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Despite their potential role as massive seeds for quasars, in dwarf galaxy feedback, and in tidal
disruption events, the observational evidence for intermediate-mass black holes (IMBHs) is scarce. LISA
may observe stellar-mass black hole binaries orbiting galactic IMBHs and reveal the presence of the IMBH
by measuring the Doppler shift in the gravitational waveform induced by the binary’s radial velocity. We
estimate the number of detectable Doppler shift events from the Milky Way globular clusters (assuming
they host IMBHs), and we find that it decreases with the IMBH mass. A few galactic globular clusters
(including M22 and @ Centauri) may produce at least one event detectable by LISA. Even in more
pessimistic scenarios, one could still expect ~1 event overall in the Milky Way. We also estimate the
number of Doppler shift events for IMBHs wandering in the Milky Way as a result of the disruption of their
parent clusters. If there is at least one binary black hole orbiting around each wandering IMBH, LISA may
detect up to a few tens of Doppler shift events from this elusive IMBH population. Under more pessimistic
assumptions, LISA may still detect ~1 wandering IMBH that would hardly be observable otherwise.
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I. INTRODUCTION

The existence of intermediate-mass black holes (IMBHs)
is still controversial. While the boundaries between different
classes of black holes are largely a matter of convention,
IMBHs are usually assumed to have masses in the range
~10? — 10° M, filling the gap between stellar black holes
(SBHs, with mass <100 M) and supermassive black holes
(with mass >10% M). Unlike their lighter and heavier
counterparts, IMBHs remain elusive [I-3]. Finding
IMBHSs would have important implications for a wide range
of phenomena, including the seeding of supermassive black
holes, galaxy evolution, accretion, tidal disruption events,
and gravitational waves (GWs) [4].

There are three main classes of proposed formation
mechanisms for IMBHs [5]. The first predicts that IMBHs
of ~10* — 103 M, are produced from the direct collapse of
a metal-poor gas cloud, without passing through all the
phases of stellar evolution [6-9]. The second requires
massive Population IIT stars, which can collapse to
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IMBHs of ~100 M as a result of inefficient cooling
[10-13]. The third involves dense star clusters, where an
IMBH of mass ~10> — 10* M, can form either as a result
of repeated mergers of SBHs, or from the collapse of a very
massive star formed via stellar mergers [14-30].
Observational signatures of IMBHs are under intense
scrutiny. Accreting IMBHs could be detected in galactic
nuclei using observations ranging from the radio to the x-
ray band, or as ultraluminous x-ray sources in the field
[1,31,32]. The existence of nonaccreting IMBHs can be
inferred by tracking the orbits of stars and gas in their
vicinity [33,34]. However, stellar crowding makes these
detections very challenging [35—40]. IMBHs that lurk in
the centers of dense star clusters can interact and disrupt
stars, resulting in detectable tidal disruption events [3,41—
46], similar to those observed in galactic nuclei harboring
supermassive black holes (see e.g., [47-50]). Close to the
Galactic Center, electromagnetically quiet IMBHs can also
be detected by pulsar timing with a timing accuracy of
100 ns—10 us using pulsars at distances 0.1—1 pc from the
center [51]. Finally, the inspiral of a SBH into an IMBH and
the merger of an IMBH binary could be detected with
present and upcoming GW interferometers such as LIGO/
Virgo/KAGRA, LISA, Cosmic Explorer, and the Einstein
Telescope. These systems are particularly interesting for
multiband GW astronomy [52-54]. In particular, LISA will
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FIG. 1. Schematic illustration of the IMBH detection method explored in this paper. The radial motion of a BBH orbiting an IMBH
located in a GC causes a periodic Doppler shift—either a redshift or a blueshift—in the GW signal observed by LISA. The detection of
the Doppler shift can be used to infer the presence of the IMBH.

be able to observe IMBH-SBH binaries and IMBH binaries
up to redshifts z ~ 1-2 [25,52,55-61]. The LIGO/Virgo
Collaboration (LVC) recently detected the first IMBH ever,
the ~150 M remnant from the GW190521 binary black
hole (BBH) merger event [62,63], thus validating the
expectation that GWs are uniquely well suited to finding
IMBHs. The second part of LIGO/Virgo’s third observing
run (O3b) revealed another significant, somewhat less
massive IMBH candidate, GW200220_061928, and a
few other events on the lower end of the IMBH mass
range [64].

In this paper we explore the possibility of an indirect
detection of IMBHs through LISA observations of GWs
from stellar-mass BBHs. As pointed out in Ref. [65], and
schematically illustrated in Fig. 1, the radial motion of a
binary system orbiting a third, more massive body can
produce Doppler shifts in the GW signal from the stellar-
mass binary. These Doppler shifts may be detectable by
LISA (see also [66-70] for other applications of Doppler
shift observations and [71] for Doppler shift detectability in
LIGO). Consider for example a BBH with component
masses of 30 M, orbiting a 10 M, IMBH at a distance
R =20 AU: a few years before merger, LISA could
measure the resulting Doppler shift in the GW signal as
far as 16 Mpc at signal-to-noise ratio (SNR) of 100, and as
far as 162.6 Mpc at SNR of 10, with a relative error
~0.001% and ~0.01%, respectively.'

'Note that these numbers reproduce the SOBH case from
Table 1 of Ref. [65] and have been updated by using the LISA
power spectral density adopted in this work (see Sec. II for
details).

Our main goal is to estimate the rates at which LISA
could find IMBHs lurking in globular clusters (GCs) by
measuring the radial velocity modulations in the GW signal
of BBHs orbiting the IMBH. Most such BBHs are far from
merger, and LISA can only measure the Doppler modu-
lations if they are within ~100 kpc (that is, within the
Milky Way). In this paper, we first estimate the rates of
IMBH detections via LISA radial velocity measurements
by using catalogs of the observed population of GCs in the
Milky Way. Then we ask whether the radial velocity
method could spot IMBHs that are wandering in the
Galaxy, being left behind as a result of the disruption of
their parent clusters.

The paper is organized as follows. In Sec. I we present our
waveform model and parameter estimation method, and in
Sec. III we describe our astrophysical models. In Sec. IV we
report our results for the number of detectable Doppler shift
events, both in galactic GCs and in the neighborhoods of
wandering IMBHs. Finally, in Sec. V we summarize our
conclusions and discuss possible directions for future work.
Throughout this paper we use geometrical units (G = ¢ = 1).

II. WAVEFORM MODEL AND PARAMETER
ESTIMATION

In order to take into account the Doppler shifts in a GW
signal, we start off with the frequency-domain expression
for the gravitational waveform from a BBH of component
masses m; and m,:

V3

hE,O) (f) — TA(I)Af_7/6ei[ly(f)_w”(t)_w’(t)], (1)
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where

5 M6
A= |2 2
967[2/3DL ( )

the index a = I, II denotes the two independent interfero-
metric responses in the LISA arms [72], f is the GW
frequency, M = */>(m; + m,) is the chirp mass, 1 =
mym,/(m, + m,)? is the symmetric mass ratio, and D, is
the luminosity distance. The amplitude A(7), polarization
phase ¢,(t), and Doppler phase ¢, (), where t = t(f),
arise from the geometry of the interferometer and from its
motion around the Sun [72]. They can be expressed in
terms of the sky position angles (6, ¢5) of the BBH with
respect to the Solar System, and the orientation angles
(6., ;) of the BBH’s orbital angular momentum. For the
functions W(f) and ¢ = #(f), which encode the inspiral
dynamics of the BBH under gravitational radiation reac-
tion, we use expansions up to second post-Newtonian
(2PN) order, assuming for simplicity that the binary
components are nonspinning [73]. The inclusion of spins
would have a mild effect on our final results. Including
aligned spins adds two parameters to the waveform and
gives rise to degeneracies, thus increasing Fisher matrix
errors [73]. However, taking into account waveform mod-
ulations due to spin precession effectively breaks these
degeneracies, making the errors comparable to the non-
spinning case [74] (see Appendixes A1 and A2 for
precession timescales). Without loss of generality, we set
the coalescence time 7, and the coalescence phase ¢, to zero.
We collectively denote all parameters entering Egs. (1) and
(2) as the components of a vector 8, = {M,n, Dy, t., P,
Os.0L. ¢s. L}

Let us now consider the case where the BBH orbits an
IMBH of mass Mgy on a circular orbit of semimajor axis
R and inclination 7 with respect to the plane of sky. The
Doppler shift due to the motion of the binary gives rise to a
correction to the phase. As long as the frequency of the GW
signal changes slowly compared to the orbital period P
of the binary around the IMBH, the resulting waveform

reads [65]
I

Here P is the BBH orbital period around the IMBH,

R3 R \32/ M -1/2
i 1 yr - tot , (4)
M, 10 AU 10° M,

with Mo, = Mvpn + my + my, and )| is the amplitude of
the radial velocity

ha(f;él) = h(()zO) (f, ea) €xXp |:if1}P Sin(

P =2z

2nRsin MIMBH
P Mo

— 300 kms™! (Rsml> (L>_1 (%> (5)
10 AU/ \1 yr M o
The extended set of waveform parameters 6, now includes
both v and P, i.e., 6, = 6, U {v|, P}. The choice of the
initial orbital phase is irrelevant as long as the observation
time T 2 P.
To estimate the relative errors Av) /v and AP/P we use

the Fisher matrix method (see e.g., [73,75]). In our
particular case, the Fisher matrix 'y, and SNR read

o=

ab = A < [
a=1.117 /o 00, 06, Sy (f)

fot+of |ha|2df} 12
SNR = |4 —_— ., 7
|: a:zl.:ll ~/fo Sn(f) ( )

(6)

where S,,(f) denotes the LISA noise power spectral density
[76]. Here we use the noise power spectral density S,(f)
corresponding to the LISA Science Requirements
Document (SciRD), corrected for the “de-averaging” factor
of 3/20, and including the foreground of galactic white
dwarf binaries corresponding to 4 years of observation. The
errors in the parameters are given by the diagonal terms of
the correlation matrix (the inverse of the Fisher matrix), i.e.,
A, = (T1),, (no summation implied). In the equations
above, f is the GW frequency at the beginning of the BBH
observation, and §f is the change in frequency during the
observation time. Given an expression for #(f), as dis-
cussed below Egs. (1) and (2), the change in frequency can
be found from ¢#(fy+ 6f) —t(fog) = Tops, Where we
assume T, =4 yr to be the nominal observation time
for LISA [77] (see [78] for a discussion of different options
for the mission duration).

Since the BBHs under consideration are usually observed
long before merger, typically 6f/ f, < 1. This means that we
must be careful to evaluate the integral in Eq. (6) with
sufficient accuracy. Indeed, the integrand y ,;, is a sum of two
direct vector products: y,, aafzdbfz + f126a¢0b¢, where
h = |h,|/+/S, and ¢ = arg h,,. Therefore, if we expand T,
to first order in §f, detT"y;, o (5f)V dety,;, = 0, where N is
the number of parameters (N = 11 in our case). This makes
the determinant at least O((5f)¥*!), and special care is
required when inverting the matrix. We use the PYTHON
library MPMATH [79] for arbitrary precision arithmetic,
setting the number of significant digits equal to 75.

III. ASTROPHYSICAL SCENARIOS

In this section we introduce some astrophysical models
to estimate the number of systems that yield detectable
Doppler shifts. We consider two scenarios. In the first
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(Sec. III A), BBHs orbit IMBHs located in galactic GCs. In
the second (Sec. III B), they orbit wandering IMBHs left
behind when clusters dissolve by losing their mass due to
tidal stripping by the Galaxy, stellar evolution, and star
ejections.

A. Intermediate-mass black holes in Milky Way
globular clusters

In our first scenario, we consider IMBHs that may be
located at the centers of galactic GCs. We extract GC
parameters (luminosities, angular positions, distances, and
metallicities) from the 2010 edition of the Harris catalog®
[80]. We only exclude the cluster GLIMPSEQ2, since its
absolute magnitude (as well as many other parameters) is
not reported. In order to convert absolute visual magnitudes
to cluster masses, we assume a mass-to-light ratio of
1.5 My /Lg [81]. Note that this value is close to the typical
value derived from a sample of the Milky Way GCs
[82,83], although some models could yield higher mass-
to-light ratios [84].

For simplicity, we assume that every cluster hosts an
IMBH in its center, with a mass making up a fixed fraction

M IMBH
S = ——— (8)
IMBH MGC

of the cluster mass Mgc. Motivated by observational
constraints on the masses of IMBH candidates, and in
order to bracket the uncertainties on estimated IMBH
masses in GCs (see e.g., Table 3 in [4]), we explore the
range of mass fractions fpypy = 1073 — 107", which
corresponds to 0.1%-3.2% of the host GC mass. In that
range, we consider 10 values of fppy equally spaced on a
log scale. As long as calculating this fraction results in a
black hole of > 100 M, we consider it to be an IMBH and
use it in the rest of the simulation.

To obtain the masses m; and m, of the BBH components
orbiting the IMBH, we first sample the masses of their
stellar progenitors from a Kroupa initial mass function [85]

(#)~13 0.08 < m, /Mg < 0.50,

05
()23 0.50 < m, /Mg < 100.0, ©)

&(m,) = kl{

where k; ~0.62. We evolve stars with mass m > 20 M,
using the latest version of SSE [86,87], updated with the
most up-to-date prescriptions for stellar winds and remnant
formation, until they form an SBH. Stellar tracks are
computed using the metallicity appropriate to each GC
in the Milky Way. For clusters with no estimated value of
the metallicity, we set it equal to the average catalog
metallicity Z = 0.05 Z,, where Zg~0.02 is the solar
metallicity [88]. For metallicities Z <0.1 Z5 (which

*Available at https:/physics.mcmaster.ca/~harris/mwgc.dat.

includes 2/3 of GCs in the Harris catalog), the masses
of the SBH remnants predicted with SSE are about
5 My—45 My (see Fig. 1 of Ref. [29]). For comparison,
for the solar metallicity the mass range reduces to
about 5 My—15 M.

Next, we randomly combine pairs of SBH remnants to
form BBHs. For the majority of the Milky Way GCs the
BBH masses will be approximately in the range
10 M5-90 M. For each BBH we draw its semimajor
axis a from a log-uniform distribution between a;, =
0.01 AU and ay,, = 100 AU, while the semimajor axis R
of its orbit around the central IMBH is drawn from a
uniform distribution in the range [0, rj,q]. Here ryq is the
influence radius of the IMBH, related to the GC half-mass
radius r, by

Tint = fIMBH - (10)

In turn, the half-mass radius is computed using the
following expression for the half-mass density [89]:

Mgc

M 2
pp=10°—2min{ 100, max |1, ( ~———— . (11)
pc 2x10° Mg

For 10* My < Mge < 107 My, this results in a half-mass
radius 1.5 pc < r, < 3.5 pc. Now, when we sample a and
R, we check that the triple system (BBH + IMBH) is stable
under the tidal disruption condition [90-92]

R
— > 1, 12
4r, > (12)

where

a
005 AU[— 2
ro=005 U(0.01 AU>

X <MIMBH>'/3 <m1 +m2>_1/3 (13)
10° Mg 20 Mg

is the tidal disruption radius. Finally, the orientations of
both the BBH’s orbital angular momentum and of the BBH
orbit around the IMBH are assumed to be distributed
isotropically: the direction of the orbital angular momen-
tum n; = (sin@; cos ¢, ,sin @ sing,,cosd,) points to a
random direction on the sphere, and cos/ is distributed
uniformly in the range [—1,1].

Typically, O(10) BBHs lurk in a star cluster at any given
time [93,94]. However, this number could significantly
change under the assumption of high primordial binary
fractions and/or for a top-heavy initial mass function—in
particular, in the case where massive black holes are formed
[23,95]—or in the case of core-collapse star clusters [96].
To bracket these uncertainties, we consider two possibilities

for the number of BBHs in a catalog. In Sec. IV we refer to
these possibilities as the cases of “many” and “few” BBHs,

124048-4



HUNTING FOR INTERMEDIATE-MASS BLACK HOLES WITH ...

PHYS. REV. D 105, 124048 (2022)

by which we mean that a star cluster hosts O(100) or O(10)
BBHs. If there is an IMBH in a cluster, SBHs may be less
abundant, e.g., because the IMBH forms from the reservoir
of SBHs or because the SBHs are ejected from the cluster
as a result of scatterings [21,22,56,97,98]. Therefore, the
case of “many” BBHs represents an optimistic upper limit
and helps highlight the most promising candidates with
~afew Doppler shift events (see Fig. 3 below). The case of
“few” BBHs in turn provides an estimate for the number of
events if the IMBH is light (~100 M) and less likely to
affect the BBH abundance (for example, an IMBH forming
from stellar collisions [18,19,23]). This case also serves as
a consistency check, where we should expect the “many”
BBH number to scale down by about a factor of 10. If a
cluster model yields a different number of BBHs per cluster
(e.g., [99,100]), it is also easy to adjust our results
proportionately.

In our models, we sample the respective number of
BBHs using the procedure outlined above and select only
those emitting in the LISA band, i.e., those with GW
frequency 2/P;, > 10~ Hz, where P, is the period of the
binary. The results for the number of BBHs with detectable
Doppler shifts are reported in Sec. IVA below.

B. Wandering intermediate-mass black holes

In the second scenario, we explore the possibility that
BBHs may orbit around wandering IMBHs. During their
evolution, some of the clusters dissolve by losing their mass
due to tidal stripping by the Galaxy, stellar evolution, and
star ejections [89], in which case they may leave behind the
IMBHs that were hosted in their centers [44,58].

To estimate how many of these wandering IMBHs could
be revealed by the method of radial velocities, we start off
by simulating the evolution of GCs in the Milky Way
following the prescription from [89] (for other applications
of that prescription see, for example, [44,58,60,101]).
Initially, GCs are assumed to comprise a fraction
fac =001 of the Milky Way’s mass My =35 x

10'° M (approximately equal to the estimated stellar
mass [102]), and their masses are sampled from the

distribution
M
- GC (1 4)
106 M,

F(Mgc) < Mgg exp <—

in the range [10* My, 107 M). The initial distribution of
GC distances to the Galactic Center is assumed to follow a
spherical Sérsic profile [103] with total stellar mass Mg,
effective radius r, =4 kpc, and concentration index
ng = 2.2. When computing GC orbits in the Galaxy, we
also include the contribution of the gravitational potential
of dark matter, described by a Navarro-Frenk-White profile
[104] with total mass My = 10'> M, scale radius
r¢ = 20 kpc, and virial radius R;, = 10r.

The initial cluster positions change in time because of
dynamical friction, so that their distance r to the Galactic
Center decreases in accordance with equation

2 2
dar” _ - (15)
dt tar(r)

where [105,106]

r \2( V.(r) M, \-!
tyr = 0.45 Gyr( — < g . 16
df T (kpc) <km sl) <105 Mo> fe  (16)

Here V., is the circular velocity in the Galaxy, and f. = 0.5
is a correction for eccentric GC orbits [89].

As mentioned above, clusters can lose their mass due to
stellar evolution (winds), star ejections after close encoun-
ters, and tidal stripping in the Galaxy. To model the mass
loss due to stellar evolution, we sample stellar masses from
the Kroupa initial mass function of Eq. (9), which we
evolve using SSE assuming that Z = 0.05 Z, (the average
metallicity in the Harris catalog). This allows us to obtain
remnant masses as a function of initial main-sequence
masses (see also [107]). Thus, the mass lost via stellar
evolution is simply due to the mass of the stars that evolved
out of their main sequence to form compact remnants. We
parametrize the typical timescale of the mass loss due to
star ejections as [89]

M
1y~ 17 Gyr<7gc> (17)

2x10° M,

and the timescale of tidal stripping as [108-111]

10 G & 2/313
tig X e a— ,
ud Y2 %108 M, (r)

P(r) = 100<k;0> (k‘:;(sr)l>_l. (18)

To evolve the mass of a given GC, we first calculate the
time steps at which stars in the cluster leave the main
sequence. At each time step, the mass decreases by an
amount equal to the difference between the mass of the star
which is leaving the main sequence and the corresponding
remnant mass. In between steps, the evolution of the cluster
mass is governed by the equation

dMge 11
=-M —+—. 19
dt e (fej * ttid> (19)

If a cluster approaches the Galactic Center, we assume that
it is disrupted as soon as the local galactic density p(r)
exceeds the average density of the cluster at the half-mass
radius [89], p(r) > p,, eventually leaving behind the
central IMBH and any BBHSs orbiting it. We evolve the
clusters for 10 Gyr and find that about 200 clusters survive,
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~10,000 clusters get disrupted, and a few dozens of the
disrupted clusters end up within 10 pc of the Galactic
Center. The mass distribution and galactic density of
surviving clusters is consistent with the Harris cata-
log [89,112].

The number and masses of the wandering IMBHs left
behind by the disrupted clusters are uncertain. For an upper
bound, we assume that every GC hosted an IMBH, whose
mass is a fraction of the initial mass of the cluster. As in the
previous section, we consider a range of fractions
fivea = 1073 — 10713, as long as the resulting IMBH mass
is greater than 100 M. This prescription results in
~800~10,000 wandering IMBHs in the Milky Way, with
the number and mass distribution of these IMBHs depending
on the assumed initial mass fraction. Since we use constant
ratios of the mass of an IMBH to the mass of its host/parent
cluster, the mass spectrum of wandering IMBHs is roughly
proportional to the the initial mass function of GCs, Eq. (14).
It is somewhat biased toward lighter IMBHs, because light
GCs are more likely to be disrupted. For fppg ~ 0.01 this
bias is negligible, because the number of disrupted GCs is
not very different from the initial number of GCs. At higher
values of fivmm, all GCs leave an IMBH (in the sense that
SimeuM e > 100 M, for all of them). For fiypy ~ 0.001
this bias is more pronounced, but not sufficient to make the
mass function top-heavy.

The number of BBHs that orbit a wandering IMBH is
uncertain. To estimate the number of detectable Doppler
shift events, we simply assume that there is exactly one
equal-mass BBH around each wandering IMBH. We
consider two values of the BBH masses, motivated by
the least and most massive SBHs produced from the stellar
initial mass function of Eq. (9), namely m; = m, = 10 M
and m; = m, =50 M, 0.3 We sample the orbital semimajor
axis of the BBH from a uniform distribution with the upper
limit set by the influence radius of the wandering IMBH
Ry, determined from

GMygu(my + m;)
Rhs

= 0.5(m,)c*(r). (20)

where (m,) ~ 0.5 M is the average stellar mass (assuming
a canonical stellar initial mass function) and o(r) is the
local galactic velocity dispersion. To calculate the velocity
dispersion, we use the galactic mass profile described
above and solve the Jeans equation. We have checked that
the profile of o(r) obtained in this way is consistent with
current data (see e.g., [113,114]). The other parameters that
describe the BBHs are generated as described in Sec. III A.

Our estimates for the number of BBHs orbiting wander-
ing IMBHs and producing detectable Doppler shifts are
reported in Sec. IV B below.

*These limiting masses may correspond to different metal-
licity; see for example Fig. 1 in Ref. [29].

IV. RESULTS

In this section we present the results from our simu-
lations. We first discuss the distribution of IMBHSs in
galactic GCs that can be detected via Doppler shift
(Sec. IVA), and then we estimate the number of detectable
IMBHs wandering in the Galaxy, left behind as a result of
the disruption of their parent clusters (Sec. IV B).

In both cases we define a detectable Doppler shift event
as a LISA observation such that the relative errors Av) /v
and AP/ P are both smaller than 0.1 (this value is somewhat
arbitrary, but it was chosen as a proxy for sufficiently
precise measurements) for three selected values of the SNR
threshold, namely 10, 30, and 100. Note, however, that in
most cases Av| /v > AP/P, so the velocity measurement
is usually the limiting factor.

A. Events from the Milky Way globular clusters

In Fig. 2 we show the total number of detectable Doppler
shift events Ny, as a function of fppy for the cases of
many BBHs (left panel) and few BBHs (right panel). We
report Ny for three selected values of the SNR threshold,
namely 10, 30, and 100. We find that Ny decreases as a
function of frypy; 1.€., Nge 1S smaller for larger IMBH
masses. This can be explained considering that more
massive IMBHs have larger influence radii, which leads
to longer periods of BBHs around the IMBHs: see Egs. (10)
and (4). As the periods exceed the LISA mission duration,
it is increasingly difficult to measure the velocity and
period, and the measurement errors grow (see Fig. 2 of
Ref. [65] for the dependence of the errors on the period).

In Table T we list Ny, for the same three values of the
SNR threshold listed above (10, 30, and 100) and for two
selected values of frypy = 0.001, 0.01. The entries in the
table can be thought of as two vertical “cuts” in the left and
right panels of Fig. 2.

In Fig. 3 we further break down the results of our
simulations by listing the most promising galactic GCs that
could yield detectable Doppler shift events. We focus, for
concreteness, on the case of many BBHs. The top and
bottom panels refer to fiypy = 0.001 and fiygy = 0.01,
respectively. Both panels include only GCs yielding a
median of one or more events with SNR > 10. The median
values, as well as the statistical uncertainties, are based on
an ensemble of 112 simulation runs' for each value
of fivBH-

Letus focuson fipy = 0.001 first (top panel). We find in
total 31 galactic GCs yielding at least a median of one event at
SNR > 10. Out of these GCs, four (47 Tucanae, M19, M22,
and o Centauri) yield two events or more.

Some of the GCs in the list (NGC6388, M15, M62,
M54, 47 Tucanae, and @ Centauri) could harbor

4, .
The uneven number of the runs stems from efficient usage of
computing resources.
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FIG. 2. Total number of detectable Doppler shift events in the Milky Way’s GCs, N, as a function of the ratio of IMBH mass to the
mass of its host cluster, fivpy, in the case of many BBHs (left panel) and few BBHs (right panel). Different colors represent different
values of the SNR threshold (blue: SNR > 10; green: SNR > 30; red: SNR > 100). Shaded areas indicate statistical uncertainties (95%

quantiles for 112 simulation runs).

IMBHs with estimated masses of <10° Mg-10* Mg;
<1,500 M5-3,000 My; <1,000 M5-3,000 My;
<10,000 Mg; <2,000 My; and <10° Mo-10* Mg,
respectively (see Table 3 in Ref. [4]). The putative
IMBH in these GCs can account for at most ~0.1% —
1% of the cluster mass, making these clusters good
candidates for Doppler shift events. Note, however, that
M15 and M62 (marked with an asterisk in Fig. 3) are
known to be core-collapsed clusters; thus they are likely to
contain few SBHs (see e.g., [115]), rendering the detection
of a Doppler shift event less likely.

The best candidate is represented by @ Centauri, the
most massive of the Milky Way’s GCs. For this GC, we
predict 573 and 275 events at SNR > 10 and SNR > 30,
respectively. Note that @ Centauri could harbor an IMBH
[36,37,116] with mass <10° My—-10* M (corresponding
to fiven < 1073 — 1072) and it is not core-collapsed, so it
may host a relatively abundant population of SBHs (see
e.g., [94,117]). A more massive IMBH ~ 10* M appears
to be excluded by the absence of its dynamical influence in

TABLE 1. Number of detectable events Ny, in the case of
IMBHs at the center of GCs for selected values of fppg, as
defined in Eq. (8), and of the SNR threshold.

Many BBHs
JSIMBH SNR > 10 SNR > 30 SNR > 100
0.001 53+18 2310 3*5
0.01 2272 101! 153
Few BBHs
fivBH SNR > 10 SNR > 30 SNR > 100
0.001 5+3 213 012
0.01 273 17 0%,

the core [35] and accretion [118]. However, the method of
GW Doppler shift measurements studied in this paper is
more favorable for searches of lighter IMBHs with
<10° Mg (fivpn S 1079).

We now turn to frygg = 0.01 (Fig. 3, bottom panel),
where we are still considering the case of many BBHs.
There are now only two GCs with 1+ Doppler shift events
observable at SNR > 10. Both of these GCs (w Centauri
and M22) also appear in the top panel of Fig. 3, and they
include one GC with an IMBH candidate: @ Centauri, our
most promising target, which now yields lff and lflz at
SNR > 10 and SNR > 30, respectively.

In both the top and bottom panels, the median values for
SNR > 100 are mostly zero. However, all of our results
should be understood as statistical averages (recall that each
simulation ensemble comprises 112 runs). The nonvanish-
ing error bars indicate that events with such high SNRs
could still be observed. The median values fluctuate
between different simulation ensembles. Due to these
statistical fluctuations, at least one GC (M22) can yield
a number of detections compatible with one, and in some of
our runs two of the GCs (M19 and 47 Tucanae) happened
to appear also in the bottom panel of Fig. 3.

The case of few BBHs (not shown in Fig. 3) yields more
pessimistic results. We find only a handful of GCs having
~1 event with SNR > 10: only a few GCs, if any, would
have detectable Doppler shift events. The formal median
values are now zero for all GCs considered, but the error
bars may allow for up to two events. A comparison of the
two cases shows that the number of BBHs in a GC directly
affects the number of detectable Doppler shift events.

We now discuss the impact of our assumptions on our
results. To begin with, we parametrize the distribution of
BBH separations, a, and the distribution of distances to
IMBHSs, R, with power-law functions
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OmegaCen| “—fgpeeer = SNR>10
m  SNR > 30
m  SNR > 100
0 5 10

Number of Doppler-shift events

FIG. 3. Total number of Doppler shift events in individual
clusters for fyygy = 0.001 (top) and frpy = 0.01 (bottom) for
three different values of the SNR threshold (blue: SNR > 10;
green: SNR > 30; red: SNR > 100) in the case of many BBHs
(see Sec. IIT A). The plots include only GCs with a median value
of one or more events with SNR > 10. The horizontal bars
indicate statistical uncertainties (95% quantiles for 112 simu-
lation runs) around the median. Clusters with observational
constraints on the IMBH mass (see Table 3 in Ref. [4]) are
highlighted in bold. Asterisks mark GCs that are core-collapsed
according to the 2010 edition of the Harris catalog [80].

1 1

f(a) g 9(R) 253 (21)
which reduce to our fiducial model when a = 1 and = 2.
To test these changes to the distributions, we consider o €
[0,1.5] and g € [1.5,2.5]. The function g(R) is directly
related to the density profile n(R), g(R) « n(R)R* «
R7P+2, 50 that our fiducial model corresponds to a cuspy
profile R=2. Power-law cusps in the proximity of a massive
black hole are a general prediction of stellar dynamics
models [97,119] (see also the review [120] and references
therein).

First, let us consider how the fraction of BBHs in the
LISA band, f;, = 107 Hz < 2/P,, < 1 Hz, changes as
a function of a [without applying the stability criterion
A1 If ap. = m'3/(zf pin)*/3, with m = m; + m,, is the
separation of a BBH entering the LISA band, the fraction of
BBHs in the band is

ag (m)
X, = </ f(a)da>

la
((m/my) 3 )—1 a#l,

— (amax/umin) =1 22
(In (m/mg)) ( )

1
3 a=1
3In (am:]x/amin) ’

where

mo = 0.025 Mg [ —mn Hamin )03
107 Hz) \0.01 AU

The angle brackets stand for averaging over the BBH mass
spectrum. We find that the dependence on the total mass m
is rather weak, as illustrated in Fig. 4. Here, we show how
the estimate of xj (a) for fixed total masses of 10 My, and
90 M can closely bracket an estimate of xp(a) for a
typical mass spectrum. Figure 4 also reports the estimate of
xp (@) in the case when we do apply the stability criterion,
which implicitly introduces a dependence of x;, on f. In this
case, we compute x; () numerically for 100 equally spaced
values of g€ [1.5,2.5], drawing each time ngmpies =
1,000 BBH whose semimajor axes a and orbital radii R
around IMBHs are distributed according to Eq. (21) and
subject to the stability criterion (12). The fraction xp, is
obtained by counting how many of them end up in the
LISA band. We compare the scatter due to the dependence
on S (the blue median line surrounded by a shaded 68-
percentile region) to statistical scatter (delineated by two
thin black lines) and find good agreement, which implies
no strong dependence on f.

We also investigate how the number of detectable
Doppler shift events changes as a function of the power-
law exponents o and p. Figure 5 shows the dependence of
the total number of Doppler shift detections Ny in the
Milky Way as a function of « for the case of few BBHs, for
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0.8
-—=- exact (10M, w/o tidal stability) L
--=- exact (90My, w/o tidal stability) ,

06l = simulation (30Mc, w/ tidal stability) / v/

. 4
—— statistical error iy /0
Z 04
0.2
0.0
0.0 1.5

FIG. 4. Fraction of BBHs in the LISA band vs the power-law
exponent a of the distribution of semimajor axes defined in
Eq. (21). Dashed lines show the dependence for a fixed total mass
m =m; +my = 10 My (cyan line) and 90 M, (orange line) as
given by Eq. (22), which does not take into account the stability
criterion (12). The shaded region with a blue line in the middle
results from a simulation for a total mass of 30 M, for 100
values of a € [0, 1.5] and 100 values of € [1.5,2.5] at each a
where we do apply the stability criterion. The blue line represents
the median over different values of f§, and the shaded region is the
68% quantile. The fraction x;_ is evaluated by counting how many
of ngymples = 1,000 BBHs with randomly drawn a and R end up
in the LISA band. Thin lines show the statistical Poisson error
estimate £ /X1/Bmples-

two values of the ratio of the mass of an IMBH to the mass
of its host cluster, fpmy = 0.001 (top row) and frypy =
0.01 (bottom row), and for three values of f: f = 1.5 (left
column), =2 (middle column), and f =2.5 (right
column). The fiducial value @ = 1 is indicated with vertical
dashed lines and the results for the fiducial model are
marked with black stars in the middle column. We find that
changing a has a major effect on the number of detections,
such that Ny, almost vanishes for ¢ = 0 (uniform distri-
bution of the semimajor axes) and grows by a factor of 3 for
a = 1.5. Still, the region indicating the 95% quantile on
N 4o has nonzero measure even for « = 0 and SNR > 10,
meaning that a detection might still be possible even in our
worst-case scenario. Note that relaxing the assumption on 3
changes the number of events within a factor of ~2. For a
steeper cusp with # = 2.5, the number of events increases,
while it decreases for a shallower profile. The fact that f has
a weaker effect on our results than « is consistent with its
weaker effect on xp, as previously discussed.

Another factor that can play a role in determining the
number of detectable events is the mass spectrum of BBHs,
which could be affected by the presence of an IMBH and/or
dynamical evolution. To check how our assumptions affect
our results, we run a simulation for the case of few BBHs
where all BBHs are assumed to be equal-mass. Figure 6
shows the number of events that can be detected as a
function of the mass of either BBH component for fign =
0.001 (top panel) and fppy = 0.01 (bottom panel). Our

40
8= 1.5 (fimsn = 0.001) 8=2 (fivu = 0.001) 8=2.5 (fimu = 0.001)
30| — SNR>10 —— SNR> 10 —— SNR> 10
—— SNR>30 —— SNR>30 —— SNR>30
- —— SNR> 100 | — sNR>100 | — sNR> 100
220} e fiducial B fiducial B fiducial
v / /
0 %:
0.0 0.5 10 15 00 0.5 1.0 15 00 05 1.0 15
(0% (0% o
40
B =15 (fivpu = 0.01) =2 (fimsu = 0.01) B=2.5 (fimgu = 0.01)
30} — SNR>10 —— SNR> 10 — SNR> 10
—— SNR>30 —— SNR>30 —— SNR>30
B —— SNR> 100 | —— sNR>100 | — sxR>100
S22} e fiducial B fiducial R fiducial
10
|
0
0.0 0.5 1.0 15 00 0.5 1.0 15 00 05 1.0 15
[e% « [e%
FIG. 5. Total number of the Doppler shift events in the Milky Way GCs as a function of the slope of a power-law distribution of BBH

separations. Three columns correspond to three values of the slope f in the distribution of IMBH-BBH distances, f = 1.5 (left), f = 2
(middle), and # = 2.5 (right). Two rows show the number of detections for two values of the ratio of the mass of an IMBH to the mass of
its host cluster, fppy = 0.001 (top) and frvpy = 0.01 (bottom). The fiducial value of « is indicated with vertical dashed lines, and

black stars mark the results for our fiducial model.
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FIG. 6. Total number of the Doppler shiftevents in the Milky Way
GCs as a function of the components’ mass in an equal-mass BBH
for fivigy = 0.001 (top) and fvy = 0.01 (bottom) in the case of
few BBHs. Black stars mark the results from Table I and are plotted
against the mean mass (m;) ~ 16 Mg at Z = 0.05Z, the average
metallicity in the Harris catalog.
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0
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FIG. 7.

results from Table I are marked with black stars which are
plotted against the mean value of BH mass for Z = 0.05Z,
the average metallicity in the Harris catalog. In the scenario
where all BBHs are about 5 My + 5 M, there are no
detections at all, while in the case of BBH components
more massive than 210 My, we expect 21 events.
Finally, note that a mass-to-light ratio different from the
value of 1.5 My/Lg used in our calculation (to convert
luminosities to masses in the Harris catalog) would have little
impact on our results. The values of the mass-to-light ratio
inferred for our Galaxy are approximately within the range
1-5 M /L, and extreme values close to the upper limit are
rare [81-84]. To estimate the effect on the number of Doppler
shift events, we ran the original simulation for the case of few
BBHs assuming a doubled ratio of 3 My /L. We find that
there are ~1.5 more events, with the increase being more
notable at low fygpy and for lower SNR thresholds.

B. Events from wandering intermediate-mass
black holes

In Fig. 7 we plot estimates for the total number of Doppler
shiftevents N, for wandering IMBHs as a function of f1ypy-
Note that in this case f1ypg is the ratio of the IMBH mass to
the initial mass of its destroyed parent cluster. We assume that
exactly one BBH orbits around each wandering IMBH at any
given time (see Sec. III B). The two panels refer to the cases
of light (m; = m, = 10 M, left) and heavy (m; = m, =
50 M, right) BBHs. As before, we report N, for three
selected SNR thresholds: 10, 30, and 100.

The trend is different from the case of the Milky Way’s
GCs: now N,, increases for 1073 < fiypy < 1072, and it
decreases for fiypm > 1072 This can be explained as
follows. The majority of primordial GCs have initial
masses ~10* M as a result of the negative slope of the
GC initial mass function: see Eq. (14). Since they are not
massive and dense enough to survive until now, most of

350
—— SNR > 10

300 F —— SNR > 30
—— SNR > 100

250

5 200

Z
150

mp=mpy—= SOM@

100

1073 1072
fIMBH

Total number of Doppler shift events around wandering IMBHs as a function of fygy for equal-mass BBHs with individual

component masses of 10 M, (left) and 50 M, (right) and three different SNR thresholds (blue: SNR > 10; green: SNR > 30; red:
SNR > 100). Shaded areas indicate statistical uncertainties (95% quantiles for 112 simulation runs). Note that fypy is the ratio of

IMBH mass to the initial mass of its destroyed parent cluster.

124048-10



HUNTING FOR INTERMEDIATE-MASS BLACK HOLES WITH ...

PHYS. REV. D 105, 124048 (2022)

20.0 1 0.30
SNR > 10
17.5
my =mp = 10Mg 0.25
=0.01
15.0 ] JiMBH
0.20
12.5
o
g 100 .. 0.15
~
7.5
e o
5.0
[ | 0.05
2.5
[ |
0.0 0.00
102 103 10*
Mivea Me)
50 1 - 5
SNR > 100
n
40 l. - ] mp =mp = SOM@ 4
+ L Jfivea = 0.01
30
.
&)
~

20

10

0 l
102 10° 10*

Mmvea Mo)

FIG. 8.

20.0 0.040
SNR > 10
175 0.035
my =mp = 10Mg
15.0 JSivBH = 0.001 0.030
125 0.025
o
£ 100 —— 0.020
~
75 0.015
5.0 L 0.010
25 0.005
0.0 0.000
102 103 10*
Mivea M)
50 1 0.7
SNR > 100
_ _ 0.6
40 my =mp = S0M,
Jfivea = 0.001
0.5
30
/g 0.4
<
~ 2 0.3
0.2
10
0.1
0 n 0.0
102 103 104
Mivea (M)

Distribution of the number of Doppler shift events around individual wandering IMBHs as a function of the mass of the

wandering IMBH and the distance from the Galactic Center for fypy = 0.001 (left) and frvpy = 0.01 (right). The number of events is
calculated over 112 simulation runs. The top panels refer to light BBHs (m; = m, = 10 M) and a threshold SNR > 10, because higher
SNR thresholds yield almost no events (see Table II). The bottom panels refer to heavy BBHs (m; = m, = 50 M) and SNR > 100,
because the distributions for lower SNR thresholds look qualitatively similar. Note also the different ranges of the color-coded scales.

these clusters are disrupted by the galactic tidal
field. However, no IMBHs will be left behind for
fiver < 1072, since this would correspond to IMBH
masses < 100 M. Therefore the number of events
increases for 1073 < fiupn < 1072, since more and more
disrupted GCs leave behind IMBHs with masses
> 100 M. For example, the disruption of GCs produces
~100 wandering IMBHs heavier than 100 M in the
Galaxy for frysny ~ 1073, while almost every disrupted
GC will leave behind an IMBH for fppy ~ 1072 Beyond
the peak at fyypg > 1072 the number of Doppler shift
events decreases, since more massive IMBHSs have both

larger tidal radii and larger influence radii (see the
discussion in Sec. [IVA).

In Table II we report the total number of Doppler shift
events N, around wandering IMBHs in the Galaxy for the
three values of SNR (10, 30, and 100) and two values of
Jmver = 0.001, 0.01. As explained above, the number of
events is largest for fppp = 0.01. It is also larger (as
expected) for the case of BBHs with heavy components
my = my = 50 M, which generate a stronger GW signal.
In this case, we find that ~10 and ~100 Doppler shift
events could be detectable for frygy = 0.001 and 0.01,
respectively.
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Figure 8 shows the distribution of the number of Doppler
shift events as a function of the masses of wandering
IMBHs and their distances from the Galactic Center. The
top and bottom rows correspond to the light and heavy
BBH cases, while the left and right columns refer to
Jmvsr = 0.001 and frymy = 0.01, respectively. In the case
of light BBHs we only show the distribution for SNR > 10,
because the number of events practically vanishes at the
higher SNR thresholds. In the case of heavy BBHs we only
show the distribution for SNR > 100, because the distri-
butions for different SNR thresholds are qualitatively
similar. The heat maps are weighted by the probability
for an event to occur. More precisely, we run our simulation
112 times for each wandering IMBH and each combination
of parameters (SNR, fivgh, and the component masses).
Then we divide the number of simulation runs that resulted
in an event by 112 to obtain the probability for an event
with the given parameters to occur. Thus, all numbers
smaller than unity in the heat maps can be interpreted as the
probability for an event to occur. The number of simulation
runs also gives a lower bound of %1% on this probability,
since the heat maps are based on 112 runs. Typical
probabilities are in the range 1%—10%.

The heat maps illustrate three trends.

First, the events clearly cluster at a distance of a few
kiloparsec (kpc) from the Galactic Center. The overall
clustering of the wandering IMBHs toward the center is not
unexpected: the primordial distribution of galactic GCs
follows the galactic density profile, and GCs are more
likely to be disrupted near the center of the Milky Way,
leaving behind wandering IMBHs. The events cluster at
some finite distance from the center, approximately
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TABLE II. Number of detectable events N, around wandering
IMBHs for selected values of fyppy, as defined in Eq. (8), and of
the SNR threshold.

mlszZIOMO

fivBH SNR > 10 SNR > 30 SNR > 100
0.001 0+2 0 0
0.01 553 (0 0

my = my = 50 Mg
fiveH SNR > 10 SNR > 30 SNR > 100
0.001 2679 25%] 19*%
0.01 29713 27613 214%3]

corresponding to the distance at which the Milky Way
velocity dispersion has a maximum. This is because larger
dispersion results in smaller influence radii for the wandering
IMBHSs [cf. Eq. (20)], which in turn leads to tighter orbits of
BBHs around the IMBHs and to shorter orbital periods,
comparable to the observation time 7, = 4 years. This
makes it easier to measure Doppler shift modulations. In
Table IIT we provide specific approximate numbers of events
within distance r = 5 kpc, 10 kpc, and 20 kpc from the
Galactic Center. In addition, Fig. 9 illustrates the distribution
of the events on the sky in equatorial coordinates. The dashed
line corresponds to the galactic plane, and the filled black
circle marks the Galactic Center. Note that in our simulations
the primordial GCs which host the IMBHs before being
disrupted are isotropically distributed in the Galaxy. The map
shows a random sample of events for the case of heavy
BBHSs, fiveg = 0.001, and at the three SNR thresholds.

JSimBH = 0.001

o SNR > 10
e SNR >30
% SNR > 100

1
1
1

S

*

~~

Oh

-

Sample distribution of Doppler shift events around wandering IMBHs on the sky in equatorial coordinates. Here we consider

BBHs with component masses m; = my; = 50 My, frygy = 0.001, and three values of the SNR threshold (blue empty dots:
SNR > 10; green filled dots: SNR > 30; red stars: SNR > 100). The distribution of events on the sky for other values of the component
masses and fpypy 1S qualitatively the same. The galactic plane is shown with a dashed line, while the filled black circle marks the

Galactic Center.
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TABLE III. Approximate numbers of detectable events N,
around wandering IMBHs within a distance r from the Galactic
Center for selected values of frmy, as defined in Eq. (8). A
fractional number of events should be interpreted as a probability
of detection during the LISA mission.

mlsz:IOMO

J1vBH r <5 kpc r < 10 kpc r < 20 kpc
0.001 0.2 0.3 0.3
0.01 2 4 5

mp = mp = 50 MO
J1vBH r <5 kpc r < 10 kpc r < 20 kpc
0.001 12 17 19
0.01 110 180 210

The second trend visible in Fig. 8 is that there are more
events around lighter IMBHs. This is purely due to the
large number of light IMBHs left behind by relatively light
GCs, which are more prone to destruction and also more
abundant, as a consequence of the bottom-heavy initial
mass function of Eq. (14).

Finally, Fig. 8 demonstrates that events around heavier
IMBHs are more likely to occur closer to the Galactic
Center. This is because heavier GCs are more likely to be
destroyed and leave behind heavier IMBHs when they are
close to the center. To be more quantitative, in Table IV we
report estimates for the number of events around IMBHs in
specific mass ranges: 100-300 Mg; 300 — 1,000 M;
and 1,000 — 3,000 M.

We conclude with a few remarks about our assumptions in
the wandering IMBH case. When considering the evolution
of GCs in the Milky Way, we use an approximate formula for
the evaporation timescale, Eq. (17). The evaporation time-
scale is typically proportional to the half-mass relaxation
time of a GC, that is « Mé/g rﬁ/ 2 [see Eq. (7.108) in
Ref. [106]]. Taking into account the prescription for the
half-mass density, Eq. (11), our equation overestimates the
timescale for light GCs ~ 10* M. Moreover, this difference

TABLE IV. Approximate numbers of detectable events N,
around wandering IMBHs in three IMBH mass ranges and for
selected values of frmy, as defined in Eq. (8). A fractional
number of events should be interpreted as a probability of
detection during the LISA mission.

mlszZIOMO

Fovsa 100-300 Mg 300 — 1,000 Mg 1,000 — 3,000 Mg
0.001 0.3 0 0
0.01 4 0.8 0.1

mp = my = 50 MO
fosn 1002300 Mg 300 — 1,000 Mg 1,000 — 3,000 Mg
0.001 18 1 0
0.01 170 35 5

in timescales is only relevant when 7 < 1,4 [see Eq. (18)]
which happens at r = 1 kpc. Thus, for the light GCs located
farther than this distance one can expect faster evaporation
due to ejections and, hence, a larger abundance of light
wandering IMBHs as long as fiypuMgce > 100 M. This
would increase the number of detectable Doppler shift events
at frivgg ~ 0.01, while keeping that number approximately
constant at frpg ~ 0.001.

We have assumed that every disrupted GC leaves behind
an IMBH. However, the timescale for IMBH formation
may be longer than that for GC disruption. It appears that at
least lighter IMBHs form fast enough [18,19,23], although
it might take up to several Gyrs to form a ~10* M, IMBH
(see Fig. 15 in Ref. [21]). Another possibility is that some
GCs do not form an IMBH at all. The fraction of IMBH-
forming GCs does not appear to exceed 20% in simulations
[18,21] (a few percent more may come from young stellar
clusters [16,19]). If only a fraction of GCs leaves IMBHs
behind, the results presented in this subsection should be
scaled down proportionately. Whenever this scaled number
happens to be less than unity, it can be interpreted as the
detection probability, rather than the number of events. We
leave a detailed exploration of these effects for future work.

V. DISCUSSION

Finding IMBHs and characterizing their properties is of
crucial importance since they play an important role in a
wide range of phenomena, including seeds of massive
black holes, accretion, tidal disruption events, and GWs.
Despite major observational efforts IMBHs still remain
elusive, and new methods are needed to detect them.

We have investigated the possibility that LISA may find
IMBHs lurking in galactic GCs by measuring the radial
velocity modulations in the GW signal of BBHs orbiting
around them. We have found that the number of Doppler
shift events decreases for larger IMBH masses, because
more massive IMBHs have a larger influence radius and
larger tidal radii. Since tidal stability requires BBHs to orbit
far away from the IMBH, the Doppler modulations in their
gravitational waveforms are harder to detect. We have also
estimated that ~30 galactic GCs could produce at least one
Doppler event detectable by LISA if an IMBH lurks in their
center. Among these candidate galactic GCs, M15, M62,
NGC6388, M54, and 47 Tucanae may harbor an IMBH.
The best candidate in our analysis is @ Centauri, if indeed it
hosts an IMBH with mass <10* Mg, as suggested by
dynamical measurements [4].

We have also considered the possibility of hunting for
wandering galactic IMBHs left behind by the disruption of
the parent cluster. Assuming that each of these wandering
IMBHs has at least one BBH orbiting around it, LISA
could detect tens of Doppler events with SNR > 10.

The numbers just cited represent optimistic scenarios
and should serve as reference points. For the Milky Way
GCs, we have run additional simulations to estimate the
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role played by the distributions of BBH semimajor axes and
their distances from the IMBH, the BBH mass spectrum, as
well as mass-to-light ratios for GCs. In doing so, we
assumed more realistically O(10) BBHs per cluster (“few”
BBHs). The results, part of which are presented in Figs. 4,
5, and 6, show that, in more pessimistic scenarios, one can
still expect ~1-5 detections from GCs. This is consistent
with scaling down the “many” BBHs case number by 10.
Another factor that could affect the number of detections is
the probability for a GC to form an IMBH. According to the
literature (e.g., [16,18,19,21]) only ~20% of GCs may form
IMBHSs. This would scale down our estimates by 5. Below
we also discuss eccentricity, which makes the GW signal
louder, and thus may increase the estimate. Whenever new
insights are learned about any of these factors, our results
can be scaled up or down to obtain less uncertain estimates.
All in all, under moderately pessimistic assumptions one
should expect ~1 event.

The same scaling considerations apply to the wandering
IMBH simulations. These simulations assumed exactly one
BBH per wandering IMBH, and bracketed the uncertainty
about the BBH mass as presented in Fig. 7. Major factors
which can modify the numbers for this case are the
probability for a GC to get disrupted, and for a disrupted
GC to form and leave behind an IMBH. As we have
discussed (see the last two paragraphs of Sec. IV B), by
making an assumption about the evaporation timescale we
may be underestimating the number of light wandering
IMBHs for fiypy = 0.01, thus underestimating the number
of detections. Besides, only ~20% of GCs may form
IMBHSs, which would scale down the numbers by a factor
of 5. With this scaling, it is realistic to expect ~1 detection
from the wandering IMBH population. Even one such
event would be of major importance, allowing us to spot an
IMBH that would hardly be observable otherwise.

Note also that observational and theoretical evidence
makes some of the GCs more promising targets than others
for our present purpose. The modeling of stellar orbits close
to the cluster center suggests that some galactic GCs could
indeed host an IMBH (see Table 3 in Ref. [4] for a
summary). Moreover, recent numerical models have shown
that a higher degree of mass segregation in a cluster is
linked to a less abundant population of SBHs [94]. This
implies that GCs observationally classified as core-col-
lapsed are likely to contain either fewer BBHs than those
that have not undergone the core collapse yet [94,115] or no
BBHs at all.

Let us conclude by mentioning other uncertain assump-
tions that affect our astrophysical models. One of the most
notable uncertainties is the minimum semimajor axis for
BBHs (a,,;, = 0.01 AU in this work), which plays an
important role in our estimates.

The waveform model of Eq. (3) is based on two main
assumptions: (i) the frequency of the GW signal changes
slowly compared to the orbital period P, and (ii) the initial

orbital phase is irrelevant. The first assumption is well
justified, because the relative change in the GW frequency
of detectable events is much smaller than that due to the
Doppler shift, even for the BBHs with the smallest
separation a,;,. Regarding the second assumption, about
half of the BBHs which contribute to the final count
satisfies it within an order of magnitude. In fact, one can
weaken the assumption to 7 = P/4, because only 1/4 of a
period is required for the Doppler shift modulation to
develop. This weaker condition is generally satisfied by
~80% of the BBHs. Note also that our choice of phase is
conservative: the observation is assumed to begin when the
radial velocity is maximal (and its rate of change is
minimal). We leave a detailed study of the effect of the
phase to future work. Such a study should inevitably deal
with eccentric orbits, where the initial phase plays a more
important role.

We have assumed for simplicity that BBHs have circular
orbits, but nonzero eccentricities could increase the GW
amplitude of the signals and yield more optimistic rate
estimates [121]. In particular, BBHs sufficiently close to a
central IMBH (R <1 AU) may experience von Zeipel—
Kozai-Lidov  (ZKL) eccentricity oscillations (see
Appendix A3 for timescales and references). Figure 10
shows the values of R and the BBH’s orbital radius a
allowing for the ZKL effect for an equal-mass BBH with
total mass m = 60 My and an IMBH of 10° M. Other
values of m and Myygy considered in this work give

10°
T Tzak >Ter

i Tzxk >10yr
N f<107°Hz

1072
107! 10° 10! 102
R (AU)

FIG. 10. Constraints on the orbital radius a of a BBH with
m; = m, =30 Mg and on the radius R of the BBH’s orbit
around an IMBH with My = 103 M. Red regions show the
portion of the parameter space where the ZKL effect does not
contribute to the binary’s evolution during the nominal LISA
observation time of T, = 4 yr. This happens because either the
ZKL timescale is longer than the observation time, Tzxy 2 T ops
(dotted line), or because the ZKL oscillations are quenched by the
GR periapsis precession, Tyzx; 2 Tgr (dash-dotted line). The
green region is excluded due to the tidal stability criterion,
Eq. (12). In the gray shaded region, GW frequencies are outside
of the LISA band.
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approximately the same estimate R <1 AU. If there are
such relatively tight IMBH-BBH triples, our estimates for
the number of Doppler shift events may increase, as the
eccentricity oscillations enhance the SNR of perturbed
BBHs [122,123].

Finally, we have considered only BBHs, neglecting
black hole-neutron stars binaries and binary neutron stars
as possible sources of Doppler shift events. This
assumption is quite well justified: these two populations
of compact object binaries would likely contribute much
less than BBHs, because most of the neutron stars should
be ejected as a result of natal kicks and do not efficiently
segregate in the cluster center, close to the central IMBHs
[124-126]. These uncertainties should be better quantified
through further work. Our initial estimates suggest that
LISA may detect tens of Doppler shift events, thus mapping
the elusive population of IMBHs in the Milky Way.
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APPENDIX: TIMESCALES

Let L be the intrinsic orbital angular momentum of a
BBH and S; = y;m?n;, i = 1,2, the spins of the BBH’s
black holes, where y; are the unitless rotation parameters of
the black holes, 0 < y < 1, and n; are unit vectors indicat-
ing direction.

1. Effects of the spins of the BBH’s black holes

Interaction among S;, S,, and L leads to precession of
these vectors. For simplicity, consider an equal-mass binary

m; =my, =m and y; ~y, = y. Then timescale Tg for

precession of the spins and timescale T(Ll) for the precession
of LL as a result of the spin-orbit interaction are as follows

(see for example [135-137]):

452

n(2m)*?

a 52/ m \-32
~10 Al
o <0.01 AU) (20 Mo> - (AD)

Tg~

3 -2
~1kyr( 2 ") (A2)
0.01 AU) \10 M,

2. Effects of IMBH spin

If an IMBH orbited by the BBH also has a spin
Stver = YivBaMApgN, it can interact with both L (for
the binaries under consideration |L| > |S;|) and the orbital
angular momentum of the BBH around the IMBH. This
contribution to the precession of L. happens on a timescale

R 52 Mnigu —3/2
~ 100 k .
yr(lo AU> <103 M,

(A3)

5/2
T

RENEY)
IMBH

The precession timescale of the IMBH’s spin is much
longer,

(2) 5/2
T R /
Tiven ~ ——~ 10 M
IMBH ™ Yf<10 AU>
« M3IMBH _1/2 ml + m2 _1. (A4)
10° Mg 20 Mg

Finally, Syypy interacts with the angular momentum of
the BBH’s orbit around the IMBH with timescale

R3
Tyr~
)(MleBH
R 3 Mgy \ 2
~ 100 M -1 A5
yr(lo AU> (103 M) * (A35)
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3. Von Zeipel-Kozai-Lidov oscillations
The ZKL timescale is [138—141]

P’ R 3 ( Mover \ 7!
Ty =——=10*
we=p yr<10 AU> <1o3 M,
a =3/2 (my + my\ /2
*\0.01 AU 100 My )
where P, refers to the proper orbital period of a BBH and
P to the orbital period around the IMBH.

Although the strong cubic dependence of Tzx; on R may
bring this timescale down to ~10 yr for R ~ 1 AU, the
ZKL contribution is important only if its timescale is below
the period of the GR periapsis precession, which is

~a®?/(2m)3? ~ Ty [142]. A more precise criterion for
the ZKL effect to take over the GR precession reads [143]

a 4/3
< -
R51AU <0.01 AU>

y Mgn \ /3 (my + my\ 723
10° My 20 Mg ‘

(A6)

(A7)

4. Evaporation
The interaction of a BBH with surrounding stars may
lead to its disruption if the semimajor axis is on the order of
the hard-binary limit a;,, such that the BBH’s binding
energy is comparable to the kinetic energy of the stars:
Gm?/a, ~m,c2, ie.,

m 2/m,\! c -2
~100 A L I N
=100 U(lO Mo) <MO) (10 kms—1> (A8)

Thus, the BBHs we consider are obviously hard. This is
also confirmed by their evaporation timescale [106,144],
which is comparable to or exceeds the Hubble time:

T. — \/go'* my + my
® 32/aGpyaln A m,

o, p -l
~6G
Y10 kms ! <105 M, pc-3>

" a Tm +my (m, !
01AU) 20M, \My)

where we assumed In A ~ 15.

(A9)
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