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ABSTRACT

The origin and evolution of ultra-compact dwarf galaxies is a conundrum. Why do we
care about the problem. GAIA? The relevance of the massive black hole at the centre
of the system is... HST observations reveal regions of a few hundreds of pc in nteracting
galaxies such as the Antennege that harbour amalgamations of young clusters. This is
probably due to the fact that two colliding galaxies trigger intense bursts of stellar
formation. Such young stellar clusters are deemed to be the formation place of black
holes with masses ranging between 10? and 10* M. A fraction of the clusters is
bound and the cluster binary doomed to merge. The central BHs form a binary which
coalesce in about ~ 7 Myrs after an intense burst of gravitational radiation, measurable
with ground-based interferometers like LIGO and VIRGO. The gravitational radiation
recoil can generate strong enough kicks to eject the resulting single black hole from
the merged cluster. In this work we address the joint evolution of such a cluster
complex (CC) and the interaction with a recoiling massive black hole, as well as the
implications on the formation of a seed ultra-compact dwarf galaxy (UCD). For this,
we run a set of detailed simulations for individual interaction of the recoiling MBH and
the young clusters and follow the dynamical evolution of the CC and the process of
agglomeration of clusters in its centre. In our fiducial model we find that the recoiling
MBH is captured in the forming UCD after hitting many clusters. In the process it
triggers stellar disruptions and, thus, flares of electro-magnetic radiation. The hole is
retained in the most likely cases of realistic initial mass functions for the CC. Later
and in a time shorter than typically a few hundred Myrs, the MBH sinks down to the
very centre of the UCD seed. Depending on the ocupation fraction of MBHs in such
clusters, the sinking holes can contribute significantly to the future central massive
black hole of the formed UCD. Since they sink rather quickly as compared to the
formation process of the UCD, we expect that UCD can be a prominent source of
gravitational radiation and that the central black hole could be orders of magnitude
larger than one expects from standard formation scenarios of UCD. Implications for
cosmology, if any?
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many observations of colliding galaxies. The most stud-
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ied case is the Antennae galaxies (NGC 4038/4039) which
is the nearest example of colliding disk galaxies that are
listed in the sequence. In this young merging
galaxy, Hubble Space Telescope observations revealed the
existence of many relatively small areas harboring hundreds
of young clusters (Whitmore et al[2010} [1999; [Whitmore]
[2006)). [Whitmore et al| (2010) observed 18 areas (“knots”)
with sizes of 100—600pc containing hundreds of clusters. The
mass function of those systems, which we will call hence-
forth Cluster Complexes (CCs) has been studied in detail
by [Zhang & Fall| (1999) who concluded that the observed
clusters, with masses 10* — 10°My, follow a power law dis-
tribution with index n = —2. [Bastian et al| (2006) found
that in the Antena galaxy there are also low-mass CCs with
masses around 10°Mg and diameters 100 — 200pc. Some of
their observed CCs have radii greater than their tidal radii
which means that those CCs will lose some of their clusters
or individual stars, which will be still trapped by the gravi-
tational field of the galaxy. One of the most studied CCs is
the “knot S” with a total mass of 105Mg and a total radius
of ~ 450pc (Whitmore et al.[1999)). The number of observed
clusters in this CC is of around 100 with the most massive
one having a mass of about 1.63 x 10°Mg
. The number of CCs found in other merging galaxies
is continuously increasing mainly because of the improve-
ments in the observational instruments and techniques. CCs
have been found in NGC7673 (Homeier et al|[2002)), in M82
(Konstantopoulos et al.[2009), in NGC6745 (de Grijs et al.
2003), in the Stephan’s Quintet (Gallagher et al.|[2001)) and
in NGC 922 (Pellerin et al|2010).

CCs are bound systems (Kroupa||1998; [Fellhauer &
|[Kroupal [2005; Bruens et al|[2011} [Whitmore et al[2010])
and in relatively short time-scales at least some of their
member-clusters will merge to form a single object.
(1998); [Fellhauer & Kroupa| (2005) used N—body simula-
tions to show that CCs might be the progenitors of Ultra-
Compact Dwarf Galaxies (UCDs). Recently
performed N—body simulations of CCs covering a
large fraction of the parameter space using different total
masses (10°-5—10%Mg,) and initial Plummer radii 10—160pc.
Their conclusions indicate that objects such as UCDs, Ex-
tended Clusters (ECs) or even large Globular Clusters (GCs)
that are observed in today’s galaxies, might have formed
by merging CCs. According to their simulations, almost all
cluster-members of a CC would merge in less than 1Gyr,
while in some cases the merging time would be of the order
of 10Myr. The final product could contain 26 — 97% of the
mass of the initial CC and could be as large as 55pc.

The repeated mergers of clusters in CCs might be in-
teresting not only for the formation of large GCs or a
UCDs, but also for gravitational radiation astronomy. The-
oretical and numerical studies show that at least a frac-
tion of young star clusters could host intermediate-mass
Black Holes (MBHs, black holes with masses ranging be-
tween 10274 Mg) at their centres. In a young cluster, the
most massive stars sink down to the centre due to mass
segregation. After a high-density stellar region forms, stars
start to collide and merge with eachother. A number of nu-
merical studies with rather different approaches, show that,
under these circumstances, one of the stars increases its mass
exponentially in a process denominated “runaway growth”
(Portegies Zwart & McMillan| 2000} Gurkan et al.| 2004}

Portegies Zwart et al|[2004; [Freitag et al|[2006alb). [Freitag]
et al.| (2006bla)) found the precise requirements to form a
massive black hole (MBH) in the centre of the host clus-
ter. If there are not “too hard” binaries, the time to reach
core-collapse is shorter than 3 Myr and the velocity disper-
sion is not much larger than ~ 500yr~ ', the mass of the
VMS formed is > 100 M. The later evolution of this star
is not well understood, nor are the necessary conditions that
it not evolve into a super-massive star (see |[Amaro-Seoane
& Spurzem|[2001} [Amaro-Seoane et al|2002} [Amaro-Seoane
2004, and the references in their work), nor the limits on the
mass not to collapse into an MBH. The process depends on
the metallicity, winds (see e.g. Belkus et al|2007] though it
is not well defined how to extrapolate the results, limited
to stars with masses of maximum 150 My to the masses of
relevance, of at least one order of magnitude larger) and the
collisions on to the runaway star. We note that
(2007) investigated the growth of a runaway process by com-
pounding direct N—body simulations with smooth particle
hydrodynamics (SPH). They found that stellar winds would
not cramp the formation of the VMS.

Although their existence has not been verified by ob-
servations, the list of clusters that might contain an MBH
is growing (van der Marel & Anderson|[2010; |[Noyola et al.
2010} [Gebhardt et al.|[2005; [Ptak & Colbert|[2004} [Colbert
& Miller|2005). For this work, we will accept their existence
as a working assumption or ansatz.

|[Amaro-Seoane & Freitag| (2006) showed that mergers of
two clusters containing MBHs at their centres would lead to
the formation of an MBH binary, which would merge in a
time scale as short as ~ 7TMyr. Such merger could be eas-
ily detected with ground-based detectors such as Advanced
LIGO or Advanced VIRGO if the event happens within the
observable volume of the detector (Amaro-Seoane & Santa-|
. Numerical relativity simulations show that dur-
ing the merger of two black holes, gravitational radiation is
emitted asymmetrically with the size of asymmetry depend-
ing on the mass ratio of the two black holes and on their
spin magnitude and orientation (see e.g. for a
review). If this recoiling velocity exceeds the average veloc-
ity dispersion of the merged cluster, then the MBH leaves
it and makes its way out to the CC. This asymmetry in the
emission of gravitational radiation leads to a recoil veloc-
ity of the resulting system (Zlochower et al.||[2010}; |Gonzalez
let "al] 2007 [Lousto & Zlochower| 2008} [Baker et al. 2008}
Lousto et al|[2010a; [Campanelli et al.
2009; [Pretorius|[2005; [Sopuerta et al|[2006). Depending on
the mass ratio, the spins and the spin orientation with re-
spect to the plane of the inspiral orbit of the two black holes
the magnitude of the recoil velocity might be as high as
4000km s~ (Lousto & Zlochower|[2010), with the expected
values being at least one order of magnitude lower. Statis-
tical studies of the recoil velocities for different mass-ratios
and spins show that the expected recoil velocities are be-
tween 100 — 300km s~ (Lousto et al.[[2010b).

In this article we present results that address the ques-
tion of formation of ultra-compact dwarf galaxies by the ag-
glomeration of young clusters in CC and the role of a recoling
MBH which we assume to have formed by the merger of two
clusters. In section [2] we give an estimate on the recoiling
velocity that the MBH will have after formation. Depend-
ing on the magnitude of it, the MBH will interact with other
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clusters in the CC or not. In sectionwe analyse the interac-
tion of a MBH recoiling through the CC and the individual
clusters. For this, we have made a comprehensive numerical
study of ~ 200 direct-summation N —body simulations that
covers the parameter space in detail, in particular the mass
ratios, relative velocity and impact parameter. Later, in sec-
tion@we describe the larger-scale simulations and the main
results, i.e. how we follow the dynamical evolution of the CC
and the amalgamation of clusters, which will lead to a “seed”
UCD. Of particular interest for us is the interplay between
the MBH and the individual clusters. For this we use the
grid of simulations presented in the previous section, which
help us to correct for the orbital parameters of the MBH.
Finally, in section [5| we present our main conclusions of the
work.

2 INITIAL RECOILING VELOCITY OF THE
MBH

In this section we calculate the most likely recoiling velocity
the final MBH will have in a scenario as described in|Amaro-
Seoane & Freitag| (2006)). The authors study the merger of
two clusters harbouring each one a MBH. They find that
after some 7 Myrs the binary will coalesce due to the emis-
sion of gravitational radiation. For that aim, we run a set of
experiments in order to study the possible recoil velocities
of the merger product of two spinning MBHs. For this, we
use the result of |[Lousto et al.| (2010a),

T = (Um +v1 cos§)ér + v singéa + v)és. (1)

In the last equation, the indices L and || stand for perpen-
dicular and parallel directions with respect to the orbital
angular momentum vector L of the binary. é; is a unit vec-
tor and lies on the plane of the orbit connecting the two
MBHs, with direction from the heavier to the lighter one.
é2 is also on the plane of the orbit, but perpendicular to é1,
with direction such that é;, é2 and é3 construct a orthonor-
mal system, with é3 defined such that is the unit vector
parallel to L. ¢ is the angle between the unequal contribu-
tions of mass and spin to the recoil velocity. According to
Gonzalez et al.| (2007)), & ~ 145° for almost circular orbits,
while £ ~ 90° in the case of head-on mergers. In the last
equation,

l—g¢
vm = An*=—2(1 + Bn), 2
W+ B) @
where v, is the perpendicular to L component of the recoil
velocity, i.e. the recoil velocity on the plane of the orbit. This
is given by:

1
o1 = Hn' () — qay) 3)

and v) is the parallel to L component of the recoil velocity,
i.e. the recoil velocity perpendicular to the plane of the orbit,

vy =K lai — qaz | cos (© — Oy). (4)

/-
l+gq
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Figure 1. Histograms of the recoil velocities for different mass
ratios of the binary BHs. The red, continuous line is for mass
ratio ¢ = 0.2, the green-dashed line for mass ratio ¢ = 0.1 and
the blue-dotted line for a mass ratio of ¢ = 1.

In the above equations n = ﬁ is the symmetric mass ra-
tio and ¢ is the mass ratio of the masses of the two MBHs,
my and me; ¢ = ma/m1 with ma < mi. According to |Gon-
zalez et al| (2007) the values of the parameters that are
involved in the above equations are: A = 1.2 x 10* kms™?,
B=-0.93 H=6.9x10%kms™ !, K =6.072 x 10* kms™".
In the last equation,

3 (4)

is the vector of the dimensionless spin for every one of the

two BHs. © is the angle between vector A and é;, with A
defined as:

K= (m1 +ma) (S - S) (©)
ma m1

We thus use Eq. to find the most expected values for

the recoil velocity of binary MBHs with different mass ra-
tios. We deem the mass ratios of binary MBHs to be in the
range 0.01 — 1, since the observed enviromental conditions
for the formation of MBHs in these CC are very similar for
two random clusters (Check this statement carefully).
For our study, we choose three mass ratios: ¢ = 1, 0.2, 0.1.
For every mass ratio, we calculate the outcome of Eq. us-
ing arbitrary spin magnitudes and directions and we repeate
the calculations 107 times. We display the results for each
mass ratio in Fig.. The histograms have a peak around
the most likely velocity and a long tail to very large ve-
locities. This is so because in order to achieve large recoil
velocities, the two MBHs must be maximally spinning with
the directions of their spins on the plane of the orbit and
anti-parallel to each other. This is a rare case and as a re-
sult it is not very probable to have recoil velocities of the
order of ~ 1000kms™'. We also note that the larger the
mass ratio is, the shallower the distribution, so that a very
broad range of velocities have almost equal probability to
happen. Decreasing the mass ratio ¢ shifts the histogram
to lower velocities. The peak appears around 150kms~! for
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Mcl

Figure 2. Geometry for the initial conditions of the parabolic
collision, in the COM of the system MBH-cluster. To obtain the
grid displayed in Fig., we systematically vary d, v, and the
mass ratio between the MBH and the cluster, of masses M, and
M

g=1,135kms™ ! for ¢ = 0.2 and 65kms~* for ¢ = 0.1. If we
use lower mass ratios, the peak will move further to lower re-
coil velocities. For a more general study of the recoil-velocity
and spin statistics see|Lousto et al|(2010b)). From the above
we reckon that for the purposes of this study a velovity of
100kms™! is a reasonable value to assume.

3 INTERACTIONS BETWEEN A RECOILING
MBH AND AN INDIVIDUAL YOUNG
CLUSTER

In this section we make a study of the parameter space for
a collision between a recoiling MBH and a (young individ-
ual) cluster in the CC. For this we present a set of ~ 200
direct N—body simulations for building a grid to cover the
parameter space, which we will later feed to the simulations
of the MBH in the CC.

3.1 Initial conditions for the direct N—body
simulations for the MBH—cluster encounters

We set the MBH and the cluster on a parabolic orbit so
that the minimum distance at which they pass by is dmin of
Fig. (2)) if they are considered to be a point particle at that
moment. In the centre of mass (COM) reference frame,

Xe = Aard,

Xel = —Ae d,

Ve = Acl Urel,

Vel = —Ae Vrel (7)

where vy is the relative velocity of the two objects, Xe i
their positions (if we regard them to be a point mass, or to
their centres) and Ae c1 = M a1/ (Mae + M)

We now determine d and v, when the separation is d
(which is given as an initial condition). Since the reduced

mass is p = Me Ma/(Mae + Ma), for a parabolic orbit we
have that the energy at the pericentre

_ —GMo Mcl 1 2

E = —a + o H Urel
~GM¢Mg 1
= #1 + i,uvf,,ax =0. (8)

Since the specific angular momentum per unit p is [ =
l: = —Umax * dmin = |d A Vrel]: = vy — yvz, we obtain
Umax = \/2 G(Me 4+ Ma1)/dmin, for a given specific angular
momentum | = /2 G dmin(Me + Mo).

As for the components of the velocities, for a given rela-
tive velocity of vyel = \/2 G dmin(Me + Ma)/d and with the
help of the relations -l =z - vy, — y - v, vl =02 + vz and
d? = z? + 92, we can infer that the velocity components are

ly d ? v?cl

vy = —4/v2, — V2. 9)

From the definition of parabola to obtain the required ex-
pressions for z and y, 2 dmin — ¢ = d, so that £ = d — 2 dmin
and y = vd? — 22.

The number of stars used for the cluster is N, = 3 x 10°
and we used for the initial distribution a King model of con-
centration Wy = 7. The simulations were performed with the
direct-summation N —body code of Aarseth .
This choice was made for the sake of the accuracy of the
study of the orbital parameters evolution of the binary; for
this numerical tool includes both the KS reqularisation and
chain regularisation, which means that when two or more
particles are tightly bound to each other or the separation
among them becomes very small during a hyperbolic en-
counter, the system becomes a candidate to be regularised
in order to avoid problematical small individual time steps.
The basis of direct N—body codes relies on an improved
Hermit integrator scheme for which we need
not only the accelerations but also their time derivative. The
computational effort translates into accuracy and this way
we can reliably follow track of the orbital evolution of every
single particle in our system.

3.2 Classification of the outcome

First we make a first guess of which particles are bound to
the cluster and which ones for a bound group including the
MBH (the “MBH group”). Note that a given particle can be
in both group, for instance if the MBH has been captured by
the cluster and has sunken to its centre or is orbiting it. For
the first guess, particle are considered bound to the MBH
group if they are bound to the MBH (i.e., we don’t take into
account the self-gravity of the bound stars themselves). For
the cluster, one assumes its centre corresponds to the me-
dian position of all particles. To estimate the velocity of the
cluster, one takes the average velocity of the 10% particles
closest to the (assumed) centre. Particles are assumed to be
member of the clusters if they are closer. The 90% particles
closest to the cluster centre are assumed to be part of the
cluster.

Then we iterate these attributions by computing, for

© 2011 RAS, MNRAS 000, [THT5|



each particle, the binding energy relative to the cluster and
the MBH group. For this, one has to estimate what is the
position of the centre of each group and its velocity. For
the MBH group, they are fixed to the values of the MBH
itself. For the cluster, the centre position and velocity are
defined to be the (mass-weighted) average value for all parti-
cles within hale a typical size of the previous estimate of the
centre. The typical size of the cluster is the harmonic aver-
age of the distance to its centre (for all particles considered
bound to it):

N\ 1
Rharm = Mcl (Z ”;%ll> . (10)

The gravitational energy is computed assuming a spher-
ical mass distribution, i.e., as if each particle bound to a
group (cluster or MBH group) was a spherical shell of mater,
of radius R; centred on either the MBH position or the (es-
timated) centre of the cluster. In general the attributions of
the particles to either or both groups have converged after
a few (< 10) iterations.

At the end, the attributions are “cleaned up” in the fol-
lowing way. If a particle belongs to both the cluster and the
MBH group (and it is not the MBH), the binding energies
to both structure is compared. It will be kept as member
of the MBH group only if the binding energy to the MBH
group is larger. In this case, it will be kept as member of the
cluster (and keep its double membership) only if the MBH
itself is bound to the cluster. This reduces the number of
double-members in a reasonable way, still allowing for sit-
uation such as the MBH having captured some stars and
being itself captured on an orbit around the (main) cluster.

Finally, to interpret the results, we allow for three kind
of outcome. A “merger” is when the MBH group is bound
to the cluster (as determined assuming each group is a point
mass) and the distance between the centres of the groups is
smaller than the sum of the Riyps. A “satellite” situation
arises when the two groups are bound but the distance be-
tween their centre is larger than twice the sum of the Ryyps.
A 7flyby” is when the groups are unbound and the distance
between their centres is larger than either the sum of the to-
tal extent of each group or five times the sum of the Ryyps.
Any other situation would be considered as ”unknown” but
does not occur if the N—body simulation has been carried
out for a sufficient amount of time.

In Fig. and |5| we show two particular cases for the in-
teraction MBH — cluster in the COM frame which, although
not representative for the whole sample displayed in Fig.7
are interesting in terms of the dynamics of the system E| .In

1 The interested reader can visit

http://www.aei.mpg.de/~pau/dminl_le-2_Vikms.ogg,
http://www.aei.mpg.de/~pau/dmin5_3p33e-1_V3kms.ogg

and
http://www.aei.mpg.de/~pau/3D_dminb_3p33e-1_V3kms.ogg

for movies based on the results of the figures (the last URL is a 3D
version of the second movie). The encoding of the movies is the
free OGG Theora format and should stream automatically with
a gecko-based browser (like mozilla or firefox) or with chromium
or opera. Otherwise please see e.g.
http://en.wikipedia.org/wiki/Wikipedia:Media_help_(Ogg)
for an explanation on how to play the movies.
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the first one dmin = 1, which leads to an almost head-on col-
lision between the MBH and the cluster. Still, because of the
low relative velocity and mass ratio, the interaction does not
lead to a huge mass loss of the cluster. Even if at T' = 45.60
Myr the MBH and cluster seen to be unbound, the MBH
is still forming a binary with the COM of the cluster and,
hence, the semi-major axis decays again. After some 154
Myrs the MBH settles down to the centre and is captured.
In the second figure, the larger mass ratio has a significant
impact in terms of mass loss. Already after 11.62 Myr the
MBH captures a portion of stars in the cluster, which re-
mains bound to the trajectory of the hole and follow its
trajectory. This satellite and the MBH are nevertheless still
gravitationally bound with the cluster and fall back again
on to it. The higher mass in the system MBH-satellite leads
to a rather large mass loss of the original cluster. After 80.50
Myrs the MBH is at the centre of the remaining cluster.

4 FORMING THE SEED OF AN
ULTRA-COMPACT DWARF GALAXY: THE
ROLE OF THE MBH

In this section we follow the evolution of the CC and the re-
coiling MBH. While the MBH is interacting with individual
clusters, at the centre of the CC a very large cluster starts
to form, which is the result of the amalgamation of smaller
clusters. Of particular interest is the evolution of this very
large cluster, which we will refer to as the seed UCD and
the MBH. We first present in sec.(4.1) a simple estimation
for the probability that the MBH hits a cluster. We will see
that the timescale is well below a Hubble time, so that the
study is motivated. However, in order to make a dynamical
study of the system, we need to perform numerical simula-
tions, because the architecture and distribution of clusters
in the CC is also evolving in time. The central density of
clusters in the CC is quickly evolving towards much higher
values.

The simulations provide us with the the number of
MBH-—cluster hits as the MBH moves in the CC. This is im-
portant to understand whether the MBH escape or remains
in the CC. In this regard, we want to find out the lowest ini-
tial escape velocity at the centre of the CC that maximises
the possibility of retention of the MBH in the system and,
thus, by the seed UCD. During the interactions, the MBH
could trigger stellar disruptions or collisions, which could
potentially be used as indicators of the capture (In view
of the two last columns of table 2 we should remove
this statement probably, unless we make some kind
of statistical argumentation).

4.1 Probability of collision MBH — cluster

For the CC we assume a Plummer sphere with a Plummer
radius a = 100pc and total radius of Rcc = 500pc. The
total mass in the CC is Mcc = 108_9M@. We set the total
number of clusters harboured in the CC to N = 1,000 and
we set the mass of each individual cluster to me¢ = 105M@
- Mg =10°M.

The escape velocity from the centre of the CC is


http://www.aei.mpg.de/~pau/dmin1_1e-2_V1kms.ogg
http://www.aei.mpg.de/~pau/dmin5_3p33e-1_V3kms.ogg
http://www.aei.mpg.de/~pau/3D_dmin5_3p33e-1_V3kms.ogg
http://en.wikipedia.org/wiki/Wikipedia:Media_help_(Ogg)
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Figure 3. Outcome of all 196 simulations of encounter between a cluster with King parameter Wy = 7 and an MBH. Each panel shows
the results for a given mass ratio Mae /M. The abscissa of each plot is the distance dyin, computed assuming 2-body dynamics, in

units of the half-mass radius Ry,. The ordinate is the relative velocity at infinity Voo, in units of V,, = (GM1/Ry)

1/2 4 typical velocity

dispersion for the cluster. Solid round dots show “mergers”, i.e., cases where the MBH has been captured by the cluster and has settled
at its centre. Solid triangles are cases where the MBH is orbiting the cluster (a merger is likely to be the long-term outcome). Open
squares are “fly-thrus”. The number just below a symbol (in blue in the on-line colour version) is fractional mass loss from the cluster
in %. The second, lower number (in orange in the on-line colour version) is the fractional reduction in specific binding energy, also in %.
A number above a symbol indicates how many stellar particles are bound to the MBH (when it has not merged with the cluster).

2GMcc

Vesc (0) = CY

(11)

so that for @ = 100pc, vesc(0) ~ 100 300 km/s if Mcc
1087 %Mg.

In order to estimate the number of individual clusters
in the core of the CC, we assume that the total number is
N = 1000, that they are equal-mass, 105 M. The mass of
the CC at « is

_ Mccee?

M(a) = 2a2)5/7

(12)

with Mcc the total mass of the CC. Hence, we have that

M(a) = 0.354 Mcc = 3.54x10% M. The number of clusters
at r = o is:

M(a)
N = ——= ~350 13
() = 2 (13)
The volume of the core of the CC is:
V(a) = 4a® ~ 4 x 10°pc® (14)
The volume of each individual cluster is:
Vo = 4rd (15)

Thus, if ra = 10pc, then vg = 4 X 103pc3 and the total
volume of clusters in the core is Ve(a) ~ 1.4 x 10pc3. If
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Figure 4. Projection in the X—Y plane of all trajectories of the stars (star symbols) in a cluster and the MBH (red circle) for 12 different
moments in the interaction. In this particular case, the process leads to the capture of the MBH. For visibility, the radius of the MBH has
been magnified by a factor 13 and the radii of the particles representing the stars by a factor 8. We additionally depict the previous 60
positions of the MBH with a solid, green line. The mass ratio between the MBH and the cluster is of 0.01, dpin, = 1 and Voo = 1kms™!.

re = 5pc, then v = 5 x 10°pc® and the total volume of from the Virial theorem we have that 27"+ U = 0 and the
clusters in the core Vg (a) ~ 1.7 X 10°pc®. That means that potential energy is

4 — 35% of the CC volume at the core is in clusters and the
rest in intercluster space.

Another quantity that we need is the velocity dispersion
of clusters in the CC. If the CC is in Virial equilibrium and
the total kinetic energy of the cluster is T' = %Mcca2 then,

© 2011 RAS, MNRAS 000,

U=-—

R
/0 GM (r)dm(r)



8  P. Amaro-Seoane et al

20

Y (pc)

20 —10

Y (pe)

Y (pc)

20

Y (pe)

Y (po)

3

T=57.47 My ., * e

w =

Y (po)

20

Y (pe)

Y (po)

20

Y (po)

Y (pe)

~10

X (pe)

Y (po)

Y (pe)

Y (po)

Figure 5. Same as in Fig.@ for 15 different times. The mass ratio in this case is 0.333, dmin = 5 and Vi = 3kms™!
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For simplicity:

GMéc
R
For R = 500pc the velocity dispersion is o ~ 90km/s. At
the core radius ocore ~ 120km/s. We are now in the position
of calculating the cross section for an interaction MBH —
cluster at the core of the CC. We assume that the individual
cluster has a mass of mq and a rq, the MBH has a mass
muBH <K M and a velocity at infinity Vmpu. The impact
parameter is b and the velocity of MBH at pericentre is Vimp.
We can easily derive that

U= (17)

2Gme
Vitp = Viagn + m L (18)

Tecl

so that, from energy and angular momentum conservation,
the cross section is

2Gmea )

2 2
o=mnb"=m7ry (1 + 5
TaViisu

(19)

The relative velocity Vasu is
VMBH = Vese £ Vaisp- (20)

The positive sign is for the case that the MBH and the
target cluster move in opposite directions and the negative
for the case they move in the same direction. Vgisp is the
dispersion velocity of the clusters and Vesc is the velocity
with which the MBH escapes from the host cluster (i.e. the
cluster which formed after the merger of two clusters). Viisp
has been approximated in the core to be Viisp =~ 120kms™*
and in the cluster Vgisp ~ 90km/s.

From our estimate of the recoil velocity, we can assume
that Vese will be in the range 50 — 130km/s. Actually the
hole will lose a bit of kinetic energy when escaping the host
cluster. Thus, the relative velocity of the MBH with respect
to a cluster at the core is

Vuer = 10 — 250km/s (21)
And the corresponding limiting cross-sections:
010 ~ 1428pc? (22)
and
0250 ~ 80pc?, (23)

where the supscrit 10 refers to the first velocity and 250
to the second one. The average time between MBH-Cluster
collisions in the core of the CC is given by:

1

’/L(LL)O'VMBH ’ (24)

TMBH—cl ™~
where n(r) is the number density of clusters, o the cross-
section for MBH-Cluster collision and Viign the relative ve-
locity. Since we have assumed all clusters to have the same
mass,

n(r):M(r): 3M ( 7"2)*5/2

25
Mel meadmas (25)

o?

For r = a:
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3M

-5/2 _ -5 —3
mQ =4.4x10 "pc (26)

n(a) =
So, for the two limiting cases, TmBH—c110 ~ 1.58 Myr
and TmBH—cl250 ~ 1.12 Myr. In the last case, the MBH moves
so fast that in the time ellapse for encounters with clusters,
~ 1Myr, it will be out of the core of the CC. The MBH loses
kinetic energy as it escapes the host cluster. The difference
in kinetic energy that it has at the centre and at the outskirts
of the cluster is:

Tsurf - TC = Usurf - Uc
GMCI GMCI )

ro + a2)1/2 T a

vei—vr’f;czz(( (27)
For re = 5pe, a = 3pc, Mo = 10° Mg we have for a Viec ~
50—130kms!. Le. the velocity of the MBH when it reaches
the outskirts of the cluster is very close to the kick velocity
that it received. Vesc ~ 44 — 127kms ™.

4.2 Initial conditions for the large-scale
simulations

The MBH is assumed to be the product of a merger of two
MBHs that were located at the centres of two merging star
clusters. Mergers of clusters happen mainly close to the cen-
tre of the CC, so it is reasonable to assume that the recoiling
MBH is initially located at the centre of the CC. Also, its
recoil velocity, which is of the order of 100kms™!, exceeds
the escape velocity of its hosting cluster, so in a small time
scale the MBH is expected to escape this cluster. If the clus-
ter has a total radius of ~ 10pc, the recoiling MBH would
escape in a time-scale of ~ 0.1Myr. Hence, we decide to set
up the system with the MBH initially located at the centre
of the CC and not captured by any cluster.

Other than the position of the MBH there are many
other parameters that can be varied in the simulations,
namely the mass of the MBH, the initial velocity of the
MBH which is the recoil velocity of the MBH, the mass
function that the clusters follow in the CC. The observed
mass function in the “knots” of the Antennse galaxies is a
power law with index n = —2, the upper and lower mass
for the clusters, the distribution of the clusters in the CC,
the total number of clusters in the CC. Observed numbers
are of the order of 100, but there might be hundreds or even
thousands of more low-mass clusters that are not observable
(Fellhauer & Kroupal[2005). The total mass of the CC is also
an additional parameter. Observations show that CCs have
masses in the range 10° — 10®Mg and the total radius of the
CC. The observed CCs have radii in the range 100 — 500pc.

We choose some of the parameters according to the
most expected values that are coming from observations or
other studies, namely

(i) Me =5 x10°Mg.

(i) The initial kick velocity of the MBH, 100kms™".

(iii) The mass function of the clusters is chosen to follow
a power law with index n = —2. The masses of the clusters
are discrete and come from the M,/ Mg ratios that were
used in the MBH-cluster N-body simulations. This means
that for an MBH of M, = 5 x 10°Mg and Me/ Mo =
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0.01,0.033,0.1,0.33, 1, 2, the discrete masses of the clusters
in the CC are 2.5 x 10°Mg,5 x 103Mg, 1 x 10*Mg, 1.5 x
10*Mg, 3 x 10*Mg and 6 x 10*Mg

(iv) There are no observational data about the distribu-
tion of clusters in a CC, so we assume a simple Plummer
(Plummer||1911) density profile with a cut off radius

Hence, our parameter space consists of the number of
clusters (N) and the initial radius (Rcc) of the CC. The
total mass Mcc of the CC is a consequence of N, because
the masses of the clusters are assumed to follow a power law.
For the number of clusters, we use the values indicated in
table In this table, the parameters (N, Mcc and Rcc) of
all simulations are presented, as well as an ID number.

The number of clusters might seem to high, compared
with the available observations, but all the observations lack
of low-mass clusters, which should also exist in CCs. Al-
though there is no direct observation to prove that low-mass
clusters also exist in CCs, there is no reason to believe that
the observed power law does not continue to lower than the
observed masses. Also, even if the number of clusters in our
simulations is higher than expected, the total mass that we
used for the CCs lies always in the limits of the observed
high-mass CCs. We chose to study the high-mass CCs, be-
cause for the low-mass CCs it is almost certain that a re-
coiling MBH would escape the system having a very low
probability of interacting with its clusters. The high-mass
CCs have greater escape velocities, so the MBH would have
good chances of remaining bound to the system, but even
if it is escaping the CC, its velocity would decrease rapidly,
which is something that favors MBH—cluster interactions.
For each number N, we varied Rcc in order to create the
most compact, but also the most dilute models. The total
radii that we used varied from 45pc to 330pc. Given the
mass and the size of the CCs, the initial escape velocities at
the centres of the CCs are in the limits 27 — 137km s~ 1.

The complete set of the parameter space is shown in
Figure @, which is described below.

4.3 Evolution: Numerical experiments

The numerical code that was used for the simulations is the
collisional N-body code Myriad (Konstantinidis & Kokkotas
2010)), which uses the Hermite 4*" order predictor-corrector
scheme with block time steps (Makino & Aarsethl [1992)
for advancing the particles in time, while the accelerations
and their derivatives (jerks) are computed using GRAPE-6
(Makino et al.|[2003)) special purpose computers. Close en-
counters between particles are detected using the GRAPE-6
and evolved using the time-symmetric Hermite 4** order
integrator (Kokubo et al.|[1998)). Even though the code was
originally designed for dynamical simulations of stars in star
clusters, its modular form made its adaptation to the par-
ticular problem easy. In the simulations, every star cluster
is represented by a particle. A distance, equivalent to the
effective radius of the corresponding cluster, is assigned to
every particle and two clusters are assumed to merge with
each other when the distance between their centres becomes
smaller than the sum of their radii. The search for neighbor-
ing clusters is done on the GRAPE-6. The MBH is also rep-
resented by a particle, but its radius is equal to the MBH’s

Schwarchild radius, i.e too small compared to the radii of
the clusters.

We simulate close interactions of the MBH with a clus-
ter using the time-symmetric Hermite 4'® order integrator.
During those interactions, the MBH is allowed to “pass
through” the cluster, if the distance of closest approach of
the two objects is smaller than the radius of the cluster. Af-
ter the interaction, the MBH comes out of the cluster with
a reduced kinetic energy. Using the results of detailed direct
N —body simulations of an MBH and a star cluster presented
in previous section, we find that when the interaction results
a “flyby” i.e. when the MBH does not get captured by the
star cluster, the kinetic energy of the MBH is reduced by a
certain %. This reduction comes from the interactions of the
MBH with individual stars in the cluster, which might even
lead to tidal disruptions of some stars, especially in the cases
of a slowly moving MBH. In the large-scale simulations of
the whole CC, every-time the MBH hits a star cluster its
kinetic energy is reduced according to the grid of simula-
tions based on the individual interactions MBH-cluster. For
every MBH—cluster interaction, we record:

(i) The mass ratio Mo/ Ma
(ii) The distance of closest approach dmin
(iii) The relative velocity of the two objects Vin¢
(iv) The change in kinetic energy of the MBH

Then, from the MBH—cluster N—body data presented
in Fig., we find the outcome of the individual interac-
tion and correct for the loss of kinetic energy of the MBH
if not trapped. The individual set of MBH—cluster interac-
tions provides us with the number of collisions of stars trig-
gered by the presence of the MBH, the number of tidally
disrupted stars by the MBH and the final outcome of the
simulation. As discussed in the previous section, the final
outcome might be a “flyby”, a “merger” or a “satellite”. In
the last two cases the MBH is eventually captured by the
cluster. After having the complete set of MBH—cluster inter-
actions in a simulation, we check all of them and we record
the results. We consider as the end of our simulations ei-
ther the time when the MBH gets captured by a cluster, in
the cases when the MBH remains bound to the CC or the
time the MBH escapes the CC, in the simulations where the
MBH has enough kinetic energy for this to happen.

The initial radius of each cluster depends on its mass.
The most massive clusters have a half-mass radius of 4pc,
while clusters with the lowest mass have half-mass radii of
0.5pc. We have applied simple laws for the result of cluster-
cluster mergers. When two clusters collide we assume 20%
mass-loss, so the resulting cluster has as mass the 80% of the
sum of the masses and a new radius, which is equal to the
radius of the most massive one plus the 20% of the sum of
the radii of the two clusters. We have to give a reason for
this assumption: PAS & Freitag 2006, we reanalysed
the data and this was the typical loss, or something
like that

4.4 Results

Figure[6]summarizes the results of the N—body simulations.
Every circle represents a simulation. In the simulations in
which the MBH escaped the CC after having some or no
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D N Mcc[Me]  Roclpc] ID N Mcc[Me]  Rcclpc]
Al 5x10% 1522 x 107 45 El 3x10% 4.32x107 122
A2 5x10% 1.522 x 107 90 E2 4x10% 5.75x 107 165
A3 5x10% 1.522 x 107 132 E3 4x10%® 5.75x 107 246
A4 5x10% 1.522 x 107 168 E4 4x10% 5.75x 107 329
A5  5x10% 1.522 x 107 255

Bl 1x10% 1.522x 107 90 F1 5x10%® 7.18 x 107 122
B2 1x10% 1.522x 107 128 F2 5x10% 7.18x 107 165
B3 1x10% 1.522x 107 169 F3 5x10% 7.18x 107 248
B4 1x10% 1.522x 107 252 F4 5x10% 7.18x 107 330
B5 1x10% 1.522x 107 333

Cl1 2x103 2.9 x 107 126 Gl 6x10® 8.6x 107 122
c2 2x10% 2.9 x 107 167 G2 6x10° 86 x 107 165
C3 2x103 2.9 x 107 252 G3  6x10® 8.6 x 107 248
Cc4 2x10°% 2.9 x 107 336 G4 6x10° 86 x 107 330
D1 3x10% 4.32x107 124 H1 8x10% 1.14 x 108 122
D2 3x10% 4.32x107 166 H2 8x10% 1.14x 108 165
D3 3x10% 4.32x 107 249 H3 8x10% 1.14 x 108 248
D4 3x10%  4.32x107 332 H4 8x10% 1.14x 108 330

Table 1. Number of particles, total mass and cut-off radius of the CC for the large-scale simulations.

interactions with clusters, the CC had smaller masses (sim-
ulations with IDs A1-A5, B1-B5, C1-C4, D1-D4 and E3-E4)
or were less concentrated (simulations with IDs F4, G4 and
H4). In the simulations where the masses and dimensions of
the CC were closer to the current observational data (simula-
tions with IDs E1-E2, F1-F3, G1-G3 and H1-H4) the IMBH
remained always in the CC and gave a significant number of
interactions with star clusters, until it got captured by one
of them. This is so because the MBH escapes more easily
from systems with a lower mass and higher radius (left-up
corner of Figure@. On the other hand, CCs with high mass
and relatively small radii, have good chances of retaining the
MBH (right-down corner of Figure @

Two examples of this are shown in Figs.(7) and (),
where we depict the formation of the seed UCD for two
examples of Table [I] which led to a capture of the MBH.
In these cases, the MBH has dozens of interactions with
clusters with this number getting as high as ~ 100. The
number of MBH—cluster interactions depends on the time it
takes for the MBH to get captured by a cluster and on the
density of clusters in the CC. In 6 simulations, the MBH
gets captured by a cluster that has not merged with other
clusters yet. In 5 simulations, the cluster that captures the
MBH is the central cluster of the CC which has already
increased its mass from cluster—cluster mergers. This is the
UCD that starts to form from the CC. We show in table 2
the details about the cluster that captured the MBH, the
position this capture took place in the CC and the mass

© 2011 RAS, MNRAS 000,

of the most massive cluster in the system at the time of
the MBH-capture. In the same table we give the number
of stellar collisions that a particular simulation had (this
could be stressed much better, I guess and presented
in the results) and present an estimate of the dynamical
friction time of the MBH or its hosting cluster. This time
has been calculated in the following way.

The dynamical friction time (Tpr) of an object with
mass m moving inside a system with total mass M is given
by (see e.g. Binney & Tremaine|[2008)

Tor = % % Vih (28)
where 1 is the distance from the centre of the system, V},
is the rms velocity dispersion of the system and In A the
Coulomb logarithm, which is of the order of unity. The dy-
namical friction time represents the time scale that an object
of mass m needs to reach the centre of the system beginning
at distance r. We employ the above formula for calculating
the timescale for the MBH to reach the centre of the CC,
after being captured by an individual cluster. As it is ob-
vious from Table [2| in almost half of the simulations (5 out
of 11) where the MBH was retained in the CC, the MBH
gets captured by the most massive cluster of the system, the
seed UCD. This cluster is the progenitor of the UCD and it
is located at the centre of the CC. In those cases, the Tpr
time is the required time for the MBH to reach the centre of
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Figure 7. Formation of the UCD seed at the centre of the CC. We show a projection in the X—Y plane of all individual clusters for the
simulation F3. The radii of the clusters have been artificially magnified, heavier members have larger sizes and darker colours relative
to every panel for the sake of visibility. This means that even if the colours of the heaviest clusters in the last panel are as dark as the
most massive ones in the first panel, there is no correlation, they are heavier and larger. After 7.44 Mys we can alreay see how the more
massive clusters start to agglomerate at the centre of the CC. Later, at 7" ~ 40 Myr, all of them are confined to the central part of the
CC and in the last panel we can see that only a handful of clusters are heavy and a very massive cluster is sitting at the very centre,
while lighter clusters occupy all of the remaining space. The mass of this very massive cluster is of 2.9 x 10Mg and constitutes the seed
of the UCD. See http://www.aei.mpg.de/~pau/6k_r248_rblue.ogg for an animation of the process.

the newly formed seed UCD, so equation can be written
as:

1.17 Mucp r

Tor = _
PF = ThA M, Vuep n

(29)

Where M, is the mass of the MBH, Muycp the mass of the
seed UCD, r the radius of the UCD, which is equal to the
initial distance of the MBH from its centre and Vuycp n is
the root mean square (RMS) dispersion velocity given by
Vuep ,n = VGMucp/Rn, with Ry the half-mass radius of
the UCD.

On the other hand, when the MBH gets captured by a
smaller cluster of the CC (6 out of the 11 simulations of
Table , the dynamical friction time is the time required
by the cluster that captured the MBH to reach the centre

of the system. For this case, we can write equation as
follows:

_Lar Mce r

Tor = .
br InA m. Vccn

(30)

Where Mcc is the mass that remained bound to the
CC, m. is the mass of the cluster that captured the MBH
together with the mass of the MBH, r is the distance from
the centre of the CC this cluster lies after capturing the
MBH, and Vcen is the RMS velocity dispersion of the CC.
From equation we can conclude that if the MBH gets
captured by a cluster with a small mass, then it will take
a long time to reach the centre of the CC. This is obvious
in Table 2] where in the simulations where the cluster that
captured the MBH was a low mass cluster, the dynamical
friction time is of the order of Gyr. This estimate might be
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Figure 8. Same as in Fig.@ but for simulation G3. In this case we show a zoom of diameter 600 pc. As in the first figure, after some
~ 100 Myr we have a very massive cluster at the centre and all other clusters are much lighter. The heaviest cluster at this time has a
mass of 5.5 x 10° M@, while clusters with masses 5.2 x 10> Mg, 5.0 x 10° Mg, 1.9 x 10° Mg, 1.4 x 10° Mg and 6.5 x 10* Mg lie very
close to the centre of the CC. See http://wuw.aei.mpg.de/~pau/5k_r248_rred.ogg for a movie of the figure.

far from the real timescale for the MBH to reach the centre of
the CC, because as the system evolves, clusters are merging
with each other rapidly and the big mass concentration at
the centre, will attract strongly all the remaining clusters.
This is the reason that the number on the last column of
Table 2] is most probably an upper limit for the real time
the MBH would need to reach the centre of the CC in those
cases. On the other hand, when the MBH got capture by a
massive cluster, Tpr is of the order of 10 — 100Myr. Tpr is
of the order of 100 — 500Myr in the simulations where the
MBH got trapped by the UCD.

(From the above we can make some discussion for the
timescale of multiple MBH reaching the centre of a UCD
formed by consecutive mergers of clusters in a CC.

The middle number next to each circle of Figure[f]is the
number of stars that have been tidally disrupted from the
MBH and the number of star-star collisions triggered by the
MBH in the clusters. In all the simulations, there was only
one tidally disrupted star (in the simulation with ID F1) so
all the other numbers indicate star-star collisions triggered

© 2011 RAS, MNRAS 000,

by the MBH. According to our results, one should expect
a star-star collision in a CC every 5 — 8Myr. In Fig.@ we
show accumulated the number of stellar collisions that led
to a disruption in function of the time and the sequence of
hits between the MBH and a cluster for simulation G3. We
can see that there is a correlation in the number of stars
torn apart and the interactions with the clusters.

The third number next to each circle of Figure |§| is the
initial escape velocity at the centre of the CC. As it is obvi-
ous, CCs with initial escape velocity lower than 100km s~ *
may also retain an MBH with initial velocity of 100kms™?.
This is because of the interactions of the MBH with clus-
ters and the energy loss of the MBH because of them. An
interesting case is the simulation with ID H4 in which the
escape velocity is high 84kms™', but the MBH escapes, be-
cause the system is so dilute that it has only 2 interactions
with clusters. In this case, the energy of the MBH did not
decrease enough to make it remain in the system. On the
other hand, in the simulation G3 where the initial escape
velocity at the centre of the CC is also 84kms™!, the MBH
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Figure 6. Outcome of the larger-scale simulations. The x-axis
shows the number of clusters in each simulation, while the y-
axis shows the initial radius of the CC. The upper x-axis shows
the total mass of the system in M. Every circle corresponds to a
single entry of Table[I]in a way such that the circle at the bottom
left corresponds to the simulation with ID Al and the circle at
the top right corresponds to the simulation with ID H4. An open
circle indicates a simulation where the MBH finally escaped the
CC. On the other hand, a filled circle represents a simulation
where the MBH remained bound to the system. Next to every
circle there are three numbers. The first (black) shows the number
of clusters hit by the MBH until either it escapes the CC or it
is captured by a cluster. The second (red) number is the number
of stars that are tidally disrupted by the MBH and the number
of star-star collisions triggered by the MBH in the clusters. The
third number indicates the initial escape velocity at the centre of
the CC in kms™!.
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Figure 9. Cumulative number of MBH and cluster hits for the
simulation G3 (inverted, light magenta triangles) and of stellar
collisions leading to a disruption (blue triangles) as a function of
time.

remains in the system. In this case, the system is more dense
in clusters at its centre, so the MBH gives many interactions
and loses enough energy that it remains bound to the CC.
Figure [I0] shows the evolution of the velocity of the MBH in
time compared with the escape velocity at the radius of the
CC where the MBH is. Initially, the escape velocity is lower

Velocity [km/s]

40

20

4 6
Time [Myr]

Figure 10. The velocity of the MBH as a function of time (red-
continuous line) in the simulation G3, where the MBH remains in
the CC. We also show the escape velocity at the point where the
MBH (green-dashed line). The MBH loses energy quickly and its
speed is soon lower than the escape velocity.

than the velocity of the MBH, ensuring the escape of the
MBH from the system, but the MBH loses energy rapidly
during the first Myr because of its interactions with clusters.
After the first Myr the escape velocity at the point where
the MBH exists, is continuously greater than the velocity of
the MBH, so the MBH remains bound to the CC.

5 CONCLUSIONS

This has to be a bit “sexified”: Any volunteers?
Cole, Fred? Implications for our understanding of
galaxy formation (if any), combined detection of EM
and GW radiation etc etc etc

In this work we have presented results that address the
formation of UCD from young clusters and the role of re-
coiling MBHs in a CC. For that, we have created a grid of
direct-summation N—body simulations that covers the pa-
rameter space for MBH—cluster encounters. According to the
impact parameter and relative velocity, we use the outcome
from the grid to correct the loss of kinetic energy in the
MBH after the interactions and to decide whether a larger-
scale simulation leads to the capture of the recoiling MBH
by a single cluster or not. We follow the dynamical evolution
of both the recoiling MBH and the amalgamation of clusters
in the CC due to dynamical friction. While the MBH inter-
acts with individual clusters, a very large and heavy cluster
starts to develop in the centre of the CC, the seed of an
UCD.

In our simulations we have that the recoiling MBH al-
most always hits at least one cluster in the CC. The only
cases where it leaves the CC without hitting a cluster are
only for very dilute CCs that contain less than 1,000 clus-
ters.

In particular, the recoiling MBH remains bound to the
CC even if the initial escape velocity from the centre of the
CC is lower than the initial velocity of the MBH.

In the more likely case that the MBH remains bound
in the CC, it is captured by a cluster in a time scale shorter
than ~ 200Myr. In some of the simulations (those which had
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ID  Coll T[Myr] Reaptlpc] MaMe] MuycpMe] TprlMyr] Tra[Myr]  Trc[Myr]
El 1 14 9.6 1.9 x 106 1.9 x 106 142 0.197 12.57
E2 0 38.2 10.3 1.2 x 106 1.2 x 108 129 0.09 33.59
F1E| 4 9.7 42 5 x 103 6.5 x 10° 2400 0.047 2.14
F2 9 28.2 18.4 7.3 x 10° 7.3 x 10° 240 0.067 0.54
F3 6 118 15.4 2.9 x 106 2.9 x 108 367 0.1 0.28
G1 3 10.14 45.6 2.5 x 103 1.1 x 106 4300 0.011 0.35
G2 3 13.1 23.8 1.5 x 10% 6.6 x 10° 762 0.009 0.009
G3 11 167.4 92.7 2.5 x 103 4 x 108 7900 0.1 44.8
H1 4 11.7 15.5 5.6 x 10° 1.3 x 106 26 0.012 3.65
H2 9 20.1 17.8 1.8 x 108 1.8 x 108 360 0.15 5.32
H3 11 49.9 30.2 1.5 x 10° 9.7 x 10° 167 0.28 9.54

Table 2. Data for the simulations where the MBH was captured by a cluster of the CC. The first column shows the ID of the simulation
(see table . The second column shows the number of stellar collisions triggered by the MBH. The third column displays the time of
capture of the MBH by a single cluster. The fourth shows the distance from the centre of the CC, where the MBH was captured. The
next column gives us the mass of that cluster and the mass of the heaviest cluster in the CC by that time; i.e. the mass of the forming
UCD. The sixth column corresponds to an estimate for the MBH to reach the centre of the CC by dynamical friction (see text). The
last two columns show the time the MBH hits a cluster for the first time and the time of the first stellar collision in the CC.

the largest concentrations of clusters at the centre) it gets
captured by a small cluster, but in others (the ones which
are less dense initially) the MBH gets captured by the seed
UCD that has already formed close to the centre of the CC.

When the MBH gets captured by a small cluster, its
distance from the centre of the CC is of ~ 20 —100pc. When
it gets captured by the seed UCD, its distance from the
centre is approximately the radius of the seed, which is less
than 20pc. In all realistic cases, the timescale for the MBH
to sink down to the centre is less than 300 Myrs. In the more
dilute, light clusters

In the more common case where the MBH remains
bound in the CC —but also in some of the cases that it finally
escapes the CC— we observe that it triggers some star-star
collisional disruptions in the clusters it hits. Also, in one
case, in the simulation F1 in particular, a star was tidally
disrupted by the gravity of the MBH.

When the MBH remains bound to the CC, the mean
time between MBH—cluster hits is 0.16 — 0.43Myr. On the
other hand, the mean time taken by the MBH to fly through
a star cluster is of the order of 0.1Myr. Hence, after recoiling
and before getting captured, the MBH spends 1/3 of its
time in other clusters, while the remaining 2/3 in the inter-
cluster space of the CC, so the possibility to find an MBH
in a cluster of a newly formed (less than 100Myr old) CC is
~ 30%

Have to make some numbers here about the es-
timated mass of the central massive black hole after
the UCD has formed and in view of the contribution
coming from potential IMBHs While the number frac-
tion of MBH in the mass-range of 10>°~* My in CCs is an
unknown, they sink to the centre in a time which is much
shorter than the Hubble time. In that case, if we had an
IMBH created every XXX, the UCD could be hosting a

© 2011 RAS, MNRAS 000,

supermassive black hole of some 10% M. On the contrary
to the work of Merritt et al| (2009)), the internal velocities
would not be as extreme as in the case of hypercompact stel-
lar systems, since the seed UCD inherits the central veloc-
ity from the resulting mergers between individual clusters.
When the UCD is formed, the velocity will roughly be what
one can expect from a dense stellar system in dynamical
equilibrium.

Some implications? What’s special for UCD hav-
ing SMBHs?

[Frank et al|(2011) have resolved the inner kinematics
of UCD3, the brightest known UCD in the Fornax cluster
and they find that if a MBH is present, it cannot represent
more than ~ 5% Mucp.
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