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A BH candidate in 47 Tuc 3

a possible intermediate-mass black hole (IMBH) at the cluster cen-
tre. After stacking both frequency bands to reach a noise level of
13.3µJy beam�1, they detected no source brighter than 3� within
the central 1000⇥1000 of the cluster, giving a 3� upper limit on the
mass of any IMBH of 520–4900M�. A similar IMBH limit was
found by McLaughlin et al. (2006), who used the cluster velocity
dispersion profile to place a 1� upper limit of 1500M� on the mass
of any IMBH, so the evidence for such an object is not compelling.

In this paper, we combine the archival observations of Lu &
Kong (2011) with new ATCA data to make the deepest radio im-
age of 47 Tuc to date. We report the discovery of a flat-spectrum
radio source within the cluster core that is an astrometric match to
the known bright X-ray source X9 (Hertz & Grindlay 1983; Au-
riere, Koch-Miramond & Ortolani 1989). In light of its inferred ra-
dio luminosity, we suggest that the source is a quiescent BH, rather
than a cataclysmic variable (CV), as had been previously inferred
(Paresce, de Marchi & Ferraro 1992; Grindlay et al. 2001; Knigge
et al. 2008).

In Sections 2 and 3, we describe our radio observations and
results. We discuss previous observations of X9 in Section 4, com-
paring the source properties to those of various classes of accreting
compact object. We discuss the possible nature of the system in
Section 5, review the sample of GCs hosting BH candidates in Sec-
tion 6, and present our conclusions in Section 7.

2 OBSERVATIONS AND DATA REDUCTION

2.1 ATCA data

We observed the globular cluster 47 Tuc with the ATCA on 2013
November 12th, from 08:06–17:52 UT (MJD 56608.54 ± 0.20),
achieving an on-source integration time of 8.7 hr. Using the Com-
pact Array Broadband Backend (CABB), we observed simultane-
ously in two bands, with central frequencies of 5.5 and 9.0 GHz,
each with a bandwidth of 2048 MHz. The array was in its extended
6A configuration, with a maximum baseline of 5.939 km. We used
B1934-638 as both a bandpass calibrator and to set the flux density
scale, and B2353-686 as the secondary calibrator to set the ampli-
tude and phase gains.

We reduced the data for each frequency band separately,
performing external gain calibration in Miriad (Sault, Teuben
& Wright 1995) using standard procedures. We then frequency-
averaged the calibrated data and imported them into the Common
Astronomy Software Application (CASA; McMullin et al. 2007)
for imaging. Imaging was carried out using Briggs weighting with
a robust parameter of 1, which provided a good compromise be-
tween sensitivity and resolution, as well as suppressing the side-
lobes of the dirty beam. Our final image sensitivities of 5.7 and
6.4µJy beam�1 at 5.5 and 9.0 GHz, respectively, were close to the
theoretical thermal noise levels. The final source fluxes and posi-
tions were measured in the image plane using the JMFIT algorithm
within the Astronomical Image Processing System (AIPS; Greisen
2003).

2.2 Archival ATCA data

To improve the significance of our detections, we combined our
data with the archival ATCA data taken in the same array configu-
ration by Lu & Kong (2011) on 2010 January 24–25 (summarised
briefly in Section 1.2). Our re-analysis of these data allowed us
to reduce the noise levels in the 5.5 and 9.0 GHz images to the
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Figure 1. 5.5-GHz ATCA image of the core of 47 Tuc. The red cross de-
notes the cluster centre, the red circle shows the 2400 core radius, and the
thick orange circle highlights our detection of X9.

theoretically-expected limits of 6.7 and 9.8µJy beam�1, respec-
tively. Despite the longer on-source integration times, these obser-
vations were less sensitive than those from 2013 (Section 2.1) be-
cause the older data were taken prior to the installation of the new,
more sensitive 4-cm receivers at the ATCA.

3 RESULTS

After stacking both the new and archival ATCA data in the
uv-plane, our resulting images reached rms noise levels of
4.4µJy beam�1 at 5.5 GHz and 5.7µJy beam�1 at 9.0 GHz. The
final images at 5.5 and 9.0 GHz had resolutions of 2.003 ⇥ 1.007 in
P.A. 18�, and 1.005⇥ 1.001 in P.A. 28�, respectively.

3.1 A radio counterpart to X9/W42

The brightest radio source within the 2400 core radius of the cluster
at both frequencies (Fig. 1) is coincident with the second brightest
hard X-ray source in the cluster (see Fig. 2), denoted as source X9
in the ROSAT catalogue of Hasinger, Johnston & Verbunt (1994),
and W42 in the Chandra catalogues of Grindlay et al. (2001) and
Heinke et al. (2005a). We summarise in Table 1 the measured ra-
dio brightness of the source in each observation. Using the stacked
image, a point source fit to the radio source position in the image
plane using the AIPS task JMFIT gave a J2000 position of

R.A. = 00h24m04.s264± 0.s016

Dec. = �72�04m58.0009± 0.0010.

Our fitted peak flux densities for X9 in the stacked data were
42± 4µJy beam�1 at 5.5 GHz and 35± 6µJy beam�1 at 9.0 GHz.
We therefore derive a radio spectral index of ↵ = �0.4 ± 0.4
and a 5.5-GHz radio luminosity of 5.8 ⇥ 1027 erg s�1. Here, and
throughout this paper, we define radio luminosity by assuming a flat
radio spectrum up to the observing frequency (i.e. Lr = 4⇡d2⌫S⌫ ,
where d is the source distance, ⌫ is the observing frequency, and S⌫

is the observed flux density). No circular polarisation was detected
from the source in either of the individual epochs, with the best 5�
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Dynamical formation of BH-BH binaries

3-body binary formation in dense BH-core:
in close encounter among 3 BHs, two of them get bound while 
third escape with the excess K.E.
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Model calculations with NBODY7: from young age until >10 Gyr (Banerjee 2017)

Alternative (Belczynski et al. 2010) stellar wind, varying metallicity, solar 
neighbourhood-like external field, initial Plummer model, standard IMFTable 1: Summary of new calculations with NBODY7.

Mcl(0)/M� rh(0)/pc Z/Z� fbin Tevol/Gyr Nmrg,in Nmrg,out

1.0⇥ 105 2.0 0.05 0.0 1 3 (57.7+28.0; 120.0), 0
(53.1+32.9; 165.1),
(40.3+55.4; 286.3)

1.0⇥ 105 2.0 0.25 0.0 1 4 (37.9+40.5; 102.9), 0
(20.3+37.1; 179.3),
(18.2+32.0; 188.6),
(29.1+34.8; 246.6)

1.0⇥ 105 2.0 0.50 0.0 1 0 1 (24.8+19.0; 625.3)

7.5⇥ 104 2.0 0.05 0.0 10 7 (40.4+64.2; 56.8), 0
(43.0+44.3; 200.4),
(24.8+28.6; 543.9),
(31.1+22.8; 909.2),
(21.3+25.9; 1852.5),
(24.4+26.0; 4417.1),
(10.6+22.4; 10010.6)

7.5⇥ 104 2.0 0.25 0.0 10 2 (37.8+32.8; 76.5), 1 (22.8+27.6; 508.3)
(17.5+10.1; 10298.6)

1 5.0⇥ 104 2.0 0.05 0.0 > 10 1 (24.3+17.7; 2466.1) 1 (26.0+42.8; 603.0)
1 5.0⇥ 104 2.0 0.25 0.0 > 10 1 (34.5+22.7; 151.5) 0
1 5.0⇥ 104 2.0 1.00 0.0 10 3 (9.0+7.5; 5210.1), 0

(10.6+9.4; 7171.0),
(9.1+9.0; 8117.7)

1 3.0⇥ 104 2.0 0.05 0.0 > 10 1 (38.1+25.9; 933.8) 2 (25.7+13.8; 1828.0),
(23.6+22.3; 4464.1)

1 3.0⇥ 104 2.0 0.25 0.0 > 10 0 2 (35.3+20.3; 1787.1),
(15.7+12.2; 12463.7)

1 3.0⇥ 104 2.0 1.00 0.0 > 10 1 (10.6+9.0; 3495.9) 0
1 1.5⇥ 104 2.0 0.05 0.0 > 10 1 (49.4+30.9; 109.7) 0
1 1.5⇥ 104 1.0 0.25 0.0 5 0 0
1 1.0⇥ 104 2.0 0.05 0.0 9 0 0
1 1.0⇥ 104 1.0 0.05 0.0 5 1 (43.6+34.5; 153.8) 0
1 1.0⇥ 104 1.0 0.25 0.0 5 0 0
1 0.7⇥ 104 1.0 0.05 0.0 7 0 0

3.0⇥ 104 2.0 0.05 0.02 10 0 1 (25.9+27.2; 1410.9)
3.0⇥ 104 2.0 0.25 0.02 10 2 (19.0+17.2; 3513.1), 0

(18.9+16.2; 5185.2)

3.0⇥ 104 2.0 0.05 0.05 10 1 (22.4+14.8; 6838.7) 0
3.0⇥ 104 2.0 0.25 0.05 10 4 (33.3+34.8; 490.3), 0

(34.5+33.8; 799.8),
(17.5+22.6; 3368.0),
(17.2+13.5; 6649.7)

3.0⇥ 104 2.0 0.05 0.1 10 3 (37.9+36.3; 340.2), 0
(28.0+1.85; 1561.0),
(21.3+13.3; 10025.2)

3.0⇥ 104 2.0 0.25 0.1 6 3 (38.8+12.3; 307.0), 0
(18.2+21.2; 383.2),
(17.7+17.6; 5310.3)

1From Banerjee (2017)

1



Model calculations with NBODY7: from young age until >10 Gyr (Banerjee 2018)

Alternative (Belczynski et al. 2010) stellar wind, varying metallicity, solar 
neighbourhood-like external field, initial Plummer model, standard IMF, 
primordial binaries

Table 1: Summary of new calculations with NBODY7.

Mcl(0)/M� rh(0)/pc Z/Z� fbin Tevol/Gyr Nmrg,in Nmrg,out

1.0⇥ 105 2.0 0.05 0.0 1 3 (57.7+28.0; 120.0), 0
(53.1+32.9; 165.1),
(40.3+55.4; 286.3)

1.0⇥ 105 2.0 0.25 0.0 1 4 (37.9+40.5; 102.9), 0
(20.3+37.1; 179.3),
(18.2+32.0; 188.6),
(29.1+34.8; 246.6)

1.0⇥ 105 2.0 0.50 0.0 1 0 1 (24.8+19.0; 625.3)

7.5⇥ 104 2.0 0.05 0.0 10 7 (40.4+64.2; 56.8), 0
(43.0+44.3; 200.4),
(24.8+28.6; 543.9),
(31.1+22.8; 909.2),
(21.3+25.9; 1852.5),
(24.4+26.0; 4417.1),
(10.6+22.4; 10010.6)

7.5⇥ 104 2.0 0.25 0.0 10 2 (37.8+32.8; 76.5), 1 (22.8+27.6; 508.3)
(17.5+10.1; 10298.6)

1 5.0⇥ 104 2.0 0.05 0.0 > 10 1 (24.3+17.7; 2466.1) 1 (26.0+42.8; 603.0)
1 5.0⇥ 104 2.0 0.25 0.0 > 10 1 (34.5+22.7; 151.5) 0
1 5.0⇥ 104 2.0 1.00 0.0 10 3 (9.0+7.5; 5210.1), 0

(10.6+9.4; 7171.0),
(9.1+9.0; 8117.7)

1 3.0⇥ 104 2.0 0.05 0.0 > 10 1 (38.1+25.9; 933.8) 2 (25.7+13.8; 1828.0),
(23.6+22.3; 4464.1)

1 3.0⇥ 104 2.0 0.25 0.0 > 10 0 2 (35.3+20.3; 1787.1),
(15.7+12.2; 12463.7)

1 3.0⇥ 104 2.0 1.00 0.0 > 10 1 (10.6+9.0; 3495.9) 0
1 1.5⇥ 104 2.0 0.05 0.0 > 10 1 (49.4+30.9; 109.7) 0
1 1.5⇥ 104 1.0 0.25 0.0 5 0 0
1 1.0⇥ 104 2.0 0.05 0.0 9 0 0
1 1.0⇥ 104 1.0 0.05 0.0 5 1 (43.6+34.5; 153.8) 0
1 1.0⇥ 104 1.0 0.25 0.0 5 0 0
1 0.7⇥ 104 1.0 0.05 0.0 7 0 0

3.0⇥ 104 2.0 0.05 0.02 10 0 1 (25.9+27.2; 1410.9)
3.0⇥ 104 2.0 0.25 0.02 10 2 (19.0+17.2; 3513.1), 0

(18.9+16.2; 5185.2)

3.0⇥ 104 2.0 0.05 0.05 10 1 (22.4+14.8; 6838.7) 0
3.0⇥ 104 2.0 0.25 0.05 10 4 (33.3+34.8; 490.3), 0

(34.5+33.8; 799.8),
(17.5+22.6; 3368.0),
(17.2+13.5; 6649.7)

3.0⇥ 104 2.0 0.05 0.1 10 3 (37.9+36.3; 340.2), 0
(28.0+1.85; 1561.0),
(21.3+13.3; 10025.2)

3.0⇥ 104 2.0 0.25 0.1 6 3 (38.8+12.3; 307.0), 0
(18.2+21.2; 383.2),
(17.7+17.6; 5310.3)

1From Banerjee (2017)

1

Table 1: Summary of new calculations with NBODY7.

Mcl(0)/M� rh(0)/pc Z/Z� fbin Tevol/Gyr Nmrg,in Nmrg,out
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c.f. Ziosi et al. 2014, Mapelli 2016, Kimpson et al. 2016 
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Figure 4. Left column: The total mass, Mtot (top panel), chirp mass, Mchirp (middle), and the mass ratio, MBH2/MBH1 (MBH2  MBH1;
bottom), of the (triple-mediated) BBH coalescences that occur while being bound to the clusters, against the cluster-evolutionary times,
t = tmrg, at which the mergers occur. The mergers for all models with initial masses Mcl(0) . 7.5⇥104 M� (see Table 1) are represented by
filled triangles whose sizes are scaled in proportion to the clusters’ Mcl(0)s and which are colour coded according to the models’ assumed
metallicities (the colour bars; Table 1). The mergers within the Mcl(0) ⇡ 105 M� models are denoted by filled circles which have the same
colour coding. The particular coalescence with mass ratio ⇡ 0.1 (see bottom panel) is actually an NS-BH merger. Right column: The
same as the left column but for the coalescences, occurring within the Hubble time, among the BBHs that are ejected from the clusters
and for the mergers being represented by the corresponding empty symbols. Here, the plotted merger times, t = tmrg, include the cluster-
evolutionary times, tej, of the BBHs’ ejections, i.e., tmrg ⌘ tej+⌧mrg, where ⌧mrg is the GW merger time (Peters 1964) of the BBH right after
its ejection.
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Binary black hole (BBH) coalescences (colour bar: metallicity)
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Figure 8. Top: The cumulative radial distribution of the (bound) NSs, at increasing evolutionary times (legends), for the Mcl(0) ⇡
7.5⇥ 104 M� computed models (Table 1). The number of NSs, NNS(R, t), within a radial distance, R, and at an evolutionary time, t, is
normalized w.r.t. the total number of NSs, NNS,bound(t), bound to the cluster at that time and the radial axis is normalized w.r.t. the
cluster’s half-mass radius, rh(t), at time t. These cumulative distributions imply that although the NSs continue to centrally segregate
with time, the mass segregation is ine�cient due to the dynamical energy injection by the BHs, as already indicated in Banerjee (2017)
— at late evolutionary times, ⇡ 90% of the NSs occupy 2 half-mass radii. Bottom: The same treatment as in the top panels but for the
BHs bound to the clusters. They imply that, except for very early evolutionary times, the much more massive BHs are generally much
more strongly centrally concentrated than the NSs, as can be expected — nearly all BHs are contained within one half-mass radius.

serve as signatures of their dynamical origin (Nishizawa et al.
2016, 2017). By the time the BBHs spiral in to emit (in
terms of fGWp) within the LIGO’s characteristic detection
frequency band, they are practically circularized; the most
eccentric BBHs in the LIGO band have 10�2 < e < 10�1. For
all these BBHs, the time spent in the plotted trajectories un-
til merger vary from a few years to ⇡ 0.1 Myr. Hence, some
of these BBHs would qualify for the combined LISA-LIGO
detectability (Sesana 2016).

Fig. 7 (bottom panel) shows such tracks for the escaped
BBHs with ⌧mrg < 13.7 Gyr, from all the computed clusters
in Table. 1 (see its column ‘g’). As in the panel above, these
tracks are obtained by integrating the Peters (1964) formu-
lae, initiating with the orbital parameters of these BBHs at
the instants of their ejections (as logged by NBODY7 ). All of
these BBHs are ejected with very high eccentricities (which
is why they have shorter ⌧mrg; see Eqn. 1) when their fGWps
lie within or below the LISA’s detection band. As in the
case of triple-induced mergers (see above), these BBHs cir-
cularize su�ciently to be heard by the LISA while traversing

through the instrument’s detection band and are practically
circularized when they enter the LIGO’s detection band.

Studies such as Samsing et al. (2014); Samsing &
Ramirez-Ruiz (2017); Antonini et al. (2014, 2016, 2017) sug-
gest the occurrences of BBH mergers that retain signifi-
cant eccentricities, e > 0.1, in the LIGO band ( fGWp � 10
Hz); matching with the corresponding GW waveforms would
require GW templates from eccentric binaries (Huerta &
Brown 2013). In the latter three studies, the same ARC
code as here (Sec. 2.1) has been applied to directly inte-
grate the (isolated/field) triple BHs. Note that the GC-
or nucleus-type model clusters, that are considered as the
hosts/parents of the triple-BHs/ejected-BBHs in the above
works, are about an order of magnitude more massive than
the present open cluster-type models. Therefore, the for-
mer clusters would contain tighter BBHs that can become
members of triples or be ejected, with higher probabilities
of retaining higher eccentricities in the LIGO band. With a
larger model set giving a larger sample of triple-induced and
ejected BBH mergers, such “eccentric” LIGO mergers can,
perhaps, be obtained in similar models.
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Figure 9. The normalized cumulative radial distribution of NSs, as in Fig. 8, at ⇡ 10 Gyr evolutionary time and for the models with
3.0⇥ 104 M� . Mcl(0) . 7.5⇥ 104 M� (legends) and Z = 0.05Z� (left panel) and 0.25Z� (right panel). Those for the computed models with
fbin ⇡ 5% overall binary fraction (Table 1) are shown in the black lines. A higher rate of BH depletion, in the presence of primordial
binaries (Fig. 3; Sec. 3), aids the mass segregation of the NSs, making them somewhat more centrally concentrated at 10 Gyr, compared
to the cases with no primordial binaries.
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Figure 10. The time evolution of the semi-major-axes, A, of the NS-BH binaries present in the computed models with Mcl(0)⇡ 3.0⇥104 M�
and fbin ⇡ 10% (Table 1). Each line follows a particular NS-BH binary, with member masses as indicated in the legends. All NS-BH binaries,
that appear in these models (as well as in the other ones with primordial binaries; see Table 1), are formed through the evolution of
(possibly dynamically-modified) primordial binaires. Their lifetimes, in the clusters, vary from ⇠ 100 Myr to ⇠ Gyr, by which time the
pairs get destroyed, often through exchange interactions (Sec. 3.2). Typically, such binaries are born several 10s of AUs wide and they
retain sizes of that order until their destructions (true for the NS-BH binaries in the other primordial-binary models also).

and references therein). In any case, the BBH merger counts
per cluster and the delay times of the mergers, as obtained
here for the open clusters, follow qualitatively similar trends
with cluster mass, primordial-binary content, and BBH pa-
rameters as those in the Monte Carlo GC models (Sec. 3.3
and references therein). Based on such trends, it can be qual-
itatively inferred that open clusters would contribute to the
present-epoch (low-redshift) dynamical BBH merger rate to
a similar extent as the GCs.

• The introduction of a small population of primordial
binaries ( fbin & 0.05 overall binary fraction, with fObin ⇡ 1.0
for the O-stars; Sec. 2) in the model clusters tends to in-
crease the number of in situ BBH coalescences significantly
(Table 1). However, in all the fbin > 0 computations here, all
the in situ (and also the few ejected) BBH mergers involve
BHs that were members of di↵erent primordial pairs, i.e.,

the coalescing binaries have been assembled, through ex-
change interactions, with independently-born BHs. Hence,
if these BHs have finite spins, all of these mergers will be
spin-orbit misaligned as indicated in the GW170104 event
(Sec. 1 and references therein). Besides spin-orbit misalign-
ment, the BBH-merger mass ratio being substantially less
than unity, especially being MBH2/MBH1 . 0.7, would serve
as an additional indication of a dynamical assembly of the
BBH (Sec. 3.1, Fig. 6).

• Among all the to-date confirmed LIGO GW events (i.e.,
excluding LVT151012), the limits of GW170104’s param-
eters encompass the highest fraction of the BBH mergers
obtained here (Fig. 4, Sec. 3.1). All the coalescing BBHs,
obtained here, have high eccentricities (owing to resonant
triples/Kozai mechanism or strong dynamical perturbation
while getting ejected) when they have been emitting GW in
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binaries:

NS in a binary gets 
exchanged by BH in < 1 Gyr



Summary
• In YMCs and open clusters, dynamical BBH coalescences predominantly take place in situ, 

mediated by triples, rather than among ejected BBHs

• All the coalescing BBHs have been assembled, via exchange interactions, with 
independently-born BHs (despite massive primordial binaries being present) - given non-
zero BH spins, they would be spin-orbit misaligned

• YMCs and open clusters potentially contribute to the BBH coalescence 
rate to a similar extent as globular clusters

• Energy injection by the BHs into the parent cluster stalls mass 
segregation, as well of the NSs. NSs are kept from effectively 
participating in exchange interactions, as long as a dynamically-
dominant BH population is present.

• NS member(s) in a binary would get exchanged with an intruder BH in < 1 Gyr

• These concern how effective the dynamical formation of NS-containing 
binaries (e.g., DNS, NS-NS mergers, accreting NS systems) would be as 
long as a population of BHs exists in a dense stellar system


