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Binaries in Galactic Nuclei 
The majority of stars in the field and clusters are born 
in binaries or higher multiples, e.g., Sana et al 2012 
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Figure 12. Multiplicity statistics by spectral type. The thin solid lines represent
stars and brown dwarfs beyond the spectral range of this study, and their sources
are listed in the text. For the FGK stars studied here, the thick dashed lines show
our observed multiplicity fractions, i.e., the percentage of stars with confirmed
stellar or brown dwarf companions, for spectral types F6–G2 and G2–K3. The
thick solid lines show the incompleteness-adjusted fraction for the entire F6–K3
sample. The uncertainties of the multiplicity fractions are estimated by bootstrap
analysis as explained in Section 5.2.

publications, when available. Otherwise, they are estimated
using mass ratios for double-lined spectroscopic binaries, or
from multi-color photometry from catalogs, or using the ∆mag
measures in the WDS along with the primary’s spectral type.
Metallicity and chromospheric activity estimates of the primary
are adopted for all components of the system.

5.3.2. Multiplicity by Spectral Type and Color

Figure 12 shows the multiplicity fraction for stars and brown
dwarfs. Most O-type stars seem to form in binary or multiple
systems, with an estimated lower limit of 75% in clusters and
associations having companions (Mason et al. 1998a, 2009).
Studies of OB-associations also show that over 70% of B and
A type stars have companions (Shatsky & Tokovinin 2002;
Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007). In sharp
contrast, M-dwarfs have companions in significantly fewer
numbers, with estimates ranging from 11% for companions
14–825 AU away (Reid & Gizis 1997) to 34%–42% (Henry
& McCarthy 1990; Fischer & Marcy 1992). Finally, estimates
for the lowest mass stars and brown dwarfs suggest that only
10%–30% have companions (Burgasser et al. 2003; Siegler et al.
2005; Allen et al. 2007; Maxted et al. 2008; Joergens 2008).
Our results for F6–K3 stars are consistent with this overall
trend, as seen by the thick solid lines for the incompleteness-
corrected fraction. Moreover, the thick dashed lines for two
subsamples of our study show that this overall trend is present
even within the range of solar-type stars. Of the blue subsample
(0.5 ! B − V ! 0.625, F6–G2, N = 131), 50% ± 4%
have companions, compared with only 41% ± 3% for the red
subsample (0.625 < B − V ! 1.0, G2–K3, N = 323).

5.3.3. Period Distribution

Figure 13 shows the period distribution of all 259 confirmed
pairs, with an identification of the technique used to discover
and/or characterize the system. To provide context, the axis
at the top shows the semimajor axis corresponding to the pe-
riod on the x-axis assuming a mass sum of 1.5 M⊙, the aver-
age value of all the confirmed pairs. When period estimates

Figure 13. Period distribution for the 259 confirmed companions. The data
are plotted by the companion detection method. Unresolved companions
such as proper-motion accelerations are identified by horizontal line shading,
spectroscopic binaries by positively sloped lines, visual binaries by negatively
sloped lines, companions found by both spectroscopic and visual techniques by
crosshatching, and CPM pairs by vertical lines. The semimajor axes shown in
AU at the top correspond to the periods on the x-axis for a system with a mass
sum of 1.5 M⊙, the average value for all the pairs. The dashed curve shows
a Gaussian fit to the distribution, with a peak at log P = 5.03 and standard
deviation of σlog P = 2.28.

are not available from spectroscopic or visual orbits, we esti-
mate them as follows. For CPM companions with separation
measurements, we estimate semimajor axes using the statistical
relation log a′′ = log ρ ′′ + 0.13 from DM91, where a is the
angular semimajor axis and ρ is the projected angular separa-
tion, both in arcseconds. This, along with mass estimates as de-
scribed in Section 5.3.1 and Newton’s generalization of Kepler’s
Third Law yields the period. For the remaining few unresolved
pairs, we assume periods of 30–200 years for radial-velocity
variables and 10–25 years for proper-motion accelerations. The
period distribution follows a roughly log-normal Gaussian pro-
file with a mean of log P = 5.03 and σlog P = 2.28, where
P is in days. This average period is equivalent to 293 years,
somewhat larger than Pluto’s orbital period around the Sun. The
median of the period distribution is 252 years, similar to the
Gaussian peak. This compares with corrected mean and me-
dian values of 180 years from DM91. The larger value of the
current survey is a result of more robust companion informa-
tion for wide CPM companions. The similarity of the overall
profile with the incompleteness-corrected DM91 plot suggests
that most companions they estimated as missed have now been
found. The shading in the figure shows the expected trend—the
shortest period systems are spectroscopic, followed by com-
bined spectroscopic/visual orbits, then by visual binaries, and
finally by CPM pairs. The robust overlap between the various
techniques in all but the longest period bins underscores the
absence of significant detection gaps in companion space and
supports our earlier statements about the completeness of this
survey. Binaries with periods longer than log P = 8 are rare,
and only 10 of the 259 confirmed pairs (4%) have estimated
separations larger than 10,000 AU. Although separations wider
than this limit were not searched comprehensively, Figure 8
shows that separations of up to 14,000 AU were searched for
some systems, and 56% of the primaries were searched beyond
the 10,000 AU limit. The drop in the number of systems with
companions thus appears to occur within our search space and
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Extreme G environment  
in our backyard

Atlas Image Two Micron All 
Sky Survey (2MASS)

The central 0.5 arcsec ~ 0.02pc

The central 10 arcsec ~ 0.4pc
Ghez et al 2005

Study and infer on the 
general population  
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Fig. 1.—(a) Positions of all stars in our sample (asterisks) overlaid on a map of the two-dimensional velocity dispersion (gray scale). The sizes of the asterisks
represent the stars’ 2.2 mm brightness. The black region is a minimum in the velocity dispersion, located ∼2! from Sgr A* (black plus sign), and is caused by
five comoving stars (blue), which define the newly identified IRS 16 SW comoving group. (b) A K-band (2.2 mm) speckle image showing the clustering of bright
sources at the position of the IRS 16 SW comoving group. Group members are marked with blue crosses. Bottom: Proper motions of the IRS 16 SW comoving
group members. In each 0!.1#0!.1 panel, the stellar positions are plotted with different years’ data labeled with different colors.

the main maps and above 0.5 in the submaps. Only sources
detected in all three submaps are included in the final source
list for each observation. The coordinate system for each list
is transformed to a common local reference frame by mini-
mizing the net offsets of all stars as described in Ghez et al.
(1998, 2005). Centroiding uncertainties are ∼1 mas, while align-
ment uncertainties range from ∼1 to 5 mas. The final relative
positional uncertainty is the quadrature sum of the centroid-
ing and alignment uncertainties and is ∼2 mas for the bright
(K " 13.5) stars near IRS 16 SW. Proper motions are derived
by fitting lines to the positions as a function of time, weighted
by the positional uncertainties. We conservatively require that
only sources detected in nine or more epochs, out of 22 total
epochs, are included in the final sample. This results in a final
sample of 180 stars, which have an average total proper-motion
uncertainty of 0.53 mas yr!1 for all sources located beyond 1!
of the central SBH. All proper motions were converted to linear
velocities using a distance of 8 kpc, and the uncertainty in this
distance is not included in the velocity uncertainties (Reid
1993).

3. RESULTS

A two-dimensional velocity dispersion map of the stars in
the sample reveals a minimum located between IRS 16 SW
and IRS 16 SW-E (Fig. 1a, gray scale). The velocity dispersion
map is produced by calculating, at each position separated by
0!.1, the following quantity for the nearest six stars: p2jintrinsic

! [error2( x, i)" error2( y, i)]/[2(N ! 1)], where theN2j ! v vmeasured ip0
first term is the dispersion of the measured proper motions and
the second term removes the bias introduced by the uncertain-
ties in the proper-motion measurements. The minimum in the
velocity dispersion map is insensitive to the number of stars
used in the calculation; using the nearest five to the nearest

eight stars produces a similar result. The significance of the
velocity dispersion minimum is determined by comparing it
with the velocity dispersion of stars in the sample that are at
comparable radii (1! ≤ r2D ≤ 2!.6). Because the young stars are
known to show some level of dynamical anisotropy due to
coherent rotation about the SBH (Genzel et al. 2003), we re-
strict the comparison sample to known late-type stars (Figer et
al. 2003; Ott 2003). The minimum in the velocity dispersion
is significantly lower (4.6 j) than the field velocity dispersion.
The velocity dispersion minimum arises from a comoving

group of stars; to formally define the members of the comov-
ing group, we must first eliminate those stars that appear near
the group as a result of projection effects. Formal membership
is determined by considering the difference between the ve-
locity of each individual star and the group’s average velocity.
Within the region of the velocity dispersion minimum, only
five stars have velocity offsets that are consistently ≤2j. Using
only these five stars to redefine the values of group velocity
and velocity dispersion, we find no additional stars with a total
velocity offset less than 3.5 j within a 1!.1 search radius. We
therefore define these five stars, which include IRS 16 SW,
as the members of the comoving group (Table 1 and Fig. 1,
bottom). The IRS 16 SW comoving group has an average and
rms distance from Sgr A* of 1!.92 and 0!.43, respectively, with
a velocity dispersion of 36!13 km s!1 in right ascension and
38!13 km s!1 in declination.
There are two additional, independent lines of evidence sup-

porting the existence of this comoving group. First, two of the
group members, IRS 16 SW and IRS 16 SW-E, have identical
radial velocities (Ott 2003); the other members, unfortunately,
have no measured radial velocities. Second, the stellar number
density counts show an enhancement at the position of the
IRS 16 SW comoving group (see Fig. 1b). Since the stellar

3 Known Binaries: IRS 16SW, 
~19.5d, 50M⊙ @ 0.05pc (Ott et al. 

1999; Martins et al. 2006); IRS 16NE 
@~0.1pc, 224d, e~0.3 (Pfuhl et al. 

2014); E60 @~0.1pc, 2.3d, 30M⊙ 
(Pfuhl et al. 2014)!

Binary fraction of massive stars 
may be comparable to young 
clusters (e.g., Ott et al. 1999; Rafelski et 

al. 2007;Pfuhl et al. 2014) or larger 
(Alexander et al 2008) 

Galactic Center - Observational evidence 

Binary system 

Lu et al 2005

Binaries in Galactic Nuclei 



Each observation has been processed using the techniques
described inMuno et al. (2003). In brief, for each observation we
corrected the pulse heights of the events for position-dependent
charge-transfer inefficiency (Townsley et al. 2002a), excluded
events that did not pass the standard ASCA grade filters and
ChandraX-ray Center (CXC) good-time filters, and removed in-
tervals during which the background rate flared to !3 ! above

the mean level. Finally, we applied a correction to the absolute
astrometry of each pointing using three Tycho sources detected
strongly in eachChandra observation (Baganoff et al. 2003).We
estimated combined accuracy of our astrometric frame and of the
positions of the individual X-ray sources by comparing the off-
sets between 36 foregroundX-ray sources that were locatedwithin
50 of Sgr A" (Muno et al. 2003) and their counterparts from the

TABLE 1

Observations of the Inner 20 pc of the Galaxy

Aim Point (deg)

Start Time
(UT) Sequence

Exposure
(s)

R.A.

(J2000.0)

Decl.

(J2000.0)

Roll
(deg)

1999 Sep 21 02:43:00 ................. 0242 40,872 266.41382 #29.0130 268

2000 Oct 26 18:15:11.................. 1561 35,705 266.41344 #29.0128 265

2001 Jul 14 01:51:10................... 1561 13,504 266.41344 #29.0128 265

2002 Feb 19 14:27:32 ................. 2951 12,370 266.41867 #29.0033 91

2002 Mar 23 12:25:04................. 2952 11,859 266.41897 #29.0034 88

2002 Apr 19 10:39:01 ................. 2953 11,632 266.41923 #29.0034 85

2002 May 7 09:25:07 .................. 2954 12,455 266.41938 #29.0037 82

2002 May 22 22:59:15 ................ 2943 34,651 266.41991 #29.0041 76

2002 May 24 11:50:13 ................ 3663 37,959 266.41993 #29.0041 76

2002 May 25 15:16:03 ................ 3392 166,690 266.41992 #29.0041 76

2002 May 28 05:34:44 ................ 3393 158,026 266.41992 #29.0041 76

2002 Jun 3 01:24:37.................... 3665 89,928 266.41992 #29.0041 76

2003 Jun 19 18:28:55.................. 3549 24,791 266.42092 #29.0105 347

2004 Jul 5 22:33:11..................... 4683 49,524 266.41605 #29.0124 286

2004 Jul 6 22:29:57..................... 4684 49,527 266.41597 #29.0124 285

2004 Aug 28 12:03:59 ................ 5630 5,106 266.41477 #29.0121 271

2005 Feb 27 06:26:04 ................. 6113 4,855 266.41870 #29.0035 91

Fig. 1.—Images of the 1000 around the super-massive black hole Sgr A", which illustrate the appearance of CXOGC J174540.0#290031. Left: Image created from
the average of 13 observations (650 ks exposure) taken between 1999 September and 2003 June, demonstrating the quiescent state of the region. Right: Image created
from 2 observations (99 ks) taken on 2004 July 5–7, in which a new transient X-ray source is evident 2B5 south of Sgr A" (circle). The location of twin lobes of the radio
transient identified with the VLA are indicated by diamonds. Finally, a portion of the diffuse emission brightened coincident with the transient outburst (ellipse). Both
images are displayed at the 0B5 resolution of the detector. They were generated from the raw counts and then scaled to correct for the relative exposures and the spatially
varying effective area of the detector.

REMARKABLE GALACTIC CENTER TRANSIENT 229

Muno et al 2005

5 arcsec from Sgr A*

Image by Ruth Bazinet

Hypervelocity Star

X-ray Binaries; Many in the 
inner 1pc (e.g., Muno et al 
2005a,b,Hailey et al 2018)!

Hypervelocity stars           
(Brown et al 2005,2006,2007,2008, 
Hills 1988; Miralda-Escude & Gould 
2000; Quillen & Gould 2003; Yu and 
Tremaine 2003; O’Leary & Loeb 2007, 
Perets et al. 2009; Perets 2009)

Galactic Center - Observational evidence 
Binaries in Galactic Nuclei 

*Stellar disk properties = Large 
binary fraction (Naoz et al 2018)  



Binaries                            
Here and There 

Binaries Are Everywhere



Not to
 scale!

“inner”

“outer”
Orbit normal

inclination

Hierarchical triple system 

Binaries in Galactic Nuclei 



Not to
 scale!

“inner”

“outer”
Orbit normal

inclination

Hierarchical triple system 
Kozai 1962,  Lidov 1962

For initially inclined system ≳ 40o 

Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 8 March 2011 (MN LATEX style file v2.2)

On the Kozai mechanism and angular momentum
conservation

Smadar Naoz†⋆, Will M. Farr†, Yoram Lithwick†, Frederic A. Rasio†
† CIERA, Northwestern University, Evanston, IL 60208

8 March 2011

ABSTRACT
The treatment of hierarchical triple configurations has proven to be very useful in
many astrophysical contexts, from planetary to triple star system. In the secular ap-
proximation the orbits may change shape and orientation. In particular, for highly
inclined systems, the Kozai-Lidov mechanism can produce large-amplitude oscilla-
tions of the eccentricities. Here we re-derive the secular evolution equations including
both quadrupole and octupole orders using Hamiltonian perturbation theory. Our new
derivation corrects an error in previous treatments of the secular evolution equations.
Our new derivation agrees with the “usual” treatment only in the limit where the
outer orbit angular momentum is much larger than the inner one is. Assuming, as
done in previous treatments, that the inner z-component angular momentum is con-
served, (

√
1− e2 cos i = const) can produce erroneous results for various astrophysical

systems, such as planetary systems and triple stars, where the inner orbit’s angular
momentum is not negligible. We discuss a few interesting implications of using the
correct formalism.

1 INTRODUCTION

Triple star systems are believed to be very common (e.g.,
Eggleton et al. 2007; Tokovinin 1997). From dynamical sta-
bility arguments there must be hierarchical triples, in which
the (inner) binary is orbited by a third body on a much
wider orbit. Probably more than 50% of bright stars are at
least double (Eggleton et al. 2007; Tokovinin 1997). Given
the selection effects against finding faint and distant com-
panions we can be reasonably confident that the proportion
is actually substantially greater. Tokovinin (1997) showed
that 40% of binary stars with period < 10 d in which the
primary is a dwarf (0.5−1.5M⊙) have at least one additional
companion. He found that the fraction of triples and higher
multiples among binaries with period (10−100 d) is ∼ 10%.
Moreover, Pribulla & Rucinski (2006) have surveyed a sam-
ple of contact binaries, and noted that among 151 contact
binaries brighter than 10 mag., 42±5% are at least triple.

Many close stellar binaries with two compact objects are
likely produced through triple evolution. The secular evolu-
tion (i.e., acting on longer timescale compared to the orbital
periods), and specifically, Kozai cycling (see below), have
been proposed as an important element in the evolution of
triple stars (e.g. Mazeh & Shaham 1979; Kiseleva et al. 1998;
Fabrycky & Tremaine 2007; Perets & Fabrycky 2009). In
addition, Kozai cycling has been suggested to play impor-
tant role in both the growth of black holes at the centers
of dense star clusters and the formation of short-period bi-
nary black holes (Wen 2003; Miller & Hamilton 2002; Blaes
et al. 2002). Moreover, the dense environment in globular
clusters is thought to play an important role in the forma-
tion of bright XRBs. Recently, Ivanova et al. (2010) showed

that the most important formation mechanism for black hole
XRBs in clusters may be triple-induced mass transfer in a
black hole – white dwarf binary.

Secular perturbations in triple system also play an im-
portant role in solar system dynamics. Kozai (1962) studied
the gravitational perturbation on a inclined asteroid arise
form Jupiter in our own solar system. In this hierarchical
configuration the asteroid, a test particle, inclination and
eccentricity fluctuate on time scale larger than the asteroid
orbital time scale. Jupiter carry most of the angular momen-
tum of the system and thus Lz,1, the component of the inner
orbit’s angular momentum along the total angular momen-
tum, is very nearly constant. Recently it was also shown that
considering binary minor planets (both main belt binaries
and trans Neptunein objects), as a triple configuration where
the third object is the sun,can be very useful in understand-
ing the present day observations. Specifically binary minor
planets evolution is effected by the secular gravitational per-
turbation form the sun (Perets & Naoz 2009) which results
on their orbital parameters distribution we see today (Naoz
et al. 2010).

Triple configuration had be shown to be very useful
also in studying extrasolar planets evolution (e.g., Innanen
et al. 1997; Wu & Murray 2003; Fabrycky & Tremaine 2007;
Wu et al. 2007; Naoz et al. 2010). In Naoz et al. (2010) we
showed that a system composed from a star and a Jupiter
like planet (the inner binary) being perturbed by an outer far
away planet can capture (when including tidal friction) the
Jupiter planet to a very close proximity to the star, change
its inclination and even flip its orientation completely. Many
studies of secular perturbations in hierarchical triples con-
sidered a stellar-mass perturber, for which Lz,1 is very nearly

c⃝ 0000 RAS

Lz~  

Lz1 conserved only to lowest order 
(quadrupole= axis-symmetric 

potential) and for a test particle 
(massless particle)! 

Naoz et al, Nature (2011), arXiv:1011.2501
Naoz et al (2013), MNRAS, arXiv:1107.2414
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Allow for the z-component of the 
angular momenta of the inner and 
outer orbit to change - already at the 
quadrupole level !

Expanding the approximation to the 
octupole level (e.g., Ford et al 2000, Blaes et 
al 2002 - already done before us!!!)!

Both the magnitude and orientation 
of the angular momentum can change

?

i<90 deg - prograde

i>90 deg - retrograde

Naoz et al, Nature (2011), arXiv:1011.2501
Naoz et al (2013), MNRAS, arXiv:1107.2414

for test particle approx. see: 
Lithwick & Naoz (2011), ApJ, arXiv:
1106.3329 
Katz at al (2011), arXiv:1106.3340 

The Eccentric Kozai-Lidov Mechanism 

larger parts of the parameter space

 See for review: Naoz (2016), ARA&A EKL:

Extreme 
eccentricities!



m1 = 10M

m2 = 1M

MSMBH = 4 ×106M

a1 = 10AU
a2 = 0.003pc
e2 = 0.8

circular 

eccentric 

GR effects: e.g., Ford et al 2000, 
Naoz, Kocsis, Loeb, Yunes 2013

Naoz (2016) ARA&A arXiv:1601.07175
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Compare to: “Standard” (quadrupole) Kozai

Naoz (2016) ARA&A arXiv:1601.07175

GR effects: e.g., Ford et al 2000, 
Naoz, Kocsis, Loeb, Yunes 2013
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Not to
 scale!

e.g., Binney & Tremaine            
Also: Perets et al 2007, Hopman 
2009, Antonini et al 2010

unbinding the 
binary!

no EKL
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inside ~0.1pc

Binaries in Galactic Nuclei 

Bao-Minh 
Hoang

Hoang, Naoz et al (2018), ApJ, arXiv:17060.9896

+ EKL 
+ 1PN 
+ GW 
+ Unbinding  
+ Disruption   
+ Newtonian precession

For hard binaries see: Antonini et al. 
2010; Antonini & Perets 2012

Looking at soft binaries
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Hoang

Hoang, Naoz et al (2018), ApJ, arXiv:17060.9896
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Figure 2. Left panel: Time evolution of the inner binary using up to the octupole level of approximation (red) and only up to the quadrupole level of approximation
(blue). The initial conditions are m1 = 12.8 M�, m2 = 63.3 M�, mMBH = 1⇥107 M�, a1 = 5.1 AU, a2 = 936 AU, e1 = 0.014, e2 = 0.4, i = 92.8 �. The octupole-
level run results in a merger at 1623 years whereas the quadrupole-level run results in a non-merger. Right panel: The merger time at the quadrupole level versus
the merger time at the octupole level for the EKL-induced mergers. For 16% of the GC systems and 40% of the BW systems the octupole level of approximation
is important in predicting the correct merger time. For 2 of the GC systems and 6 of the BW systems, using only the quadrupole level of approximation results in
a non-merger. These systems are shown with a cyan outline and the timescale shown on the y-axis is tev, (see Eq. 3). The inset shows the semi-analytical merger
timescale from Thompson (2011) plotted against the merger time in the Monte-Carlo simulations.

Figure 3. Main panel: The mutual inclination, i-✏ plane, where ✏ is the hi-
erarchy parameter (Eq. 1). We consider EKL mergers (red points), GW-only
mergers (blue points), and non-mergers (gray points). Left panel: Distri-
bution of EKL-induced and GW-only mergers for mutual inclination versus
merger time. Bottom panel: Distribution of EKL-induced mergers and GW-
only mergers for merger time versus ✏.

where in the inner parts ( 0.1pc)

⇢ =

(
1.35⇥106M� pc-3

�
a2/0.25 pc

�-1.3 GC
3-↵
2⇡

MMBH
r3

�
G
p

MMBHM0/(�2
0r)

�-3+↵
↵ = 1.5 BW

(4)
(see, Genzel et al. 2010; Tremaine et al. 2002, for the two
cases) is the density of the surrounding stars, m1 and m2 are
the masses of the two stellar mass BHs, m3 is the average
mass of the background stars, G is the universal gravitational
constant, ln⇤ is the Coulomb logarithm, and � is the velocity
dispersion. We adopted ln⇤ = 15, � = 280 km s-1

p
0.1 pc/a2,

and m3 = 1 M� (Kocsis & Tremaine 2011). For the BW case,
�0 = 200 km s-1 and M0 = 3⇥ 108 M� are constants. Note
that the density distributions of the background stars are flatter
than the density distribution of the BHs.

In the GC case, the average evaporation timescale is about
200 Myr, but there is a very broad distribution from ⇠ 1 Myr
to ⇠ 3 Gyr. In the BW case, the average evaporation timescale
is about 120 Myr, but again there is a broad distribution from
⇠ 1 Myr to ⇠ 2 Gyr. Binaries that do not merge are all evap-
orated by 10 Gyr, consistent with Stephan et al. (2016).

The above evaporation times assumes that the unbind-
ing is taking place through interaction with the surround-
ing background stars. However, interaction with background
black holes may result in different evaporation timescales.
Thus we have also calculated two representative evapora-
tion timescales resulting from 10 M� and 30 M� black
holes, using densities from Aharon & Perets (2016) for these
background black holes (see table 1). These evaporation
timescales are much shorter on average than the evaporation
timescales resulting from the black ground stars, and thus the
absolute number of mergers is reduced. However, the merger
rate is not reduced, as explained in Section 3.3.

3. RESULTS: EKL-INDUCED MERGERS AND
GW-ONLY MERGERS

3.1. Merging Channels
The EKL mechanism has been shown to play an important

role in producing short period binaries and merged systems
(e.g., Thompson 2011; Naoz et al. 2011; Antonini & Perets
2012; Prodan et al. 2013; Naoz & Fabrycky 2014; Prodan
et al. 2015; Antonini & Rasio 2016; Stephan et al. 2016; Naoz
et al. 2016; Naoz 2016). The high eccentricity values achieved
during the binary evolution leads to a shorter GW emission
timescale, which may cause a merger before the binary be-
come unbound as shown in Figure 2. If a merger takes place
due to high eccentricity excitation we denote this merger as
an EKL-induced merger.

The eccentricity excitation due to EKL can be inhibited by
GR precession if the timescale for the latter is much shorter
than the former (e.g., Naoz et al. 2013). The EKL timescale
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Thus we have also calculated two representative evapora-
tion timescales resulting from 10 M� and 30 M� black
holes, using densities from Aharon & Perets (2016) for these
background black holes (see table 1). These evaporation
timescales are much shorter on average than the evaporation
timescales resulting from the black ground stars, and thus the
absolute number of mergers is reduced. However, the merger
rate is not reduced, as explained in Section 3.3.
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come unbound as shown in Figure 2. If a merger takes place
due to high eccentricity excitation we denote this merger as
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The eccentricity excitation due to EKL can be inhibited by
GR precession if the timescale for the latter is much shorter
than the former (e.g., Naoz et al. 2013). The EKL timescale
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timescale from Thompson (2011) plotted against the merger time in the Monte-Carlo simulations.
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where a and b are constants. We perform a bootstrap
resampling on the cumulative number of mergers versus
merger time distribution and generated 500 resampled data sets
for the GC and BW cases. We fit the above power law to all of
these data sets, which gives us a range of possible fits. The
average best fit values for a and b are 2.8 and 0.19 for the GC
case, and 2.3 and 0.19 for the BW case. We note that we also fit
a combination of different exponential functions to the
cumulative number of mergers (not shown), which perhaps
follows a exponential decay-like process. These fits were
systematically less good, but nonetheless yield consistent
results with those shown below. We can define a “half-life,”
t1/2, for each sample as the time it takes for half of the systems
that will merge to merge. Thus, the merger frequency at
t=t1/2 is:

N
dN
dt

b
t

1
. 9

t t 1 21 2

H � �
�

( )

We use this frequency as the characteristic merger frequency
for each data set.

Assuming a steady-state number of BH binaries in the
galactic nucleus, Nsteady, we can then estimate the merger rate
per galaxy Γ as

N f , 10steady merge H( � ( )

where fmerge is the merger fraction from our simulation, which
is equal to 0.15 for the GC case and 0.07 for the BW case.
Nsteady is highly uncertain, so we set it to be a free parameter
between 1 and 500. The right panel of Figure 7 shows the total
merger rate as a function of Nsteady. We use a nominal value of
Nsteady =200 to calculate the merger rates for the GC and BW
cases. We find a nominal average merger rate of ∼2 Gpc−3 yr−1

for both the GC and BW cases. The average merger rate values
are represented by the red and black solid lines in the right panel
of Figure 7; the merger rate range obtained from the bootstrap is
depicted by the shaded areas.

Our estimated merger rates for the GC and BW cases are on
the same order as the merger rates estimated for globular
clusters, 5 Gpc−3 yr−1 (Rodriguez et al. 2016a), isolated triples

in galaxies 0.14–6 Gpc−3 yr−1 (Silsbee & Tremaine 2017),
and mergers following close encounters of initially unbound
BHs at 0.04–3 Gpc−3 yr−1 (O’Leary et al. 2009).12 The
current LIGO/VIRGO detection constrains the total merger
rate of circular BH binaries to within 12–240 Gpc −3 yr−1

(LIGO Scientific Collaboration & Virgo Collaboration 2017).
Note that Antonini & Perets’s (2012) rate estimation is based

on the quadrupole based a semi-analytical timescale that does
not capture the system’s full dynamical behavior. The octupole
level of approximation used here shortens the merger timescale
for 16%–40% of the EKL-induced mergers for the GC and
BW distributions, respectively (see Figure 2). Furthermore,
Antonini & Perets (2012) used the semi-analytical timescale
given in Thompson (2011) to estimate the merger timescale.
However, this does not capture the correct merger timescale for
each binary BH, as can be deduced from the inset in Figure 2.

3.3. Additional Tests

As stated in Section 2, we have also considered the effects of
using a narrower BH mass distribution ranging from 5 to 15 Me
instead of 6–100 Me for the BW case, while keeping all other
parameters the same; and the effects of using the evaporation
timescale resulting from interactions with 10Me and 30Me
background BHs instead of background stars. For the 5–15 Me
BH mass distribution, the average evaporation time is shorter
than the nominal GC and BW cases because of the reduced BH
binary mass (see Equation (3) and Table 2). We performed 500
Monte Carlo simulations and found that the number of GW-only
mergers are greatly reduced, due to the fact that they generally
take longer to merge. However, the short-timescale EKL
mergers are unaffected, and we find that using a 5–15 Me
BH mass distribution results in a merger population that
predominantly consists of short-timescale EKL mergers. We
also run a set of quadrupole-only simulations for the EKL
mergers in this case and found that about ∼25% take longer to
merge than with the octupole, or do not merge at all (the total
percentage of non-mergers with only quadrupole are ∼13%).

Figure 4. Left panel shows the histogram of a2. The right panel shows the histogram of the pericenter a2(1−e2). We consider EKL-induced (GW-only) mergers in
the BW case in solid (dashed) black lines, while the GC mergers are depicted in red lines.

12 Here we use the rates per single galaxy from O’Leary et al. (2009) in
Table 1 and multiply by ξ=10 and ng=0.02 Mpc−3. However, that
mechanism is weakly sensitive to the NSC and MBH mass. Dwarf galaxies
dominate the rates with a much higher ng.
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