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Black Holes in GCs

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

1030 1032 1034 1036 1038

 3–9 keV X-ray luminosity (erg s–1)

1025

1026

1027

1028

1029

1030

1031

 8
.4

 G
H

z 
ra

di
o 

lu
m

in
os

ity
 (e

rg
 s

–1
)

Neutro
n stars

Black holes

White dwarfs

M22

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.)

RESEARCH LETTER

7 2 | N A T U R E | V O L 4 9 0 | 4 O C T O B E R 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

Strader et al., 2012

Black Holes in GCs

⇠ 100 Myr



Chaotic Interactions



Chaotic Interactions



Chaotic Interactions



Chaotic Interactions



Chaotic Interactions



Chaotic Interactions



Chaotic Interactions



Chaotic Interactions



Chaotic Interactions



Chaotic Interactions



Chaotic Interactions



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

Positions and velocities
determined by sampling orbits
in a spherical potential
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in external spherical potential
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Cluster Monte Carlo 
code (CMC) allows us to 
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star clusters (~106 
particles)  with all the 
relevant physics
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Fig. 1. Example of a specific binary evolution leading to the formation of a BH-BH merger
similar to GW150914 in mass and time. A massive binary star (96 + 60 M⊙) is formed in the
distant past (2 billion years after Big Bang; z ∼ 3.2) and after five million years of evolution
forms a BH-BH system (37 + 31 M⊙). For the ensuing 10.3 billion years this BH-BH system
is subject to angular momentum loss, with the orbital separation steadily decreasing, until the
black holes coalesce at redshift z = 0.09. This example binary formed in a low metallicity
environment (Z = 3% Z⊙). 27

Isolated Binary - Belczynski et al., 2016
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 M

c

=
27.9+2.1

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

v

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

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

R
v

M
GC

⇠ a

µbin
(1)

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

Cluster -  Rodriguez et al., 2016
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