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Binary evolution vs Dynamics:
2

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 Mc =

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
(Rv = 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

Rv

MGC
⇠ 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.

(from Rodriguez et al. 2016, ApJL, 824. L8)
(Many recent papers by Belczynski, de Mink, Ivanova, 

Mandel, Mapelli, Marchant, O’Shaughnessy, etc.)



Black Holes in Globular Clusters
• Growing observational evidence (ULXs, breaks in XLFs, several 

good candidates in MW GCs <— Giesers et al. 2018 got first dynamical mass 
measurement!)

• Expected to form in large numbers ( ~10-3 N BHs per N stars) and 
initially retained in GCs  (Belczynski et al. 2006; Fryer et al. 2012)

• Large numbers of BHs may be retained in GCs for their entire 
lifetimes (Breen & Heggie 2013; Morscher et al. 2013, 2015; Heggie & Giersz 2014)

• May determine overall GC structural parameters (Kremer et al. 2018)

• Key physical process: mass segregation leading to central dense 
core of BHs undergoing strong chaotic interactions, hardening and 
ejecting binary BHs  (Portegies Zwart & McMillan 2000; Rodriguez et 
al. 2015, 2016)



1 0 -1 1 0 0 1 0 1
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

1 0 -1 1 0 0 1 0 1
0 .0
0 .2
0 .4
0 .6
0 .8
1 .0
1 .2
1 .4

Pr
ob

ab
ili

ty

1 0 -7 1 0 -5 1 0 -3 1 0 -1 1 0 1 1 0 3 1 0 5 1 0 7 1 0 9
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

Why Globular Clusters?



1 0 -1 1 0 0 1 0 1
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

1 0 -1 1 0 0 1 0 1
0 .0
0 .2
0 .4
0 .6
0 .8
1 .0
1 .2
1 .4

Pr
ob

ab
ili

ty

1 0 -7 1 0 -5 1 0 -3 1 0 -1 1 0 1 1 0 3 1 0 5 1 0 7 1 0 9
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

1 0 5 1 0 6 1 0 7

Cluster Mass ( )

1 0 -3

1 0 -2

1 0 -1

1 0 0

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

from Harris, 2014

Why Globular Clusters?



1 0 -1 1 0 0 1 0 1
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

1 0 -1 1 0 0 1 0 1
0 .0
0 .2
0 .4
0 .6
0 .8
1 .0
1 .2
1 .4

Pr
ob

ab
ili

ty

1 0 -7 1 0 -5 1 0 -3 1 0 -1 1 0 1 1 0 3 1 0 5 1 0 7 1 0 9
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

1 0 5 1 0 6 1 0 7

Cluster Mass ( )

1 0 -3

1 0 -2

1 0 -1

1 0 0

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

1 0 -1 1 0 0 1 0 1
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

1 0 -1 1 0 0 1 0 1
0 .0
0 .2
0 .4
0 .6
0 .8
1 .0
1 .2
1 .4

Pr
ob

ab
ili

ty

1 0 -7 1 0 -5 1 0 -3 1 0 -1 1 0 1 1 0 3 1 0 5 1 0 7 1 0 9
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

1 0 5 1 0 6 1 0 7

Cluster Mass ( )

1 0 -3

1 0 -2

1 0 -1

1 0 0

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

from Harris, 2014

Why Globular Clusters?



1 0 -1 1 0 0 1 0 1
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

1 0 -1 1 0 0 1 0 1
0 .0
0 .2
0 .4
0 .6
0 .8
1 .0
1 .2
1 .4

Pr
ob

ab
ili

ty

1 0 -7 1 0 -5 1 0 -3 1 0 -1 1 0 1 1 0 3 1 0 5 1 0 7 1 0 9
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

1 0 5 1 0 6 1 0 7

Cluster Mass ( )

1 0 -3

1 0 -2

1 0 -1

1 0 0

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

1 0 -1 1 0 0 1 0 1
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

1 0 -1 1 0 0 1 0 1
0 .0
0 .2
0 .4
0 .6
0 .8
1 .0
1 .2
1 .4

Pr
ob

ab
ili

ty

1 0 -7 1 0 -5 1 0 -3 1 0 -1 1 0 1 1 0 3 1 0 5 1 0 7 1 0 9
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

1 0 5 1 0 6 1 0 7

Cluster Mass ( )

1 0 -3

1 0 -2

1 0 -1

1 0 0

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

from Harris, 2014

Why Globular Clusters?



1 0 -1 1 0 0 1 0 1
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

1 0 -1 1 0 0 1 0 1
0 .0
0 .2
0 .4
0 .6
0 .8
1 .0
1 .2
1 .4

Pr
ob

ab
ili

ty

1 0 -7 1 0 -5 1 0 -3 1 0 -1 1 0 1 1 0 3 1 0 5 1 0 7 1 0 9
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

Cu
m

ul
at

iv
e 

Pr
ob

ab
ili

ty

1 0 5 1 0 6 1 0 7

Cluster Mass ( )

1 0 -3

1 0 -2

1 0 -1

1 0 0

Pr
ob

ab
ili

ty

Globular Cluster
Mass Function

1 0 -1 1 0 0 1 0 1
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

1 0 -1 1 0 0 1 0 1
0 .0
0 .2
0 .4
0 .6
0 .8
1 .0
1 .2
1 .4

Pr
ob

ab
ili

ty

1 0 -7 1 0 -5 1 0 -3 1 0 -1 1 0 1 1 0 3 1 0 5 1 0 7 1 0 9
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

Why Globular Clusters?



• Merger rates  (High enough? Too high? Agree with 
empirical value?)

• Masses and mass ratios  (Different classes? 
Metallicity dependence?)

• Eccentricity (Decays during inspiral!)
• Spins (Magnitudes? Alignment with binary axis?)

Nuclear Star Clusters
Binary Evolution 

vs Dynamics



• Merger rates  <– highly uncertain
• Masses and mass ratios  <– maybe after 

hundreds of detections    (Zevin et al. 2017, ApJ, 846, 82)

• Eccentricity  <– with LISA for sure; maybe also with 

LIGO  (Breivik et al. 2016, ApJL, 830, L18; Rodriguez et al. 2018 PRL, 120, 151101)

• Spins  <– most promising!    (Rodriguez et al. 2016, ApJL, 832, 

L2; Farr et al. 2017, Nature, 548, 426)

Nuclear Star Clusters
Binary Evolution 

vs Dynamics



Nuclear Star Clusters
Binary Evolution 

  vs Dynamics: spins

S⃗2

S⃗1

S⃗= S⃗1+S⃗2
L⃗

θLSχeff

χp

J⃗=L⃗+S⃗



Nuclear Star Clusters
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Based on Rodriguez et al. 2016, ApJL, 832, L2
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Based on Rodriguez et al. 2016, ApJL, 832, L2



Nuclear Star Clusters
Binary Evolution 

             vs Dynamics: eccentricity
4 Breivik, Rodriguez, Larson, Kalogera, Rasio
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Figure 1. Eccentricity evolution tracks as a function of GW frequency for BBHs formed both dynamically in dense stellar

environments and in isolation in galactic fields. Black lines denote BBHs ejected from GCs and green and blue lines denote

1CE and 0CE BBHs evolved in galactic fields. The lower horizontal red line denotes the measurable eccentricity (e  0.001)
for 90% (25%) of BBHs observed for Tobs = 5 yrs (2 yrs). The upper horizontal red line shows the eccentricity (e  0.01) that

will always be measurable for any observed BBH. The grey band highlights the LISA frequency range and and the blue band

highlights the frequency range where BBHs with chirp mass Mc & 6M� are expected to have measurable frequency evolution.

Figure 2. Cumulative fraction of dynamically formed

(black), 1CE (blue), and 0CE (green) BBHs with an ec-

centricity greater than a minimum eccentricity for various

points in the orbital evolution of the binaries. The left red

line denotes the measurable eccentricity (e  0.001) for 90%
(25%) of BBHs observed for Tobs = 5 yrs (2 yrs). The right

red line shows the eccentricity (e  0.01) that will always be
measurable for any observed chirping BBH.

GW frequencies above 10�3 Hz.

3.3. Chirp Mass and Eccentricity Correlations

A particularly interesting way to separate the field
and cluster populations is through the correlations be-
tween the chirp mass and eccentricity of each popu-
lation. BHBs with chirp masses Mc < 10M� exclu-
sively form in isolation in galactic fields, though we note
that young, high-metallicity clusters (not included in our
models) are capable of producing BHBs with lower chirp
masses (Chatterjee et al. 2016, in prep).
If only the chirp mass of a BBH with Mc > 10M�

is observed, it is impossible to discern which population
it originated in since the chirp masses of the GC and
0CE populations overlap in this region. However, if
the eccentricity is also measured, the three pop-
ulations can be easily resolved. Fig. 3 shows the
eccentricity vs chirp mass plots of each popula-
tion at fGW = 10�3 Hz. The shape of the distri-
butions stays constant but the eccentricity de-
creases as the BBHs evolve to higher frequencies
through GW emission. For each population, the
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LISA 
best bet
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2

mation [39], allowing us to directly compare our results
to population synthesis studies of BBH mergers [e.g. 18].

To incorporate pN e↵ects into CMC, we make the
following modifications: to account for relativistic ef-
fects during three- and four-body encounters, we replace
our scattering treatment with a modified version of the
fewbody code with pN accelerations up to and includ-
ing the 2.5pN order [40]. This code has been previously
shown to conserve energy up to 2pN order and to repro-
duce the expected inspiral timescales for compact bina-
ries. For BBHs which merge during an encounter, we
perform a sticky-sphere merger, and replace the system
with a single BH with remnant mass, spin, and velocity
kick fitted to detailed numerical relativity simulations.
See Appendix for details. For BBHs which do not merge
during a fewbody encounter, we directly integrate the
change in semi-major axis and eccentricity using equa-
tions 5.6 and 5.7 from [41].

By correctly incorporating these relativistic e↵ects, we
find an immediate increase in the number BBHs which
merge inside the cluster. A significant part of this in-
crease is due to the correct integration of the 2.5pN terms
for isolated BBHs in the cluster. In most large-scale dy-
namical codes, gravitational-wave energy loss was only
considered for very tight binaries (a < 10R� � 30R�).
However, this criterion is far too conservative: for any
realistic-sized cluster, the vast majority [e.g., 97.5% in
the densest model considered in 34] of binaries will be
ejected before the BBH is hardened to a < 10R�. This
criterion also ignores the significant implications of ec-
centricity on the gravitational-wave inspiral time. At any
given time, roughly 19% of binaries in a GC have eccen-
tricity greater than 0.9 [as dynamically-formed binaries
follow a thermal (P (e) = 2e de) distribution, 42, 43],
which can reduce the inspiral time by a factor of 300
(for e = 0.9) to 65 (for e = 0.99). Most BBHs will un-
dergo several tens to hundreds of encounters before their
ejection from the cluster [19], giving every binary many
opportunities to achieve a su�ciently high eccentricity to
merge.

To enable a comparison with our previous results, we
generate 24 GC models covering the full range of masses,
metallicities, galactocentric distances, and radii, similar
to those observed in the Milky Way and beyond. These
initial conditions are identical to those from [17], allowing
us to explicitly compare our pN results to those in the
literature. See Appendix B for details. Our physics for
single and binary stellar evolution is nearly identical to
[17]. We have added a prescription for stellar mass loss
via pulsational pair instabilities and pair-instability su-
pernova. This physics, powered by the rapid production
of electron-positron pairs in the stellar core [22], places
a well-understood upper limit on the masses of BHs that
can from from the collapse of a single star. We take the
limit from [44] of ⇠ 45M�, then reduced to ⇠ 40M� af-
ter neutrino emission, which is in agreement with the BH
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FIG. 1. The eccentricities of all merging BBHs from GCs in
the local universe when the BBH enters the LIGO/Virgo de-
tection band at a (circular) gravitational-wave frequency of
10Hz. The distribution is clearly trimodal: the first peak cor-
responds to ejected mergers [similar to 17]. The second peak
corresponds to mergers which occur in the cluster after be-
ing driven to a high eccentricity by a strong encounter with a
third object. The final peak, at e > 0.1, corresponds to merg-
ers which occur during the strong encounter, when the BBH
enters the LIGO band during a gravitational-wave capture.

mass distribution measured by LIGO/Virgo [45]. In our
simulations, no BH can form with a mass above 40M�
unless the BH or its stellar progenitor has undergone a
dynamical merger or mass transfer.

IN-CLUSTER MERGERS

With the addition of the pN physics, we see a sig-
nificant increase in the number of in-cluster mergers.
Whereas before, the number of in-cluster mergers was a
minor correction to the BBHmergers in the local universe
(0.4% of mergers at z < 1, [17]), we now find that thema-

jority of mergers now occur inside the cluster. For our 24
models considered here, we find a total of 52727 mergers,
55% of which merge in the cluster. In the local universe,
this number decreases to 43%, as the primordial binaries
which merged at early times after a common-envelope
phase are no longer present.
In Figure 1, we show the eccentricity distribution of

merging binaries as they enter the LIGO/Virgo band
(which we define as a circular gravitational-wave fre-
quency of 10Hz). With the pN physics, we now see a clear
separation in eccentricity between BBHs which merge in
the cluster and those that are ejected. For the in-cluster
mergers, we also find a clear bimodality, with the lower

With PN effects:

Rodriguez et al. 2018 PRL, 120, 151101 
(agrees with Samsing & Ramirez-Ruiz 2017, ApJL,  

840, L14; Samsing et al. 2018, ApJ, 855, 124)
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Updated version of Fig. 2 in 
Rodriguez et al. 2016 ApJL, 824, L8

Updated version of Fig. 3 in 
Chatterjee et al. 2017 ApJL, 836, L26 
(see also Banerjee 2017, 2018, MNRAS)

Old, low-Z Globular Clusters: Younger, higher-Z Clusters:
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             vs Dynamics: rates
• BBH merger rate from LIGO:   12 – 213 Gpc−3 yr−1 

• Most recent estimates from binary population synthesis:  
~ 0 – 103  Gpc−3 yr−1             (Abadie et al. 2010, CQG, 27,173001) 

• Best estimate for dynamically produced sources: 

• From old GCs:  ~ 5 – 50 Gpc−3 yr−1                               

(Rodriguez et al. 2015, PRL, 115, 051101; Askar et al. 2017, MNRAS, 
464, L36; Park et al. 2017, MNRAS 469, 4665; Fuji et al. 2017, PASJ, 69, 
94) 

• From all star clusters:  >> 10 Gpc−3 yr−1    ?


