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Black Hole classification

Independently of spin and charge, BHs are commonly classified into three
types according to their mass (Mezcua 2017)

• Stellar-mass BHs (3 M� . MBH . 100 M�):
end-product of a massive star that collapses

• Supermassive BHs (MBH & 106 M�):
the most massive types of BHs that reside at the center of massive
galaxies

• Intermediate-mass BHs (100 M� . MBH . 106 M�):
missing link between SBHs and SMBHs
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ULXs, tidal disruption events, high-velocity ejections
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• Modelling of star orbiting the IMBH (Baumgardt
2017)

• Ultraluminous X-Ray sources (Kaaret+ 2017)

• IMBHs consume stars due to perturbations of an
SMBH in galactic nuclei (Fragione & Leigh 2018)

• IMBHs consume stars in GCs (Baumgardt+ 2004;
Fragione, Leigh, Kocsis, Ginsburg 2018;
Klencki+ in prep.)

• Binaries are tidally disrupted and ejected at
high-velocities from the cluster core (Šubr, Fragione,
Dabringausen in prep.; Fragione & Gualandris in prep.)

• GWs from IMBH-SBH mergers (Haster+ 2016;
Fragione, Ginsburg, Kocsis 2018)

Giacomo Fragione - HUJI Modest-18: Dense Stellar Systems in the Era of Gaia, Ligo & Lisa, Santorini - 29/06/2018

IMBHs in GCs – Retention, GWs and Tidal Disruption Events



Introduction Globular Cluster Model IMRIs TDEs Conclusions

X-ray outburst from an IMBH in an off-centre star cluster

”Previous strong TDE candidates were
all associated with the centers of largely
isolated galaxies. Here we report the
discovery of a luminous X-ray outburst
from a massive star cluster at a
projected distance of 12.5 kpc from the
center of a large lenticular
galaxy...provides strong evidence that
the source contains an IMBH with a
mass of a few ten thousand solar mass.
This event demonstrates that one of the
most effective means to detect IMBHs
is through X-ray flares from TDEs in
star clusters.” (Lin+ 2018)
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Globular Cluster model

For details see Gnedin, Ostriker & Tremaine 2014
• Cluster formation rate is a fraction of the overall star formation rate

• Initial density distribution of clusters proportional to field stars

• Clusters formed at redshift z = 3 (epoch of the peak of globular cluster
formation rate)

• Initial mass of the clusters drawn from a negative power-law (β = 2)

• Globular Cluster mass-loss channels

• stellar winds
• stars stripping by the galactic tidal field
• dynamical ejection of stars through two-body relaxation

• Dynamical friction governs cluster trajectories

• If the tidal forces are strong enough the cluster is torn apart
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MSPs and BH-BH mergers

MSP emission in the Galactic
Center (Fragione, Antonini &
Gnedin 2018)

5 10 15 20
β (deg)

10−7

10−6

10−5

10−4

E2
dN

/d
E 
(G
ev
 c
m

−2
 s
−1
 sr

−1
) Hooper+ 2013

Calore+ 2015
Daylan+ 2016

Cosmological merger rates of
BH-BH binaries (Fragione &
Kocsis 2018)
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Formation of compact IMBH-SBH binary
On the coexistence of BHs and IMBHs in GCs 5

from a few AU in the most massive GC cores (with the
highest velocity dispersions and the most massive IMBHs)
to on the order of 100 AU in the least massive GC cores. For
example, adopting component masses M1 = 103 M⊙ and
M2 = 10 M⊙ and assuming a central velocity dispersion of
10 km s−1, Equation 1 gives ∼ 22 AU roughly independent
of M1 if M1 ∼ M12 ≫ M2.

We expect the eccentricity of the IMBH-BH binary
to evolve over time, maintaining a relatively high ec-
centricity (ignoring GW emission). Indeed, an initially
non-circular orbit is the most likely scenario when the
IMBH-BH binary first forms (Milosavljevic & Merritt 2001;
Valtonen & Karttunen 2006).

Stellar encounters are not the only physical mecha-
nism affecting the evolution of the IMBH-BH binary. Com-
pact binaries lose orbital energy to gravitational waves. The
timescale for a binary to merge from gravitational wave
emission is:

τGW = 3.3 × 108
(1 + q)2

q

( a

1AU

)4

(M1 +M2

103M⊙

)−3

(1− e2)7/2 years,

(2)

where a and e are the initial semi-major axis and eccentric-
ity of the IMBH-BH binary, and q = M1/M2 is the binary
mass ratio. This allows us to introduce the concept of a crit-
ical semi-major axis a at which a binary of mass ratio q and
eccentricity eGW coalesces within a specified time. This is il-
lustrated in Figure 3, where we show curves of constant τGW

in the semi-major axis-eccentricity-plane. The evolution of
the IMBH-BH binaries in our N-body simulations are also
shown by the different points. Specifically, the solid black
circles, open red squares and blue crosses correspond to the
results of our 128k, 64k and 32k simulations, respectively.
In all simulations, the timescale for coalscence due to GW
emission drops well below 1 Myr, due primarily to the very
high eccentricities reached by the IMBH-BH binary (we will
come back to this below).

Eventually, a critical semi-major axis aGW is reached, at
which point the timescale for coalescence due to GW emis-
sion is comparable to the (instantaneous) timescale for coa-
lescence due to scattering interactions. The dependences of
the critical semi-major axes ah and aGW on the mass of the
central IMBH are shown in Figure 4 by the dotted and solid
lines, respectively, for different eccentricities and assuming
a 10 M⊙ BH companion. For very low eccentricities, aGW is
roughly two orders of magnitude lower than ah (∼ 0.1 and
∼ 10 AU, respectively) for IMBH masses ∼ 103 M⊙. How-
ever, for very high eccentricities approaching unity, we find
aGW ∼ ah at the same IMBH mass.

The key point to take away from Figures 3 and 4 is
that, as the eccentricity increases, the efficiency of GW emis-
sion increases, acting to circularize the IMBH-BH binary on
potentially shorter timescales than scattering interactions
can increase it. Thus, if the eccentricity becomes sufficiently
high, the rate of orbital decay due to GW emission could
dominate over scattering interactions, even at large semi-
major axes.

To summarize, the orbital eccentricity of the central
IMBH-BH binary reaches very high values at relatively small
semi-major axes in as little as a few Gyr in all our simula-
tions, due to scattering interactions with the surrounding

Figure 3. Relation between the initial eccentricity and the ini-
tial semi-major axis for an IMBH-BH binary that will merge due
to gravitational wave emission within the indicated time τGW,
calculated using Equation 2. The IMBH and BH masses are set
to MIMBH = 103 M⊙ and MBH = 10 M⊙, respectively, giving
a mass ratio q = 0.01. The different line widths correspond to
different time-scales (105, 106, 107, 108, 109 and 1010 years) for
a merger to occur due to GW emission, such that the time-scale
increases with increasing line width. The evolution of the IMBH-
BH binaries in our N-body simulations are shown in the log(1-e)-
log(a)-plane by the different points. Specifically, the black solid
circles, red open squares and blue crosses correspond to the re-
sults from our 128k, 64k and 32k simulations, respectively. Note
that, in all simulations, the semi-major axis of the IMBH-BH bi-
nary decreases monotonically with time, and the time between
points varies but is on the order of 10 Myr.

stellar population. This significantly reduces the timescale
for the IMBH-BH binary to merge due to GW emission to ∼
a few to a few hundred Myr (depending on the exact semi-
major axis and eccentricity), which is not accounted for in
our N-body simulations. Thus, we expect many IMBH-BH
binaries in GC cores to merge well within a Hubble time, in
particular those with large masses and located in dense GCs.
Naively, this could reduce the timescale for the depletion
of the stellar-mass BH population. These issues should be
properly addressed in future N-body models that incorpo-
rate a proper treatment of the General Relativistic evolution
of the central IMBH-BH binary.

4 CAN A BH BINARY CO-EXIST WITH AN
IMBH?

In the subsequent sections, we address in more detail
whether or not any BHs should remain in a cluster host-
ing an IMBH at the present-day and, if so, whether or not
they might harbour binary companions.

c© 2011 RAS, MNRAS 000, 1–16

Leigh+ 2014

• Assuming Kroupa IMF, the number of
SBHs is roughly proportional to the
initial cluster mass

NSBH ≈ 3× 10−3 MGC

M�

• SBHs segregate towards the GC center
due to dynamical friction on timescales

tseg ≈
m̄

MSBH
trh

• one of the more massive SBHs forms a
bound pair with the IMBH
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Globular Cluster model + IMBH evolution

For details see Fragione, Ginsburg & Kocsis 2018

• Generate cluster position RGC from galactic star distribution and
mass from N(MGC ) ∝ M−β

GC

• Generate IMBH with mass MIMBH = f ×MGC

• Generate SBH mass from N(MSBH) ∝ M−ζ
SBH

• Evolve cluster position and mass in the galactic potential

• Generate IMBH-SBH merger after ∆t = tcoll

• Generate IMBH and SBH spins χIMBH , χSBH and merger geometry

• Calculate recoil velocity
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IMBH mass and spatial distribution
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• IMBH in low-mass
clusters are promptly
ejected due to recoil
velocity kick

• IMBH in medium-mass
clusters are not ejected
but the clusters are
disrupted by galactic
potential

• IMBH in high-mass
clusters are not ejected
and the clusters survive
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IMBH spin

5 10 15 20 25
Ncoll

0.0

0.2

0.4

0.6

0.8

1.0
= 0.2
= 0.5
= 0.7

0.0 0.2 0.4 0.6 0.8 1.00.0

0.2

0.4

0.6

0.8

1.0

P

= 0.2
= 0.5
= 0.7

χf =
Lorb(µ, rISCO, χf )

M3
+

M3
IMBHχIMBH

M3
+

M3
SBHχSBH

M3

Giacomo Fragione - HUJI Modest-18: Dense Stellar Systems in the Era of Gaia, Ligo & Lisa, Santorini - 29/06/2018

IMBHs in GCs – Retention, GWs and Tidal Disruption Events



Introduction Globular Cluster Model IMRIs TDEs Conclusions

IMRI rates
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Rate of IMBH-SBH mergers
• R(z) = nGC,total(z) ΓIMRI(z)

• nGC,total(z) = κ(z) nsurv
• nsurv = 0.13 Mpc−3

• κ(z) = NGC ,in(z)/NGC ,surv (0)
• ΓIMRI(z) from models

• f = initial fraction of GC mass
in IMBH

• tcoll= time interval between two
subsequent IMBH-SBH mergers
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IMBH-host clusters
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IMBH surviving in clusters in host
galaxy

• galaxies built with cosmological
scaling relations

• M∗ = stellar mass of the host
galaxy

• n = Sersic index

• final GC mass
MGC = 3.4× 10−5 Mh

(Mh = halo mass)
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TDE rates
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Rate of TDEs (Fragione, Leigh,
Ginsburg & Kocsis 2018)
• R(z) = nGC,total(z) ΓTDE(z)

• nGC,total(z) = κ(z) nsurv
• nsurv = 0.17 Mpc−3

• κ = NGC ,in(z)/NGC ,surv (0)
• ΓTDE(z) from models

• M∗ = stellar mass of the host
galaxy

• n = Sersic index
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Conclusions

• a small fraction of the IMBHs remains in their host clusters

• the final spin is determined by the initial spin of the IMBH

• LISA, ET, LIGO can detect IMRIs from IMBHs of different
masses with detection density rate ∼ few Gpc−3 yr−1

• TDE rates ∼ 10−4 − 10−3 yr−1 at ∼ 10 kpc from the center
of the host galaxy
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