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1. Massive stars          (t ~ few - 10s of Myr)                           
form BHs  

2. Fraction of BHs are                               
ejected promptly from natal kicks

3. BHs mass-segregate            (t < 1 Gyr)      
through dynamical friction

4. Dynamical interactions in    (t ~ 1-12 Gyr) 
dense core lead to binary BH formation, 
hardening, ejection, and merger.

Black Holes in Globular Clusters

e.g., Spitzer 1967, Kulkarni+1993, Sigurdsson & Hernquist 1993, Belczynski+2006, Mackey+2007, 2008, Fryer+2012, 
Breen & Heggie 2013, Morscher+2015, Heggie & Giersz 2014, Rodriguez+2016, Chatterjee+2017, Arca Sedda+2018, 
Askar+2018, Banerjee 2018, Antonini & Gieles 2020, Kremer+2019, 2020, Di Carlo+2020, Mapelli+2020



Binary Black Hole Merger Channels

Escape speed of the cluster determines the 
semi-major axis of the ejected binaries

1. Ejected mergers: BBH is ejected from host cluster through dynamical recoil. Merges 
through GW inspiral outside of host cluster. Roughly 50% of all mergers.

2. In-cluster 2-body: Dynamical encounter creates a compact BBH (a (1-e) ~ 10-3 AU) 
that mergers inside cluster. Roughly 40% of all mergers.

3. In-cluster GW capture: BBH is formed through GW-driven capture during close 
passage in dynamical encounter. Roughly 10% of all mergers.
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1. Ejected mergers: BBH is ejected from host cluster through dynamical recoil. Merges 
through GW inspiral outside of host cluster. Roughly 50% of all mergers.

2. In-cluster 2-body: Dynamical encounter creates a compact BBH (a (1-e) ~ 10-3 AU) 
that mergers inside cluster. Roughly 40% of all mergers.

3. In-cluster GW capture: BBH is formed through GW-driven capture during close 
passage in dynamical encounter. Roughly 10% of all mergers.

For high eccentricities:

Binary Black Hole Merger Channels

tinsp ∝ (1− e
2 )7/2

If                  , the
BBH mergers in cluster
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1. Ejected mergers: BBH is ejected from host cluster through dynamical recoil. Merges 
through GW inspiral outside of host cluster. Roughly 50% of all mergers.

2. In-cluster 2-body: Dynamical encounter creates a compact BBH (a (1-e) ~ 10-3 AU) 
that mergers inside cluster. Roughly 40% of all mergers.

3. In-cluster GW capture: Highly eccentric BBH is formed through GW-driven capture 
during close passage in dynamical encounter. Roughly 10% of all mergers.

Binary Black Hole Merger Channels

e.g., Samsing+2014, Rodriguez+2018, Zevin+2019, Kremer+2020 

“Few”-body encounters

Single-single encounters

e.g., Samsing+2019 



Repeated BH mergers 
(“second generation”)

Black Hole Masses
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TABLE I. Event parameters and hyper-parameters used in
this work.

Event parameters ✓

m1 2 [2.5, 100] M� Source-frame primary mass of the
binary

m2 2 [2.5, 100] M� Source-frame secondary mass of the
binary

z 2 [0, 1.2] Redshift of the binary

Hyper-parameters �

↵ 2 [0.25, 5] Common envelope efficiency
rv 2 [0.5, 4] pc Initial cluster virial radius
f 2 [0, 1] Fraction of binaries from field-formation

channel
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FIG. 1. Distributions of source-frame primary mass and mass
ratio for all merging BBHs from the COSMIC and CMC models.
The left column shows the distributions for different common
envelope efficiencies and merging BBHs from COSMIC only, and
the left column shows the distributions for different initial
virial radii when we only consider BBH mergers from CMC.

Each combination of hyper-parameters yields a different
distribution of primary masses and mass ratios (q =

m2/m1). Several different examples are shown in Fig. 1,
varying the common envelope efficiency ↵ in COSMIC (left-
hand side) and the initial cluster virial radius rv in CMC

(right-hand side). Larger common envelope efficiencies
produce relatively lower primary masses, while clusters
with larger rv retain more massive BHs at late times
and thus exhibit a high-mass peak around 80 M� due to
repeated BH mergers.

In the CMC models, the BH mass spectrum features

FIG. 2. The source-frame primary mass and mass ratio dis-
tribution for all merging BBHs in the mixture model. We fix
↵ = 1 and rv = 1 then mix the distributions with three values
of the mixing fraction f = [0.1, 0.5, 0.9]

three prominent peaks: the first at roughly 10 � 20M�
due to the assumptions concerning mass fallback during
core collapse [e.g., 56], the second at roughly 40 M� due
to the assumptions concerning the pair-instability [e.g.,
57], and the third at roughly 70 � 80M� due to first-
generation-BH-merger products retained in their host
cluster post-merger [e.g., 24]. The first two peaks are also
found in the COSMIC models because they are features of
single star evolution assumptions, while the third peak is
unique to the dynamical cluster environment.

The shift toward higher primary mass in the low ↵

populations is due to an increased rate of stellar merg-
ers during the common envelope phase, before a BBH
forms, of lower mass BBH progenitors. Conversely, the
shift towards lower primary masses with increasing com-
mon envelope ejection efficiency is a result of fewer stellar
mergers during the common envelope phase. BH masses
in COSMIC are directly correlated with progenitor core
masses, thus lower mass BHs with have lower mass pro-
genitors, which will enter common envelope evolution in
tighter orbits. Since the delay times for merging BBHs
in all of our models which undergo common envelope
evolution are short enough for the majority of the popu-
lation to merge within a few Gyr, models with higher ↵

retain the low-mass BBH mergers while those with lower
↵ retain relatively higher mass BBHs.

The shift toward higher primary masses at higher rv

is a consequence of the effect of rv on BH cluster dy-
namics. Mass segregation arguments suggest that the
most massive BHs in a cluster will, on average, be the
first to be ejected from their host cluster and merge [e.g.,
45, 48]. Lower-mass (⇡ 10 � 15M�) BHs become dy-
namically active only after the most massive BHs have
been ejected. For smaller initial rv, high-mass BHs are
dynamically processed and ejected early on. Therefore, in
these clusters, high-mass (M & 40M�) BHs, including the
second-generation BHs with masses in the pair-instability
gap, typically merge at high redshift leaving only the
least massive BHs in any significant quantity at late times
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(Assumed)
Pair-instability gap

Primary Mass (M⊙ )

Repeated stellar mergers
Spera+2019, Di Carlo+2019, 2020, Banerjee 2020, 
Kremer+2020

  Exact  boundary  of  mass  gap  are  highly  uncertain:  e.g.,  Belczynski+2016,  Woosley  2017,  Spera  &  Mapelli  2017, 
Giacobbo+2018, Limongi & Chieffi 2018, Marchant+2019, Mapelli+2019, Stevenson+2019, Farmer+2019, Belczynski+2020, Renzo+2020 

*

*

(z < 1)

e.g.,  Miller  &  Hamilton  2002,  McKernan+2012, 
Rodriguez+2019,  Antonini+2019,  Gerosa  &  Berti 
2019, Kimball+2020, Fragione+2020, Mapelli+2020

Roughly a few-10% of 
cluster mergers have one 
component in mass gap



Eccentricities
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FIG. 3. The eccentricities at a GW frequency of 10Hz for all
BBHs from GCs. We show separately the eccentricities for the
primordial binaries (BBHs from pre-existing stellar binaries,
in dotted green), the BBHs that merge after being ejected
from the cluster (in dot-dashed blue), the BBHs that merge
in the cluster as isolated binaries (in dashed orange), and the
binaries which merge due to GW emission during resonant
three- and four-body encounters between BHs (in solid red).
Each curve is normalized to the total number of BBH mergers
(in solid gray) and weighted using the cosmological model de-
scribed in Section IIA. The top panel shows all mergers, while
the bottom panel is restricted to mergers in the local universe
(z < 1). The insert in the bottom panel shows the cumu-
lative distribution of eccentricities for all BBH mergers from
GCs at di↵erent redshifts. In each plot, we show the min-
imum measurable eccentricity of BBH mergers in Advanced
LIGO/Virgo [e ⇠ 0.05, from 104]

the typical highly-eccentric merger identified here (see
Section III B).

A. Why BBHs Merge Where They Do

Of these dynamical channels, what primarily di↵eren-
tiates the three? As binaries interact with other BHs
and stars in the cluster, hard binaries (those whose bind-
ing energy is greater than the typical kinetic energy of
surrounding stars and BHs) will preferentially harden af-
ter each encounter, shrinking their semi-major axes and
leaving the encounter with some fraction of that bind-
ing energy converted to kinetic energy. This statistical
inevitability, known as Heggie’s law [107], will continue,
producing harder and harder binaries until the binary ei-
ther merges (due to GW emission) or is ejected from the
cluster by the recoil of the encounter. Which of these
two available pathways a binary takes is largely a mat-
ter of timescales. After an encounter, the survival of a
binary is dictated by the competition of two timescales:
the timescale for GW emission to drive a binary to merge,
given by

TGW / a4(1� e2)7/2 , (5)

where a is the semi-major axis of the binary, and e is
the eccentricity, and the average time between successive
binary encounters, which scales as

Tbs / na2�

✓
1 +

GM

2a�2

◆
, (6)

where n is the number density of single particles and �
is the typical velocity dispersion. As shown by Heggie,
each resonant encounter (between objects of near-equal
masses) will produce binaries with eccentricities drawn
from a thermal distribution, p(e)de = 2ede. Because of
the extreme dependence of TGW on the orbital eccentric-
ity, if a binary leaves any scattering encounter with a
su�ciently high eccentricity, it can easily merge before
being disrupted or disturbed by a third body.
In Figure 4, we show the post-encounter eccentrici-

ties and semi-major axes for each BBH after its last en-
counter in the cluster. For ejected BBHs, this is also the
encounter responsible for its ejection. Here, it is imme-
diately obvious that the in-cluster mergers are preferen-
tially selected from BBHs which leave their last encoun-
ters with a very high eccentricity, while the ejected BBHs
leave the cluster with a distribution of eccentricities very
close to thermal. Because of the steep dependence of
the inspiral time on eccentricity, the semi-major axes of
the in-cluster mergers after their last encounter can be
significantly larger than the ejected binaries, with a few
percent of in-cluster mergers having semi-major axes in
excess of 10 AU. As an example, a 30M� + 30M� bi-
nary with a separation of a = 10AU and an eccentricity
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Rodriguez+2019

Note: LISA may be ideal for 
eccentricity measurements

Is GW190521 eccentric?
Romero-Shaw+2020

 See also work by Samsing+2014,  Breivik+2016,  D’Orazio & Samsing 2018,  Hoang+2018,  Zevin+2019,  Banerjee 2020, 
Martinez+2020



Spins

Clear evidence against an isotropic distribution would 
disfavor dynamical formation in star clusters 

4

shown through scattering experiments that such mergers
are to be expected at the 1% level, this is the first work
to show that these mergers occur in realistic GC envi-
ronments. From our combined 24 models, we find that
about 10% of the in-cluster mergers (⇠ 3% of all merg-
ers) at z < 1 occur during these GW captures, in good
agreement with analytic work [85].

20 40 60 80 100 120
Total Mass ( )

FIG. 3. The distributions of �e↵ from BBHs that merge at
z < 1, divided into bins of 15M�. Each bin shows the median
(white line), 50th, 90th, and 99th percentiles of �e↵ for all BBH
mergers with that mass. For each binary, we average over
N = 103 random spin orientations. For the 2G mergers, we
use N = 103 times the probability of each component having
been retained in the cluster following its earlier mergers (see
discussion in Section V). As the birth spins (�b) of the BHs
are increased, the fraction of 2G BBHs retained in the cluster
decreases; however, the overall magnitudes of �e↵ increases,
as the first generation of BBHs begin to produce mergers with
measurable spins. Note that while the large spin magnitudes
for BBHs with total masses above 80M� does not depend on
the birth spins, the number of mergers in that mass range
decreases sharply with increasing �b (see Figure 2).

IV. MERGERS OVER COSMIC TIME

In Figure 2, we show the mergers of BBHs as a function
of cosmological redshift. What is immediately striking is

that the mass distributions for in-cluster and ejected bi-
naries are significantly di↵erent at low redshifts. This
arises from the delay times between formation and merg-
ers for ejected BBHs. When a BBH is ejected from the
cluster, it may still take several Gyr to merge in the field
[see e.g., 86, and references therein]. Even for the most
massive clusters, the median inspiral time for ejected
binaries is ⇠ 10Gyr [e.g., 21, Figure 1]. In e↵ect, the
ejected BBHs which merge today drew their components
from the initial distribution of BH masses in the clus-
ter, where the masses varied from 5M� to 40M�. On
the other hand, the in-cluster mergers have e↵ectively
no delay time, and their components are drawn from the
present-day distribution of BH masses in the cluster. Be-
cause old GCs have ejected their most-massive BHs many
Gyrs ago [87], the BBHs merging in the cluster today are
typically lower-mass than those that were ejected many
Gyr ago.
Another interesting feature of Figure 2 is the presence

of BBH mergers in the upper-mass gap, beyond the mass
limit imposed by pair-instability supernovae. The in-
creased number of in-cluster mergers allows the GCs to
produce significant numbers of 2G BBH mergers, some of
which will have components above the maximummass for
BHs born from a single stellar collapse. As these systems
can only be produced through multiple mergers, they will
immediately be identifiable as having arisen from a dy-
namical environment. The rate of such mergers is small,
but LIGO/Virgo is more sensitive to mergers with more
massive components [the detection horizon scales with
the mass of the more massive component as m2.2, 82].
At the expected sensitivity for Advanced LIGO’s third
observing run [88], a BBH with component masses of
40M� + 80M� could be detected out to z ⇠ 1, encom-
passing a comoving volume of space three times larger
than was observed during LIGO’s second science run [89].

V. BLACK HOLE SPIN AND RECOIL KICKS

As a conservative assumption, we have assumed that
all BHs in the cluster are born with no intrinsic spin. This
is consistent with all but one [GW151226, 5] of the BBHs
detected by LIGO/Virgo so far. However, the presence
of high BH spins, suggested by observations of BH X-ray
binaries [see 90, for a review], can radically change the
results presented here: depending on the spin magnitudes
and orientations, merging BBHs can get kicks as high
as 5000 km/s [e.g., 63, 70, 91], significantly larger than
the escape speed of a typical GC. As a result, the 2G
mergers shown in the left-hand panel of Figure 2 would
not have formed if BHs are born with large spins, since
their components would not have been retained in the
cluster [14].
We can estimate how the numbers in Figure 2 would

have changed under di↵erent assumptions for BH birth
spins. For each repeated merger, we calculate the prob-
ability that each of the components would have been re-
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BHs born from a single stellar collapse. As these systems
can only be produced through multiple mergers, they will
immediately be identifiable as having arisen from a dy-
namical environment. The rate of such mergers is small,
but LIGO/Virgo is more sensitive to mergers with more
massive components [the detection horizon scales with
the mass of the more massive component as m2.2, 82].
At the expected sensitivity for Advanced LIGO’s third
observing run [88], a BBH with component masses of
40M� + 80M� could be detected out to z ⇠ 1, encom-
passing a comoving volume of space three times larger
than was observed during LIGO’s second science run [89].

V. BLACK HOLE SPIN AND RECOIL KICKS

As a conservative assumption, we have assumed that
all BHs in the cluster are born with no intrinsic spin. This
is consistent with all but one [GW151226, 5] of the BBHs
detected by LIGO/Virgo so far. However, the presence
of high BH spins, suggested by observations of BH X-ray
binaries [see 90, for a review], can radically change the
results presented here: depending on the spin magnitudes
and orientations, merging BBHs can get kicks as high
as 5000 km/s [e.g., 63, 70, 91], significantly larger than
the escape speed of a typical GC. As a result, the 2G
mergers shown in the left-hand panel of Figure 2 would
not have formed if BHs are born with large spins, since
their components would not have been retained in the
cluster [14].
We can estimate how the numbers in Figure 2 would

have changed under di↵erent assumptions for BH birth
spins. For each repeated merger, we calculate the prob-
ability that each of the components would have been re-
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Rodriguez+2018

Assuming zero natal spin (e.g., Fuller & Ma 2019)
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Globular clusters do not contribute 
significantly to neutron star merger rate

Claire Ye et al. 2020

Local universe rate of 
~0.01-0.07 Gpc -3 yr -1 for 
both NS-NS and NS-BH

NS-NS

NS-BH



Key Uncertainties
BH natal spins
• Determines retention of BH merger products + 2G merger rate
• a  = 0 is typical assumption (Fuller & Ma 2019)

Present-day cluster properties are excellent constraints
• Current models reproduce observed masses, core/half light 

radii, density profiles, pulsar/X-ray binary populations, etc.                                                      
(e.g., Mackey+2007, Morscher+2015, Ye+2018, Askar+2018, Arca 
Sedda+2018, Kremer+2020, Weatherford+2020)

Young cluster properties
• Initial Radii? rv = 0.5 - 4 pc reproduces Milky Way clusters 

(Bastian+2005, Scheepmaker+2007, Portegies Zwart+2010, Kremer+2020)
• What fraction of stars are born in clusters?                              

(e.g., Lada & Lada 2003, Di Carlo+2020, Rastello+2020)
• What fraction of clusters survive to present day?                     

(e.g., Fragione & Kocsis 2018, Rodriguez & Loeb 2018, Choksi+2019)
• Birth times? Connected to star formation? Reionization?


