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ABSTRACT

Context. Massive stars are often born in triples, where gravitational dynamics and stellar interactions play a crucial role in shaping
their evolution. One such pathway includes the merger of the inner binary, transforming the system into a binary with a distinct
formation history. Therefore, the interpretation of observed binary properties and their inferred formation history may require the
consideration of a potential triple origin.
Aims. We aim to investigate the population of stellar mergers in massive hierarchical triples. Specifically, we assess how frequently
mergers occur and characterise the properties of the post-merger binaries and their subsequent evolution.
Methods. We combined the triple population synthesis code TRES, which self-consistently models stellar evolution, binary interaction,
and gravitational dynamics with the binary population synthesis code SeBa to simulate 105 dynamically stable, massive triples from
the zero-age main sequence through merger and post-merger evolution. We explored the effects of a range of physical models for the
initial stellar properties, mass transfer, and merger.
Results. We find that stellar mergers are a common outcome, occurring in 20–32% of massive triples. Most mergers happen relatively
early in the evolution of the system and involve two main-sequence (MS) stars, producing rejuvenated merger remnants that can
appear significantly younger than their tertiary companions. Consequently, we predict that 2–10% of all wide MS+MS binaries
(P > 100 days) have a measurable age discrepancy, and serve as a promising way to identify merged stars. The post-merger systems
preferentially evolve into wide, eccentric binaries, with ∼80% avoiding further interaction. However, a notable fraction (16–22%)
undergoes a second mass-transfer phase, which may result in the formation of high-mass X-ray binaries or mergers of compact
objects that spiral in via gravitational-wave emission. Our results highlight the crucial role that stellar mergers in triples play in
shaping the population of massive binary stars.

Key words. binaries: close – binaries: general – stars: massive

1. Introduction

Triple systems are common within the population of massive
stars. For stars with masses above 8 M�, more than 50% of
young systems in the Galactic field are observed to be triples
or higher-order multiples (Moe & Di Stefano 2017; Offner et al.
2023; Frost et al. 2025). In most of these systems, stellar evo-
lution and secular three-body dynamics drive the inner binary
towards mass transfer (Stegmann et al. 2022a; Kummer et al.
2023). Observational studies further show that a large fraction
of very short-period massive binaries reside in triple or higher-
order multiple systems (Abdul-Masih 2025). If, during the mass
transfer, sufficient angular momentum is carried away, it can
lead to orbital shrinkage and ultimately a stellar merger. Earlier
binary population synthesis studies suggest that mergers are a
common outcome of binary evolution (e.g. de Mink et al. 2014;
Toonen et al. 2017; Temmink et al. 2020).

Identifying stellar mergers observationally remains chal-
lenging. Most predicted signatures cannot unambiguously be
attributed to mergers. For example, red novae are often
interpreted as observational manifestations of stellar merg-
ers, but they are also attributed to thermonuclear outbursts
(Soker & Tylenda 2003; Tylenda & Soker 2006; Tylenda et al.
2011; Kochanek et al. 2014; Pejcha 2014; Smith et al. 2016).
Such transient events are rare due to the brief duration of the
merger process.
? Corresponding author: f.a.kummer@uva.nl

Merger remnants may retain signatures of their merger his-
tory. For up to about 104 years, the post-merger star is expected
to be surrounded by a nitrogen-enriched, bipolar nebula as a
result of mass loss (Langer 2012). While such nebulae can also
arise from other forms of binary interaction, some Galactic neb-
ulae have morphologies consistent with expectations from mas-
sive stellar mergers (Leitherer & Chavarria-K. 1987; Smith et al.
2018). Additional evidence comes from stellar surface proper-
ties: main-sequence (MS) merger remnants are expected to rotate
slowly and generate large-scale magnetic fields (Schneider et al.
2016, 2019). About 8% of the massive stars have a detected mag-
netic field (Hubrig et al. 2008; Wade & MiMeS Collaboration
2015; Schöller et al. 2017), although it remains debated whether
such fields can also originate from primordial mechanisms. Mas-
sive merged stars may also show peculiar surface chemical abun-
dances, such as CNO-cycle products (e.g. Glebbeek et al. 2013;
Patton et al. 2025).

If a merger occurred in a triple system, the outer compan-
ion may provide indirect but valuable clues to the merger his-
tory. For instance, Heintz et al. (2022, 2024) found that in about
20% of the wide binary white dwarf (WD) systems, the com-
ponents have an apparent age discrepancy, suggestive of prior
stellar interaction. Given their wide orbits, it is unlikely that
the stellar progenitors have engaged in mass transfer, favouring
a merger scenario. Shariat et al. (2025d) performed a theoreti-
cal population study of low- and intermediate-mass triples and
showed that the binary WD systems formed following a stellar
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merger are consistent with the observed properties of wide
non-coeval WD binaries. Similarly, Frost et al. (2024) recently
reported an age discrepancy between the massive magnetic star
in HD 148937 and its wide MS companion, consistent with a
past merger event.

While the role of stellar mergers in low- and intermediate-
mass triples has been theoretically explored in some detail
(Shariat et al. 2025d), such studies for massive triple systems are
still lacking. Stegmann et al. (2022b) investigated the formation
of binary black hole (BBH) mergers from massive triples but
did not focus on the intermediate evolutionary stages and their
observational characteristics.

In this study, we explored the population of stellar mergers
in massive hierarchical triple systems in the Galaxy, including
their post-merger evolution. We examined how the tertiary com-
panion may aid in identifying these mergers observationally. To
this end, we carried out simulations using a triple population syn-
thesis approach. In Sect. 2, we describe the methodology used to
model triple evolution and mergers. In Sect. 3, we present the
properties of the mergers and the various evolutionary pathways
they follow, and zoom in on a few interesting subpopulations. In
Sect. 4, we provide merger rate predictions for the Galaxy and
discuss limitations of the model. Finally, Sect. 5 summarises our
findings.

2. Methods

To investigate the population of stellar mergers within mas-
sive hierarchical triple systems, we simulated the evolution of
initially high-mass (m > 8 M�), dynamically stable triples.
First, we modelled the triple evolution from the zero-age main
sequence (ZAMS) up to the onset of mass transfer in the inner
binary using a triple evolution code. Once mass transfer com-
mences, we modelled this interaction using a binary popula-
tion synthesis code. If the mass transfer leads to a merger, we
continued to follow the subsequent evolution of the resulting
binary, now composed of the merger remnant and the original
tertiary companion, within the same framework. In this section,
we describe the methods applied in each phase of the simulation,
followed by an overview of the initial conditions chosen for the
synthetic triple population.

2.1. Triple evolution

To model the evolution of massive hierarchical triple systems up
to the onset of the first mass-transfer phase, we used the publicly
available triple population synthesis code TRES1 (Toonen et al.
2016). This code self-consistently incorporates single-star evolu-
tion, binary interactions, and secular three-body dynamics. Stel-
lar evolution is modelled using the stellar evolution code SeBa
(Portegies Zwart & Verbunt 1996; Toonen et al. 2012), which
includes the analytic fits of Hurley et al. (2000) to the pre-
calculated stellar models of Pols et al. (1998). This allows fast
calculation of stellar properties such as the mass, radius, and
effective temperature, though not of the internal structure. The
strength of this code lies in its ability to model large stellar pop-
ulations efficiently. We note that the analytical fits for single-star
evolution become less accurate towards higher initial masses,
especially at m > 50 M�, resulting in an overestimation of
the maximum stellar radius (Shariat et al. 2025d; Sciarini et al.
2025), and underestimation of the final compact object (CO)
mass (Bavera et al. 2023) for the most massive systems.

1 https://github.com/amusecode/TRES

A hierarchical triple is defined as a system with an inner
binary composed of a primary (m1) and a secondary star (m2),
orbited by a more distant tertiary star (m3). The motion of the ter-
tiary star around the centre of mass of the inner binary is referred
to as the outer orbit. Such systems are dynamically stable on stel-
lar evolutionary timescales when sufficiently hierarchical. The
relevant elements that describe the shape of the inner and outer
binary are the semi-major axes (ain, aout), eccentricities (ein, eout),
arguments of pericentre (gin, gout), and the mutual inclination imut
between orbital planes.

The orbital properties evolve through several processes,
including tidal dissipation, gravitational-wave (GW) emission,
three-body dynamical interactions, and stellar winds. These
effects are orbit-averaged and solved using a set of first-order
ordinary differential equations within TRES. Tidal evolution fol-
lows the formalism of Hurley et al. (2002), where the equilib-
rium and dynamical tides are based on results of Hut (1981) and
Zahn et al. (1997), respectively. Equilibrium tides are applied
to stars with convective envelopes, while dynamical tides are
applied to stars with radiative envelopes. GW-driven orbital evo-
lution follows Peters (1964). Precession from tidal, rotational,
relativistic, and dynamical processes is included. The secular
three-body interactions are treated through the quadrupole and
octupole-order expansions of the Hamiltonian (von Zeipel 1910;
Lidov 1962; Kozai 1962; Naoz 2016), capturing modulations
such as von Zeipel-Lidov-Kozai (ZLK) oscillations. For the
details on the implementation and the effects of these processes,
we refer to Toonen et al. (2016).

For wind mass loss of stars on the MS, we follow
Vink et al. (2001) for effective temperatures between 8−50 kK,
and Nieuwenhuijzen & de Jager (1990) outside this range. These
mass-loss rates are scaled down by a factor of 3, in accordance
with Björklund et al. (2021). For Hertzsprung gap (HG) and core
helium burning (CHeB) stars, we use the same prescription, but
compare it with the Reimers (1975) rate, and adopt the maximum
of the two. For asymptotic giant branch (AGB) stars, the max-
imum of Nieuwenhuijzen & de Jager (1990), Reimers (1975)
and Vassiliadis & Wood (1993) is used. For stripped helium
stars, we follow Hamann et al. (1995) and Hamann & Koesterke
(1998), including a metallicity scaling of Z0.86 (Vink et al. 2001).
For stars evolving beyond the Humphreys-Davidson limit, an
additional mass-loss rate of 1.5 × 10−4 M�yr−1 is included
(Belczynski et al. 2010).

When a massive star forms a CO at the end of its evolu-
tion, eventual mass loss during the supernova (SN) may lead
to additional changes in the orbital separation and eccentricity.
Assuming asymmetric mass ejection, we follow the distribution
of kick velocities presented in Verbunt et al. (2017), which is
scaled down for BHs based on their mass. Natal kick veloci-
ties for BHs are uncertain, and observations of BHs in multiple
systems suggest their formation may be accompanied by little
or no kick (e.g. Shenar et al. 2022; Vigna-Gómez et al. 2024;
Burdge et al. 2024; Shariat et al. 2025c; van Son et al. 2025).
The mass of the CO is determined following the delayed SN
model from Fryer et al. (2012), which maps the final carbon-
oxygen core mass to the remnant mass.

Each triple was evolved with TRES from the ZAMS until the
primary star filled its Roche lobe, ensuring that neither compo-
nent of the inner binary evolved into a CO. Simulations were
terminated and the system discarded, if any of the following con-
ditions were met: the tertiary star filled its Roche lobe; the inner
or outer orbit became unbound (e.g. due to a supernova kick);
the system became dynamically unstable according to the sta-
bility criterion of Mardling & Aarseth (1999, 2001); the runtime
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exceeded three hours (imposed to ensure computational feasibil-
ity for systems with very short dynamical timescales compared
to stellar evolution, although this may exclude some potentially
interesting cases with strong three-body dynamics); or no inter-
action occurred within a Hubble time, including mass transfer in
the inner binary.

2.2. Mass transfer

Mass transfer is initiated when the primary star fills its Roche
lobe. This phase is modelled separately with SeBa. At the onset
of Roche-lobe overflow (RLOF), the orbit is not necessarily
circular. This can be due to prior dynamical interactions that
increase the orbital eccentricity, or because tidal forces have
not yet circularised the system. Therefore, we define the Roche
radius at pericentre:

RL,1 =
0.49q2/3

0.6q2/3 + ln(1 + q1/3)
a(1 − e), (1)

where q = m1/m2 is the mass ratio, a is the semi-major axis,
and e is the orbital eccentricity. Since a comprehensive analyti-
cal prescription for mass transfer that is valid for all eccentric-
ities, mass ratios, and stellar spins is still lacking, despite sig-
nificant progress in recent studies (Sepinsky et al. 2007, 2009;
Hamers & Dosopoulou 2019), we assumed the binary rapidly
circularises at the onset of the mass transfer.

The stability of mass transfer depends on the specific condi-
tions of the binary at the onset of RLOF. To assess this, we fol-
low the approach of SeBa. We compare the donor star’s response
to mass loss, both adiabatic and thermal, to the evolution of the
Roche lobe, which changes in size as the semi-major axis and
mass ratio vary during the mass transfer. This response is char-
acterised as the logarithmic derivative of the stellar radius or
Roche-lobe radius with respect to the mass:

ζ =

( d lnR
d lnM

)
. (2)

If the Roche-lobe radius shrinks faster than the donor’s radius
when restoring hydrostatic equilibrium (i.e. ζad < ζL), mass
transfer becomes dynamically unstable and leads to a common
envelope (CE) phase. Otherwise, the mass transfer is stable and
proceeds on either the nuclear timescale (ζL ≤ min(ζad, ζth)) or
the thermal timescale (ζth ≤ ζL ≤ ζad) of the donor star, depend-
ing on whether the donor star can re-establish thermal equilib-
rium or not.

For dynamically unstable systems, we modelled the subse-
quent CE evolution using the standard αλ prescription (Webbink
1984; de Kool 1990), commonly applied to massive stars. Here,
α represents the efficiency with which orbital energy is used
to eject the envelope, while λ represents the binding energy of
the envelope and depends on its internal structure. For systems
undergoing CE evolution, we assumed a fixed value of αλ = 2
(Nelemans et al. 2000) in our fiducial model. If the envelope can-
not be fully ejected before the core of the donor and the accretor
come into contact, the binary is assumed to merge.

During a phase of stable mass transfer, angular momen-
tum is redistributed within the binary, and leads to a change
in the orbital separation. If mass transfer is conservative, the
orbit initially shrinks while the donor is more massive than
the accretor, and then widens once the mass ratio reverses. In
non-conservative mass transfer, the orbital evolution depends
on the specific angular momentum carried away by the lost
material. How much mass is lost depends on the amount of

mass the accretor is able to accrete. We determined the maxi-
mum accretion rate using the prescription from Pols & Marinus
(1994), and assumed that any escaping material carries away
angular momentum equal to 2.5 times the specific orbital angu-
lar momentum (Portegies Zwart & Verbunt 1996). If the orbit
shrinks to the point where the accretor fills its own Roche lobe,
the system enters a contact phase. For simplicity, we assumed
that stars in contact immediately merge, although this outcome
is not guaranteed (see e.g. Henneco et al. 2024).

We accounted for the effect of mass loss from the inner
binary on the outer orbit. Following the approach of Shariat et al.
(2023), if the time interval on which mass loss occurs is longer
than the orbital period of the outer binary, we assumed it to be
isotropic and adiabatic. By approximation, the lost mass car-
ries a specific angular momentum equal to the specific angular
momentum of the inner binary. Under these conditions, the outer
orbit evolves as

aout,f = aout,i

(
mbinary,i

mbinary,f

)2 mtriple,i

mtriple,f
, (3)

where the subscripts ‘binary’, and ‘triple’ refer to the combined
masses of the inner binary and the full triple system, respectively,
and the subscripts ‘i’ and ‘f’ denote the initial and final values.
If the mass loss occurred on a timescale shorter than the outer
period, as during a CE phase, we treated it as instantaneous. In
this case, a velocity kick was applied to the outer orbit (see Hills
1983), which alters both the semi-major axis and the eccentricity
(e.g. Michaely & Perets 2019; Igoshev et al. 2020).

2.3. Stellar mergers and post-merger evolution

The outcome of a stellar merger in our models depends on
the evolutionary stages and (core) masses of the stars involved.
For mergers between two MS stars, the mass of the accretor is
added fully conservatively to the envelope of the donor, result-
ing in a more massive MS star (e.g. Glebbeek et al. 2013). Since
higher mass stars have shorter MS lifetimes, the merger rem-
nant appears younger than its true age. Additionally, the core-
to-envelope mass ratio decreases as material is added to the
envelope, contributing further to the rejuvenated appearance. To
capture both effects, the rejuvenation due to envelope accretion
determines the relative age of the merger remnant, following the
prescription of Hurley et al. (2002):

trel,f = trel,i
τms,f

τms,i

mi

mf
, (4)

where τms is the MS lifetime, and the mass ratio accounts for the
change in stellar mass. We did not include mixing of hydrogen
into the core during the merger, which would lead to additional
rejuvenation (e.g. Lombardi et al. 2002; Glebbeek & Pols 2008;
Glebbeek et al. 2013). We also assumed no mass loss during the
merger in our fiducial model, which is broadly consistent with
findings of Glebbeek et al. (2013), who found that no significant
mass loss is expected for MS mergers. If the donor is a post-
MS star, the accretor is added fully conservative to the envelope
of the donor. In cases where both stars are post-MS stars, we
assumed the cores merge conservatively, but half of the enve-
lope mass is lost during the merger (Portegies Zwart & Verbunt
1996). See Sect. 2.5 for model variations on the merger physics.

We did not account for other merger-induced processes
that may affect subsequent stellar evolution, such as rotation-
ally enhanced mixing and mass loss, magnetic braking due to
internal field generation (Schneider et al. 2016, 2019), bloating
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Fig. 1. Distributions of the initial (ZAMS) orbital properties for systems
that result in a stellar merger in the fiducial model. On the y-axis, we
show the number of simulated systems. Properties of the inner orbits
are shown in blue and the outer orbits in red. The complete simulated
population is shown in grey for comparison. Panels show (top left) semi-
major axis, (top right) eccentricity, (bottom left) mass ratio (q = m2/m1
for inner orbits, q = m3/(m1 + m2) for outer), and (bottom right) mutual
inclination between the inner and outer orbits.

(Suzuki et al. 2007; Stegmann et al. 2022b) or changes to the
core structure. After the merger, the evolution of the resulting
post-merger binary (i.e. the merger remnant and the remaining
third star) was followed with SeBa using the same physics as
applied during the earlier triple evolution and interaction phases.
Each system was evolved until a Hubble time.

2.4. Initial population

In this section, we give an overview of the initial parameter dis-
tributions used to create our simulated population. We evolved
a total of 105 initially stable, hierarchical triple systems. The
inner and outer semi-major axes, ain and aout, were drawn from a
distribution uniform in logarithmic space ranging from 5 to 5 ×
106 R�, in broad agreement with Kobulnicky & Fryer (2007) and
Sana et al. (2012). If the drawn value of ain exceeded aout, the
two values were swapped to ensure ain < aout. The eccentricities
ein and eout were sampled from a thermal distribution between 0
and 1 (e.g. Moe & Di Stefano 2017; Hwang 2023; Shariat et al.
2025a). If either or both stars in the inner binary initially filled
their Roche lobe, lower values of ein were redrawn until the sys-
tem became detached. If the system was not detached within
ten attempts, the triple was discarded. The inner and outer mass
ratios, defined as qin = m2/m1 and qout = m3/(m1 + m2), were
sampled from a uniform distribution between 0 and 1 (Sana et al.
2012; Kobulnicky et al. 2014). Note that the definition of qin
is the reciprocal of the definition given in Eq. (1). The argu-
ments of pericentre, gin and gout, were drawn randomly between
0 and 2π, and the mutual inclination imut was sampled ran-
domly from a distribution uniform in cos i between 0 and π (e.g.
Shariat et al. 2025a). We note that systems with compact outer
binaries seem to favour more aligned orbits (e.g. Borkovits et al.
2015; Tokovinin 2017; Bashi & Tokovinin 2024), which would
diminish the importance of three-body dynamics for such sys-
tems.

Systems found to be dynamically unstable at initialisation
were discarded and redrawn. Also, we excluded systems that ini-

tiated mass transfer within 105 yr from our analysis, which com-
prise about 5% of the population. These systems often undergo
strong dynamical interactions and would likely have interacted
already during the pre-MS phase. Consequently, the final dis-
tribution of the ZAMS triples differs from the initial sampling
distributions. The modified ZAMS distribution is marked by the
grey histogram in Fig. 1.

2.5. Model variations

A major challenge in population synthesis studies of multiple
stellar systems is the large number of assumptions required to
model their evolution. These assumptions reflect uncertainties in
both the initial conditions and the complex physical processes
involved in their evolution (e.g. mass transfer physics, wind
mass loss, SN kick and engine). Specifically, simulations that
extend to the late stages of stellar evolution can produce widely
varying outcomes depending on the adopted assumptions (e.g.
Broekgaarden et al. 2021, 2022). There are many assumptions
to probe, but we focus on those to which the outcomes are likely
most sensitive, namely uncertainties related to the initial condi-
tions, mass transfer, and the merger. To explore the sensitivity
of our results to these uncertainties, we ran several model varia-
tions, each modifying a single aspect of the fiducial setup.

Initial triple properties We varied the outer mass ratio distribu-
tion, which is poorly constrained observationally. Previous work
(e.g. Kummer et al. 2023) has shown that the mass of the tertiary
has a notable influence on the overall evolution of massive triple
systems, and that the distribution of other properties are of less
importance. In this model variation, we simulated an additional
105 massive triple systems, still sampling the outer mass ratio
from a uniform distribution, but redefining it as qout = m3/m1,
which results in initially lower-mass tertiary stars compared to
the default definition qout = m3/(m1+m2). This tendency towards
lower-mass tertiaries is consistent with observations of early B-
and O-type primaries (Moe & Di Stefano 2017).

Mass transfer The physics of mass transfer remains one of the
most uncertain aspects of binary and multiple star evolution. We
tested a model assuming fully conservative stable mass trans-
fer, leading to more mass being retained within the system. We
also varied our treatment of the CE phase. Instead of the default
assumption of αλ = 2, we ran a model with αλ = 0.25, moti-
vated by observations of post-CE binaries (e.g. Zorotovic et al.
2010; Toonen & Nelemans 2013; Camacho et al. 2014), which
suggests a less efficient envelope ejection. Additionally, we
tested a model in which the mass loss from a CE event dur-
ing pre-merger mass transfer occurs on a longer timescale of
104 yr. Observations of post-CE binaries and triples suggest
that, in some cases, mass ejection may be slower than typ-
ically assumed (Michaely & Perets 2019; Igoshev et al. 2020;
Knigge et al. 2022; Shariat et al. 2025b). We note that these
studies focus on low- to intermediate-mass stars.

Merger We explored the effect of including additional mass
loss during the merger process itself. For MS+MS mergers, we
adopted the relation from Glebbeek & Pols (2008):

φ = 0.3
qin

(1 + qin)2 , (5)

where φ represents the fraction of the total mass lost during
the merger. For mergers involving a post-MS donor and a MS
accretor, we treated them analogously to post-MS + post-MS

A123, page 4 of 14



Kummer, F., et al.: A&A, 703, A123 (2025)

mergers, assuming that half of the envelope mass is lost dur-
ing the event. For the variations of the mass transfer and merger
physics, we did not re-simulate the triple systems with the triple
evolution code, but only continued their evolution from the onset
of mass transfer in the inner binary.

3. Results

3.1. Mergers: Statistics and properties

Across all model variations, we find that stellar mergers are
a common outcome in the evolution of massive hierarchical
triple systems. Depending on the adopted initial conditions and
assumptions about mass transfer and merger physics, the merger
fraction ranges from 20.4% to 31.8% of all simulated systems.
These fractions are broadly consistent with those reported in
Stegmann et al. (2022a) and Preece et al. (2024), who find that
15–33% and 38% of the systems undergo a stellar merger,
respectively. This high incidence of mergers is mainly a result
of the short initial orbital periods of the inner binaries. These
compact configurations are necessary to ensure dynamical sta-
bility within the triple system, and as a consequence, there is a
high rate of mass transfer interactions (Stegmann et al. 2022a;
Kummer et al. 2023), facilitating the occurrence of mergers.

The majority of mergers (63–79%) occur between two MS
stars, followed by mergers of a HG donor and a MS star (20–
30%), as illustrated in Fig. 2. The contribution of other donor
types is less than 10% combined. We did not consider merg-
ers containing a neutron star (NS) or BH companion, as such
systems would be dominated by mergers that occur during the
second mass-transfer phase, which is not modelled in this study.
In contrast to low-mass stars, massive stars undergo significant
expansion during the MS phase, increasing the likelihood of
RLOF before the donor evolves beyond the MS. As a result,
short-period inner binaries often initiate mass transfer during or
shortly after the MS phase of the donor. Among the explored
models, the largest variation in merger outcomes is introduced
by the efficiency of the CE phase. Less efficient expulsion of
the envelope leads to a substantial increase in the number of
post-MS+MS mergers, as the mass transfer in such systems is
typically unstable. In contrast, the number of MS+MS mergers
varies more moderately, from 63% to 79%.

The timing of mergers is further detailed in Fig. 3, consid-
ering only the systems that undergo a merger. Mergers occur
predominantly early, with the rate rising sharply after 2–3 Myr
and nearly 50% of the systems having merged by 10 Myr. All
mergers occur within 55 Myr, which corresponds roughly to the
lifetime of an 8 M� star – the lowest-mass primary star consid-
ered in our population. If lower-mass stars were included in the
simulations, more mergers would occur later on. As time pro-
gresses, triple systems gradually disappear, while the number of
binaries increases. However, post-merger interactions can fur-
ther disrupt these binaries, leading to single stars. These interac-
tions are addressed in the later sections of this paper. The binary
fraction remains high for an extended period of time. For the
fiducial model, the binary fraction is above 0.3 after 7–40 Myr,
suggesting that binaries containing merger remnants are poten-
tially observable over extended periods. Depending on the model
variations, the binary fraction reaches maximum values of 0.3–
0.43. A long-lived, slowly decreasing tail in the binary distribu-
tion persists out to and beyond a Hubble time, primarily trac-
ing GW-driven double CO (DCO) mergers. For an overview on
the impact of other evolutionary channels and higher-order stel-

Fig. 2. Distribution of the evolutionary phases of donor stars at the onset
of mass transfer for systems in the fiducial model. On the y-axis, we
show the number of simulated systems. Each coloured bar corresponds
to a different evolutionary phase: main sequence (MS), Hertzsprung
gap (HG), first giant branch (FGB), core helium burning (CHeB), and
asymptotic giant branch (AGB). The hatched grey overlay indicates the
fraction of systems in each category that result in a stellar merger. Error
bars (shaded regions) represent the range of values for the stellar merg-
ers across all model variations.

Fig. 3. Fraction of merging triple systems that have experienced a
merger of the inner binary as a function of time for the fiducial model
(solid black line). The dashed lines represent the fraction of systems –
from the population, which at some point in time experienced a stellar
merger of the inner binary – that contain a bound triple (blue), a binary
(red), or only single stars (green) at a given time.

lar configurations on stellar multiplicity, we refer to Preece et al.
(2024).

In Fig. 1, we explore the initial properties of merging sys-
tems. In blue (red) the ZAMS parameters of the inner (outer)
orbit for triples with merging inner binaries are shown. These
binaries preferentially have short orbital periods and low eccen-
tricities, consistent with tighter binaries being more prone to
mass transfer. The bias towards low eccentricities for short-
period inner binaries arises from redrawing the initial eccen-
tricity whenever the inner binary would otherwise be Roche-
lobe filling at birth. We also find a tendency towards unequal
mass ratios, which both increase the likelihood of unstable mass
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Fig. 4. 2D histograms of the following post-merger orbital parameters:
log orbital period (in days) vs eccentricity (top), log orbital period vs
tertiary-to-merger-remnant mass ratio qpm (middle), and mass ratio vs
eccentricity (bottom). Colour indicates the number of simulated systems
in each bin, and histograms on top and side axes show the marginal
distributions.

transfer (driving rapid inspiral) and enhance orbital shrinkage
during stable mass transfer episodes following from the transfer
and loss of angular momentum within the binary. Even though
equal mass ratios are disfavoured, a small peak is visible near
qin = 1, corresponding to cases where both stars evolve on simi-
lar timescales. There is a small dependence on the mutual incli-
nation, with a modest peak around imut = 90◦. In the fiducial
model, about 7% of the inner binaries that experience a stellar
merger experience an eccentricity increase of at least 0.1 due to
three-body dynamics, a trend that is reflected in the inclination
distribution. This suggests that while three-body dynamics can
enhance the occurrence of mergers, it is not the dominant driver.

After the merger, the orbital properties of the remaining
binary system (i.e. the merger remnant and the tertiary) closely
reflect those of the initial outer binary. Therefore, uncertainties
in the initial assumptions for the outer binary will have a large
impact on the post-merger orbits. Nevertheless, periods below
100 days are rarely expected, as a consequence of requiring
dynamical stability at formation. In Fig. 4, we show the orbits
for the fiducial model just after the merger. The orbits are skewed
towards ultra-wide periods, peaking from 105 up to 108 days, and
the eccentricities approximately follow a thermal distribution.

Fig. 5. Evolutionary channels of massive triples that experience a stel-
lar merger with their respective incidences. The system initially forms
as a stable hierarchical triple and undergoes a stellar merger within the
inner binary as a result of mass transfer. The subsequent evolution of
the post-merger binary proceeds along one of three possible channels,
depending on the system’s properties at the time of merger. Mass trans-
fer is abbreviated as MT.

The post-merger mass ratio distribution, qpm = m3/mmerger, is
roughly uniform between 0 and 1, with a tail extending to higher
mass ratios. For the fiducial model, 20% of the systems have
a tertiary that is more massive than the merger remnant. This
varies between 0–27% based on the model assumptions. Even
though we assume that the tertiary is initially never more massive
than the inner binary, mass loss prior to and during the merger
process can result in mass ratio reversal. We identify no signif-
icant correlations among period, eccentricity, and mass ratio in
these systems.

3.2. Post-merger evolution channels

In this section, we outline the subsequent evolution of the binary
system following the stellar merger, up to the end of the first
mass-transfer phase. We classify this evolution into three distinct
channels:

– Non-interacting: systems in which no mass transfer occurs
after the merger event.

– Mass transfer to the merger companion: the merger remnant
eventually fills its Roche lobe and transfers mass to the orig-
inal tertiary star.

– Mass transfer to the merger remnant: the tertiary star fills
its Roche lobe and initiates mass transfer onto the merger
remnant.

A schematic illustration of these evolutionary channels is pre-
sented in Fig. 5, and a summary of their occurrence rates can be
found in Table A.1.

3.2.1. Non-interacting systems

The vast majority of post-merger binaries do not undergo further
interaction (78.2–84.3%). These systems have orbital periods of
several thousand days or more, which prevents either component
from ever filling its Roche lobe. Apart from the dearth of short
periods, their properties closely resemble those of the overall
post-merger population shown in Fig. 4. Specifically, they tend
to have eccentric orbits and mass ratios that are approximately
uniformly distributed over the range 0 < qpm < 1, with a tail
extending towards more massive tertiary companions.
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3.2.2. Mass transfer to the merger companion

In 12.4–18.1% of post-merger binaries, a phase of mass trans-
fer is initiated by the merger remnant. Their progenitors are
predominantly MS+MS mergers, as the outer binary must have
been sufficiently compact to allow post-merger interaction. Con-
sequently, the original inner binary must have been extremely
tight to ensure dynamical stability before the merger. The result-
ing post-merger binaries have periods that peak sharply between
one to several thousand days, and have eccentricities clustered
around 0.8–0.9 directly after the merger. More extreme eccen-
tricities at birth would often result in dynamical instability. The
merger remnant is typically much more massive than the original
tertiary; there is a sharp drop above qpm = 0.5. Because MS+MS
merger remnants are rejuvenated, in order for the merger rem-
nant to leave the MS before the tertiary companion and be the
first to fill its Roche lobe, in many cases it needs to be consider-
ably more massive than the tertiary star.

The mass-transfer phase always happens when the donor star
is on the post-MS, due to the lack of short period binaries. These
are quite evenly split between systems with HG/FGB donors
(52–58%) and those with supergiant (SG) donors (42–48%),
as shown in Fig. 6. As mentioned earlier, the stellar evolution
tracks adopted in this work are known to overestimate the stel-
lar radius, especially for initial masses above 50 M�, which may
lead to an overprediction of mass-transferring systems in that
mass range. However, the impact of this effect is only minor due
to the steeply declining initial mass function, which limits the
contribution of the most massive stars to the overall population.

Mass transfer involving HG/FGB donors predominantly pro-
ceeds in a stable manner (73–80%). In contrast, systems with
more evolved donors – those with deep convective envelopes –
more frequently undergo CE evolution (51–57%). A small frac-
tion (<1%) of systems experience unstable mass transfer with a
post-MS accretor, leading to a CE phase where both stars lose
their envelope.

The properties of the post-mass-transfer orbits depend sensi-
tively on the assumptions regarding the mass-transfer physics. In
the case of fully conservative mass transfer, orbital periods are
typically between 100 and 1000 days, with tertiary masses peak-
ing at 15 M� and corresponding mass ratios (qpm) around 3.5.
Alternative models, which allow non-conservative mass transfer,
predict shorter post-mass-transfer periods due to loss of orbital
angular momentum, ranging from 10 to 100 days, and tertiary
masses peaking around 5 M�, with mass ratios close to or just
below unity.

Systems that come into contact undergo a second stellar
merger, this time between the tertiary and the merger remnant,
ultimately leaving behind a single star. We find that this out-
come occurs in 9–31% of systems with the merger remnant as
donor, corresponding to 2–4% of all triple mergers. The sequen-
tial mergers most commonly involve a hydrogen-shell burning
or more evolved, (nearly) stripped donor and a MS accretor.
Such sequential mergers may present intriguing targets for future
work.

3.2.3. Mass transfer to the merger remnant

The least common evolutionary pathway (1.5–3.9% of systems)
involves cases where the original tertiary star fills its Roche lobe
and initiates mass transfer towards the merger remnant. While
the post-merger orbital periods and eccentricities in these sys-
tems resemble those where the merger remnant is the donor,
their mass ratios are centred around unity. On the one hand, this

Fig. 6. Donut chart showing the evolutionary state of the donor star
(inner ring) and the stability of mass transfer (outer ring) at the onset
of the second mass-transfer phase in the fiducial model. The top panel
shows systems where the merger remnant becomes the donor, while the
bottom panel shows systems where the original tertiary star initiates
mass transfer. The inner ring distinguishes between systems that initiate
mass transfer on the HG or FGB, and as an SG. The outer ring indicates
whether the mass transfer is stable (green), unstable (yellow), or when
the accretor is also a post-MS star (purple). The latter outcome is rare,
comprising fewer than 2% of systems.

trend arises because the tertiary has to evolve faster than the
merger remnant and can thus not be much lower in mass orig-
inally (although due to rejuvenation of the merger remnant, the
mass can be somewhat lower during the merger). On the other
hand, the tertiary star should not fill its Roche lobe before the
merger remnant does, and can thus not be of much higher mass.
An additional limiting factor is that in our simulations, the ter-
tiary star is initially never more massive than the inner binary.

Mass transfer from the tertiary companion to the merger rem-
nant is more likely to be stable than in cases where the merger
remnant initiates transfer, despite the donors being in similar
evolutionary phases (see Fig. 6). This is mainly due to the differ-
ences in the mass ratio at the moment mass transfer is initiated.
As a result, the orbital architectures after mass transfer differ sig-
nificantly. Firstly, mass transfer from the tertiary leads to wider
orbits. In the case of conservative mass transfer, orbital periods
typically range between 103–104 days, and the other model vari-
ations predict a peak around 1000 days. Secondly, the masses of
the accretor star are larger, peaking slightly above 20 M�. The
resulting mass ratios are just below 0.1. Due to their wide orbits
and tendency towards stable mass transfer, these systems rarely
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experience a second stellar merger, making the contribution of
sequential mergers negligible.

Interestingly, in approximately 10% of the systems where the
tertiary initiates mass transfer to the merger remnant, the merger
remnant has already evolved into a CO. These cases originate
from mergers involving post-MS donors that lose their envelopes
during the initial mass transfer and merger event. As a result,
the stripped merger remnant remains relatively compact for the
remainder of its evolution, avoiding RLOF. However, due to the
current lack of detailed theoretical models for post-MS mergers
and associated envelope loss, we caution against overinterpreting
these results.

3.3. Focus on interesting systems

Here we describe types of systems that are important in the con-
text of mergers in triple evolution.

3.3.1. Non-coeval binaries

Accretion of material onto a star’s envelope is expected to
rejuvenate it, making the star appear younger compared to
its true age. In multiple-star systems, rejuvenation can lead
to observable age discrepancies between the rejuvenated star
and its companion(s). Several processes can lead to this
effect, such as mass transfer (McCrea 1964; Chen & Han
2008; Ivanova 2015), stellar mergers induced by binary
interaction (Perets & Fabrycky 2009; Naoz & Fabrycky 2014;
Shariat et al. 2025d), and direct stellar collisions (Hills & Day
1976; Sills et al. 1997; Sills & Bailyn 1999; Sills et al. 2005).
These processes are for instance used to explain the formation
of blue straggler stars (BSSs) observed in coeval stellar clusters.

Recent observational evidence adds support to the hypoth-
esis that stellar mergers within triple systems contribute to the
formation of non-coeval massive binary stars. Frost et al. (2024)
reported on a massive MS+MS binary in which one component
appears at least 1.4 Myr younger than its companion. Given the
binary’s wide orbit (≥18 years), mass transfer is unlikely to have
occurred, and the observed configuration is best explained by
a merger of two MS stars within a former inner binary of a
hierarchical triple. Moreover, the rejuvenated star shows clear
signs of a strong magnetic field, while its companion does not.
Theoretical models predict that mergers between MS stars can
produce rejuvenated MS stars with large-scale magnetic fields
(Schneider et al. 2016, 2019).

In our simulated population, we investigated the degree of
rejuvenation in MS+MS mergers with a MS tertiary. These sys-
tems dominate the overall merger population. In Fig. 7, we show
the distribution of apparent age difference between the merger
remnant and the tertiary companion. The star’s apparent age is
determined by its position along the single-star evolution track
corresponding to its current mass. Mass accretion can shift the
star to change onto a different track, giving it a rejuvenated
appearance, as described by Eq. (4). The majority of merger rem-
nants are rejuvenated by a few megayears. In the fiducial model,
about 25% of systems have age differences between 0.5–2 Myr,
and another 25% between 2–5.7 Myr, with the merger remnant
appearing younger in both cases.

However, we also find that up to 23% of merger rem-
nants appear older than their tertiary companions. These sys-
tems originate from mergers with highly unequal mass ratios
(qin < 0.25). Due to mass loss during mass transfer and the
merger itself, the final remnant is often less massive than the
original primary, leading to an older apparent age. Conversely,

Fig. 7. Difference in relative (apparent) age between the merger remnant
and the original tertiary star directly after the merger of the inner binary,
for four selected models. Negative values indicate systems in which
the merger remnant appears younger (i.e. rejuvenated) than the origi-
nal tertiary companion. Positive values correspond to systems where the
merger remnant appears older. The dashed black line marks the transi-
tion between rejuvenated and older-appearing merger remnants. Only
models that deviate significantly from the fiducial model are shown;
those that are nearly identical are omitted for clarity.

the systems with the largest rejuvenation of the merger rem-
nant, with age differences of several tens of Myr, originate
from binaries that favour more equal mass components (qin >
0.5) and lower primary masses, which have longer evolutionary
timescales.

Accurate age determination of massive MS binaries through
observational measurements, such as the system reported by
Frost et al. (2024), requires accurate determination of the sys-
tem’s properties via, for instance, spectroscopic and interfero-
metric observations. For reference, the large sample of spec-
troscopic binaries in the Large Magellanic Cloud reported by
Mahy et al. (2020) have uncertainties ranging from about 10% to
over 50% of the current star’s ages. Across our model variations,
an age uncertainty of 10% for both stars would result in 73–83%
of the binaries able to be characterised as non-coeval just after
the merger, while with an uncertainty of 50%, this would reduce
to 21–31%.

We do not find any significant difference in the age discrep-
ancies across the evolutionary channels described in Sect. 3.2.
Similarly, we do not predict any significant correlation between
the degree of rejuvenation and the properties of the post-
merger orbital configuration or tertiary mass. Nevertheless, as
most post-merger binaries do not interact further, typical orbits
of these non-coeval binaries are wide and eccentric. This is
also underlined by Shariat et al. (2025d), who investigated the
formation of BSSs through mergers in hierarchical triples of
low- to intermediate-mass stars. They predict that 26–54% of
wide (apm & 100 AU) double WD binaries host a merger
product.
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3.3.2. When the lower-mass star evolves first

We identify a subpopulation in which the tertiary star reaches
the terminal-age MS (TAMS) before the merger remnant does,
despite having a lower mass. From a perspective of isolated
binary evolution, this is counterintuitive, as the more massive
companion is expected to evolve more rapidly. In our simula-
tions, this behaviour occurs in approximately 5–14% of systems.
It is more prevalent when the mass transfer is conservative, and
rejuvenation of the merger remnant is more prominent.

Most of these systems (75–81%) evolve without further
interaction. However, in 16–24% of cases, the tertiary eventu-
ally fills its Roche lobe. As that happens, mass transfer is pre-
dominantly stable, as the donor is initially less massive than the
accretor, except in systems where the donor has a deep convec-
tive envelope. When the mass transfer is sufficiently conserva-
tive, the orbit widens steadily throughout the interaction.

As discussed in Sect. 3.2.3, systems with mass transfer from
the original tertiary to the merger remnant tend to evolve towards
longer post-interaction orbital periods than those in which the
merger remnant is the donor. This difference is largely due to
the fact that most tertiary donors have a mass that is lower than
the mass of the merger remnant. To illustrate the evolution of
such a system, we showcase an example system from our sim-
ulated population. Initially, the stellar masses are m1 = 9.0 M�,
m2 = 4.2 M�, and m3 = 10.1 M�, with inner and outer orbital
separations of 12.4 R� and 2752 R�, and eccentricities of 0.17
and 0.93, respectively. After 17.6 Myr, the primary star (still on
the MS) fills its Roche lobe, followed by a short period of sta-
ble, quite non-conservative mass transfer on a thermal timescale.
This results in a stellar merger that produces a rejuvenated MS
star of 11.4 M�. As a result of mass loss, the outer orbit widens to
2996 R�. At 24 Myr, the original tertiary enters the HG and fills
its Roche lobe shortly afterwards. By this point, the orbit has cir-
cularised at a separation of 402 R�. The tertiary, throughout its
core-helium burning phase, continues transferring its envelope
over a span of 0.3 Myr. The system ends up as a stripped ter-
tiary of 2.3 M�, and the merger remnant of 19.0 M�. The result-
ing orbital separation is 2569 R�. Eventually, the tertiary forms
a NS, imparting a SN kick that alters the orbit to a separation
of 4963 R� and an eccentricity of 0.93. After 29.5 Myr, as the
merger remnant becomes a supergiant, the system undergoes a
Darwin-Riemann instability (Hut 1980), leading to rapid inspi-
ral of the binary and a final separation of 7.7 R�. After 30.8 Myr,
the merger remnant also forms a NS. The resulting system has a
separation of 16.8 R� and an eccentricity of 0.65.

3.3.3. Compact objects

In Sect. 3.2, we described the population of post-merger systems
up to the end of mass transfer between the merger remnant and
the tertiary companion. In this section, we extend our analysis
towards later evolutionary phases, specifically to the point where
the stars have evolved into a CO.

We start by considering systems in which only one of the
stars has evolved into a CO. Only a fraction of the binaries
(27–41%) remain gravitationally bound during the preceding SN
event. Disruptions easily occur in systems with wide pre-SN
orbits, hence modest gravitational binding, when the imparted
kick at NS formation is sizeable. Among the surviving systems,
over half are wide, non-interacting binaries with orbital periods
exceeding 104 days.

The binaries with shorter periods have experienced a prior
phase of mass transfer (see Sect. 3.2), and may become

detectable as high-mass X-ray binaries (HMXBs) via either a
subsequent phase of mass transfer or wind accretion onto the
CO, provided the CO accretes a sufficient amount of mate-
rial. Traditionally, the orbits that lead to the formation of
HMXBs are thought to result from an earlier phase of sta-
ble, conservative mass transfer in initially close binaries. In
our models, post-merger orbits are inherently wide, and can-
not produce the tight orbits required for efficient X-ray emis-
sion via such pathways. Alternative channels involving non-
conservative or CE evolution have also been proposed, partic-
ularly to explain the properties of Be/X-ray binaries (Pfahl et al.
2002; Podsiadlowski et al. 2004) and short-period supergiant
HMXBs (Tauris & van den Heuvel 2023). Also, previous stud-
ies suggest that triple evolution is crucial for the formation of
low-mass X-ray binaries (Podsiadlowski et al. 2003; Naoz et al.
2016; Shariat et al. 2025c; Xuan et al. 2025). Here, we inves-
tigate whether post-merger triples are able to form potentially
detectable HMXBs. We also explore whether the components
of the binary might show signatures that betray its triple origin.
We examine this by determining the contribution of both post-
merger mass transfer channels – mass transfer from the merger
remnant to the original tertiary and vice versa – to the HMXB
population. We note that in systems where the merger remnant
is the CO, it may be hard to deduce that the system experienced
a prior stellar merger. This is likely easier to do if the merger
remnant is still a star.

Throughout this analysis, we only consider masses of the
stellar companion of at least 8 M�. The detectability of X-ray
binaries scales with their X-ray luminosity, which depends on
the accretion rate onto the CO. We estimate the capture efficiency
of material by the CO using the Bondi-Hoyle-Lyttleton formal-
ism. For circular orbits, the accretion efficiency (η) is given
by

η =

[
q̃

(1 + vw/vcirc)2

]2

, (6)

where q̃ = m2/(m1 + m2) is the mass ratio with m1 the mass of
the stellar companion and m2 the mass of the CO, vw the wind
velocity of the stellar companion, and vcirc the orbital velocity
(Tejeda & Toalá 2025). We assume the wind velocity to be con-
stant and vw � vcirc, such that η ∝ q̃2/v4

circ. This assumption is
justified given the typically high terminal wind velocities of OB
stars (Vink & Sander 2021).

Our simulations predict that between 4.7–12.0% of all merg-
ers form a binary consisting of a CO and an evolved stellar
companion with a period of less than one year, corresponding
to the period range of observed HMXBs (Fortin et al. 2023).
In most of these systems (65–93%), it is the merger remnant
that has evolved into a CO, as shown in Fig. 8. Towards higher
accretion efficiencies and shorter periods (a few to a few tens
of days), which forms the bulk of the observed HMXB popula-
tion, their contribution is the highest. HMXBs where the origi-
nal tertiary is the CO are less likely to form, due to a combina-
tion of wider post-mass-transfer orbits, more unequal mass ratios
(which reduce the accretion efficiency), and the overall lower fre-
quency of systems where the tertiary fills its Roche lobe before
the merger remnant does.

The properties of the HMXBs differ depending on which star
initiates mass transfer after the inner binary has merged. In the
fiducial model, if the merger remnant fills its Roche lobe first,
we find that 65% of the COs are a NS, with stellar companions
predominantly near the lower mass threshold of 8 M�. In con-
trast, if the original tertiary fills its Roche lobe first, the system
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Fig. 8. Circular orbital velocity and mass ratio q̃ = m2/(m1 + m2) for
binaries containing a CO and post-MS high-mass companion in the
fiducial model. On the left, we differentiate between systems where the
post-merger remnant is the CO (pink), and where the post-merger rem-
nant is the stellar companion (blue). The dashed black curves indicate
lines of constant accretion efficiency proxy η ∝ q̃2/v4

circ, with labelled
values showing the fraction of systems above each line where the CO
is the post-merger remnant. We distinguish the systems with a NS com-
panion (triangles) and a BH companion (squares).

forms a NS in 92% of cases. Additionally, their companions are
generally more massive, peaking around 15 M�, leading to more
unequal mass ratios. Taken together, our triple channel predic-
tions suggest that about three-quarters of the HMXBs formed
contain an NS rather than a BH, which is fewer than observed
in the NS to BH ratio of the HMXB population (Neumann et al.
2023).

Binaries with intermediate periods (100–1000 days) that
consist of a non-interacting MS-star and a CO companion
may represent an interesting population detectable with Gaia
(El-Badry et al. 2023a,b, 2024; Gaia Collaboration 2024). The
formation of some of these observed systems has been linked
to stellar mergers within triples (Generozov & Perets 2024;
Li et al. 2024, 2025; Regály et al. 2025). We predict that a
non-negligible fraction of mergers (2.7–6.0%) produce MS+CO
binaries in this period range, with the slight majority containing
a NS. Systems with more massive BHs typically undergo prior
mass transfer onto the MS companion, which limits the max-
imum BH mass in our simulations to about 10 M�. However,
Li et al. (2024) shows that such mass transfer can be avoided,
as stellar merger remnants may retain smaller radii throughout
their evolution compared to single stars of the same mass, an
effect that is not included in our models (see also Sect. 4.2).

Within the simulated population, 5–18% of all systems with
a stellar merger remain bound after the formation of a sec-
ond CO. If the orbit of the resulting DCOs is compact enough,
they may ultimately merge and become observable through GW
emission. About half of these binaries form wide BBHs that did
not undergo any prior interaction with their companion. Such
wide BBHs can merge by increasing their eccentricity through

torques exerted by the Galactic potential (Stegmann et al. 2024).
The DCOs that have experienced mass transfer after the stellar
merger have distinct characteristics in their orbital period distri-
bution. A prominent peak between 1–100 days is associated with
systems that underwent CE evolution during the second mass-
transfer phase; these primarily evolve into BH+BH binaries. A
secondary peak at much shorter periods, around 0.1 days, con-
sists of mainly NS+NS binaries. The latter experienced an addi-
tional phase of mass transfer from a (nearly) stripped donor to
the CO, further stripping the donor and decreasing the orbital
separation.

We estimate GW inspiral times using the analytical prescrip-
tion from Mandel (2021), and find that only systems with the
shortest periods, primarily NS+NS binaries and a smaller frac-
tion of BH+NS binaries, are able to merge within a Hubble time.
Overall, we predict that 0.9–6.6% of massive triple systems that
underwent a stellar merger will ultimately produce GW mergers.
We emphasise that these results are based on solar metallicity
simulations, and DCO mergers are known to be more efficiently
produced at lower metallicities. Stegmann et al. (2022b) show
that at low metallicity, tertiary stars, which are more evolved
but less massive than the merger remnant, can produce BH+BH
mergers with more unequal mass ratios than expected from iso-
lated binary evolution, highlighting the potential of stellar merg-
ers in triples to diversify the GW merger population. In addi-
tion to the stellar-merger pathway explored here, prior studies
have shown that hierarchical triples in the field can also drive
DCO mergers through secular perturbations from the tertiary
star, leading to observable signatures in the eccentricity distribu-
tion of mergers (Antonini et al. 2017; Silsbee & Tremaine 2017;
Fragione & Loeb 2019; Bartos et al. 2023; Dorozsmai et al.
2024; Vigna-Gómez et al. 2025; Stegmann & Klencki 2025).

4. Discussion

4.1. Galactic rates

We estimate Galactic merger rates based on our simulated pop-
ulations, assuming a constant Galactic star-formation rate (SFR)
of 2 M� yr−1 (Chomiuk & Povich 2011; Elia et al. 2022). We
define the merger rate as

Rmerger = Rbirth × fsim × fmerge, (7)

where Rbirth is the average number of stellar systems born per
year, fsim the fraction of the initial stellar and orbital parame-
ter space sampled by the simulations compared to the full range
expected in a real stellar population, and fmerge the fraction of
simulated triples that undergo a stellar merger. The birthrate is
calculated as the SFR divided by the average stellar system mass
M̃. We derive M̃ assuming a triple fraction of 0.57, binary frac-
tion of 0.36, and single-star fraction of 0.07 (Moe & Di Stefano
2017), with stellar masses between 0.08 and 150 M�. Here, we
neglect higher-order multiples. Since we simulated only triple
systems with massive primaries, the fraction of sampled systems
is given by fsim = ftriple× fM1,ZAMS , where ftriple is the triple fraction
and fM1,ZAMS the fraction of stars with ZAMS masses between 8
and 100 M�. For the fiducial model, we obtain Rbirth = 1.8 yr−1,
fsim = 3.6 × 10−3, and fmerge = 0.29.

We find a Galactic merger rate of (1.3−2.2) × 10−3 yr−1 for
massive triple systems, depending on the model assumptions.
The corresponding values for all model variations are listed
in Table A.1. This rate is comparable to those predicted for
massive binary mergers from binary population synthesis (e.g.
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Kochanek et al. 2014). Despite the low predicted rate, a few
extra-galactic massive merger candidates have been detected,
identified as luminous red novae (Pastorello et al. 2019).

We also estimate the fraction of wide MS+MS binaries in
the Galaxy that contain a merger remnant. To this end, we ran
a comparison population of isolated binaries with initial separa-
tions >100 R�, ensuring the systems experience no mass transfer.
This threshold corresponds approximately to the minimum sepa-
ration found for post-merger binaries originating from triples. To
assess the relative contribution of triple versus binary evolution,
we consider three factors. First is the initial multiplicity fractions
of massive stars, with ftriple = 0.57 and fbinary = 0.36. Second is
the fraction of systems that form a MS+MS binary with a sep-
aration above 100 R� and at least one component above 8 M�.
For the binary population, we assume a distribution of initial
orbital separations that is uniform in logarithmic space. Third is
the time such systems spend in the MS+MS phase, which affects
the probability of observing them at a given time.

Combining our binary and triple simulations, we predict that
13–15% of wide MS+MS binaries have a component that expe-
rienced a past stellar merger, when we assume a constant SFR
over at least the past 100 Myr. The contribution from isolated
binaries is relatively robust, as it is not sensitive to stellar inter-
action physics, but it does depend on the assumed initial sepa-
ration distribution. If the true distribution favours closer orbits
(Sana et al. 2012), the contribution from isolated binaries would
be lower. Furthermore, our models exclude primaries with initial
masses below 8 M�, which could still form massive stars through
mergers (e.g. Zapartas et al. 2017) and hence increase the frac-
tion of MS+MS binaries having a merger history.

If we assume that the ages of both stellar components have
measuring uncertainties of 10% (50%), we find that 8–10% (2–
3%) of the wide MS+MS binaries would be identified as non-
coeval. Furthermore, when focusing on systems with orbital
periods .104 days, roughly within the current observational
capabilities of spectroscopic and interferometric methods (e.g.
Sana & Vrancken 2026), the observed fraction of non-coeval
binaries is 6–7% (∼2%).

We note that the percentages we quote reflect only the contri-
bution from non-coeval binaries formed through stellar mergers
in triples, relative to a reference population of isolated binaries.
In practice, hierarchical triples can produce wide MS+MS bina-
ries via alternative pathways. The most important is when the
tertiary is initially the most massive star and the system becomes
unbound following a SN kick, leaving behind a wide MS+MS
binary composed of the inner binary. In our simulations, this
pathway accounts for up to 10% of all triples and is therefore
non-negligible. However, the occurrence rate is highly sensi-
tive to assumptions about the tertiary mass distribution and the
SN kick magnitude. We do not vary assumptions regarding the
SN kick, but a lower kick velocity would increase the number
of bound systems, thereby reducing this channel’s contribution.
Other potential formation pathways for wide MS+MS binaries
in triples are not expected to impact the overall statistics much.

4.2. Blue supergiants

A crucial limitation of using stellar population synthesis for
multiple star systems is that the internal evolution of the
star is based on single-star models. In reality, stellar interac-
tions can alter the internal structure of the donor and accre-
tor stars (e.g. Podsiadlowski et al. 2004; Laplace et al. 2021;
Schneider et al. 2021, 2024), affecting their subsequent evo-
lution. Recent detailed simulations show that post-MS accre-

tors, including merger remnants, can evolve as blue supergiants
(BSGs), rather than transitioning into red supergiants (RSGs;
Schneider et al. 2024).

Whether a star remains a BSG or eventually moves to the
RSG branch depends primarily on the fraction of mass it accretes
during the interaction. Schneider et al. (2024) show that stars
shortly after completing core hydrogen burning can end their
lives as BSGs if they accrete more than 75% of their mass. BSGs
experience lower mass-loss rates compared to RSGs, leading
to higher final masses. More relevant for this study, BSGs also
attain smaller maximum radii compared to single stars of similar
mass. If a merger remnant stays in the BSG phase prior to core
collapse, it is unlikely to initiate mass transfer with the tertiary.

In our models, 10% of the systems that undergo mass trans-
fer from the merger remnant to the original tertiary had a post-
MS donor at the time of merger, typically early on the HG. In
the fiducial model, about one-fifth of these pre-merger systems
have an inner mass ratio qin > 0.75, indicating that, if the merger
is conservative, the remnant may accrete enough mass to evolve
into and end its life as a BSG. Although our population synthesis
models do not explicitly follow BSG evolution, this limitation is
unlikely to significantly affect our global predictions. The subse-
quent evolution of these remnants could give rise to particularly
interesting systems.

4.3. Contact binaries

The evolution and fate of contact binaries is still poorly
understood. Observational evidence suggests that some contact
systems are long-lived (Abdul-Masih et al. 2021; Menon et al.
2024), but theoretical models indicate that their stability depends
on the initial orbital period and mass ratio (Menon et al. 2021;
Henneco et al. 2024). In particular, Henneco et al. (2024) find
that massive binaries with initial mass ratios below 0.5, under-
going case A mass transfer, are expected to merge on a thermal
timescale shortly after entering contact. For such systems, our
simplified assumption of an immediate merger appears justified.
Conversely, for contact systems with more equal mass ratios,
our approach is less certain. They may actually survive for an
extended period, in line with the observed population of con-
tact binaries. However, current theoretical models still struggle
to reproduce observable properties such as luminosities and mass
ratios (Fabry et al. 2025). This is particularly relevant, as the out-
come of the contact phase can span a wide range of post-contact
products (Abdul-Masih 2025).

In our simulated population, mass transfer between two MS
stars is the most dominant interaction channel within the inner
binary, also for the systems that merge. Of these systems, 70%
have an initial inner mass ratio qin < 0.5. The distribution of
initial mass ratios varies across different post-merger evolution-
ary pathways. Notably, in systems where the tertiary star later
transfers mass to the merger remnant, qin peaks just below 0.4,
whereas other channels have more extreme mass ratios (see
Fig. 1). Despite these differences in distribution, the fraction of
systems with qin < 0.5 remains comparable across channels.

For systems with more equal mass ratios, the assumption of
an immediate merger is less suitable. This likely leads to an over-
estimate of early MS mergers among more equal-mass binaries.
These binaries are also the ones most strongly rejuvenated, due
to the higher mass accretion during the merger. While not dom-
inant, these systems are non-negligible. A more sophisticated
prescription for the contact phase, especially one that accounts
for its duration, would improve the accuracy of merger rate pre-
dictions and the post-merger properties of the resulting stars.
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4.4. Simplifications in the pre-merger evolution

In our modelling approach, we transition from simulating the
system with the triple evolution code TRES to the binary evo-
lution code SeBa once the first mass-transfer phase begins,
even though the system remains a hierarchical triple. Hence,
dynamical interactions within the system are neglected once the
switch to SeBa is made. This is an oversimplification for sys-
tems in which dynamical perturbations enhance the eccentric-
ity of the inner binary, and thus the likelihood of mass transfer.
Depending on the duration of the mass transfer, continued three-
body dynamics could modify the inner orbit, possibly alter-
ing the nature or timing of mergers and collisions. We expect
such effects to be most important in systems with long-lived,
stable mass transfer, such as RLOF occurring on the nuclear
timescale of the donor. Hamers & Dosopoulou (2019) demon-
strated through an example that when the mass transfer rate
is low, the inner binary can experience many ZLK oscillations
before becoming dynamically decoupled from the tertiary com-
panion. However, they did not include the effect of tidal forces,
which would mitigate the three-body dynamical effects. In con-
trast, for short-lived mass phases such as common-envelope evo-
lution or mass transfer on the thermal timescale, this approxima-
tion is reasonable.

To quantify this, we find that among systems where dynam-
ical interactions increased the inner eccentricity by at least
0.05, accounting for 12.5% of all mergers, approximately 40%
undergo mass transfer that lasts at least as long as the evolu-
tion preceding it. Assessing the full impact on the mass trans-
fer would require a self-consistent treatment that couples mass
transfer, tidal evolution, and three-body dynamical interactions.

Additionally, we assume the inner orbit is circularised at
the onset of mass transfer. This is a standard assumption in
binary evolution codes, as tidal forces are generally expected
to circularise the orbit prior to RLOF. However, in hierarchical
triples, secular perturbations can prevent the orbit from circu-
larising upon RLOF (Toonen et al. 2020; Kummer et al. 2023).
While this may not substantially alter the overall merger rate, it
could affect the nature of the merger event itself. For example, an
eccentric orbit at the time of merger could result in more direct,
head-on collisions (e.g. Hamers & Dosopoulou 2019).

5. Conclusion

In this study, we investigated the incidence rate and properties of
stellar mergers and their post-merger evolution within massive
hierarchical triples in the Galaxy. In this regard, we performed
rapid population synthesis simulations of massive triple stars at
solar metallicity. We included a set of model variations to probe
the impact of uncertainties in the initial properties of the triples,
mass transfer physics, and merger physics.

A notable fraction (∼20–30%) of the triples experiences a
stellar merger as a result of a mass-transfer phase. Due to ini-
tially compact inner orbits and potential strong three-body inter-
actions, mergers generally take place early in the evolution of
the primary star; over 60% of mergers occur between two MS
stars, and most of the remaining mergers have a donor early on
the HG (see Fig. 2). The MS+MS mergers are expected to form
a more massive, rejuvenated MS star, whose past merger could
be characterised by the apparent age discrepancy with the MS
tertiary companion (see Fig. 7). We estimate that age discrep-
ancies can be observationally detected in 73–83% (21–31%) of
systems when the age uncertainty is 10% (50%). These results
are most sensitive to assumptions about the conservativeness of

mass transfer. Predicted merger rates may deviate up to 30% rel-
ative to our fiducial model. The efficiency of the CE phase and
the initial mass of the tertiary star also noticeably affect the pre-
dicted outcomes, though to a lesser extent.

The post-merger orbits cover a large range of periods, mass
ratios, and eccentricities. However, there is a clear preference
towards wide, eccentric orbits (see Fig. 4). Consequently, around
80% of the post-merger remnants will have no further inter-
actions with their tertiary companion. Additionally, there is a
dearth of short-period orbits directly after merger (less than 100
days), which arises from the dynamical stability requirements
inherent to hierarchical triple systems. Among post-merger bina-
ries that are sufficiently compact to engage in mass transfer,
either the merger remnant or the tertiary can be the first to fill
its Roche lobe as a post-MS donor, although the merger remnant
does so significantly more often. Due to the rejuvenated nature
of MS+MS merger remnants, the star can leave the MS later
than its companion, even if it is higher in mass. This results in
the mass transfer being primarily stable for tertiary donors (see
Fig. 6) and their post-mass transfer orbits being exceptionally
wide compared to that expected from standard binary evolution.

Subsequent evolution can result in short-period compact-
object binaries, such as HMXBs (see Fig. 8) or GW sources.
Since the merger remnant typically evolves first into an NS or
BH, any direct signatures of its merger history – and thus the
triple origin – may be lost, complicating observational identifi-
cation.

We estimate a Galactic stellar merger rate from massive
triples of (1.3−2.2) × 10−3 yr−1. Although this is relatively low,
a non-negligible fraction (2–10%) of wide (P & 100 days)
MS+MS binaries are predicted to have detectable age discrep-
ancies due to a past merger that may serve as a way to identify
merged stars.

Acknowledgements. FK would like to thank Eva Laplace, Jakob van den Eijn-
den, Julia Bodensteiner, Tomer Shenar, and Zsolt Keszthelyi for the helpful dis-
cussions. The authors also acknowledge support from the Netherlands Research
Council NWO (VIDI 203.061 grant).

References
Abdul-Masih, M. 2025, Contrib. Astron. Obs. Skalnate Pleso, 55, 390
Abdul-Masih, M., Sana, H., Hawcroft, C., et al. 2021, A&A, 651, A96
Antonini, F., Toonen, S., & Hamers, A. S. 2017, ApJ, 841, 77
Bartos, I., Rosswog, S., Gayathri, V., et al. 2023, arXiv e-prints

[arXiv:2302.10350]
Bashi, D., & Tokovinin, A. 2024, A&A, 692, A247
Bavera, S. S., Fragos, T., Zapartas, E., et al. 2023, Nat. Astron., 7, 1090
Belczynski, K., Bulik, T., Fryer, C. L., et al. 2010, ApJ, 714, 1217
Björklund, R., Sundqvist, J. O., Puls, J., & Najarro, F. 2021, A&A, 648, A36
Borkovits, T., Rappaport, S., Hajdu, T., & Sztakovics, J. 2015, MNRAS, 448,

946
Broekgaarden, F. S., Berger, E., Neijssel, C. J., et al. 2021, MNRAS, 508, 5028
Broekgaarden, F. S., Berger, E., Stevenson, S., et al. 2022, MNRAS, 516, 5737
Burdge, K. B., El-Badry, K., Kara, E., et al. 2024, Nature, 635, 316
Camacho, J., Torres, S., García-Berro, E., et al. 2014, A&A, 566, A86
Chen, X., & Han, Z. 2008, MNRAS, 387, 1416
Chomiuk, L., & Povich, M. S. 2011, AJ, 142, 197
de Kool, M. 1990, ApJ, 358, 189
de Mink, S. E., Sana, H., Langer, N., Izzard, R. G., & Schneider, F. R. N. 2014,

ApJ, 782, 7
Dorozsmai, A., Toonen, S., Vigna-Gómez, A., de Mink, S. E., & Kummer, F.

2024, MNRAS, 527, 9782
El-Badry, K., Rix, H.-W., Cendes, Y., et al. 2023a, MNRAS, 521, 4323
El-Badry, K., Rix, H.-W., Quataert, E., et al. 2023b, MNRAS, 518, 1057
El-Badry, K., Rix, H.-W., Latham, D. W., et al. 2024, Open J. Astrophys., 7, 58
Elia, D., Molinari, S., Schisano, E., et al. 2022, ApJ, 941, 162
Fabry, M., Marchant, P., Langer, N., & Sana, H. 2025, A&A, 695, A109
Fortin, F., García, F., Simaz Bunzel, A., & Chaty, S. 2023, A&A, 671, A149

A123, page 12 of 14

http://linker.aanda.org/10.1051/0004-6361/202556697/1
http://linker.aanda.org/10.1051/0004-6361/202556697/2
http://linker.aanda.org/10.1051/0004-6361/202556697/3
https://arxiv.org/abs/2302.10350
http://linker.aanda.org/10.1051/0004-6361/202556697/5
http://linker.aanda.org/10.1051/0004-6361/202556697/6
http://linker.aanda.org/10.1051/0004-6361/202556697/7
http://linker.aanda.org/10.1051/0004-6361/202556697/8
http://linker.aanda.org/10.1051/0004-6361/202556697/9
http://linker.aanda.org/10.1051/0004-6361/202556697/9
http://linker.aanda.org/10.1051/0004-6361/202556697/10
http://linker.aanda.org/10.1051/0004-6361/202556697/11
http://linker.aanda.org/10.1051/0004-6361/202556697/12
http://linker.aanda.org/10.1051/0004-6361/202556697/13
http://linker.aanda.org/10.1051/0004-6361/202556697/14
http://linker.aanda.org/10.1051/0004-6361/202556697/15
http://linker.aanda.org/10.1051/0004-6361/202556697/16
http://linker.aanda.org/10.1051/0004-6361/202556697/17
http://linker.aanda.org/10.1051/0004-6361/202556697/18
http://linker.aanda.org/10.1051/0004-6361/202556697/19
http://linker.aanda.org/10.1051/0004-6361/202556697/20
http://linker.aanda.org/10.1051/0004-6361/202556697/21
http://linker.aanda.org/10.1051/0004-6361/202556697/22
http://linker.aanda.org/10.1051/0004-6361/202556697/23
http://linker.aanda.org/10.1051/0004-6361/202556697/24


Kummer, F., et al.: A&A, 703, A123 (2025)

Fragione, G., & Loeb, A. 2019, MNRAS, 486, 4443
Frost, A. J., Sana, H., Mahy, L., et al. 2024, Science, 384, 214
Frost, A. J., Sana, H., Le Bouquin, J. B., et al. 2025, A&A, 701, A171
Fryer, C. L., Belczynski, K., Wiktorowicz, G., et al. 2012, ApJ, 749, 91
Gaia Collaboration (Panuzzo, P., et al.) 2024, A&A, 686, L2
Generozov, A., & Perets, H. B. 2024, ApJ, 964, 83
Glebbeek, E., & Pols, O. R. 2008, A&A, 488, 1017
Glebbeek, E., Gaburov, E., Portegies Zwart, S., & Pols, O. R. 2013, MNRAS,

434, 3497
Hamann, W. R., & Koesterke, L. 1998, A&A, 333, 251
Hamann, W. R., Koesterke, L., & Wessolowski, U. 1995, A&A, 299, 151
Hamers, A. S., & Dosopoulou, F. 2019, ApJ, 872, 119
Heintz, T. M., Hermes, J. J., El-Badry, K., et al. 2022, ApJ, 934, 148
Heintz, T. M., Hermes, J. J., Tremblay, P. E., et al. 2024, ApJ, 969, 68
Henneco, J., Schneider, F. R. N., & Laplace, E. 2024, A&A, 682, A169
Hills, J. G. 1983, ApJ, 267, 322
Hills, J. G., & Day, C. A. 1976, Astrophys. Lett., 17, 87
Hubrig, S., Schöller, M., Schnerr, R. S., et al. 2008, A&A, 490, 793
Hurley, J. R., Pols, O. R., & Tout, C. A. 2000, MNRAS, 315, 543
Hurley, J. R., Tout, C. A., & Pols, O. R. 2002, MNRAS, 329, 897
Hut, P. 1980, A&A, 92, 167
Hut, P. 1981, A&A, 99, 126
Hwang, H.-C. 2023, MNRAS, 518, 1750
Igoshev, A. P., Perets, H. B., & Michaely, E. 2020, MNRAS, 494, 1448
Ivanova, N. 2015, in Astrophysics and Space Science Library, eds. H. M. J.

Boffin, G. Carraro, & G. Beccari, 413, 179
Knigge, C., Toonen, S., & Boekholt, T. C. N. 2022, MNRAS, 514, 1895
Kobulnicky, H. A., & Fryer, C. L. 2007, ApJ, 670, 747
Kobulnicky, H. A., Kiminki, D. C., Lundquist, M. J., et al. 2014, ApJS, 213,

34
Kochanek, C. S., Adams, S. M., & Belczynski, K. 2014, MNRAS, 443, 1319
Kozai, Y. 1962, AJ, 67, 591
Kummer, F., Toonen, S., & de Koter, A. 2023, A&A, 678, A60
Langer, N. 2012, ARA&A, 50, 107
Laplace, E., Justham, S., Renzo, M., et al. 2021, A&A, 656, A58
Leitherer, C., & Chavarria-K., C. 1987, A&A, 175, 208
Li, Z., Zhu, C., Lu, X., et al. 2024, ApJ, 975, L8
Li, Z., Lu, X., Lü, G., et al. 2025, ApJ, 979, L37
Lidov, M. L. 1962, Planet. Space Sci., 9, 719
Lombardi, J. C., Jr, Warren, J. S., Rasio, F. A., Sills, A., & Warren, A. R. 2002,

ApJ, 568, 939
Mahy, L., Sana, H., Abdul-Masih, M., et al. 2020, A&A, 634, A118
Mandel, I. 2021, Res. Notes Am. Astron. Soc., 5, 223
Mardling, R., & Aarseth, S. 1999, in The Dynamics of Small Bodies in the Solar

System, A Major Key to Solar System Studies, eds. B. A. Steves, & A. E.
Roy, NATO Adv. Study Inst. (ASI) Ser. C, 522, 385

Mardling, R. A., & Aarseth, S. J. 2001, MNRAS, 321, 398
McCrea, W. H. 1964, MNRAS, 128, 147
Menon, A., Langer, N., de Mink, S. E., et al. 2021, MNRAS, 507, 5013
Menon, A., Pawlak, M., Lennon, D. J., Sen, K., & Langer, N. 2024, A&A,

accepted [arXiv:2410.16427]
Michaely, E., & Perets, H. B. 2019, MNRAS, 484, 4711
Moe, M., & Di Stefano, R. 2017, ApJS, 230, 15
Naoz, S. 2016, ARA&A, 54, 441
Naoz, S., & Fabrycky, D. C. 2014, ApJ, 793, 137
Naoz, S., Fragos, T., Geller, A., Stephan, A. P., & Rasio, F. A. 2016, ApJ, 822,

L24
Nelemans, G., Verbunt, F., Yungelson, L. R., & Portegies Zwart, S. F. 2000,

A&A, 360, 1011
Neumann, M., Avakyan, A., Doroshenko, V., & Santangelo, A. 2023, A&A, 677,

A134
Nieuwenhuijzen, H., & de Jager, C. 1990, A&A, 231, 134
Offner, S. S. R., Moe, M., Kratter, K. M., et al. 2023, in Protostars and Planets

VII, eds. S. Inutsuka, Y. Aikawa, T. Muto, K. Tomida, & M. Tamura, ASP
Conf. Ser., 534, 275

Pastorello, A., Mason, E., Taubenberger, S., et al. 2019, A&A, 630, A75
Patton, R. A., Pinsonneault, M. H., & Thompson, T. A. 2025, ApJ, 987, 212
Pejcha, O. 2014, ApJ, 788, 22
Perets, H. B., & Fabrycky, D. C. 2009, ApJ, 697, 1048
Peters, P. C. 1964, Ph.D. Thesis, California Institute of Technology, USA
Pfahl, E., Rappaport, S., Podsiadlowski, P., & Spruit, H. 2002, ApJ, 574, 364
Podsiadlowski, P., Rappaport, S., & Han, Z. 2003, MNRAS, 341, 385
Podsiadlowski, P., Langer, N., Poelarends, A. J. T., et al. 2004, ApJ, 612, 1044
Pols, O. R., & Marinus, M. 1994, A&A, 288, 475

Pols, O. R., Schröder, K.-P., Hurley, J. R., Tout, C. A., & Eggleton, P. P. 1998,
MNRAS, 298, 525

Portegies Zwart, S. F., & Verbunt, F. 1996, A&A, 309, 179
Preece, H. P., Vigna-Gómez, A., Rajamuthukumar, A. S., Vynatheya, P., &

Klencki, J. 2024, A&A, submitted [arXiv:2412.14022]
Regály, Z., Fröhlich, V., & Vinkó, J. 2025, ApJ, 988, L7
Reimers, D. 1975, in Problems in stellar atmospheres and envelopes, eds. B.

Baschek, W. H. Kegel, & G. Traving, 229
Sana, H., & Vrancken, J. 2026, Encyclopedia Astrophys., 2, 106
Sana, H., de Mink, S. E., de Koter, A., et al. 2012, Science, 337, 444
Schneider, F. R. N., Podsiadlowski, P., Langer, N., Castro, N., & Fossati, L. 2016,

MNRAS, 457, 2355
Schneider, F. R. N., Ohlmann, S. T., Podsiadlowski, P., et al. 2019, Nature, 574,

211
Schneider, F. R. N., Podsiadlowski, P., & Müller, B. 2021, A&A, 645, A5
Schneider, F. R. N., Podsiadlowski, P., & Laplace, E. 2024, A&A, 686, A45
Schöller, M., Hubrig, S., Fossati, L., et al. 2017, A&A, 599, A66
Sciarini, L., Ekström, S., Kummer, F., et al. 2025, A&A, 698, A240
Sepinsky, J. F., Willems, B., Kalogera, V., & Rasio, F. A. 2007, ApJ, 667, 1170
Sepinsky, J. F., Willems, B., Kalogera, V., & Rasio, F. A. 2009, ApJ, 702, 1387
Shariat, C., Naoz, S., Hansen, B. M. S., et al. 2023, ApJ, 955, L14
Shariat, C., El-Badry, K., & Naoz, S. 2025a, PASP, 137, 094201
Shariat, C., El-Badry, K., Naoz, S., Rodriguez, A. C., & van Roestel, J. 2025b,

PASP, 137, 074201
Shariat, C., Naoz, S., El-Badry, K., et al. 2025c, ApJ, 983, 115
Shariat, C., Naoz, S., El-Badry, K., et al. 2025d, ApJ, 978, 47
Shenar, T., Sana, H., Mahy, L., et al. 2022, Nat. Astron., 6, 1085
Sills, A., & Bailyn, C. D. 1999, ApJ, 513, 428
Sills, A., Lombardi, J. C., Jr, Bailyn, C. D., et al. 1997, ApJ, 487, 290
Sills, A., Adams, T., & Davies, M. B. 2005, MNRAS, 358, 716
Silsbee, K., & Tremaine, S. 2017, ApJ, 836, 39
Smith, N., Andrews, J. E., Van Dyk, S. D., et al. 2016, MNRAS, 458, 950
Smith, N., Andrews, J. E., Rest, A., et al. 2018, MNRAS, 480, 1466
Soker, N., & Tylenda, R. 2003, ApJ, 582, L105
Stegmann, J., & Klencki, J. 2025, arXiv e-prints [arXiv:2506.09121]
Stegmann, J., Antonini, F., & Moe, M. 2022a, MNRAS, 516, 1406
Stegmann, J., Antonini, F., Schneider, F. R. N., Tiwari, V., & Chattopadhyay, D.

2022b, Phys. Rev. D, 106, 023014
Stegmann, J., Vigna-Gómez, A., Rantala, A., et al. 2024, ApJ, 972, L19
Suzuki, T. K., Nakasato, N., Baumgardt, H., et al. 2007, ApJ, 668, 435
Tauris, T. M., & van den Heuvel, E. P. J. 2023, Physics of Binary Star Evolution.

From Stars to X-ray Binaries and Gravitational Wave Sources (Princeton
University Press)

Tejeda, E., & Toalá, J. A. 2025, ApJ, 980, 226
Temmink, K. D., Toonen, S., Zapartas, E., Justham, S., & Gänsicke, B. T. 2020,

A&A, 636, A31
Tokovinin, A. 2017, ApJ, 844, 103
Toonen, S., & Nelemans, G. 2013, A&A, 557, A87
Toonen, S., Nelemans, G., & Portegies Zwart, S. 2012, A&A, 546, A70
Toonen, S., Hamers, A., & Portegies Zwart, S. 2016, Comput. Astrophys.

Cosmol., 3, 6
Toonen, S., Hollands, M., Gänsicke, B. T., & Boekholt, T. 2017, A&A, 602, A16
Toonen, S., Portegies Zwart, S., Hamers, A. S., & Bandopadhyay, D. 2020, A&A,

640, A16
Tylenda, R., & Soker, N. 2006, A&A, 451, 223
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Appendix A: Evolutionary channel rates

Table A.1. Percentage of stellar mergers and post-merger interactions within our simulated populations of massive hierarchical triples for different
model variations.

Model Mergers (%) Non-interacting (%) MT to merger companion (%) MT to merger remnant (%) Merger Rate (10−3 yr−1)

Fiducial 28.7 82.7 13.7 3.7 1.9
Conservative MT 20.4 78.2 18.1 3.7 1.3
Inefficient CE (αλ = 0.25) 31.8 84.3 12.4 3.3 2.1
τCE = 104 yr 28.7 82.6 13.7 3.7 1.8
Non-conservative merger 28.4 83.2 12.9 3.9 1.8
qout = m3/m1 31.6 82.0 16.5 1.5 2.2
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