axes, a1, follows the binary distri-
bution given in Figure 1. The eccentricity of the inner
binaries, e1, were instead sampled from a thermal dis-
tribution, i.e. N(< e1) ∝ e2

1. We adopted a uniform
distribution in cos(I) and a random distribution in g1.

The maximum eccentricity in a Kozai cycle can be
estimated by considering that the Hamiltonian of the
system, in its quadrupole form, is a conserved quan-
tity. The total Hamiltonian is H = kW where k =
3Gm0m1m2a2

1/8M1a2(1 − e2
2)1/2 and (Miller & Hamil-

ton 2002)

W (g1, e1)=−2(1 − e1) + (1 − e1)cos2I

+5e1sin2g1(cos2I − 1) +
χ√

1 − e2
1

,

with the last term accounting for relativistic precession.
The system starts from initial eccentricity e1, argument
of periapsis g1 and mutual inclination I and evolves to
a maximum eccentricity emax and critical gcrit and Icrit.
These latter quantities can be related to each other set-
ting de1/dt = 0 in equation (22), this gives:

sin 2g1,crit =
152G3m0m1Mb

c5a4
1 (1 − e2

max)
7/2

(
1 +

121
304

e2
max

)

× G1

K (1 − cos2 Icrit)
. (32)

Using equation (26) to relate Icrit to emax, and assuming
that a1, a2 and e2 are constant quantities, one obtains
emax solving the implicit equation:

W (g1, e1) − W (gcrit, emax) = 0 . (33)

An approximation to the merger time is

Tmerge = T0(a1, emax)/
√

(1 − e2
max) . (34)

Given a certain distribution of orbital elements we then
estimated the number of binaries that would merge in
the galactic nucleus due to Kozai resonances induced by
the central black hole.

Table 1 gives the total fraction of merging binaries
for which the external orbits are sampled inside some
fiducial galactocentric distances. We find that for BH-
BH binaries, the SMBH-Kozai induced mergers repre-
sent ! 40% of the total number of mergers occurring at
r " 0.01 pc. The overall fraction of mergers in models
characterized by a cusp in the distribution of background
perturbers (i.e., mass-segregated and cusp models) is
slightly lower with respect to that of models with a core

Reaches

after a time
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The quadrupole-level secular perturbation equations
can be easily derived from the conserved Hamiltonian (4).
The resulting evolution equation of the inner binary or-
bital angular momentum due to the torque from the ter-
tiary is (e.g., Lidov & Ziglin 1976):

dℓ1
dt

=−
15π

4

m2

Mb

a31
a32(1 − e22)

3/2

e21
P1

sin2 I sin 2ω1 . (5)

The characteristic timescale for the eccentricity oscilla-
tions is (Holman et al. 1997):

TLK ≃ P1

(

Mb

m2

)(

a2
a1

)3

(1− e22)
3/2 . (6)

Using Equation (5) and taking the relevant limit e1 →
1, we find that the maximal change in the inner binary
angular momentum due to the interaction with the third
object and over the inner binary orbital period is

δℓin ≈ 4π
m2

Mb

a31

a32 (1− e22)
3/2

, (7)

and the change in the binary angular momentum over
one orbit of the tertiary is

δℓout ≈ δℓin
P2

P1
; (8)

thus, the change experienced over the timescale associ-
ated with the period of the outer orbit is naturally P2/P1
larger than the change experienced over the inner binary
orbital period.
Equation (4) describes the gravitational interaction of

two weighted ellipses rather than point masses on orbits
and is accurate as long as δℓout/ℓ1 ! 1, i.e., changes of
the inner binary angular momentum occur on a timescale
longer than the tertiary orbital period. If instead the
change in the inner binary angular momentum over the
inner and outer orbital periods is of order ℓ1, then the
system no longer meets the conditions required for the
orbit averaged approximation, and more accurate direct
three-body integrations are needed.
Following the discussion above, in order to address the

reliability of the orbit averaged approach in describing
the evolution of a triple system it is useful to compare
the change in angular momentum of the binary to the
critical angular momentum ℓdiss ≈

√

2Ddiss/a1, where
Ddiss is the scale at which other dynamical processes will
dominate the evolution of the inner binary. Since in this
paper we focus on triples in which the inner binary can
be driven to a strong close interaction or even a merger,
we identify these processes with energy loss due to GW
radiation and tidal dissipation in the case of BH and
stellar binaries, respectively.
The condition that the inner binary undergoes rapid

eccentricity oscillations over the outer orbital period can
be written as qout ≡ δℓout/ℓdiss " 1; this requirement
translates into a condition on the outer perturber sepa-
ration,

a2
a1

!
3

1− e22

(

m2

Mb

)2/3 ( Mb

Mb +m2

)1/3 ( a1
Ddiss

)1/3

.

(9)

We call this regime “moderately” non-secular. In this
regime systems can experience eccentricity oscillations
over the outer binary period and can be driven to
higher eccentricities than secular theory would oth-
erwise predict, which in the case of compact object
binaries could result in substantially reduced merger
times (Antognini et al. 2014).
If qin ≡ δℓin/ℓdiss " 1, the inner binary will undergo

eccentricity oscillations on the timescale of the inner or-
bital period; this can be achieved if the tertiary comes
closer to the inner binary than the separation

a2
a1

!
2.5

1− e2

(

m2

Mb

)1/3 ( a1
Ddiss

)1/6

. (10)

We call the regime defined by this equation “strongly”
non-secular (see also Antonini & Perets (2012) and equa-
tion 7 in Katz & Dong (2012)). In this situation the
outer perturber is close enough to significantly change
the angular momentum of the eccentric binary at the last
apoapsis passage leading to a jump in angular momen-
tum of order ℓ1. The angular momentum of an eccen-
tric inner binary can jump from several times ℓdiss (far
enough to avoid GR or tidal effects) to an arbitrarily
small value. Equation (10) defines the region of param-
eter space within which a compact object binary might
be expected to enter the aLIGO frequency band with
a finite eccentricity (Antonini & Perets 2012; Seto 2013;
Antonini et al. 2014) or, in the case of inner stellar com-
ponents, the binary members might experience a close
interaction leading to a stellar collision (Katz & Dong
2012; Prodan et al. 2015).
Here we quantify the role of non-secular effects for

triple systems forming in stellar clusters by analyzing the
properties of all dynamically stable triples that were pro-
duced in the GC Monte Carlo models of Morscher et al.
(2015) (see Section 3.2). The Monte Carlo models give
the masses, stellar radii, semi-major axes, eccentricities
and stellar type of all triples formed during the cluster
dynamical evolution; these properties were used to make
Figure 1 which shows the period distributions as well as
the distribution of the ratio a2(1−e2)/a1 of all BH triples
(left panels) and stellar triples (right panels) that formed
in these models 1.
in Figure 1 we have distinguished triples which satis-

fied the criterion (9) (green histograms) and those meet-
ing the more stringent condition equation (10) (blue his-
tograms) from the remaining systems which satisfied nei-
ther conditions. In the case of stellar triples we evalu-
ated equation (9) and (10) setting Ddiss = 2(R0 + R1)
with R0 and R1 the physical radii of the inner binary
components (Katz & Dong 2012), while for BH triples
we adopted a conservative dissipation scale of Ddiss =
109 cm (Antonini et al. 2014).
Figure 1 shows that for the majority of BH triples

formed non-secular dynamical effects are expected to be-
come important before GR terms can significantly affect
the evolution of the inner binary. We conclude that the
standard LK secular theory will fail in describing the

1 Hereafter we define as a stellar triple any stable triple in which
both components of the inner binary are MS stars; BH triples are
identified with triples in which the two inner components are both
stellar BHs.

Example of LK mechanism



THE LIDOV-KOZAI 
MECHANISM NEAR A MBH 

Antonini and Perets ‘12
Prodan, Antonini and Perets ‘15
Antonini, Dosopoulou in prep.



Example of BH merger near a MBH

Rate: ~100 Gpc-3yr-1 (VanLandingham, Miller et al. 2016) 
Rate (observed): 9-240 Gpc-3yr-1 (Abbott et al. 2016) 

1- Eccentricity

GW radiation dominates

LK oscillations

LIGO BAND 
(f>10Hz)Se

m
i-m
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or

 a
xi

sTGW~(1-e2)7/2 

Kozai cycles can reduce 
the merger timescale by 

many orders of 
magnitude 

(e.g., Blaes 2002; 
Antonini+16; Haster, Antonini, 

Kalogera, Mandel ‘16)

MERGERS OF BLACK HOLE 
BINARIES



Kozai timescale shorter than the binary orbital period: secular 
approx. fails; Eccentric sources for aLIGO are produced 

(Antonini and Perets ’12, Antonini+ ’14, ’16)

aLIGO frequency window

BREAKDOWN OF THE ORBIT 
AVERAGED APPROXIMATION



ORBIT AVERAGED APPROXIMATION

GW radiation dominates

LIGO band

Ford (2000), Blaes et al (2002), Naoz (2013) etc.

r1

r2>
>r

1
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LIGO band

ORBIT AVERAGED APPROXIMATION
Ford (2000), Blaes et al (2002), Naoz (2013) etc.

e~0
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BREAKDOWN OF THE ORBIT 
AVERAGED APPROXIMATION

Antonini and Perets ’12, Katz and Dong ’12, Antonini ’14, ‘16

Timescale, Tk , to reach e~1: TK ⇡ P
Mb

m3


a2(1� e2)

a1

�3 p
1� e1



BREAKDOWN OF THE ORBIT 
AVERAGED APPROXIMATION

Antonini and Perets ’12, Katz and Dong ’12, Antonini ’14, ‘16

Timescale, Tk , to reach e~1:

Set Tk<Orbital period:

TK ⇡ P
Mb

m3


a2(1� e2)

a1

�3 p
1� e1

For three BHs

For a binary around  
a massive BH

rcr ⌘
a2(1� e2)

atd
. 20

rcr ⌘
a2(1� e2)

a1
. 10



BREAKDOWN OF THE ORBIT 
AVERAGED APPROXIMATION

Antonini and Perets ’12, Katz and Dong ’12, Antonini ’14, ‘16

GW radiation dominates

LIGO band

r1r2 < rcrit
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GW radiation dominates

LIGO band

e~1



BREAKDOWN OF THE ORBIT 
AVERAGED APPROXIMATION

Antonini and Perets ’12, Katz and Dong ’12, Antonini ’14, ‘16

LIGO band

Unique GW signal. 
Bursts with duration: 

every

�Tp ⇠
q
[a1(1� e1)]

3 /GMb

�T ⇠
q
a31/GMb



Nishizawa+ ‘16

From the field (Kowalska+ 11) 
From globular clusters (Rodriguez+ 16) 
From nuclear clusters (Antonini, Perets ’12)

LIGO

eLISA

A handful of 
detections would 

suffice to tell 
whether most black 
hole mergers form 
in the gravitational 
field of a massive 

black hole

ECCENTRICITY DISTRIBUTION



Stellar dynamics in nuclear clusters 
produce black hole binaries that merge 

at a high rate in the local Universe

More massive mergers can be 
naturally formed in NCs

CONCLUSIONS

Unique statistical distribution of  
their properties



RETENTION OF MERGER 
REMNANTS

Antonini and Rasio ‘16

A large fraction of BH merger remnants is retained in NCs; 
Significant growth can occur.



NUCLEAR CLUSTERS ARE EFFICIENT 
FACTORIES OF BH-BH MERGERS

N / MCL

Tens of detections of BH-BH mergers formed in NCs are expected 
�NC ⇡ 2Gpc�3year�1

Antonini and Rasio ‘16
log MNC, MGC 

log MGX5

6

7

8

9

10 10.49.69.2



Regularized+PN terms

EXAMPLE CASE
 Haster, Antonini, Kalogera, Mandel (2016)



LISA

LIGO

 Haster, Antonini, Kalogera, Mandel (2016)

Regularized+PN terms

EXAMPLE CASE



Abbott+ ‘16

FIRST DETECTIONS



GCs NCs
Antonini and Rasio ‘16

GW150914

NUCLEAR CLUSTERS ARE EFFICIENT 
FACTORIES OF GW150914-LIKE MERGERS


