Binary black hole mergers from merged stars in the Galactic field
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The majority of massive stars are found in close binaries which: (i) are prone to merge and
(ii) are accompanied by another distant tertiary star (triples). Here, we study the evolution of
the stellar postmerger binaries composed of the merger product and the tertiary companion. We
find that postmerger binaries originating from compact stellar triples with outer semimajor axes
Qout,init S 10 — 10° AU provide a new way to form binary black hole mergers in the galactic field.
By means of a population synthesis, we estimate their contribution to the total black hole merger
rate to be R(z = 0) = 0.3 — 25.2Gpc®yr~'. Merging binary black holes that form from stellar
postmerger binaries have exceptionally low mass ratios. We identify a critical mass ratio ¢ ~ 0.5
below which they dominate the total black hole merger rate in the field. We show that after including
their additional contribution, the mass ratio distribution of binary black hole mergers in the galactic

field scenario is in better agreement with that inferred from gravitational wave detections.

I. INTRODUCTION

Since the first direct detection of gravitational waves
from a coalescing binary black hole (BBH) [I] the obser-
vational sample grew to nearly seventy of these events [2]
GWTC-3]. It is an open astrophysical question how these
BBHs were formed in the first place. Several formation
channels have been proposed including scenarios in which
the mergers were driven by some dynamical interaction
within a dense stellar environment, e.g., the dense cores
of globular clusters [3H6], massive young clusters [7HI0],
and galactic nuclei [TTHI5]. More exotic formation chan-
nels, e.g., favor a primordial origin [I6HIY].

One of the most popular channels considers the forma-
tion of BBHs from massive binary stars in the galactic
field [20H25]. It is well known that these are prone to
undergo some close interaction [26], e.g., an episode of
stable mass transfer or common-envelope (CE) evolution
that could shrink their orbit [20H23] 27H32]. If a bound
BBH is subsequently formed it may be close enough to
merge within a Hubble time due to gravitational wave
radiation.

In this work, we take into account the high degree of
multiplicity observed for massive stars in the Galactic
field. It is found that roughly ~ 50% and 70% of early
B-type and O-type binary stars, respectively, are accom-
panied by one or more distant stellar companions, while
2 80% of black hole progenitors are in triples or higher
multiplicity systems [33] 34]. Previous works show that
the gravitational perturbation from a bound hierarchical
tertiary companion could drive close interactions between
the inner binary stars [35H37] and promote a merger af-
ter the stars formed compact objects [38444]. Moreover,
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triples and higher order systems could lead to hierarchi-
cal compact object mergers in which a compact object
merger remnant coalesces with another compact object
that originated from a distant progenitor star [45H47].

We consider a scenario in which a stellar merger occurs
in the inner binary of a massive stellar triple. A stellar
merger is a frequent outcome of close interactions of mas-
sive binary stars [26] B2 B5], which would prevent the
formation of a BBH merger in an isolated binary. Here,
we investigate whether the subsequent evolution of the
postmerger star and a tertiary companion could form a
BBH merger. For this purpose, we employ a binary stel-
lar evolution code which we adjust to triple evolution.
We use this code to simulate a population of hierarchical
triple stars in the galactic field, i.e., without any environ-
mental perturbation.

Throughout this work, G and Z; = 0.02 refer to the
gravitational constant and solar metallicity, respectively.
Colored versions of the figures are available in the online
journal.

II. METHODS
A. Stellar evolution

In this work, we are interested in the formation of BBH
mergers from the evolution of stars in the field of galaxies.
We consider and compare the two following populations.

e Triple population: Starting from a hierarchical
triple population, stable BBHs are formed which
subsequently merge within a Hubble time due to
the emission of gravitational waves. These BBHs
might form in two different ways as following.

— Inner binary channel: The two stars in the
inner binary form a stable BBH.
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— Outer binary channel: The two stars in the
inner binary merge and the postmerger star
and tertiary companion subsequently form a
stable BBH.

e Isolated binary population: Starting from an iso-
lated binary population the binary stars form sta-
ble BBHs which subsequently merge within a Hub-
ble time due to the emission of gravitational waves.
This is a standard population model used in the lit-
erature for which the effect of a tertiary companion
is not considered [20H23, 27H32].

Throughout this work, stellar merger refers to the merger
of two stars (or one star and a compact object), whereas
BBH merger to the merger of a BBH promoted by grav-
itational wave radiation. The formation of BBH mergers
via the outer binary channel is the novel mechanism in-
vestigated in this work.

To follow the stellar evolution with time ¢, we use
the code MOBSE [22] [48450] which is an update of the
widely-adopted binary stellar evolution code BSE [51].
BSE/MOBSE models all relevant evolutionary steps of stel-
lar binaries including mass transfer episodes, CE evo-
lution, and tidal interaction. MOBSE improves BSE by
including up-to-date metal-dependent stellar wind pre-
scriptions, fallback kicks imparted to the remnants of
supernovae (SNe) explosions, and (pulsational) pair in-
stability supernovae [22], [48H50]. For our purpose, MOBSE
provides an adequate tool to simulate isolated binaries,
starting on the zero-age-main-sequence.

Applied to triples, we use MOBSE to evolve the in-
ner binary and tertiary companion as two dynamically
independent entities as done in previous triple studies
[39, 40, 42, 44]. We consider hierarchical stellar triples in
which a close inner binary with semimajor axis a;, and
eccentricity e, is orbited by a distant tertiary star with
semimajor axis oyt > Gin and eccentricity equt. We refer
to the masses of the inner binary stars and the tertiary
companion as my 2 and mg, respectively (see Figure|1)).

In reality, the distant tertiary companion could per-
turb the dynamics of the inner binary through the Lidov-
Kozai mechanism, leading to large amplitude oscillations
of ein(t) [62), [53]. Previous studies show that this could
alter the evolution of the inner binary stars by inducing
eccentric mass transfer [35H37]. Moreover, the long-term
interaction with the companion might drive the inner bi-
nary to a merger after a BBH is formed [38H44] 54]. In
order to investigate the effect of dynamics on the outer
binary channel, we include one computationally expen-
sive model (3BodyDynamics) in which we reevolve all sys-
tems which above lead to a BBH merger using the secular
three-body integrator, TSE, presented by Stegmann et al.
[35]. This code allows to simultaneously evolve the stel-
lar physics and the secular dynamical equations due to
the Lidov-Kozai effect, tides, and post-Newtonian cor-
rections. Only reevolving the systems which above lead
to a BBH merger potentially ignores systems in which a
stellar merger is solely driven by the dynamical effect of

tertiary [55], i.e., it would not occur if the inner binary
was in isolation. Hence, the resulting rates of BBH merg-
ers in the 3BodyDynamics must be treated as lower limits.
As a result, we will show below that the tertiary effect on
the distribution of these BBH mergers is small. Thus, in
all the other models we neglect dynamics, which allows
us to efficiently explore the relevant parameter space.

During the inner binary evolution a;, changes due to
tides, SN kicks, gravitational wave emission, stellar winds
or during an episode of mass transfer. These processes
are self-consistently treated by MOBSE (and likewise for
the isolated binary population). For the outer binary
evolution we proceed as Rodriguez and Antonini [42, Sec-
tion 3] and expand aout(t) according to the fractional
mass loss from the system, e.g., due to winds and during
a mass transfer episode in the inner binary.

At any point in time we check whether the triples be-
come dynamically unstable [56], or if the tertiary com-
panions fills their Roche lobe [57]. In either events we
stop the evolution of the systems because their subse-
quent evolution is uncertain. Recent studies propose
that additional stellar mergers could be triggered by a
mass-transfer phase initiated by Roche lobe filling ter-
tiary companions [58] [59].

During the stellar evolution the inner binary stars
might merge. This happens when the two stars undergo
a CE in which their inspiralling cores coalesce before the
envelope could be ejected (see below), or when two stars
of similar compactness, e.g., two main-sequence (MS)
stars, collide. Our description of stellar mergers follows
closely that of Glebbeek and Pols [60] and Hurley et al.
[51]. Most relevant to our work are MS-MS stellar merg-
ers (see Section [[II)). This kind of merger yields another
MS star which is rejuvenated. That is, the additional
hydrogen fuel delays the time at which the postmerger
star leaves its MS. In general, the rejuvenation process
can be described as

1 1
Q¢ post 1- ¢

Qc,1M1T1 + e 2M2T2

(M)

Tpost =
mpost

where « parameterizes the amount of mixing and
T1,2,p0st € [0, 1] is the fractional timescale of the primary,
secondary, and postmerger star on their MS, respectively
[60]. ¢ is the fractional mass loss during the merger (see
below) and ¢¢1,2,post the effective core mass fraction de-
fined as the fraction of hydrogen that is burned during
the MS of the primary, secondary, and postmerger star,
respectively. Stellar observables like the radius and lumi-
nosity substantially increase only toward the end of the
MS evolution, 7,05t — 1.0 [61]. Rejuvenation is equiv-
alent to Tpost < max(7my,72), l.e., the postmerger star
appears younger than the most evolved inner binary star
did (or both).

Here, we adopt the mass-dependent approximation for
the effective core mass fractions of Glebbeek and Pols
[60] and a mixing parameter of o = 1.14 [62]. As a
default, BSE/MOBSE follows Tout et al. [63] using ¢ = 0,
ded = Ge2 = epost = 0.1, and o = 10 [60]. This is based
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FIG. 1. Two examples of low mass ratio BBH mergers due to the outer binary channel in the Rapidi model at metallicity
Z ~1x10~* (upper panel) and 5 x 10~* (lower panel). The final BBHs merge after tqw ~ 172 Myr and 29 Myr, respectively.
The type of the stars is described by k1,2,3,p0st, where CHeB and HeMS refers to a Core Helium Burning and Naked Helium
MS star, respectively. The provided parameter values refer to the end of each event, e.g., to the time at which the two stars
fully merge, the stable mass transfer peters out, or the CE is successfully ejected leaving behind a close binary. Distances and

eccentricities are not drawn to scale.

on the supposition that the merging stars fully mix and
that the end of the MS is reached when 10 per cent of
the total hydrogen fuel has been burnt [63]. Thus, this
prescription is likely to overestimate rejuvenation since it
is expected that the MS stars do not fully mix and that
less core hydrogen is replenished [29] [60]. We explore the
original prescription in one additional model (Tout97).

The mass mpes; 0f the postmerger star is uncertain.
Here, we follow Glebbeek et al. [64] and assume that
during a MS-MS merger the system suffers a fractional
mass-loss

mio — mpost Gin
_ ~ 03 , 2
¢ mi2 (1+ gin)? ®
where, M9 = m; + mo and @i =

min(my,ms)/max(my, ms).

Immediately after the merger, it is expected that the
resulting star undergoes a bloated phase where its ra-
dius expands before it contracts to its equilibrium state
on the (thermal) Kelvin-Helmholtz timescale [65, [66]. If
it is sufficiently close, the postmerger orbit may be par-
tially or entirely enclosed by the outermost parts of the
bloated postmerger star. This situation may give rise to
interesting transient phenomena as the tertiary compan-
ion plunges into the bloated envelope [66, 67]. In general,
it is not expected that the postmerger orbit gets signifi-
cantly perturbed by the interaction between companion

and envelope since the bloated phase is brief and only
a small fraction of the stellar mass undergoes a large
expansion [68]. Nevertheless, we also include a conser-
vative model (DiscardBloated) in which we discard any
system whose outer periapsis aout (1 — €out) at the time of
the merger is smaller than the radius of the bloated star.
Unfortunately, it is not well understood by how much the
radius of the bloated postmerger star expands. Here, we
use the Hayashi limit as a theoretical upper bound to the

\/ Lpost /Ao T,

post> Where o is the Stefan-

radius, Rpost =
Boltzmann constant and we assume a surface tempera-
ture limit of Tpost = 1037 K. For the luminosity L we use
the Eddington limit Lgqqa/Le ~ 3.2 X 10*mpest /Mg be-
yond which the star would leave hydrostatic equilibrium
and its hydrogen envelope would suffer intense radiation-
driven winds. Computed in this way the radius serves as
strict upper limit to that of the bloated star.

After a stellar merger we use MOBSE to continue the in-
tegration of the outer orbit composed of the postmerger
star and the tertiary companion. If the system survives
the subsequent stellar evolution to form a stable BBH,
we then calculate the merger timescale induced by gravi-
tational wave emission [69]. We add this timescale to the
time elapsed until BBH formation to obtain the delay
time between star formation and BBH merger. An ana-
logue expression holds for BBHs formed in inner and iso-
lated binaries, respectively. An example evolution of two



BBHs formed via the outer binary channel is sketched in
Figure

In our models, most BBHs merge only if the orbits of
the isolated, inner, or postmerger binaries, respectively,
significantly inspiraled during a CE evolution. Other-
wise, the progenitor stars are too far apart for the result-
ing BBH to merge within a Hubble time.

A CE evolution occurs when there is a collision involv-
ing a giant star with a dense core or if there is a mass
transfer phase from a giant on a dynamical timescale. In
either cases the giant’s envelope engulfs the orbit of the
binary companion and the giant’s core. The orbit suffers
a friction-driven decay within the envelope which heats
up the latter. As a result, the companion and core either
coalesce within the envelope or the latter is ejected leav-
ing behind a tight binary which could subsequently form
a (merging) BBH. Thus, the efficiency at which orbital
energy of the inspiralling cores is transferred to the enve-
lope significantly affects the number of surviving binaries
but is very uncertain [70]. Here, we adopt the standard
acg-formalism [51] where the efficiency is described by
the free parameter acg.

In this work, we study a set of plausible values for
acr which are summarized in Table m Additionally, we
explore different BH formation mechanisms following the
“rapid” and “delayed” SN model from Spera et al. [71]
and assume different treatments of rejuvenation and the
bloated stars. We also include three-body dynamics in
one of our models as described above.

B. Initial conditions

In order to set up the initial conditions of the triple pa-
rameters on the zero-age-main-sequence, we adopt simple
probability density functions motivated by observations.
We sample the primary mass m; from a standard Kroupa
[72] mass function N(m;) oc my>®, between 5 and
150 Mg. For the mass ratio g, = mso/mq, eccentricity
éin, and orbital period P, = 27raf’n/2/G1/2(m1 + mg)l/?
we adopt simple power-law fits to the observational data
of Galactic binaries with O-type primaries [526}: N(gin)
qi;O'l between 0.1 and 1.0, N(ej,) 6;10'4 between 0.0
and 0.9, and N (log(P,/days)) o (log(Py/days)) ™%
between 0.15 and 5.5. We only keep systems in which
also mg > 5 Mg since otherwise in neither of the investi-
gated populations BBHs could be formed.

To any inner binary we repetitively propose tertiary
companions until they meet the stability criterion [56],
beyond which the triple would become chaotic and our
adopted method breaks down. To this end, we sample
the tertiary mass mgs from a uniform distribution between
8 Mg and mq +ms, the outer eccentricity from a thermal
distribution N(eout) X €out between 0.0 and 0.9, and
the outer semimajor axis from a log-uniform distribution
between a;, and 10* AU.

For our model with three-body dynamics included, we
assume random orientations of the inner and outer orbit.
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FIG. 2. Cumulative distribution of BBH mergers from triple
population as a function of the initial outer semimajor axis
Qout,init- Solid lines correspond to mergers via the outer bi-
nary channel and dashed lines to the inner binary channel.
The outer binary channel dominates the formation of BBH
mergers from compact triples with aout,init S 10 — 102 AU,

where the precise value depends on the assumed model. The
metallicity is sampled log-uniformly.

Our agnostic choices for the parameter distributions
of the outer binary reflects the poor statistics with which
tertiary companions to massive binary stars have been
observed so far [33]. In turn, keeping the sample of in-
ner binaries while discarding tertiary companions which
would lead to instability ensures that the observed dis-
tribution of close (inner) binaries is recovered [35].

The massive stellar progenitors of BHs are consistent
with a near hundred percent fraction of triples and higher
order systems [33]. Nevertheless, most previous work
focused on the evolution of isolated binaries [e.g., 20
23, 27H32]. Thus, as a reference, we also study the evo-
lution of an isolated binary population without tertiary
companions. Comparing it to the triple population al-
lows us to discern the impact of the simplified assumption
made in the literature. For our isolated binary popula-
tion we simply use the same distributions of masses and
orbital parameters as for the inner binaries of the triple
population. Since the orbital distributions of the latter
were taken from observational surveys of binaries, their
initial conditions are consistent with observations.



TABLE I. Model parameters. In the model 3BodyDynamics, only systems are reevolved that lead to BBH mergers in the default

model Rapidl via the outer binary channel.

Model name |SN prescription |ack Rejuvenation Three-body dynamics |Bloated star encloses tertiary
Rapidl (default)| Rapid [71] 1.0 | Glebbeek and Pols [60] Neglected Continued
Rapid3 Rapid [71] 3.0 |Glebbeek and Pols [60] Neglected Continued
Rapidb Rapid [71] 5.0 | Glebbeek and Pols [60] Neglected Continued
Delayed Delayed [1] | 1.0 |Glebbeek and Pols [60] Neglected Continued
DiscardBloated| Rapid [71] 1.0 | Glebbeek and Pols [60] Neglected Discarded
Tout97 Rapid [71] 1.0 Tout et al. [63] Neglected Continued
3BodyDynamics Rapid [71] 1.0 |Glebbeek and Pols [G0] Included Continued
III. RESULTS
A key parameter that determines the relative efficiency 14 4 14 10’
of both triple channels is their initial outer semimajor 13
axis @out,init- 10 Figure [2| we show the cumulative frac- 121
tion of BBH mergers formed in either channel as a func- 111 1 .
tion of Gout,init- In any of our models, we find the outer 10 g
binary channel to be the dominant way of forming BBH EN 107! g
mergers from triples with aout ins < 101 — 102 AU. This is =9 5
. . ; . = 8] 8|8 =
simply because the inner orbits of these compact triples = 2
must be even closer in order to ensure dynamical sta- 'z " |8 =
bility and hierarchy. This makes the inner binary stars _@ 61 3
prone to undergo a stellar merger. Above aout init > 10 — g 51 4 L10-2 5
102 AU, the inner binary channel dominates. In these a4 a4l 144 4 g
systems, a postmerger star and tertiary companion are 31 -
too far apart from each other to undergo a mass transfer 2 3034 a4 5[5
episode which is necessary to shrink their orbit. Hence, 11 B s |46
these systems are unable to form BBHs that end up close 04 "

enough to merge within a Hubble time. Thus, in the en-
tire triple population the inner BBH mergers outweigh
those formed via the outer binary channel by a factor of
~ O(10).

As a typical example we show in Figure [3| the distribu-
tion of stellar types which merge in the Rapidl model.
In any model, the majority (ranging from ~ 60 % to 80 %
in the Rapidl and Rapid5 model, respectively) of stars
already merge on their MS yielding another star on the
MS. The merger of these stars is a direct collision. By the
time of the stellar merger, most (=~ 80 % to 90 %) of the
tertiary stars are still on their MS as well. Hence, these
merger occur at a relatively early evolutionary stage of
all three stars, typically after a few Myr.

Previously it has been suggested that stellar mergers
of an evolved star with a carbon-oxygen core and a MS
star could produce a postmerger star that circumvents a
pair-instability SN [0, [73]. Thus, it has been suggested
that GW190521-like events [74] with the primary BH
mass being in the upper mass gap are possibly formed in
young stellar clusters [9] [[5HT7]. We note that our MS-
MS mergers are not expected to produce a star which
could populate the upper mass gap.

In both populations and channels, the fraction of sys-
tems which lead to BBH mergers is higher at low metal-
licity. We find that a fraction ~ O(10~2) of the isolated

01234567891011121314
Primary stellar type k;

FIG. 3. Collision matrix of stellar mergers in the Rapidl
model. The grayscale correspond to the fraction of each
merger type normalized to one. The axes and integers in each
cell indicate the stellar type of the merging stars and the post-
merger star, respectively (only cells with nonzero fractions are
described). The integers are defined as in Hurley et al. [51]
Section 1], e.g., k1,2 = 1 for MS stars.

binaries and inner binaries, respectively, evolve to merg-
ing BBHs if Z < O(1073). Above Z > O(1073) the
fraction sharply drops to fractions ~ O(107°) at solar
metallicity. Similarly, the number of BBH mergers via
the outer binary channel falls from ~ O(1073) at low
metallicities to ~ O(107°) at solar metallicity.

As shown in Figure [4, BBH mergers from the triple
and isolated binary population are predominantly formed
with equal masses (¢ ~ 1). This results from the CE
evolution of the progenitor stars which precedes most of
our BBH mergers. In the acg-formalism, low mass ratio
stellar binaries are more susceptible to merge within a CE
rather than forming a close binary which could eventually
lead to a BBH merger.
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FIG. 4. BBH merger distribution as a function of metallic-
ity in the Rapidl model. The upper panels show for each
metallicity the mass ratio distribution from triples and bina-
ries, respectively. The lower panel shows the relative residu-
als between both populations. For any bin, they are defined
as (t — b)/(t + b) where ¢ corresponds to the bin value in
the triple population and b to that of the binary population.
Thus, colored areas indicate a large difference between the
two populations.

Yet, the BBH mergers formed from the triple popu-
lation tend to have lower mass ratios than those from
the isolated binary population. Although in both popu-
lations, we find BBH mergers with mass ratios as low as
g ~ 0.1, BBH mergers with ¢ < 0.4 — 0.6 are much more
frequently formed from triples because of the outer bi-
nary channel. In this channel, we identify two ways that
facilitate the formation of low mass ratio BBH mergers
which are shown in Figure

First, a stellar merger simply produces a more massive
star. Thus, there are systems in which the postmerger
star is much more massive than the tertiary companion.
Typically, in these systems the mass of the postmerger
star is larger than mpest 2 60 Mg whereas that of the
tertiary companion is ms ~ 20 — 30 M. While details
depend on metallicity and the SN prescription [71], [7§],
there is the general tendency that more massive stars
also form more massive BHs. As exemplified in the up-
per panel of Figure [T} a low mass ratio BBH merger is
formed after the massive postmerger star initiated a CE
evolution during which the orbit of both stellar cores effi-
ciently decays. This evolutionary pathway is responsible
for the formation of the lowest BBH mass ratios down to
q~0.1.

Second, as shown above, the very large majority of
BBH mergers in the outer binary channel are preceded
by a MS-MS stellar merger. The resulting MS star is
rejuvenated. Thus, there are systems in which the post-
merger star is more massive but less evolved than the

tertiary companion star. Consequently, the latter fills its
Roche lobe first and initiates a stable mass transfer phase
onto the postmerger star as exemplified in the lower panel
of Figure [I| This further increases the imbalance of the
stellar progenitor masses and the resulting BH masses.
In this way, low mass ratio BBH mergers with ¢ 2 0.3
can be formed. It requires the mass of the postmerger
star to be only a few solar masses < 10Mg, larger than
that of the tertiary progenitor star.

BBH mergers from an isolated binary population
evolve differently. Typically, the progenitor of the pri-
mary BH was the donor star of the first stable mass trans-
fer [e.g.,21], Figure 1] which reduces the imbalance of the
resulting BH masses. We note that previous models of
isolated binary populations can produce a larger num-
ber of low mass ratio BBH mergers only under certain
assumptions [T9H8T]. As discussed by Belczynski et al.
[81]), the resulting mass ratios of BBH mergers crucially
depend on the fraction f, € [0,1] of transferred mass
that is accreted by the progenitor of the secondary BH.
Lower values of f, tend to produce lower mass secondary
stars/BHs and therefore lead to smaller mass ratios of
BBH mergers. For example, Zevin and Bavera [82] ex-
plore different values of f, and find that the bulk of their
BBH population has ¢ = 0.2 for f, = 0 (fully nonconser-
vative) whereas ¢ 2 0.4 for f, = 1 (fully conservative).
Unfortunately, f, is poorly constrained and any value
between zero and one seems possible [81] [83H9].

In the remainder of this work, we investigate the BBH
merger rates from both populations and compare them
to the one inferred from gravitational wave detections.

In the local Universe the total BBH merger
rate inferred from GWTC-3 is R(z = 0) =
16.713%5 Gpe=3 yr=! (90 % C.L.) by using the “flexible
mixture model” [00H92]. To calculate the BBH merger
rate from our models, we consider the rate and metal-
licity at which the stellar progenitor systems are formed
throughout cosmic history and convolve it with the de-
lay time distribution. Thus, the rate at a given red-
shift z takes into account all systems that were formed
at some earlier redshift z;, > z and whose delay time
matches the cosmic time elapsed between z, and z. We
use the metallicity-dependent cosmic star formation rate
of Madau and Fragos [93] and adopt concordant ACDM
cosmology. Details of our calculations are provided in the
Appendix [A]

In Table [[1] we report the resulting total rates for in
our models at z = 0. Across all models, we find the me-
dian contribution of the outer binary channel to the total
BBH merger rate to be in the range R(z = 0) = 0.3 -
25.2Gpc 2 yr~! which amounts to a typical fraction ~
O(0.01 — 0.1) of the BBH merger rate from the triple
population. In any model, the total rates from the triple
and isolated binary population are in the same order of
magnitude as the inferred. Thus, although our medians
tend to overpredict the inferred local BBH merger rate by
a factor of two to three they are in good agreement com-
pared to formation channels that were previously pro-



posed [94].

Despite only adding a subdominant fraction to the to-
tal merger rate, the BBH mergers formed via the outer
binary channel significantly affect the mass ratio distri-
bution of the entire population. In Figure [5] we plot the
cumulative rate

Rey(z=0) = /Oq dR(jq/_ L

of BBH mergers as a function of their mass ratio ¢q. Nei-
ther the inner binary channel in triples nor isolated bina-
ries are found to reproduce well the mass ratio distribu-
tion inferred by the gravitational wave detections. While
they agree well with the cumulative rate above ¢ ~ 0.4 —
0.6 they fail at lower mass ratios. The inferred mass
ratio distribution can be better recovered after including
the contribution from the outer binary channel (dashed
lines). For the aforementioned reasons, it is found to be
more efficient in producing low mass ratio BBH mergers
leading to a less steeply decreasing distribution toward
low values of q. Below the threshold mass ratio g ~ 0.4 —
0.6, BBH mergers from the outer binary channel dom-
inate the inner binary channel. The precise threshold
value depends on the assumed model.

In summary, the stellar mergers and the subsequent co-
evolution with the tertiary companions inflate the num-
ber of heavy primary stars which generally lead to heav-
ier BHs. Consequently, more low mass ratio BBH merg-
ers are produced in the triple population. izedThus, ex-
ceptional BBH merger events like GW190412 with re-
ported component masses m; = 30.1f§:g Mg and mo =
8.3%58 M, [95] are a possible outcome of the outer binary
channel. Meanwhile, the marginalized mass distribution
of BBH mergers is not significantly altered. We find the
chirp mass distribution everywhere to be dominated by
the high mass ratio BBH mergers formed via the inner bi-
nary channel (see Figure |§| in Appendix . Likewise, we
do not expect the outer binary channel to leave a distinc-

dq’ 3)

tive imprint on the eccentricity distribution. Since a CE
evolution precedes most BBH mergers in both channels,
we expect high eccentricities to be suppressed. A thor-
ough investigation of the spins of merging BHs is beyond
the scope of this work. Yet, the outer binary channel
might explain the observed correlation between low mass
ratios and higher effective spin parameters [2], [06]. It is
expected that even little mass accretion efficiently spins
up the postmerger star during the stable mass transfer
episode [97]. Previous magneto-hydrodynamical simula-
tions suggest that the postmerger star is strongly mag-
netized [68] [98]. A strong core-envelope coupling by the
magnetic fields would ensure that the core also spins up
due to the mass transfer phase [99]. As a result, low
mass ratio BBH mergers with highly spinning primary
BHs may be formed.
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Appendix A: BBH merger rate density

At cosmological redshift z, the merger rate of BBHs
from a given stellar population can be calculated by a
convolution of the delay time distribution and the cosmic
star formation history [I00]

Rppu(z) /Zb_z dz d (2p)
= b = (2
BBH cio 2 Tz

Z=0.03
X / dz fz(t — tb)RSFR(Za Zb). (A1)

Z=10—14
We adopt standard ACDM cosmology in which
dt/dz = —[1+2)E(z)Hy]™" and E(z) =
[Qar,0(1+ 2)% + Qx o1 + 2)? —&—QA,O]I/Q with

1/H0 =14 Gyr, QM,O = 03, QK,O = 0, and QA70 = 0.7
[101].

The function Fz(t — ) results from the simulation
of the stellar populations and describes the fraction of
systems in a metallicity bin [Z, Z 4+ dZ] which lead to
BBH mergers with a delay time t —t;, per dt. The second
term in the integration, Rgrr(Z, 2p), is the cosmic star
formation rate which we write as

RSFR(Z, Zb)dZ = H?ﬁ(ZQp(Z, Zb)dZ, (AQ)
using the data fit from Madau and Fragos [93]

(1 + Zb)2'6
14 [(1+ 2)/3.2]°2

¥(zp) = 0.01 Mg Mpe 2 yr!, (A3)
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and the chemical enrichment model where Z at redshift
zp follows a log-normal distribution

p(Z, Zb) =

osle)_ ¢ losZ/2) —uta)
V2oL Z 207 ’
(A4)

with mean metallicity p1(zp,) = 0.153—0.074z}-34 [93]. and
standard deviation oz = 0.25 [102]. Different choices for
the value oz For ¢ we assume a log-normal distribution
with a standard deviation of oy = 0.5.

Eq. describes the rate at which mass of all stars
with mass 0.1 — 100 Mg is formed, regardless whether
they are multiplicity systems or not. Since we are only
simulating massive triples and binaries with my@) >
5Mg and ms > 8 My (see Section the constant & is
introduced to convert v into a formation rate of progeni-
tor systems with the assumed properties. To calculate s
we set up an entire stellar population of any mass assum-
ing the same parameter distribution as in Section[[TBland
multiplicity fractions as a function of the primary spec-
tral type as reported by Moe and Di Stefano [33]. Here,

12

we only consider singles, binaries, and triples (neglecting
the effect of quadruples and higher-order systems) and
assume that any primary star with m; > 20Mg is in a
triple. We then calculate x and the resulting BBH merger
rate for each spectral type individually.

In practice, the uncertainty of Repu(z) is estimated
by Monte-Carlo sampling of Eq. .

Appendix B: Chirp mass distribution

In Figure [6] we show the differential merger rate per
chirp mass M, = (m1m2)3/5/(m1 + m2)1/5 which de-
termines the gravitational waveform at leading order.
On coarse-grained scales, we find agreement of our mod-
els with the “flexible mixture model” (GWTC-3) up to
M. < 40Mp, but note that neither the isolated nor
the triple population could reproduce substructure of
the mass distribution that were discovered in the third
observing run of the The LIGO Scientific Collaboration
et al. [2].
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FIG. 6. Chirp mass distribution of BBH mergers in the local Universe (z = 0). As in Figure |5 dashed lines highlight the

contribution from the outer binary channel.
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