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from the nearest detected star, which is a ,0.62 M8 main sequence
star. Considering the distribution of stars in the inner 300 of the cluster,
the probability of a chance coincidence as close as for M22-VLA1 is
only 2%; for M22-VLA2 it is 26%. Thus we consider the optical asso-
ciation for source M22-VLA1 suggestive, but that for M22-VLA2
uncertain. However, for the case of M22-VLA1, there is an additional
complication: because the average stellar mass in the core is greater
than that of the putative companion, the low-mass main sequence
star would probably be exchanged out of the binary in a three-body
interaction with another star4. On the other hand, because of the low
central density of M2211 (,104 M8 pc23), a binary with a low-mass
companion might survive longer than in a typical globular cluster.
Nonetheless, it is possible that both radio sources are associated with
low-luminosity objects below the detection limit of the HST data, such
as white dwarfs.

Stellar-mass black holes with accretion rates below ,2% of the
Eddington rate16 (in the so-called low/hard state) follow an empirical
correlation between radio and X-ray luminosity with a scatter of a
factor of about two (ref. 17). Figure 3 shows this correlation with the
M22 data overplotted. The radio–X-ray relation predicts an X-ray
luminosity of 1031–1032 erg s21 for this radio luminosity18,19, above
the completeness limit of the archival Chandra data. There are several
plausible explanations for this discrepancy. First, there is the possibility
of variability. The X-ray data were taken in 2005, six years earlier than
the radio data. Field stellar-mass black holes in the low/hard state show
substantial (typically a factor of 2–10) variability in both radio and
X-rays20,21. Therefore, concurrent radio and X-ray data are necessary
for precise constraints on LR/LX. We found marginal evidence for radio
variability in M22-VLA2 on the timescale of a week; more details can
be found in Supplementary Information. Another plausible explana-
tion is that there is larger scatter in the radio–X-ray correlation at very
low accretion rates. Only a single known black-hole binary has a mea-
sured radio luminosity as faint as our sources18, and there is evidence
that some stellar-mass black holes with low X-ray luminosities may not
fall on the correlation19.

An intriguing possibility is that these sources have high values of
LR/LX because they are more massive than typical stellar-mass black
holes in the field. The radio–X-ray correlation for stellar-mass black
holes is a special case of a ‘fundamental plane’ for black-hole accretion
in the low/hard state that includes the black-hole mass as a third

parameter22. In this relation, more massive black holes have larger
values of LR/LX. If our sources have masses of ,15–20 M8 rather than
the 5–10 M8 typical of field stellar-mass black holes23, then their X-ray
luminosities should be lower than predicted by the correlation in Fig. 3
by a factor of ,2–3. It is reasonable to expect that black holes in
globular clusters will be more massive than those in the field. Field
black holes with measured dynamical masses are all in binary systems,
and were probably affected by mass transfer during a common
envelope stage that reduced the mass of the resulting black holes24.
This need not be the case in globular clusters, because black holes
can form as single objects or in wide binaries, and then be exchanged
into pre-existing binaries or tidally capture companions owing to the
high stellar densities25. Globular cluster black holes also form at
lower metallicity than in the field, leading to less mass loss from the
progenitor and thus more massive remnants8.

As mentioned above, the location of stars in a cluster also gives
information about their masses. Stellar-mass black holes will mass-
segregate to the core of the cluster. This process can be used to roughly
estimate their masses by assuming thermalization, for which this
relation holds1: mBH=m?~ rc=rBHð Þ2, where mBH and rBH are the
characteristic black-hole mass and radius, m? is the typical stellar mass,
and rc is the core radius. Assuming m?~1M8 in the segregated cluster
core and taking the observed values of rc 5 1.24 pc and rBH 5 0.33 pc,
we estimate mBH < 15 M8.

The existence of black holes in a low-density globular cluster such as
M22 constrains the magnitude of the initial velocity kicks received by
the black holes at birth. The current central escape velocity of M2211 is
,34 km s21. This value may have been higher in the past, owing to a
larger cluster mass and a more compact structure. Nonetheless, the
retention of two black holes in a globular cluster with a modest escape
velocity implies that the black holes could not have received large
natal kicks. Large kicks are inferred for some stellar-mass black holes
in the field26. Low kick velocities can originate from supernovae if the
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Figure 3 | Radio–X-ray correlation for stellar-mass black holes. The M22
sources have properties more consistent with black holes than with neutron
stars or white dwarfs. Filled squares represent simultaneous radio and X-ray
data; open squares are non-simultaneous measurements, the positions of which
might have been affected by variability. Upper limits are also shown. Some
objects have multiple measurements plotted that represent different phases of
accretion. The open red circle represents both M22-VLA1 and M22-VLA2,
which have very similar luminosities. The dotted black line represents the
published correlation18 LR!L0:58

X , normalized by a least-squares fit to the
simultaneous detections with LX , 2 3 1034 erg s–1. The dashed and dot-
dashed blue lines show two possible radio–X-ray correlations for accreting
neutron stars; this relation is poorly constrained by observations28. The solid
green line shows the maximum radio continuum luminosity observed for
accreting white dwarfs29. Neither neutron stars nor white dwarfs have
properties consistent with the M22 radio sources. More information can be
found in Supplementary Information.
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Figure 2 | Optical images of M22 and the candidate companion stars to the
radio sources. a, Ground-based image that shows the approximate location of
the sources in the context of the star cluster. b, c, The zoomed-in location of the
radio sources (b, M22-VLA1; c, M22-VLA2) on an archival high-resolution
HST/Advanced Camera for Surveys F814W image. Each blue circle has a radius
of 0.30 for clarity; the uncertainty in the astrometric matching of the optical and
radio data is ,0.10. The image orientation is as in Fig. 1. (Image credit for a: D.
Matthews/A. Block/NOAO/AURA/NSF.)
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from the nearest detected star, which is a ,0.62 M8 main sequence
star. Considering the distribution of stars in the inner 300 of the cluster,
the probability of a chance coincidence as close as for M22-VLA1 is
only 2%; for M22-VLA2 it is 26%. Thus we consider the optical asso-
ciation for source M22-VLA1 suggestive, but that for M22-VLA2
uncertain. However, for the case of M22-VLA1, there is an additional
complication: because the average stellar mass in the core is greater
than that of the putative companion, the low-mass main sequence
star would probably be exchanged out of the binary in a three-body
interaction with another star4. On the other hand, because of the low
central density of M2211 (,104 M8 pc23), a binary with a low-mass
companion might survive longer than in a typical globular cluster.
Nonetheless, it is possible that both radio sources are associated with
low-luminosity objects below the detection limit of the HST data, such
as white dwarfs.

Stellar-mass black holes with accretion rates below ,2% of the
Eddington rate16 (in the so-called low/hard state) follow an empirical
correlation between radio and X-ray luminosity with a scatter of a
factor of about two (ref. 17). Figure 3 shows this correlation with the
M22 data overplotted. The radio–X-ray relation predicts an X-ray
luminosity of 1031–1032 erg s21 for this radio luminosity18,19, above
the completeness limit of the archival Chandra data. There are several
plausible explanations for this discrepancy. First, there is the possibility
of variability. The X-ray data were taken in 2005, six years earlier than
the radio data. Field stellar-mass black holes in the low/hard state show
substantial (typically a factor of 2–10) variability in both radio and
X-rays20,21. Therefore, concurrent radio and X-ray data are necessary
for precise constraints on LR/LX. We found marginal evidence for radio
variability in M22-VLA2 on the timescale of a week; more details can
be found in Supplementary Information. Another plausible explana-
tion is that there is larger scatter in the radio–X-ray correlation at very
low accretion rates. Only a single known black-hole binary has a mea-
sured radio luminosity as faint as our sources18, and there is evidence
that some stellar-mass black holes with low X-ray luminosities may not
fall on the correlation19.

An intriguing possibility is that these sources have high values of
LR/LX because they are more massive than typical stellar-mass black
holes in the field. The radio–X-ray correlation for stellar-mass black
holes is a special case of a ‘fundamental plane’ for black-hole accretion
in the low/hard state that includes the black-hole mass as a third

parameter22. In this relation, more massive black holes have larger
values of LR/LX. If our sources have masses of ,15–20 M8 rather than
the 5–10 M8 typical of field stellar-mass black holes23, then their X-ray
luminosities should be lower than predicted by the correlation in Fig. 3
by a factor of ,2–3. It is reasonable to expect that black holes in
globular clusters will be more massive than those in the field. Field
black holes with measured dynamical masses are all in binary systems,
and were probably affected by mass transfer during a common
envelope stage that reduced the mass of the resulting black holes24.
This need not be the case in globular clusters, because black holes
can form as single objects or in wide binaries, and then be exchanged
into pre-existing binaries or tidally capture companions owing to the
high stellar densities25. Globular cluster black holes also form at
lower metallicity than in the field, leading to less mass loss from the
progenitor and thus more massive remnants8.

As mentioned above, the location of stars in a cluster also gives
information about their masses. Stellar-mass black holes will mass-
segregate to the core of the cluster. This process can be used to roughly
estimate their masses by assuming thermalization, for which this
relation holds1: mBH=m?~ rc=rBHð Þ2, where mBH and rBH are the
characteristic black-hole mass and radius, m? is the typical stellar mass,
and rc is the core radius. Assuming m?~1M8 in the segregated cluster
core and taking the observed values of rc 5 1.24 pc and rBH 5 0.33 pc,
we estimate mBH < 15 M8.

The existence of black holes in a low-density globular cluster such as
M22 constrains the magnitude of the initial velocity kicks received by
the black holes at birth. The current central escape velocity of M2211 is
,34 km s21. This value may have been higher in the past, owing to a
larger cluster mass and a more compact structure. Nonetheless, the
retention of two black holes in a globular cluster with a modest escape
velocity implies that the black holes could not have received large
natal kicks. Large kicks are inferred for some stellar-mass black holes
in the field26. Low kick velocities can originate from supernovae if the
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Figure 3 | Radio–X-ray correlation for stellar-mass black holes. The M22
sources have properties more consistent with black holes than with neutron
stars or white dwarfs. Filled squares represent simultaneous radio and X-ray
data; open squares are non-simultaneous measurements, the positions of which
might have been affected by variability. Upper limits are also shown. Some
objects have multiple measurements plotted that represent different phases of
accretion. The open red circle represents both M22-VLA1 and M22-VLA2,
which have very similar luminosities. The dotted black line represents the
published correlation18 LR!L0:58

X , normalized by a least-squares fit to the
simultaneous detections with LX , 2 3 1034 erg s–1. The dashed and dot-
dashed blue lines show two possible radio–X-ray correlations for accreting
neutron stars; this relation is poorly constrained by observations28. The solid
green line shows the maximum radio continuum luminosity observed for
accreting white dwarfs29. Neither neutron stars nor white dwarfs have
properties consistent with the M22 radio sources. More information can be
found in Supplementary Information.
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Figure 2 | Optical images of M22 and the candidate companion stars to the
radio sources. a, Ground-based image that shows the approximate location of
the sources in the context of the star cluster. b, c, The zoomed-in location of the
radio sources (b, M22-VLA1; c, M22-VLA2) on an archival high-resolution
HST/Advanced Camera for Surveys F814W image. Each blue circle has a radius
of 0.30 for clarity; the uncertainty in the astrometric matching of the optical and
radio data is ,0.10. The image orientation is as in Fig. 1. (Image credit for a: D.
Matthews/A. Block/NOAO/AURA/NSF.)
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from the nearest detected star, which is a ,0.62 M8 main sequence
star. Considering the distribution of stars in the inner 300 of the cluster,
the probability of a chance coincidence as close as for M22-VLA1 is
only 2%; for M22-VLA2 it is 26%. Thus we consider the optical asso-
ciation for source M22-VLA1 suggestive, but that for M22-VLA2
uncertain. However, for the case of M22-VLA1, there is an additional
complication: because the average stellar mass in the core is greater
than that of the putative companion, the low-mass main sequence
star would probably be exchanged out of the binary in a three-body
interaction with another star4. On the other hand, because of the low
central density of M2211 (,104 M8 pc23), a binary with a low-mass
companion might survive longer than in a typical globular cluster.
Nonetheless, it is possible that both radio sources are associated with
low-luminosity objects below the detection limit of the HST data, such
as white dwarfs.

Stellar-mass black holes with accretion rates below ,2% of the
Eddington rate16 (in the so-called low/hard state) follow an empirical
correlation between radio and X-ray luminosity with a scatter of a
factor of about two (ref. 17). Figure 3 shows this correlation with the
M22 data overplotted. The radio–X-ray relation predicts an X-ray
luminosity of 1031–1032 erg s21 for this radio luminosity18,19, above
the completeness limit of the archival Chandra data. There are several
plausible explanations for this discrepancy. First, there is the possibility
of variability. The X-ray data were taken in 2005, six years earlier than
the radio data. Field stellar-mass black holes in the low/hard state show
substantial (typically a factor of 2–10) variability in both radio and
X-rays20,21. Therefore, concurrent radio and X-ray data are necessary
for precise constraints on LR/LX. We found marginal evidence for radio
variability in M22-VLA2 on the timescale of a week; more details can
be found in Supplementary Information. Another plausible explana-
tion is that there is larger scatter in the radio–X-ray correlation at very
low accretion rates. Only a single known black-hole binary has a mea-
sured radio luminosity as faint as our sources18, and there is evidence
that some stellar-mass black holes with low X-ray luminosities may not
fall on the correlation19.

An intriguing possibility is that these sources have high values of
LR/LX because they are more massive than typical stellar-mass black
holes in the field. The radio–X-ray correlation for stellar-mass black
holes is a special case of a ‘fundamental plane’ for black-hole accretion
in the low/hard state that includes the black-hole mass as a third

parameter22. In this relation, more massive black holes have larger
values of LR/LX. If our sources have masses of ,15–20 M8 rather than
the 5–10 M8 typical of field stellar-mass black holes23, then their X-ray
luminosities should be lower than predicted by the correlation in Fig. 3
by a factor of ,2–3. It is reasonable to expect that black holes in
globular clusters will be more massive than those in the field. Field
black holes with measured dynamical masses are all in binary systems,
and were probably affected by mass transfer during a common
envelope stage that reduced the mass of the resulting black holes24.
This need not be the case in globular clusters, because black holes
can form as single objects or in wide binaries, and then be exchanged
into pre-existing binaries or tidally capture companions owing to the
high stellar densities25. Globular cluster black holes also form at
lower metallicity than in the field, leading to less mass loss from the
progenitor and thus more massive remnants8.

As mentioned above, the location of stars in a cluster also gives
information about their masses. Stellar-mass black holes will mass-
segregate to the core of the cluster. This process can be used to roughly
estimate their masses by assuming thermalization, for which this
relation holds1: mBH=m?~ rc=rBHð Þ2, where mBH and rBH are the
characteristic black-hole mass and radius, m? is the typical stellar mass,
and rc is the core radius. Assuming m?~1M8 in the segregated cluster
core and taking the observed values of rc 5 1.24 pc and rBH 5 0.33 pc,
we estimate mBH < 15 M8.

The existence of black holes in a low-density globular cluster such as
M22 constrains the magnitude of the initial velocity kicks received by
the black holes at birth. The current central escape velocity of M2211 is
,34 km s21. This value may have been higher in the past, owing to a
larger cluster mass and a more compact structure. Nonetheless, the
retention of two black holes in a globular cluster with a modest escape
velocity implies that the black holes could not have received large
natal kicks. Large kicks are inferred for some stellar-mass black holes
in the field26. Low kick velocities can originate from supernovae if the
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Figure 3 | Radio–X-ray correlation for stellar-mass black holes. The M22
sources have properties more consistent with black holes than with neutron
stars or white dwarfs. Filled squares represent simultaneous radio and X-ray
data; open squares are non-simultaneous measurements, the positions of which
might have been affected by variability. Upper limits are also shown. Some
objects have multiple measurements plotted that represent different phases of
accretion. The open red circle represents both M22-VLA1 and M22-VLA2,
which have very similar luminosities. The dotted black line represents the
published correlation18 LR!L0:58

X , normalized by a least-squares fit to the
simultaneous detections with LX , 2 3 1034 erg s–1. The dashed and dot-
dashed blue lines show two possible radio–X-ray correlations for accreting
neutron stars; this relation is poorly constrained by observations28. The solid
green line shows the maximum radio continuum luminosity observed for
accreting white dwarfs29. Neither neutron stars nor white dwarfs have
properties consistent with the M22 radio sources. More information can be
found in Supplementary Information.
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Figure 2 | Optical images of M22 and the candidate companion stars to the
radio sources. a, Ground-based image that shows the approximate location of
the sources in the context of the star cluster. b, c, The zoomed-in location of the
radio sources (b, M22-VLA1; c, M22-VLA2) on an archival high-resolution
HST/Advanced Camera for Surveys F814W image. Each blue circle has a radius
of 0.30 for clarity; the uncertainty in the astrometric matching of the optical and
radio data is ,0.10. The image orientation is as in Fig. 1. (Image credit for a: D.
Matthews/A. Block/NOAO/AURA/NSF.)
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from the nearest detected star, which is a ,0.62 M8 main sequence
star. Considering the distribution of stars in the inner 300 of the cluster,
the probability of a chance coincidence as close as for M22-VLA1 is
only 2%; for M22-VLA2 it is 26%. Thus we consider the optical asso-
ciation for source M22-VLA1 suggestive, but that for M22-VLA2
uncertain. However, for the case of M22-VLA1, there is an additional
complication: because the average stellar mass in the core is greater
than that of the putative companion, the low-mass main sequence
star would probably be exchanged out of the binary in a three-body
interaction with another star4. On the other hand, because of the low
central density of M2211 (,104 M8 pc23), a binary with a low-mass
companion might survive longer than in a typical globular cluster.
Nonetheless, it is possible that both radio sources are associated with
low-luminosity objects below the detection limit of the HST data, such
as white dwarfs.

Stellar-mass black holes with accretion rates below ,2% of the
Eddington rate16 (in the so-called low/hard state) follow an empirical
correlation between radio and X-ray luminosity with a scatter of a
factor of about two (ref. 17). Figure 3 shows this correlation with the
M22 data overplotted. The radio–X-ray relation predicts an X-ray
luminosity of 1031–1032 erg s21 for this radio luminosity18,19, above
the completeness limit of the archival Chandra data. There are several
plausible explanations for this discrepancy. First, there is the possibility
of variability. The X-ray data were taken in 2005, six years earlier than
the radio data. Field stellar-mass black holes in the low/hard state show
substantial (typically a factor of 2–10) variability in both radio and
X-rays20,21. Therefore, concurrent radio and X-ray data are necessary
for precise constraints on LR/LX. We found marginal evidence for radio
variability in M22-VLA2 on the timescale of a week; more details can
be found in Supplementary Information. Another plausible explana-
tion is that there is larger scatter in the radio–X-ray correlation at very
low accretion rates. Only a single known black-hole binary has a mea-
sured radio luminosity as faint as our sources18, and there is evidence
that some stellar-mass black holes with low X-ray luminosities may not
fall on the correlation19.

An intriguing possibility is that these sources have high values of
LR/LX because they are more massive than typical stellar-mass black
holes in the field. The radio–X-ray correlation for stellar-mass black
holes is a special case of a ‘fundamental plane’ for black-hole accretion
in the low/hard state that includes the black-hole mass as a third

parameter22. In this relation, more massive black holes have larger
values of LR/LX. If our sources have masses of ,15–20 M8 rather than
the 5–10 M8 typical of field stellar-mass black holes23, then their X-ray
luminosities should be lower than predicted by the correlation in Fig. 3
by a factor of ,2–3. It is reasonable to expect that black holes in
globular clusters will be more massive than those in the field. Field
black holes with measured dynamical masses are all in binary systems,
and were probably affected by mass transfer during a common
envelope stage that reduced the mass of the resulting black holes24.
This need not be the case in globular clusters, because black holes
can form as single objects or in wide binaries, and then be exchanged
into pre-existing binaries or tidally capture companions owing to the
high stellar densities25. Globular cluster black holes also form at
lower metallicity than in the field, leading to less mass loss from the
progenitor and thus more massive remnants8.

As mentioned above, the location of stars in a cluster also gives
information about their masses. Stellar-mass black holes will mass-
segregate to the core of the cluster. This process can be used to roughly
estimate their masses by assuming thermalization, for which this
relation holds1: mBH=m?~ rc=rBHð Þ2, where mBH and rBH are the
characteristic black-hole mass and radius, m? is the typical stellar mass,
and rc is the core radius. Assuming m?~1M8 in the segregated cluster
core and taking the observed values of rc 5 1.24 pc and rBH 5 0.33 pc,
we estimate mBH < 15 M8.

The existence of black holes in a low-density globular cluster such as
M22 constrains the magnitude of the initial velocity kicks received by
the black holes at birth. The current central escape velocity of M2211 is
,34 km s21. This value may have been higher in the past, owing to a
larger cluster mass and a more compact structure. Nonetheless, the
retention of two black holes in a globular cluster with a modest escape
velocity implies that the black holes could not have received large
natal kicks. Large kicks are inferred for some stellar-mass black holes
in the field26. Low kick velocities can originate from supernovae if the
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Figure 3 | Radio–X-ray correlation for stellar-mass black holes. The M22
sources have properties more consistent with black holes than with neutron
stars or white dwarfs. Filled squares represent simultaneous radio and X-ray
data; open squares are non-simultaneous measurements, the positions of which
might have been affected by variability. Upper limits are also shown. Some
objects have multiple measurements plotted that represent different phases of
accretion. The open red circle represents both M22-VLA1 and M22-VLA2,
which have very similar luminosities. The dotted black line represents the
published correlation18 LR!L0:58

X , normalized by a least-squares fit to the
simultaneous detections with LX , 2 3 1034 erg s–1. The dashed and dot-
dashed blue lines show two possible radio–X-ray correlations for accreting
neutron stars; this relation is poorly constrained by observations28. The solid
green line shows the maximum radio continuum luminosity observed for
accreting white dwarfs29. Neither neutron stars nor white dwarfs have
properties consistent with the M22 radio sources. More information can be
found in Supplementary Information.
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Figure 2 | Optical images of M22 and the candidate companion stars to the
radio sources. a, Ground-based image that shows the approximate location of
the sources in the context of the star cluster. b, c, The zoomed-in location of the
radio sources (b, M22-VLA1; c, M22-VLA2) on an archival high-resolution
HST/Advanced Camera for Surveys F814W image. Each blue circle has a radius
of 0.30 for clarity; the uncertainty in the astrometric matching of the optical and
radio data is ,0.10. The image orientation is as in Fig. 1. (Image credit for a: D.
Matthews/A. Block/NOAO/AURA/NSF.)
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from the nearest detected star, which is a ,0.62 M8 main sequence
star. Considering the distribution of stars in the inner 300 of the cluster,
the probability of a chance coincidence as close as for M22-VLA1 is
only 2%; for M22-VLA2 it is 26%. Thus we consider the optical asso-
ciation for source M22-VLA1 suggestive, but that for M22-VLA2
uncertain. However, for the case of M22-VLA1, there is an additional
complication: because the average stellar mass in the core is greater
than that of the putative companion, the low-mass main sequence
star would probably be exchanged out of the binary in a three-body
interaction with another star4. On the other hand, because of the low
central density of M2211 (,104 M8 pc23), a binary with a low-mass
companion might survive longer than in a typical globular cluster.
Nonetheless, it is possible that both radio sources are associated with
low-luminosity objects below the detection limit of the HST data, such
as white dwarfs.

Stellar-mass black holes with accretion rates below ,2% of the
Eddington rate16 (in the so-called low/hard state) follow an empirical
correlation between radio and X-ray luminosity with a scatter of a
factor of about two (ref. 17). Figure 3 shows this correlation with the
M22 data overplotted. The radio–X-ray relation predicts an X-ray
luminosity of 1031–1032 erg s21 for this radio luminosity18,19, above
the completeness limit of the archival Chandra data. There are several
plausible explanations for this discrepancy. First, there is the possibility
of variability. The X-ray data were taken in 2005, six years earlier than
the radio data. Field stellar-mass black holes in the low/hard state show
substantial (typically a factor of 2–10) variability in both radio and
X-rays20,21. Therefore, concurrent radio and X-ray data are necessary
for precise constraints on LR/LX. We found marginal evidence for radio
variability in M22-VLA2 on the timescale of a week; more details can
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tion is that there is larger scatter in the radio–X-ray correlation at very
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that some stellar-mass black holes with low X-ray luminosities may not
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An intriguing possibility is that these sources have high values of
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holes in the field. The radio–X-ray correlation for stellar-mass black
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in the low/hard state that includes the black-hole mass as a third

parameter22. In this relation, more massive black holes have larger
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can form as single objects or in wide binaries, and then be exchanged
into pre-existing binaries or tidally capture companions owing to the
high stellar densities25. Globular cluster black holes also form at
lower metallicity than in the field, leading to less mass loss from the
progenitor and thus more massive remnants8.
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relation holds1: mBH=m?~ rc=rBHð Þ2, where mBH and rBH are the
characteristic black-hole mass and radius, m? is the typical stellar mass,
and rc is the core radius. Assuming m?~1M8 in the segregated cluster
core and taking the observed values of rc 5 1.24 pc and rBH 5 0.33 pc,
we estimate mBH < 15 M8.
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M22 constrains the magnitude of the initial velocity kicks received by
the black holes at birth. The current central escape velocity of M2211 is
,34 km s21. This value may have been higher in the past, owing to a
larger cluster mass and a more compact structure. Nonetheless, the
retention of two black holes in a globular cluster with a modest escape
velocity implies that the black holes could not have received large
natal kicks. Large kicks are inferred for some stellar-mass black holes
in the field26. Low kick velocities can originate from supernovae if the
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Figure 3 | Radio–X-ray correlation for stellar-mass black holes. The M22
sources have properties more consistent with black holes than with neutron
stars or white dwarfs. Filled squares represent simultaneous radio and X-ray
data; open squares are non-simultaneous measurements, the positions of which
might have been affected by variability. Upper limits are also shown. Some
objects have multiple measurements plotted that represent different phases of
accretion. The open red circle represents both M22-VLA1 and M22-VLA2,
which have very similar luminosities. The dotted black line represents the
published correlation18 LR!L0:58

X , normalized by a least-squares fit to the
simultaneous detections with LX , 2 3 1034 erg s–1. The dashed and dot-
dashed blue lines show two possible radio–X-ray correlations for accreting
neutron stars; this relation is poorly constrained by observations28. The solid
green line shows the maximum radio continuum luminosity observed for
accreting white dwarfs29. Neither neutron stars nor white dwarfs have
properties consistent with the M22 radio sources. More information can be
found in Supplementary Information.
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Figure 2 | Optical images of M22 and the candidate companion stars to the
radio sources. a, Ground-based image that shows the approximate location of
the sources in the context of the star cluster. b, c, The zoomed-in location of the
radio sources (b, M22-VLA1; c, M22-VLA2) on an archival high-resolution
HST/Advanced Camera for Surveys F814W image. Each blue circle has a radius
of 0.30 for clarity; the uncertainty in the astrometric matching of the optical and
radio data is ,0.10. The image orientation is as in Fig. 1. (Image credit for a: D.
Matthews/A. Block/NOAO/AURA/NSF.)
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associated with the modeling of isolated binary stellar
evolution in galactic 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. 2016).

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 factors: the underlying distribution of BBH
mergers in mass and redshift, and the sensitivity of the LIGO
detector 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 randomly 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 effective sample; see
Harris et al. 2014; Rodriguez et al. 2016; Appendix B). Although
there exist many mergers in the local universe ( <z 0.5) with total
masses from :M20 to :120 , the majority of mergers occurring in
the present day lie in the peak between :M30 and :M40 . This is
consistent with Morscher et al. (2015) and Rodriguez et al. (2016),
which found that GCs process through their most massive BHs
early, leaving behind the less massive systems to form binaries
and merge in the local universe. The peak at :~ M35 is primarily
dominated by contributions from the :=Z Z0.25 models, while
the tail extending to high masses is primarily from low-metallicity
( : :=Z Z Z0.05 , 0.01 ) clusters. As with GW150914, our models
show that mergers more massive that :M40 at low redshifts are
most likely to have been formed in massive, low-metallicity
clusters.
To translate this into a distribution and rate of detectable

sources, we combine the total distribution of BBH mergers
with the publicly available Advanced LIGO sensitivity spectrum

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 various
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 progenitor BH, while the blue and red spheres
represent other BHs (and stars) in the cluster core.

Figure 2. 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 Collaboration 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 Scientific Collaboration &
The Virgo Collaboration 2016a). Note that while LVT151012 is below the
threshold to be considered a detection, there exists a 284% chance that the
signal was of astrophysical origin (Abbott et al. 2016d).
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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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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].
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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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Nuclear Star Clusters
• Extremely Massive (                  stars) 
• Compact
• Continuous star formation
• Central massive black hole (sometimes)

107 � 108

Figure 2. Mean projected mass density of various stellar systems inside their e�ective radius
re, plotted against their total mass. This is similar to a face-on view of the fundamental plane.
NSCs occupy the high end of a region populated by other types of massive stellar clusters, and
are well separated from elliptical galaxies and spiral bulges. The solid line represents a constant
cluster size, i.e. re = 3 pc (from [25]).

luminous than the average globular cluster in the Galaxy [14].
• However, NSCs are as compact as Galactic GCs. Their half-light radius typically is 2�5 pc,

independent of galaxy type [2, 13, 8].
• Despite their compactness, NSCs are very massive: their typical dynamical mass is

106 � 107 M⇥ [25] which is at the extreme high end of the GC mass function.
• Their mass density clearly separates NSCs from compact galaxy bulges. This is shown in

Figure 2 which compares the mass and mass density of NSCs to that of other spheroidal
stellar systems. The clear gap between bulges/ellipticals on the one hand, and NSCs on
the other hand makes a direct evolutionary connection between the two classes of objects
unlikely.

• The star formation history of NSCs is complex, as evidenced by the fact that most NSCs
have stellar populations comprised of multiple generations of stars [26, 19]. The youngest
generation is often younger than 100 Myr which is strong evidence that NSCs experience
frequent and repetitive star formation episodes [26].

• Due to three recent and independent studies of NSCs in di�erent galaxy types [19, 27, 8], it
has become clear that NSCs obey similar scaling relationships with host galaxy properties
as do supermassive black holes. As an example, Figure 3 shows the NSC mass as a function
of bulge luminosity. While the implications of this result are not yet clear (see § 5), these
studies have renewed interest in NSCs because of the potentially important role that NSCs
play in the evolution of their host galaxies.

3. How (and when) do Nuclear Clusters Form?
There are a large number of suggested formation scenarios for NSCs, and so far, few have been
ruled out. In principle, one can distinguish between two main categories: a) migratory formation
scenarios in which dense clusters form elsewhere in the galaxy, and then fall into the center via

3
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Black holes in nuclear star clusters 7

Fig. 3.— Left panel: distribution of escape velocities from NSCs and GCs (histograms) compared to the distributions of GW kick
velocities of merging BHs (blue curves). The solid blue line corresponds to a model in which the spin magnitude was chosen randomly
in the range � = [0, 1); the dashed blue line corresponds to a high-spin model in which � = 0.9. Right panel: probability of remaining
inside the cluster as a function of initial mass of the dominant BH and for di↵erent values of the cluster escape velocity. Here we have
assumed that the mass of the secondary BH is 10 M�. Solid line is for the uniform spin model; dashed line is for the high-spin model.
These plots show that the recoil velocity imparted by the anisotropic emission of GW radiation will lead to the ejection of most BH merger
remnants formed inside GCs, while in NSCs a fraction of BHs will be retained. For this reason BHs of large mass can naturally grow inside
NSCs through repeated accretion of lower mass BHs. Thus, NSCs are a likely host environment for the highest-mass BH mergers that are
potentially detectable by aLIGO.

models there is a substantial fraction of systems that are
accelerated with velocities . 100 km s�1.
The left panel of Figure 3 suggests that only the most

massive GCs have a finite probability of retaining a BH
merger remnant formed inside the cluster. Considering
also that BH binaries in GCs are likely to be flung be-
fore merger due to three-body encounters, we conclude
that the retention probability of BH merger remnants in
GCs is small. The left panel of Figure 3 shows instead
that the escape velocities of many NSCs are high enough
that a substantial number of mergers are expected to be
retained inside these systems.
In the right panel of Figure 3 we compute the probabil-

ity of remaining in the cluster for our spin distributions
as a function of the initial BH mass and assuming that
the secondary BH mass is 10 M�. For escape velocities
. 50 km s�1 (typical of massive GCs) the probability of
remaining inside the cluster after a merger is essentially
zero, unless the cluster contains initially a BH seed of
mass & 100 M�. For escape velocities ⇠ 200 km s�1,
which are more typical of NSCs, the probability of re-
taining a BH merger remnant of initial mass ⇠ 50 M�
is approximately 0.5 or 0.3 depending on the assumed
spin distribution. This makes NSCs excellent candidates
for producing massive BH mergers that are potentially
observable by aLIGO, because they can retain their BHs
while also evolving rapidly enough that the BHs can sink
back to the center and dynamically form new binaries
which will subsequently merge. This merger channel is
expected to occur quite naturally in massive stellar clus-
ters such as NSCs and UCDs, while it is unlikely to hap-
pen in lower mass systems such as open clusters and GCs.
In the next section we present a semi-analytical model

that we use in order to make predictions about the mass
distribution and rates of BH binary mergers forming in

NSCs.

3. SEMI-ANALYTICAL MODELING

As argued above the dynamical evolution of NSCs is
of great interest as these systems could represent a im-
portant source of inspiraling BHs detectable by aLIGO.
Yet the dynamical evolution of massive clusters (Mcl >>
106 M�) and their implications for aLIGO is still elu-
sive. The main di�culty is the large number of parti-
cles comprising these systems which makes their treat-
ment extremely challenging even for approximate Monte
Carlo methods. Here we adopt a semi-analytical ap-
proach which allows us to make predictions about the
expected rate and properties of inspiraling BH binaries
forming in NSCs.

3.1. Simplified approach

First, we define the structural properties of our star
clusters. We assign a total stellar massMcl to the cluster.
ForMcl  5⇥106 M� the half-mass radius is independent
on the cluster mass and it is set to rh = 3 pc. In the NSC
mass regime, Mcl > 5⇥106 M�, we adopt the fitted rela-
tion to the NSCs in late type galaxies from Georgiev et al.
(2016): log(rh/c1) = ↵ log(Mcl/c2) + �, with ↵ = 0.321,
� = �0.011, c1 = 3.31 pc and c2 = 3.6 ⇥ 106 M�. The
escape velocity from the cluster is then computed using
the approximate Eq. (1) above; the cluster velocity dis-
persion is � = vesc/(2

p
3). The central number density of

stars was computed as n = 4⇥106(�/100 km s�1)2 pc�3.
This latter expression gives a central number density of
stars for a Milky Way like NSC of 4 ⇥ 106 pc�3 and
⇡ 105 pc�3 for a 106 M� GC – this is consistent with
observed values (Harris 1996; Merritt 2010). (Each of
the distributions from which the cluster properties were

Nuclear Star Clusters
2 Antonini and Rasio

the merging binaries in NSCs.
(i) NSCs retain most of their BHs. While natal kicks

can easily eject BHs from GCs, the natal kick magnitudes
are unlikely to be large enough to eject a considerable
number of BHs from NSCs given the large escape speed
in these latter systems. Whether dynamically formed
BH binaries will merge, and whether the merger will oc-
cur inside the cluster also depends on the cluster escape
speed. The low escape speed (. 10 km s�1) from low
mass clusters (Mcl . 105 M�), implies that most BH
binaries are ejected early after their formation with an
orbital semi-major axis which is typically too large for
GW emission to become e�cient and drive the merger
of the binary in one Hubble time. The vast majority of
dynamically formed BH binaries in GCs are also kicked
out before merging, but they are able to merge in the lo-
cal universe (e.g., Rodriguez et al. 2015). As argued by
Miller & Lauburg (2009) given that NSCs have escape
speeds that are several times those of globulars, they can
retain most of their BH binaries. Moreover, as we show
below, even when accounting for the recoil kick due to
anisotropic emission of GW radiation a large fraction of
merger products is likely to be retained inside NSCs.
(ii) NSCs contain young stellar populations. The com-

mon finding emerging from spectroscopic surveys is that
NSCs are characterized by complex star formation histo-
ries with a mixture of morphological components and dif-
ferent stellar populations spanning a wide range of char-
acteristic ages (from 10 Myr to 10 Gyr) and metallicities
(Figer et al. 2004; Rossa et al. 2006; Walcher et al. 2006;
Do et al. 2015). This implies that unlike GCs, NSCs can
still form fresh BHs and BH binaries at the present time.
(iii) NSCs reside at the center of galaxies. There-

fore, unlike GCs, NSCs are not isolated. In time, newly
formed star clusters could migrate by dynamical friction
from the galaxy into the NSC itself replenishing BHs
that have been kicked out by three-body processes or by
GW recoil kicks. The orbital decay of massive star clus-
ters through dynamical friction constitutes an additional
source which can repopulate the BH binary population
in the nuclei of galaxies (Antonini 2014).
In this paper we study the dynamical formation of BH

binary mergers in NSCs, with particular focus on NSCs
which do not host a central massive black hole (MBH).
Our cluster models are based on a semi-analytical ap-
proach which describes the formation and evolution of
BH binaries in static cluster models. Although necessar-
ily approximated, these models are shown to give reason-
able results when compared to recent Monte Carlo mod-
els of massive GCs (Chatterjee et al. 2016; Rodriguez et
al. 2016) and previous BH binary merger rate estimates
from NSCs (Portegies Zwart & McMillan 2000; Miller &
Lauburg 2009). We stress that although the MBH occu-
pation fraction in NSCs is largely unconstrained observa-
tionally, it has been long recognized that some NSCs do
not have MBHs (e.g., Merritt et al. 2001; Neumayer &
Walcher 2012). We note that NSCs with MBHs are very
di↵erent, dynamically, than NSCs without. If a MBH
is present the velocity dispersion keeps growing towards
the MBH, which means that no binary will be hard all
the way to the center. Here we make use of the semi-
analytical galaxy formation models presented in Antonini
et al. (2015b) to predict the occupation fraction of MBHs

Fig. 1.— Distribution of escape velocities from NSCs and GCs
(histograms) compared to distributions of natal kicks taken from
Figure 3 of Repetto et al. (2012) (blue curves). Blue solid and
dashed lines correspond to distributions that are typically used to
model the kick velocities of neutron stars. The solid line is the Ar-
zoumanian distribution (Arzoumanian et al. 2002), the dashed line
is the Hansen & Phinney (1997) distribution. The two dot-dashed
lines are these two distributions but with kick speeds reduced, as-
suming that the momentum imparted to the black hole is the same
as the momentum imparted to the neutron star. Note that if BHs
receive natal kicks as large as those of neutron stars, most of them
will be ejected from GCs but not from NSCs.

in NSCs and the NSC initial mass function, which com-
bined with the results of our cluster models allows an
estimate of the aLIGO detection rate and properties of
BH mergers forming in NSCs.
Our results suggest that the BH merger event rate from

NSCs is substantial, with several tens of events per year
detectable with aLIGO. In addition, we propose a new
dynamical pathway to the formation of high mass BH
binary mergers similar to GW150914. This merger path
is exclusive to NSCs and to the most massive GCs. Due
to their large escape speeds, such massive clusters can
keep a large fraction of their BH merger remnants while
also evolving rapidly enough that the holes can sink back
to the central regions where they can swap in new BH-
binaries, which will subsequently harden and merge. We
find that this process can repeat several times and pro-
duce BH mergers of several tens of solar masses and up
to a few hundreds of solar masses, without the need of
invoking extremely low metallicity environments.
The paper is organized as follows. In Sections 2 we dis-

cuss the processes leading to the formation and merger of
BH binaries in the high density cores of GCs and NSCs,
focusing on the processes that can lead to the full ejec-
tion of BHs. In Section 3 we describe our semi-analytical
approach and derive the expected merger rate of BH bi-
naries in NSCs. In Section 4 we discuss the implications
of our results including the aLIGO detection rate and the
contribution to the BH merger rate from NSCs hosting
central MBHs. Finally, we summarize the main results
of our study in Section 5.

2. DYNAMICAL EVOLUTION OF BH BINARIES IN
STELLAR CLUSTERS
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Fig. 6.— Same as Figure 5 but for Z = 0.25 Z�.

NSCs and GCs obtained from our models. NSCs are
defined here as clusters with masses in the range 5 ⇥
106 � 5 ⇥ 107 M�, while GCs have masses in the range
105 � 107 M�. We assumed that all clusters formed
12 Gyr ago regardless of their mass and consider two
values of metallicities, Z = 0.01 and 0.25 Z�. In order
to obtain the mean rate of mergers we weighted the num-
ber of mergers from each of the cluster models by a clus-
ter initial mass function (CIMF). For GCs we assume a
power law CIMF: dM/dN ⇠ M�2 (e.g., Bik et al. 2003).
For NSCs the initial mass function is largely unknown.
Here we take the IMF of NSCs directly from the mass
distribution of NSCs at z = 2 from the galaxy forma-
tion models of Antonini et al. (2015b) (their Figure 10).
These models produce a mass distribution at z = 0 that
is consistent with the observed NSC mass distribution
from Georgiev et al. (2016). We note that here we might
be underestimating the number of massive mergers from
NSCs occurring at low redshift because we have assumed
that these systems are as old as Galactic GCs. In fact,
while most NSCs appear to be dominated by old stellar
components they are also known to have a complex star
formation history and to contain young stellar popula-
tions which can produce high mass mergers also at later
times (we will come back to this point below). It is also
possible that a large fraction of the NSC stars accumu-
lated gradually in time by infalling globular clusters that

decayed to the center through dynamical friction. If this
process is the main mechanism for NSC formation, then
NSCs and GCs will comprise similar stellar populations
(Antonini 2014).
Table 1 shows that our models predict a few thousands

BH mergers per NSC over 12 Gyr of evolution. This
expectation also appears to be consistent with previous
estimates (Portegies Zwart & McMillan 2000; Miller &
Lauburg 2009). In addition, NSCs produce between 50 to
⇡ 500 BH mergers with high mass > 50M� at z < 0.3 de-
pending on the BH spin magnitudes and assumed metal-
licities distribution of the underlining stellar population.
Our GC models produce only a few mergers per cluster
within z < 0.3 and total mass > 50 M�. These massive
binaries are found to form only in the most massive GCs
(Mcl & 106M�).
The number of massive mergers at low redshift is also

sensitive to the spin magnitude distribution we assume.
For high spin models, a smaller number of BHs are re-
tained in the clusters compared to the uniform spin mod-
els. Consequently, high spin models produce fewer high
mass BH mergers at low redshift compared to models
that assume low spins. However, in either spin models a
number of inspiraling BH binaries with mass & 50 M� is
found to merge at low redshift. Finally, Table 1 gives the
number of BH mergers that are retained inside the clus-
ter. Between 10 and 20 percent of high mass (> 50 M�)
mergers occurring in NSCs at z < 1 are retained inside

Highest Mass 
BHs

Multiple BH 
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Spins ~ 0.7

1.5 Gpc�3yr�1
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Fig. 4.— Eccentricity distribution of merging BH binaries at the moment they first enter the 10Hz (left panel) and 40Hz (right panel)
frequency bands. While the octupole level secular equation of motions predict that only a few percent of systems will have finite eccentricity
as they enter the aLIGO band, accurate N−body integrations show that ∼ 20% (∼ 10%) of BH mergers in GC will have an eccentricity
larger than 0.1 at 10Hz (40Hz) frequency. About 10% (∼ 5%) of all mergers will have extremely high eccentricities, i.e. 1− e ! 10−4, at
10Hz (40Hz) frequency. Note that the stippled regions are in front in both panels, which means that the lack of stippled regions at high
eccentricities is because there are none, rather than because they are hidden behind the solid hystograms.

GW frequency of the inner BH binaries through Equa-
tion (13). This allowed us to estimate the eccentricity
of the BH binary when its GW frequency is " 10 Hz,
i.e., when it would be large enough to be into the aLIGO
frequency band (Abadie et al. 2010).
Figure 3 gives the ratio of the triple survival timescale,

Tenc, to the LK timescale plotted against the value of
a2(1−e2)/a1. From this plot we see that non-secular dy-
namical effects are expected to become important to the
evolution of most BH triples in our models, possibly lead-
ing to the formation of eccentric GW sources. Also, most
BH mergers are found to occur in moderately hierarchical
triples with a2(1 − e2)/a1 ! 10. This is expected for at
least two reasons: (1) the closer the outer BH to the inner
binary the less significant is the quenching of the LK cy-
cles due to relativistic precession of the inner binary (e.g.,
Blaes et al. 2002), so that typically the smaller the ratio
a2(1 − e2)/a1 the larger the maximum eccentricity at-
tained by the inner binary and, consequently, the shorter
its merger time; (2) triples with small a2(1−e2)/a1 ratio,
have also larger Tenc/TLK ratio, which naturally leads to
a higher chance for a merger before the triple is disrupted
by gravitational encounters with other stars. In Figure 3
we also identify those systems for which at least one of
the 10 random realizations led to a merger (blue points)
and those for which at least one realization produced a
BH binary merger with an eccentricity larger than 0.9
at " 10 Hz frequency (red symbols). As predicted on
the basis of our discussion in Section 2, most eccentric
mergers occur at a2(1− e2)/a1 ! 10, near the boundary
for instability.
Figure 4 shows the eccentricity distribution of all BH

binary mergers in our simulations, when the associated
fGW first enters the 10 Hz and 40 Hz frequency bands.
Figure 5 and 6 show the corresponding merger time and
mass distribution of the merging binaries. The distri-
butions showed in Figures 4, 5 and 6 were obtained by
weighing the number of mergers for each cluster model
by the likelihood of that model to represent a typical GC

in the Milky Way (MW). More in detail, the weights are
obtained by creating a kernel density estimate (WMW)
of the MW GCs on the fundamental plane (which we
take to be mass and ratio of the half to core radius),
then estimating the weight for each model using the ker-
nel density estimate at the position of that model on the
fundamental plane. In this way, cluster models that are
more likely to be drawn from the same distribution of
MW GCs are more heavily weighted. The weight for a
model of total mass MGC, core radius Rc and half mass
radius Rh after 12 Gyr of evolution is computed as:

W (M,Rc/Rh) =
WMW(M,Rc/Rh)

WModels(M,Rc/Rh)
, (14)

where we have divided by WModels, the kernel density es-
timate of the models themselves. This serves to normal-
ize the distribution, so that regions of parameter space
that are over-sampled by the models are given lower
weights (see Rodriguez et al. 2015, for more details).
The fraction of mergers with a given property (e.g., total
mass, eccentricity) is then simply f =

!

i NiWi/
!

i Wi,
with Ni the number of mergers occurring in the ith clus-
ter model.
Huerta & Brown (2013) showed that for eccentricities

less than e1 ! 0.1 at ≈ 10 Hz, circular templates will be
effective at recovering the GW signal of eccentric sources.
Figure 4 shows that approximately 20% of all BH mergers
in our three-body integrations had an eccentricity e > 0.1
at " 10 Hz frequency. This percentage drops to ∼ 10%
at 40 Hz frequency. The difference with the results of
the secular equations of motion is evident in these plots.
The secular integrations clearly underestimate the num-
ber of eccentric mergers producing just a few percent of
inspirals with e " 0.1 at 10 Hz frequency. The direct
three-body integrations also produce a significant pop-
ulation (∼ 15% of the total) of highly eccentric sources
in the aLIGO frequency window, which are fully missed
when evolving the triples with the secular equations of
motion. These sources will start to inspiral due to GW
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