PHYSICAL REVIEW D 99, 063003 (2019)

Post-Newtonian dynamics in dense star clusters: Binary black holes
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The dynamical processing of black holes in the dense cores of globular clusters (GCs) makes them
efficient factories for producing binary black holes (BBHs). Here we explore the population of BBHs that
form dynamically in GCs and may be observable at mHz frequencies or higher with the future space-based
gravitational-wave observatory LISA. We use our Monte Carlo stellar dynamics code, which includes
gravitational radiation reaction effects for all BH encounters. By creating a representative local universe of
GCs, we show that up to dozens of these systems may be resolvable by LISA. Approximately one-third of
these binaries will have measurable eccentricities (¢ > 10~2) in the LISA band, and a small number (<5)
may evolve from the LISA band to the LIGO band during the LISA mission.
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I. INTRODUCTION

The groundbreaking detections of gravitational waves
(GWs) by LIGO and Virgo [1-5] have prompted a
multitude of studies aimed at understanding the formation
mechanisms for merging binary black holes (BBHs).
A variety of formation channels have been proposed for
these sources, involving isolated massive binary evolution
(e.g., Refs. [6-9]), primordial BHs (e.g., Refs. [10,11]),
galactic nuclei (e.g., Refs. [12—14]), secular interactions in
hierarchical triple systems (e.g., Refs. [13—19]), and dynami-
cal formation in dense star clusters (e.g., Refs. [20-27]),
which is the focus of this study.

Unlike BBHs formed through isolated binary evolution,
which are expected to have circularized orbits with compo-
nent spins nearly aligned with the binary angular momentum,
dynamically formed BBHs can have measurable eccen-
tricities and spin misalignments that result directly from
their formation process. In the cores of dense star clusters,
frequent three- and four-body resonant encounters impart
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large eccentricities (e.g., Refs. [28-30]) and random spin
orientations (e.g., Ref. [31]) to binaries. Hence, if measur-
able, spin misalignments and/or eccentricities (or lack
thereof) may serve as fingerprints pointing toward the
specific BBH formation channel (e.g., Refs. [29,31-33]).
Most LIGO/Virgo sources should be seen with similar
properties: small mass ratios, relatively large masses
(>10 M), small spins, and approximately zero eccentric-
ity, regardless of the formation scenario [34]. Even for the
majority of dynamically formed BBHs, eccentricities
acquired at the time of dynamical binary formation are
largely erased during the GW-driven inspiral [29,30,35].
More recently, it has been shown that a small fraction of
BBH mergers from GCs (~5%) will occur through GW
capture events that may have eccentricities in excess of
0.05 in the LIGO band [27,30,35-37], but these systems do
not make up a significant fraction of the total population.
On the other hand, for the upcoming space-based interfer-
ometer LISA [38,39], which will observe similar BBHs at
lower GW frequencies (10™—1 Hz), residual eccentricities
may still be apparent for a much larger fraction (up to
~40%:; [29]) of resolvable sources. The fact that LISA can
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measure inspiraling sources that merge in the LIGO/Virgo
domain is an idea that has been put forward in the literature.
In the work of Ref. [40] this idea was presented in the
context of massive binaries, and after LIGO observed
BBHs with masses larger than the nominal 10 Mg,
Refs. [41,42] revisited this idea. However, not all LIGO/
Virgo sources are audible by LISA, as Ref. [43] proved,
since LISA is deaf to highly eccentric (e 2 0.7) binaries in
the mass range of relevance.

Several recent studies have examined the potential
population of, in particular, dynamically formed binaries
in the LISA band. In Refs. [44-46], post-Newtonian (PN)
direct N-body simulations were used to explore the
population of LISA sources assembled dynamically in
open clusters. Reference [47] used Monte Carlo GC models
(without PN corrections) to show that up to dozens of LISA
sources may be found in the Milky Way GCs (including
BBHs as well as other compact binaries containing neutron
stars and white dwarfs). Most recently, Refs. [29,33,48]
used semianalytic methods, including PN corrections, to
show that a large fraction of BBH mergers from GCs will
have measurable eccentricities in the LISA band. These
recent analyses also demonstrated that PN corrections
play an important role in the formation and evolution of
BH populations in GCs, and thus the inclusion of these
corrections is important for a full understanding of dynami-
cally assembled LISA sources.

Here we present our first full-scale GC models, including
PN gravity (radiation reaction), to examine BBHs in the
LISA band. Using our Monte Carlo dynamics code CMC,
we create a representative local universe of GCs (out to a
distance of 500 Mpc) and examine the BBH systems that
may be resolvable by LISA with sufficiently high signal-to-
noise ratios (S/N). We also explore the distributions of
orbital and component properties of LISA BBHs (taking
into account PN effects and all dynamical effects expected
within realistic GCs) to predict the number of binaries that
will have measurable eccentricities in the LISA band.

In Sec. II, we describe our technique for modeling GCs
and describe the models used in this study. In Sec. III, we
explore all BBH mergers identified in our models and
discuss their evolution through the LISA band. In Sec. IV,
we describe the weighting scheme implemented to simulate
a representative local universe and discuss the number of
BBHs expected to be resolved by LISA. We discuss our
results and conclude in Sec. V.

II. MODELING GLOBULAR CLUSTERS

To model GCs, we use our Hénon-style Monte Carlo code
CMC (for a review, see [22,49-56]). CMC includes all
physics relevant to the long-term evolution of GCs including
two-body relaxation, stellar evolution (implemented using
updated versions of the SSE and BSE packages; [57,58]),
three-body binary formation, and small-N gravitational
encounters (implemented using the Fewbody package;
[59,60]).

We account for relativistic effects by including the
2.5 PN term (radiation reaction) in three- and four-body
dynamical encounters involving more than one BH (which
are integrated using the Fewbody code). See [27,29,
30,33-35] for more detail concerning the role of PN effects
in these small-N encounters.

Here, we use a 4 x 3 x 2 grid of 24 independent GC
models identical to those used in [30]. The models span
four values in initial particle number (N =2 x 10°,
5% 103,10 2 x 10°) and three values in galactocentric
distance (2 kpc, 8 kpc, and 20 kpc), with corresponding
metallicity values of Z = 0.01Z,0.05Z, and 0.25Z,
respectively. Additionally, we consider two values for the
initial cluster virial radius (1 and 2 pc).

We assume an initial binary fraction of 10% for all models
with binary orbital periods drawn from a distribution flat
in log and initial eccentricities drawn from a thermal
distribution. We use the compact object formation prescrip-
tions of [61,62]. neutron star natal kicks are drawn as in [63].
BHs are assumed to form with mass fallback, and BH natal
kicks are reduced in magnitude according to the fractional
mass of fallback material (see [64] for further detail).

III. BINARY BLACK HOLES ACROSS
FREQUENCY BANDS

As discussed in [30], we identify three dynamical
formation channels for BBH mergers: (1) binaries that
merge as isolated binaries after dynamically mediated
ejection from their host cluster (henceforth referred to as
the “ejected” channel); (2) binaries still retained in their host
clusters that merge between resonant dynamical encounters
(henceforth referred to as the “in-cluster” channel); and
(3) binaries that merge through gravitational capture
during resonant encounters (henceforth referred to as the
“GW-capture” channel). These three merger channels have
been identified and explored in several recent studies (e.g.,
Refs. [27,29,30,33]), and it has been shown that these
channels can produce binaries of varying orbital parameters
(in particular, varying eccentricities) when passing through
the LIGO and LISA bands. Note that a small fraction of
mergers (~5%) occur through primordial binary evolution at
early times (¢ < 100 Myr); we exclude these primordial
mergers as they are not influenced by dynamical interactions
(see [30] for further detail). Because these binaries preferen-
tially merge very early in the evolution of their host clusters
and because LISA can only resolve binaries out to z ~ 0.1
(which limits LISA to older clusters with ages greater than a
few Gyr), these primordial BBHs (which by definition merge
in their host clusters before being influenced by dynamical
interactions) are likely not accessible to LISA.

A. GW strain from eccentric binaries

For an eccentric binary—with eccentricity e, semimajor
axis a, and component masses M and M, the characteristic
strain at the nth harmonic can be written as (e.g., Ref. [65])
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Here, D is the luminosity distance to the source and f, is the
rest-frame GW frequency of the nth harmonic given by

Sn="nfow (2)

where f 4, is the rest-frame orbital frequency. Note that f, is
related to the observed (detector frame) GW frequency, f/, .,
by f, = fn,z(l +2).

Here E,, is the time derivative of the energy radiated in
GWs at (rest-frame) frequency f,, which to lowest order is
given by (e.g., Ref. [66])

. 32G"8
En=5—5 2afornM:)'g(n, e) (3)

where M. is the (rest-frame) chirp mass, which is related to
observed chirp mass M, , by

(M M,)33

— 1 -1 = —_
Mc Mc.z( +Z> (M1+M2)1/5

1+2)7 (4
To lowest order, f,, = nforb, where forb is found by
combining

da _64G°MiM5(M, + M)
dt 5 oad

F(e) (5)

(e.g., Ref. [67]) with the time derivative of Kepler’s third
law. In this case,

96 (GM,)>/3

E CS (2”forb)“/3F(€) (6)
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where F(e) = [1 4 (73/24)e* + (37/96)e*] /(1 - €*)"/2.
Combining Egs. (1), (3), and (6), we obtain
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where we have written the expression in terms of the
detector frame (redshifted) chirp mass and GW frequency,
M, and f, ..

The characteristic strain /., is a measure of the number
of cycles per frequency bin of width Af = 1/T,, where
T s 1s the LISA mission lifetime (we assume a fiducial
value of T, =5 yr). For stellar-mass BBHs, the source
lifetime can be significantly longer than the observation
lifetime; thus, it is necessary to take into account the
fraction of the mission lifetime a particular source spends
within a given frequency bin when discussing the character-
istic strain. Therefore, when showing detectability results
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FIG. 1. The top panel shows the evolution of characteristic
strain at the frequency of peak emission, f‘g&k , for all BBH
mergers with fyee < 7 in our models, assuming a distance of
250 Mpc from Earth. The bottom panel shows inspiral time
versus pre\z,‘J‘ at formation. Blue, red, and yellow dots denote the
mergers which occur through the ejected, in-cluster, and GW-
capture channels, respectively. Filled circles denote the values at
the time of last dynamical encounter. The black and gray curves
in the top panel denote the LISA and LIGO sensitivity curves,
respectively [70,71].

for particular binaries (as in Figs. 1 and 3), we show the
characteristic strain /., multiplied by the square root of

min[1, £, (Tops/fn)] to account for the frequency band
swept by each source during the observation time (see,
e.g., Refs. [33,68,69]).

B. Strain-f2s" evolution

The top panel of Fig. 1 shows evolutionary tracks for
all (dynamical) BBH mergers identified in our models that
have merger times less than a Hubble time. These tracks
are computed by integrating the equations of purely
GW-driven orbital evolution (e.g., Ref. [67]) given the
binary orbital parameters following the last dynamical
encounter, as calculated in CMC. The tracks in Fig. 1
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show the characteristic strain versus peak frequency of
GW emission for eccentric binaries, given by [72]

G(M, + My) (1+ )19 ®)
T [(1(1 _82)]1.5'
Each track shows the evolution from the time of formation

(marked by the filled circles) to pr¢\§}< =30 Hz. The

bottom panel of the figure shows the inspiral time for

. k . .
these binaries versus ffy at the time of formation.

The colors in Fig. 1 denote the three different formation
channels, as described in the figure caption. For ejected and
in-cluster binaries, the orbital parameters at formation
are well defined: They are simply the binary parameters
following the last dynamical encounter. However, for GW
capture mergers, the time of binary formation is not well
defined (and if merger occurs through “direct collision” of
BHs, a binary is never actually formed; see [30]), so we
simply assume these GW capture binaries form at a
reference eccentricity of 0.9999 and integrate these systems
backward from the a and e values recorded by the few-
body calculation at a pericenter distance of 100 M, where
M is the total mass of the BBH. Since the pericenter
distance (which determines the peak frequency of GW
emission) asymptotically approaches the true (and
unknown) initial pericenter distance for these binaries as
e approaches 1, the particular choice of the reference
eccentricity has no significant effect (see, e.g., Ref. [27]).

As Fig. 1 clearly demonstrates, the ejected, in-cluster,

and GW capture channels produce BBHs with increasing

Pk at the time of formation. In particular, while BBHs

produced through the ejected and in-cluster channels form
at lower frequencies and subsequently evolve through the
LISA and then LIGO bands, BBHs created via GW capture
form at higher frequencies and typically skip the LISA
band entirely. Reference [43] also noted that some sources
detected by ground-based detectors cannot be observed by
LISA; for high eccentricity binaries, a detector in the
decihertz regime is necessary for codetection.

Similar tracks in strain-frequency space for these three
formation channels were explored in [33] using semi-
analytic methods to model binary-single encounters under-
gone by BHs in typical GC environments. In contrast, our
results arise from realistic, full-scale GC models that span a
range in GC properties including metallicity, total mass,
virial radius, and galactocentric distance. While [33]
considered only 30 4 30 M, BBHs (as a fiducial case)
and a realistic range of BBH formation times and static GC
properties, our models produce a self-consistent population
of BBHs with a realistic spectrum in BH masses and their
formation times. Satisfyingly, the general trends observed
in our strain-frequency diagram agree quite well between
our detailed models and their more approximate ones.

peak
GW —

C. Eccentricity distribution in LISA

Figure 2 shows the eccentricity distribution for all
BBH mergers shown in Fig. 1 at %i,a;( = 1072 Hz, which
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FIG. 2. The eccentricities of all merging BBHs at a GW
frequency of 1072 Hz are shown on the x axis of all three panels
above. As before, red denotes in-cluster BBH mergers, and blue
denotes BBHs that merge after ejection from their host cluster.
The top panel shows the semimajor axis at the time of formation
(defined as the last dynamical encounter) on the y axis. The
middle panel shows, on the y axis, the eccentricity at the time of
formation, and the bottom panel shows the cumulative distribu-
tion of all sources at fge\'i}( = 1072 Hz. The bottom panel also
includes the eccentricity distribution for a population of binaries
formed in the Galactic field also at f%a = 1072 Hz, created
using the cosmic population synthesis code, as described in
the text.

approximately corresponds to the so-called “bucket” of the
LISA sensitivity curve [e.g., [70]]. The top and middle
panels, respectively, show the distributions of the semi-
major axis and eccentricity at formation (following the last
dynamical encounter). All binaries formed through the GW
capture channel (yellow systems in Fig. 1) form at frequen-
cies in excess of 10~2 Hz, so they are not shown here.

As the bottom panel of Fig. 2 shows, 78%(8%) of the
in-cluster (ejected) mergers will have ¢ > 1072 at fPar =
1072 Hz. We also include, in the bottom panel, the
eccentricity distribution at P = 102 Hz for a popula-
tion of BBHs formed in the Galactic field. This population
is created using the same binary evolution models as our
GC populations, but it is initialized according to a metal-
licity-dependent Milky Way star formation history based
on galaxy m12i in the Latte simulation suite. The Latte suite
of FIRE-2 cosmological, zoom-in, baryonic simulations
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of Milky Way mass galaxies [73], part of the Feedback
In Realistic Environments (FIRE) simulation project, were
run using the Gizmo gravity plus hydrodynamics code in
meshless, finite-mass mode [74], and the FIRE-2 physics
model [75]. All binaries in this population, including the
binary fraction, are initialized according to observed dis-
tributions detailed in [76]. The population synthesis was
performed with cosmic [77], a binary population synthesis
code designed explicitly to produce realistic Milky Way
populations. In particular, cosmic adapts the number of
simulated binaries for each binary evolution number such
that the shape of the distributions of mass, eccentricity, and
orbital period of BBHs at formation converge to a defined
shape in the LISA sensitivity band. This is quantified using a
convergence criteria, or match, defined as

> ory PriPri
VO (PriPii) Y8 (PriciPritt)

where Py ; denotes the probability for the kth bin for the ith
iteration. As the number of simulated binaries increases,
the match tends to unity. We continue to simulate binaries
until match > 1-107° for the mass, eccentricity, and orbital
period distributions which, here, results in a population of
3.15 x 10* BBHs.

Similar to the results from [32], the eccentricity of BBHs
formed in the Galactic field is lower than BBHs formed in
GCs that are ejected from or retained in the GC. We plan to
perform a more in-depth comparison of all observable
parameters from these populations, including masses and
distance, in a future study.

Note that the Galactic field distribution shown in Fig. 2
considers only binaries formed through isolated binary
evolution and does not consider the contribution of BBH
mergers arising from secular evolution of hierarchical
triples. Triples may contribute significantly to the overall
BBH merger rate and, like the GC channels considered in
this analysis, may lead to BBHs with high eccentricities
relative to BBHs formed strictly through isolated binary
evolution (e.g., Refs. [15,78,79]).

match =

©)

D. Distinguishing between the merger channels

As described in Sec. III, cluster dynamics produces (at
least) three distinct BBH merger channels, which are
ejected mergers, in-cluster mergers, and GW capture
mergers. As illustrated in Fig. 1, each of these channels
gives rise to a unique distribution across GW peak
frequency space, which can be used to observationally
distinguish them from one another. To provide some insight
into the relative location of the distributions and how they
scale with the cluster properties, we present in this section a
few relevant analytical relations to complement our numeri-
cal results. We especially focus on how a given channel
relates to pr¢\§}< and e at formation. For this discussion,
we use the analytical framework presented in [28,37,80].

For simplicity, the equal mass limit is assumed, and we only
include strong encounters up to binary-single.

For deriving f%e\?vk and e at the time of formation for a
given BBH belonging to a given channel, we start by
noticing that each channel is associated with its own
characteristic timescale, 7. In other words, for an assembled
BBH to contribute to a particular channel, its GW merger
time fgw (see Fig. 1) has to be comparable to the associated
time 7, where 7~ the Hubble time (#) for the ejected
mergers, 7~ the time between strong encounters (#.,.) for
the in-cluster mergers, and 7~ the BBH orbital time (7',,)
for the GW capture mergers (e.g., Refs. [29,33]). Given that

fo ~a'\/2GM/r}, where M is the BH mass and r, is

the BBH pericenter distance at formation [see, e.g.,
Eq. (8)], and that fgw ~ 160 (1 — €2)7/2 [67], where &)

refers to the GW merger time for a circular binary, one

finds that f?}e\?\}( for a BBH with initial semimajor axis = a,

BH mass = M, and GW merger time fgw =7 can be
expressed as

e\
Hz 10" yr

3/14 —11/14
x (2 M . (10)
0.5au 30 Mg

Here, we have normalized to values that are typical for a
BBH near ejection (see Fig. 2), as this is where the majority
of the relevant dynamics takes place. Note that this same
relation was derived and implemented in [33].
Substituting the timescales 7 for the three channels into

Eq. (10), one finds that log f?}e\?\}(/Hz ~ —4.5 for the ejected
mergers (7 = 1010 yr), log f2%a/Hz~ 3.5 for the in-

cluster mergers (z = 107 yr), and log fYa /Hz~0 for
the GW capture mergers (r = 0.1 yr). In addition, solving
for the corresponding initial eccentricity e, of the BBHs
from each channel, one finds that ey~ 1-107! (ejected
mergers), ey~ 1-1072 (in-cluster mergers), and e, ~
1-10™> (GW capture mergers). From these simple argu-
ments, it follows that in-cluster mergers generally will
appear eccentric near the LISA band, and GW capture
mergers near the LIGO band, as further discussed in
[27,29], and as is clearly shown in Fig. 1. Note that our
derived f‘ée\",t,k and e, represent minimum values, as our
introduced timescales 7 represent upper limits; in principle,
all BBH merger channels will have some contribution at
high f?f\;}( and e, but the probability drastically decreases
above their characteristic values derived above.

The location of ‘ée\;}( for the in-cluster and GW capture
mergers depends especially on the value of the semimajor
axis where dynamical ejection is possible, a.j, which is
about where ag o M/ V2., Where v, is the escape
velocity of the cluster (e.g., Ref. [37]). At this semimajor
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axis, the time between strong binary-single encounters
can be approximated by 1/T e, o v/ (nM?), where Iy,
is the encounter rate, ng is the number density of single
BHs, and we have assumed that the ratio between the
velocity dispersion and the escape velocity is constant.
Correspondingly, the BBH orbital time at a.; is o v M,
which simply follows from Kepler’s law. Now substituting
these two timescales into Eq. (10) with a = a., we find

that pre\i}( o 0o 0¥ M2/ for the in-cluster mergers, and

%e\i,k 027 M~" for the GW capture mergers.

As seen, these two channels are expected to give rise to

Iée\i}( positions that scale in very different ways with the BH

mass and cluster parameters. In this idealized picture, this
interestingly suggests that the host cluster properties might
be extracted from future GW data, taking into account the
actual f‘éesvk values for each channel, as well as their relative
spacing in pre@( . This opens up very interesting possibilities
if one further considers observatories like DECIGO [81,82]
or Tian Qin [83], as explored in, e.g., Ref. [43]. Finally, for
a demonstration of how the analytical formalism used
above can also be used to accurately explain the relative
rate for each of the three channels, we refer the reader
to [30] to estimate the relative rate for each of the three
channels.

IV. LISA SOURCES IN THE LOCAL UNIVERSE

In order to predict the number of BBHs dynamically
assembled in GCs that will be resolvable by LISA,
we must introduce a scheme to build a representative
local universe of GCs using our models. Here we use a
weighting scheme similar to [30] where models are
assigned weights based on the present-day GC mass
function and metallicity distributions of [84].

We consider three values for the number density of
GCs, pge, in the local universe [22,23]: 0.33 Mpc™
(pessimistic), 0.77 Mpc™ (fiducial), and 2.31 Mpc~>
(optimistic). For each of the three values of pgc, we
make an appropriate number of draws from our (weighted)
grid of 24 GC models. Each drawn cluster model is then
assigned a distance (drawn from a uniform volume of
radius 500 Mpc) and age (drawn from the metallicity-
dependent age distributions of [84]). The effective time at
which a particular cluster would be observed is then given
by Leffective = tage — Hookbacks where Nookback is the lookback
time corresponding to the luminosity distance drawn for
each model.

We then look at all BBHs appearing in the particular
model (including both BBHs still retained in the host
cluster and BBHs that were ejected earlier in the cluster
evolution, but have not yet merged) in the time window
bounded by Teffective and Teffective + TObS? where Tobs is the
duration of the LISA mission. We consider missions of

length 2 years, 5 years (fiducial), and 10 years, with the
latter serving as an upper limit on the observation time.

We perform this procedure an appropriate number of
times, based on the particular value of pgc, to generate a
realistic population of GC BBHs expected in the local
universe. The vast majority of BBHs in this population will
be found either within or below the LISA frequency range
(107 < fgw < 1 Hz) during the entire LISA observation
window. However, a small handful of binaries that happen
to be caught when their inspiral time is less than 7, will
pass through the upper portion of the LISA band and merge
in the LIGO band during the LISA observation window.

For all BBHs identified in the LISA band using this
scheme, we calculate the S/N, based on the binary orbital
parameters and the heliocentric distance for each host
cluster (randomly drawn as described above). For eccentric
binaries, the S/N is calculating by summing over all
relevant harmonics (e.g., Ref. [12]):

) 07 A ) KL

n=1

where &, is given by Eq. (1), and £ is the characteristic
LISA noise curve, which we take from [70]. Here, f .« =
nfop 18 the GW frequency emitted at the nth harmonic at
the start of the LISA observation, and f 4 is either the GW
frequency at merger or the GW frequency of the nth
harmonic of the orbital frequency of the binary at the
end of the LISA observation time. The characteristic noise
(e.g., the black curve in Figs. 1 and 3) can be expressed as

fﬂPn(fﬂ) (12)

=R

where P,(f,) is the noise power spectral density of the
detector and R(f,) is the frequency-dependent signal-
response function (incorporating sky and polarization
averaging), which is given by Eq. (8) of [70]. Note that
in some papers, an extra factor of 2 is included in Eq. (11)
to take into account the fact that LISA is a two-channel
detector. However, for the sensitivity curves of [70], this
factor of 2 is absorbed into the signal-response function, so
we do not include it in Eq. (11).

In addition to sky and polarization averaging (which are
absorbed into the signal-response function, R), inclination
averaging must also be included, which introduces a factor
of 16/5 (see, e.g., Ref. [70]). We note for clarity that
inclination averaging is already taken into account in our
Eq. (3) (see [66] for further detail on the derivation of this
equation), so no additional factor is necessary in Eq. (11).

Figure 3 shows the characteristic strain of the peak
harmonic and peak GW frequency for all BBHs with
S/N > 2 in a single representative local-universe realiza-
tion assuming our fiducial values of pge = 0.77 Mpc™>
and T,,, =5 yr. Large circles denote binaries resolved
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FIG. 3. All BBHs formed in GCs in a single local-universe

realization that are resolved with S/N > 2 during a 5-yr LISA
observation. Blue systems have been ejected from their host
cluster; red systems are still retained. Black curves denote the
evolution of chirping systems through strain- f%e\}avk space during
the LISA observation. For our fiducial value of pgc =
0.77 Mpc=3, we predict that approximately 25 (2) sources will
be resolvable with S/N > 2(5), including up to roughly five
resolvable BBHs (S/N > 2) that merge in the LIGO band during
the LISA observation.

with S/N > 10 and, as before, the blue color denotes
binaries that have been ejected and red denotes binaries are
still retained in their host cluster. The circles mark the
position of each binary at the start of the LISA observation,
and the black tracks show the evolution of each system over
the duration of the LISA mission. Systems at lower
frequencies (<5 mHz) with no black tracks do not evolve
significantly during the LISA observation time.

The “turnover” points in the evolution tracks shown in
Fig. 3 (as well as those in Fig. 1) arise because for a finite
observation time, the number of cycles in a given frequency
bin cannot exceed fT,.. The location of these turnover
points corresponds to the frequency at which f , 18 less than
Sn/Tops for the harmonic of peak GW emission for each
binary (as described above).

For the particular local-universe representation shown in
Fig. 3, we identify 29 BBHs with S/N > 2, four of which
have S/N > 5, and one of which has S/N > 10. Of the
systems with S/N > 2, 24 are ejected binaries and five are
retained. Additionally, three of these resolvable binaries
merge in the LIGO band during the assumed 5-yr LISA
mission.

The number of resolvable BBHs in a particular local-
universe representation varies stochastically with the num-
ber of (randomly drawn) parameters including cluster ages
and heliocentric distances. Therefore, we produce 12 total
independent realizations to estimate the level of stochastic
fluctuations for the number of BBH sources resolvable by
LISA and the BBH merger rates.

TABLE I. Row 1 shows the three values assumed for globular
cluster number density, pge: 0.33, 0.77, and 2.31 Mpc™3, which
correspond to the pessimistic, fiducial, and optimistic cases,
respectively. Row 2 shows the local-universe merger rate for
these three values of pgc. Subsequent rows show the number of
LISA sources predicted with S/N > 2, 5, and 10 for the three pgc
cases assuming a LISA mission of length Ty, =2 yr and 5 yr
(fiducial). We also show the values for 7, = 10 yr, which
serves as an upper limit. Note that all values shown here are
averages (with error margins showing upper and lower bounds)
calculated from all local-universe realizations.

poc Mpe™?) 0.33 0.77 231
Merger rate
(Gpe3 yr1) 33108 6.6730 19.8738

Tops =2 yr

S/N>2 2,971 6.7+23 283753

S/N>5 0.1403 0.370¢ 2687158

S/N> 10 0 0.04254, 0.1%07
Tops =5 yr

S/N>2 10.5+19 24 6144 73.818%

S/N>5 0.6+17 14329 48133

S/N> 10 0.1 0.2593 0.5%3
Typs = 10 yr

S/N > 2 263707 61.311] 183.827%

S/N>5 39.4103 7.3107 21.8422

S/N > 10 0.3+04 0.8712 235

Table I shows the predicted merger rate in the local
universe (row 2) for the three values of pgc (row 1). We also
show the number of sources predicted to be resolved with
S/N > 2,5, and 10 for each of these three values of pgc for
three LISA observation times: 2 years, 5 years (fiducial),
and for an upper limit of 10 years. All values shown in Table I
are averages (with error margins showing upper and lower
bounds) computed from all local-universe realizations.

For our fiducial values of pgc = 0.77 Mpc™ and
Tos = 5 yr, we predict that approximately 25 BBHs will
be resolvable with S/N > 2, including roughly 2 with
S/N > 5. If the LISA mission is extended up to a 10-yr
observation time, these numbers may be extended up to
approximately 60 and 7, respectively, as shown in Table I.

We note that our predicted merger rate for the local
universe (6.6, 3.3, and 19.8 Gpc~ yr~! for the fiducial,
pessimistic, and optimistic pgc, respectively) is consistent
with merger rates of BBHs in GCs predicted by similar
studies [30,85]. For the fiducial value of pgc = 0.77 Mpc~3,
we find that, on average, 1.5 (up to 5) of the sources with
S/N > 2 will merge in the LIGO band for a 5-yr LISA
observation. If the mission is extended up to 10 years, and
assuming the optimistic case of pge = 2.31 Mpc™3, we
predict as many as 10 of the LISA-resolvable sources will
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go on to merge and be detected by LIGO during the LISA
mission.

A. Eccentricity distribution of BBHs in
the local universe

One of the exciting prospects for LISA is the potential to
measure eccentricities of resolvable sources and use these
eccentricities to distinguish between dynamically formed
sources, such as those considered here, and binaries that
form through other formation channels, in particular,
through isolated binary evolution in the Galactic field.

Figure 4 shows the evolution in eccentricity- pre{;}( space
of all binaries with S/N > 2 for the same local-universe
realization shown in Fig. 3. As in Fig. 3, the black tracks
here show the evolution during the (5-yr) LISA observation
time. The upper dashed line shows the eccentricity
(e = 1072) that will always be measurable for any resolved
BBH, and the lower dashed line denotes the measurable
eccentricity limit (e = 107%) for 90% of resolvable BBHs
for Ty, =5 yr [86]. Note that this figure demonstrates
similar results to that of Fig. 1 in [33], as well as Fig. 7 of
[45], who found similar eccentricities of in-cluster and
ejected BBHs from open-type clusters at similar values
of fow-

Figure 5 shows the eccentricity distributions for three
populations of BBHs, computed from all local-universe
realizations considered in this study (as opposed to Figs. 3
and 4 which show only a single realization). The left panel
shows all BBHs of any frequency; the middle panel shows
all BBHs in the LISA frequency band, independent of their
resolvability; and the right panel shows only those systems
that would be resolvable (S/N > 2). As before, blue and
red curves indicate ejected and retained BBHs, respectively,

10° ——————r
F| o In—cluster

i Ejected
107 ¢ & o

PETTT R

I R e TP

L R e

Eccentricity

10-45— ® o ) s ®o 3

10°L 4

106 L \

4 n n PR R S
103 1072 101
faw (Hz)

FIG. 4. Evolution of all binaries with S/N > 2 shown in Fig. 3

. . . . . .. peak
(a single local-universe realization) in eccentricity-fgy, space.

The upper and lower dashed lines denote the two measurable
eccentricity limits as discussed in the text.

while the solid black curve in the right-hand panel denotes
all sources (ejected and retained combined). The vertical
dashed lines in the right-hand panel again denote the
measurable eccentricity limits for resolved binaries. The
black dashed lines in the middle and left-hand panels
denote the thermal distribution.

As the left-hand panel shows, the eccentricity distri-
bution for BBHs of all frequencies is approximately
thermal for both ejected and retained BBHs, as is expected
for binaries that have undergone dynamical encounters
[27,87-89]. Meanwhile, for binaries in the LISA band
(middle panel), the distributions begin to diverge from the
thermal distribution. The ejected systems (blue curve
of the middle panel) are slightly subthermal. This is
expected because, by the time these binaries have inspir-
aled into the LISA band, the original eccentricities at the
time of formation (which would have been drawn from a
thermal distribution) will have been partially erased due to
circularization effects of GW emission.

On the other hand, as shown by the red curve in the
middle panel, retained systems in the LISA band have a
superthermal eccentricity distribution. Unlike the ejected
BBHs, which can “spiral” (and circularize) into the LISA
band, the majority of in-cluster BBHs do not have ample
time to evolve (until getting significantly altered or ejected
by the next close encounter). Hence, the in-cluster
BBHs depend mainly on higher eccentricities to be in
the LISA band. Indeed, the orbital frequency distribution
of these in-cluster binaries peaks at frequencies lower than
107> Hz. Therefore, for wider binaries which will undergo
subsequent dynamical encounters in the cluster, we
preferentially select the (more abundant) lower orbital
frequency systems that have the highest eccentricities,
contributing to the superthermal distribution for retained
binaries.

The right-hand panel of Fig. 5 shows only BBHs
resolved with S/N > 2. As shown, 84% of retained
BBHs (red curve) with S/N > 2 will have e > 0.01, while
94% will have e > 1073. For ejected BBHs (blue curve),
4% and 14% will have e in excess of the 1072 and 1073
limits, respectively.

In total, the ejected binaries dominate the total popula-
tion of resolvable sources: 83% of BBHs with S/N > 2
have been ejected from their host cluster. For all BBHs
formed in GCs (black curve), we estimate 18% and 30% of
sources with S/N > 2 will have e > 1072 and e > 1073,
respectively.

Additionally, we note that the eccentricity distributions
for the resolvable sources shown in the right-hand panel of
Fig. 5 agree closely with those shown in the bottom panel
of Fig. 2, which shows distributions for all BBH mergers
integrated back to fgw = 107> Hz. This is of course
expected since most of the resolvable sources have
frequencies near this value (Fig. 3).
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ejected from their host cluster, red denotes binaries still retained, and black denotes all binaries. The left panel shows the cumulative
distributions for all BBHs of any frequency (the majority of which are found outside the LISA band; fqw < 107> Hz). As expected, this
population of binaries conforms to the thermal distribution (dashed black line). The middle panel shows all BBHs found within the LISA
frequency range (10~°—1 Hz). The right panel shows all BBHs resolved with S/N > 2 in the LISA band. The left and right vertical
dashed lines in the right panel show the minimum measurable eccentricity limits discussed in the text (e = 1072 and 1073).

V. DISCUSSION AND CONCLUSIONS

Using a set of 24 independent GC models developed
with our Monte Carlo code CMC, we have explored the
population of binary BHs formed in GCs that may be
resolved by LISA out to a distance of 500 Mpc. Our key
findings include the following:

(1) For our fiducial values for number density of GCs in
the local universe (0.77 Mpc— yr~!) and the dura-
tion of the LISA mission (7, = 5 yr), we estimate
that approximately 25 BBHs formed in GCs will be
resolved in the local universe above mHz frequen-
cies with S/N > 2, including approximately two to
four with S/N > 5.

(2) Of these resolvable sources, we predict approxi-
mately two to five will inspiral and merge in the
LIGO band during the LISA observation lifetime.

(3) If the LISA mission is extended to 10 years, and if
we consider a more optimistic value for the GC
number density (2.31 Mpc3yr~!), up to 200
sources may be resolved with S/N > 2, including
in excess of 20 with S/N > 5. In this case, as many
as roughly 10 resolvable sources may merge in the
LIGO band during the LISA lifetime.

(4) Of the GC BH binaries that are resolved, we predict
approximately 30% will have eccentricities in
excess of 107 and 18% will have eccentricities
above 1072. Such eccentricities are likely to be
measurable by LISA.

As shown in Fig. 2, BBHs formed through isolated
binary evolution in the Galactic field have significantly
lower eccentricities in the LISA band compared to the
dynamical population. Thus, if the eccentricity can be

measured for binaries resolved by LISA, it may be used to
point to the dynamical origin of these systems. For our
predicted resolvable population (Fig. 5), roughly 18% of
BBHs have eccentricities in excess of 1072, This value is
slightly lower than that predicted by [29], which predicted
roughly 40% of BBHs formed in GCs would have
e > 1072, The difference here arises simply from the
relative abundance of ejected versus retained BBHs con-
sidered in these two studies. We do note, however, that the
eccentricity distributions of our retained and ejected pop-
ulations individually are very similar to those found in [29]
(compare the right-hand panel of our Fig. 5 to Fig. 4 in
[29]). But because [29] considered a/l BBH mergers at a
frequency of 1072 Hz, as opposed to only those that would
realistically be resolved by LISA, Ref. [29] predicted a larger
fraction of the population was made up of the retained
binaries (which, as shown in Fig. 5, have relatively high
eccentricities at f = 1072 Hz), and thus a larger fraction of
the total sources would have eccentricities in excess of
1072, When considering only those BBHs that may be
resolved by LISA, the fraction of sources with measurable
eccentricities likely decreases slightly, as shown here.

Of the BBHs predicted to be resolved with S/N > 2
(as shown, e.g., in Fig. 3), we find that approximately 80%
have been ejected from their host clusters. However, as
shown in [29] (as well as [30]), the merger rate of BBHs out
to z~ 1 has been shown to be split approximately 50/50
between in-cluster and ejected. There are several reasons
LISA may preferentially resolve ejected BBHSs. First,
because LISA can only resolve binaries out to roughly
0.5 Gpc (z=~0.1), LISA preferentially sees older clusters
when relatively more BHs have been ejected, unlike LIGO
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which can see younger clusters at higher redshifts. Second,
because binaries have relatively higher eccentricities in the
LISA band than in the LIGO band, and because retained
systems preferentially have higher eccentricities (see
Fig. 5), the GW emission of retained sources is more likely
to be spread out over many harmonics compared to the
ejected binaries. For some parts of parameter space, this
may render the binaries less detectable. Furthermore, as
shown in the top panel of Fig. 2, in-cluster mergers are, in
general, wider than the ejected mergers at the time of
formation. As a consequence, the in-cluster populations are
likely to be relatively wide by the time they reach the most
sensitive regions of the LISA band and wider binaries are,
in general, less visible.

In [48], it was pointed out that inclusion of PN
corrections may lead to depletion of stationary sources
at high GW frequencies (210> Hz) in MW GCs, particu-
larly pertaining to [47], which used Newtonian GC models
to show that approximately 5 BBHs may be resolved in the
MW GCs and used a rough cut to exclude binaries that may
have been handled incorrectly by the Newtonian models.

Although the present study focuses on higher frequency
BBHs en route to merger, we briefly comment here on the
number of lower-frequency BBH sources that may be
observed by LISA in the MW, as predicted by our models
with PN corrections. Using an identical weighting scheme
to that described in Sec. IV, but drawing cluster distances
from the galactocentric distance distribution of MW GCs,
we predict that approximately six BBHs may be resolved
with S/N > 2, which formed in MW GCs (including
approximately two and one with S/N > 5 and 10, respec-
tively), approximately in line with [47] which predicted
seven and four BBHs would be resolved in the MW GCs
with S/N > 2 and 7, respectively. However, as suggested
by [48], we find that inclusion of general relativistic effects
depletes the handful of high-frequency MW sources
(fow 2 mHZ) identified in the Newtonian models of
[47]. Unlike the binaries considered in Sec. IV (which
are found at considerably larger distances), the MW sources
identified here are found exclusively at low GW frequen-
cies (sub-mHz). This is simply because the timescales on
which systems above ~mHz frequencies “chirp” through
the upper half of the LISA band are relatively small,
making them unlikely to be seen in the MW, which only
contains roughly 150 GCs. Only when we consider a
sufficiently large volume do we access enough GCs to
catch a handful of these high-frequency sources. But of
course, as we move to a larger volume, the signal-to-noise
ratios of these sources decrease, which is why we identify
no more than ~ dozens of resolvable binaries regardless of

assumptions concerning the density of GCs in the local
universe.

However, it should be noted that the set of GC models
utilized in this study does not necessarily span the full
distribution of MW GCs (in particular, missing the core-
collapsed clusters that may have few BHs at present; see
[90]). A more detailed study of MW clusters is necessary to
explore the effects of the inclusion of PN corrections in
greater detail.

As illustrated by Fig. 1, some BBH mergers that form
through GW capture in GCs will form at frequencies above
~1 Hz, making the prospects for detecting these systems
with LISA poor. However, these systems may be observ-
able by proposed decihertz detectors, such as Tian Qin and
DECIGO. Thus, future decihertz missions may be neces-
sary to successfully disentangle the formation channel of
these binaries (e.g., Refs. [25,43]). We intend to perform a
more thorough investigation of the detectability of these
BBHs in the decihertz regime in a later study.
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