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Rodriguez , C.L., Larson, S.L., Kalogera, V., & Rasio, F.A. 2016, Astrophys. J. Letters , 830, id.
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• Binary Black Hole Mergers from Globular Clusters: Masses, Merger Rates, and the Impact
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084029, 22 pp.

• Black Hole Mergers and Blue Stragglers from Hierarchical Triples Formed in Globular Clusters.
Antonini , F., Chatterjee, S., Rodriguez , C.L., Morscher , M., Pattabiraman, B., Kalogera, V., &
Rasio, F.A. 2016, Astrophys. J., 816, id. 65, 16 pp.

• Binary Black Hole Mergers from Globular Clusters: Implications for Advanced LIGO. Ro-
driguez , C.L., Morscher , M., Pattabiraman, B., Chatterjee, S., Haster, C.-J., & Rasio, F.A. 2015,
Phys. Rev. Letters , 115, id. 051101, 9 pp; erratum 2016, 116, id. 029901.

• The Dynamical Evolution of Stellar Black Holes in Globular Clusters. Morscher , M., Pattabi-
raman, B., Rodriguez , C.L., Rasio, F.A., & Umbreit , S. 2015, Astrophys. J., 800, id. 9, 21 pp.

• Black Holes in Young Stellar Clusters. Goswami , S., Kiel , P., & Rasio, F.A. 2014, Astrophys.
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• A Parallel Monte Carlo Code for Simulating Collisional N -body Systems. Pattabiraman, B.,
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J. Supp., 204, id. 15, 16 pp.

The Monte Carlo code developed as part of this work (see §3) will be made publicly available
at the end of the project. All our simulation results and star cluster models are described in detail
in published papers above and are being shared with interested colleagues.

2.4 Relation to the Proposed Work

The work proposed here will build upon these previous results and will make use of the codes
already developed (see §3). Over the next three years we plan to focus mainly on the study
of BHs in clusters, and the dynamical production of merging binaries detectable by
Advanced LIGO. If, as expected, many more detections of compact binary mergers by Advanced
LIGO occur during this period, our first priority will be to help in the astrophysical interpretation
of these GW detections, and their possible electromagnetic counterparts.
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LIGO Detections

• Merging Binary Black Holes! 

• Three Detections in O1 Run (50 days): 

• GW150914:  M1,2 ~ 30 Msun, z ~ 0.1 

• LVT151012:  M1,2 ~ 20 Msun, z ~ 0.2 

• GW151226:  M1,2 ~ 10 Msun, z ~ 0.1
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FIG. 1. Left: Amplitude spectral density of the total strain noise of the H1 and L1 detectors,
p

S( f ), in units of strain per
p

Hz, and the
recovered signals of GW150914, GW151226 and LVT151012 plotted so that the relative amplitudes can be related to the SNR of the signal
(as described in the text). Right: Time evolution of the waveforms from when they enter the detectors’ sensitive band at 30 Hz. All bands
show the 90% credible regions of the LIGO Hanford signal reconstructions from a coherent Bayesian analysis using a non-precessing spin
waveform model [45].

The gravitational-wave signal from a BBH merger takes the
form of a chirp, increasing in frequency and amplitude as the
black holes spiral inwards. The amplitude of the signal is
maximum at the merger, after which it decays rapidly as the fi-
nal black hole rings down to equilibrium. In the frequency do-
main, the amplitude decreases with frequency during inspiral,
as the signal spends a greater number of cycles at lower fre-
quencies. This is followed by a slower falloff during merger
and then a steep decrease during the ringdown. The amplitude
of GW150914 is significantly larger than the other two events
and at the time of the merger the gravitational-wave signal
lies well above the noise. GW151226 has lower amplitude but
sweeps across the whole detector’s sensitive band up to nearly
800 Hz. The corresponding time series of the three wave-
forms are plotted in the right panel of Figure 1 to better vi-
sualize the difference in duration within the Advanced LIGO
band: GW150914 lasts only a few cycles while LVT151012
and GW151226 have lower amplitude but last longer.

The analysis presented in this paper includes the total set of
O1 data from September 12, 2015 to January 19, 2016, which
contains a total coincident analysis time of 51.5 days accu-
mulated when both detectors were operating in their normal
state. As described in [13] with regard to the first 16 days
of O1 data, the output data of both detectors typically con-
tain non-stationary and non-Gaussian features, in the form of
transient noise artifacts of varying durations. Longer duration
artifacts, such as non-stationary behavior in the interferom-
eter noise, are not very detrimental to CBC searches as they
occur on a time-scale that is much longer than any CBC wave-

form. However, shorter duration artifacts can pollute the noise
background distribution of CBC searches. Many of these arti-
facts have distinct signatures [48] visible in the auxiliary data
channels from the large number of sensors used to monitor in-
strumental or environmental disturbances at each observatory
site [49]. When a significant noise source is identified, con-
taminated data are removed from the analysis data set. After
applying this data quality process, detailed in [50], the remain-
ing coincident analysis time in O1 is 48.6 days. The analyses
search only stretches of data longer than a minimum duration,
to ensure that the detectors are operating stably. The choice is
different in the two analyses and reduces the available data to
46.1 days for the PyCBC analysis and 48.3 days for the Gst-
LAL analysis.

III. SEARCH RESULTS

Two different, largely independent, analyses have been im-
plemented to search for stellar-mass BBH signals in the data
of O1: PyCBC [2–4] and GstLAL [5–7]. Both these analyses
employ matched filtering [51–59] with waveforms given by
models based on general relativity [8, 9] to search for gravi-
tational waves from binary neutron stars, BBHs, and neutron
star–black hole binaries. In this paper, we focus on the results
of the matched filter search for BBHs. Results of the searches
for binary neutron stars and neutron star–black hole binaries
will be reported elsewhere. These matched-filter searches are
complemented by generic transient searches which are sensi-
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Binaries Form?

• From (isolated) massive binary star evolution 

• Through stellar dynamics in dense star clusters 

• As part of “primordial” black holes



How do Merging Black Hole 
Binaries Form?

• From (isolated) massive binary star evolution 

• Through stellar dynamics in dense star clusters 

• As part of “primordial” black holes



Binary evolution vs Dynamics
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2. FORMING HEAVY BBHS IN GCS

We extract from our 48 models all the binaries that
appear similar to GW150914. We start by looking at any
BBH whose source-frame component and chirp masses
fall within the 90% credible regions for GW150914
(m1 = 35.7+5.4

�3.8M�, m2 = 29.1+3.8
�4.4M�, and M

c

=
27.9+2.1

�1.7M�, from The LIGO Scientific Collaboration
& The Virgo Collaboration 2016b). This corresponds
to a total of 262 BBHs from all 48 GC models, 259 of
which merge outside the cluster. We assume all GCs
formed ⇠ 12 Gyr ago (at z ' 3.5, consistent with GCs
in the Milky Way, although other galaxies, such as the
Large and Small Magellanic Clouds, have significantly
younger GC populations). We then define a GW150914
progenitor to be the subset of these 262 binaries that
merge between 7 and 13 Gyr after GC formation, cor-
responding to mergers that occur in the local universe
(z < 0.5). We find 14 such systems across our 48 mod-
els, all of which were ejected from the cluster prior to
merger. Of these 14, we find that 10 originate in mod-
els with similar initial conditions, corresponding to GCs
with lower metallicities (between 0.05Z� and 0.01Z�,
typical for the low-metallicity clusters in most galax-
ies), large masses (N = 1, 2⇥106 initial particles, corre-
sponding to 3�6⇥105M� today), and typical virial radii
(R

v

= 2 pc). That these binaries form in lower metallic-
ity and massive clusters is unsurprising: lower metallici-
ties yield less e↵ective stellar winds (Vink 2011), reduc-
ing the amount of mass that is lost before a massive star
collapses, and producing “heavy” BHs like the observed
components of GW150914. Furthermore, massive clus-
ters produce a larger number of BHs, which enhances
the dynamical production of BBHs.
The preference for clusters with larger virial radius (2

pc versus the more compact 1 pc clusters we consider)
arises from the need for long inspiral times. Binaries
with total masses of ⇠ 60M� are more massive than
the average stellar or BH mass in the cluster, and are
typically ejected within the first few Gyrs of a cluster’s
evolution. However, since GW150914 merged ⇠ 1.3 Gyr
ago (& 10 Gyr after the formation of the old GCs con-
sidered here), it must have been ejected from a cluster
environment with a su�ciently wide separation to en-
sure a delay time of ⇠ 10 Gyr before merger. It is a well-
known result (Portegies Zwart & McMillan 2000; Moody
& Sigurdsson 2009) that, despite the chaotic nature of
dynamical formation, it is the global cluster properties
that primarily determine the semi-major axis of binaries
at ejection. In Rodriguez et al. (2016a), we showed that
this relationship can be expressed as

R
v

M
GC

⇠ a

µbin
(1)

Figure 1. Interaction diagram showing the formation history
for two GW150914 progenitors in a single GC model. From
top to bottom, the history of each individual BH that will
eventually comprise a GW150914-like binary is illustrated,
including all binary interactions. The legend shows the var-
ious types of gravitational encounters included in our GC
models (with the exception of two-body relaxation). In each
interaction, the black sphere represents the GW150914 pro-
genitor BH, while the blue and red spheres represent other
BHs (and stars) in the cluster core.

Rodriguez et al. 2016, ApJL, 824. L8
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Escape speed of the cluster
determines the semi-major
axis of the ejected binaries

Chaotic Interactions



10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

Semi-major Axes

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

Inspiral Times

10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

10-7 10-5 10-3 10-1 101 103 105 107 109
0.0

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

Chaotic Interactions



10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

Semi-major Axes

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

Inspiral Times

10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

10-7 10-5 10-3 10-1 101 103 105 107 109
0.0

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

105 106 107

Cluster Mass ( )

10-3

10-2

10-1

100

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

from Harris, 2014

Chaotic Interactions



10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

Semi-major Axes

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

Inspiral Times

10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

10-7 10-5 10-3 10-1 101 103 105 107 109
0.0

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

105 106 107

Cluster Mass ( )

10-3

10-2

10-1

100

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

Semi-major Axes

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

Inspiral Times

10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

10-7 10-5 10-3 10-1 101 103 105 107 109
0.0

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

105 106 107

Cluster Mass ( )

10-3

10-2

10-1

100

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

from Harris, 2014

Chaotic Interactions



10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

Semi-major Axes

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

Inspiral Times

10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

10-7 10-5 10-3 10-1 101 103 105 107 109
0.0

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

105 106 107

Cluster Mass ( )

10-3

10-2

10-1

100

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

Semi-major Axes

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

Inspiral Times

10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

10-7 10-5 10-3 10-1 101 103 105 107 109
0.0

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

105 106 107

Cluster Mass ( )

10-3

10-2

10-1

100

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

from Harris, 2014

Chaotic Interactions



10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

Semi-major Axes

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

Inspiral Times

10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

10-7 10-5 10-3 10-1 101 103 105 107 109
0.0

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

105 106 107

Cluster Mass ( )

10-3

10-2

10-1

100

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

Semi-major Axes

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

Inspiral Times

10-1 100 101
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Pr
ob

ab
ili

ty

10-7 10-5 10-3 10-1 101 103 105 107 109
0.0

0.2

0.4

0.6

0.8

1.0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

105 106 107

Cluster Mass ( )

10-3

10-2

10-1

100

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

from Harris, 2014

Chaotic Interactions



N-BodyMonte Carlo

Positions and velocities
determined by sampling orbits
in a spherical potential

Positions and velocities
determined by direct integration
in external spherical potential

Strong 
Encounters

Scatterings

Dynamical Interactions

Cluster Monte Carlo 
code (CMC) allows us 
to simulate massive, 
dense star clusters 
(~106 particles)  with all 
the relevant physics

Stellar Evolution

Chaotic InteractionsMonte Carlo Method



Theoretical Expectations for 
Dynamically Produced LIGO Sources

• For many years theorists have predicted that 
dense star clusters could play a key role in 
producing merging black hole binaries      
(Portegies Zwart & McMillan 2000, ApJL) 

• Our most detailed predictions for LIGO came out 
just before the first detection…                 
(Rodriguez et al. 2015, PRL)



Binary Black Hole Mergers from Globular Clusters: Implications for Advanced LIGO
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The predicted rate of binary black hole mergers from galactic fields can vary over several orders of
magnitude and is extremely sensitive to the assumptions of stellar evolution. But in dense stellar
environments such as globular clusters, binary black holes form by well-understood gravitational
interactions. In this Letter, we study the formation of black hole binaries in an extensive collection of
realistic globular cluster models. By comparing these models to observed Milky Way and extragalactic
globular clusters, we find that the mergers of dynamically formed binaries could be detected at a rate of
∼100 per year, potentially dominating the binary black hole merger rate. We also find that a majority of
cluster-formed binaries are more massive than their field-formed counterparts, suggesting that Advanced
LIGO could identify certain binaries as originating from dense stellar environments.

DOI: 10.1103/PhysRevLett.115.051101 PACS numbers: 04.30.Db, 98.20.-d

Introduction.—By the end of this decade, the Advanced
LIGO and Virgo detectors are expected to observe
gravitational waves (GWs), ushering in a new postelec-
tromagnetic era of astrophysics [1,2]. The most antici-
pated sources of observable GWs will be the signals
generated by mergers of binaries with compact object
components, such as binary neutron stars (NSs) or binary
black holes (BHs). While coalescence rates of NS-NS
or BH-NS systems can be constrained from observations,
it is not currently possible to produce observationally
motivated rate predictions for BH-BH mergers [3].
Typical detection rates of binary BH (BBH) mergers in
galaxies can span several orders of magnitude from 0.4 to
1000 yr−1 with a fiducial value of ∼20 yr−1 [4]; however,
these estimates typically ignore the large numbers of
BBHs that are formed through dynamical interactions in
dense star clusters [5,6].
The dynamical formation of BBHs is a probabilistic

process, requiring a very high stellar density. These con-
ditions are believed to exist within the cores of globular
clusters (GCs), very old systems of∼105–106 stars with radii
of a few parsecs. Approximately 10 Myr after the formation
of a GC, the most massive stars explode as supernovae,
forming a population of single and binary BHs with
individual masses from ∼5M⊙ to ∼25M⊙ [7]. The BHs,
being more massive than the average star in the cluster, sink
to the center of the GC via dynamical friction, until the
majority of the BHs reside in the cluster core [8]. After this
“mass segregation” is complete, the core becomes suffi-
ciently dense that three-body encounters can frequently
occur [9], producing BBHs at high rates. In effect, GCs
are dynamical factories for BBHs: producing large numbers

of binaries within their cores and ejecting them via energetic
dynamical encounters.
In this Letter, we use an extensive and diverse collection

of GC models to study the population of BBHs that
Advanced LIGO can detect from GCs. We explore how
the observed parameters of a present-day GC correlate with
the distribution of BBH inspirals it has produced over its
lifetime. We then compare our models to the observed
population of Milky Way GCs (MWGCs) and use recent
measurements of the GC luminosity function to determine a
mean number of BBH inspirals per GC. Finally, we combine
these estimates with an updated estimate of the spatial
density of GCs in the local universe [10] into a double
integral over comoving volume and inspiral masses to
compute the expected Advanced LIGO detection rate.
We assume cosmological parameters of ΩM ¼ 0.309,
ΩΛ ¼ 0.691, and h ¼ 0.677, consistent with the latest
combined Planck results [21].
Computing the rate.—We use a collection of 48 GC

models generated by our Cluster Monte Carlo (CMC)
code, an orbit-averaged Hénon-type Monte Carlo code for
collisional stellar dynamics [22]. The models span a range
of initial star numbers (2 × 105 to 1.6 × 106), initial virial
radii (0.5 to 4 pc), and consider low stellar metallicities
(Z ¼ 0.0005; 0.0001) and high stellar metallicities
(Z ¼ 0.005). In addition, the code implements dynamical
binary formation via three-body encounters, strong three-
and four-body binary interactions, and realistic single and
binary stellar evolution. See Ref. [23] for a complete
description of our code and the models used.
Previous studies have explored the contribution of BBHs

from GCs to the Advaned LIGO detection rate [34–39];

PRL 115, 051101 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
31 JULY 2015

0031-9007=15=115(5)=051101(5) 051101-1 © 2015 American Physical Society
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FIG. 7. Scatter plot of BBH merger masses, weighted to select more inspirals from models with final GC masses near the peak
of the GCMF (see Sec. III C). We show separately the results from models with Z = 0.25Z� (in red) and Z = 0.05, 0.01Z� (in
blue). Along the top, we show the chirp mass, total mass, and individual component masses for binary mergers as observed in
the detector frame (i.e. mz = m(1 + z)), while the bottom shows the intrinsic masses as measured at the source. Note that
the plot range excludes 5 sources at very high masses (total mass ⇠ 250M�) from the chirp mass and total mass plots, and 18
points from the component-mass plot, which are the result of repeated mergers of BH progenitors early in the GC evolution.
We also show the source-frame masses of GW150914 (in magenta) and the GW trigger LVT151012 (in teal), with the 90%
intervals reported from the GW parameter estimation [61, 62]. Although it was not claimed as a detection, LVT151012 has a
& 84% probability of having an astrophysical origin [12]. Due to the lack of published uncertainties, the LVT151012 total mass
intervals are computed by adding the 90% credible intervals on the individual components from [62].

gies and shrinking their semi-major axes. Eventually, the
recoil from one of these encounters will be su�cient to
eject the binary from the cluster, as discussed in Section
IIIA. Although a significant number of binaries merge
in the cluster (⇠ 10%), the majority of these in-cluster
inspirals occur early in the GC lifetime. At z < 1, only
0.06% of binary mergers (one merger from all 48 models)
occur in-cluster. Of the ejected sources merging in the
local universe, 99.7% were formed dynamically, which we
define to be either a BBH formed from three isolated
BHs by a three-body interaction, or a BBH formed from
a primordial binary which swapped components at least
once during a binary-single or binary-binary encounter.

In Figure 7, we show the masses for each of the in-
spirals from the weighted sample of GC BBH merg-
ers. We break the masses down into two categories:

source masses, or the local masses of each BBH, and ob-
served masses, which correspond to the redshifted mass,
m

z

= m(1 + z), measured by an observer on Earth. We
also show separate panels for the chirp mass of the source,
M

c

⌘ (m1m2)3/5/(m1 + m2)1/5, the total mass of the
source, and the individual components of each binary.

The overall structure of the plots agrees well with our
understanding of BH and BBH evolution in GCs: after
the formation and core collapse of the cluster (at z ⇠ 4),
the most massive BHs form binaries and are ejected im-
mediately. The GC processes through its available pop-
ulation of BHs, working its way through the BH popu-
lation from most to least massive, so that only low-mass
BHs (⇠ 10� 20M�) are still present in massive GCs by
the present day. In the total-mass panel of Figure 7,
this story is obvious. The majority of the most massive

Low Z
High Z

10

GW150914
LVT151012

FIG. 7. Scatter plot of BBH merger masses, weighted to select more inspirals from models with final GC masses near the peak
of the GCMF (see Sec. III C). We show separately the results from models with Z = 0.25Z� (in red) and Z = 0.05, 0.01Z� (in
blue). Along the top, we show the chirp mass, total mass, and individual component masses for binary mergers as observed in
the detector frame (i.e. mz = m(1 + z)), while the bottom shows the intrinsic masses as measured at the source. Note that
the plot range excludes 5 sources at very high masses (total mass ⇠ 250M�) from the chirp mass and total mass plots, and 18
points from the component-mass plot, which are the result of repeated mergers of BH progenitors early in the GC evolution.
We also show the source-frame masses of GW150914 (in magenta) and the GW trigger LVT151012 (in teal), with the 90%
intervals reported from the GW parameter estimation [61, 62]. Although it was not claimed as a detection, LVT151012 has a
& 84% probability of having an astrophysical origin [12]. Due to the lack of published uncertainties, the LVT151012 total mass
intervals are computed by adding the 90% credible intervals on the individual components from [62].

gies and shrinking their semi-major axes. Eventually, the
recoil from one of these encounters will be su�cient to
eject the binary from the cluster, as discussed in Section
IIIA. Although a significant number of binaries merge
in the cluster (⇠ 10%), the majority of these in-cluster
inspirals occur early in the GC lifetime. At z < 1, only
0.06% of binary mergers (one merger from all 48 models)
occur in-cluster. Of the ejected sources merging in the
local universe, 99.7% were formed dynamically, which we
define to be either a BBH formed from three isolated
BHs by a three-body interaction, or a BBH formed from
a primordial binary which swapped components at least
once during a binary-single or binary-binary encounter.

In Figure 7, we show the masses for each of the in-
spirals from the weighted sample of GC BBH merg-
ers. We break the masses down into two categories:

source masses, or the local masses of each BBH, and ob-
served masses, which correspond to the redshifted mass,
m

z

= m(1 + z), measured by an observer on Earth. We
also show separate panels for the chirp mass of the source,
M

c

⌘ (m1m2)3/5/(m1 + m2)1/5, the total mass of the
source, and the individual components of each binary.

The overall structure of the plots agrees well with our
understanding of BH and BBH evolution in GCs: after
the formation and core collapse of the cluster (at z ⇠ 4),
the most massive BHs form binaries and are ejected im-
mediately. The GC processes through its available pop-
ulation of BHs, working its way through the BH popu-
lation from most to least massive, so that only low-mass
BHs (⇠ 10� 20M�) are still present in massive GCs by
the present day. In the total-mass panel of Figure 7,
this story is obvious. The majority of the most massive

10

0.00.51.01.52.02.53.03.54.0
Redshift (z)

10

20

30

40

50

60

70

So
ur

ce
 M

as
s 

FIG. 7. Scatter plot of BBH merger masses, weighted to select more inspirals from models with final GC masses near the peak
of the GCMF (see Sec. III C). We show separately the results from models with Z = 0.25Z� (in red) and Z = 0.05, 0.01Z� (in
blue). Along the top, we show the chirp mass, total mass, and individual component masses for binary mergers as observed in
the detector frame (i.e. mz = m(1 + z)), while the bottom shows the intrinsic masses as measured at the source. Note that
the plot range excludes 5 sources at very high masses (total mass ⇠ 250M�) from the chirp mass and total mass plots, and 18
points from the component-mass plot, which are the result of repeated mergers of BH progenitors early in the GC evolution.
We also show the source-frame masses of GW150914 (in magenta) and the GW trigger LVT151012 (in teal), with the 90%
intervals reported from the GW parameter estimation [61, 62]. Although it was not claimed as a detection, LVT151012 has a
& 84% probability of having an astrophysical origin [12]. Due to the lack of published uncertainties, the LVT151012 total mass
intervals are computed by adding the 90% credible intervals on the individual components from [62].

gies and shrinking their semi-major axes. Eventually, the
recoil from one of these encounters will be su�cient to
eject the binary from the cluster, as discussed in Section
IIIA. Although a significant number of binaries merge
in the cluster (⇠ 10%), the majority of these in-cluster
inspirals occur early in the GC lifetime. At z < 1, only
0.06% of binary mergers (one merger from all 48 models)
occur in-cluster. Of the ejected sources merging in the
local universe, 99.7% were formed dynamically, which we
define to be either a BBH formed from three isolated
BHs by a three-body interaction, or a BBH formed from
a primordial binary which swapped components at least
once during a binary-single or binary-binary encounter.

In Figure 7, we show the masses for each of the in-
spirals from the weighted sample of GC BBH merg-
ers. We break the masses down into two categories:

source masses, or the local masses of each BBH, and ob-
served masses, which correspond to the redshifted mass,
m

z

= m(1 + z), measured by an observer on Earth. We
also show separate panels for the chirp mass of the source,
M

c

⌘ (m1m2)3/5/(m1 + m2)1/5, the total mass of the
source, and the individual components of each binary.

The overall structure of the plots agrees well with our
understanding of BH and BBH evolution in GCs: after
the formation and core collapse of the cluster (at z ⇠ 4),
the most massive BHs form binaries and are ejected im-
mediately. The GC processes through its available pop-
ulation of BHs, working its way through the BH popu-
lation from most to least massive, so that only low-mass
BHs (⇠ 10� 20M�) are still present in massive GCs by
the present day. In the total-mass panel of Figure 7,
this story is obvious. The majority of the most massive

10

Chirp Mass, 

FIG. 7. Scatter plot of BBH merger masses, weighted to select more inspirals from models with final GC masses near the peak
of the GCMF (see Sec. III C). We show separately the results from models with Z = 0.25Z� (in red) and Z = 0.05, 0.01Z� (in
blue). Along the top, we show the chirp mass, total mass, and individual component masses for binary mergers as observed in
the detector frame (i.e. mz = m(1 + z)), while the bottom shows the intrinsic masses as measured at the source. Note that
the plot range excludes 5 sources at very high masses (total mass ⇠ 250M�) from the chirp mass and total mass plots, and 18
points from the component-mass plot, which are the result of repeated mergers of BH progenitors early in the GC evolution.
We also show the source-frame masses of GW150914 (in magenta) and the GW trigger LVT151012 (in teal), with the 90%
intervals reported from the GW parameter estimation [61, 62]. Although it was not claimed as a detection, LVT151012 has a
& 84% probability of having an astrophysical origin [12]. Due to the lack of published uncertainties, the LVT151012 total mass
intervals are computed by adding the 90% credible intervals on the individual components from [62].

gies and shrinking their semi-major axes. Eventually, the
recoil from one of these encounters will be su�cient to
eject the binary from the cluster, as discussed in Section
IIIA. Although a significant number of binaries merge
in the cluster (⇠ 10%), the majority of these in-cluster
inspirals occur early in the GC lifetime. At z < 1, only
0.06% of binary mergers (one merger from all 48 models)
occur in-cluster. Of the ejected sources merging in the
local universe, 99.7% were formed dynamically, which we
define to be either a BBH formed from three isolated
BHs by a three-body interaction, or a BBH formed from
a primordial binary which swapped components at least
once during a binary-single or binary-binary encounter.

In Figure 7, we show the masses for each of the in-
spirals from the weighted sample of GC BBH merg-
ers. We break the masses down into two categories:

source masses, or the local masses of each BBH, and ob-
served masses, which correspond to the redshifted mass,
m

z

= m(1 + z), measured by an observer on Earth. We
also show separate panels for the chirp mass of the source,
M

c

⌘ (m1m2)3/5/(m1 + m2)1/5, the total mass of the
source, and the individual components of each binary.

The overall structure of the plots agrees well with our
understanding of BH and BBH evolution in GCs: after
the formation and core collapse of the cluster (at z ⇠ 4),
the most massive BHs form binaries and are ejected im-
mediately. The GC processes through its available pop-
ulation of BHs, working its way through the BH popu-
lation from most to least massive, so that only low-mass
BHs (⇠ 10� 20M�) are still present in massive GCs by
the present day. In the total-mass panel of Figure 7,
this story is obvious. The majority of the most massive

Rodriguez et al. 2016 ApJL

Distinguishing Between BBH Formation Channels with LISA 3

(q), orbital separation (a), and eccentricity (e). The
population models compare four di↵erent metallicities
(Z = 1Z�, 0.25Z�, 0.05Z�, and 0.01Z�), with the sub-
solar metallicities being consistent with the metallicities
used in the GC models. For the primary mass we adopt
the stellar IMF ⇠(m) / m�2.3,m � 1M� (Kroupa 2001)
with a primary mass limit of 150 M�. We assume a
uniform mass ratio distribution consistent with current
observational constraints (Mazeh et al. 1992; Goldberg
& Mazeh 1994). We assume initial orbital separations
are distributed uniformly in log(a) at wide separations
(10R�  a  5.75⇥106R�) and fall o↵ linearly at small
separations as ⇣(a) / (a/a0)1.2, a < 10R� (Han 1998).
The initial eccentricities are distributed thermally (Heg-
gie 1975) as ⌘(e) = 2e.
We evolve the galactic field population for 13.87 Gyr

using the same binary evolution models as the GC pop-
ulation, creating an equivalent population to the GC
population but without dynamics. We log the birth pa-
rameters of each BBH, including important formation
processes like the number of common-envelope episodes
and the natal kicks imparted to the binary from the birth
of each black hole. As with the GC models, we require
the low metallicity (Z < Z�) BBHs to enter the LISA
band in the last Gyr before the present time. We re-
tain any solar metallicity BBHs that evolve to the LISA
band over the last 10 Gyrs.
Due to the eccentric nature of BBHs formed in GCs,

it is useful to consider the frequency of GWs emitted at
higher harmonics of a binary’s orbital frequency. The
frequency of maximum GW power emission from an ec-
centric binary is estimated as (Wen 2003)

fGW =

p
G(m1 +m2)

⇡

(1 + e)1.1954

[a(1� e)2]1.5
. (1)

If we consider the peak GW frequency of Eq. 1 for
BBHs formed in GCs, we find the GW frequencies of
the population are substantially higher than the circular
GW frequencies. Since the peak sensitivity of LISA falls
near f ⇠ 10�3

� 10�2 Hz, shifts to higher frequency aid
in the detectability of these sources.

3. ECCENTRICITIES ACROSS THE LISA BAND

3.1. BBH orbital evolution

Since the cluster BBHs are ejected from their host GC
and the galactic field BBHs evolve in isolation, only GW
emission will a↵ect the evolution of each binary. Using
the simulated populations from § 2, we evolve each field
BBH from its birth frequency to 103 Hz and each cluster
BBH from the time of its ejection to 103 Hz using the
quadrupole approximated GW orbital evolution equa-
tions (Peters 1964).
BBHs with frequencies larger than 10�3 Hz are ex-

pected to have measurable frequency evolution due to
GW emission known as the GW chirp. The chirp mass,
Mc = (m1m2)3/5/(m1 + m2)1/5, and eccentricity (or
lack therof) can be measured for every BBH with a mea-
sured chirp. Fig. 1 illustrates the evolution of eccentric-
ity and GW frequency for each binary in the models
from each formation channel. The minimal eccentric-
ities measurable by a LISA-like detector are shown in
red (Nishizawa et al. 2016). The LISA frequency range
is highlighted in grey and the frequency range where
BBHs with chirp mass Mc & 6M� have measurable
chirps is highlighted in light blue.
In addition to GC formed BBHs, we consider two pop-

ulations of BBHs formed in isolation: those including ei-
ther a single or no common-envelope episodes (hereafter
1CE and 0CE). BBHs formed both in GCs (black) in iso-
lation in the galactic field (green, blue) have measurable
eccentricities and frequencies above 10�3 Hz, with GC
formed binaries having larger eccentricities than those
in the galactic field. Above 10�2 Hz, only BBHs formed
in GCs fall above the e = 0.01 line. This suggests that
any BBH detected above band 10�2 Hz with eccentricity
e � 0.01 formed dynamically in a dense stellar environ-

ment.

3.2. Eccentricity Distributions

GC formed BBHs are ejected from the cluster with a
thermal eccentricity distribution. Once ejected, BBHs
evolve only through the emission of GWs which circu-
larize and shrink the binary orbit. This leads to BBHs
with eccentricities of e & 0.1 in the low end of the LISA
frequency band (fGW ⇠ 10�5 Hz) and eccentricities of
e & 0.001 in the high end of the LISA frequency band
(fGW ⇠ 10�2 Hz). BBHs formed in isolation generally
form at lower eccentricities, but with also lower chirp
masses than BBHs formed in GCs. Thus, their eccen-
tricity decreases more slowly as they evolve in frequency
space.
Fig. 2 shows the cumulative distribution of the ec-

centricities of the simulated BBHs formed dynamically
(black) and in isolation (blue, green) at di↵erent points
in their orbital evolution. Highly eccentric dynamically
formed binaries are recently ejected from the GC, while
the less eccentric binaries have had more time to circu-
larize through GW emission. At 10�3 Hz, 92% and 32%
of GC formed BBHs have eccentricities of e � 0.001 and
e � 0.01 respectively while 30% and 7% of GC formed
BBHs at 10�2 Hz have eccentricities of e � 0.001 and
e � 0.01 respectively. At 10�3 Hz, 91% and 23% of
1CE BBHs have eccentricities of e � 0.001 and e � 0.01
respectively while 19% and 0% of 1CE BBHs at 10�2

Hz have eccentricities of e � 0.001 and e � 0.01 re-
spectively. There are no 0CE BBHs with measurable
eccentricities in the frequency regime where the binary

3

GW150914 merged ⇠ 1.3 Gyr ago (& 10 Gyr after the
formation of the old GCs considered here), it must have
been ejected from a cluster environment with a su�-
ciently wide separation to ensure a delay time of ⇠ 10
Gyr before merger. It is a well-known result (Porte-
gies Zwart & McMillan 2000; Moody & Sigurdsson 2009)
that, despite the chaotic nature of dynamical formation,
it is the global cluster properties that primarily deter-
mine the semi-major axis of binaries at ejection. In Ro-
driguez et al. (2016), we showed that this relationship
can be expressed as

R
v

M
GC

⇠ a

µbin
(1)

where M
GC

and R
v

are the mass and virial radius of the
cluster, and a and µbin are the semi-major axis and re-
duced mass of the binary. Equation (1) shows that, for
a given binary mass, more massive clusters must have
large virial radii to produce binaries with large semi-
major axes1. This result holds true in our models: the
massive GCs with R

v

= 1 pc produce ⇠ 60M� BBHs at
a rate similar to GCs with R

v

= 2 pc; however, the ma-
jority of binaries from those compact clusters are ejected
within the first Gyr of the cluster evolution and merge
. 1 Gyr later. For the binaries to merge in the local uni-
verse, they were most likely ejected from a massive clus-
ter with a virial radius ⇠ 2 pc. We conclude that, were it
formed dynamically, the progenitor of GW150914 most
likely originated in a low-metallicity GC with a present-
day mass between 3 ⇥ 105M� and 6 ⇥ 105M� and an
initial virial radius of 2 pc, typical of young clusters in
the local universe (e.g., Scheepmaker et al. 2007).

3. DYNAMICAL FORMATION OF GW150914

In addition to the statistics of the ejected BBHs, our
GC models allow us to describe the specific dynamical
interactions that created a potential GW150914 BBH.
None of our 14 GW150914 progenitors are formed from
primordial stellar binaries that become BBHs, and only
12 of all 262 binaries with GW150914-like masses are
formed directly from a primordial binary. Instead, all
but one of the 14 progenitors were created during a
strong gravitational exchange encounter involving either
one binary and one single BH (in 11 cases) or two BBHs
(in 2 cases). Only one binary was created by an interac-
tion involving three single BHs (a “three-body binary”
formation, Binney & Tremaine 2011). This result is sur-
prising, given that three-body binary formation is ex-
pected to be the dominant mechanism for creating new

1 Note that the proportionality constant in 1 can vary from ⇠ 10
to⇠ 100 (in solar units) within a fixed cluster. See Rodriguez et al.
(2016), Figure 2 and Equations 6-10.

BBHs in the cores of GCs (Morscher et al. 2015). How-
ever, these three-body binaries are not necessarily the
same binaries that will become future gravitational-wave
sources. In order to be ejected from the cluster, this
first generation of binaries must undergo several scat-
tering encounters to pump up their gravitational bind-
ing energies–encounters that o↵er many opportunities
to form new binaries by exchanging components. These
gravitational encounters erase the original state of the
first generation of BBHs, and become the primary mech-
anism for producing BBH mergers from GCs.
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Figure 2. The distribution of BBH total masses from GCs.
In gray, we show the distribution of all mergers that occur
at z < 0.5 (for GCs that form at z ' 3.5), while in blue we
show the distribution of sources detectable with Advanced
LIGO during its first observing run. The median and 90%
credible regions for the total mass of GW150914 are shown in
red (The LIGO Scientific Collaboration & The Virgo Collab-
oration 2016b). We also show the gravitational-wave trigger,
LVT151012, in purple (where we have computed the median
and credible regions by adding the component mass median
and 90% credible interval boundaries from The LIGO Scien-
tific Collaboration & The Virgo Collaboration 2016a). Note
that, while LVT151012 is below the threshold to be consid-
ered a detection, there exists a & 84% chance that the signal
was of astrophysical origin (Abbott et al. 2016c).

In addition to their formation, all 14 GW150914 pro-
genitors were ejected from their host clusters after a
strong interaction. This is consistent with Rodriguez
et al. (2016), which found that 81% of BBHs ejected
from a GC are ejected following a binary-single en-
counter, and 13% following a binary-binary encounter.
We find that 9 of the 14 binaries were ejected from the
cluster following an exchange encounter, in which pre-
existing binary exchanged components and was ejected
from the cluster before it could interact with other BHs
(although the binary that was exchanged into may have
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Mergers Pessimistic Realistic Optimistic

O1 (Detections / 16 Days) 0.05 0.2 0.7

O1 (Detections / 50 Days) 0.2 0.5 2

O2 (Detections / Year) 4 15 60

Design Sensitivity (Detections / Year) 30 100 400

Merger Rate at z ⇠ 0.1 (Mergers / Gpc3 / Year) 2 5 20

Merger Rate at z ⇠ 1 (Mergers / Gpc3 / Year) 4 10 40

Table 1. The expected merger rate for all BBHs from GCs. We show the theoretical detection rate for the first observing run
of Advanced LIGO (O1) over a 16 day period (consistent with the GW150914 detection) and over a ⇠50 day period (the length
of O1, assuming a ⇠ 4 month duration (Abbott et al. 2016b) with a double-coincident runtime fraction of (16/39) (Abbott et al.
2016c)). We also show the detection rate given the projected sensitivity for Advanced LIGO’s second observing run (O2, with a
proposed length of 6 months (Abbott et al. 2016b), for which we use the mid-sensitivity curve from Barsotti & Fritschel (2012)),
and the final design sensitivity from Shoemaker (2009). Both projected rates assume a year of double-coincident data from both
LIGO detectors. For reference, we show the total merger rate density from Rodriguez et al. (2016a) at z ⇠ 0.1 (the observed
redshift of GW150914) and at z ⇠ 1. The optimistic and pessimistic rates are computed assuming the ±1� uncertainties on the
spatial density of GCs in the universe from Rodriguez et al. (2015), and considering all GCs to have initial virial radii of 1 pc
or 2 pc, respectively. The realistic rate assumes the mean spatial density of GCs, and an even mix of 1 pc and 2 pc clusters.

with longer inspiral times, while binaries ejected follow-
ing several scattering interactions are ejected later with
shorter inspiral times.
As Figure 1 makes clear, the dynamical history of any

particular system is quite complex. But the interactions
ensure that the orbital properties of dynamically-formed
BBHs are a function only of well-understood gravita-
tional processes, completely free of any dependence on
the initial conditions of the BBH population. This elim-
inates many of the uncertainties associated with the
modeling of isolated binary stellar evolution in galac-
tic fields. The dynamical formation channel is largely
independent of the many unconstrained parameters of
binary evolution (e.g. the outcome of common envelope
evolution) that can cause estimates of the BBH merger
rate from the field to vary by several orders of magnitude
(Rodriguez et al. 2016a).

4. DETECTION RATE

With this understanding of the dynamical formation
scenario, it is only natural to ask: what masses of
dynamically-formed BBHs are most likely to be detected
by Advanced LIGO? The answer depends on two fac-
tors: the underlying distribution of BBH mergers in
mass and redshift, and the sensitivity of the LIGO de-
tector to BBH mergers with specific masses at a given
redshift. In Figure 2, we show the distribution of BBH
mergers from all our models, with the BBHs drawn ran-
domly from specific GC models proportionally to the
observed mass distribution of GCs (with clusters closer
to the peak of the GC mass function contributing more
BBH mergers to our e↵ective sample, see Harris et al.
2014; Rodriguez et al. 2016a). We combine this with the
publicly-available Advanced LIGO sensitivity spectrum
representative for the GW150914 observation (Kissel
2015, and Appendix B), and compute the distribution

of detectable BBHs from GCs. We find that the me-
dian total mass of a BBH detectable during the 16 days
of Advanced LIGO’s first observing run (O1) is 50M�,
with 60% of sources having total masses from 37M� to
66M� (enclosing the 65M� total mass of GW150914),
and 90% of sources having masses from 29M� to 89M�.
In Table 1, we integrate the mass distribution over all
redshifts, and list the detection rate of BBH mergers
from GCs for di↵erent current and planned observing
runs of Advanced LIGO. We find that, during the first
16 days of O1, Advanced LIGO could have detected any-
where from 0.05 to 0.7 BBH mergers from GCs. Based
on these results, we conclude that GW150914 is consis-
tent with dynamical formation in a GC.
With only a single detection, and significant uncer-

tainties on the BBH merger rate from isolated binary
stellar evolution, it cannot be definitively said which
of the many proposed formation channels produced
GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.

We thank Ilya Mandel for carefully reviewing this
manuscript, and Chris Pankow for useful discussions.
This work was supported by NSF Grant AST-1312945
and NASA Grant NNX14AP92G.
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GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.
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Design Sensitivity (Detections / Year) 30 100 400

Merger Rate at z ⇠ 0.1 (Mergers / Gpc3 / Year) 2 5 20

Merger Rate at z ⇠ 1 (Mergers / Gpc3 / Year) 4 10 40

Table 1. The expected merger rate for all BBHs from GCs. We show the theoretical detection rate for the first observing run
of Advanced LIGO (O1) over a 16 day period (consistent with the GW150914 detection) and over a ⇠50 day period (the length
of O1, assuming a ⇠ 4 month duration (Abbott et al. 2016b) with a double-coincident runtime fraction of (16/39) (Abbott et al.
2016c)). We also show the detection rate given the projected sensitivity for Advanced LIGO’s second observing run (O2, with a
proposed length of 6 months (Abbott et al. 2016b), for which we use the mid-sensitivity curve from Barsotti & Fritschel (2012)),
and the final design sensitivity from Shoemaker (2009). Both projected rates assume a year of double-coincident data from both
LIGO detectors. For reference, we show the total merger rate density from Rodriguez et al. (2016a) at z ⇠ 0.1 (the observed
redshift of GW150914) and at z ⇠ 1. The optimistic and pessimistic rates are computed assuming the ±1� uncertainties on the
spatial density of GCs in the universe from Rodriguez et al. (2015), and considering all GCs to have initial virial radii of 1 pc
or 2 pc, respectively. The realistic rate assumes the mean spatial density of GCs, and an even mix of 1 pc and 2 pc clusters.

with longer inspiral times, while binaries ejected follow-
ing several scattering interactions are ejected later with
shorter inspiral times.
As Figure 1 makes clear, the dynamical history of any

particular system is quite complex. But the interactions
ensure that the orbital properties of dynamically-formed
BBHs are a function only of well-understood gravita-
tional processes, completely free of any dependence on
the initial conditions of the BBH population. This elim-
inates many of the uncertainties associated with the
modeling of isolated binary stellar evolution in galac-
tic fields. The dynamical formation channel is largely
independent of the many unconstrained parameters of
binary evolution (e.g. the outcome of common envelope
evolution) that can cause estimates of the BBH merger
rate from the field to vary by several orders of magnitude
(Rodriguez et al. 2016a).

4. DETECTION RATE

With this understanding of the dynamical formation
scenario, it is only natural to ask: what masses of
dynamically-formed BBHs are most likely to be detected
by Advanced LIGO? The answer depends on two fac-
tors: the underlying distribution of BBH mergers in
mass and redshift, and the sensitivity of the LIGO de-
tector to BBH mergers with specific masses at a given
redshift. In Figure 2, we show the distribution of BBH
mergers from all our models, with the BBHs drawn ran-
domly from specific GC models proportionally to the
observed mass distribution of GCs (with clusters closer
to the peak of the GC mass function contributing more
BBH mergers to our e↵ective sample, see Harris et al.
2014; Rodriguez et al. 2016a). We combine this with the
publicly-available Advanced LIGO sensitivity spectrum
representative for the GW150914 observation (Kissel
2015, and Appendix B), and compute the distribution

of detectable BBHs from GCs. We find that the me-
dian total mass of a BBH detectable during the 16 days
of Advanced LIGO’s first observing run (O1) is 50M�,
with 60% of sources having total masses from 37M� to
66M� (enclosing the 65M� total mass of GW150914),
and 90% of sources having masses from 29M� to 89M�.
In Table 1, we integrate the mass distribution over all
redshifts, and list the detection rate of BBH mergers
from GCs for di↵erent current and planned observing
runs of Advanced LIGO. We find that, during the first
16 days of O1, Advanced LIGO could have detected any-
where from 0.05 to 0.7 BBH mergers from GCs. Based
on these results, we conclude that GW150914 is consis-
tent with dynamical formation in a GC.
With only a single detection, and significant uncer-

tainties on the BBH merger rate from isolated binary
stellar evolution, it cannot be definitively said which
of the many proposed formation channels produced
GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.

We thank Ilya Mandel for carefully reviewing this
manuscript, and Chris Pankow for useful discussions.
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Table 1. The expected merger rate for all BBHs from GCs. We show the theoretical detection rate for the first observing run
of Advanced LIGO (O1) over a 16 day period (consistent with the GW150914 detection) and over a ⇠50 day period (the length
of O1, assuming a ⇠ 4 month duration (Abbott et al. 2016b) with a double-coincident runtime fraction of (16/39) (Abbott et al.
2016c)). We also show the detection rate given the projected sensitivity for Advanced LIGO’s second observing run (O2, with a
proposed length of 6 months (Abbott et al. 2016b), for which we use the mid-sensitivity curve from Barsotti & Fritschel (2012)),
and the final design sensitivity from Shoemaker (2009). Both projected rates assume a year of double-coincident data from both
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with longer inspiral times, while binaries ejected follow-
ing several scattering interactions are ejected later with
shorter inspiral times.
As Figure 1 makes clear, the dynamical history of any

particular system is quite complex. But the interactions
ensure that the orbital properties of dynamically-formed
BBHs are a function only of well-understood gravita-
tional processes, completely free of any dependence on
the initial conditions of the BBH population. This elim-
inates many of the uncertainties associated with the
modeling of isolated binary stellar evolution in galac-
tic fields. The dynamical formation channel is largely
independent of the many unconstrained parameters of
binary evolution (e.g. the outcome of common envelope
evolution) that can cause estimates of the BBH merger
rate from the field to vary by several orders of magnitude
(Rodriguez et al. 2016a).

4. DETECTION RATE

With this understanding of the dynamical formation
scenario, it is only natural to ask: what masses of
dynamically-formed BBHs are most likely to be detected
by Advanced LIGO? The answer depends on two fac-
tors: the underlying distribution of BBH mergers in
mass and redshift, and the sensitivity of the LIGO de-
tector to BBH mergers with specific masses at a given
redshift. In Figure 2, we show the distribution of BBH
mergers from all our models, with the BBHs drawn ran-
domly from specific GC models proportionally to the
observed mass distribution of GCs (with clusters closer
to the peak of the GC mass function contributing more
BBH mergers to our e↵ective sample, see Harris et al.
2014; Rodriguez et al. 2016a). We combine this with the
publicly-available Advanced LIGO sensitivity spectrum
representative for the GW150914 observation (Kissel
2015, and Appendix B), and compute the distribution

of detectable BBHs from GCs. We find that the me-
dian total mass of a BBH detectable during the 16 days
of Advanced LIGO’s first observing run (O1) is 50M�,
with 60% of sources having total masses from 37M� to
66M� (enclosing the 65M� total mass of GW150914),
and 90% of sources having masses from 29M� to 89M�.
In Table 1, we integrate the mass distribution over all
redshifts, and list the detection rate of BBH mergers
from GCs for di↵erent current and planned observing
runs of Advanced LIGO. We find that, during the first
16 days of O1, Advanced LIGO could have detected any-
where from 0.05 to 0.7 BBH mergers from GCs. Based
on these results, we conclude that GW150914 is consis-
tent with dynamical formation in a GC.
With only a single detection, and significant uncer-

tainties on the BBH merger rate from isolated binary
stellar evolution, it cannot be definitively said which
of the many proposed formation channels produced
GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.
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of Advanced LIGO (O1) over a 16 day period (consistent with the GW150914 detection) and over a ⇠50 day period (the length
of O1, assuming a ⇠ 4 month duration (Abbott et al. 2016b) with a double-coincident runtime fraction of (16/39) (Abbott et al.
2016c)). We also show the detection rate given the projected sensitivity for Advanced LIGO’s second observing run (O2, with a
proposed length of 6 months (Abbott et al. 2016b), for which we use the mid-sensitivity curve from Barsotti & Fritschel (2012)),
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with longer inspiral times, while binaries ejected follow-
ing several scattering interactions are ejected later with
shorter inspiral times.
As Figure 1 makes clear, the dynamical history of any

particular system is quite complex. But the interactions
ensure that the orbital properties of dynamically-formed
BBHs are a function only of well-understood gravita-
tional processes, completely free of any dependence on
the initial conditions of the BBH population. This elim-
inates many of the uncertainties associated with the
modeling of isolated binary stellar evolution in galac-
tic fields. The dynamical formation channel is largely
independent of the many unconstrained parameters of
binary evolution (e.g. the outcome of common envelope
evolution) that can cause estimates of the BBH merger
rate from the field to vary by several orders of magnitude
(Rodriguez et al. 2016a).

4. DETECTION RATE

With this understanding of the dynamical formation
scenario, it is only natural to ask: what masses of
dynamically-formed BBHs are most likely to be detected
by Advanced LIGO? The answer depends on two fac-
tors: the underlying distribution of BBH mergers in
mass and redshift, and the sensitivity of the LIGO de-
tector to BBH mergers with specific masses at a given
redshift. In Figure 2, we show the distribution of BBH
mergers from all our models, with the BBHs drawn ran-
domly from specific GC models proportionally to the
observed mass distribution of GCs (with clusters closer
to the peak of the GC mass function contributing more
BBH mergers to our e↵ective sample, see Harris et al.
2014; Rodriguez et al. 2016a). We combine this with the
publicly-available Advanced LIGO sensitivity spectrum
representative for the GW150914 observation (Kissel
2015, and Appendix B), and compute the distribution

of detectable BBHs from GCs. We find that the me-
dian total mass of a BBH detectable during the 16 days
of Advanced LIGO’s first observing run (O1) is 50M�,
with 60% of sources having total masses from 37M� to
66M� (enclosing the 65M� total mass of GW150914),
and 90% of sources having masses from 29M� to 89M�.
In Table 1, we integrate the mass distribution over all
redshifts, and list the detection rate of BBH mergers
from GCs for di↵erent current and planned observing
runs of Advanced LIGO. We find that, during the first
16 days of O1, Advanced LIGO could have detected any-
where from 0.05 to 0.7 BBH mergers from GCs. Based
on these results, we conclude that GW150914 is consis-
tent with dynamical formation in a GC.
With only a single detection, and significant uncer-

tainties on the BBH merger rate from isolated binary
stellar evolution, it cannot be definitively said which
of the many proposed formation channels produced
GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.

We thank Ilya Mandel for carefully reviewing this
manuscript, and Chris Pankow for useful discussions.
This work was supported by NSF Grant AST-1312945
and NASA Grant NNX14AP92G.

4

Mergers Pessimistic Realistic Optimistic

O1 (Detections / 16 Days) 0.05 0.2 0.7

O1 (Detections / 50 Days) 0.2 0.5 2

O2 (Detections / Year) 4 15 60

Design Sensitivity (Detections / Year) 30 100 400

Merger Rate at z ⇠ 0.1 (Mergers / Gpc3 / Year) 2 5 20

Merger Rate at z ⇠ 1 (Mergers / Gpc3 / Year) 4 10 40
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of Advanced LIGO (O1) over a 16 day period (consistent with the GW150914 detection) and over a ⇠50 day period (the length
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with longer inspiral times, while binaries ejected follow-
ing several scattering interactions are ejected later with
shorter inspiral times.
As Figure 1 makes clear, the dynamical history of any

particular system is quite complex. But the interactions
ensure that the orbital properties of dynamically-formed
BBHs are a function only of well-understood gravita-
tional processes, completely free of any dependence on
the initial conditions of the BBH population. This elim-
inates many of the uncertainties associated with the
modeling of isolated binary stellar evolution in galac-
tic fields. The dynamical formation channel is largely
independent of the many unconstrained parameters of
binary evolution (e.g. the outcome of common envelope
evolution) that can cause estimates of the BBH merger
rate from the field to vary by several orders of magnitude
(Rodriguez et al. 2016a).

4. DETECTION RATE

With this understanding of the dynamical formation
scenario, it is only natural to ask: what masses of
dynamically-formed BBHs are most likely to be detected
by Advanced LIGO? The answer depends on two fac-
tors: the underlying distribution of BBH mergers in
mass and redshift, and the sensitivity of the LIGO de-
tector to BBH mergers with specific masses at a given
redshift. In Figure 2, we show the distribution of BBH
mergers from all our models, with the BBHs drawn ran-
domly from specific GC models proportionally to the
observed mass distribution of GCs (with clusters closer
to the peak of the GC mass function contributing more
BBH mergers to our e↵ective sample, see Harris et al.
2014; Rodriguez et al. 2016a). We combine this with the
publicly-available Advanced LIGO sensitivity spectrum
representative for the GW150914 observation (Kissel
2015, and Appendix B), and compute the distribution

of detectable BBHs from GCs. We find that the me-
dian total mass of a BBH detectable during the 16 days
of Advanced LIGO’s first observing run (O1) is 50M�,
with 60% of sources having total masses from 37M� to
66M� (enclosing the 65M� total mass of GW150914),
and 90% of sources having masses from 29M� to 89M�.
In Table 1, we integrate the mass distribution over all
redshifts, and list the detection rate of BBH mergers
from GCs for di↵erent current and planned observing
runs of Advanced LIGO. We find that, during the first
16 days of O1, Advanced LIGO could have detected any-
where from 0.05 to 0.7 BBH mergers from GCs. Based
on these results, we conclude that GW150914 is consis-
tent with dynamical formation in a GC.
With only a single detection, and significant uncer-

tainties on the BBH merger rate from isolated binary
stellar evolution, it cannot be definitively said which
of the many proposed formation channels produced
GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.
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Table 1. The expected merger rate for all BBHs from GCs. We show the theoretical detection rate for the first observing run
of Advanced LIGO (O1) over a 16 day period (consistent with the GW150914 detection) and over a ⇠50 day period (the length
of O1, assuming a ⇠ 4 month duration (Abbott et al. 2016b) with a double-coincident runtime fraction of (16/39) (Abbott et al.
2016c)). We also show the detection rate given the projected sensitivity for Advanced LIGO’s second observing run (O2, with a
proposed length of 6 months (Abbott et al. 2016b), for which we use the mid-sensitivity curve from Barsotti & Fritschel (2012)),
and the final design sensitivity from Shoemaker (2009). Both projected rates assume a year of double-coincident data from both
LIGO detectors. For reference, we show the total merger rate density from Rodriguez et al. (2016a) at z ⇠ 0.1 (the observed
redshift of GW150914) and at z ⇠ 1. The optimistic and pessimistic rates are computed assuming the ±1� uncertainties on the
spatial density of GCs in the universe from Rodriguez et al. (2015), and considering all GCs to have initial virial radii of 1 pc
or 2 pc, respectively. The realistic rate assumes the mean spatial density of GCs, and an even mix of 1 pc and 2 pc clusters.

with longer inspiral times, while binaries ejected follow-
ing several scattering interactions are ejected later with
shorter inspiral times.
As Figure 1 makes clear, the dynamical history of any

particular system is quite complex. But the interactions
ensure that the orbital properties of dynamically-formed
BBHs are a function only of well-understood gravita-
tional processes, completely free of any dependence on
the initial conditions of the BBH population. This elim-
inates many of the uncertainties associated with the
modeling of isolated binary stellar evolution in galac-
tic fields. The dynamical formation channel is largely
independent of the many unconstrained parameters of
binary evolution (e.g. the outcome of common envelope
evolution) that can cause estimates of the BBH merger
rate from the field to vary by several orders of magnitude
(Rodriguez et al. 2016a).

4. DETECTION RATE

With this understanding of the dynamical formation
scenario, it is only natural to ask: what masses of
dynamically-formed BBHs are most likely to be detected
by Advanced LIGO? The answer depends on two fac-
tors: the underlying distribution of BBH mergers in
mass and redshift, and the sensitivity of the LIGO de-
tector to BBH mergers with specific masses at a given
redshift. In Figure 2, we show the distribution of BBH
mergers from all our models, with the BBHs drawn ran-
domly from specific GC models proportionally to the
observed mass distribution of GCs (with clusters closer
to the peak of the GC mass function contributing more
BBH mergers to our e↵ective sample, see Harris et al.
2014; Rodriguez et al. 2016a). We combine this with the
publicly-available Advanced LIGO sensitivity spectrum
representative for the GW150914 observation (Kissel
2015, and Appendix B), and compute the distribution

of detectable BBHs from GCs. We find that the me-
dian total mass of a BBH detectable during the 16 days
of Advanced LIGO’s first observing run (O1) is 50M�,
with 60% of sources having total masses from 37M� to
66M� (enclosing the 65M� total mass of GW150914),
and 90% of sources having masses from 29M� to 89M�.
In Table 1, we integrate the mass distribution over all
redshifts, and list the detection rate of BBH mergers
from GCs for di↵erent current and planned observing
runs of Advanced LIGO. We find that, during the first
16 days of O1, Advanced LIGO could have detected any-
where from 0.05 to 0.7 BBH mergers from GCs. Based
on these results, we conclude that GW150914 is consis-
tent with dynamical formation in a GC.
With only a single detection, and significant uncer-

tainties on the BBH merger rate from isolated binary
stellar evolution, it cannot be definitively said which
of the many proposed formation channels produced
GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.
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Table 1. The expected merger rate for all BBHs from GCs. We show the theoretical detection rate for the first observing run
of Advanced LIGO (O1) over a 16 day period (consistent with the GW150914 detection) and over a ⇠50 day period (the length
of O1, assuming a ⇠ 4 month duration (Abbott et al. 2016b) with a double-coincident runtime fraction of (16/39) (Abbott et al.
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proposed length of 6 months (Abbott et al. 2016b), for which we use the mid-sensitivity curve from Barsotti & Fritschel (2012)),
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with longer inspiral times, while binaries ejected follow-
ing several scattering interactions are ejected later with
shorter inspiral times.
As Figure 1 makes clear, the dynamical history of any

particular system is quite complex. But the interactions
ensure that the orbital properties of dynamically-formed
BBHs are a function only of well-understood gravita-
tional processes, completely free of any dependence on
the initial conditions of the BBH population. This elim-
inates many of the uncertainties associated with the
modeling of isolated binary stellar evolution in galac-
tic fields. The dynamical formation channel is largely
independent of the many unconstrained parameters of
binary evolution (e.g. the outcome of common envelope
evolution) that can cause estimates of the BBH merger
rate from the field to vary by several orders of magnitude
(Rodriguez et al. 2016a).

4. DETECTION RATE

With this understanding of the dynamical formation
scenario, it is only natural to ask: what masses of
dynamically-formed BBHs are most likely to be detected
by Advanced LIGO? The answer depends on two fac-
tors: the underlying distribution of BBH mergers in
mass and redshift, and the sensitivity of the LIGO de-
tector to BBH mergers with specific masses at a given
redshift. In Figure 2, we show the distribution of BBH
mergers from all our models, with the BBHs drawn ran-
domly from specific GC models proportionally to the
observed mass distribution of GCs (with clusters closer
to the peak of the GC mass function contributing more
BBH mergers to our e↵ective sample, see Harris et al.
2014; Rodriguez et al. 2016a). We combine this with the
publicly-available Advanced LIGO sensitivity spectrum
representative for the GW150914 observation (Kissel
2015, and Appendix B), and compute the distribution

of detectable BBHs from GCs. We find that the me-
dian total mass of a BBH detectable during the 16 days
of Advanced LIGO’s first observing run (O1) is 50M�,
with 60% of sources having total masses from 37M� to
66M� (enclosing the 65M� total mass of GW150914),
and 90% of sources having masses from 29M� to 89M�.
In Table 1, we integrate the mass distribution over all
redshifts, and list the detection rate of BBH mergers
from GCs for di↵erent current and planned observing
runs of Advanced LIGO. We find that, during the first
16 days of O1, Advanced LIGO could have detected any-
where from 0.05 to 0.7 BBH mergers from GCs. Based
on these results, we conclude that GW150914 is consis-
tent with dynamical formation in a GC.
With only a single detection, and significant uncer-

tainties on the BBH merger rate from isolated binary
stellar evolution, it cannot be definitively said which
of the many proposed formation channels produced
GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.

We thank Ilya Mandel for carefully reviewing this
manuscript, and Chris Pankow for useful discussions.
This work was supported by NSF Grant AST-1312945
and NASA Grant NNX14AP92G.

4

Mergers Pessimistic Realistic Optimistic

O1 (Detections / 16 Days) 0.05 0.2 0.7

O1 (Detections / 50 Days) 0.2 0.5 2

O2 (Detections / Year) 4 15 60

Design Sensitivity (Detections / Year) 30 100 400

Merger Rate at z ⇠ 0.1 (Mergers / Gpc3 / Year) 2 5 20

Merger Rate at z ⇠ 1 (Mergers / Gpc3 / Year) 4 10 40

Table 1. The expected merger rate for all BBHs from GCs. We show the theoretical detection rate for the first observing run
of Advanced LIGO (O1) over a 16 day period (consistent with the GW150914 detection) and over a ⇠50 day period (the length
of O1, assuming a ⇠ 4 month duration (Abbott et al. 2016b) with a double-coincident runtime fraction of (16/39) (Abbott et al.
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with longer inspiral times, while binaries ejected follow-
ing several scattering interactions are ejected later with
shorter inspiral times.
As Figure 1 makes clear, the dynamical history of any

particular system is quite complex. But the interactions
ensure that the orbital properties of dynamically-formed
BBHs are a function only of well-understood gravita-
tional processes, completely free of any dependence on
the initial conditions of the BBH population. This elim-
inates many of the uncertainties associated with the
modeling of isolated binary stellar evolution in galac-
tic fields. The dynamical formation channel is largely
independent of the many unconstrained parameters of
binary evolution (e.g. the outcome of common envelope
evolution) that can cause estimates of the BBH merger
rate from the field to vary by several orders of magnitude
(Rodriguez et al. 2016a).

4. DETECTION RATE

With this understanding of the dynamical formation
scenario, it is only natural to ask: what masses of
dynamically-formed BBHs are most likely to be detected
by Advanced LIGO? The answer depends on two fac-
tors: the underlying distribution of BBH mergers in
mass and redshift, and the sensitivity of the LIGO de-
tector to BBH mergers with specific masses at a given
redshift. In Figure 2, we show the distribution of BBH
mergers from all our models, with the BBHs drawn ran-
domly from specific GC models proportionally to the
observed mass distribution of GCs (with clusters closer
to the peak of the GC mass function contributing more
BBH mergers to our e↵ective sample, see Harris et al.
2014; Rodriguez et al. 2016a). We combine this with the
publicly-available Advanced LIGO sensitivity spectrum
representative for the GW150914 observation (Kissel
2015, and Appendix B), and compute the distribution

of detectable BBHs from GCs. We find that the me-
dian total mass of a BBH detectable during the 16 days
of Advanced LIGO’s first observing run (O1) is 50M�,
with 60% of sources having total masses from 37M� to
66M� (enclosing the 65M� total mass of GW150914),
and 90% of sources having masses from 29M� to 89M�.
In Table 1, we integrate the mass distribution over all
redshifts, and list the detection rate of BBH mergers
from GCs for di↵erent current and planned observing
runs of Advanced LIGO. We find that, during the first
16 days of O1, Advanced LIGO could have detected any-
where from 0.05 to 0.7 BBH mergers from GCs. Based
on these results, we conclude that GW150914 is consis-
tent with dynamical formation in a GC.
With only a single detection, and significant uncer-

tainties on the BBH merger rate from isolated binary
stellar evolution, it cannot be definitively said which
of the many proposed formation channels produced
GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.
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Mergers Pessimistic Realistic Optimistic

O1 (Detections / 16 Days) 0.05 0.2 0.7

O1 (Detections / 50 Days) 0.2 0.5 2

O2 (Detections / Year) 4 15 60

Design Sensitivity (Detections / Year) 30 100 400

Merger Rate at z ⇠ 0.1 (Mergers / Gpc3 / Year) 2 5 20

Merger Rate at z ⇠ 1 (Mergers / Gpc3 / Year) 4 10 40

Table 1. The expected merger rate for all BBHs from GCs. We show the theoretical detection rate for the first observing run
of Advanced LIGO (O1) over a 16 day period (consistent with the GW150914 detection) and over a ⇠50 day period (the length
of O1, assuming a ⇠ 4 month duration (Abbott et al. 2016b) with a double-coincident runtime fraction of (16/39) (Abbott et al.
2016c)). We also show the detection rate given the projected sensitivity for Advanced LIGO’s second observing run (O2, with a
proposed length of 6 months (Abbott et al. 2016b), for which we use the mid-sensitivity curve from Barsotti & Fritschel (2012)),
and the final design sensitivity from Shoemaker (2009). Both projected rates assume a year of double-coincident data from both
LIGO detectors. For reference, we show the total merger rate density from Rodriguez et al. (2016a) at z ⇠ 0.1 (the observed
redshift of GW150914) and at z ⇠ 1. The optimistic and pessimistic rates are computed assuming the ±1� uncertainties on the
spatial density of GCs in the universe from Rodriguez et al. (2015), and considering all GCs to have initial virial radii of 1 pc
or 2 pc, respectively. The realistic rate assumes the mean spatial density of GCs, and an even mix of 1 pc and 2 pc clusters.

with longer inspiral times, while binaries ejected follow-
ing several scattering interactions are ejected later with
shorter inspiral times.
As Figure 1 makes clear, the dynamical history of any

particular system is quite complex. But the interactions
ensure that the orbital properties of dynamically-formed
BBHs are a function only of well-understood gravita-
tional processes, completely free of any dependence on
the initial conditions of the BBH population. This elim-
inates many of the uncertainties associated with the
modeling of isolated binary stellar evolution in galac-
tic fields. The dynamical formation channel is largely
independent of the many unconstrained parameters of
binary evolution (e.g. the outcome of common envelope
evolution) that can cause estimates of the BBH merger
rate from the field to vary by several orders of magnitude
(Rodriguez et al. 2016a).

4. DETECTION RATE

With this understanding of the dynamical formation
scenario, it is only natural to ask: what masses of
dynamically-formed BBHs are most likely to be detected
by Advanced LIGO? The answer depends on two fac-
tors: the underlying distribution of BBH mergers in
mass and redshift, and the sensitivity of the LIGO de-
tector to BBH mergers with specific masses at a given
redshift. In Figure 2, we show the distribution of BBH
mergers from all our models, with the BBHs drawn ran-
domly from specific GC models proportionally to the
observed mass distribution of GCs (with clusters closer
to the peak of the GC mass function contributing more
BBH mergers to our e↵ective sample, see Harris et al.
2014; Rodriguez et al. 2016a). We combine this with the
publicly-available Advanced LIGO sensitivity spectrum
representative for the GW150914 observation (Kissel
2015, and Appendix B), and compute the distribution

of detectable BBHs from GCs. We find that the me-
dian total mass of a BBH detectable during the 16 days
of Advanced LIGO’s first observing run (O1) is 50M�,
with 60% of sources having total masses from 37M� to
66M� (enclosing the 65M� total mass of GW150914),
and 90% of sources having masses from 29M� to 89M�.
In Table 1, we integrate the mass distribution over all
redshifts, and list the detection rate of BBH mergers
from GCs for di↵erent current and planned observing
runs of Advanced LIGO. We find that, during the first
16 days of O1, Advanced LIGO could have detected any-
where from 0.05 to 0.7 BBH mergers from GCs. Based
on these results, we conclude that GW150914 is consis-
tent with dynamical formation in a GC.
With only a single detection, and significant uncer-

tainties on the BBH merger rate from isolated binary
stellar evolution, it cannot be definitively said which
of the many proposed formation channels produced
GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.

We thank Ilya Mandel for carefully reviewing this
manuscript, and Chris Pankow for useful discussions.
This work was supported by NSF Grant AST-1312945
and NASA Grant NNX14AP92G.
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with longer inspiral times, while binaries ejected follow-
ing several scattering interactions are ejected later with
shorter inspiral times.
As Figure 1 makes clear, the dynamical history of any

particular system is quite complex. But the interactions
ensure that the orbital properties of dynamically-formed
BBHs are a function only of well-understood gravita-
tional processes, completely free of any dependence on
the initial conditions of the BBH population. This elim-
inates many of the uncertainties associated with the
modeling of isolated binary stellar evolution in galac-
tic fields. The dynamical formation channel is largely
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binary evolution (e.g. the outcome of common envelope
evolution) that can cause estimates of the BBH merger
rate from the field to vary by several orders of magnitude
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scenario, it is only natural to ask: what masses of
dynamically-formed BBHs are most likely to be detected
by Advanced LIGO? The answer depends on two fac-
tors: the underlying distribution of BBH mergers in
mass and redshift, and the sensitivity of the LIGO de-
tector to BBH mergers with specific masses at a given
redshift. In Figure 2, we show the distribution of BBH
mergers from all our models, with the BBHs drawn ran-
domly from specific GC models proportionally to the
observed mass distribution of GCs (with clusters closer
to the peak of the GC mass function contributing more
BBH mergers to our e↵ective sample, see Harris et al.
2014; Rodriguez et al. 2016a). We combine this with the
publicly-available Advanced LIGO sensitivity spectrum
representative for the GW150914 observation (Kissel
2015, and Appendix B), and compute the distribution

of detectable BBHs from GCs. We find that the me-
dian total mass of a BBH detectable during the 16 days
of Advanced LIGO’s first observing run (O1) is 50M�,
with 60% of sources having total masses from 37M� to
66M� (enclosing the 65M� total mass of GW150914),
and 90% of sources having masses from 29M� to 89M�.
In Table 1, we integrate the mass distribution over all
redshifts, and list the detection rate of BBH mergers
from GCs for di↵erent current and planned observing
runs of Advanced LIGO. We find that, during the first
16 days of O1, Advanced LIGO could have detected any-
where from 0.05 to 0.7 BBH mergers from GCs. Based
on these results, we conclude that GW150914 is consis-
tent with dynamical formation in a GC.
With only a single detection, and significant uncer-

tainties on the BBH merger rate from isolated binary
stellar evolution, it cannot be definitively said which
of the many proposed formation channels produced
GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.
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ing several scattering interactions are ejected later with
shorter inspiral times.
As Figure 1 makes clear, the dynamical history of any
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ensure that the orbital properties of dynamically-formed
BBHs are a function only of well-understood gravita-
tional processes, completely free of any dependence on
the initial conditions of the BBH population. This elim-
inates many of the uncertainties associated with the
modeling of isolated binary stellar evolution in galac-
tic fields. The dynamical formation channel is largely
independent of the many unconstrained parameters of
binary evolution (e.g. the outcome of common envelope
evolution) that can cause estimates of the BBH merger
rate from the field to vary by several orders of magnitude
(Rodriguez et al. 2016a).

4. DETECTION RATE

With this understanding of the dynamical formation
scenario, it is only natural to ask: what masses of
dynamically-formed BBHs are most likely to be detected
by Advanced LIGO? The answer depends on two fac-
tors: the underlying distribution of BBH mergers in
mass and redshift, and the sensitivity of the LIGO de-
tector to BBH mergers with specific masses at a given
redshift. In Figure 2, we show the distribution of BBH
mergers from all our models, with the BBHs drawn ran-
domly from specific GC models proportionally to the
observed mass distribution of GCs (with clusters closer
to the peak of the GC mass function contributing more
BBH mergers to our e↵ective sample, see Harris et al.
2014; Rodriguez et al. 2016a). We combine this with the
publicly-available Advanced LIGO sensitivity spectrum
representative for the GW150914 observation (Kissel
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of detectable BBHs from GCs. We find that the me-
dian total mass of a BBH detectable during the 16 days
of Advanced LIGO’s first observing run (O1) is 50M�,
with 60% of sources having total masses from 37M� to
66M� (enclosing the 65M� total mass of GW150914),
and 90% of sources having masses from 29M� to 89M�.
In Table 1, we integrate the mass distribution over all
redshifts, and list the detection rate of BBH mergers
from GCs for di↵erent current and planned observing
runs of Advanced LIGO. We find that, during the first
16 days of O1, Advanced LIGO could have detected any-
where from 0.05 to 0.7 BBH mergers from GCs. Based
on these results, we conclude that GW150914 is consis-
tent with dynamical formation in a GC.
With only a single detection, and significant uncer-

tainties on the BBH merger rate from isolated binary
stellar evolution, it cannot be definitively said which
of the many proposed formation channels produced
GW150914. However, both GW150914 and the results
presented here indicate that Advanced LIGO may de-
tect many more BBH mergers in the near future (Ab-
bott et al. 2016c). Once Advanced LIGO has produced a
catalog of BBH merger candidates with di↵erent masses
and spins at di↵erent redshifts, we will begin to con-
strain many of the existing BBH population models,
yielding tremendous information about BH formation
and dynamics across cosmic time.
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(agrees with Askar et al. 2016
— in next talk!)



Nuclear Star Clusters
Binary Evolution 

vs Dynamics



• Masses and mass ratios  <– not promising 
(Chatterjee et al. 2016, in prep)
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• Eccentricity  <– need LISA! not with LIGO 
(Breivik et al. 2016, ApJ, in press)
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• Masses and mass ratios  <– not promising 
(Chatterjee et al. 2016, in prep)

• Eccentricity  <– need LISA! not with LIGO 
(Breivik et al. 2016, ApJ, in press)

• Spins  <– most promising!                 
(Rodriguez et al. 2016, ApJL, submitted)

Nuclear Star Clusters
Binary Evolution 

vs Dynamics



Ask me about:

• Triples and Kozai captures (Antonini et al. 2016; 
Silsbee & Tremaine 2016) 

• More massive star clusters: galactic nuclei, 
UCDs etc. (Antonini & Rasio 2016) 

• Neutron stars (and NS-BH or NS-NS mergers 
from star clusters)



Conclusions
• Stellar dynamics in dense star clusters produces black 

hole binaries that merge at high rates in the local universe 

• More massive systems preferentially made in old, 
massive globular clusters 

• Less massive systems can be made in younger, higher-
metallicity clusters 

• Formation through stellar dynamics is easier to model 
and has fewer uncertainties than massive binary evolution 

• The (near-)future of GW astrophysics looks very exciting!
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ABSTRACT
We present a new parallel supercomputer implementation of the Monte Carlo method for simulating

the dynamical evolution of globular star clusters. Our method is based on a modiÐed version of He" nonÏs
Monte Carlo algorithm for solving the Fokker-Planck equation. Our code allows us to follow the evolu-
tion of a cluster containing up to 5 ] 105 stars to core collapse in hours of computing time. In this[40
paper we present the results of test calculations for clusters with equal-mass stars, starting from both
Plummer and King model initial conditions. We consider isolated as well as tidally truncated clusters.
Our results are compared to those obtained from approximate, self-similar analytic solutions, from direct
numerical integrations of the Fokker-Planck equation, and from direct N-body integrations performed
on a GRAPE-4 special-purpose computer with N \ 16384. In all cases we Ðnd excellent agreement with
other methods, establishing our new code as a robust tool for the numerical study of globular cluster
dynamics using a realistic number of stars.
Subject headings : celestial mechanics, stellar dynamics È globular clusters : general È

methods : n-body simulations È methods : numerical

1. INTRODUCTION

The dynamical evolution of dense star clusters is a
problem of fundamental importance in theoretical astro-
physics, but many aspects of the problem have remained
unresolved in spite of years of numerical work and
improved observational data. On the theoretical side, some
key unresolved issues include the role played by primordial
binaries and their dynamical interactions in the overall
cluster dynamics and in the production of exotic sources
(Hut et al. 1992), and the importance of tidal shocking for
the long-term evolution and survival of globular clusters in
the Galaxy (Gnedin, Lee, & Ostriker 1999). On the obser-
vational side, we now have many large data sets providing a
wealth of information on blue stragglers, X-ray sources and
millisecond pulsars, all found in large numbers in dense
clusters (e.g., Bailyn 1995 ; Camilo et al. 2000 ; Piotto et al.
1999). Although it is clear that these objects are produced at
high rates through dynamical interactions in the dense
cluster cores, the details of the formation mechanisms, and
in particular the interplay between binary stellar evolution
and dynamical interactions, are far from understood.

1.1. Overview of Numerical Methods
Following the pioneering work of (1971a, 1971b),He" non

many numerical simulations of globular cluster evolution
were undertaken in the early 1970s, by two groups, at Prin-
ceton and Cornell, using di†erent Monte Carlo methods,
now known as the ““ Princeton method ÏÏ and the ““ Cornell
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method ÏÏ (see Spitzer 1987 for an overview of the methods).
In the Princeton method, the orbit of each star is integrated
numerically, while the di†usion coefficients for the change
in velocity and (*v)2 (which are calculated analytically)*¿
are selected to represent the average perturbation over an
entire orbit. Energy conservation is enforced by requiring
that the total energy be conserved in each radial region of
the cluster. The Princeton method assumes an isotropic,
Maxwellian velocity distribution of stars to compute the
di†usion coefficients, and hence does not take in to account
the anisotropy in the orbits of the Ðeld stars. One advantage
of this method is that, since it follows the evolution of the
cluster on a dynamical timescale, it is possible to follow the
initial ““ violent relaxation ÏÏ phase more easily. Unfor-
tunately, for the same reason, it also requires considerably
more computing time compared to other versions of the
Monte Carlo method. In the Cornell method, also known
as the ““ Orbit-averaged Monte Carlo method ÏÏ, the changes
in energy E and angular momentum J per unit time
(averaged over an orbit) are computed analytically for each
star. Hence, the time consuming dynamical integration of
the orbits is not required. In addition, since the di†usion
coefficients are computed for both *E and *J, the Cornell
method does take in to account the anisotropy in the orbits
of the stars. The method ÏÏ is a variation of the““ He" non
Cornell method, in which the velocity perturbations are
computed by considering an encounter between pairs of
neighboring stars. This also allows the local two-
dimensional phase space distribution f (E, J) to be sampled
correctly. Our code is based on a modiÐed version of

method. We have modiÐed algorithm forHe" nonÏs He" nonÏs
determining the time step and computing the representative
encounter between neighboring stars. Our method allows
the time step to be made much smaller in order to resolve
the dynamics in the core more accurately. We describe the
basic method and our modiÐcations in more detail below in
° 2.

969



Rodriguez et al. 2016, MNRAS, in press

Comparison between CMC and 
Direct N-body code for cluster 

model with N=106 
(NBODY6++GPU run lasting 

about 1 year!)

4 C. L. Rodriguez et al.

Figure 1. The BH mass (top) and radial distributions (bottom) for BHs in both cluster models at 100 Myr (left) and 12 Gyr (right). On the top, the BH masses
for model MC are shown by the solid black line, and those for model NB are indicated by the dashed red line. Overall the number of retained BHs and the mass
distributions agree very well. There are a small number of BHs with masses between 30M� and 55M�, highlighted in the insert, which are only formed in the
NB model. The bottom panels show the radial distributions for the BHs (solid curves) and the non-BHs (dotted curves) separately, with model MC in black and
model NB in red. Each star is counted individually, regardless of whether it is a part of a binary (or an even higher-order system, which is possible in the direct
N-body simulation).

Figure 2. Comparison of the total number of BHs retained in each cluster
model as a function of time. Model MC is shown in black and model NB in
red. As already seen in Figure 3, both models forms and retains initially
(at 20 Myr, after BH formation) a roughly identical number of BHs. Over
time, BHs are slowly ejected in both models at a similar rate, with model
MC ejecting 336 BHs and model NB ejecting 400 BHs by 12 Gyr.

can be retained for many Gyr in old GCs. At the end of the simula-
tion, there are 1085 BHs remaining in model MC and 1036 in model
NB. Figure 1 shows the initial and final distributions of BHs masses
for the two models, which are in nearly perfect agreement. Dynami-
cally, the two models produce extremely similar results, with model
MC ejecting 336 BHs and model NB ejecting 400 BHs from the pop-
ulation that is retained initially, and, in agreement with MOR15,
ejecting the most massive BHs first. We do note that model NB con-
tains a handful of BHs with masses above 35 M�, whereas model
MC has none. These abnormally massive BHs are formed as a result
of a minor bug in the N-body treatment of merged stellar binaries,
which was discovered after the simulation had begun.

On the bottom panels in the same figure we show the cumula-
tive radial distributions of the BHs (solid curves) and the non-BHs
(dotted curves) after BH formation and at the end of the simulation
(solid curves). The two models show excellent agreement in the ra-
dial distributions of both star types, with only slight disagreement
growing in the outskirts of the cluster models for the non-BHs. The
crude tidal treatment in the MC code is not expected to reproduce
the more accurate three-dimensional treatment in the direct N-body
code. It is clear that the BHs, while more centrally concentrated
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But nothing is perfect…
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