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ABSTRACT

While many observed ultraluminous X-ray sources (ULXs; Lx > 103 ergs s~!) could be extragalactic X-ray bina-
ries (XRBs) emitting close to the Eddington limit, the highest luminosity ULXs (Lx > 3 x 10*° ergs s~!) exceed the
isotropic Eddington luminosity for even high-stellar-mass—accreting black hole XRBs. It has been suggested that
these highest luminosity ULXs may contain accreting intermediate-mass black hole (IMBH) binaries. We consider
this hypothesis for dense, young (~100 Myr) stellar clusters where we assume that a 50-500 M, central IMBH has
formed through runaway growth of a massive star. We develop numerical simulations of such clusters’ cores by com-
bining single and binary star evolutionary syntheses with a simple treatment of dynamical interactions. We model
interactions of the IMBH with single and binary stars, as well as single-binary and binary-binary interactions, but not
the formation of a cusp around the IMBH. The core density and velocity dispersion are assumed to be constant over
100 Myr. We investigate the succession of IMBH binary companions and the evolution of their orbital parameters to
obtain estimates of the incidence of mass transfer phases and possible ULX activity involving the IMBH. We find that
although it is common for the central black hole to acquire binary companions, there is a very low probability that
these interacting binaries will become observable ULX sources.

Subject headings: binaries: close — black hole physics — galaxies: star clusters — X-rays: binaries

1. INTRODUCTION

Extragalactic observations with the Einstein Observatory space
X-ray telescope revealed a new category of sources, currently
known as ultraluminous X-ray sources (ULXs; Fabbiano 1989).
In 1990, surveys conducted with the Rontgensatellit (ROSAT ) were
able to resolve many of these sources as distinct objects not as-
sociated with emission from galactic nuclei. Up to half of the gal-
axies surveyed were found to contain off-nuclear ULXs (Colbert
& Mushotzky 1999; Roberts & Warwick 2000; Lira et al. 2000;
Colbert & Ptak 2002; Colbert & Miller 2006). In analogy with
X-ray sources observed in our own Galaxy, many ULXs could be
extragalactic X-ray binaries (XRBs) with stellar-mass black hole
(BH) accretors (e.g., Rappaport et al. 2005). However, in many
cases their luminosities exceed the Eddington limit for isotropic
emission from an accreting stellar-mass BH. The lowest lumi-
nosity that commonly defines a ULX, Lx > 10% ergs s~L, cor-
responds to an Eddington black hole mass 28 M, still within
the BH mass range allowed by stellar evolution models. Based on
the X-ray survey conducted by Colbert & Ptak (2002), ULXs with
Lx > 10% ergs s—! are estimated to exist in ~12% of all galaxies
(Ptak & Colbert 2004). Of the 87 X-ray (2—10 keV) sources ob-
served, 45 had Lx > 3 x 10* ergs s~!. This corresponds to the
Eddington luminosity for the highest mass black holes that can
form through single-star collapse, ~25 M, for a metallicity of
Z = 0.001 (Belczynski et al. 2004). We see that as much as half of
this observed ULX population requires an alternative to the model
of isotropic emission from a stellar-mass XRB.

Observations increasingly support the idea that some ULX
sources may harbor intermediate-mass black holes (IMBHs;
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Colbert & Mushotzky 1999; for a critical review see Mushotzky
2004). Until recently, no evidence existed for BHs in the wide
mass range between stellar-mass and supermassive BHs. Many
spectral and timing observations conducted with the Chandra
X-Ray Observatory, Advanced Satellite for Cosmology and Astro-
physics (ASCA), and XMM-Newton have confirmed that ULXs are
not associated with supernovae and are consistent with accreting
binaries (Fabbiano & White 2006). In addition, ULX positions are
strongly correlated with young, star-forming regions. Examples
include the nine ULXs found in the Antennae (Fabbiano et al.
2001) and the highest luminosity ULX yet observed, in M82
(peak Lx ~ 9 x 10% ergs s~!, corresponding to an IMBH mass
~700 M, if Lx ~ LEdd; Kaaret et al. 2001; Matsumoto et al.
2001). The young, dense clusters where ULXs are often ob-
served are also likely sites for IMBH formation (Freitag et al.
2006a, 2006b; Giirkan et al. 2004).

Accretion disk spectra provide a further test for the presence
of IMBHs: higher mass BHs are expected to have cooler accre-
tion disks modeled as multicolor disks (Mitsuda et al. 1984).
Some evidence for low-temperature disks was recently found
using high-resolution XMM-Newton spectra of numerous ULXs,
including those in NGC 1313, NGC 4559, Holmberg IX, and the
Antennae (Miller et al. 2003, 2004a, 2004b). As Colbert & Miller
(2006) note, the sources observed to have cool disks are also those
with luminosities too high to be explained by XRBs, even if they
are beamed XRBs. Nevertheless, we note that X-ray spectral in-
terpretation is subject to a number of model assumptions and may
not be unique.

Anisotropic, or beamed, disk emission is another possible ex-
planation for apparently super-Eddington X-ray luminosities. The
degree to which emission is beamed can be defined by the beam-
ing fraction b = Q/4m, where () is the solid angle of emission.
ULXs containing beamed stellar-mass XRBs could be a short
phase of rapid mass transfer in the lifetime of ordinary XRBs, such
as thermal-timescale mass transfer (King et al. 2001). As dem-
onstrated by King et al. (2001), by introducing mild beaming, the
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XRB falls within the stellar-mass BH range, assuming Ly <
10%° ergs s~!. However, about 5%—10% of the total ULX popu-
lation is observed to have Lx > 10*’ ergs s~! (Colbert & Miller
2006; Ptak & Colbert 2004; Colbert & Ptak 2002). At these
luminosities, very massive BHs (~25 M) could fall below the
Eddington limit with b < 0.25. To have the required mass ratio
q = Mp/M, > 1, where M, is the BH mass, these BHs would re-
quire a very massive companion. More moderate mass BHs
would require more severe beaming fractions that are not easily
justified. Furthermore, in at least two instances observations
seem to indicate isotropic X-ray emission. These include an iso-
tropic nebula observed around the ULX in Holmberg II (Pakull
& Mirioni 2001) and the discovery of quasi-periodic oscillations
(QPOs) from the brightest ULX in M82 (Strohmayer & Mushotzky
2003).

Transient behavior of a ULX source is an important test for the
presence of an IMBH (Kalogera et al. 2004). If the ULX is a
beamed stellar-mass XRB in thermal-timescale mass transfer,
it is expected to produce persistent emission at or above the
Eddington luminosity (King et al. 2001). A persistent IMBH
ULX similarly would require a sustained M comparable to the
Eddington mass transfer rate,

. M
Migg~23x107° (%) M, yr . (1)

For the IMBH masses we consider, this is in excess of 1077 M,
yr~!, corresponding to Ly of about a few x10*° ergs s~ . Transient
IMBH ULX sources are more plausible because they confine the
most extreme rates of mass transfer to short outburst periods. Ad-
mittedly, our current physical understanding of transient behavior
is not complete. Nevertheless, it is generally accepted that an
accreting binary becomes a transient when the mass transfer rate
driven by the donor is lower than a certain critical value and a ther-
mal disk instability develops. In what follows we adopt the critical
mass transfer rate for transient behavior of an X-ray—irradiated
disk given by Dubus et al. (1999),

. M —0.4 R 2.1
irr -9 IMBH
Mcrit ~1.4x%x10 (—MO > (E)

c ~05
X (W) M, yr! (2)

for a disk of radius R, where C is assumed to be 5 x 10~ for most
donors. It can also be shown that the critical M for transience
corresponds to a minimum black hole mass that depends on com-
panion mass and orbital period (King et al. 1996). As Kalogera
etal. (2004) have shown, this minimum BH mass is high for main-
sequence (MS) donor stars (10° M, on average for a 10 M, donor).
Red giant (RG) donors can more easily form transient systems
with IMBHs. One should note that due to the minimum mass
limit, a stellar-mass BH binary is unlikely to be transient, so any
transient ULX observed is a strong IMBH candidate.

In our simulations, we consider IMBHs that have formed
through “runaway collisions” of MS stars. This is a channel for
IMBH formation in which a series of rapid mergers occur as the
cluster begins core collapse, causing growth of a central massive
object that can collapse to a black hole (Portegies Zwart et al.
1999; Portegies Zwart & McMillan 2002; Giirkan et al. 2004;
Freitag et al. 2006a, 2006b). It has been suggested that an IMBH
formed through runaway growth actually prevents core collapse
and causes the core to reexpand (Baumgardt et al. 2004). In the
dense clusters we are considering, the timescale for IMBH for-
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mation through runaway mergers is estimated to be <3 Myr
(Portegies Zwart & McMillan 2002; Giirkan et al. 2004). Be-
cause the core collapse time, f.., is expected to obey the relation
tec ~ 0.15¢(0), where #.(0) is the initial core relaxation time,
this constrains £, to be <30 Myr (Giirkan et al. 2004).

Given that a plausible IMBH formation method exists, the
question most pertinent to understanding ULXs is whether an
IMBH, once formed, will gain close stellar companions that can
sustain mass transfer at ULX X-ray luminosities. No prior studies
have attempted to investigate numerically with both dynamics and
binary evolution whether binary formation and mass transfer can
occur with IMBHs in a dense cluster core (for an analytical ex-
ploration of tidal capture and its consequences, see Hopman et al.
2004). Here we take the first step in studying IMBH binary inter-
actions as a ULX possibility, using detailed numerical simulations
that combine dynamical interactions with full binary stellar evo-
lution. In § 2 we outline the details of our simulations. The results
for our standard cluster model (details below) are presented in § 3.
The variations of these results for other cluster models are de-
scribed in § 4. In § 5, we discuss our results, estimating a lower
limit on the incidence of IMBH mass transfer, and we outline our
goals for future simulations.

2. CLUSTER SIMULATIONS WITH CENTRAL IMBH

The goal of our simulations is to examine the ability of IMBHs
in young, dense stellar clusters to form and maintain close binary
systems with companion stars. We employ a numerical code
developed by Ivanova et al. (2005, where a detailed description
of the method can be found). This adopted hybrid code incor-
porates (1) a stellar population synthesis code to evolve single
stars and binary systems (StarTrack; Belczynski et al. 2002,
2006); (2) a semianalytical prescription for two-, three-, and four-
body stellar collisions, disruptions, exchanges, and tidal captures
based on previously derived cross sections; and (3) a numerical
toolkit for direct N-body integration of three- and four-body sys-
tems (FEWBODY; Fregeau et al. 2004).

This combination provides us with a unique numerical tool
that lends itself to the study of binary interactions in cluster cores.
At the young cluster ages that we consider, large-scale cluster
evolution has little effect, so certain simplifications can be made.
The cluster density profile is assigned by dividing the cluster into
two regions: a dense core and an outer halo. In the context of
this model, which is qualitatively based on mass segregation, we
employ a “fixed background” in which the core’s stellar number
density 7. and velocity dispersion ¢ remain constant over the sim-
ulation time (see also, e.g., Hut et al. 1992; Di Stefano & Rappaport
1994; Sigurdsson & Phinney 1995; Portegies Zwart et al. 1997a,
1997b; Rasio et al. 2000). These simplifying assumptions are
necessary at present in order to incorporate both binary evolution,
with all its complications, and basic dynamics in these young,
IMBH-containing clusters. However, recent results of purely dy-
namical simulations of clusters with an IMBH presented by Trenti
etal. (2006) clearly support the assumption of constant core prop-
erties over the simulation time (100 Myr; see their Fig. 1). They
also find that the binding energies of binaries in the core do not
correlate with position (see their Fig. 2), lending tentative support
to the assumption of uniform core properties. Last, we note that
we do not follow the long-term evolution of multiple systems
other than binaries, and therefore we cannot follow the formation
and evolution of a cusp around the IMBH.>

3 Such a cusp is expected to form over a time of the order of the core relaxation
time (f.; Merritt & Szell 2006). In our simulations, which last for ~3¢,., we
therefore consider the very early times during and after cusp formation.
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In our models, an IMBH is added to the core at 1 Myr, in ac-
cordance with estimated IMBH formation times of 1-3 Myr in
clusters (Portegies Zwart & McMillan 2002). To form an IMBH
through runaway collisions, the initial core relaxation time, .,
must be £25-30 Myr (Giirkan et al. 2004). This time is given by
(Spitzer 1987)

3
o
Ire = 0 7 (3)
4.887G? In(yN)n.(m)

where o3p is the three-dimensional velocity dispersion, 7, is the
core number density, N is the total number of stars, (m) is the
average stellar mass, and ~y, the coefficient in the Coulomb loga-
rithm A = N, is assumed to be 0.01 (e.g., Giirkan et al. 2004).
For our standard model (parameters are described below), . ~
29 Myr, in good agreement with the constraint for runaway
collisions.

We evolve the clusters to 100 Myr, as we consider only young
clusters like those with which ULXs are most often associated.
We can then neglect long-term contributions of the outer halo to
cluster evolution and synthesize the entire stellar population of
N = 2.7 x10* in the core. Mass segregation within the core is
incorporated through our choice of the initial mass function (IMF)
used for the stellar population in the core.

An initial binary fraction of 100% is assumed, which provides
the maximum possible concentration of binaries to interact with
and become companions of the IMBH. Observations indicate
that young clusters are expected to have very high binary fractions
(Levine et al. 1999; Apai 2004; Delgado-Donate et al. 2004). This
assumption is also consistent with the suggestion that cluster bi-
nary populations are depleted over time by interactions and stellar
evolution (Mikkola 1983; Hills 1984; Bacon et al. 1996; Fregeau
et al. 2004; Ivanova et al. 2005). Initial conditions for binary
orbital parameters are assigned as outlined in § 3.1 of Ivanova
et al. (2005), with slight modifications:

1. The binary mass ratio ¢ = M>/M, is assigned a uniform
distribution 0 < ¢ < 1, where M; and M, are the binary primary
and secondary, respectively.

2. A uniform logarithmic distribution is used for the binary
period, P, ranging from 0.1 to 107 days.

3. The thermal distribution is used for the binary eccentrici-
ties e with probability density p(e) = 2e.

4. Binary systems are rejected from the initial distribution if one
of the binary components enters Roche lobe overflow (RLOF) at
pericenter.

5. We use the IMF of Kroupa (2002) for primary stars be-
tween 0.8 and 100 M, in most simulations.

6. Secondary stars are restricted in a mass range between 0.05
and 100 M.

Our standard cluster model (model A; see Table 1) has a one-
dimensional stellar velocity dispersion o = 10 km s~! and a core
stellar number density n. = 1.33 x 10° pc—>. The latter corre-
sponds to a luminosity density >107 L., pc~ for a cluster age
<108 yr. The total cluster mass is ~5 x 10* M. We use 100 M,
as our standard IMBH mass, but we explore a range of IMBH
masses from 50 to 500 M, (see § 4.1). Note that each type of
simulation must be repeated many times to obtain good statistics.

We also consider two variations of our standard cluster model
(see Table 1): with model B we explore the effect of a flatter IMF,
and with model C we examine results for less dense clusters.
Detailed simulations of clusters that form an IMBH just before
core collapse have shown that rapid mass segregation preced-
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TABLE 1
CLUSTER MODELS

nC
Model IMF (pc™3)
Kroupa 1.33 x 10°
Flattened 1.33 x 10°
Kroupa 1.33 x 10*

Nortes.—The IMF in model B is a broken power-law mass function £(M ) ~
M, with a = —1.25 for 0.8 < M/M, <5 and a = —1.5 for M/M; > 5.
Models A and B were tested with and without 3BBF. Model A is also tested with
a range of IMBH masses from 50 to 500 M,

ing IMBH formation creates a mass function flatter than Kroupa’s
for stars >5—10 M., (Giirkan et al. 2004; Freitag et al. 2006a;
M. Freitag 2005, private communication). These results have
prompted us to consider the effects of mass segregation on the
formation of IMBH binaries. We have also examined whether any
Brownian-like motion of the IMBH would cause it to interact with
stellar populations that have properties different than those typical
of the compact cluster cores. Assuming energy equipartition exists
between the IMBH and the cluster, the IMBH in a constant-density
core will experience radial oscillations of amplitude (Bahcall &
Wolf 1976)

R ~ Roore <MIMB_H> 1/2, (4)

V3 \ Mot

where R is the core radius, Mypy is the IMBH mass, and
M, 1s the total mass of the rest of the cluster. For a 100 M,
IMBH and total cluster mass ~5 x 10* M, we obtain an os-
cillation amplitude that is safely small: R/Rore =~ 2.5%.

We do not normally allow binary formation through three-
body interactions in any of our simulations, as the initial binary
fraction is 100%, but we do test the effect of three-body binary
formation (3BBF) on models A and B. The details of our
treatment of 3BBF are given in Ivanova et al. (2005).

A large fraction of IMBH binaries acquire at least one and
often a series of tertiary objects; however, no population synthesis
code currently exists that is capable of modeling full stellar evo-
lution for triple systems. For triple systems that are considered
stable after the detailed direct N-body modeling with FEWBODY
(see stability criterion in Mardling & Aarseth 2001), we imple-
ment a “breakage” prescription that is physically self-consistent.
The energy required to eject the outer star is obtained by shrinking
the inner binary orbit. The outer star is released unless the inner
binary merges during shrinkage; in this case the inner system is
allowed to merge and the outer companion is kept at its new, wider
orbit to form the final binary system. The condition for merger is
that the stars in the inner binary are in physical contact at peri-
center, or in the case of an IMBH binary, the secondary star enters
the black hole’s tidal radius

MIMBH> 173 (5)

Riiga =~ R

tidal comp ( Mcomp
We recognize that this artificial treatment can affect the evolu-
tion of IMBH binaries, for example, by preventing eccentricity
boosts via the Kozai mechanism (Kozai 1962). For this reason
we have undertaken a careful analysis of triple breaking and
its effect on our results (see § 3.5). It should also be noted that
in some cases with a RG companion, release of the outer
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3r TABLE 2
2 E IMBH Binary COMPANIONS
P E
1 E Parameter Value
0" MC runs® 167
0 0.2 0.4 0.6 0.8 1 MOTUDS o
e . .
ccentricity 5.90
0.47
0.6 . ] 0.26
04 [ = (N MS) st 0.23
) E E MS MT COMPANIONSE .....vrrieririeeiieeietsieieseieeesseesesssessessesesens 4.36%
0.2 - 3 Post-MS MT companions® 50.00%
ot 3 Foomp. +reeeeeeeeeveeeeseessesnannnns 57.63%
8 IMSg ...... 40.87%
Thost-MS 4.44%
I 2.81%
i _ S e 0.11%
1 ;_ _; Note.—All simulations adopt cluster model A and Mgy = 100 M.
14 0.5 - E  Number of distinct Monte Carlo simulations evolved to 10% yr.
E E ® Average number of companions (of any type) per run.
0 E E ¢ Average number of companions of each type per run. Most post-MS com-
-2 2 panions are captured while on the MS and do not correspond to different stellar

lOg Mcomp [ME)]

Fic. 1.—Probability densities of IMBH binary properties throughout the
simulations: companion mass, orbital separation, and eccentricity. The thermal
distribution, p(e) = 2e, is shown on the eccentricity plot. Results from 167
simulations of model A with a 100 M, IMBH are shown.

companion induces a common-envelope phase in the resulting
binary.

3. RESULTS FOR STANDARD MODEL

In what follows we present the results of our standard, 100 M,
IMBH cluster simulations (model A in Table 1) in the context of
the formation of IMBH binaries that experience mass transfer
and may become observable as ULXs. In § 3.1 we discuss the
characteristics of IMBH companions, including their orbital pa-
rameters, evolutionary types, and mass transfer phases. In § 3.2
we present an example of a single simulation and more details on
the history of the IMBH. In § 3.3 we examine the X-ray luminos-
ities produced by mass transfer and determine the time fraction
over which the IMBH could be observable as a ULX. In § 3.4 we
comment on the statistical interpretation of our results. Finally,
in § 3.5 we analyze triple stellar systems and their possible effect
on mass-transferring binaries.

3.1. Statistical Results on IMBH Companions

The distributions of three orbital parameters, companion mass,
orbital separation, and eccentricity, are shown in Figure 1 for all
100 M, IMBH simulations for cluster model A. The prevalence of
low-mass companions (~1 M) in the core is consistent with the
model IMF that is dominated by such low-mass stars. Orbital sep-
arations of the dynamically formed IMBH binaries range widely
from ~1 to 107 R.,. The lower limit corresponds to the Roche lobe
radius of the IMBH companion. On the other end, the soft bound-
ary for binaries is defined as the “escape radius,”

Asoft = ——5 = 105 RQ (6)

In the simulations, a star is treated as a companion if its orbital
separation is less than 1004y, corresponding to the maximum
orbital separation, 107 R.,. Figure 1 illustrates that the majority

companions.

d Average number of MS and post-MS companions that undergo mass
transfer per run.

¢ Percent of MS and post-MS companions that undergo mass transfer.

f Average percent of total simulation time spent with a companion of any

type.

€ Average percent of time with MS and post-MS companions.
Average percent of time spent in MS and post-MS mass transfer phases.

of IMBH companions have orbital separations between 100 and
10* R.,. Eccentricities follow the initial thermal distribution,
which favors higher values (Fig. 1). These high eccentricities
tend to increase the occurrence of mass transfer events in which
the companion overflows its Roche lobe at pericenter.

We find that the IMBH has a companion for ~60% of the total
simulation time and that it has a mass-transferring companion for
only ~3% of the total evolution time (Table 2). Figure 2 shows
companion masses and orbital characteristics for different evo-
lutionary types. The IMBH companions are overwhelmingly
MS stars due to the much longer lifetime of this phase and their
dominance by number. About 90% of unique 100 M, com-
panions are MS stars for at least part of their binary lifetime; the
IMBH has an average of ~6 MS companions per simulation and
only one post-MS companion for every two simulations. (“Post-
MS”” henceforth refers to all post—main-sequence evolutionary
types capable of driving mass transfer; i.e., neutron stars [ NSs]
and BHs are excluded.) In contrast, post-MS companions are
more likely candidates for RLOF than are MS companions. The
percentage of post-MS companions that undergo mass transfer
in our simulations is much higher than the percentage of mass-
transferring MS companions (see Table 2). As noted above, post-
MS companions are also more likely to enter transient mass
transfer phases, which are more conducive to ULX formation.
However, because the MS lifetime is about 10 times longer, mass
transfer phases of MS companions are typically of longer du-
ration, and the numbers of MS and post-MS mass-transferring
companions per simulation are comparable (Table 2).

3.2. Single Run Example

The binary companion history of a single 100 M, IMBH
simulation, using model A, is shown in Figures 3 and 4. This
simulation is atypical in that it has multiple mass transfer events,
but the behavior of these events is characteristic of mass transfer
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seen in other simulations. Figure 3 shows the IMBH evolution
over time. The black hole has a companion for ~60% of its total
evolution time, which is about the average that we calculate for
all 100 M, simulations (Table 2). Note the often high eccentric-
ities of non—mass-transferring companions, which is also typical
of our simulations (Fig. 1). In the bottom panel of Figure 3, one
can see the hardening of several companion orbits before they
are disrupted by another interaction. The long mass transfer phase
at the end of the simulation characterizes stable, MS mass transfer.

-0.5 0 0.5 1 1.5
log M0 [Mg]

Fic. 4—IMBH companion mass (M) vs. orbital separation (a) for the same
simulation as shown in Fig. 1. Dots denote time steps with an IMBH com-
panion; open circles denote mass-transferring companions. Triangles mark inner-
binary orbital parameters of triple systems, and solid lines connect to the outer
orbital parameters. The maximum companion orbit radii for RLOF are shown at
the end of MS (/ine 1), the start of the RG branch (/ine 2), the maximum possible
stellar radius (/ine 3), and the maximum stellar radius for clusters younger than
103 yr (line 4). Line 5 marks the soft/hard binary boundary.
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Fic. 5.—Distribution of companion masses during IMBH ULX phases for
80 standard model simulations with a 100 M, IMBH. The dotted line indicates
companions in transient mass transfer, and the solid line indicates persistent
mass transfer with Ly > 10°° ergs s~ .

N

log Meomp [Ms]

companion’s circularized orbit is kicked by the supernova to an
eccentricity of about 0.6. As Figure 3 shows, the NS is later forced
into an even higher e orbit by an encounter with an outer com-
panion shown in Figure 4. This causes an eventual merger with the
IMBH. The outer-companion swapping that occurs with the NS-
IMBH binary is frequently observed behavior for a close, stable
binary; more details on the behavior of triple systems are pre-
sented in § 3.5.

3.3. X-Ray Luminosities

We examine the range of X-ray luminosities produced by the
various mass transfer phases that occur in our standard model
simulations. The binary evolution component of the simulations
allows us to calculate the mass transfer rate M driven by RLOF
donors to the IMBH. We compare this rate to the critical rate M
for transient behavior (eq. [2]) to determine whether the IMBH
XRB is persistent or transient. If persistent, the transfer rate from
the donor is converted to an expected X-ray luminosity; if tran-
sient, we assume that the XRB emits at its Eddington luminosity
during disk outbursts (Kalogera et al. 2004; Ivanova & Kalogera
2006). In model A clusters with a 100 M, IMBH, the total mass
transfer time fraction is about 3%. Of this, about 10% is spent
under transient conditions, i.e., M < M. However, only a very
small fraction of the transient mass transfer time, comparable to
the transient duty cycle, will be spent in outburst. Observations
of Galactic transients imply that this duty cycle is of the order of
a few percent (McClintock & Remillard 2006). Such short duty
cycles correspond to very low time fractions of the 108 yr cluster
age that could be associated with ULX emission: <0.03%. The
probability of detecting one of these transient sources in outburst
is unfortunately vanishingly low. The other 90% of the mass
transfer time in our simulations is persistent, and a ULX will re-
sult, by definition, if the X-ray luminosity exceeds 10 ergs s~!.
We find that a 100 M, IMBH becomes a persistent ULX for only
~2% of total mass transfer time in model A clusters; this cor-
responds to ~0.06% of the total age of the young clusters we
consider here. We conclude that either persistent or transient
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Fic. 6.—Distribution of mass transfer time fraction for 167 standard model
simulations with a 100 M, IMBH.

IMBH ULXs would be observable for only a tiny fraction
(<0.1%) of the cluster lifetime.

The mass distribution of IMBH companions as they evolve
throughout the simulation time is shown in Figure 5, for all stan-
dard model simulations and for both transient and persistent ULX
phases. Note that the persistent sources are in general fueled by
more massive companions.? This is of particular relevance to
recent observations of NGC 1313 X-2 that indicate the presence
of two massive stars (10 and 20 M) in this highly luminous
(Lx ~ 10* ergs s~') ULX source (Mucciarelli et al. 2005). It
is evident that such high-mass donors are not uncommon, even
though the overall time fraction spent at ULX luminosities is very
small.

3.4. Averages versus Medians

It should be emphasized that the mass transfer time fractions
we present are averaged over all simulations and that individual
simulations are given equal weight, but their results do vary over
a wide range. The majority of our simulations have no IMBH
mass transfer events at all; it turns out that the median mass
transfer time fraction for each cluster model is always at or very
near zero (Fig. 6). At the other extreme, IMBHs in a few model
A simulations acquire very stable mass-transferring companions
and spend more than half of their total evolution time in mass
transfer phases. It is clear that the averages reported are affected
by the presence of these rare outliers, as one can see by compar-
ing the entire model A data set (Table 2, f1g and 2% _s) to the
smaller set for which triple system data were obtained, which
does not include the outliers ( Table 3, #). We would like to note
that for the majority of our simulations the predictions for the
IMBH binaries leading to mass transfer with X-ray luminosities in
the ULX regime could be even lower than we report based on the
average quantities and results. Ultimately, we chose to use time

4 The very low mass companions at ~0.1 and ~0.01 M, are actually the
same WD companion through a mass transfer phase that starts as persistent and
ends in a transient stage; the WD has been brought into Roche lobe overflow by
a dynamical interaction that pumped up the orbital eccentricity to ~0.9.
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TripLE SYSTEMS AND IMBH CoMmPANIONS C 100 M, "' -‘.l : e T 150 M, ‘(,.-. ..-..u o ]
08| s T % 7
Parameter Value S & ® . N . ]
I FYCy . ]
L rAe + ‘® * . * |
IMC TUNS™ ..o en 109 06 2 T g’ ™ b
(Nuip)® ; 3.46 o o ) I 3. . , ]
(Natip/Noin) S evneeeesneessnesesmmeseasssessesessessssssssssssesssssssssessssessenns 0.50 2 04 §A’: T o> -
C1OSE tTIPIES®.....ooooeeoe e 28.90% E r I . ]
Affected MT COMPANIONS..........ovevererierierieeieesesesssse e nenes 47.72% < 0z 4 T4 7
Close MT COMPANIONS' ..........orvveereveeereeeeseeeeereseeeeeiee s 10.24% 5} [ | | | | I | | | | ]
1.60% Q0 PR e
. 21.07% o ! r s
B et 4.96% E 08 _ _
Note.—All simulations adopt cluster model A and Mgy = 100 M. g N ] ]
? Number of distinct Monte Carlo simulations for which triples data were 06T ] ]
obtained (note that Tables 3 and 5 are based on smaller sample sizes than are [ ] ]
other data). 0.4 | b ]
® Average number of unique triple systems per run. r 1 ]
¢ Average ratio of distinct triple systems to distinct binary systems formed. 0.2 B B
4 Percent of triples that are “close” (pout/ain < 3). [ ] ]
¢ Percent of mass transfer companions that are potentially affected by one ol | | | | T .
0 1 2 3 4 [} 1 2 3 4 5

or more tertiary companions gained during their lifetime.

f Percent of mass transfer companions that are potentially affected by one
or more close tertiary companions gained during their lifetime.

€ Percent of total simulation time spent in mass transfer phases.

f‘ Percent of total mass transfer time potentially affected by triples.

! Percent of total mass transfer time potentially affected by close triples.

averages because they allow us to explore qualitative trends in the
results (e.g., amount of MS vs. post-MS mass transfer). Since
medians end up equal to zero, they are not useful for such ex-
plorations. Time averages also allow comparisons with observa-
tions in terms of ULX number occurrence in a large number of
young clusters studied.

3.5. Triple Systems

The significant number of triple systems that form and are
artificially (although physically self-consistently, i.e., conserv-
ing energy) disrupted in our simulations warrant a separate anal-
ysis of their possible effect on mass transfer. The NS merger event
shown in the example simulation (Figs. 3 and 4), which resulted
from an eccentricity boost by a third object, indicates that three-
body interactions can play an important role even when triples are
artificially broken. By analyzing the initial orbital characteristics
of triples and their coincidence with mass transfer phases, we
develop a sense of whether our treatment of triples is, in fact, a
reasonable approximation.

Almost all of the triples are hard in the outer orbit (see Fig. 4),
but depending on orbital parameters, the inner binaries may not
be influenced by the outer companion. We quantify the degree of
possible companion interaction using the ratio of the outer or-
bit’s pericenter to the inner orbit’s apocenter ( pou/ain ), that is, the
closest possible approach between the two bodies. The result is
shown in Figure 7 (fop left) and in Table 3. We assign poy/ain <
3 as the critical value of this ratio, below which it is likely that
the outer companion will have a nonnegligible effect on the in-
ner binary. These “close” systems comprise less than % of all
triples.

Another diagnostic for triple systems is to calculate the per-
centage of mass transfer phases potentially affected. We consider
mass transfer that follows or coincides with triple formation to be
“affected” mass transfer. More importantly, we also calculate the
percentage of mass transfer phases associated with close triples.
While almost half of mass-transferring companions are affected,
only ~10% are affected by close triples (Table 3). If we instead

lo@lo (aouter/ainner)

FiG. 7.—Triple systems formed for 16 simulations of 100, 150,200, and 500 M,
IMBHSs. The outer orbit’s eccentricity is plotted vs. the ratio of orbital separations
for each triple system. Systems for which poy/ai, < 3 are denoted by open tri-
angles; other triples are shown by filled circles.

consider the total mass transfer time that is similarly affected, this
fraction drops to ~5%.

Apart from calculating the fractions of binaries and mass
transfer phases that could be affected by our treatment of triples,
we also attempt to quantify the possible effects of triple breaking
on the mass transfer phases. One way in which an outer compan-
ion could affect the inner binary is through the Kozai mechanism
(Kozai 1962), which can increase the eccentricity of the inner
binary and lead to mass transfer. We cannot exclude a priori that
by breaking the triples we miss some mass transfer events in-
volving the IMBH. We calculate the timescale for the inner bi-
nary to reach maximum eccentricity due to the Kozai mechanism
using the initial orbital parameters of the triples (Innanen et al.
1997; Mikkola & Tanikawa 1998; Wen 2003):

ANGHZ: 0.5
oot () () - @

o ai

where f ~ 0.42 In (1/e;)/(sin’ip — 0.4)°3, e,y and i are the ini-
tial inner eccentricity and inclination, respectively, e, is the outer
eccentricity, M, is the total mass of the inner binary, M,, is the outer
companion mass, g; and a,, are the inner and outer orbital separa-
tions, masses are in units of solar masses, and distances are in as-
tronomical units. If 7, is sufficiently short, the outer companion
left alone could cause the inner binary to undergo mass transfer at
pericenter. However, this would be possible only if 7, is shorter
than the collision timescale, 7, appropriate for the triple system:

o (M)
Teol = (1.7 % 10° yr)n2k 2n ' L
con = ) MZM?
2 Mot + (M) -
| Il el Vs 8
X<+nk MM, M) (8)

where (M) is the average single star mass, 7 is the cluster’s stellar
number density per cubic parsec, and a strong encounter is defined



434 BLECHA ET AL. Vol. 642

by the closest approach dp.x < ka, with k£ ~ 2 (Ivanova et al.
2005). Here 7, the hardness of the binary, is defined as

GMM,
a,0 (M)’

U )
where o is the stellar velocity dispersion. We find that only ~11%
ofall triples have 7k, < 7col- If these systems were not artificially
disrupted, they could potentially induce mass transfer through
Kozai resonance that is not seen in our simulations. However, we
also note that disrupting a triple changes the properties of the inner
binary, and this can also lead to mass transfer. We find that about
7% of all tertiary companions are broken before or during a mass
transfer phase in inner binaries; this is the maximum fraction of
broken triples in our set of standard simulations that could artifi-
cially create mass transfer by shrinking the inner binary. Further-
more, we have examined the simulation data and found that there
is essentially no overlap between disrupted triples that precede
mass transfer and triples with 7xo, < 7con1- Because the two popu-
lations are comparable in size (7% and 11%, respectively), we
conclude that these possible effects on mass transfer events more
or less mutually cancel.

It should be noted that a small fraction (~4%—8%) of triple
systems form when a tight binary is captured by the IMBH; in
this case, the IMBH is recorded as the outer, “ejected”” compan-
ion and binary evolution is subsequently followed for only the
two closely orbiting companions. The data from this small num-
ber of unusual disrupted triples are not included in our results and
have a negligible effect on the overall IMBH binary evolution.

4. PARAMETER STUDY OF CLUSTERS
WITH CENTRAL IMBH

4.1. IMBH Mass

Table 4 outlines the evolutionary differences between IMBH
masses in model A clusters. The overall increase in companion

TABLE 4
IMBH Binary Companions: AL IMBH MassEes

Parameter Value

MvBH (M) v, 50 100 150 200 500

MC runs..... . 29 167 79 33 44

(Neomp) . 248 649 1052 1203 22.66
(NMs ) v .. 207 590 9.57 11.39 20.98
(Npost-Ms) © - .. 034 047 0.84 0.55 098
(N]\I,,\"ST)d ........ .. 0.10 0.26  0.46 048 091
(NQQ_MSV ......................... .. 0.14 023 0.38 021 0.32
MS MT companions® (%)..... .. 5.00 436 4.76 425 433
Post-MS MT companions® (%)........  40.00  50.00 4545 3889 32.56
tcompf (0) cveeeeieieeneeecc e 2498 57.63 70.04 76.51 89.69
VO CZ) IS .. 1876 40.87 53.69 60.89 56.95
toost-ms® (%0). .. 3.59 444 405 1.77 236
O 7 Y 0.21 281 0.76 1.71 243
t;ﬁ;_Msh (%0) e 0.02 0.11 0.16 0.05 0.10

Note.—All simulations adopt cluster model A.

* Number of distinct Monte Carlo simulations evolved to 10% yr.

° Average number of companions (of any type) per run.

¢ Average number of companions of each type per run. Most post-MS
companions are captured while on the MS and do not correspond to different
stellar companions.

4 Average number of MS and post-MS companions that undergo mass
transfer per run.

¢ Percent of MS and post-MS companions that undergo mass transfer.

f Average percent of total simulation time spent with a companion of any type.

¢ Average percent of time with MS and post-MS companions.

P Average percent of time spent in MS and post-MS mass transfer phases.
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Fic. 8.—Increase in companion acquiring rate for a typical 500 M, simula-
tion over a 100 M, simulation (cf. Fig. 1); the IMBH has a companion for almost
all of its lifetime. Top, companion mass; middle, eccentricity; bottom, orbital
separation.

capture with IMBH mass is apparent. Note that the fractions of
both MS and post-MS companions that undergo mass transfer
are fairly consistent for all IMBH masses. This underscores the
greatly increased likelihood for a post-MS companion to undergo
mass transfer compared to a MS companion, independent of exter-
nal factors. The time fractions spent with a companion of any type
also increase monotonically with IMBH mass, but because BH
companions are more prevalent at higher masses, this behavior is
not as clearly seen for MS or post-MS companions. The evolu-
tionary history of a typical single 500 M, simulation is shown in
Figure 8 to illustrate the large fraction of its lifetime spent with a
companion.

A clear result in Table 4 is that 50 A, IMBHs have a very low
rate of companion capture and mass transfer events. This places
a lower limit on the IMBH mass likely to form a luminous X-ray
binary. For higher IMBH masses, we emphasize as in § 3.4 that
the average mass transfer time fractions are typically dominated
by a few simulations with very long mass transfer phases. Con-
sequently, we do not observe any significant difference in £fs or
tggt-Ms over the range of IMBH masses.

As in 100 M., IMBH clusters, X-ray luminosities for other
IMBH masses produce transient or persistent ULXs for insignif-
icant fractions of the cluster lifetime, except possibly for 500 M.
Clusters with 500 M, IMBHs do spend significantly more of their
mass transfer time as ULX sources; these systems are transient for
~40% of the mass transfer time and persistent ULXs for ~12%
of the mass transfer time. Even so, these ULXs would be observ-
able for only ~0.35% of the total cluster lifetime.

The rate of triple system formation increases monotonically
with IMBH mass (Fig. 7 and Table 5). Clusters with a 50 M,
IMBH have very few triple systems, as is expected based on their
low rate of IMBH binary formation. 500 M, IMBHs have by far
the highest average rate of triple formation. In fact, more tertiary
systems than binary systems form in this case, in a ratio of 1.6 : 1
compared to 0.5:1 for 100 M, simulations (Table 5). Our ar-
tificial treatment of triples limits our ability to reliably analyze
clusters with an IMBH 2500 M. In the 100—-200 M, range, we
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TABLE 6
IMBH Binary Companions: ALL CLUSTER MODELS

Parameter Value Parameter Value
MivBH (M) e 50 100 150 200 500 1Y (310 DN A A+ B B+ C
MC TUNS oo 20 109 53 16 39 MC TUNS® .o 167 12 102 19 37
(Nigip)® covvversreeneesessssssnesssesssssssnee 090 346 798 944 3559 (Neomp)® eevveeeeessneneesessssssneessssssssnn 649 775 435 432 216
(Nigip/Noin)eerneeevermeeeesssseessesnesenne 038 050 075 081 1.58 (VMS) cevrmrerreeiseeesses s 590 692 315 3.05 203
Close triples® (%) . 50.00 28.90 18.91 2649 22.05 (Npost-Ms)° 047 050 059 058 0.13
Affected MT companions® (%)...... 66.67 4772 6222 3333 71.43 (NMIYS ... 026 050 016 021 0.05
Close MT companions’ (%)..........  0.00 1024 1333  6.67 20.41 (N ) 023 025 021 021 003
TNl CZ) J 032 1.60 111  1.00 2.02 MS MT companions® (%)............... 436 723 497 690 2.67
T (96) s 313 21.07 41.82 25.16 67.08 Post-MS MT companions® (%)....... 50.00 50.00 35.00 36.36 20.00
IR 7 J 0.00 496 7.57 0.0 27.14 Leomp. (%) evvvverrerrnererrennsesesssssssssssssss 57.63 61.43 4035 39.82 34.71
Nl 73 40.87 4890 1888 23.19 32.35

Note.—All simulations adopt cluster model A.

# Number of distinct Monte Carlo simulations for which triples data were
obtained (note that Tables 3 and 5 are based on smaller sample sizes than are
other data).

® Average number of unique triple systems per run.

¢ Average ratio of distinct triple systems to distinct binary systems formed.

4 Percent of triples that are “close” (pout/din < 3).

¢ Percent of mass transfer companions that are potentially affected by one
or more tertiary companions gained during their lifetime.

f Percent of mass transfer companions that are potentially affected by one
or more close tertiary companions gained during their lifetime.

€ Percent of total simulation time spent in mass transfer phases.

?’ Percent of total mass transfer time potentially affected by triples.

! Percent of total mass transfer time potentially affected by close triples.

do not find any conclusive pattern in the percentage of triples with
close orbits or in the percentage of mass transfer affected by triples.

4.2. Cluster Models

To determine the dependence of our results on initial cluster
conditions, we test two variations of our standard cluster model,
as outlined in Table 1. We use our standard IMBH mass of 100 M,
for all these simulations.

In model C, when a lower number density is used (n. =
10* pc=3), the IMBH has a companion for only ~35% of its
evolution time, about half the companion time fraction calcu-
lated for the higher density model (Table 6). The IMBH spends
only a fraction of a percent of total simulation time with mass-
transferring companions (0.53%). We conclude that clusters with
our standard core number density, 7. = 10° pc’3 , are much more
likely to contain an accreting IMBH ULX.

IMBH companions in clusters with a flattened IMF (model B)
are slightly more massive, as expected, with most between ~1 and
10 M., (Fig. 9). The IMBH has a binary companion for a shorter
time fraction (40%) than in model A simulations (Table 6). A
decrease is also seen in the mass transfer time fraction between the
two models. This could possibly result from having more massive
stars in the core, due to the flatter IMF, that interact with and can
disrupt IMBH binaries. However, we caution again that the mass
transfer time fraction for our standard model is dominated by a
few outliers, so the difference seen in model B may or may not be
significant.

The time in which the model B clusters are observable as ULX
sources is very short, as in model A clusters: a transient ULX
forms for about 3.5% of the total mass transfer time, and per-
sistent mass transfer at ULX luminosities occurs for about 7% of
the mass transfer time. These imply a possible ULX time fraction
of <0.05%. Furthermore, the behavior of triple systems in model
B is qualitatively and quantitatively similar to that of triple sys-
tems in standard model clusters.

Small differences can be seen when 3BBF is allowed in the
cluster. 3BBF enhances the rate at which massive objects can

444  5.56 469 2.10 0.50
281 143 054 0.17 0.2
0.11  0.05 0.04 0.07 0.01

MT h
tpost-MS (%)

Notes.—See Table 1 for the details of each model. Models A+ and B+ are
identical to A and B, but with 3BBF allowed.

* Number of distinct Monte Carlo simulations evolved to 10% yr.

® Average number of companions (of any type) per run.

¢ Average number of companions of each type per run. Most post-MS com-
panions are captured while on the MS and do not correspond to different stellar
companions.

4" Average number of MS and post-MS companions that undergo mass
transfer per run.

¢ Percent of MS and post-MS companions that undergo mass transfer.

" Average percent of total simulation time spent with a companion of any type.

& Average percent of time with MS and post-MS companions.

Average percent of time spent in MS and post-MS mass transfer phases.

grow through collisions, since the hard formed binaries can col-
lide with other formed binaries. As a result, companions are a bit
more massive in clusters with 3BBF (Fig. 9). The difference in
the mass distributions is small, but a larger effect is seen in the
mass transfer time fraction. The time the IMBH spends with a
mass-transferring companion decreases by more than half when
3BBF is included. This phenomenon is probably similar to that
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Fic. 9.—Probability density of companion mass at each time step, shown
for cluster models A (167 runs), B (102 runs), A+ (12 runs), and B+ (19 runs).
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causing the disparity in mass transfer time between model A and
B clusters.

Due to the 100% initial binary fraction, we do not need 3BBF
to form binaries. Overall, we see that our cluster models are
qualitatively similar with and without 3BBF, so we conclude that
we can safely omit 3BBF from our simulations.

5. DISCUSSION

We have undertaken the first detailed investigation of IMBH
interactions in young (~100 Myr), dense cluster cores, incorpo-
rating binary dynamics with full binary star evolution. Specifi-
cally, we study the prevalence and characteristics of interacting
binaries involving the central IMBH, and we examine and can
better understand their role as potential ULX sources. We use nu-
merical cluster simulations that simplify some aspects of detailed
dynamical evolution and allow us to focus on individual core
stellar interactions while largely ignoring long-term cluster evo-
lution. We analyze our results in terms of the frequency of IMBH
binaries formed and their properties, the frequency of associated
mass-transferring IMBH binaries, and the associated X-ray lumi-
nosities expected. With our cluster model A, we explore an IMBH
mass range of 50-500 M., and we study two variations on this
model as well (Table 1). Finally, we analyze the nature of triple
systems formed as a possible influence on our results here and as a
guide for designing future simulations.

Our main results are summarized as follows:

1. IMBHs more massive than 100 M, in model A clusters
spend the majority (>50%) of their evolution time with a binary
companion.

2. Mass-transferring IMBH companions are relatively rare
(~3% of the IMBH evolution time on average) compared to the
total time the IMBH spends with a companion, but when they do
occur, the mass transfer persists for relatively long times.

3. IMBHs spend more time in mass transfer phases with MS
companions than with post-MS companions.

4. A much larger number fraction of post-MS companions
than MS companions undergo mass transfer.

5. Inmodel A clusters, IMBH binaries are found to be persistent
X-ray sources for about 90% of the total mass transfer time, but
the X-ray luminosity reaches ULX values (Lx > 10°° ergs s™!)
for only ~2% of the mass transfer time. For the rest of the mass
transfer time (~10%), IMBH binaries are found to be transients,
which have short duty cycles. Given that the typical total mass
transfer time is ~3% of the IMBH evolution time, these results
amount to a vanishingly small observable-ULX time fraction
(<1%) over the lifetime of the young clusters we consider.

6. Higher mass IMBHs capture more companions throughout
their evolution, making them more likely in a statistical sense to
capture a companion that can overflow its Roche lobe.

7. Model A clusters with a 50 M, IMBH and cluster model C
have very few mass-transferring IMBH binaries.

8. In model B clusters, the IMBH spends less time with a
companion (40% of the total time) and less time in mass transfer
(<1% of the total time) than in Model A clusters.

9. Forall cluster models and IMBH masses explored here, the
possible ULX time fraction of the cluster lifetime (100 Myr) is
found to be typically ~0.1% or even smaller.

We note that results presented by Hopman et al. (2004) imply
a higher incidence of possible ULX activity associated with
MS companions to central IMBHs (typically with a duration of
2107 yr). However, these calculations are based on analytical
estimates of the possible tidal capture rates (assuming the most
optimistic conditions for tidal capture) for an IMBH in a cluster of
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single MS stars and the subsequent isolated binary evolution of
MS companions. We do allow for tidal captures in our simulations
(for details of implementation see Ivanova et al. 2005), but they
turn out to be a negligible contributor to the rate at which IMBHs
acquire companions (exchanges into binaries is by far the domi-
nant process). This difference is most likely due to the lower
IMBH mass range we explore. The binary evolution calculations
of Hopman et al. (2004) are not integrated with any dynamical
evolution (analytically or numerically), and, based on our results,
we conclude that the assumption of isolated evolution is not re-
alistic. Given the substantial differences in calculation methods,
however, it is not possible to make direct and quantitative com-
parisons between this study and our study. We further note that our
conclusions about the low probability of ULX formation are in
agreement with a recent study by Madhusudhan et al. (2006), who
investigated binary mass transfer sequences with an IMBH.

Last, we recognize triple systems as one possibly limiting factor
in our simulations. Since triples are artificially disrupted as they
form, we examine the influence of triples in terms of their initial
orbital parameters and their coincidence with mass transfer phases.
We find that while a large number of triple systems form per sim-
ulation, and while about 12 of all 100—200 M, mass-transferring
companions do coincide with triple system formation, only a
small fraction of mass transfer phases are affected by triples with
“close” orbits. Furthermore, two opposing phenomena related to
triple breaking may cause some uncertainties. Mass transfer may
be prevented when potential Kozai evolution is artificially inter-
rupted, or it may be artificially induced when release of the outer
companion shrinks the inner binary. We find that both effects are
relevant for only small, roughly equivalent fractions of triples,
causing a negligible net impact on our mass transfer results. There-
fore, we conclude that our treatment of triples in the regime of
IMBH masses considered here does not influence our conclusions
about the possibility of IMBH ULX formation. However, given
the higher occurrence of triples in our 500 M, runs, the issues of
multiples and cusp formation are most probably more important
for more massive IMBHs (2500 M,,) than those considered here.

For these more massive IMBHs, a more physical treatment of
multiple systems would in principle allow the remaining uncer-
tainties regarding triples, multiples, and the ultimate formation
of central cusps to be resolved. However, to examine ULX for-
mation, treatment of the stellar evolution of multiple systems
cannot be ignored (especially when it involves massive-star com-
panions that lose mass in winds, experience core collapse, and can
themselves disrupt orbits and alter dynamical evolution). Simu-
lations that incorporate all of these effects are simply not possible
at present. Instead, for our future explorations of the IMBH-ULX
connection in dense clusters, we plan to implement simulations
that would represent an improvement over those presented here.
Such future calculations could differentiate between triple systems
in which the inner binary may be disturbed and those in which the
outer companion can be ignored. In the latter case, the third com-
panion would be kept in the system and its dynamical evolution
alone could be simulated, while full stellar evolution and dynam-
ics are calculated for the inner binary.
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