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ABSTRACT

The majority of close massive binary stars with initial periods of a few days experience a contact phase, in which both stars
overflow their Roche lobes simultaneously. We perform the first dedicated study of the evolution of massive contact binaries
and provide a comprehensive prediction of their observed properties. We compute 2790 detailed binary models for the Large
and Small Magellanic Clouds each, assuming mass transfer to be conservative. The initial parameter space for both grids span
total masses from 20 to 80 M , orbital periods of 0.6-2 d and mass ratios of 0.6—1.0. We find that models that remain in contact
over nuclear time-scales evolve towards equal masses, echoing the mass ratios of their observed counterparts. Ultimately, the
fate of our nuclear-time-scale models is to merge on the main sequence. Our predicted period—mass ratio distributions of O-type
contact binaries are similar for both galaxies, and we expect 10 such systems together in both Magellanic Clouds. While we
can largely reproduce the observed distribution, we overestimate the population of equal-mass contact binaries. This situation
is somewhat remedied if we also account for binaries that are nearly in contact. Our theoretical distributions work particularly
well for contact binaries with periods <2 d and total masses 45M . We expect stellar winds, non-conservative mass transfer,
and envelope inflation to have played a role in the formation of the more massive and longer-period contact binaries.

Key words: binaries: close —binaries: spectroscopic —stars: early-type —stars: evolution —stars: fundamental parameters — stars:
fundamental.

(or Tarantula nebula), nestled in the Large Magellanic Cloud. The

L INTRODUCTION VLT-FLAMES Tarantula survey (VFTS; Evans et al. 2011) obtained

Asignificant fraction of all stars in the Universe live in binary systems
with companions that they are gravitationally bound to. Surveys of
the Milky Way find that the fraction of low-mass stars found in such
binary systems is 30-40 per cent (e.g. Duquennoy & Mayor 1991;
Eggleton & Tokovinin 2008; Raghavan et al. 2010; Duchéne & Kraus
2013), while for massive stars this fraction goes up to 50-100 per cent
(e.g. Vanbeveren, De Loore & Van Rensbergen 1998; Chini et al.
2012; Sana et al. 2012, 2014; Kobulnicky et al. 2014; Aldoretta et al.
2015; Dunstall et al. 2015; Moe & Di Stefano 2017).

The largest homogeneous sample of O-type stars (M =15M )
we have so far is from the young star-forming region, 30 Doradus
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data for nearly 800 massive stars in 30 Dor, 360 of which are O-type
stars (Sana et al. 2013) and 116 of which are binaries. A follow-
up study called the Tarantula Massive Binary Monitoring (TMBM)
project calculated orbital solutions for nearly 82 of these systems
(Almeida et al. 2017; Mahy et al. 2020a,b), thus providing us with
a rich, unbiased data base to study the lives of O stars in binary
systems.

A large fraction of early-type massive binaries in both, the Galactic
and the VFTS samples, have orbital periods of a few days. These
systems are expected to evolve into a contact configuration (Wilson
2001), wherein both stars overflow their Roche lobes simultaneously
and become bound by a common equipotential surface that extends
between the inner and outer Lagrangian points of either star, lending
them their unique peanut-shaped structure.
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Investigating the evolution of massive contact binaries is essential
to estimate the fraction of the binary population that will merge on
the main sequence or evolve further until they explode or collapse
to black holes. Those that do merge before either star forms a
compact object may give rise to fast-rotating single stars that are
considered to be progenitors of long-duration y -ray bursts (Yoon &
Langer 2005; Woosley & Bloom 2006; Yoon, Langer & Norman
2006; Meynet & Maeder 2007; Dessart et al. 2008; van Marle et al.
2008; Szécsi 2017; Aguilera-Dena et al. 2018), B[e] and sgBle]
stars (e.g. Podsiadlowski, Morris & Ivanova 2006; Vanbeveren et al.
2013; Justham, Podsiadlowski & Vink 2014; Wu et al. 2020), blue
supergiant progenitors of Type Il supernovae such as SN 1987A (Pod-
siadlowski, Joss & Hsu 1992; Menon & Heger 2017; Urushibata et al.
2018; Menon, Utrobin & Heger 2019), progenitors of superluminous
supernovae (Justham et al. 2014; Sukhbold et al. 2016; Aguilera-
Dena et al. 2020), pulsational pair instability supernovae (Langer
1991; Heger et al. 2003; Langer et al. 2007; Woosley, Blinnikov &
Heger 2007; Chatzopoulos & Wheeler 2012; Vigna-Gomez et al.
2019), and magnetic stars (Schneider et al. 2016, 2019).

Low-mass contact binaries, called W UMa binaries, have been
observed quite frequently — data are available for hundreds of these
systems, and they have orbital periods between 0.3 and 1d, mass
ratios between 0.1 and 0.8, and total masses of approximately
1M (Szymanski, Kubiak & Udalski 2001; Selam 2004; Rucinski,
Pribulla & van Kerkwijk 2007). In comparison, fewer massive contact
binaries are known from observations. Surveys of O- and B-type stars
have so far reported nearly 40 such systems in the Large Magellanic
Cloud (LMC), 2 such systems in the Small Magellanic Cloud (SMC)
and 17 in the Milky Way. They have total masses from 17t0 85M
orbital periods from 0.45 to 6.6 d, and mass ratios between 0.3 and
1. The Magellanic Cloud contact binaries are much less wider than
those in the Milky Way, and are also more confined in the period—
mass ratio space than the more scattered Milky Way systems.

Observationally, contact binaries are identified by their distinct
light-curve shapes. Unfortunately in most systems, the signature
of contact is not always clear-cut since their degree of contact is
uncertain, and could imply that they may only be nearing contact and
not be in contact at present. In some cases, the same system has a
different status assigned by different works that studied them. We will
look at these uncertainties in more detail later in the paper. Prominent
among the handful of systems which are definitively in deep (over)
contact, is VFTS 352 in 30 Dor, one of the most massive contact
binaries known. The time-scale over which the orbital period of this
overcontact system varies is P /P = 0.6 Myr, indicating an ongoing
nuclear-time-scale mass transfer (Almeida et al. 2015). Similar time
derivatives have also been inferred for several other massive contact
binaries as well (e.g. Qian et al. 2006, 2007; Martins, Mahy & Hervé
2017). The majority of these deep contact binaries have equal-mass
components, including VFTS 352.

Despite the data available for massive contact binaries, there are at
present no known detailed models that thoroughly investigate their
evolution or explain their observed stellar and orbital parameter dis-
tribution. In contrast, there have been several evolutionary models for
low-mass contact binaries that explain their observed orbital period
and mass ratio distribution and, their spread along the main sequence
(e.g. Webbink 1976; Yakut & Eggleton 2005; Stepien 2006; Gazeas &
Stepien 2008; Stepien & Gazeas 2012; Zhang, Qian & Liao 2020). An
important aspect of these models is the heat transfer in their common
convective envelope, which leads to large-scale circulations of mass
and thermal energy in the envelope and helps explain the temperature
and luminosity differences between the component stars of the binary
(Lucy 1968; Flannery 1976; Webbink 1977; Stepien 2009).
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Contrary to the low-mass contact binaries, massive contact binaries
share a common envelope that is largely radiative and the majority
of them are located close to zero-age main sequence (ZAMS). The
physics of their common radiative envelope is not well understood,
especially the heat transfer that may occur between their components,
and is hence not included while calculating the evolution of massive
contact binaries.

There have been some exploratory calculations for massive contact
binaries, the earliest among them published in the series of papers
by Sybesma (Sybesma 1985, 1986a,b). The next set of works such
as those of Nelson & Eggleton (2001), Wellstein, Langer & Braun
(2001), and de Mink, Pols & Hilditch (2007) explored the parameter
space in which binaries can enter contact during Case A mass transfer
and the impact of semiconvection and mass-transfer efficiency on
the evolution of their models. de Mink et al. (2007) computed a
large grid of binary models at the SMC metallicity and identified
which main-sequence binaries will undergo contact and which will
avoid contact. They also evolved some models that were in shallow
contact. Vanbeveren et al. (1998) and Mennekens & Vanbeveren
(2017) also investigated the evolution of contact binaries, but only
of thermal-time-scale contact binaries. They stopped the evolution
of those models that were expected to enter contact over a nuclear
time-scale, as they expected these systems to merge eventually. Of
particular relevance to our work are the works of Marchant et al.
(2016, 2017), who computed grids of binary models for a range of
metallicities (Z /4..Z /50) and initial binary parameters. We will
discuss their work shortly.

An important open question concerning the evolution of close
binaries is the efficiency of internal mixing due to rotational insta-
bilities. Rotationally induced mixing is predominantly due to the
circulation of meridional currents in the outer radiative layers of a
star (Eddington 1926, 1929) and is expected to become stronger with
increasing rotational velocity, increasing initial mass, and decreasing
metallicity (e.g. Heger & Langer 2000; Heger, Langer & Woosley
2000; Maeder 2009; Brott et al. 2011a,b). Mixing in the radiative
outer layers causes the transport of nuclear-burning products such as
helium and nitrogen from the convective core to the surface of the
star. In its most extreme form, rotational mixing can cause the star to
undergo chemically homogeneous evolution (CHE), wherein mixing
is so efficient that the stars lose their core-envelope stratification soon
after ZAMS, and remain hot and compact throughout their evolution.
This channel of evolution is considered to be particularly important
in the formation of rapidly rotating metal-poor single stars (Maeder
1987; Yoon & Langer 2005; Yoon et al. 2006; Brott et al. 2011a;
Szécsi et al. 2015).

In the case of binaries, CHE has been suggested to occur in
very short-period systems on the main sequence, in which the stars
become deformed by tides (de Mink et al. 2009; Song et al. 2013,
2016; Hastings, Langer & Koenigsberger 2020). In such systems,
this type of evolution can prevent the stars from merging and they
evolve as massive (and compact) helium stars which end their lives
as heavy black holes (de Mink et al. 2009; de Mink & Mandel 2016;
Mandel & de Mink 2016; Marchant et al. 2016; Song et al. 2016;
du Buisson et al. 2020). CHE has also been considered for near-
contact binaries (de Mink et al. 2009; Song et al. 2016; Riley et al.
2020) and overcontact binaries (Marchant et al. 2016). In particular,
the models computed by Marchant et al. (2016, 2017) were found
to undergo CHE during long contact phases, as their metallicity
decreased (Z<Z /2), primary masses increased (M; =40M ) and
for initial mass ratios closer to unity.

This paper is intended as the first in a series that will have the
ultimate goal of (1) improving our understanding of the physics of
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massive contact binaries, (2) gaining insight in their evolutionary
pathways and observable properties, and (3) providing reliable
predictions for their final fate as stellar mergers or possibly massive
double helium stars and gravitational-wave progenitors.

In this first paper, we focus on very close binaries and follow their
evolution through contact on the main sequence. We perform stellar
evolution calculations for a large grid of short-period binaries varying
their initial masses, orbital periods, and mass ratios, with an initial
composition that is typical for young stars in the LMC and SMC. We
study the evolution of massive binaries from ZAMS and through
the contact phase and, in particular, the changes in their orbital
properties prior and during the contact phase. We make predictions
for the distributions of their orbital parameters and provide a first
comparison with observed massive contact systems. \We show where
our predictions agree well with observations, but also discuss tensions
that exist that can provide us with further insight.

Our paper is organized as follows: Section 2 describes our model
assumptions, the initial parameter space of the grids, and our method
for computing orbital parameter distributions. There are two result
sections: Section 3 discusses how massive contact systems typically
form and evolve in our grid and how the choice of initial parameters
affects their evolution. Section 4 compares the distributions calcu-
lated from our models with the observed distributions, including the
number of massive contact binaries we expect in the Magellanic
Clouds. In Section 5, we present a discussion of our results and
point out avenues where we can improve them, and in Section 6, we
summarize our findings and indicate directions for future work.

2 METHODS

To compute a large grid of binary-star models suitable for comparison
with observed systems in the LMC and SMC, we use version 10398
of the 1D stellar evolution code MESA (Paxton et al. 2011, 2013,
2015, 2018, 2019).! In the remainder of this section, we discuss our
physical assumptions (Section 2.1), the initialization and termination
of our models (Section 2.2.2), and our assumptions for modelling a
population of contact binaries (Section 2.3).

2.1 Stellar physics assumptions
2.1.1 Mixing, mass-loss, microphysics

Various mixing processes are implemented as time-dependent dif-
fusive processes in MESA, where the user has the freedom to vary
their efficiencies. Convection is modelled using the standard mixing-
length theory (Bohm-Vitense 1958; Cox & Giuli 1968) prescription
with a mixing length parameter of oy .+ = 1.5, following Pols et al.
(1998). We adopted the Ledoux criterion for convective stability
(Ledoux 1958). We allow for mixing beyond the edge of convectively
unstable regions by assuming a step overshooting parameter dq, =
0.335 as calibrated by Brott et al. (2011a). Semiconvection is
included with an efficiency parameter of as,, = 1.0 as in Langer,
Fricke & Sugimoto (1983). This value of this parameter can sig-
nificantly affect the evolution of the accreting binary components
(Braun & Langer 1995). Schootemeijer et al. (2019) find a good
agreement between stellar models and the distribution of massive
stars in the Hertzsprung—Russel diagram of the SMC for ag, =
1.0. Thermohaline mixing is included by adopting a value of 1.0

1The necessary files to reproduce our results with this version of MESA are
available at https://github.com/athirall/massive_contact_binaries.git.
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for the dimensionless parameter oy,. The sources of rotationally
induced mixing and angular momentum transport considered in MESA
include the Eddington—Sweet circulation, secular and dynamic shear
instabilities, and the Goldreich—-Schubert—Fricke instability (Heger
et al. 2000; Heger, Woosley & Spruit 2005). The efficiency factor for
the total rotationally induced mixing coefficient is set to f, = 1/30
as determined theoretically by Chaboyer & Zahn (1992). The factor
controlling the inhibition of rotational mixing against gradients in
mean molecular weight is set to f, = 0.1 as in Yoon et al. (2006).
Angular momentum transport due to magnetic fields is implemented
asin Heger etal. (2005) and Petrovic et al. (2005), which is motivated
by observations (e.g. Suijs et al. 2008).

Stellar winds are implemented depending on the surface helium
mass fraction (Ys) as in Yoon et al. (2006); if Ys < 0.4, i.e. for
hydrogen-rich stars, mass-loss rates are computed as in Vink, de
Koter & Lamers (2001), while for hydrogen-poor Wolf-Rayet stars
(with Ys > 0.7) the Hamann, Koesterke & Wessolowski (1995)
prescription is used but reduced by a factor of 10. For both rates,
we use a metallicity-dependent wind whose strength is proportional
to 798, For stars with 0.4 < Y, < 0.7, the mass-loss rates are
interpolated between the above two prescriptions.

Nucleosynthesis reactions are calculated using the MESA ap-
prox21.net network containing 21 isotopes from H until S6Ni
and encompasses the necessary reactions for the hydrogen CNO
burning cycle, thereby allowing us to follow the evolutionary phase
of interest. Radiative opacities are calculated using CO-enhanced
opacity tables from the OPAL project (Iglesias & Rogers 1996).

2.1.2 Binary star physics assumptions

We use the binary module of MESA as described in Paxton et al.
(2015) and Marchant et al. (2016) to compute the evolution of
interacting binary models in our grid. Tidal synchronization is
implemented according to the Hut (1981) and Hurley, Tout & Pols
(2002) prescriptions. Mass transfer due to Roche lobe overflow is
implicitly calculated using the Ritter scheme (Ritter 1988) and is
switched to the contact scheme when both stars overfill their Roche
lobes, as will be discussed in Section 2.1.3. As we are studying close
binaries in this work, we assume that both stars in the system are
synchronized to their initial orbital period at the beginning of the
evolution but we allow for differential rotation.

Mass transfer is treated conservatively except due to mass-loss
through winds. We apply the standard mass transfer physics of MESA
(Paxton et al. 2015) that computes the mass transfer rate through an
implicit scheme, including angular momentum accretion and tidal
spin—orbit coupling. The kinetic energy of the accretion stream is ne-
glected (Ulrich & Burger 1976) and the entropy of the accreted mate-
rial is assumed to be the same as that of the surface of the mass gainer.

2.1.3 Treatment of the contact phase

Mass transfer during contact, i.e. when both stars in a binary system
simultaneously overflow their Roche lobe volumes, is implemented
in MESA as described in Marchant et al. (2016) and Marchant (2017).
We summarize the main features of the contact scheme here.

During contact, we assume that the surfaces of both stars lie on a
common equipotential surface. The amount of mass transferred from
one star to the other is adjusted such that the following relationship
holds:

R2( ) — Rre2
)

Ri( ) — RreL1

=F ,
a Rre1

: @
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where s the equipotential surface shared by both stars, R; and Rgy
are the volume-equivalent stellar and Roche lobe radius respectively
of either star (j = 1, 2) and g = M,/My, where M, is the current less
massive star in the binary. The function F(q, x), where x:%, is
solved by numerically integrating the equipotential volume of each
star through the inner Lagrangian point L1 for different mass ratios.
F(q, x) is thereby approximated as F(q, x) = g%%?x for x > 0 such
that F(g, x) = 0 if x =0and is equal to x if g = 1, i.e. both stars have
equal radii when they attain equal masses.

The volume equivalent radius corresponding to the outer La-
grangian point L2 (R,2) depends on the Roche lobe radius of the
less massive star (Rgi_2) and the mass ratio q at the time considered,
and is calculated as

Ru2 —R
22 _TRL2 = 0.299tant 1.84¢%% . 2)

RrL2

Energy transport in the common envelope is not accounted for
during the contact phase. Note that in this subsection (and this
subsection only) we follow the notation used by Marchant et al.
(2016) where subscript 1 refers to the star that is the more massive
one at a given time during the evolution of the binary model. This
may be the primary (the initially more massive star) or the secondary
(the initially less massive star) if the mass ratio has been reversed as
a result of mass exchange. Throughout the rest of this paper, we will
use the common convention where 1 (2) refers to the initially more
(less) massive star or the primary (secondary) star.

2.2 Initialization and termination of models

2.2.1 Initial parameters

We compute a total of 2790 binary models for each galaxy grid and
begin the evolution of each model with both stars on the ZAMS (we
describe this initialization in Section 2.2.2). The initial parameter
range of our grids and the grid spacing ( values) are

(i) Initial mass ratio: g; = M;i/M;; =0.6,0.7,...,1.0with g =
0.1 and we add an extra grid for g; = 0.95.

(if) Initial total mass: Mt =My + My; =20,22,...,80M with

Mri=2M .

(iii) Initial period: P; =0.6,0.7,..., 2.0d with P; =0.1d.

We restrict the lower limit of the initial mass ratio to q; = 0.6
as convergence errors become more common for lower initial mass
ratios and the upper limit of the total mass to Mt; =80M as
the observed contact binaries have total masses less than this value
(except for one). Our choice to space our grid in equal steps of
the initial total mass, Mr;, instead of the more usual choice of the
initial primary mass My ; is a natural one when considering contact
binaries that experience near conservative mass transfer. The total
mass stays approximately constant during the early evolution of these
models while the masses of the individual components can change
substantially as the system experiences one or more phases of mass
transfer (cf. Fig. 1). We note that our choice of sampling the grid
evenly in total mass and mass ratio leads to effects at the edges of
our grid towards the lowest and highest initial primary masses (M ;
<125M andM;;>40M |, respectively) thatare only possible for
a limited combination of choices of the mass ratio. However, these
‘edge effects’ are found to be very small and do not affect our main
conclusions.

The range in initial orbital period is motivated to cover the systems
of interest for the formation of long-lived contact systems. Systems
with shorter periods are already in contact at zero age and merge
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immediately. Although systems with wider periods may contribute,
especially for the most massive systems that start with almost equal
masses, we expect that their contributions do not significantly affect
our main conclusions at the metallicities of our grids. Sen et al.
(in preparation) also report a similar finding for binary models with
initial orbital periods above 2 d.

Our choice of initial parameter space is different from that of
Marchant et al. (2016), who were mainly interested in the parameter
space in which binaries can evolve chemically homogeneously
and form double black hole systems. They hence evolved very
low-metallicity massive binary models with initial primary masses
between 25 and 502M and initial mass ratios equal to 1 (ex-
cept for their most metal-poor grid). In comparison, we explore
much smaller masses with initial mass ratios from 0.6 to 1 in
our grids, as we intend to cover the parameter range of the
spectroscopic contact binaries identified in the Magellanic Clouds.
In addition, our method of initializing our binary models is also
different from Marchant et al. (2016), as we explain in the next
section.

2.2.2 Initialization of models

Before initiating the binary evolution of models in our grid, we first
build a separate library of starting models. For each binary model,
we compute single star ZAMS models of masses M ; and My;. We
define the ZAMS model as the point of evolution at which a stellar
model has contracted from the pre-main-sequence (pre-MS) branch
to its smallest radius before expanding on the MS.

This initial set-up differs from that of Marchant et al. (2016)
where the binary evolution is initiated by allowing MESA to find
the appropriate pre-MS models for the required masses and initial
composition. In their set-up, the two stellar models are puffed up
at the beginning of the evolution before shrinking and expanding
again during their MS evolution. As a consequence, the stars may
interact prior to reaching the ZAMS point by transferring mass
and thereby changing the orbital period before their MS expansion
actually begins. Some of the models in this set-up of Marchant et al.
(2016) even merge during the transition from the pre-MS to MS
branch.

The ‘initial’ masses and orbital period of the binary models
presented in this paper refer to the masses of the primary and
secondary stars and the orbital period of the binary system at the
beginning of the ZAMS. By using carefully constructed starting
models for the primary and secondary stars, our initial set-up allows
us to provide more direct predictions of the evolutionary trends of
close binaries. We also find that more binary models avoid merging
initially on the ZAMS and their overall lifetime on the MS is longer
compared to the models from the set-up of Marchant et al. (2016)
since fewer of them come in contact at zero age.

For the initial composition, we follow Brott et al. (2011a) and
choose a chemical mixture that is representative of stars in the
SMC and LMC, with Zgyc = 0.0021 and Z, yc = 0.0047 which
are =Z /2 and =Z /5, respectively, where Z = 0.014 (Asplund,
Grevesse & Sauval 2005). The individual abundances of seven
elements: H, He, C, N, O, Mg, Si, and Fe are included as reported
in table 1 of Brott et al. (2011a) and the abundances of all other
elements are scaled-down to the solar abundances of Asplund et al.
(2005).

For each binary model in a grid corresponding to a given metal-
licity, we need three main inputs to begin their evolution: their initial
period and the ZAMS models corresponding to the individual masses,
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Figure 1. The evolution of the two example systems described in Section 3.1, with initial masses of 14.4 and 11.6 M for the primary (solid blue lines) and
secondary (dashed blue lines), respectively. System 1 (left-hand panels) begins with P; = 0.8d and System 2 (right-hand panels) begins with P; = 1.0d. In
the topmost panels, the left y-axis represents the period evolution and the right y-axis the mass ratio evolution. The black dotted horizontal line in the topmost
panels is a reference for g = 1.0 while in the third panel, the dotted line indicates when both stars have R/R = 0.9. The letters in each panel correspond to the
respective phases of each system, as described in Section 3.1. The true contact phases (where both stars have R/R_ = 1) are shaded in grey (nuclear time-scale)

and red (thermal time-scale).

My and M,;. At the start of the simulation, we assume the binary
is tidally synchronized; hence, within a short time-scale (less than
0.01 Myr), the rotational periods of the stars become equal to the
orbital period of the system.

2.2.3 Outcomes

Since we are only modelling the MS binary phase of each model,
the evolution is terminated when either star leaves the MS or when
the system undergoes L2 overflow. The latter is expected to result in
mass-loss through the outer Lagrangian point and a corresponding

loss of angular momentum from the binary, leading to a common
envelope phase and the eventual merger of the binary system. Our
models experience one of these three final outcomes:

(i) Overflows L2 initially: The stars are initially so close that
the binary system experiences mass-loss through the L2 Lagrangian
point while the stars have barely evolved (the secondary has depleted
less than 3 per cent of its central hydrogen abundance).

(ii) Overflows L2 on MS: If the binary system experiences
overflow through the L2 point post ZAMS but while still on the
MS, they are denoted as ‘late L2 overflow’ systems. These systems
merge while still burning hydrogen in their cores.
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(iii) Survive the MS: If one or both stars evolves past the MS, we
call these ‘MS survive’ binaries.

Of the 2790 models in the LMC grid, nearly 13 per cent faced
convergence errors, i.e. the binary evolution was unable to initiate
correctly or terminated sooner than their proper end (one of the
three outcomes above). The contribution from these non-convergent
models to our synthetic populations is negligible since they fall in the
parameter space where they will either experience L2 overflow at the
start of the simulation or will undergo contact only on a thermal time-
scale (<0.01 Myr). Of the models that do converge, nearly 16 per cent
of them experience ‘“initial L2 overflow’ and 63 percent of them
‘overflow L2 on MS’; thus, nearly 80 per cent of our LMC models
merge on the MS. These fractions are similar for the SMC grid of
models as well.

2.3 Modelling the population of contact binaries distributions

Each evolutionary model is characterized by a unique combination
of initial orbital period P;, initial total mass M+; and initial mass ratio
gi (and hence a choice of My ;) sampled from the parameter space as
described in Section 2.2.1. The birth distributions are given by

dN « ON « ON
G i — PV 3
dMlvi 1 dq| ql dP| 1 ( )
For the purpose of a first order calculation, we assume the initial
mass function (IMF) has an exponent of a = —2.35 according to

the Salpeter IMF (Salpeter 1955; Kroupa 2002). We also assume an
Opik law in period, i.e. flat in log P (which isy = —1 for P), and a
flat distribution in g, i.e. K = 0. The birth weight of a given initial
choice of My, P, and g; is then calculated as
—1.35 Myi+dM1,l

Wy, = Cny, My Myi—dM1,u (43)
i+d

Wp;, = Cp |0910 Pi gi—d: (4b)

Wq = Cq [ai 3:33 ’ (40)

where Cy,, Cp, and Cq are normalization factors multiplied with
their respective weights to ensure that the sums of wy, ;, wp;, and
Wy; are each equal to 1.

The mass, period, and mass ratio intervals in equations (4) (dMy,
dP, dq) define the grid cell dimensions for each considered binary
evolution model in the initial parameter space.

For the initial period, dP = 0.05d, which is half the grid spacing.
For the mass ratio, we choose dq = 0.05 for all choices of q; except for
the highest mass ratios where our models are spaced more densely.
We adapt the cell boundaries such that they lie exactly in between
our choices of g;. In particular, we choose dq for our g; = 1.0 grid
of models such that they represent the systems between g; = 0.975
and gi = 1. While our grid is evenly spaced in total mass (see
Section 2.2.1), the spacing in initial primary mass is not even as
M1; = Mrt;i/(1 + q;) for any combination of i and j. Therefore, we
define the upper and lower limits for My ; as
My, = Mg+ — 1,0) (M1 —Myq) M 5)

2 2
where the cell size does depend on the mass ratio gj. However,
with this definition, the parameter space is covered without gaps or
overlaps. For the primary masses at the edge of the grids, we use at
Mri =20M ,dM;; =0andatMr; =80M ,dM,, = 0while for
all other primary masses the limits are calculated as in equation (5).

Finally, the statistical weight ws of a model ‘s’ with its particular
combination of the above initial parameters, which is the convolution

M y dM1,| =
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of the birth weight and the dimension of the cell it represents, is

Ws = Wiy i X Wq i X Wp j. (6)

2.3.1 Probability distributions of contact binaries according to
their initial parameters

One of our goals is to study the distribution of the fraction of time
systems spend in contact compared to their overall MS lifetime,
weighted by their birth weights. We define this fractional contact
time per system in two ways:

Teontact, s Teontact, s @

I:1,5 =W ) FZ,S =W

s — s
TMS-binary, s Tms-single, s

where Teontacts 1S the net time spent in contact by the system and
ws is the birth weight of the system as calculated in equation (4).
Tms-binarys 1S the lifetime of the binary model before it merges on the
MS or before either of its components leaves the MS. In practice since
many of these close binaries merge before they exhaust their central
hydrogen, we also define Tws.singie s, Which is the MS lifetime of a star
had it not been part of a binary system that is close enough to interact.
We take Tvis-single,s fOr each binary system to be the lifetime of a single
star of 1/2 the total binary mass, Mr;. The values of Twyssingles for
each Mt;/2 in our grids, were supplied from the grid of single star
models computed by Schootemeijer (private communication). The
SMC set of these models are published in Schootemeijer et al. (2019).

We then compute the overall fraction of contact systems among
the MS binaries in our population, f ;. .cums- Using this number
we can predict the number of massive contact binaries in a given
population of MS binaries. It is calculated as follows:

n

= WsTcontact S
foontacums = —p ®)
contactM 2:1 WSTMS-binary, s
where s is an index that loops through all 2790 binary models in each
grid.

3 RESULTS

In the following section, we will describe the properties of our binary
evolution models, which will be mainly presented in the form of
distribution functions. We start by discussing two of our models in
detail, which are representative of the evolutionary paths followed
by the majority of contact binary models in our study.

3.1 Example models

The binary models in our grids go through at least two of three mass
transfer episodes which occur in the following order: (i) contact on
a thermal time-scale (ii) semi-detached phase or second contact on
a thermal time-scale (iii) contact on a nuclear time-scale. The two
example models we use to illustrate the major evolutionary channels
in our grids only differ in their initial periods, but otherwise have
the same initial mass ratio of g; = 0.8 and total mass of My; =
26 M . ‘System 1’ has an initial period of 0.8 d and ‘System 2’ has
an initial period of 1.0d. As defined in Section 2.1.3, the primary is
the initially more massive star and the secondary is the initially less
massive star. Please refer to Figs 1 and 2 (left-hand panels for system
1 and right-hand panels for system 2) in tandem with this section.
The first episode of mass transfer in system 1 occurs soon after
initializing the binary evolution. A fast Case A mass transfer occurs
from the primary to the secondary for the first =0.01 Myr. The orbital
period dips slightly during this mass transfer phase and then rises
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