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Abstract

We investigate the possible dynamical origin of GW 190814, a gravitational wave (GW) source discovered by the
LIGO-Virgo-Kagra collaboration (LVC) associated with a merger between a stellar black hole (BH) with mass
23.2 M, and a compact object, either a BH or a neutron star (NS), with mass 2.59 M. Using a database of 240,000
N-body simulations modeling the formation of NS—-BH mergers via dynamical encounters in dense clusters, we
find that systems like GW190814 are likely to form in young, metal-rich clusters. Our model suggests that a little
excess (~2%—4%) of objects with masses in the range of 2.3-3 M, in the compact remnants’ mass spectrum leads
to a detection rate for dynamically formed “GW190814 -like” mergers of I'gw1o0s14 =~ 1-6 yr ' Gpc >, i.e., within
the observational constraints set by the GW 190814 discovery, I'| yc ~ 1-23 yr ' Gpe . Additionally, our model
suggests that ~1.8%—4.8% of dynamical NS-BH mergers are compatible with GW190426_152155, the only
confirmed NS-BH merger detected by the LVC. We show that the relative amount of light and heavy NS-BH
mergers can provide clues about the environments in which they developed.

Unified Astronomy Thesaurus concepts: Astrophysical black holes (98); Stellar astronomy (1583); Gravitational
waves (678); Neutron stars (1108); Compact objects (288); Compact radiation sources (289)

1. Introduction

The LIGO-Virgo collaboration (LVC) recently detected
GW190814, a merger between a black hole (BH) with mass
Mgy = 23.2f,1j(1) M., and a mysterious compact object with mass
Mco = 2.597398 M., (The LIGO Scientific Collaboration et al.
2020). The properties of GW190814 challenge our under-
standing of compact binaries: (i) the secondary mass falls in the
“lower mass gap,” a range of masses (2.5-5 M) characterized
by the observational absence of stellar remnants (Bailyn et al.
1998; Ozel et al. 2012); (i) the mass ratio is small,
g = 0.1127%%8; and (iii) the inferred merger rate is fairly large,
Tive = 7768 yr=' Gpc 3. The unusual mass of the GW190814
secondary suggests that this merger involved either the heaviest
neutron star (NS) or the lightest BH known in a compact binary
system. Although the BH hypothesis seems to be the favored
one (The LIGO Scientific Collaboration et al. 2020), the
existence of NSs with masses up to 3 M, (e.g., Freire et al.
2008; Tsokaros et al. 2020) or, in general, the absence of a lower
mass gap (e.g., Wyrzykowski & Mandel 2020; Zevin et al.
2020) cannot be completely ruled out. Whether the secondary is
an NS or a BH, matching all GW190814 features—low-mass
companion, low mass ratio, and large merger rate—poses a
challenge to astrophysical theories. Population synthesis models
for isolated binaries predict mass ratios g > 0.2 (Dominik et al.
2012; Marchant et al. 2017; Giacobbo & Mapelli 2018; Spera
et al. 2019), unless special prescriptions are adopted (Eldridge
et al. 2017; Giacobbo & Mapelli 2018). Formation in active
galactic nuclei (AGNs) could be a promising channel, although
mergers developing in such extreme environments might have
larger BH masses, Mgy~ S50M. (Yang et al. 2019), but
comparable mass ratios, i.e., ¢ =0.07 — 0.2 (Yang et al. 2019;
McKernan et al. 2020), in relation to GW190814. Nonetheless,
~4% of AGN-assisted mergers can have one of the binary
components in the lower mass gap (Yang et al. 2020). Other
explanations include that the accretion of material expelled
during the NS formation remained bound to the binary owing to
the large mass of the primary (Safarzadeh & Loeb 2020),

through a hierarchical merger involving two NSs and a BH (Lu
et al. 2021), or, in general, in hierarchical triples assembled
either in the field or in dense clusters (e.g., Liu & Lai 2021).
Alternatively, GW190814-like systems may hint at a supernova
(SN) mechanism acting on longer timescales than previously
thought, thus enabling the proto-compact remnant to accrete
enough mass before undergoing explosion (Zevin et al. 2020).
However, even in such a case the formation of mergers with a
secondary mass and mass ratio compatible with GW190814 is
almost impossible in the isolated binary scenario, regardless of
the SN explosion mechanism assumed (Zevin et al. 2020).
Another potential formation channel for GW190814 is via
dynamical encounters in a star cluster. The dynamical formation
of massive binaries (e.g., BH-BH) is efficient in globular
clusters (GCs), where compact remnants undergo dozens of
interactions before either merging inside the cluster or getting
ejected and merging afterward (Rodriguez et al. 2016, 2018;
Askar et al. 2017). However, binary BHs in GCs tend to have
high mass ratios (g > 0.5; Rodriguez et al. 2016), while the
formation of NS—BH binaries is suppressed owing to BHs that
quench mass segregation of lighter objects. Therefore, the
inferred NS-BH merger rate for GCs in the local universe is
rather low, I'nspu= 1072-107! (Clausen et al. 2013; Arca
Sedda 2020; Ye et al. 2020). Young and open clusters (YCs)
might be suitable formation sites for NS-BH mergers (Ziosi
et al. 2014; Rastello et al. 2020). The large number of YCs
expected to lurk in galaxies (up to 10° in the Milky Way (MW);
e.g., Piskunov et al. 2006) can boost the overall NS-BH merger
rate, especially if they contain a high fraction of primordial
binaries (Rastello et al. 2020). In a recent work, we explored the
NS-BH dynamical formation channel through a suite of 240,000
N-body simulations (Arca Sedda 2020) tailored to reproduce
scatterings in star clusters with velocity dispersion o=
5-100kms ', thus covering the range from YCs to nuclear
clusters (NCs). We predict that some NS-BH mergers display
distictive features, namely, a chirp mass >4 M., a BH heavier
than Mgy > 10 M, and the absence of an electromagnetic (EM)
counterpart even if the BH is highly spinning. In this letter, we
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Configuration: BHSTNS Configuration: NSSTBH

Figure 1. Schematization of the dynamical encounter driving the formation of
an NS-BH binary in a dense stellar environment. We assume that either a
roaming NS scatters over a BH-star (ST) binary (left panel, configuration
BHSTNS) or vice versa (right panel, NSSTBH).

exploit this database to quantify the likelihood for dynamically
formed GW190814-like sources.

2. Dynamical NS-BH Merger Rates and the Formation of
GW190814-like Sources

Our simulations (Arca Sedda 2020) model binary—single
hyperbolic encounters involving two compact objects and a
normal star, using ARGAf (Arca-Sedda & Capuzzo-Dolcetta
2019), an improved version of the ARCHAIN N-body code
that implements post-Newtonian formalism up to order 2.5
(Mikkola & Merritt 2008) and enables a high-accuracy
treatment for close encounters (Mikkola & Tanikawa 1999).
We adopt a mass function for compact objects such that all
remnants with a final mass <3 M, are labeled as NSs, while
the remaining are labeled as BHs. The database, containing
over 240,000 simulations, is dissected into two configurations
(see Figure 1): either the binary contains a BH and a star (ST)
and the third object is an NS (configuration BHSTNS), or
vice versa (NSSTBH). Details about the initial conditions and
the mass distribution of the objects involved in the scattering
are discussed in Appendices A and B.

We identify Ngw = 1193 mergers, i.e., Pns_gy =2 0.5% of
the whole sample. To characterize how Ngw varies across
different values of the velocity dispersion (o), we define an
individual merger rate (I';,q), namely, the number of mergers
per unit time per cluster, as

Lina = pgw NoindR/dt, (1)

i.e., as the product between the fraction of NS-BH mergers
(pgw) that is measured directly from our simulations, the
average number of binaries containing either an NS or a BH
that at a given time coexist in the cluster (My;,), and the rate of
binary—single interactions that lead to the formation of an NS—
BH binary (dR/df). We find that there is a tight relation
between I'j,4 and o, well described by a power law

§

lina & koin(i) . (2)

O'C

In the equation above, o.=5km sfl, and k and 6, whose
values are summarized in Table 1, are best-fit parameters
calculated through a linear regression fit applied to the database
of simulated mergers. The functional form above is likely the
result of the relation between the parameters involved in
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Table 1
Best-fitting Parameters for Clusters’ Individual Merger Rate
Configuration z k 6
Gyr™h

BHSTNS 0.0002 (52+09) x 1072 0.99 +0.01
0.02 (3.6 +£0.2) x 1072 0.98 +0.03
NSSTBH 0.0002 (1.04+02) x 1072 0.78 £ 0.12
0.02 (4.0 £0.6) x 107* 0.89 + 0.08

Note. Column (1): scattering configuration. Column (2): metallicity. Columns
(3)—(4): parameters of the fitting function for the individual merger rate in
Equation (2).

Equation (1) and the cluster velocity dispersion. As discussed
in Appendix A, the Ny, parameter is highly uncertain, as it
depends on the mass of the cluster, the retention fraction of
both NSs and BHs, and the cluster relaxation time in a
nontrivial way. To constrain this quantity, we resort to the suite
of GC Monte Carlo models named the MOCCA Survey
Database I (Askar et al. 2017). In MOCCA we find on average
N~ 1 for cluster mass M < 10° M. and Ny, =2-4 for
heavier clusters. Note that the cluster mass M and half-mass
radius r;, are linked to o via (Arca Sedda 2020)

Log(GM/ry) = (1.14 £+ 0.03) + 2Log o; 3)

thus, we can uniquely infer the individual merger rate for a
cluster with given mass and half-mass radius through its
velocity dispersion. Table 2 lists I'j,q estimates assuming
typical values for o in YCs, GCs, and NCs. At a redshift z < 1,
the merger rate associated with a given cluster population can
be roughly calculated as (Arca Sedda 2020; Ye et al. 2020)

INs—BH = LindPmwegNVes “4)

where [,q is calculated through Equation (2), pyvwes=
0.0116 Mpc > is the local density of MW-equivalent galaxies
(Abadie et al. 2010), and N, is the total number of clusters in the
galaxy. A typical NC has I'nc < 0.5Gyr ', ie., 1-3 orders of
magnitude larger than other cluster types. However, the contrib-
ution of NCs to the population of NS-BH binaries is likely rather
low, as they are outnumbered by GCs (around 200 in the MW;
Harris 2010) and YCs (up to 10%; Piskunov et al. 2006). Assuming
around 200 GCs and 1 NC for all MW-like galaxies in the local
universe implies a merger rate ['gc = (0.002-0.1) X Ny, yr*1
Gpe ™ and Tne=(3 x 107°-6 x 107) X Ny yr 'Gpc 2. To
explain the LVC inferred rate, the number of binaries with a
compact object lurking in typical GCs and NCs should thus be
Niin ~ 10*-10°. However, Ny, is more likely to be <10 in GCs
(e.g., Morscher et al. 2015; Kremer et al. 2020; see also
Appendix A) and ~10-10° in NCs (e.g., Arca Sedda et al.
2020), thus suggesting that these environments are unlikely to be
the main contributor to the population of NS-BH mergers.
Extending our calculations to YCs, instead, yields

PMWEG Nc)
Tyc = | —2MWEG Noi
ve (0.0116Mpc‘3)(105 o

0.04-3.7yr 'Gpc™3, o =0.3km s/,
X 40.1-123yr 'Gpc™3, 0 =1.0km s/, 5)
0.3-36.6 yr'Gpc>, 0 =3.0km s/,
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Table 2
Individual Merger Rate for Different Cluster Types
Tina (Gyr")
NSSTBH BHSSTNS

Cluster M I o Noin Z z

Type (M) (pc) (km s~ 1 0.0002 0.02 0.0002 0.02
YCs 3 x 10% 1 0.3 (1) 1 1.17 x 107 325 x 107° 322 x 1073 224 x 1073
YCs 3% 10° 1 1.0 (1) 1 2.99 x 107* 9.57 x 107> 1.06 x 1072 7.37 x 1073
YCs 3 x 10* 1 3.0 (1) 1 7.06 x 1074 2.56 x 107 3.15 x 1072 2.18 x 1072
GCs 10° 3 5.5(2) 1 1.13 x 1073 441 x 1074 5.75 x 1072 3.96 x 1072
NCs 8 x 10° 3 50 (3) 1 6.34 x 1073 3.19 x 1073 5.13 x 107! 3.50 x 107!

Note. Columns (1)—(4): cluster type, mass, half-mass radius, and typical velocity dispersion. Column (5): average number of binaries containing an NS or a BH.
Columns (6)—(7): individual merger rate for NSSTBH configuration and different metallicities. Columns (8)—(9): individual merger rate for BHSTNS configuration

and different metallicities.

References. (1) Piskunov et al. 2007; Soubiran et al. 2018; Jackson et al. 2020; (2) Harris 2010; (3) Feldmeier et al. 2014.

with lower limits corresponding to Z=0.02 and the NSSTBH
configuration. According to Equation (3), the o values adopted
above correspond to a cluster mass Myc = (280-3166-28,000) M.,
assuming 1, = 1 pc. Note that such an optimistic rate is obtained
assuming that all MW-like galaxies in the local universe have a
number of YCs~ 10°, each of which contains at least Ny, = 1
binary that undergoes the type of scattering explored here.

This rate falls within the LVC measurements (The LIGO
Scientific Collaboration et al. 2020) and is in remarkably good
agreement with simulations of compact YCs (Rastello et al. 2020).
Assuming instead similar number densities for YCs and GCs,
pe =231 Mpe >, leads to T'yc = (1.5 x 107*-0.06) yr ' Gpc 3,
in agreement with recent results from Fragione & Banerjee (2020;
for more details see Appendix E). The agreement between our
models and fully consistent N-body simulations, in spite of the
different assumptions adopted, suggests that the dynamical
formation of NS—BH binaries is driven mostly by stellar dynamics
and is less affected by stellar evolution and post-Newtonian
corrections. Our simplified approach enables us to produce a
catalog of ~10° NS—BH mergers, which can be used to constrain
their overall properties and to access the NCs’ mass range, for
which full direct simulations are prohibitive.

3. Dynamical Formation of GW190814 and
GW190426 152155

Among all our models, we find 11 mergers with a BH with
mass 20 < Mpy/ M <25 and an NS with mass Mys > 2 M.
One interesting example is BHSTNS15ZH-S5561 (configuration
BHSTNS, o=15km sfl, metallicity Z=0.02), which has
Mgy =231M, and Mys=2.77TM., ie., within ~0.4% and
~T7% from the GWI190814 measured values. As shown in
Figure 2, after formation, BHSTNS15ZH-S5561 has a semimajor
axis a=0.6au and eccentricity e=0.97, merging within
tgw = 1.3 Gyr. Note that the large NS mass is due to the adopted
mass spectrum for compact remnants, which enable the formation
of NSs with a maximum mass of ~3 M, at solar metallicity (see
Appendix B).

To identify other NS-BH mergers similar to GW190814, we
use the BH mass My and the mass ratio g. Figure 3 compares
these quantities for GW190814, our dynamical mergers, and
isolated mergers (adapted from Giacobbo & Mapelli 2018) for
metal-poor (Z=0.0002) and metal-rich (Z=0.02) stellar
progenitors. It must be noted that Giacobbo & Mapelli (2018)

1.0
]\/[BH =23.1 1\’1@
0.5 Mgt = 0.1 Mg
0 appst = 0.04 AU
egust = 0.82
0.0 \“}'\.
= \W
— \;
= 0.5
—1.0/ | BHSTNSISZH 4G\
55561
Mpy = 23.1 Mg
—1.5]  Mys=2.77 Mg
aNSBH — 0.6 AU ]WNS = Dol I\'IQ
ENSBH — 0.97
—9.0 taw = 1.3 Gyr
—1.0 —0.5 0.0 0.5
x [AU]

Figure 2. Formation of a GW190814 prototype in one of our models
(Z=0.02, 0 = 15km s~ "). During the scattering, the NS swaps with the star
(ST), which is ejected away, leading to the formation of a highly eccentric
binary with merging time fgw < 1.3 Gyr.

adopted a rapid SN explosion scheme (see Fryer et al. 2012),
whereas our model is based on a delayed SN scheme for the
calculation of compact remnants’ masses. Nonetheless, updated
models of isolated binary evolution accounting for both rapid
and delayed SN, which have shown a broad agreement with
Giacobbo & Mapelli (2018) models, suggest that the amount of
mergers with properties similar to GW190814 is limited
to <0.1%—1%, regardless of the SN mechanism considered
(Zevin et al. 2020).

To identify systems similar to GW190814 in our database, we
shortlist all mergers having a mass and mass ratio within 30% of
the measured values for GW190814. We find a probability
Prvc=41%-59% of finding GW190814-like mergers in
metal-poor configurations BHSTNS and NSSTBH, respectively,
and Ppyc=82%-11.3% for solar-metallicity models. From
Equation (5) and Table 2 we can thus derive a rate for mergers
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Figure 3. Mass ratio ¢ vs. BH mass Mpy for NS-BH mergers in our metal-poor
(green circles) and metal-rich (purple circles) models, compared to the
measured values for GW190814 and GW190426_152155 (white stars). We
include the combined distribution for metal-poor (red squares) and metal-rich
(yellow squares) binaries derived from Giacobbo & Mapelli (2018) (model
CC15a5). The black boxes enclosing GW190814 and GW190426_152155
represent regions deviating <30% from the observed Mgy and g. In the side
histograms, the dotted lines identify the measured mass and mass ratio for both
GW sources, while the shaded (empty) areas encompass the measured 90%
credible level for GW190814 (GW190426_152155).

similar to GW190814 in YCs as

Iive = Prvelyc
_ [0 20Ny Gpe? /7, =001,
(0.009-2.9)Nyin yr'Gpc™>  Z/Zo =1,

with the lower (upper) limits corresponding to the case o =1
(3)kms ', i.e., the typical value of velocity dispersion for MW
young and open clusters (Soubiran et al. 2018; Kuhn et al.
2019; Jackson et al. 2020), and to configuration NSSTBH
(BHSTNS).

Using the same procedure, we also search for mergers
similar to GW190426_152155, an NS-BH merger detected
during the O3 LVC observation run, characterized by
Mgy = 57739 M., and Mys = 1.570% M,. We find mergers
with primary mass and mass ratio within 30% of the measured
values for GW190426_152155 in 15% of our models
regardless of the progenitor metallicity, thus indicating that
dynamical mergers can produce a substantial fraction of
systems with a relatively low mass. Note that the interval of
Mgy and g values assumed in this case falls well within the
observed 90% credible interval level.

The analysis above does not account for potential observation
biases that can affect GW detectors. For instance, the volume
within which LIGO can detect a given class of sources depends
on several parameters, like the source mass and mass ratio, the
distance, the sky location, or the mutual inclination of the spins.
For binaries with a total mass M;+ M, = (10-100) M,
Fishbach & Holz (2017) showed that this volume scales
with the primary mass following a power law VT oc M?>? and
decreases with decreasing mass ratio g. Using Figure 1 in

Arca Sedda

Fishbach & Holz (2017), we extract VT and ¢ at a fixed primary
mass value M; = (10, 20, 25, 30, 50) M., finding that such a
relation is well described by a power law VT o g”, with
B~ 0.4-0.6. In the following, we adopt a slope 3= 0.5, which is
the value associated with a primary mass M| ~ 20 M. As we
show in Appendix D, setting g = 0.4 or ¢ = 0.6, i.e., the values
typical of systems with a primary M; <35M., leads our
estimated merger rate to vary by less than 10%. To mimic the
selection effect connected with the binary primary and mass
ratio, we augment our population of NS-BH mergers to 10,000
by sampling them from the combined Mgy—Mys distribution,
and from the augmented sample we extract 1000 NS-BH
mergers, weighing the probability of selecting a given mass and
mass ratio with the selection functions f,, = kBHM]%ﬁ (with kgg
a normalization constant) and f, = qqo‘ (see also Arca Sedda &
Benacquista 2019; Arca Sedda et al. 2020). The resulting
volume-weighted mass distribution for BHs and NSs and the
Mpgy—q plane are shown in Figure 4. The percentage of mergers
falling inside the limiting values adopted for GW190814
remains limited to Py yc =4.3% =+ 0.4% for metal-poor clusters,
owing to the fact that heavier BHs have a larger probability of
being selected. For metal-rich environments and the BHSTNS
configuration, instead, this probability increases to
Prve =22% + 2%, leading to an optimistic “volume-weighted”
merger rate for GW190814-like mergers in YCs of

Iowio0s14,v = __Pumwec (NC )Nb‘
: 0.0116 Mpc=3 )\ 105 ) ™"

(0.008-0.6) yr 'Gpc™3 o =0.3km s7!

X 4(0.023-2.0) yr 'Gpc™> o0 =1.0km s7!
(0.062-5.8) yr 'Gpc™> o =3.0km s7!

(N

at redshift z<1 and adopting pyweg=0.0116Mpc >,

N,=10", and Ny, =1 as scaling values. The lower (upper)
limit corresponds to configuration NSSTBH (BHSTNS). The
same calculation for metal-poor clusters yields a maximum
value of 0.005-1.7 yr ' Gpc ™2, thus suggesting that a popula-
tion of metal-rich YCs with o=13kms ', ie., Ty~
0.5-1.5pc and M~ 10°-10* M_,, represent the most suited
class of environments to explain the origin of GW190814. In
comparison, the isolated scenario predicts a merger rate of
<0.1 yr ' Gpc?, regardless of the assumptions on the SN
mechanism (Zevin et al. 2020).

In the case of GW190426_152155, our procedure leads to
Prvc=1.8%-4.7%, with the lower (upper) limit referring to
Z=0.02 (0.0002), thus indicating that the contribution of
dynamical mergers to the population of low-mass NS-BH
mergers can be nonnegligible.

The merger rates above represent optimistic estimates that
rely on the assumption that YCs (1) have around solar
metallicity, (2) have all the same velocity dispersion, and (3)
are ~10° in MW-like galaxies. The discovery of other mergers
similar to GW190814, i.e., with chirp masses >4 M, and mass
ratio <0.1, could help in placing constraints on the processes
that regulate the formation and evolution of young clusters in
the local universe.

Using the volume-weighted catalog, we calculate the
percentage of mergers with a primary mass in the range of
[<7, 7-15, >15] M, and a companion mass in the range of
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Figure 4. Top: volume-weighted mass spectrum for merging NSs (left, blue)
and BHs (right, red) for a metallicity Z = 0.0002 (open dashed steps) and
Z=0.02 (filled steps). The vertical lines mark the value measured for
GW190814 and corresponding uncertainties. Middle: same as in Figure 3, but
here the mass ratio and primary mass distribution are weighted with two
selection functions to mimic the dependencies affecting the detector accessible
volume. Bottom: mergers’ chirp mass for metal-rich (filled red steps with
dashed edge) and metal-poor (filled gray steps with solid edge) clusters.
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[<2,2-2.5, >2.5] M. As summarized in Table 3, we find that
a dominant contribution to NS-BH mergers from metal-rich
clusters would result in a 96% probability of detecting a
primary heavier than >15 M, whereas for metal-poor clusters
this probability is comparable for light and heavy primary
components.

In the extreme case in which NS-BH mergers form
dynamically and mostly in metal-rich clusters, the estimate
above implies that 9 out of 10 detections of NS-BH mergers
would involve a BH with Mgy > 15 M., and 2-3 among them
will have a companion with mass >2 M.. Comparing these
predictions with expectations from other channels and actual
detections can help in unraveling the markers of different
formation channels in detected sources and shed light on the
role of dynamics in determining the assembly of NS-BH
mergers.

4. Summary and Conclusions

In this letter we exploited a suite of 240,000 N-body
simulations of hyperbolic encounters in star clusters to
investigate the dynamical formation of NS-BH mergers with
properties similar to GW190814 and GW190426_152155. Our
main results can be summarized as follows:

1. We find that the NS-BH merger probability depends
strongly on the star cluster velocity dispersion, following
a power law with slope ¢~ 0.6-1.1. Overall, around
0.5% of our models lead to an NS-BH merger.

2. We derive an individual merger rate, i.e., number of
mergers per time unit, for typical NCs (up to ~0.5
mergers per Gyr), GCs (<0.06Gyr '), and YCs
(<0.01) Gyr .

3. Since YCs outnumber GCs and NCs by a factor of up to
10° in typical galaxies, they might be the major
contributor to the population of dynamical NS-BH
mergers. In the local universe, we infer an NS-BH
merger rate for YCs of ['yc = (0.04-36) yr*1 Gpc*3.

4. Among all simulations, we identify ~5%—-10% NS-BH
mergers with a BH mass and mass ratio compatible with
GW190814, and ~15% with properties similar to
GW190426_152155. We exploit our models to derive a
“raw” merger rate for dynamically formed GW190814-
like sources, i.e., with mass and mass ratio within 30%
the observed values, of ' ~ (0.01-2.9) yr~' Gpc .

5. To place our models in the context of LVC detections, we
assume that the probability of selecting an NS-BH
merger in our sample depends on the primary mass
((xMéﬁ) and mass ratio (x qo.s) to mimic the potential
selection effects to which GW detectors might be
subjected. This “volume-weighted” sample contains only
~4.3% + 0.4% of GW190814-like systems in metal-poor
clusters, but this percentage becomes noticeable in metal-
rich clusters (~22% =+ 2%).

6. Combining the volume-weighted sample of mergers with
the large abundance of YCs in MW-like galaxies, we
derive an optimistic rate for GW190814-like mergers of
0.008-5.8 yr ' Gpc ™ at low redshift, in the ballpark of
LVC predictions and up to 100 times larger than the
estimates obtained from isolated binary stellar evolution
models.
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Table 3
Occurrence of NS-BH Mergers in Different Mass Ranges
7 MNS (M@) MBH (M,) (MBHa MNS) (M\,:))
<2 2-2.5 >2.5 <7 7-15 =15 >7 and >2
0.0002 77.8% 19.5% 2.7% 4.0% 40.9% 55.2% 13.5%
0.02 87.4% 12.3% 0.3% 1.3% 3.3% 95.5% 23.9%

Note. Column (1): metallicity. Columns (2)—(4): probability of having an NS mass within a given mass range. Columns (5)-(7): same as Columns (2)—(4), but for
BHs. Column (8): probability of having a merger with a primary mass >7 M., and a companion mass >2 M.

7. Using the same selection procedure, we find ~1.8%—
4.7% of mergers with properties comparable to GW 1904
26_152155, with the lower limit corresponding to
metal-poor clusters. This relatively low occurrence
disfavors, but does not rule out, a dynamical origin for
GW190426_152155.

8. We suggest that the mass spectra of compact remnants in
NS-BH merger candidates can be used to identify
markers of different formation channels. In the extreme
case in which all mergers formed dynamically in metal-
rich clusters, we predict that 9 out of 10 mergers should
involve a BH with Mgy > 15 M, and at least 2 of them
involve a companion with mass >2 M.. Comparing
these predictions with future detections can shed light on
the dynamical channel and provide new insights on the
mass spectrum of compact objects in the lower mass gap
range.
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Appendix A
Initial Conditions. I. Binary—Single Interaction Rates

The idea at the basis of our approach is that BH-NS binaries
form via interaction of a free-roaming single compact object (a
BH or NS) and another compact object (an NS or BH) paired with
a star. Here we consider “NSs” all compact objects with a mass
<3 M, and “BHs” otherwise. Since the two compact objects are
heavier than the star, on average this configuration favors the
ejection of the least massive component and the formation of a
binary with a higher binding energy (Sigurdsson & Phinney 1993).
We explore two different configurations: NSSTBH (NS-star
binary impacting over a single BH), and BHSTNS (BH-star
binary impacting over a single NS), and we vary the stellar
metallicity to either Z=0.0002 or Z=0.02 and the cluster
velocity dispersion to o =5-15-20-35-50-100kms ', thus
covering the range of values going from YCs to GCs and NCs.

In such stellar ensembles, the interaction rate between a
binary with component mass M;,, semimajor axis a,
and eccentricity e and a single object with mass M3 can be
written as

dR/dt = R = NynnoX, (A1)

where Ny, is the average number of binaries coexisting in the
cluster that contain either an NS or a BH, n is the density of
scattering stars, o is the environment velocity dispersion, and
is the binary cross section

(A2)

Y = 7ma?(l — e)2[1 + 2G (M + My o+ M3)].

c2a(l — e)

The density of a population of Ncg (either BHs or NSs) with
mean mass (Mco) inhabiting a cluster with mass M and half-
mass radius R, can be estimated as nco ~ Nco / (Réo). For
BHs, this quantity can be inferred, for instance, from recent
studies on BH retention fraction and consequent formation of a
tight BH subsystem (Breen & Heggie 2013; Morscher et al.
2015; Arca Sedda et al. 2018). In this work, we assume that the
segregated population of BHs has a density comparable to the
overall density of the cluster, ngy ~ M/((Mgy)R}), as
suggested in Arca Sedda et al. (2018). For NSs instead, we
consider the fact that mass segregation is prevented by the
presence of BHs in the cluster center and that their total mass is
around 0.01 times the cluster mass. Thus, we adopt
nns = 0.01nge as an upper limit on the average density of
NSs. The number of binaries in the cluster is a crucial
parameter. To bracket this quantity, we take advantage of the
MOCCA Survey Database I (Askar et al. 2017), a suite of
around 2000 Monte Carlo models of star clusters with initial
masses in the range M = 2.4 x 10*-7.7 x 10° M., thus cover-
ing the mass range of massive YCs and GCs.

Using the MOCCA models, we calculate the average number
of binaries containing a BH (NS) in a cluster at different times
(0.5, 1, 3, 6, and 12 Gyr) and in different mass bins, as shown
in Figure 5.

The figure highlights a clear, although nontrivial, depend-
ence between MNy;, and the cluster mass. Clusters lighter than
M<10° M., are characterized by Ny, ~ 1 for NS in binaries
regardless of the cluster mass, while it ranges in between
Npin ~ 1 and 3 for BHs, especially at earlier times. This is likely
due to the fact that low-mass clusters have shorter relaxation
times; thus, the formation of binaries containing BHs and their
ejection via strong scatterings occur earlier compared to large
mass clusters. At values M > 10° M, instead, the number of
BHs in binaries varies between Ny, =1 and 10, almost
regardless of the time, whereas the number of NSs in binaries
tends to be smaller, Ny;, = 1-4, especially at earlier times.
Given this nontrivial behavior, in our calculations we leave Ny;,
as a scaling value.

We note that this assumption is compatible with results of
other models (see, e.g., Morscher et al. 2015), even the most
recent one that implements updated stellar evolution for binary
and single stars, new prescriptions for SN explosion mechan-
isms and recoil kicks, and post-Newtonian formalism for
compact object interactions (e.g., Kremer et al. 2020), thus
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Figure 5. Average number of BHs and NSs in binaries as a function of the cluster mass and for different times; from top to bottom the time considered is 12, 6, 3, 1,

and 0.5 Gyr, respectively.

suggesting that the number of binaries left in the cluster at late
evolutionary stages is likely the result of dynamics, rather than
other mechanisms that, on the other hand, can affect the cluster
structure.

Under the set of assumptions above, adopting a cluster
velocity dispersion of o =5kms~', and using the median
values of the masses of the binary and third object and the
binary semimajor axis and eccentrlcny, we estimate an
interaction rate of R ~ 2—4 Gyr~' for configuration NSSTBH
and R ~ 150400 Gyr ' for configuration BHSTNS.

To check the reliability of our calculations, we compare our
results with MOCCA models as described in our companion
paper (Arca Sedda 2020), finding a range of values fully
compatible with our theoretical estimate.

Appendix B
Initial Conditions. II. Mass and Orbital Properties of
Binary-Single Scattering Experiments

The binary—single scattering configuration explored in this
work is characterized by the masses of the three objects (star,
BH, and NS), the orbit of the initial binary, and the orbital
properties of the single-binary interaction.

We sample the zero-age main-sequence (ZAMS) mass of the
three objects from a Salpeter mass function. At metallicity
values Z=0.0002 (0.02), we assume that all stars with
a ZAMS mass Mpypy > 20.5 (18) M, evolve into BHs

(Belczynski et al. 2002; Spera & Mapelli 2017), whereas
lighter stars with a mass above Mp,i,ns > 8 (6.5) M, evolve
into NSs.

For stars, we select only masses in the range of 0.1-1 M.
This choice is motivated by the fact that the timescale
associated with the binary—single scatterings modeled here is
10-100 times longer than the half-mass relaxation time of the
host cluster (see Appendix C), thus generally longer than the
evolutionary time for stars with a mass m >2 M, which is
fage = 10 Gyr(m/M.)">> < 1-1.5 Gyr, depending on the
metallicity. Stars with a mass 1< M/ M, <2, which
constitute 2% of the whole stellar population, evolve on
timescales (1.5-9 Gyr) comparable to the cluster relaxation
time, depending on the cluster velocity dispersion. For these
stars, a proper modeling should also consider the evolutionary
stage of the star, a feature that cannot be accounted for in our
N-body models. Given the fact that they constitute a small
fraction of the stellar population, as stars with a mass <1 M,
constitute over 95.5% of the whole population, and that their
stellar evolution timescale is close to (or even longer than) the
typical time for the scatterings studied here, we exclude 1-2
M, stars from our models.

For BHs, we adopt the mass spectrum described in Spera &
Mapelli (2017, hereafter SM17). In SM17 the authors use the
SEVN tool. This tool implements prescriptions for single stellar
evolution that include several SN explosion mechanisms and a
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Figure 6. Left panel: final mass for compact objects as a function of the ZAMS mass adopted in this work (straight thin red line) in comparison with Ze20 (dashed
thick black line), SM 17 (dashed thick light-green line), and Be02 (dashed thick light-blue line) models. The light-gray area encompass the supposed lower mass gap,
whereas the dark-gray area labels the mass gap featured in our models. Right panel: NS mass spectrum adopted in this work (thick red line) compared with Ze20

(black steps), SM17 (dashed green steps), and Be02 (filled blue steps).

treatment for pair instability and pulsational pair instability
SNe, which naturally lead to a dearth of compact remnants with
a mass in the range of 65-120 M., (the so-called upper mass
gap). To derive the BH mass from the ZAMS mass, we exploit
Tables 1-3 in Spera & Mapelli (2017)," according to which the
compact remnant mass is calculated adopting the delayed SN
explosion mechanism (Fryer et al. 2012).

For NSs, instead, we adopt the single-star stellar evolution
model from Belczynski et al. (2002, hereafter Be02) imple-
mented in the BSE package (Hurley et al. 2002). The maximum
NS mass in our models reaches ~2.5 (3) M., for Z=0.0002
(0.02), with a small fraction of NSs (0.03-0.05) at solar
metallicities having a mass Mys > 2.3 M., thus enabling us to
explore the lower mass gap region.

The combined use of SM17 prescriptions for BHs and Be02
for NSs leads our simulations to naturally exhibit a narrow
lower mass gap in the ranges of 3—4.2 M, at solar metallicity
and 2.6-3.1 M, for metal-poor systems. Figure 6 compares the
relation between the ZAMS and the remnant masses and the
compact remnants’ mass spectrum adopted here, in SM17, and
in Be02 and the single stellar evolution models described
in Ze20. We note that the mass spectrum adopted here is
halfway between the case in which a wide lower mass gap does
exist and that in which NSs and BHs are linked by a continuous
mass spectrum, and we can provide a description of how the
delayed SN mechanism, or, more generally, an explosion
mechanism that leads to a narrower mass gap, can impact the
properties of dynamically formed NS-BH mergers. In fact, our
simulations suggest that an excess of 3%—-5% of compact
remnants with masses in the range of 2.3-3 M, can lead to a
dynamical merger rate compatible with LIGO expectations.

We note that the delayed SN model adopted here is only one
among many possibilities (e.g., rapid SN mechanism, Fryer
et al. 2012; electron-capture SN, Podsiadlowski et al. 2004).
Nonetheless, none of the current models in the literature are
capable of capturing the complex phases of SN physics,

' The SEVN code was not publicly available when this study began.

especially in the case of core-collapse SNe, which can be
altered significantly by stellar rotation (Mapelli et al. 2020) and
require full 3D hydrodynamical simulations to be fully
unveiled (e.g., Burrows et al. 2019). From the theoretical point
of view, recent single and binary stellar evolution population
syntheses suggest that matching the GW190814 features
requires that SN explosion proceeds on a timescale longer
than typically assumed (e.g., Zevin et al. 2020, hereafter Ze20).
Moreover, observations of NSs and BHs detected through their
electromagnetic counterparts seem to be inconclusive about the
existence of a lower mass gap, suggesting that it might be
populated by both massive NSs (Freire et al. 2008) and light
BHs (Giesers et al. 2018; Thompson et al. 2019). This is also
suggested by recent measurements based on microlensing
events detected by the OGLE survey coupled with GAIA DR2
data, which favor a continuous mass spectrum in the 2-5 M,
mass range, rather than a lower mass gap (Wyrzykowski &
Mandel 2020).

Regarding the orbital properties of the binary and the
incoming object, as detailed in our companion paper (Arca
Sedda 2020), we assume that the binary—single interaction is
hyperbolic and in the regime of strong deflection. For the
binary, we adopt as the minimum semimajor axis the maximum
between 100 times the star’s Roche lobe and 1000 times the
innermost stable circular orbit (ISCO) of the compact object in
the binary, to avoid the star being disrupted or swallowed
before the scattering takes place. The maximum semimajor axis
allowed is, instead, calculated as the minimum between the
hard-binary separation (Heggie 1975) and the relation sug-
gested by Rodriguez et al. (2016), who have shown that
dynamically processed binaries have typical semimajor axis
proportional to the binary reduced mass x and the ratio between
the cluster mass and semimajor axis, namely, a ~ kyuM/R;,.
We adopt k; = 10, which produces a semimajor-axis distribu-
tion in full agreement with binary—single scatterings of this
kind found in MOCCA simulations with o =5kms ! (see
Figure 10 in Arca Sedda 2020).
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Appendix C
Criteria for the Identification of Merger Candidates

To identify NS-BH merger candidates, we refine the
selection procedure described in Arca Sedda (2020) as follows.
We first calculate the GW timescale fgw for all binaries,
assuming (Peters 1964)

5 caj fep)
2 C3
O = 56 GMM (M, + M) 3
and
1 — 2772
fle)= Sl y) (C4)

1 + (73/24)e? + (37/96)¢*

We mark all NS-BH binaries with 7gw < 14 Gyr as “merger
candidates.” To determine whether these candidates can
undergo merger in a cluster environment, we need to infer
the time at which the scattering takes place, i.e., the NS-BH
binary formation time f; and the timescale over which the
binary can get disrupted, e.g., via further strong encounters or
secular perturbations.

In a real cluster, the NS-BH binary formation time
depends on a number of factors: the mass segregation
timescale, the core-collapse process, the formation of binaries
and multiples in the cluster core, and the formation or not of a
BH subsystem. All these features are not captured by our three-
body models, but they are naturally accounted for in the
MOCCA models. Therefore, we use a multistepped approach
exploiting these high-resolution Monte Carlo models. First, we
use the MOCCA database to reconstruct the logarithmic
distribution of the ratio between #; and the half-mass cluster
relaxation time calculated at 12 Gyr for all NS-BH binaries
formed in MOCCA models,

Log 7 = Log(ts /t,), (C5)

where the relaxation time is calculated as (Binney &
Tremaine 2008)

,_065Gyr [ M. (_n 2 )
" log(A) V105M, \1pe)

This enables us to provide an estimate of #for a given value of
the cluster relaxation time, which is directly connected with the
cluster velocity dispersion, mass, and half-mass radius (Binney
& Tremaine 2008).

The disruption of the NS-BH binary can be driven by either
impulsive mechanisms, e.g., due to a strong encounter with
another compact object, or diffusive mechanisms, e.g., due to
the effect of the continuous interactions with passing-by stars
or the mean field of the cluster.

If the binary is soft, i.e., G(M, + M,)/(20”a) > 1 (Heggie
1975), we can distinguish between a catastrophic regime, i.e.,
the binary is disrupted in a single interaction, and a diffusive
regime, i.e., the binary is disrupted owing to the secular effect
impinged by interactions with cluster stars. A catastrophic
interaction occurs if the impact parameter falls below a
maximum value (Binney & Tremaine 2008)

1/4
GM, .
(M, + M) c%a

bmax = 1 .Sa( (e0))

Arca Sedda

otherwise, the binary evolution is dominated by the secular,
diffusive mechanism.

In the catastrophic regime, the binary disruption occurs over
a timescale (Bahcall et al. 1985)

-3
fou = 4.5 Gyr( keat ) 3000 M, pc
0.07 1)

e ”2(10 au )3/2
20 M, a ’

(&)

In the diffusive regime, the binary can disrupt via high-speed
encounters with perturbers of mass M,,, a process characterized
by a timescale #;; (Heggie 1975; Binney & Tremaine 2008),

td521.9Gyr( ka )( c )M1+M2
0.002 \20km s )\ 20 M.,

y [20 M®]2[10 pc3)(10 au)’ ©)
M, np a

where k; is a factor inferred from scattering experiments
(Bahcall et al. 1985) and n, represents the perturbers’ number
density. However, if these encounters are sufficiently rare the
binary can undergo disruption due to the cumulative, secular
effect of all the weak interactions with cluster stars. This
process takes place over an evaporation time 7, (Binney &
Tremaine 2008):

teV217.5Gyr( g ) P
40 kms~'/1 100 M, pc?

x (L)(M) (C10)
10 au 6.5

If the binary is hard, instead, an interaction with a passing-by
star tends, on average, to harden the binary further
(Heggie 1975). As the binary hardens, the encounters become
rarer but more violent, possibly resulting in the ejection of the
binary over a time

khd )( tr )
fo = |22 , Cl1
! (100 0.13 1

where 1, is the cluster relaxation time and kg4 is a parameter
derived from scattering experiments (Goodman & Hut 1993;
Heggie & Hut 2003).

All the timescales listed above depend on the cluster
properties and the average values of scattering parameters.
However, our three-body simulations are (a) uniquely defined
by the cluster velocity dispersion, which is degenerate in the
cluster mass and half-mass radius through Equation (3), and (b)
do not take into account the disruption, evaporation, or ejection
processes. To partly solve the degeneracy and provide a more
reliable description of the possible NS-BH outcomes, we adopt
the following treatment to determine whether the NS-BH is
likely to survive further stellar encounters and eventually
merge.

For each NS-BH merger candidate we create a sample of
100 clusters with the same velocity dispersion but a half-mass
radius selected from the observed distribution for GCs
(Harris 2010) and NCs (Georgiev & Boker 2014; Georgiev
et al. 2016). For each cluster model, we create 100 different
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scattering parameters to obtain all the relevant timescales in
Equations (C5)—(C11). First, we select the formation time
through the following steps:

1. extract the 7 value from the distribution reconstructed
through MOCCA models;

2. extract the cluster half-mass radius r;, from the observed
distribution of Galactic GCs and local NCs;

3. combine r;, and o (which is fixed for each model) to
calculate the cluster mass M. and the corresponding
relaxation time ¢, from Equation (C6);

for each ith version of the same NS-BH merger candidate in a
different environment, the formation time is thus uniquely
defined as t;; = 7;,.;. This sampling is done for each value of
the velocity dispersion explored here, i.e., o0 =35, 15, 20, 35,
50, and 100kms™".

To characterize the disruption processes, instead, we extract
an impact parameter b; from a linear distribution 2bdb, as
expected from geometrical considerations, limited above by the
cluster free mean path and below by 0.1 times the binary
semimajor axis, i.e., sufficiently hard to pose a threat to the
binary survival.” The mass of the perturber is extracted from a
power-law mass function with slope ayg = — 2.3 limited in the
range M,, = 0.08-60 M. However, it must be noted that if the
cluster core is dominated by heavy remnants, the mass function
can be significantly steeper. For instance, if the cluster contains
a BH subsystem, Arca Sedda et al. (2018) suggested that half of
the mass inside the subsystem is contributed from stars and the
remaining in BHs. If we assume that stellar BHs have masses in
the range of 5-60 M, and that the overall mass function in the
subsystem is described by a power law, it is possible to show
that inside the subsystem apr~ — 1. We found that a steeper
mass function decreases the number of merger candidates
by 12%.

If the binary is soft, we check whether it is in the diffusive
(b; > bmax) or in the catastrophic regime, calculating the
corresponding disruption timescales.

According to this statistical procedure, each NS-BH is
characterized by 10,000 potential outcomes. We identify as
potential mergers those fulfilling one of the following
conditions:

1. tgw + ty <ty if the binary is soft and in the catastrophic
regime;

2. tgw + tr < min(ty,, o) if the binary is soft and in the
diffusive regime;

3. the binary is hard.

If one of the conditions is fulfilled in at least 5% of the
interactions modeled for the same NS—BH candidate, we label
it as a merger. The number of times the merging binary has
been identified as hard (V,,q) or soft (Nyg) determines the binary
status, which is labeled as “hard” if Npq> Ny or “soft”
otherwise. Similarly, we label the merger as in-cluster or
ejected depending on the number of times that the binary has
been identified as a candidate for ejection before merging
or not.

We repeated the same procedure 10 times to verify the
impact of randomization on the calculation of the individual
merger rate (Equation (2)), and we notice an overall variation
of 2%-4% in the values quoted in Table 4.

2 We verified that decreasing further this limit does not impact the results.
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Table 4
NS-BH Mergers in Different Configurations

Configuration Z o st Sodiin Jhdej
() (kms™") (%) (%) (%)

NSSTBH 0.0002 5 0.0 100.0 0.0
0.0002 15 0.0 95.2 4.8

0.0002 20 0.0 90.3 9.7

0.0002 35 0.0 98.5 1.5

0.0002 50 1.7 98.3 0.0

0.0002 100 15.5 84.5 0.0

BHSTNS 0.0002 5 0.0 100.0 0.0
0.0002 15 0.0 90.9 9.1

0.0002 20 0.0 95.5 4.6

0.0002 35 2.3 97.7 0.0

0.0002 50 7.3 91.0 1.8

0.0002 100 5.5 94.5 0.0

NSSTBH 0.02 5 0.0 100.0 0.0
0.02 15 4.0 88.0 8.0

0.02 20 0.0 88.1 11.9

0.02 35 0.0 95.1 4.9

0.02 50 3.0 94.1 3.0

0.02 100 10.6 88.7 0.7

BHSTNS 0.02 5 0.0 100.0 0.0
0.02 15 0.0 91.7 8.3

0.02 20 0.0 94.4 5.6

0.02 35 0.0 98.5 1.5

0.02 50 1.0 99.0 0.0

0.02 100 4.4 95.6 0.0

Note. Column (1): configuration. Column (2): cluster metallicity. Column (3):
cluster velocity dispersion. Columns (4)—(6): percentage of mergers from soft
binaries, from hard binaries merging inside the cluster, and from hard binaries
merging outside the cluster.

In general, we find that the vast majority of NS-BH mergers
in our models come from hard binaries (>84%—-100%), with
the fraction reaching the maximum in correspondence to lower-
velocity dispersion clusters. Around 10% of mergers in hard
binaries and in clusters with o = 15-35 km s~ are ejected from
the parent cluster before the merger takes place.

Appendix D
The Role of the Detector Sensitivity

The detection of a GW source depends intrinsically on
several parameters, such as the distance at which the merger
took place, the direction of the wave hitting the detector, and
the properties of the binary emitting GWs. Recently, Fishbach
& Holz (2017) have shown that the volume (VT) accessible to
the LIGO detector scales with the mass of the primary
through a power law VT «x M{", with o = 2.2, assuming
10 <M/ M <100 and at a fixed mass ratio, and increases
with increasing mass ratio if the primary mass is kept fixed
(see, e.g., their Figure 1). In order to take into account this
observational bias in our analysis, we extract the data from
Figure 1 of Fishbach & Holz (2017).> We associate with the
extracted data a conservative error of 10% and reconstruct the
dependence between the volume and the mass ratio at fixed
primary mass. As shown in Figure 7, we find, for primary
masses in the range of 10-50 M., that the volume—mass ratio
relation is well represented by a power law VT qﬁ with a

3 We use the data extraction tool https: / /apps.automeris.io/wpd/.


https://apps.automeris.io/wpd/

THE ASTROPHYSICAL JOURNAL LETTERS, 908:L38 (12pp), 2021 February 20

o (@)
@]
@]
= . 0) o
m>‘ 10~ I S o
i ® e -
g e
&) @ @ *
g —
=
E
o e @ e L
721072 @
2 o
% """ e & my=10Mg; a=047+0.09
x ® mi=20My;a=053+0.10
® m=25Mg; a=056=+0.10
© m =30My; a=0.594+0.11
o m=50My; a=0.724+0.14
1073
0.2 0.4 0.6 0.8 1.0

Mass ratio
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data. The data points are extracted from Fishbach & Holz (2017).

slope in the range (3=0.47-0.72. Given the mass of the
primary in GW190814, we adopt 8= 0.5 in the main analysis,
although we test also the cases 3= 0.4 and = 0.6 for the sake
of comparison. Table 5 lists the probability P yc of finding a
GW190814-like merger in our database once this “volume
weighting” procedure is taken into account. We find that
varying the slope in the V7-q relation causes a maximum
variation in Ppyc of up to <10%. Due to this, in our
calculations we assume a P;vc = 22% + 2% for solar-metalli-
city systems and Py yc = 4.3% £ 0.4% for mergers with metal-
poor progenitors.

Appendix E
Comparison with Similar Works

In this section we compare our inferred merger rate with
recent results obtained through full N-body simulations of YCs
(Fragione & Banerjee 2020; Rastello et al. 2020).

To perform the comparison, we make use of Equation (3) to
derive the mass, half-mass radius, or velocity dispersion of host
clusters. For the sake of comparison, Figure 8 shows the link
between these three parameters and highlights typical values
for Galactic GCs, YCs, and the NC.

Rastello et al. (2020) predict a global merger rate of
28 yr ' Gpc 2, but only ~36%-55% of these mergers form
dynamically, thus implying a dynamical merger rate of
I'~14yr ' Gpc>. The simulations presented by Rastello
et al. (2020) focus on star clusters with masses in the range
M= (0.3-1) x 10° M., and half-mass radii R, =0.21-0.25 pc,
corresponding to a velocity dispersion o =0.67-1.1kms ',
according to our Equation (3).

In this range of o values, our inferred individual merger rate
is roughly Tjng ~3 x 107*=3 x 1072 Gyr ', depending on the
metallicity (the larger the metallicity, the lower the rate) and
configuration (BHSTNS produces more mergers).

If we assume that the Rastello et al. (2020) models represent
the “normal” population of YCs in an MW-sized galaxy, we
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Table 5
GW190814-like Binary Merger Rate Weighted with the Volume—Mass Ratio
Observational Bias

VA PrLyc

£=04 £5=0.5 £5=0.6
0.0002 4.04 4.32 4.63
0.02 23.2 21.8 22.1

Note. Column (1): metallicity. Columns (2)—(4): percentage of models with
GW190814-like mass and mass ratio assuming that the accessible volume
scales with the mass ratio as qU .

10*

103

1
= 10?7,
& 0 8
S 100 <
-1 100
%9 4 6 g 0

LogM /Mg

Figure 8. Surface map showing the cluster velocity dispersion as a function of
mass and half-mass radius. From left to right, black lines identify clusters with
a velocity dispersion of 0.3, 2, 5, 10, 50, and 100 km s~", respectively. The
three black stars identify the typical values for Galactic YCs (Portegies Zwart
et al. 2010), GCs (Harris 2010), and the Galactic NC (Feldmeier et al. 2014).

infer a merger rate of I'yc~03-35yr 'Gpc ™ (see

Equation (4) in the main paper), thus bracketing the value
inferred from direct models. Note that the assumption that the
density of YCs in the local universe is 2.31 Mpc™ "~ (e.g., similar
to that of globular clusters; Rodriguez et al. 2016; Fragione &
Banerjee 2020; Ye et al. 2020) leads to a merger rate of
Iye=7%x10"%-69x 10 2yr 'Gpc™>. In a more recent
work, Fragione & Banerjee (2020) explored the output of 65
N-body simulations of clusters with masses M = 10*-10° M,
and half-mass radii R, = 1-3 pc (Banerjee 2021). The authors
find that 15 NS-BH binaries formed over a 10 Gyr timescale,
but none of them merging within a Hubble time. Adopting
an average density for the cosmic YC population of
pyc ~2.31 Mpc ™2, the authors derive an upper limit on the
NS-BH merger rate of 3 x 107> yr ' Gpc . For these models,
the velocity dispersion inferred from Equation (2) in the main
paper is o~ 1-5.6kms~". According to our calculations, the
individual merger rate for these types of -clusters is
Lina = 9.6 X 107°-0.057 Gyr ', depending on the configura-
tion and the metallicity. This implies a local universe
merger rate of I' = pling ~2.2 x 107%-0.13 yr ' Gpc >, thus
embracing predictions for both massive YCs (Fra%ione &
Banerjee 2020) and globular clusters (0.055-5.5yr~' Gpc™;
Ye et al. 2020).

Despite that our models rely on several physically motivated
key assumptions, they capture the essential elements of
dynamical NS-BH formation, leading to merger rates in broad
agreement with the results obtained with more detailed models.
Our models thus provide a complementary view on the NS-BH
merger formation process, enabling the possibility to collect a
statistically significant sample of candidates that can be used to
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place constraints on the properties of the overall NS-BH
merger population.
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