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Figure 3. Time variation of central gravitational potential through a core oscillation around 200 Myr for model n16w7rg20 (lower right panel in Figure 2). Top left:
zoom-in on the Lagrange radii from about 180–220 Myr. The radial coordinate is given in units of the initial half-mass radius (rh(0)). The three solid curves are the
0.1%, 1%, and 10% (from bottom to top) Lagrange radii of the BHs, and the dotted curve is the 0.1% radius for all non-BH stars. The vertical dashed lines indicate
the times when three-body binaries were formed. The vertical solid red lines specify the period of time that we focus on in both the right and the lower panels, which
covers a deep collapse and subsequent re-expansion. Top right: the full gravitational potential, φ(r), at four different times (as indicated on the lower panel), in units of
GM/rh, where M is the total cluster mass and rh is the half-mass radius, at that particular time. Bottom: zoom-in on the central potential, showing the radial positions
of the innermost 50 BHs (red ticks) and non-BHs (blue ticks) at each time.

(with initial Rv = 1 pc) and those at the smallest Galactocentric
distances (RG = 2 kpc), which have the smallest tidal radii,
lose mass at faster rates. In fact, among our low-N models,
the three with RG = 2 kpc (n2w5rg2, n2w5rg2, n2w7rg2)
nearly completely evaporate within about 6 Gyr (dotted lines in
the upper left panel of Figure 5), and the model with Rv = 1 pc
(n2-B) has lost more than 80% of its mass by the end of the
simulation. The mass loss rate does not change significantly
over the range RG = 8–20 kpc. The final structural properties
for all of our models are shown in Table 2. Note that these are
all theoretical properties (e.g., the density and core radius are
computing using all objects, not just luminous stars that can
actually be observed). Observable properties of our clusters are
discussed later.

4.2. Retained Black Hole Populations

Next we look at the properties and evolution of the retained
BHs in more detail and discuss differences among our models.
The initial BH mass spectrum is shown in Figure 7, and aside
from the normalization, the only factor that significantly affects
the mass function is the metallicity Z. Since massive and
metal-rich stars lose more mass via stellar winds, they form
less massive BHs than do lower metallicity stars (see lower
right panel). Our models retain between 65%–90% of the BHs
initially, depending primarily on RG (and Z) and Rv. The reason
for the RG and Z dependence of the initial retention fraction is
twofold: First, a BH with a given position and kick speed will
escape more easily from the cluster with the smaller tidal radius.

Additionally, since models with smaller RG also have larger Z,
the BHs produced have lower masses and will therefore tend to
receive stronger kicks, making these objects even more likely
to be ejected upon formation. More compact clusters (small Rv)
can retain initially formed BHs more easily.

In Figure 6 we show the distribution of single and binary
BHs as a function of time for our six representative models.
Here we see that almost all of the retained BHs remain as single
stars throughout the cluster evolution, in agreement with our
earlier results (Morscher et al. 2013). There are usually no more
than a few tens of BH binaries of any type inside the clusters
at any given time, and are usually made up of comparable
numbers of BH–BH and BH–non-BH binaries. A larger supply
of primordial binaries does provide more opportunities for BHs
to exchange into binaries through dynamical interactions and so
we see a slightly larger number of BH binaries in models with
larger fb. This effect can be seen in the center panels in Figure 6,
where we compare model n8-E (fb = 50%, right) to model
n8w5rg8 (fb = 10%, left). Since most of the primordial binary
population consists of two low-mass stars initially (which will
never become BHs), the number of BH–non-BH binaries is most
affected by the primordial binary fraction. The other parameters
seem to have only a minor effect on the number of BH binaries
in clusters.

The final retained BH mass distributions are shown in Figure 7
along with the initially retained population, for comparison.
Since the most massive BHs segregate the deepest they also
interact the most frequently, and therefore tend to be the
first to be ejected. Over time, the maximum BH mass in the

7

Morscher et al. (2015)

The Astrophysical Journal, 800:9 (21pp), 2015 February 10 Morscher et al.

Figure 3. Time variation of central gravitational potential through a core oscillation around 200 Myr for model n16w7rg20 (lower right panel in Figure 2). Top left:
zoom-in on the Lagrange radii from about 180–220 Myr. The radial coordinate is given in units of the initial half-mass radius (rh(0)). The three solid curves are the
0.1%, 1%, and 10% (from bottom to top) Lagrange radii of the BHs, and the dotted curve is the 0.1% radius for all non-BH stars. The vertical dashed lines indicate
the times when three-body binaries were formed. The vertical solid red lines specify the period of time that we focus on in both the right and the lower panels, which
covers a deep collapse and subsequent re-expansion. Top right: the full gravitational potential, φ(r), at four different times (as indicated on the lower panel), in units of
GM/rh, where M is the total cluster mass and rh is the half-mass radius, at that particular time. Bottom: zoom-in on the central potential, showing the radial positions
of the innermost 50 BHs (red ticks) and non-BHs (blue ticks) at each time.
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Figure 3. Time variation of central gravitational potential through a core oscillation around 200 Myr for model n16w7rg20 (lower right panel in Figure 2). Top left:
zoom-in on the Lagrange radii from about 180–220 Myr. The radial coordinate is given in units of the initial half-mass radius (rh(0)). The three solid curves are the
0.1%, 1%, and 10% (from bottom to top) Lagrange radii of the BHs, and the dotted curve is the 0.1% radius for all non-BH stars. The vertical dashed lines indicate
the times when three-body binaries were formed. The vertical solid red lines specify the period of time that we focus on in both the right and the lower panels, which
covers a deep collapse and subsequent re-expansion. Top right: the full gravitational potential, φ(r), at four different times (as indicated on the lower panel), in units of
GM/rh, where M is the total cluster mass and rh is the half-mass radius, at that particular time. Bottom: zoom-in on the central potential, showing the radial positions
of the innermost 50 BHs (red ticks) and non-BHs (blue ticks) at each time.
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Figure 3. Time variation of central gravitational potential through a core oscillation around 200 Myr for model n16w7rg20 (lower right panel in Figure 2). Top left:
zoom-in on the Lagrange radii from about 180–220 Myr. The radial coordinate is given in units of the initial half-mass radius (rh(0)). The three solid curves are the
0.1%, 1%, and 10% (from bottom to top) Lagrange radii of the BHs, and the dotted curve is the 0.1% radius for all non-BH stars. The vertical dashed lines indicate
the times when three-body binaries were formed. The vertical solid red lines specify the period of time that we focus on in both the right and the lower panels, which
covers a deep collapse and subsequent re-expansion. Top right: the full gravitational potential, φ(r), at four different times (as indicated on the lower panel), in units of
GM/rh, where M is the total cluster mass and rh is the half-mass radius, at that particular time. Bottom: zoom-in on the central potential, showing the radial positions
of the innermost 50 BHs (red ticks) and non-BHs (blue ticks) at each time.
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computing using all objects, not just luminous stars that can
actually be observed). Observable properties of our clusters are
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Figure 3. Time variation of central gravitational potential through a core oscillation around 200 Myr for model n16w7rg20 (lower right panel in Figure 2). Top left:
zoom-in on the Lagrange radii from about 180–220 Myr. The radial coordinate is given in units of the initial half-mass radius (rh(0)). The three solid curves are the
0.1%, 1%, and 10% (from bottom to top) Lagrange radii of the BHs, and the dotted curve is the 0.1% radius for all non-BH stars. The vertical dashed lines indicate
the times when three-body binaries were formed. The vertical solid red lines specify the period of time that we focus on in both the right and the lower panels, which
covers a deep collapse and subsequent re-expansion. Top right: the full gravitational potential, φ(r), at four different times (as indicated on the lower panel), in units of
GM/rh, where M is the total cluster mass and rh is the half-mass radius, at that particular time. Bottom: zoom-in on the central potential, showing the radial positions
of the innermost 50 BHs (red ticks) and non-BHs (blue ticks) at each time.
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Figure 3. Time variation of central gravitational potential through a core oscillation around 200 Myr for model n16w7rg20 (lower right panel in Figure 2). Top left:
zoom-in on the Lagrange radii from about 180–220 Myr. The radial coordinate is given in units of the initial half-mass radius (rh(0)). The three solid curves are the
0.1%, 1%, and 10% (from bottom to top) Lagrange radii of the BHs, and the dotted curve is the 0.1% radius for all non-BH stars. The vertical dashed lines indicate
the times when three-body binaries were formed. The vertical solid red lines specify the period of time that we focus on in both the right and the lower panels, which
covers a deep collapse and subsequent re-expansion. Top right: the full gravitational potential, φ(r), at four different times (as indicated on the lower panel), in units of
GM/rh, where M is the total cluster mass and rh is the half-mass radius, at that particular time. Bottom: zoom-in on the central potential, showing the radial positions
of the innermost 50 BHs (red ticks) and non-BHs (blue ticks) at each time.
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Figure 2. Comparison between the distributions of delay
times tdelay for BBH mergers created via isolated binary evo-
lution and those created inside star clusters. Three panels
show three di↵erent Z values (displayed in each panel) we
have studied. Black and red denote results from star clus-
ters including dynamical evolution, and results from isolated
binary evolution, respectively. In general, stellar dynamics
increases tdelay.

Belczynski, K., Holz, D. E., Bulik, T., & O’Shaughnessy, R.
2016, ArXiv e-prints, arXiv:1602.04531

Belczynski, K., Kalogera, V., & Bulik, T. 2002, ApJ, 572, 407
Belczynski, K., Repetto, S., Holz, D., et al. 2015, ArXiv e-prints,

arXiv:1510.04615
Chatterjee, S., Fregeau, J. M., Umbreit, S., & Rasio, F. A. 2010,

ApJ, 719, 915
Chatterjee, S., Rodriguez, C. L., & Rasio, F. A. 2016, ArXiv

e-prints, arXiv:1603.00884
Chatterjee, S., Umbreit, S., Fregeau, J. M., & Rasio, F. A. 2013,

MNRAS, 429, 2881
Davis, D. S., Richer, H. B., Anderson, J., et al. 2008, AJ, 135,

2155
de Mink, S. E., & Mandel, I. 2016, ArXiv e-prints,

arXiv:1603.02291
Dominik, M., Belczynski, K., Fryer, C., et al. 2012, ApJ, 759, 52
Dominik, M., Berti, E., O’Shaughnessy, R., et al. 2015, ApJ,

806, 263
Fregeau, J. M., Gürkan, M. A., Joshi, K. J., & Rasio, F. A. 2003,

ApJ, 593, 772
Fregeau, J. M., & Rasio, F. A. 2007, ApJ, 658, 1047
Hurley, J. R., Pols, O. R., & Tout, C. A. 2000, MNRAS, 315, 543
Hurley, J. R., Tout, C. A., & Pols, O. R. 2002, MNRAS, 329, 897

Joshi, K. J., Nave, C. P., & Rasio, F. A. 2001, ApJ, 550, 691
Joshi, K. J., Rasio, F. A., & Portegies Zwart, S. 2000, ApJ, 540,

969
Kroupa, P. 2001, MNRAS, 322, 231
Morscher, M., Pattabiraman, B., Rodriguez, C., Rasio, F. A., &

Umbreit, S. 2015, ApJ, 800, 9
Pattabiraman, B., Umbreit, S., Liao, W.-k., et al. 2013, ApJS,

204, 15
Rodriguez, C. L., Chatterjee, S., & Rasio, F. A. 2016a, PhRvD,

93, 084029
Rodriguez, C. L., Haster, C.-J., Chatterjee, S., Kalogera, V., &

Rasio, F. A. 2016b, ArXiv e-prints, arXiv:1604.04254
Rodriguez, C. L., Morscher, M., Pattabiraman, B., et al. 2015,

Physical Review Letters, 115, 051101
—. 2016c, Physical Review Letters, 116, 029901
Scheepmaker, R. A., Haas, M. R., Gieles, M., et al. 2007, A&A,

469, 925
Umbreit, S., Fregeau, J. M., Chatterjee, S., & Rasio, F. A. 2012,

ApJ, 750, 31
Vink, J. S., de Koter, A., & Lamers, H. J. G. L. M. 2001, A&A,

369, 574

2 Chatterjee et al.

using the exact same treatments for binary stellar evo-
lution and making the same assumptions for, e.g., the
common-envelope evolution for all binaries. Once such
”apples-to-apples” comparison is made, and the e↵ects
of dynamics on various properties of merging BBHs are
understood, only then the more detailed study can result
in a fare comparison between BBHs produced in isola-
tion vs those produce via dynamical encounters inside
dense star clusters.
In §2 we describe the numerical setup. In §3 we show

the key results of our controlled numerical experiment.
We conclude in §4.

2. NUMERICAL SETUP

We use our Hénon-type Monte Carlo cluster dynamics
code CMC to model star clusters. CMC includes all physical
processes relevant to study BBH mergers in star clusters
including two-body relaxation, truncation from galactic
tides, single and binary stellar evolution, physical colli-
sions, and strong scattering involving binary stars(Joshi
et al. 2000, 2001; Fregeau et al. 2003; Fregeau & Ra-
sio 2007; Chatterjee et al. 2010; Umbreit et al. 2012;
Pattabiraman et al. 2013). The initial conditions are
guided by observed young massive clusters thought to
be progenitors of today’s GCs (Scheepmaker et al. 2007;
Chatterjee et al. 2010, 2013). For our star cluster mod-
els we choose initial N = 8 ⇥ 105 single/binary stars.
The initial binary fraction is fb = 10%. The initial posi-
tions and velocities are assigned following a King profile
with w0 = 5. The initial virial radius rv = 2pc. The
initial stellar masses are drawn from the IMF given in
Kroupa (2001) between 0.08 and 150M�. We randomly
select 10% of all stars to be binaries. The secondary
masses are drawn from a uniform distribution between
0.08/mp and 1. The initial binary orbital periods are
flat in logarithmic intervals, and the eccentricities are
thermal. The single and binary stellar evolution is done
using SSE and BSE software (Hurley et al. 2000, 2002) up-
dated with the new prescriptions for stellar winds (e.g.,
Vink et al. 2001) and a fallback-dependent natal kick
distribution for BHs (e.g., Belczynski et al. 2002). To
understand the statistical fluctuations we generate 4 re-
alizations of the cluster models with exactly the same
initial conditions.
To model binary evolution in isolation we use the same

IMF, and initial binary properties. We simply turn o↵
all dynamical processes in CMC and evolve the binaries
solely through our implementation of BSE within CMC.
To generate adequate statistics we simulate 106 bina-
ries generated using the same prescriptions as described
above. To understand the statistical fluctuations we cre-
ate 10 realizations with the same initial conditions.

We generate sets of cluster models and models in iso-
lation for two di↵erent low Z = 0.001, and 0.005, corre-
sponding to the median values for the low and high-Z
GCs in the Milky Way.

3. RESULTS

Figure 1. Distribution of the total mass of BBH mergers
within 0–12Gyr. Black and red histograms denote the cu-
mulative distributions of the total mass for all merging BBHs
produced in star clusters and in isolation, respectively. Inde-
pendent of Z, the natural outcome of dynamics is to increase
the total mass of the merging BBH from what is possible
from isolated binary evolution. The shaded region for the
cumulative distribution for the clusters denote the range in
statistical fluctuations between the 4 realizations of our clus-
ter models in each Z with the same initial properties. Three
panels show results from the three di↵erent Z values we have
considered. The corresponding Z values are shown in each
panel.

4. DISCUSSION

Conclude here.
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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.
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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];
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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
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Figure 12. Evolution of the number of binary BHs bound
to the cluster for di↵erent assumed natal kick distributions
for BHs. Top and bottom panels show BH-BH and BH-
nBH binary numbers. Both NBH�BH and NBH�nBH show
large scatters over time. This is a direct consequence of the
continuous disruption and ejection of existing binaries and
dynamical formation of new ones at any given time in clus-
ters. To reduce scatter we have under-sampled and show
the mean (lines) and ± one standard deviation (shaded re-
gion). Black, red, blue, and green denote models S, K1, K2,
and K3, respectively (Table 2). Both NBH�BH and NBH�nBH

remain low independent of the assumed distribution of natal
kicks for BHs. This indicates that the softening of orbits
for massive binaries due to mass loss via winds and compact
object formation is responsible for dynamical disruption of
most primordial binary orbits, and that this process does not
depend on the natal kick distribution. Even with very low
adopted natal kicks for BHs, �BH = 2.65 km s�1, K3 contains
low numbers of binary BHs.

be detectable via electromagnetic signatures, the lack of
correlation between NBH and NBH�nBH poses a serious
challenge in inferring the number of total BHs in the
GC from the discovery of BH candidates in that GC.
Note, however, that creation of accreting BHs in
star clusters is likely a complex process which re-
quires that the binary is not disrupted for a suf-
ficient time to allow accretion. Even when this
is satisfied, the duty cycle may be low for such
accreting binaries (Kalogera et al. 2004). We en-
courage a more detailed study on this topic.

We now focus our attention on understanding the de-
tailed evolution of BBHs inside a cluster and the e↵ects
of various initial assumptions through selected example
models (Figs 12–15). Since we have shown that the as-
sumed BH natal-kick distribution can bring dramatic
changes to the overall cluster evolution, we first investi-
gate the e↵ects of BH formation kicks on the evolution
of BBHs that are retained in the cluster (Fig. 12). The
number of BBHs in the cluster is quite insensitive to
the details of the kick distribution except for the case
with �BH = �NS (e.g., model K1). In the high-kick
cases, the large formation kicks essentially eject most
of the BHs from the cluster during formation. The
natal kicks are also large enough to disrupt all bina-
ries during BH formation. Hence, not surprisingly, in
the high-kick models, the values for NBH�BH as well
as NBH�nBH are always low. Interestingly though, the

Figure 13. Same as Fig. 12 but showing a comparison be-
tween the evolution for two identical initial models di↵ering
only by the initial binary fraction in high-mass (> 15M�)
stars, fb,high. Black and red denote models F0 with initial
fb,high = 0 and F1 with initial fb,high = 1, respectively (Ta-
ble 2). In both cases, the overall binary fraction fb is kept
fixed at 0.05. Independent of the initial fb,high, the final re-
tained NBH�BH converge to a low value. The final retained
NBH�nBH depends on the e�ciency with which interactions
involving BHs and binaries with non-BH components can
produce BH-nBH binaries via exchange. The cluster with
fb,high = 1 has fewer low-mass binaries than the cluster with
fb,high = 0. As a result, BH-nBH binary formation is less
e↵ective in F1 compared to that in F0 at late times.

number of BBHs is low even in our lowest kick mod-
els. For example, S, which assumes a fallback-dependent
momentum-conserving kick prescription and K3, which
assumes that �BH = 2.65 km s�1, typically much lower
compared to orbital speeds of the massive binaries, both
show low numbers of BBHs. As discussed earlier, the
combined mass loss from stellar winds and compact ob-
ject formation for high-mass stars expands the binary
orbits and make them dynamically soft. Thus the ma-
jority of the high-mass binaries are disrupted indepen-
dent of the magnitude of the SN kicks. To further in-
vestigate this we compare two of our models that are
identical in all aspects except the fraction of high-mass
stars that are initially in binaries. To illustrate the lim-
iting cases, Fig. 13 shows the evolution of retained BBHs
for models F0 with initial fb,high = 0 and F1 with ini-
tial fb,high = 1 (§2.2; Table 2). Although initially the
values of NBH�BH are vastly di↵erent between the mod-
els, within about 3 Gyr, they converge to essentially the
same steady value in both models. This further high-
lights that the number and properties of BH-BH
binaries that would be retained in a cluster at
late times are set by the internal dynamics and
overall cluster properties, and not on the details
of the initial binary orbital properties, or binary
fraction in high-mass stars. The number of BH-nBH
binaries, NBH�nBH, for the model with initial fb,high = 1
is slightly lower compared to that in the model with ini-
tial fb,high = 0 for t > 5 Gyr. This is due to the fact that
to keep the overall fb fixed at 0.05, the fb,high = 1 case
started with fewer low-mass stars in binaries compared
to the fb,high = 0 case. At late times, all BH–nBH bi-
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Binary Black Holes in Dense Star Clusters 17

Figure 20. Top to bottom, the component masses (M1,2), total mass (Mtot), chirp mass (Mchirp), and mass ratio (M2/M1) for
BH-BH mergers as a function of merger time. The top axis shows the lookback redshift z assuming that t = 12Gyr is equivalent
to z = 0. Plusses, and circles denote mergers that happen after the BH–BH binaries are ejected from the host clusters, and
BH–BH mergers that happen while the binaries are still bound to the host clusters. The green errorbars show the detected
events GW150914, LVT151012, and GW151226 (e.g., Abbott et al. 2016b). Black and red denote BH–BH mergers from models
assuming the strong and weak wind prescriptions, respectively. Most BH–BH mergers in the local universe happen after the
binaries are ejected from the host clusters. BH–BH binaries that merge inside clusters typically have lower masses compared
to those that merge after being ejected. Weak winds are necessary for producing BH–BH mergers as massive as GW150914 for
the metallicities we consider. Most mergers in our models are closer in properties to LVT151012.
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Figure 20. Top to bottom, the component masses (M1,2), total mass (Mtot), chirp mass (Mchirp), and mass ratio (M2/M1) for
BH-BH mergers as a function of merger time. The top axis shows the lookback redshift z assuming that t = 12Gyr is equivalent
to z = 0. Plusses, and circles denote mergers that happen after the BH–BH binaries are ejected from the host clusters, and
BH–BH mergers that happen while the binaries are still bound to the host clusters. The green errorbars show the detected
events GW150914, LVT151012, and GW151226 (e.g., Abbott et al. 2016b). Black and red denote BH–BH mergers from models
assuming the strong and weak wind prescriptions, respectively. Most BH–BH mergers in the local universe happen after the
binaries are ejected from the host clusters. BH–BH binaries that merge inside clusters typically have lower masses compared
to those that merge after being ejected. Weak winds are necessary for producing BH–BH mergers as massive as GW150914 for
the metallicities we consider. Most mergers in our models are closer in properties to LVT151012.
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Dynamically Forming GW151226-like BBH Mergers 3

Figure 1. t
delay

vs M
tot

(top) and M
chirp

(bottom) for BBH
mergers from clusters modeled with di↵erent metallicities.
t
delay

is the time of BBH merger from t = 0 for the cluster.
Black (circle), blue (plus), red (square), green (triangle-up),
orange (triangle-down), purple (triangle-left), and magenta
(triangle-right) denote clusters modeled with Z/Z� = 0.005,
0.025, 0.05, 0.25, 0.5, 0.75, and 1, respectively. Merging
BBHs from lower-metallicity clusters are more massive, a
consequence of the Z-dependence of the BH mass function
at formation (e.g., Belczynski et al. 2010). Heavier merging
BBHs have shorter t

delay

for any metallicity, a consequence
of how BHs are dynamically processed inside clusters and the
mass dependence of the inspiral time via GW radiation from
a given initial separation (Peters 1964). The apparent over-
density of mergers at specific BBH masses for a given metal-
licity is due to spikes in the BH mass function at formation,
expected from state-of-the-art progenitor-to-remnant mass
relation (Belczynski et al. 2010).
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(Belczynski et al. 2016a, their Eq. 2). R = 0.27 is the
mass fraction of a generation of stars that remixes into
the interstellar medium, y = 0.019 is the net metal pro-
duction, ⇢b = 2.77 ⇥ 1011⌦bh

2

0

M�Mpc�3 is the baryon
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Figure 2. PDF for the redshift of formation (z
form

) for
star clusters of di↵erent metallicities (Eq. 3). Black (solid),
blue (dotted), red (dashed), green (dash-dot), orange (long-
dash), purple (long-dash-short-dash), and magenta (long-
dash-dot) lines denote clusters modeled with metallicities
Z/Z� = 0.005, 0.025, 0.05, 0.25, 0.5, 0.75, and 1, respec-
tively. Look-back times corresponding to z

form

are also
shown for reference.

1 We adopt normalization constant K = 1.30749 to
obtain Z = 0.001 and 0.02 for t

lb

' 12 and 5Gyr, re-
spectively, guided by the typical ages and metallicities
of the GGCs and the Sun. The exact adopted value of
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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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What’s in the future on this topic?

• More detectors will lead to better sky localization (many planned, several 
under construction)

• Hundreds of detections
• distributions of properties to constrain models

• How to uniquely identify the formation channel of a specific observed 
event
• masses—not promising (e.g., CRoKRa-16,ApJL, submitted)
• mass ratios—can have uncertainties (in prep)
• eccentricities—needs LISA (e.g., Breivik et al. 2016; Chatterjee et al. 2016- ApJL, 

in press)
• fortuitous discovery of high-e systems!!!

• spins  (promising, but hard to constrain observationally; e.g., Rodriguez et al. 2016, 
ApJL, submitted)

• Potential electro-magnetic counterparts??
• Ways to identify clusters hosting large numbers of undetected stellar BHs
• More interesting dynamically active stellar systems, e.g., nuclear clusters


