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ABSTRACT

Context. The stability of mass transfer is critical in determining pathways towards various kinds of compact binaries, such as compact
main-sequence white-dwarf binaries, and transients, such as double white-dwarf mergers and luminous red novae. Despite its impor-
tance, very few systematic studies of the stability of mass transfer exist.

Aims. We study the behaviour of mass-losing donor stars in binary systems in a systematic way. We focus on identifying and under-
standing the parameter space for stable mass transfer in low- and intermediate-mass binaries with post-main-sequence donor stars as
well as the properties of ultimately unstable binary systems at the onset of the instabilities.

Methods. We employed the 1D stellar evolution code MESA to simulate the mass-transfer evolution of 1404 binary systems with
donor-star masses between 1 M, and 8 M. We studied the behaviour of the binaries during mass transfer, without assuming that the
donor star responds adiabatically to mass loss. We treated the accretor as a point mass, which we do not evolve, and assumed the mass
transfer is conservative.

Results. We considered several criteria to define when unstable mass transfer occurs. We find that the criterion that best predicts the
onset of runaway mass transfer is based on the transition to an effectively adiabatic donor response to mass loss. Using this quasi-
adiabatic criterion, we determine the location of the stability boundary to within a relative uncertainty of five per cent in the mass ratio
at the onset of mass transfer. Defining this critical mass ratio (gqaq) in terms of accretor mass over donor mass, we find that gg,q ~ 0.25
for stars with radiative envelopes that cross the Hertzsprung gap, while for convective giants gg,q decreases from ~1 at the base of
the red giant branch to ~0.1 at the onset of thermal pulses on the asymptotic giant branch. Compared with recent similar studies, we
find increased stability of mass transfer from convective giants. This is because an effectively adiabatic response of the donor star
only occurs at a very high critical mass-transfer rate due to the short local thermal timescale in the outermost layers of a red giant.
Furthermore, we find that for g > gg.q mass transfer is self-regulated, but that for evolved giants the resulting mass-transfer rates can
be so high that the evolution becomes dynamical and/or the donor can overflow its outer lobe.

Conclusions. Our results indicate that mass transfer is stable for a wider range of binary parameter space than typically assumed in
rapid binary population synthesis. Moreover, we find a systematic dependence of the critical mass ratio on the donor star mass and

radius, which may have significant consequences for predictions of post-mass-transfer populations.
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1. Introduction

A significant fraction of stars exists in multiple systems where
the components will interact (Abt & Levy 1976; Abt 1983;
Duquennoy & Mayor 1991; Sana et al. 2012; Moe & Di Stefano
2017). As such, mass transfer is a crucial process in the evo-
lution of many stellar systems (e.g. Morton 1960; Paczynski
1971), including for the formation of white-dwarf merg-
ers (Iben & Tutukov 1984), core-collapse supernova diver-
sity (Podsiadlowski et al. 1992), and binary gravitational-wave
sources (e.g. Abbottetal. 2016, 2017; Amaro-Seoane et al.
2022). Whether the onset of Roche-lobe overflow (RLOF) in
a particular binary leads to stable or unstable mass transfer

* Full Tables B.1 and B.2 and input files are only available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
669/A45

produces a qualitative difference in the future evolution, as
well as in the properties of the final remnants. Where unsta-
ble mass transfer and the resulting common-envelope (CE)
phase typically result in close binaries or a single, merged
object (e.g. Paczynski 1976), stable mass transfer tends to
produce wider binaries (e.g. Soberman et al. 1997). Different
assumptions regarding mass-transfer stability therefore strongly
affect predictions for, for example, double-white-dwarf (DWD)
binaries and their associated transients, such as thermonuclear
supernovae and gravitational-wave transients. These assump-
tions also affect transients linked to non-compact stars, such
as luminous red novae, which are thought to be an observa-
tional manifestation of unstable mass transfer (Tylenda & Soker
2006; Tylenda et al. 2011; Ivanova et al. 2013). Despite its clear
importance, only a few systematic studies of the stability of mass
transfer, which we discuss in more detail below, have been per-
formed over the years.
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As is well known, the response of a star to mass loss
depends on the structure of its envelope. The canonical view
(e.g. Webbink 1985) is as follows. Donor stars with radia-
tive envelopes tend to shrink on their dynamical timescales in
response to a sudden loss of mass. Therefore, mass transfer
involving this type of donor star is expected to be relatively sta-
ble. If a donor star with a convective envelope loses mass, its
radius tends to increase, unless the core-mass fraction exceeds
0.5. On the other hand, its Roche radius typically decreases if
the donor star is more massive than the accretor. This means
that such a donor star will overfill its Roche lobe by an ever-
increasing amount, eventually leading to mass transfer on a
dynamical timescale and the formation of a CE. Indeed, clas-
sical studies (such as Paczynski 1965; Paczynski et al. 1969;
Webbink 1985; Hjellming & Webbink 1987) found that mass
transfer from a red giant donor star to a less massive compan-
ion should be unstable for nearly the entire giant branch.

However, this classical picture relies on simplifying assump-
tions, such as the approximation of the stellar structure by sim-
ple (composite or condensed) polytropes, and the assumption
that the donor star responds to the loss of mass fully adiabati-
cally. It has long been known that this is a serious limitation (see
e.g. Paczyniski 1965), and these results should be interpreted and
applied with care. In fact, more recent theoretical studies (see
e.g. Han et al. 2002; Podsiadlowski et al. 2002; Woods & Ivanova
2011; Passy et al. 2012; Pavlovskii & Ivanova 2015) found stable
mass transfer for a wider range of mass ratios and orbital periods
than the classical results mentioned above. These authors argued
that the ability of the outer layers of giant stars to thermally read-
juston dynamical timescales should significantly increase the sta-
bility of mass transfer compared to the classical results. Unfortu-
nately, these studies typically focus on only a small part of the
parameter space. An exception to this is the collection of recent
work of Ge et al. (2010, 2015, 2020), which does map the stabil-
ity boundary systematically for a large set of masses, periods, and
mass ratios. While the authors use a realistic equation of state to
model the stellar structure, this set of studies still employs the adi-
abatic approximation mentioned above.

Additionally, over the years, different physically motivated
criteria have been proposed to identify unstable mass transfer in
both detailed 1D simulations and rapid binary population synthe-
sis (BPS) methods. Indeed, there are multiple physical reasons
why mass transfer might become unstable (see e.g. Ivanova et al.
2020). These reasons include dynamical timescale evolution
(which has become a common assumption, as in the references
above) and the overflowing of an outer lobe (OL) in the Roche
potential. As we explain in more detail in Sects. 3 and 4, these
criteria typically do not identify unstable mass transfer consis-
tently; mass transfer can still be stable and self-regulating even
when these criteria are met.

Not only the definition of reliable criteria for stable
mass transfer poses a potential problem for the results men-
tioned above. As outlined in, for example, the discussion of
Podsiadlowski et al. (1992), there are several observed systems
that are in tension with the predicted limits for stable mass
transfer from polytropic adiabatic calculations. This includes
systems that appear to have experienced mass transfer from
donors on the red giant branch (RGB; case B) or asymp-
totic giant branch (AGB; case C) but also have relatively long
orbital periods (see e.g. Eggleton & Tout 1989). This suggests
that this phase of mass transfer was likely stable, whereas
classical results would have predicted otherwise. Additionally,
Podsiadlowski et al. (1992) note that several massive systems are
observed to be in such a phase of late case B or early case C
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mass transfer (e.g. VV Cep; Wright 1977, AZ Cas; Cowley et al.
1977, and KQ Pup; Cowley 1965) but have apparently avoided
the dynamical instability predicted by the classical results above.

Further populations of observed systems have long
been known to indicate problems with classical, simplified
results regarding the stability of mass transfer. For example,
Tauris & Savonije (1999) and Podsiadlowski et al. (2002) found
that the increased mass-transfer stability from their detailed
stellar calculations, as compared to classical stability criteria,
helps explain the properties of low-mass X-ray binaries and
their descendants. Hot subdwarfs formed by stable mass trans-
fer from a giant star onto a lower-mass companion also natu-
rally suggest mass transfer that is more stable than predicted by
the classical results (as noted and investigated by e.g. Han et al.
2002, 2003; Vos et al. 2019, 2020). Stars that have become blue
stragglers after stably accreting from a giant companion also
motivate consideration of increased mass-transfer stability (e.g.
Chen & Han 2008). Leiner & Geller (2021) constructed multiple
synthetic blue straggler populations using a range of different
mass-transfer stability prescriptions. They find that none could
reproduce the observed Gaia sample adequately and stressed
that a better understanding of the stability of mass transfer is
needed to explain observations that point towards more stable
mass transfer. Woods et al. (2012) were able to reproduce a sub-
set of the observed DWD population by assuming the first phase
of mass transfer is stable. Despite the fact that it has long been
clear that assumptions made in rapid BPS methods tend to under-
estimate the stability of mass transfer, in particular the stabil-
ity boundaries of Hjellming & Webbink (1987) and Hurley et al.
(2002), they still remain widely in use today.

In this work we present a systematic study of mass-transfer
stability for RLOF from donor stars with zero-age main-
sequence (ZAMS) masses in the range 1 My < Mgzams <
8 M. We simulate the evolution of 1404 binaries with the Mod-
ules for Experiments in Stellar Astrophysics (MESA) code (see
Paxton et al. 2011, 2013, 2015, 2018, 2019) in order to obtain the
boundary between stable and unstable mass transfer for stars that
fill their Roche lobes as post-main-sequence (post-MS) stars,
without assuming the donors respond to the loss of mass adiabat-
ically. In our simulations we only find such an adiabatic response
when the mass-transfer rate exceeds a critical value, which is
several orders of magnitude higher than the rate of mass loss
occurring on the Kelvin-Helmholtz (KH) timescale of the donor
(see Sect. 3.3) We introduce a criterion for stable mass trans-
fer based on this transition to complete adiabatic evolution (our
‘quasi-adiabatic’ criterion) and use it to identify the boundary
between stable and unstable mass transfer. Furthermore, we also
find alternative boundaries assuming two commonly used stabil-
ity criteria, which are based on dynamical-timescale evolution
and the overflowing of its OL by the donor star. We treat the
accreting star as a point mass and therefore do not follow its
evolution.

The contents of this work are organised as follows. In Sect. 2
we describe our numerical method and assumptions. In Sect. 3
we describe the three different physically motivated instability
criteria we employ, and argue why we base our main results on
the quasi-adiabatic criterion (Sect. 3.3). We present our results
in Sect. 4.1, where we focus on evolutionary aspects of the mass
transfer, and Sect. 4.2, where we focus on the critical mass ratios
for stable mass transfer. We critically analyse the limitations of
our simulations and results in Sect. 5, where we also compare our
theoretical results to other results from the literature (Sect. 5.1)
and to observations of post-mass transfer binaries (Sect. 5.4). We
end by summarising our conclusions in Sect. 6.
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2. Numerical methods and physical assumptions

We used MESA (Paxton et al. 2011, 2013, 2015, 2018, 2019),
version r12115, to simulate the evolution of single stars with
masses of 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0 M,
as well as to compute a grid of binary models. In this section
we describe our most important assumptions for the single-star
models, followed by a description of our binary evolution calcu-
lations. For more details regarding our MESA settings, we refer
the reader to the MESA inlists (input files) used in this work'.
The computed single and binary star models are available on
request, as are the other data used in this work?>.

We adopt a slightly super-solar metallicity of Z = 0.02
(see e.g. Asplund et al. 2009; Magg et al. 2022). For the rest
of our settings and assumptions, we generally follow the solar-
calibrated assumptions described in Choi et al. (2016). We use
the Ledoux criterion (Ledoux 1947) for determining whether
or not a region inside the stars is stable against convection,
and use a value for the mixing length parameter of amir =
1.82 for convective regions. We also include the effects of
semi-convection (implemented as in Langer et al. 1983), with
asemi = 0.1. We treat convective overshooting of stellar cores
and burning shells as in the solar calibrated models of Choi et al.
(2016), which were calibrated by matching models to the main-
sequence turnoff in the open cluster M 67. We employ MESA’s
default basic nuclear network to model nuclear energy gen-
eration inside the donor stars, which is sufficient for our pur-
poses and for the parameter space we consider. We also include
mass loss through stellar winds: we assume a modest ‘Reimers’
wind (Reimers 1975) with strength ng = 0.1 on the RGB, and
a ‘Blocker’ wind (Bloecker 1995) with strength ng = 0.2 on
the AGB. We furthermore increase the resolution of the numer-
ical mesh with respect to the default settings around the bound-
aries of convective zones, as well as in regions with strong H
or He abundance gradients, which typically results in around
1500 zones. We end our single-star simulations when the first
thermal pulse (TP) occurs.

We use the resulting single-star tracks to construct a grid of
input models for our binary stellar simulations. For each track,
we save models at pre-determined radii, which we then use
as starting points in our MESA binary simulations. The points
along the evolutionary tracks where models are saved are cho-
sen by requiring a minimum radial resolution of Alog Ry = 0.2
across the entire track. We furthermore ensure that the small-
est radius chosen for each evolutionary phase is larger than the
largest stellar radius reached during the previous phase. For stars
with masses <2 M, we do not consider the AGB phase, as we
find that these stars do not expand significantly beyond their
maximum radius on the RGB before the first TP occurs. The
above selection criteria result in about 11 points in total for each
donor mass. Figure 1 shows our single-star evolutionary models
in the Hertzsprung-Russell diagram (HRD), as well as the afore-
mentioned points where we initialise mass transfer in binaries.

For each of those saved models, we initialise 12 binary sys-
tems, with mass ratios (¢ = M,/Mgy; throughout this work,
the subscripts ‘a’ and ‘d’ will refer to the accretor and donor,
respectively) ranging from 0.1 to 1.2 in increments of 0.1, for
a total of 1404 binary star models. For each binary, we thus set
M, = gMg, where M, is the actual mass of the donor star (which

' These are available at https://zenodo.org/communities/mesa

2 Additionally, the data in Tables B.1 and B.2 can be openly accessed
in electronic form at the CDS.
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Fig. 1. Single-star evolutionary tracks in the HRD for different stellar
masses. Each colour corresponds to a given initial mass, as indicated to
the lower left of each line. The coloured open circles indicate where we
save single-star models for use in our binary star simulations. We have
indicated lines of constant radius using grey dashed lines. Note that we
have truncated these tracks to start at the ZAMS, and end at either the first
TP or the maximum radius of the star, depending on which occurs first.

is not necessarily equal to its initial mass) at each of the pre-
determined points, including mass lost due to winds. We pur-
posely include mass ratios >1 in our grids to ensure we always
enclose the stability boundary within our grid points. Previous
studies (see the references in Sect. 1) indicate that for a sizeable
part of our parameter space, the critical mass ratio (above which
mass transfer is stable) could be above unity. We chose the ini-
tial orbit of the binary such that the donor star fills its Roche
lobe (with equivalent-volume radius Ry, ) at the pre-determined
stellar radii (see above). To that end, we used the fitting formula
from Eggleton (1983, their Eq. (2)) to calculate the size of the
initial orbits, given the radii of the donor stars from our saved
single-star models:

0.49¢72/3
0.6¢72 +1In(1 + g~ 153)’

Ry, /a~ ey
where a denotes the binary orbital separation.We note that we
make the simplification that the initial eccentricity is equal to O.

We generally use the same settings and configurations for
the donor star in the binary system as for the single-star simula-
tions described above. Additionally, we use the ‘Kolb’ scheme
(Kolb & Ritter 1990) to calculate the mass-transfer rate. As pre-
viously mentioned, we do not evolve the accreting star, and take
it to be a point mass. This allows us to study the stability of
the donor stars separately from the evolution of the accretor.
Additionally, simulating accreting stars in binaries requires spe-
cial attention to the proper treatment of many quantities, such as
the specific entropy of the accreted material and the spin of the
accretor, which is outside the scope of this work (but see Sect. 5).

We furthermore assume that all the material lost by the
donor is accreted by its companion, that is, the mass transfer
phases are fully conservative in terms of both mass and angular
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momentum. This assumption cannot be expected to hold in all or
even most circumstances. The effect of non-conservative RLOF
on the stability of mass transfer strongly depends on assump-
tions regarding the loss of angular momentum. For example,
in the case where any material that is not accreted is assumed
to leave the system with the specific angular momentum of
the accretor (isotropic re-emission), it can be shown analyti-
cally that an increase in the fraction of mass leaving the system
(B) results in a decrease of dInRy,/dIn My and dIlna/dIn My
(see e.g. Soberman et al. 1997; Tauris & Savonije 1999; Tauris
1996), making mass transfer more stable. Hence, our results
should provide an upper limit (in terms of the critical M,/M,) on
the location of the boundary between stable and unstable mass
transfer in the parameter space, that is, mass transfer is expected
to be more stable than found here if mass were lost from the
system under the assumption of isotropic re-emission (but see
Sect. 5.2 for further discussion).

In this work, we do not model stellar rotation and thus do
not include effects of spin-orbit coupling on the evolution of the
binaries and the stability of mass transfer (but see Misra et al.
2020, for an extensive study). Hence, we also do not keep track
of the possible occurrence of Darwin instabilities (Darwin 1879),
which may become relevant for extreme mass ratios M,/My <
0.1 (but see Sect. 5.2).

We focus on the first phase of mass transfer and end our cal-
culations when the donor star has shrunk well inside its Roche
lobe, either after its envelope has mostly been exhausted or after
it has started He burning in its core. As such, in this work we
do not consider subsequent episodes of mass transfer that could
occur when partially stripped giants re-expand to fill their Roche
lobes after a core He-burning phase.

Having simulated the grid points mentioned above, we sys-
tematically decrease the uncertainty on the location of the sta-
bility boundary resulting from our main criterion (see Sect. 3)
by using a simple bisection method. We execute sufficient bisec-
tion iterations such that the relative uncertainty on the critical
mass ratio is 5% or less. For the other two criteria, we interpo-
late linearly in our grid points to estimate the critical mass ratios.
Finally, we systematically verify that our results are converged
by re-simulating a representative selection of stable and unstable
systems with increased resolution in both time and mesh spac-
ing. We discuss these tests in more detail in Appendix A.

3. Criteria for unstable mass transfer

A classical approach (e.g. Soberman et al. 1997) for determin-
ing whether or not mass transfer is stable, is to compare the
adiabatic response to mass loss of the donor star radius (g =
dlogRy/dlog My to the response of its Roche lobe ({ =
dlog Ry /dlog My). If the radius of the donor star persistently
increases relative to its Roche lobe during the mass transfer, a
runaway situation develops and the mass transfer is assumed to
become unstable. Ultimately, a CE that engulfs both stars may
form (Paczynski 1976). However, if the donor star can remain
roughly equal in size or even shrink relative to its Roche lobe,
the mass transfer is stable and self-regulating. This comes with
the caveat that, even if at any point during the mass transfer
laa < (o briefly, mass transfer does not necessarily become
unstable, provided that the donor star recovers and shrinks rela-
tive to its Roche lobe again. As such, one would need to consider
the entire evolution of the mass transfer, and it is not always
possible or practical to accurately predict the outcome of the
mass transfer at the onset using the £ method. Well-known exam-
ples of this are so-called delayed dynamical instabilities (see
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e.g. Hjellming & Webbink 1987; Han & Podsiadlowski 2006;
Pavlovskii & Ivanova 2015; Ge et al. 2020), where mass trans-
fer is initially stable (according to the ¢ method), but only
turns unstable after some mass has been lost. Alternatively, it
is common practice to define an effective critical mass ratio
q = M,/Mgy, which is based on the full mass-transfer history.
If the mass ratio at the onset of RLOF is larger than these critical
values, mass transfer is stable. Due to it being an effective value,
delayed dynamical instabilities, where the masses become more
similar before the instability, are naturally taken into account.
However, any set of critical mass ratios is only valid under a
single set of assumptions regarding mass-transfer efficiency and
angular momentum loss.

There are also difficulties of a numerical nature. For exam-
ple, it is insufficient to assume that numerical breakdown of a
1D stellar-evolution code during mass transfer indicates physical
instability. Multiple physically motivated criteria have been pro-
posed to identify unstable mass transfer. Indeed, there are mul-
tiple physical reasons why mass transfer might become unstable
(see e.g. Ivanova et al. 2020). In this section we describe differ-
ent criteria that aim to identify unstable mass transfer. We later
apply these different criteria to our simulations and, in Sect. 4.2,
compare the resulting critical mass ratios.

3.1. Dynamical-timescale mass transfer

A common way to determine whether RLOF is stable is by
assuming that when the mass-transfer evolution accelerates to
a dynamical timescale, such runaway mass transfer leads to the
formation of a CE that engulfs both components of the binary. In
this work, we compare the relevant timescales of both the donor
star and the system as a whole to the binary period P, which we
take as the characteristic timescale of the binary. We then con-
sider a phase in binary evolution to be ‘dynamical’ if the frac-
tional amount by which either the mass of the donor star or the
binary orbit changes over one orbital period exceeds a certain
threshold. Specifically, we check whether
max (|Md Myl |a/a|) P > Agyn, )
where Agy, is a constant. We adopt Agy, = 0.05, which is in
agreement with the start of the plunge-in phase as described in
Ivanova et al. (2020). We then define the critical mass ratio for
dynamical mass transfer, gqy,, as the lowest value of M,/My at
the onset of RLOF for which the condition in Eq. (2) is not met.
We note that dynamical evolution does not always lead to run-
away mass-transfer rates, and hence unstable mass transfer. In
many cases, we still find self-regulating mass transfer phases for
dynamically evolving binaries (see Sect. 4.1).

We find that our results for gqy, are sensitive to the precise
value of Agy,, but not in equal measure over the full parame-
ter space. The sensitivity to the value of Agy, typically increases
with decreasing initial donor mass or in more extended giants
(see Sect. 4.2 for more details).

However, we consider that it would be misplaced to fixate too
strongly on the precise choice of Agy,. Once the binary is evolv-
ing on a dynamical timescale, the assumptions used to derive the
Roche geometry themselves break down. The Roche potential
is derived in the co-rotating reference frame, while neglecting
the Euler force fg,, < @ X r, where w is the angular velocity
of rotation of the reference frame. Generally, this is an accept-
able simplification. However, in the regime of dynamical evolu-
tion, the Euler force will compete with the other fictitious forces
included in the potential, and so the Roche approximation is no
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longer valid. This is most easily recognised by considering the
ratio of the Euler force to the centrifugal force:

3.
= la/dl-P. 3

|fEuler/fcentrifugal| ~ %
w
With Agy, = 0.05 in Eq. (2), the Euler force contributes by
at most about 1% in systems that avoid dynamical evolution
according to Eq. (2). Hence, once mass-transferring binaries are
evolving dynamically, any results that assume the Roche geome-
try should be interpreted with care; this includes our own results.

3.2. Overflow of an outer Lagrangian point

Alternatively, one could consider the overflowing of the equipo-
tential surface passing through one of the outer Lagrangian
points by the donor star as the onset of a dynamical instabil-
ity. A similar criterion was adopted in Paczynski (1976), the
work commonly cited for the origin of the concept of CE evo-
lution. Significant angular momentum loss through the outer
Lagrangian points during mass loss (roughly the specific angu-
lar momentum of a circumbinary ring with radius ~1.2a for mass
loss through L,; see e.g. Pribulla 1998) is thought to dramatically
shrink a binary’s orbit and render the system dynamically unsta-
ble (see e.g. Nandez et al. 2014; Pavlovskii & Ivanova 2015).
However, we stress that the loss of mass through either of the
outer Lagrangian points is not guaranteed to always result in
unstable mass transfer (see e.g. Bowler 2010, for an observa-
tional example of this). For example, under certain approxima-
tions, Linial & Sari (2017) find that any mass loss through the L,
point occurs at a lower rate than conventional mass loss through
the L, point and that its effects on the overall stability of a binary
could be only marginal. Nevertheless, donor stars that extend
past their OL, which passes through the L3 point if M, < M4 and
otherwise through the L, point, significantly violate the assump-
tion of spherical symmetry made in 1D evolution codes, which
makes reliably simulating this phase challenging.

We do not model mass loss through outer lobe overflow
(OLOF), and hence ignore the effects thereof on the evolution
of our binaries (but see Marchant et al. 2021; Bobrick et al., in
prep.). However, we keep track of whether or not the donor star
experiences OLOF by comparing its radius to the equivalent-
volume radius of the OL, Ror. To that end, we numerically
calculated Rop, using Fortran routines for -4 < logg < 4,
including a damped Newton-Raphson method to find the loca-
tion of the outer Lagrangian point, and double Simpson method
to calculate the volume of the potential surface passing through
this point. The results we obtained are converged to better than
one part in 10%. A Monte Carlo method written in Python was
used to extend our calculations of Rpr, beyond our Fortran
routines to =7 < logg < 7. We fit the ratio of the equivalent-
volume radius of the OL to that of the L; lobe with the following
function:

0.441 g~0325
1+0.412408

ok - )
L;

This fit is accurate to better than 0.2% over the full range of
q values. Analogous to the previous section, we define a criti-
cal OLOF mass ratio goror as the lowest value of M,/Mglr1.oF
for which the donor star does not experience OLOF during
the entire mass transfer. Typically, we find that the overflow of
outer Lagrangian points occurs in systems where the evolution
becomes dynamical, meaning that g4y, and goror have similar
values (see Sect. 4.2).

Aa)

n
T
m
A b)
(Vs
T
A m
C’ ~\
. : :
M—-5M M
m

Fig. 2. Schematic illustration of the entropy (S) profile versus mass
coordinate m in various types of stars. Panel a depicts a representation
of a star with a radiative envelope, whilst panel b shows a model for a
giant with a convective, isentropic envelope. A more realistic represen-
tation of the envelope of a convective giant is shown in panel ¢, which
includes the superadiabatic sub-surface layers (highlighted in green). In
each panel, the black line represents the entropy profile of the undis-
turbed star. Dashed red lines represent the entropy profile after sudden
adiabatic (see text) loss of AM of mass. The dashed blue line in panel ¢
shows the entropy profile if the mass is lost at a rate below the critical
mass-loss rate (Eq. (9)).

3.3. Thermal readjustment of surface layers

Directly following a sudden loss of mass, the donor star loses
both its hydrostatic and thermal equilibria. In the simplified
picture, the initial response of the donor star occurs on the
dynamical timescale, when it attempts to restore its hydrostatic
equilibrium. After that, mass transfer is driven by the slower
thermal readjustment of the donor, as the donor star attempts
to recover the thermal equilibrium radius appropriate for its new
mass on the global (KH) thermal timescale:

1 M3 M} R Lo
=G ~15x100 2222y, 5
K= 5V RL MR L ©)

A very simple estimate for the rate of mass transfer occurring on
a donor star’s global thermal timescale is then given by

. M,
Mqy=-—2~-67x1072 2= Moyr

(6)
TKH My Ry Lo

More specifically, in the simplified picture it is assumed that
the donor star initially responds to the loss of mass adiabatically.
With this adiabatic assumption, the new sub-surface layers in a
radiative star (shown as the red dashed curve in Fig. 2a) will have
lower entropy compared to the sub-surface layers before the loss
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Fig. 3. Thermal properties of a 1.5 M, donor star at various stages in its
post-MS evolution. The colours of the lines correspond to the moments
the star reaches certain radii (as shown in Fig. 1), whose values are
shown in the legend. Regions with grey shading are significantly supera-
diabatic (‘sad’; here defined as regions where V — V4 > 0.1V; with
V = Gier
(see Eq. (7)) with the logarithm of the fractional exterior mass, such that
the stellar centre is located on the left end of the x axis, and the surface
is located to the right. The bottom panel shows the run of the associated
thermal mass-loss rate (see Eq. (8)) on the same horizontal axis.

). The top panel shows the run of the local thermal timescale

of mass. Hence, after adiabatic decompression, these layers will
occupy a smaller volume than the layers that have been removed,
which stabilises the mass transfer and leads to relatively low crit-
ical mass ratios. In the envelope of a convective giant, approx-
imated as isentropic, the new sub-surface layers (shown as the
red dashed curve in Fig. 2b) will have similar entropy as before
the loss of mass. This results in the sub-surface layers expand-
ing along with the star as a whole in their response to the loss
of mass (we note that even in the context of polytropic models,
the conclusion that an isentropic envelope expands upon mass
loss depends on the fractional core mass; Hjellming & Webbink
1987). This behaviour of these convective giants is reflected in
their generally comparatively large critical mass ratios. Typi-
cally, the location of the boundary between stable and unstable
mass transfer used in prescriptions used in rapid BPS studies (see
e.g. Toonen et al. 2012; Claeys et al. 2014; Riley et al. 2022)
is based on model calculations (such as Hjellming & Webbink
1987; Ge et al. 2010) assuming (part of) these simplifications.
However, even on timescales much shorter than the global
thermal timescale, stars do not necessarily react to the loss
of mass fully adiabatically, since surface layers respond more
rapidly than the star as a whole (see e.g. Osaki 1970;
Podsiadlowski et al. 2002; Kippenhahn et al. 2012). As empha-
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sised by Woods & Ivanova (2011) and Passy et al. (2012), the
thermal readjustment of the surface layers of the donor star
increases mass-transfer stability as compared to adiabatic mod-
els (see more below). The different thermal timescales on which
the different sub-surface layers of a donor star will react depend
on the local properties of these layers, for example the efficiency
of convection, the degree of ionisation, and the specific energy
content (see also Woods & Ivanova 2011; Passy etal. 2012;
Pavlovskii & Ivanova 2015). Approximating the local thermal
timescale at mass coordinate m as the time it would take a star to
radiate away all the thermal energy content of the layers above m
at the rate of its surface luminosity, the local thermal timescale of
a given layer can be calculated as (e.g. Kippenhahn et al. 2012)

M
O )
L Jn

We note that the above equation implicitly assumes that one can
divide the stellar interior into an outer and an inner zone at any
mass coordinate, and that the outer zone can thermally read-
just independently from the inner zone. This assumption might
be inappropriate, especially in a convective region, where the
timescale of convective overturn could be shorter than the local
thermal timescale, which could stabilize thermal perturbations
on a shorter timescale.

We present runs of the local thermal timescale with the frac-
tional exterior mass for different moments in the evolution of a
1.5 M, donor star in the upper panel of Fig. 3. Similar to the
global (KH) thermal timescale, at any mass coordinate relative
to the surface the local thermal timescale tends to decrease as
the star expands and becomes more luminous. Additionally, the
local thermal timescale decreases monotonically with the mass
coordinate m. However, there is a part of the sub-surface layers
where the stellar interior is unstable to convection, but energy
transport via convection is inefficient. This results in temperature
gradients that are significantly larger than the adiabatic temper-
ature gradient, and these regions are hence known as superadi-
abatic regions (here defined as regions where V — V4 > 0.1V;

with V = gigﬁf)). Within these superadiabatic sub-surface lay-

ers (highlighted by black shading in Fig. 3), the steep temper-
ature gradients result in a relatively sharp decrease in the local
thermal timescales with m in the upper parts of these regions,
compared to above and below the superadiabatic layers. Donor
stars do not respond effectively adiabatically to mass loss until a
certain critical mass-transfer rate is reached, determined largely
by these relatively steep slopes of 7y, (7) in the upper part of the
superadiabatic regions.

We can make this more explicit by examining the thermal
mass-loss rate M, (m) as a function of mass coordinate. This is
the minimum mass-loss rate required to strip away the outer lay-
ers of a star down to this mass coordinate m faster than these lay-
ers can thermally readjust. This mass-loss rate can be estimated
in the following way:

M—-m

My, (m) = _W’

(3)
which is plotted in the bottom panel of Fig. 3. It can be seen that
M, (m) generally reaches its maximum value

Mth,crit = max Mth(m)

©))

at the top of the superadiabatic layer. As long as the mass-loss
rate does not exceed M, oit, there is always a part of the outer
layers that can thermally readjust on a timescale shorter than
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Fig. 4. Critical mass-loss rate as a function of stellar radius from thermal
considerations (see Eq. (9)). Solid lines show the critical mass-loss rate
based on local thermal properties of the sub-surface layers of the donor
star (see Eq. (8) and Fig. 3), whilst dashed lines show the critical mass-
loss rate based on global thermal properties (see Eq. (6)). The linear
portions of the curves correspond to the giant phases. The colours of
the lines correspond to different initial donor masses, as indicated to the
lower left of each dashed line.

the mass loss timescale. Conversely, if the mass-loss rate should
exceed this critical value, no layer would be able to thermally
adjust on short enough timescales, and the mass transfer can be
expected to take place fully adiabatically.

In the outer sub-surface layers, the local thermal timescales
are shorter than the donor star’s global and local dynamical
timescales. Hence, for mass-transfer rates up to My, rir, the initial
response of a convective giant is dictated by the readjustment of
the local thermal structure. In this scenario, the new sub-surface
layers (shown as the blue dashed curve in Fig. 2c) have a lower
entropy than before the mass loss. Thus, similar to what hap-
pens in a radiative star, the sub-surface layers occupy a smaller
volume after decompression. This stabilises mass transfer over
a significantly wider range of initial mass ratios than when the
possibility of thermal relaxation is ignored. However, if the mass
loss becomes too rapid (Mg > Mm,crn), the donor star is not able
to readjust to the loss of mass on its local thermal timescale, and
its response becomes adiabatic. In that scenario, the new sub-
surface layers (shown as the red dashed curve in Fig. 2c) will
have a higher entropy, compared to the ones before the mass
loss. The sub-surface layers thus expand relative to the star as a
whole, raising the mass-transfer rate even more and driving the
mass transfer to instability.

As such, the transition to fully adiabatic response of the
donor star is an indication for the onset of unstable mass transfer.
We thus keep track of Mth,crit during the evolution of our binary
systems, and whether or not this value is exceeded by My. We
define a last, ‘quasi-adiabatic’ critical mass ratio gq,q as the low-
est value of M,/Mg|ry or for which we can simulate the complete
mass transfer phase with MESA and the mass-transfer rate does
not exceed M i

In Fig. 4 we show how Mth,crit changes during the evolution
of donor stars with different ZAMS masses. Like the global KH

mass-transfer rate, Mth,crit typically increases with donor radius.
This is a direct consequence of the local thermal timescale
at any depth decreasing with the stellar radius. At a given
donor radius, Mlhmt typically increases with donor mass, whilst
My typically decreases with donor mass. For the least evolved
stars, Mgy is up to about three orders of magnitude lower
than My, crii. However, since My is a steeper function of Ry
than is Mth,crit, the two rates grow more similar with increasing
donor radius.

As briefly mentioned earlier, we do not find that dynami-
cal or OLOF evolution always leads to runaway, unstable mass
transfer. In fact, mass transfer is self-regulating in most of the
systems with dynamical or OLOF evolution within the context
of our models, provided they did not first encounter the quasi-
adiabatic criterion. By contrast, we find that our quasi-adiabatic
criterion, based on local thermal properties of the donor star,
does consistently pick out the systems with runaway mass trans-
fer. Hence, in this work, we base our main results on the quasi-
adiabatic criterion described in Sect. 3.3. However, we also
show the effects of choosing different criteria, as described in
Sects. 3.1 and 3.2.

4. Results

In this section we present the results from our binary simulations.
In Sect. 4.1, we focus on the evolution of the mass-transfer rates
in our binaries, whilst we present the critical mass ratios for sta-
ble mass transfer in Sect. 4.2. Our main results are tabulated in
Appendix B.

4.1. Mass-transfer rates and evolution

For most of the systems that we simulated, the overall evolution
of the mass-transfer rate can be divided into two distinct parts
(see Fig. 5 for a few examples). The first is a relatively brief
‘thermal’ phase, when the donor star attempts to recover ther-
mal equilibrium and where the mass-transfer rate peaks. This is
followed by a significantly longer phase, driven by the natural
expansion of the donor star on its current evolution timescale,
where the mass transfer occurs at lower rates. The mass-transfer
rates depend on the parameters of the systems at the onset of
RLOF, in that both more evolved and more massive donor stars
will typically lose mass at higher rates. This trend is a result of
the global thermal timescale decreasing with increasing lumi-
nosity and radius (Eq. (5)).

In the following, we discuss our results for Hertzsprung gap
(HG) donors separately from those for giant donor stars. In this
work, we use the term HG to refer to all stars evolving from the
terminal-age main sequence to the base of the RGB. These stars
typically have radiative envelopes and evolve on their thermal
timescales. Unless explicitly stated otherwise, we also include
in that term low-mass subgiants that expand on a much slower,
near-nuclear timescale.

4.1.1. Hertzsprung gap donors

Due to the structure of a radiative envelope and a relatively long
global thermal timescale, the initial response of a HG donor to
mass loss is to shrink. Because such a donor star needs to expand
to comparatively large radii to regain its thermal equilibrium, the
mass transfer is driven on the thermal timescale of the donor.
Our interests lie predominantly in the first, rapid part of the
mass transfer phase, since any potential instabilities will occur
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Fig. 5. Time evolution of mass-transfer rates in systems with My = 2 M, (left column) and My = 5 M, (right column). Each row corresponds to
RLOF starting in a different phase of the donor stars’ lives (at the radius indicated in the top right of each panel). More specifically, panels a and b
show HG donors, panels ¢ and d show donors on their RGB, and panels e and f show donors on their AGB. The colours of the lines correspond to
different mass ratios at the onset of RLOF, as indicated in the legend. We have indicated where, if appropriate, our quasi-adiabatic-, dynamical-,
and OLOF-based criteria are met with open circles, squares, and triangles, respectively. The zero point of the time axis is defined as the first
moment when the mass-transfer rate exceeds the rate at which wind mass loss occurs.

there. We use the mass-averaged mass-loss rate

Mag
My(My)dMy,
M

(Ma)m = (10)

Mg; — Mgy

as a representative mass-transfer rate. The subscripts ‘f” and
‘I’ correspond to quantities evaluated at the final and initial
moments in the mass-transfer evolution (here defined as the
moments where My > 10715 Mg yr~"). The rapid thermal part
is short compared to the subsequent mass transfer on the evolu-
tionary timescale of the donor star, and hence the time-averaged
mass-transfer rate would be dominated by the latter. The mass-
averaged mass-loss rate, as defined above, does not suffer from
this issue, as most mass is lost during this rapid phase.

Figure 6 compares { M)y to the KH rate (as given by Eq. (6))
for 2 M and 5 M, donor stars. It is clear that donors that fill their
Roche lobes as HG stars typically lose mass at rates that are
significantly below My, by up to a factor of 10. This weakly
depends on the mass ratio, and is almost independent of the
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orbital period for the more massive donors that expand signif-
icantly during the HG. Similarly, the peak mass-transfer rates,
whilst typically closer, are often below My, though higher than
(Mg)\ by a factor of a few.

For HG donors, the evolution of the mass transfer can be
fairly complicated. Often, the rapid phase of mass transfer con-
sists of two peaks instead of one. At the start of mass transfer,
the initially radiative donor star shrinks slightly as the radius fol-
lows the Roche radius. However, shortly after the first peak in the
mass-transfer rate, the convective zone in the outer layers of the
donor star extends increasingly far down into the stellar interior.
The mass-transfer rate climbs to a second peak because these
convective outer layers can supply the required material faster
than a radiative envelope. Typically, the second peak coincides
with the moment the convective envelope has grown to its largest
extent (see also e.g. Harmanec 1970; Van der Linden 1987).

For many My = 2-3 M, donors with ¢ > 0.7 that start trans-
ferring mass before the base of the giant branch, the aforemen-
tioned shrinkage is significant enough to temporarily suspend
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Fig. 6. Mass-transfer rates from our calculations compared to the global
KH rate (as given by Eq. (6)). The fop panel shows results for a 2 M,
donor star, whilst the bottom panel shows results for a 5 M donor star.
In each panel, the coloured lines show the difference between the mass-
transfer rate predicted by Eq. (6), (which assumes the rate is governed
by the global KH timescale at the onset of mass transfer) and the mass-
averaged mass-loss rate (Mg)y (see Eq. (10)) from our calculations.
Vertical dashed black lines indicate the base and the tip of the RGB.

mass transfer altogether (see Fig. 5a). Typically, such interrup-
tions last of the order of a few megayears, equivalent to a few
per cent of the total duration of the mass transfer, or a few times
the global thermal timescale of the donor stars at that point.

In several My < 2 M donors, the convective part of the
envelope extends down deeply enough to leave a discontinuity
in the abundance profile at the deepest point of the convective
zone. When a star’s H-burning shell reaches this discontinu-
ity, the star’s luminosity and radius decrease slightly. This pro-
cess also occurs in single stars (e.g. Thomas 1967; Iben 1968;
Christensen-Dalsgaard 2015), where it is well-known to result in
the so-called ‘luminosity bump’ in star clusters (e.g. King et al.
1985; Salaris et al. 2002). For the aforementioned low-mass
donors, the associated shrinkage can be significant enough to
suspend the mass transfer until the donor re-expands and once
more fills its Roche lobe (as already shown by Kippenhahn et al.
1967), of the order of tens of megayears later.

Thus, several of the 2 M, HG donors experience two inter-
ruptions in their mass transfer, as shown in Fig. 5a (see also
e.g. Han et al. 2000). By contrast, for the more massive stars
(M > 4 M), mass transfer is not suspended at any moment dur-
ing the mass transfer in our models. These stars hardly become
convective during mass loss (the mass of the convective part of
the outer layers is typically only ~0.1 M), and therefore they

do not undergo significant shrinkage induced by either structural
re-arrangement or by dredge-up/mixing effects.

In Fig. 5 we have indicated with different symbols when
during the evolution of our binaries our three instability crite-
ria are met, if applicable. For HG donor stars, none of the sys-
tems we simulated experienced dynamical or OLOF evolution
before Mth,crit was reached. By contrast, we do find that our
quasi-adiabatic criterion (see Sect. 3.3) is consistently met for
systems where the mass-transfer rate runs away. Furthermore,
we find that mass transfer does not become unstable imme-
diately after the onset of RLOF, but that the binaries instead
experience a delayed instability (see e.g. Hjellming & Webbink
1987; Han & Podsiadlowski 2006; Pavlovskii & Ivanova 2015;
Ge et al. 2020). The amount of time it takes for mass transfer
to become unstable is generally a function of the mass ratio,
with the typical delay time being shorter in systems with more
extreme mass ratios.

We sometimes find systems with anomalous mass transfer
behaviour along the boundary between stable and unstable mass
transfer. During the rapid thermal part of the mass transfer, M
oscillates by up to three orders of magnitude, with an oscillation
period similar to the typical critical thermal timescale during that
phase. During several of the peaks in the mass-transfer rate, the
rate at which the donor star loses mass exceeds the critical ther-
mal rate (see Sect. 3.3). In these moments, the outermost layers
are stripped away quasi-adiabatically (as the surface layers read-
just on a longer timescale than the timescale of mass loss), and
the mainly radiative regions below the convective outer layers
briefly approach the surface. The donors recover as the mass-
transfer rate decreases and the convective part of the outer layers
regrows, restarting the cycle anew. After a few of these cycles,
the mass-transfer rate stabilises and follows the typical evolution
described in this section.

4.1.2. Giant donors

Donor stars that fill their Roche lobes as giants typically have
convective outer layers. Convective envelopes are effectively
isentropic (excepting the non-negligible superadiabatic region)
and therefore tend to expand relative to their Roche lobe upon
mass loss, resulting in higher, but shorter-lasting peaks in the
mass-loss rates. More evolved giant donors have shorter evolu-
tionary timescales and therefore higher mass-transfer rates, as
can be seen in Fig. 5. For the majority of giant donors in our
grid, we find that general properties of the mass-transfer evolu-
tion (such as duration and typical or peak mass-transfer rates)
are poorly captured by Eq. (6). This is because this type of for-
mula does not depend on properties of the binary systems, such
as the mass ratio or the amount by which the donor overflows its
Roche lobe, but only on global properties of the donor star (see
also e.g. Langer et al. 2000, who find a similar mismatch).
Unlike for HG donor stars, (Mg)yu for giant donors is
strongly dependent on the initial mass ratio and period of a
binary (see Fig. 6). This is especially true for the low-mass giants
(M4 < 2.5M,), where (My)ym can range from over two orders
of magnitude below to almost two orders of magnitude above
the global thermal rate of the donors. For the more massive
giants, the dependence on the initial mass ratio is less extreme.
The peak mass-transfer rate follows a very similar trend with
mass ratio and period, being about an order of magnitude higher
than (M) for unevolved giants, with the difference decreas-
ing for more evolved giant donors. Over the full mass range, the
mass-averaged mass-transfer rate tends to agree better with the
global thermal rate, and depends less strongly on mass ratio, with
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increasing donor radius. As we glescribe in more detail below,
even in the systems for which (Mg)\ > Mgy, mass transfer is
still self-regulating as long as the critical mass-transfer rate (see
Sect. 3.3) is not exceeded.

As for the less evolved donors discussed in Sect. 4.1.1, we
have marked in Fig. 5 when the binaries with giant donors meet
our instability criteria, if applicable. As Fig. 5f clearly illus-
trates, neither dynamical-timescale nor OLOF evolution neces-
sarily lead to unstable, runaway mass transfer. As we noted for
the HG donors, the mass transfer does typically turn unstable
when the critical thermal rate (as given in Eq. (9)) is exceeded.
As such, the dynamical and OLOF criteria should be interpreted
more as guidelines for when our 1D simulations start becoming
unrealistic, rather than actual physical stability criteria. This is
discussed further in Sect. 4.2.

Typically, stable mass transfer for giant donors continues until
nearly the entire envelope has been stripped. However, for rela-
tively unevolved RGB stars where helium is ignited under non-
degenerate conditions (in our grid this corresponds to My >
2.5 My; log Ter g 2 3.6) with mass ratios that are not too extreme
(My/M4 2 0.8), the donor star can start burning helium in its
core during mass transfer when there is still a significant amount
of mass left in the envelope. As a result, after shrinking within
their Roche lobes, which suspends the mass transfer, they evolve
through the HRD in a bluewards loop within the HG region, with-
out becoming hotter than the main-sequence band. The donor
stars can re-expand enough to refill their Roche lobes as partially
stripped AGB stars. The typical amount of mass left in the enve-
lope is around 30—40% of the total donor mass at that point.

Lastly, we find that the most evolved AGB donors in our
grid can experience TPs whilst transferring mass. As a result of
recurring He shell flashes, these donor stars experience cycles of
expansion and contraction. Consequently, also the mass-transfer
rate increases and decreases significantly during these cycles,
as visible in Figs. 5e and f. For many donor stars, the shrink-
age is significant enough to completely suspend mass transfer
temporarily. Additionally, for several systems, we find that the
expansion is large enough to drive mass transfer to higher rates
than during the rapid peak after the onset of RLOF.

4.2. Critical mass ratios

In this section we present our results for the critical mass ratios
introduced in Sect. 3. For mass ratios greater than these criti-
cal ratios (M,/My > q.iit), mass transfer was found to be stable
according to one of the three criteria we applied. In Fig. 7, we
present the critical mass ratios resulting from these criteria for
two representative ZAMS masses 1 My and 4 M.

For HG donor stars, we find that any mass transfer insta-
bilities set in well before their envelopes have become even
marginally convective. Hence, the response of these stars to mass
loss is essentially that of a donor star with a completely radiative
envelope. Therefore, mass transfer from HG donors is relatively
stable (see Sect. 3.3), with the typical quasi-adiabatic critical
mass ratio being around gq.q = 0.25, which agrees well with
values typically assumed for such donors (see e.g. Claeys et al.
2014). Our 1 My model with the smallest Roche radius, which
is classified as HG, behaves more like a convective donor star
(discussed in more detail below), due to the presence of a non-
negligible surface convection zone. As a result, this subgiant
donor has comparatively larger gq.q than the HG donor stars
discussed above. We were unable to determine ggy, and goLor
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Fig. 7. Critical mass ratios (above which mass transfer is stable) for 1 M,
and 4 M, donor stars as a function of donor radius, under different crite-
ria for stable mass transfer (see Sect. 3). The solid black line shows the
critical mass ratios resulting from our quasi-adiabatic criterion, with the
grey shading indicating the parameter space where mass transfer would
be unstable. The red lines show the critical mass ratios resulting from the
dynamical evolution criterion with Agy, = 0.01,0.05,0.25, as indicated
to the right end of the lines. The solid orange line shows the critical mass
ratios resulting from the OLOF-based criterion, and the solid blue line
and hatching show where the Darwin instability could be encountered
(see Sect. 5.2). The solid horizontal grey line shows where M,/My = 1,
and the dashed vertical grey lines show the end of the HG phase
(panel a and left line in panel b) and the tip of the RGB (panel b).

for any HG donor. In our simulations, the mass-transfer rate and
corresponding orbital evolution of the system never reach the
thresholds for dynamical mass transfer, as described in Sect. 3.1.
Similarly, our model HG stars never expand enough relative to
their Roche lobes to overflow their OL in these systems.

Also visible in Fig. 7b is the sharp transition between the HG
stars and giants, where the critical mass ratio abruptly increases
by a factor of roughly 3—4. This coincides with the region where
the structure of the outer layers of the donor stars changes sig-
nificantly as a function of stellar radius. A significant part of the
envelope of giant stars is already convective prior to the onset
of mass transfer. As discussed in Sect. 4.1, stars with convective
outer layers tend to expand in their initial response to mass loss
(note that even for polytropic models this behaviour depends on
the fractional core mass; see Hjellming & Webbink 1987) and
hence transfer mass occurs at higher rates compared to stars with
radiative envelopes. This results in significantly larger values for
the critical mass ratio (i.e. less stable mass transfer) for the least
evolved giants compared to the most evolved HG stars.

For giant stars, there is no visible discontinuity in gqaq val-
ues between donor stars filling their Roche lobes on the RGB,
and those that do so on the AGB. Whilst there are structural
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differences between stars in both phases, these are mainly in the
star’s core and burning shell(s). The outer layers are very sim-
ilar in structure and deeply convective on both giant branches,
and hence the trends in response to mass loss are very similar.
As donor stars become more evolved giants, their core mass
fraction increases (except for dredge-up events) and the local
thermal timescales in the outer layers decrease (raising Mth,crit).
Both have a stabilising effect on the mass transfer (see Sect. 3.3)
and g4,q decreases with increasing donor radius. For those donor
stars that fill their Roche lobes near the thermally pulsing part of
the AGB, the local thermal timescales in the outer layers relevant
for the response to mass transfer are short enough that ggqaq can
be even smaller than for HG donor stars.

With increasing donor radius on the RGB and AGB, the
dynamical timescale decreases and the mass-transfer rates
increase, while the donor stars extend further beyond their Roche
lobes. Therefore, both g4y, and goror typically follow a trend
Opposite to gqaq; these critical mass ratios generally increase with
both log R and My. In the systems with giant donors for which
we could not determine the critical mass ratios gq4yn and goror,
the mass transfer turned unstable and our MESA simulations
ended before the corresponding criteria could be reached, under
conditions in accordance with our quasi-adiabatic criterion (see
Sect. 3.3).

For our choice of Agy, = 0.05, the dynamical and OLOF-
based criteria result in similar critical mass ratios at the largest
radii (logR/Rs 2 1.5). At these initial donor radii, both of these
criteria are typically met during the mass transfer in binaries
where My > 2.5 M. We stress again, as discussed in Sect. 4.1
that in this regime (where typically gqd < ¢ < {gayn, goLOF})
we do not find the mass transfer to run away and become unsta-
ble. Instead, the mass transfer is self-regulating and proceeds in
a stable manner down to g = gqaq. However, in this part of the
parameter space, multiple assumptions in our calculations (such
as the Roche geometry and spherical symmetry) break down, and
our results start to become unreliable. As such, the OLOF and
dynamical criteria should be considered as indicators of where
1D-based calculations break down, rather than criteria for when
mass transfer turns unstable.

Also shown in Fig. 7 is the effect of choosing different values
for Agyn (see Eq. (2)). The choice of Agyn is somewhat arbitrary,
as, to the best of our knowledge, there does not exist an obvi-
ously most suitable value for it. Adopting a larger value of Agy,
means that the evolution of binaries must become more rapid in
order to be considered dynamical. This happens when the mass
ratios are more extreme, such that larger values of Agy, lead to
lower critical mass ratios.

We summarise our results for the critical mass ratios for the
full parameter space for all three stability criteria in Fig. 8. In gen-
eral, the critical mass ratios depend on the mass and radius of the
donor star when it fills its Roche lobe. However, the critical mass
ratios have comparable values for donor stars in similar evolu-
tionary stages. This holds especially well for the low-mass (M <
2 M,,) stars in our simulations. As described in more detail above,
the critical mass ratios vary with stellar radius and mass in system-
atic manners: gqaq is roughly constant for HG stars, increases by a
factor of 3—4 at the transition to the giant phase, during which ggaq
typically decreases with log Ry. The maximum value of gqaq gen-
erally decreases with My. The other critical mass ratios, gqy, and
qoLor follow the opposite trend and tend to increase with log Ry
and My. For most of the parameter space studied in this work, we
find that ggaq is smaller than 1, except for a small region where the
maximum critical mass ratio we find is 1.05.

5. Discussion

In this section we compare our results to prior literature, and to
commonly used critical mass ratios in BPS works. Furthermore,
we critically examine sources of uncertainty in our results, and
discuss several simplifying assumptions we made. We end by
outlining the implications of our results for CE evolution, and a
comparison of our results to observations.

5.1. Comparison to previous works

The classic work of Hjellming & Webbink (1987, hereafter
HW&7) provides systematic values for the critical mass ratio and
adiabatic mass-radius exponent {,q for a wide parameter space.
The authors approximated the structure of giant stars as con-
densed polytropes that respond to mass loss adiabatically. By
comparing the response of the stellar radii to the response of the
Roche lobe, the authors derived critical mass ratios for dynami-
cally unstable mass transfer as a function of the core mass frac-
tion. We fitted their results (provided in Table 3 of HW&7) by
the following function, which is accurate to within 0.5% over
the full range:

(1 — m}-533)0.924

qermwsy = 1.577 - (11)

1+ m0o

where m. denotes the core mass fraction and ¢ = M,/My, as
before. We assume the core mass fraction to be the same function
of initial donor mass and radius as in our single-star models, and
compare g gws7 to our results in Figs. 9a and b. We find that our
critical mass ratios are significantly lower over the full parameter
range studied in this work (i.e. we find mass transfer to be more
stable than predicted by HW87), in qualitative agreement with
earlier work. The difference increases with the radius at which
the donors fill their Roche lobes. Our calculations do not assume
that the donor star responds adiabatically and we find that our
donor stars can find a state of self-regulating mass transfer down
to significantly lower mass ratios. Whereas virtually all critical
mass ratios of HW87 for the parameter space studied here are
above unity, our results indicate that gq.q < 1 (see Sect. 4.2).
Rapid BPS codes typically rely on simplified prescriptions for
either the critical mass ratios or {,4. The resulting boundaries for
stable mass transfer are a collection of several literature values
and fits, which are not necessarily consistent with one another in
terms of the assumptions made in their derivation. We compare
our results to the prescriptions for the critical mass ratios used
in the binary_c code (see Izzard et al. 2004, 2018, and refer-
ences therein) as given in Table 2 of Claeys et al. (2014). These
critical mass ratios are based on Hurley et al. (2002), who use
approximate fits to single stellar models to obtain £, (the response
of a donor star’s equilibrium radius) for giants, and assume that
{ad = {eq- Thisis the default prescriptioninbinary_c, but we note
that other options are available to users. Additionally, we com-
pare our results to the prescriptions for the {,q values used in the
SeBa code (Portegies Zwart & Verbunt 1996; Toonen et al. 2012,
as listed in Table A.1 of the latter). The SeBa code relies on the
results from HW87 for giants with deeply convective envelopes,
and employs a constant ¢ = 4 for HG stars, as well as giants
with shallow convective envelopes. As before, we use the core
mass fraction and donor mass as a function of donor radius from
our own single-star simulations. We convert the aforementioned
expressions for {4 to critical mass ratios using the relations pre-
sented in Soberman et al. (1997), under the assumption of conser-
vative mass transfer, appropriate for comparison to our results.
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Fig. 8. Critical mass ratios (g, Where ¢ = M, /M) for all our binary models as interpolated contours. The three panels show critical mass ratios
derived using different criteria (outlined in Sect. 3), as indicated at the top of each panel. The colour shows the value of the critical mass ratio,
following the colour bar at the top of the figure. The results shown in panel b are for Ay, = 0.05. The green dashed lines show the donor radii
corresponding to the end of the main sequence (TAMS), the base of the RGB (BRGB), and the tip of the RGB (TRGB), from bottom to top.

For HG donor stars, the critical mass ratios of binary_c are
similar to our results, whilst those from SeBa are systematically
larger, as can be seen in Figs. 9a and b. The transition from radia-
tive to convective stars occurs at different radii between the two
BPS codes and our models. In part, this is because SeBa employs a
different prescription to determine beyond which radius the giants
respond as convective stars during mass loss. For the giant stars,
the critical mass ratios are lower in SeBa than in binary_c. This
difference results from the assumption made in binary_c that
fad = Leq, Whereas in reality g > {oq. Both sets of values,
however, are significantly larger than ours, by a factor of ~2-3.
Whereas we find a strong decrease in the critical mass ratio along
the giant branches, such a decrease with radius is much milder or
absent in both BPS codes (except for the occasional jump due to
dredge-ups). This suggests that predictions based on these pop-
ular rapid BPS models not only assume mass transfer to be less
stable than we conclude, but also miss an important systematic
effect in mass-transfer stability as a function of the donor radius
at the onset of RLOF.

We next compare to results from various model calcula-
tions that do not implicitly assume an adiabatic response of the
donor. By computing binary evolution models with the STARS /ev
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code (Eggleton 1971; Polsetal. 1995; Glebbeek et al. 2008),
Chen & Han (2008, hereafter CHOS8) find the critical mass ratios
for a similar parameter space as ours. Their results for giant stars
exhibit a trend mostly opposite to our quasi-adiabatic critical mass
ratios, more akin to our OLOF and dynamical criteria, and are typ-
ically larger than ggaq (see Figs. 9c and d). This might be due to
the different way the mass-transfer rate is computed in their evo-
lution code, which we discuss in more detail in Sect. 5.2.3. For
their most evolved donor stars, the critical mass ratios found by
CHO8 exceed those from HW87 and those used in SeBa.

The same STARS/ev code, along with a ‘standard Henyey-
type code’ (more details in Ivanova & Taam 2004) was used by
Woods & Ivanova (2011, hereafter WI11) to perform a similar
analysis. These authors focused on demonstrating the impor-
tance of the superadiabatic surface layer for the response of giant
donors to mass loss and, as such, the parameter space they study
is limited. The critical mass ratios they find follow a trend simi-
lar to those found by CHO8, but offset to lower mass ratios. This
offset could be explained by the difference in choice for the free
parameter C in the expression for the mass-transfer rate (C = 1
in WI11 whilst C = 500 in CHOS; see these works for more
details), which according to the authors affects mass-transfer
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Fig. 9. Comparison of our results to the default sets of critical mass ratios (M,/M,) implemented in the SeBa and binary_c rapid BPS codes and
those found in detailed theoretical modelling efforts as a function of donor star radius. Each line corresponds to the source with the same style in
the legend. As in Fig. 7, the solid black line and grey shading indicate the part of the parameter space that would lead to unstable mass transfer

according to our quasi-adiabatic criterion.

stability (but see Sect. 5.2.3). For low-mass stars, their critical
mass ratios are significantly larger than the ones presented in
this work, but they are more comparable for intermediate-mass
stars, at least in the limited parameter space for which they were
computed.

Pavlovskii & Ivanova (2015, hereafter PI15) studied the
response of giant stars to mass loss in a similar manner as this
work. These authors used a modified version of MESA for their
simulations, with a set-up and physical parameters comparable
to our simulations. The main differences between their simu-
lations and ours are their inclusion of hydrodynamic terms in
the stellar structure and evolution equations, and their modifi-
cations to the Kolb & Ritter (1990) mass-transfer scheme (see
Sect. 5.2.3). We compare our results to the critical mass ratios of
Pavlovskii & Ivanova (2015) as approximated by their ‘L,/L3-
overflow condensed polytrope simplification’ results, which we
extracted from their Fig. 15. Because their criterion for unstable
mass transfer is based on L, /Ls-overflow, we would expect it to
be quantitatively similar to our OLOF criterion (see Sect. 3.2).
Our values for gopor follow a similar trend to the critical mass
ratios of Pavlovskii & Ivanova (2015), but with a substantial off-
set to larger values by A(M,/My) ~ 0.15 or more.

However, as can be observed in Fig. 14 of PI15, their L,/Ls-
overflow condensed polytrope simplification estimate of the crit-
ical mass ratios is not always consistent with their detailed
calculations. In the case of a 1 My, 100 R, giant, our critical

mass ratio for OLOF agrees very well with their detailed result,
even though the difference between our result and their sim-
plified approximation is significant. For this specific case their
calculations for the mass-transfer rate and amount of overflow
(as shown in their Fig. 12) also agree very well with ours. On
the other hand, for less evolved 1 My donor stars, their simpli-
fied approximation is closer to the results from their detailed
calculations. Likewise, for a 2 M donor star shown in their
Fig. 14, the difference between their detailed calculations and
their simplified approximation depends on the donor radius.
Hence, the difference between our results and theirs cannot
always be explained by this simplification. Lastly, these authors
do not appear to encounter the limitation set by the critical ther-
mal rate, although it is unclear why.

In a series of works focusing on the systematic study of
mass-losing stars in binaries, which are similar in spirit to HW87
but do not rely on polytropic approximations, Ge et al. (2010,
2015, 2020) infer critical mass ratios from simulations of sin-
gle stars. Under the assumption that the donor stars respond to
mass loss adiabatically, the critical mass ratios are determined
as the smallest mass ratio for which the mass-transfer rate does
not exceed the global KH limit. They calculate the mass-transfer
rate using a prescription very similar to to our Kolb scheme. The
resulting critical mass ratios (g,q in Ge et al. 2010, 2015, 2020)
are very similar to our gqaq for HG stars, but different for giants.
For giant donors, both sets of results follow a similar trend, but
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our critical mass ratios are systematically smaller by an almost
constant difference A(M,/M,4) ~ 0.2, meaning we typically find
mass transfer to be more stable. Since we do not impose an adi-
abatic response on our donor stars, mass transfer can remain sta-
ble even when the mass-transfer rate greatly exceeds the global
KH rate, as shown in Sect. 4.1. Instead, we find that the limit-
ing mass-transfer rate is best taken to be one set by the shortest
local thermal timescale in the envelope’s superadiabatic layers.
To investigate whether this could be contributing to the differ-
ence between our results and those of Ge et al. (2010, 2015,
2020), we re-define our critical mass ratios in a similar manner
to theirs; by setting the limiting mass-transfer rate to the global
KH rate instead. We find that this leads to very similar critical
mass ratios for low-mass stars (Mg < 2 M), although our crit-
ical mass ratios deviate more from their results for larger initial
donor masses.

In addition to their models with a realistic envelope structure,
Ge et al. (2010, 2015, 2020) constructed adiabatic mass loss
sequences involving stars with artificially isentropic envelopes,
thus neglecting the superadiabatic layers. This is intended to
mimic the effect of thermal relaxation of the surface layers (as
shown in Fig. 2 of WI11 and our Fig. 2). The resulting critical
mass ratios based on these isentropic envelope models (§,q; the
red dashed lines in Figs. 9c and d) are much more similar to our
set of gqaq values than the Ge et al. (2020) values based on more
realistic envelopes (g4, red solid lines in Figs. 9c and d). Appar-
ently the effects of the two approximations made by Ge et al.
(neglect of thermal relaxation in the outer layers, and neglect of
the superadiabatic envelope structure) nearly compensate each
other to give critical mass ratios very similar to our more realistic
assumptions. We also note that, in Fig. 9d, the results of Ge et al.
(2010, 2015, 2020; both g,q and G.q) are shifted to somewhat
larger radii compared to our gq,q values. This is probably due
to differences in the physical assumptions made in the calcula-
tions regarding the amount of overshooting, the adopted mixing
length and/or wind mass loss.

5.2. Limitations of the model

Here, we outline the most important simplifications we made
in our calculations, and discuss how varying these might affect
our results.

5.2.1. Treatment of the accretor and mass-transfer efficiency

We have ignored the evolution of the accretor in this work, treat-
ing it as an all-accreting point mass. However, at sufficiently high
mass-transfer rates, accreting stars are unable to readjust their
structure on timescales shorter than the mass transfer timescale,
such that the accretor will be significantly brought out of ther-
mal equilibrium. For those accreting main-sequence stars that
have radiative envelopes (M, = 1.5 M), this causes substan-
tial expansion of the accretor star beyond its main-sequence
radius (Kippenhahn & Meyer-Hofmeister 1977; Neo et al. 1977,
Packet & De Greve 1979). As a result, the secondary may fill
its own Roche lobe, leading to the formation of a contact
binary (Pols 1994; Wellstein et al. 2001). Although such a con-
tact configuration does not necessarily lead to a CE, it could
lead to OLOF from the accretor, and thus to non-conservative
mass transfer (Marchant et al. 2016). Nonetheless, some stel-
lar systems have been explained as a consequence of orbital
instability after the accreting star expands into contact, includ-
ing some apparently post-merger stars (e.g. Langer & Heger
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1998; Justham et al. 2014), and close hot-subdwarf binaries
(Justham et al. 2011).

Such a contact configuration may be avoided if stellar rota-
tion is included. During mass transfer, the accreting star not
only gains mass, but also angular momentum, which causes it
to rotate faster. As the accretor spins up, the accretor’s surface
rotation rate can eventually exceed the rotational break-up rate.
It has been demonstrated (Packet 1981) that very little mass is
required to spin up an accreting star to this break-up speed.
Binary evolution models in which this effect is accounted for
(Petrovic et al. 2005; de Mink et al. 2013) predict almost fully
non-conservative mass transfer in massive binaries (however,
also see Deschamps et al. 2013, for a different view). Addi-
tionally, rapid accretion could potentially produce strong winds
and/or jets from an accreting main-sequence star (as seen in
some binary post-AGB stars; see e.g. Van Winckel 2018).

Observational evidence supports a wide range of mass-
transfer efficiencies, from almost conservative to almost fully
non-conservative (see e.g. the references above and (De Greve
& Linnell 1994; Nelson & Eggleton 2001; de Mink et al. 2007;
Schootemeijer et al. 2018; Vinciguerra et al. 2020). Additionally,
different forms of non-conservative mass transfer would have very
different associated AM loss, which would affect the orbital
evolution of the binaries. These remain as-of-yet unsolved
problems in the evolution of interacting binary systems. Non-
conservativeness during mass transfer, whether for the reasons
just described or otherwise, affects the orbital evolution. In this
work, we have assumed all of the mass transferred from the
donor to be accreted by its companion. As mentioned in Sect. 2,
under the often-made assumption that mass leaving the sys-
tem carries with it the specific orbital angular momentum of
the accreting star, the fully conservative case is expected to
be the least stable one, based on orbital evolution arguments.
As such, our results would provide an upper limit on the crit-
ical mass ratios separating stable and unstable mass transfer.
We investigated the effects of non-conservative mass transfer
by re-simulating a selection of systems representative of the
full span of our parameter range with different (constant) mass-
transfer efficiencies. We find that our completely conservative
mass transfer calculations indeed provide a lower limit on the
stability boundary.

5.2.2. Tidal interactions

Tidal interactions can act to affect the orbital evolution and there-
fore, potentially, the stability of mass transfer. For example, in
close binaries, tidal interaction with the companion can transfer
spin angular momentum back into the orbit, possibly preventing
critical rotation. The effect of spin-orbit coupling on mass trans-
fer was studied in detail by Misra et al. (2020), in the context of
low- and intermediate-mass X-ray binaries containing neutron
star accretors. They found that the inclusion of tidal interactions
only had a minor effect on the stability of mass transfer. Since, in
most of our systems, the main-sequence accretors are relatively
compact compared to their post-MS companions, we conclude
that the inclusion of spin-orbit coupling would not significantly
alter our results or main conclusions. However, at sufficiently
small mass ratios, tidal spin up of the donor star can lead to an
ever growing orbital angular frequency, decreasing the orbital
separation in a spiral-in manner. This phenomenon, known as
the Darwin instability (see e.g. Darwin 1879; Counselman 1973;
Hut 1980), occurs when the spin angular momentum of one of
the binary components exceeds one third of the binary orbital
angular momentum. Our calculations do not take this instability
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into account, but we estimate in which part of the parameter
space it is expected to occur and where tidal effects may affect
our results significantly. To that end, the donor radius at the
moment it fills its Roche lobe should not exceed

=

Ri 150 SN
—= 3201 +47H) (12)
in order to avoid a Darwin instability (e.g. Darwin 1879;
Eggleton & Kiseleva-Eggleton 2001; MacLeod et al. 2017).
Here, ry is the donor stars” dimensionless radius of gyration (ré

. . L M, .
is defined as its moment of inertia I = %" A ¢ p(ryr*dr, divided

by MdRﬁ). We equate this expression to Eq. (1), and solve for ¢
using our single-star models that form the initial configuration of
our binary simulations. The resulting critical mass ratio for the
Darwin instability is shown as a blue line in Fig. 7. As can be
seen in that figure, the Darwin instability occurs only for mass
ratios below our critical values for stable mass transfer, except
perhaps in the most evolved intermediate-mass giants. There-
fore, we do not expect the inclusion of tidal affects would alter
our main results and conclusions.

5.2.3. The mass-transfer scheme

The comparison of our results to the literature in Sect. 5.1 sug-
gests that the method used to calculate the rate of mass trans-
fer can have strong effects on the stability of the RLOF, at least
for evolved giant donors. In this work we used the prescrip-
tion given in Kolb & Ritter (1990) as implemented in MESA
(Paxton et al. 2015; the Kolb scheme). This method treats mass
transfer as resulting from a laminar, subsonic flow along equipo-
tential surfaces in the layers of the donor star that exceed the
Roche lobe, towards the nozzle around the L; point. For the high
mass-transfer rates that are relevant here, these layers are opti-
cally thick and the flow is assumed to be adiabatic with a con-
stant adiabatic index. The vertical stratification of these layers is
assumed to be hydrostatic and taken from the 1D stellar (MESA)
model, so that the method explicitly takes into account the den-
sity structure in the overflowing layers.

By contrast, in some of the literature we compared with
(in particular the studies of CHO8 and WI11) the mass-transfer
rate is taken to be a function of only the over-extension of the
photospheric radius of the donor star beyond its Roche radius
(i.e. My o< [(Rg — RL)/RL1?). Such a relation is expected if the
outer layers have a polytropic structure with index n = 1.5
(Paczynski & Sienkiewicz 1972), which would be appropriate
for an adiabatically stratified convective envelope. However, the
proportionality factor is taken to be a constant free parameter
(C) rather than calculated from the physical properties of the
outer layers. This approach is sufficient for relatively unevolved
donor stars with mass transfer on a thermal or nuclear timescale,
where the resulting mass-transfer rate is insensitive to the precise
method of computation (Kolb & Ritter 1990). On the other hand,
for evolved red giants this simple approach can be problem-
atic, for two reasons. Firstly, the outer envelopes of an extended
convective giant are not adiabatically stratified but substantially
superadiabatic. Secondly, the layers close to the photosphere
have very low density and a pressure scale height that can be
a substantial fraction of the stellar radius. This means that these
stars must typically extend significantly past their Roche lobes
for mass to be transferred at or above the KH rate. This is not
taken into account in the simplified prescription used by for
example, CHO8 and WI11, which could therefore yield mass-
transfer rates that are too high. This could explain why such

studies result in larger critical mass ratios than our results, and
why the difference grows with increasing radius (Figs. 9c and
d). Conversely, the similar trend of critical mass ratio with stel-
lar radius found by Ge et al. (2020) could result from their use of
a method to compute the mass-transfer rate very similar to our
Kolb scheme.

More recent work by Pavlovskii & Ivanova (2015) and
Marchant et al. (2021) improved the Kolb & Ritter (1990)
method for calculating the mass-transfer rate by taking into
account the detailed shape of the Roche potential around L; and
not approximating overflowing optically thick layers as an ideal
gas, computing P/p from their detailed stellar models instead.
These modifications are not expected to significantly change our
results, as ideal-gas pressure always dominates in the outer lay-
ers of a red giant, and the effect of the improved L, geometry is
small for mass ratios that are not too extreme (see Appendix A
of Marchant et al. 2021). Indeed, for a 1 My, 100 R, giant donor
we find almost the same mass-transfer rate and RLOF factor as
Pavlovskii & Ivanova (2015, their Fig. 12).

Nevertheless, we should consider that other assumptions
made in the Kolb & Ritter (1990) method may break down for
evolved, very extended giants transferring mass at high rates.
The assumed laminar flow may become turbulent and the struc-
ture of the overflowing layers may no longer be in hydrostatic
equilibrium, even at locations far away from L;. A 3D hydrody-
namical treatment of the flow may be required to compute the
mass-transfer rate in this case, and may lead to a different rela-
tion between M and the degree of Roche-lobe overfilling, poten-
tially affecting the resulting critical mass ratios for all three cri-
teria we consider in this paper.

5.2.4. Convection

Lastly, an appropriate description of convection is essential to
determine the structure of a red giant. A reliable treatment of
superadiabatic convection would require 3D hydrodynamical
and radiation transport calculations (e.g. Freytag & Salaris 1999;
Trampedach et al. 2014; Magicetal. 2015; Goldberg et al.
2022). A widely adopted solution within current 1D stellar evo-
lution codes is different variants of the mixing-length theory
(MLT; Bohm-Vitense 1958), a simplified analytical formulation
of the problem. Whilst effective and widely in use, the MLT
might not always be an appropriate treatment, especially in the
scenarios considered here. Even for single-star models, studies
such as the aforementioned Goldberg et al. (2022) show that the
more realistic near-surface structure of giants can differ from
those calculated using the MLT framework. Moreover, MLT
implicitly assumes that the convective region is in a steady state,
or at least that the timescale of change is much longer than the
convective turnover time. In our simulations, as the evolution of
the donor approaches the dynamical timescale, the timescale of
the evolution becomes similar to or shorter than the convective
turnover time when subsonic convective velocities are assumed.
In this regime the approximations in MLT might be so inappro-
priate as to diminish the validity of our results.

5.3. Implications for common envelope evolution

In this work we have studied mass transfer in low- and
intermediate-mass binaries and calculated three different critical
mass ratios for stable mass transfer, corresponding to the three
criteria described in Sect. 3. For systems with g < gqa4, unstable,
runaway mass transfer appears to be guaranteed and will almost
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inevitably lead to a CE. This is broadly consistent with observa-
tional constraints from post-CE binaries (see Sect. 5.4).

However, our models cannot always provide a definite pre-
diction of the outcome of mass transfer in binaries with g > ggaq.
This is partly because of the limitations discussed in Sect. 5.2.
The outcome of mass transfer in systems with gq¢ < ¢ <
{qayn> goLor} 1s particularly uncertain. In our models we find self-
regulated mass transfer in this regime, albeit at very high rates,
and we were able to simulate the entire mass transfer for most
of these systems. One has to keep in mind, however, that we
did not simulate OLOF and its effects on the orbital evolution of
the binaries in this work, and the MESA code (in part due to its
1D nature) is not designed to simulate the types of rapid binary
interactions that occur in systems with ¢ < gayn. Additionally,
and perhaps more importantly, the outcome of mass transfer in
such cases will crucially depend on the reaction of the accre-
tor, which we did not take into account. The very high mass-
transfer rates suggest that very little transferred material can be
directly accreted by the companion star, and the excess material
may rapidly fill the Roche lobe of the companion. Whether this
leads to the onset of a CE followed by a spiral-in or to some
other, less dramatic form of non-conservative mass transfer can-
not be predicted from our models.

Finally, systems that can be classified as stable by all three of
our criteria have the best prospects of avoiding a CE altogether.
This by itself would significantly enlarge the parameter space
for stable mass transfer compared to what is currently assumed
in many popular rapid BPS codes.

5.4. Comparison with observed systems

To check that our results are consistent with expectations from
observations, we compare our theoretical predictions to the sam-
ple of 62 post-common-envelope binaries (PCEBs) constructed
by Zorotovic et al. (2011). The pre-CE properties of the binaries
were inferred by the authors as follows. For each binary in the
sample, the mass of the white dwarf was assumed to be equal
to the pre-CE core mass of the donor star, and the mass of the
companion star was assumed to be unchanged by the CE event.
The single-star evolution code from Hurley et al. (2000) and
the envelope binding energy prescription from Zorotovic et al.
(2010), where the energy used to unbind the envelope is assumed
to be a fraction a of the change in orbital energy during the
spiral-in, were employed to calculate the pre-CE mass and radius
of the donor star. These were then used to calculate the mass
ratios at the onset of the ultimately unstable mass transfer (gops),
which are shown in Fig. 10 with purple crosses. We note that the
assumption made by Zorotovic et al. (2011) is that all the sys-
tems in their catalogue indeed experienced a CE. For IK Peg,
we are not convinced this is indeed the most plausible formation
scenario, given its wide current period of 21.7 days.

Also shown in Fig. 10 by dark grey shading are our the-
oretical predictions for the range of mass ratios that lead to a
CE, based on our gg,q for the assumed pre-CE donor mass and
radius. The typical inferred progenitor of these systems is an
evolved giant, in some cases on the thermally pulsing phase on
the asymptotic giant branch (TPAGB), which means that we can-
not always compare their inferred properties to our predictions,
because we do not model mass transfer that begins during the
TPAGB phase of our donor stars. Of those observed PCEBs for
which comparison to our predictions is possible, we find that 33
out of 41 systems (roughly 80%) have gops < gqaq, that is, they
are consistent with our predictions for when a CE is unavoid-
able. However, only for two of the eight systems with gobs > gqaa
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(EG UMa and IN CMa) we find this difference to be significant.
Because uncertainties on the inferred pre-RLOF mass ratios are
not provided in Zorotovic et al. (2011), we estimated them in
the following manner. We use the provided uncertainties on the
observed white-dwarf mass and companion mass, as well as the
range of values for the @ parameter that Zorotovic et al. (2010)
claim can reproduce all the systems in this sample: 0.2 < @ < 0.3
(though we note that for each individual system the range of «
values the authors allow is much larger). Then, varying these
parameters over their respective ranges of uncertainty individu-
ally and independently, we solved Egs. (3)—(6) in Zorotovic et al.
(2010) to derive an estimate of the uncertainty on gps. For six of
the eight systems with gops > ggaq the difference with our results
is within this uncertainty. All eight systems furthermore have
Gobs < {qoLOF; gdyn}, meaning that these systems are all consis-
tent with stability limits derived from those criteria. However, as
we stress in Sect. 5.3, this by itself does not necessarily mean
a CE is unavoidable based on our results. All things considered,
our predictions for the stability of mass transfer agree reasonably
well with the inferred properties of PCEBs.

Figure 10 also shows critical mass ratios from literature, sim-
ilar to Fig. 9. As it can be seen, the inferred pre-CE mass ratios
are in all cases smaller than the critical mass ratios derived in
these previous studies. This is not surprising given that our gqaq
values tend to be smaller than those from the literature.

6. Conclusions

We have performed a systematic theoretical investigation of
the critical mass ratios for stable mass transfer in low- and
intermediate-mass binaries. We used the MESA stellar evolution
code to simulate the mass-transfer evolution of 1404 binaries,
with post-MS donor stars ranging from 1 M, up to and including
8 M, and with a wide range of mass ratios and orbital periods.

We explored three different criteria for identifying unstable
mass transfer. Two are well-known and commonly used crite-
ria, based on dynamical-timescale evolution and OL overflow by
the donor star. Additionally, we used a criterion based on the
transition to an effectively adiabatic response by the donor star,
which takes the thermal response of the outermost layers into
account when the timescale of mass transfer is so short that the
relevant near-surface layers can no longer radiate away signifi-
cant entropy before being lost. We find that this third criterion
most consistently corresponds to the boundary between the stable,
self-regulated mass transfer and unstable, runaway mass transfer
shown by our mass-transfer simulations. For many cases of mass
transfer from red giant donors where either the evolution acceler-
ates to a dynamical timescale or the donor star swells far enough
beyond its Roche lobe to fill its OL, or both, we find that the mass
transfer can still be self-regulating and stable in our calculations.
Rather than robust criteria for unstable mass transfer, these lat-
ter two should instead be employed to estimate where 1D stellar
evolution codes might become unreliable in this context.

Therefore, our results should be interpreted with care. It is safe
to assume that systems that can be classified as stable by all three
criteria we employed will avoid a CE due to the response of the
donor star. Similarly, binaries with ¢ < g4.q can surely be expected
to encounter unstable mass transfer, leading to a CE. However, for
binaries with ggaa < ¢ < {¢ayn. goLor}, the outcome is still uncer-
tain, owing to the limitations of our simulations. These include
the fact that we did not evolve the accretors and only considered
conservative mass transfer using the 1D MESA code.

In summary, our results confirm those of previous studies:
typical assumptions of polytropic donor star structure and an
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Fig. 10. Comparison of our results to observationally derived mass ratios. The purple ‘x’ markers indicate mass ratios of systems at the onset of
mass transfer, inferred from observations of post-CE binaries. Different shades of grey show mass ratio ranges leading to unstable mass transfer
based on the different criteria studied in this work, as indicated in the legend, interpolated to the properties of each system. The coloured symbols
correspond to interpolated critical mass ratios based on results from a variety of sources, as indicated in the legend using the same abbreviations

for literature sources as in the text and as used in Fig. 9.

adiabatic response of the donor star, on which prescriptions used
in many rapid BPS models are based, severely underestimate the
stability of mass transfer from giant donors. Additionally, com-
pared to studies that assume the donor always responds to the loss
of mass fully adiabatically, we find mass transfer to be more sta-
ble. Because we do not impose an adiabatic response of the donor
star, the sub-surface layers of giants with convective envelopes are
allowed to respond to mass loss on their short thermal timescales.
This postpones a fully adiabatic response and allows stable mass
transfer up to a critical mass-transfer rate, which is several orders
of magnitude higher than the global KH rate.

We compared our theoretical limits for stable mass transfer
to the Zorotovic et al. (2011) sample of PCEBs with inferred
pre-RLOF properties, and we find them to be in good agree-
ment. Our results have important consequences for interacting
binaries. Typically, the critical mass ratio we find is significantly
lower than currently assumed in population calculations, mean-
ing an increase in the number of systems predicted to avoid a
CE can be expected. Additionally, we find that the critical mass
ratio decreases with donor radius along the giant branch much
more strongly than in the typical assumptions made in rapid BPS

codes. This would change the properties of post-mass-transfer
populations in a rather complicated manner that is important to
explore in more detail in the future.

Acknowledgements. The authors express gratitude to the anonymous ref-
eree, whose comments helped improve the quality of this work. K.D.T.
furthermore sincerely thanks Jakub Klencki for many informative discus-
sions and valuable advice regarding proper MESA usage and binary stellar
simulations in general, and Evan Bauer for much-appreciated help under-
standing MESA logs and fixing errors. Lastly, K.D.T. thanks Rob Farmer,
Glenn Oomen, Ylva Gotberg and Mathieu Renzo for advising on more
specific issues. Parsing of the data from MESA simulations was done
using Rob Farmer’s mesadata module. K.D.T. acknowledges support from
NOVA. S.J. acknowledges funding from the Netherlands Organisation for
Scientific Research (NWO), as part of the Vidi research program Bin-
Waves (project number 639.042.728, PI: de Mink). A.G.I. acknowledges
support from the Netherlands Organisation for Scientific Research (NWO).
This research made use of the following Python (Python Software Founda-
tion, https://www.python.org/) software packages and tools: matplotlib
(Hunter 2007), SciPy (Virtanen et al. 2020), IPython (Pérez & Granger 2007),
NumPy (Van Der Walt et al. 2011) and Pandas (McKinney 2010). The software
references above were gathered from the Astronomy Acknowledgement Gener-
ator (http://astrofrog.github.io/acknowledgment-generator/).

A45, page 17 of 20


https://www.python.org/
http://astrofrog.github.io/acknowledgment-generator/

A&A 669, A45 (2023)

References

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016, ApJ, 818, L22

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017, ApJ, 850, L40

Abt, H. A. 1983, ARA&A, 21, 343

Abt, H. A., & Levy, S. G. 1976, ApJS, 30, 273

Amaro-Seoane, P., Andrews, J., Arca Sedda, M., et al. 2022, Liv. Rev. Relat.,
submitted [arXiv:2203.06016]

Asplund, M., Grevesse, N., Sauval, A. J., & Scott, P. 2009, ARA&A, 47, 481

Bloecker, T. 1995, A&A, 297, 727

Bohm-Vitense, E. 1958, ZAp, 46, 108

Bowler, M. G. 2010, A&A, 521, A81

Chen, X., & Han, Z. 2008, MNRAS, 387, 1416

Choi, J., Dotter, A., Conroy, C., et al. 2016, ApJ, 823, 102

Christensen-Dalsgaard, J. 2015, MNRAS, 453, 666

Claeys, J. S. W., Pols, O. R., Izzard, R. G., Vink, J., & Verbunt, F. W. M. 2014,
A&A, 563, A83

Counselman, C. C., III 1973, ApJ, 180, 307

Cowley, A. P. 1965, ApJ, 142, 299

Cowley, A. P.,, Hutchings, J. B., & Popper, D. M. 1977, PASP, 89, 882

Darwin, G. H. 1879, Proc. R. Soc. London Ser. I, 29, 168

De Greve, J. P,, & Linnell, A. P. 1994, A&A, 291, 786

de Mink, S. E., Pols, O. R., & Hilditch, R. W. 2007, A&A, 467, 1181

de Mink, S. E., Langer, N., Izzard, R. G., Sana, H., & de Koter, A. 2013, ApJ,
764, 166

Deschamps, R., Siess, L., Davis, P. J., & Jorissen, A. 2013, A&A, 557, A40

Duquennoy, A., & Mayor, M. 1991, A&A, 248, 485

Eggleton, P. P. 1971, MNRAS, 151, 351

Eggleton, P. P. 1983, Apl, 268, 368

Eggleton, P. P., & Kiseleva-Eggleton, L. 2001, ApJ, 562, 1012

Eggleton, P. P., & Tout, C. A. 1989, Space Sci. Rev., 50, 165

Freytag, B., & Salaris, M. 1999, ApJ, 513, L49

Ge, H., Hjellming, M. S., Webbink, R. F., Chen, X., & Han, Z. 2010, ApJ, 717,
724

Ge, H., Webbink, R. F,, Chen, X., & Han, Z. 2015, ApJ, 812, 40

Ge, H., Webbink, R. F,, Chen, X., & Han, Z. 2020, ApJ, 899, 132

Glebbeek, E., Pols, O. R., & Hurley, J. R. 2008, A&A, 488, 1007

Goldberg, J. A., Jiang, Y.-F., & Bildsten, L. 2022, ApJ, 929, 156

Han, Z., & Podsiadlowski, P. 2006, MNRAS, 368, 1095

Han, Z., Tout, C. A., & Eggleton, P. P. 2000, MNRAS, 319, 215

Han, Z., Podsiadlowski, P., Maxted, P. F. L., Marsh, T. R., & Ivanova, N. 2002,
MNRAS, 336, 449

Han, Z., Podsiadlowski, P., Maxted, P. F. L., & Marsh, T. R. 2003, MNRAS, 341,
669

Harmanec, P. 1970, Bull. Astron. Inst. Czechoslov., 21, 113

Hjellming, M. S., & Webbink, R. F. 1987, ApJ, 318, 794

Hunter, J. D. 2007, Comput. Sci. Eng., 9, 90

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

Iben, 1. 1968, Nature, 220, 143

Iben, 1., Jr., & Tutukov, A. V. 1984, ApJS, 54, 335

Ivanova, N., & Taam, R. E. 2004, ApJ, 601, 1058

Ivanova, N., Justham, S., Avendano Nandez, J. L., & Lombardi, J. C. 2013,
Science, 339, 433

Ivanova, N., Justham, S., & Ricker, P. 2020, Common Envelope Evolution, 2514-
3433 (IOP Publishing)

Izzard, R. G., Tout, C. A., Karakas, A. 1., & Pols, O. R. 2004, MNRAS, 350, 407

Izzard, R. G., Preece, H., Jofre, P., et al. 2018, MNRAS, 473, 2984

Justham, S., Podsiadlowski, P., & Han, Z. 2011, MNRAS, 410, 984

Justham, S., Podsiadlowski, P., & Vink, J. S. 2014, ApJ, 796, 121

King, C. R., Da Costa, G. S., & Demarque, P. 1985, ApJ, 299, 674

Kippenhahn, R., & Meyer-Hofmeister, E. 1977, A&A, 54, 539

Kippenhahn, R., Kohl, K., & Weigert, A. 1967, ZAp, 66, 58

Kippenhahn, R., Weigert, A., & Weiss, A. 2012, Stellar Structure and Evolution
(Berlin, Heidelberg: Springer-Verlag)

Kolb, U., & Ritter, H. 1990, A&A, 236, 385

Langer, N., & Heger, A. 1998, in B[e] Stars, eds. A. M. Hubert, & C. Jaschek,
Astrophys. Space Sci. Lib., 233, 235

Langer, N., Fricke, K. J., & Sugimoto, D. 1983, A&A, 126, 207

Langer, N., Deutschmann, A., Wellstein, S., & Hoflich, P. 2000, A&A, 362, 1046

Ledoux, P. 1947, ApJ, 105, 305

Leiner, E. M., & Geller, A. 2021, ApJ, 908, 229

Linial, I., & Sari, R. 2017, MNRAS, 469, 2441

MacLeod, M., Macias, P, Ramirez-Ruiz, E., et al. 2017, ApJ, 835, 282

Magg, E., Bergemann, M., Serenelli, A., et al. 2022, A&A, 661, A140

A4S, page 18 of 20

Magic, Z., Weiss, A., & Asplund, M. 2015, A&A, 573, A89

Marchant, P., Langer, N., Podsiadlowski, P., Tauris, T. M., & Moriya, T. J. 2016,
A&A, 588, A50

Marchant, P., Pappas, K. M. W., Gallegos-Garcia, M., et al. 2021, A&A, 650,
A107

McKinney, W. 2010, Proceedings of the 9th Python in Science Conference, 445,
51

Misra, D., Fragos, T., Tauris, T., Zapartas, E., & Aguilera-Dena, D. R. 2020,
A&A, 642, A174

Moe, M., & Di Stefano, R. 2017, ApJS, 230, 15

Morton, D. C. 1960, ApJ, 132, 146

Nandez, J. L. A., Ivanova, N., & Lombardi, J. C., Jr. 2014, ApJ, 786, 39

Nelson, C. A., & Eggleton, P. P. 2001, ApJ, 552, 664

Neo, S., Miyaji, S., Nomoto, K., & Sugimoto, D. 1977, PASJ, 29, 249

Osaki, Y. 1970, ApJ, 162, 621

Packet, W. 1981, A&A, 102, 17

Packet, W., & De Greve, J. P. 1979, A&A, 75, 255

Paczynski, B. 1965, Acta Astron., 15, 89

Paczynski, B. 1971, ARA&A, 9, 183

Paczynski, B. 1976, in Structure and Evolution of Close Binary Systems, eds. P.
Eggleton, S. Mitton, & J. Whelan, 73, 75

Paczynski, B., & Sienkiewicz, R. 1972, Acta Astron., 22, 73

Paczynski, B., Zidlkowski, J., & Zytkow, A. 1969, in Mass Loss from Stars, ed.
M. Hack, Astrophys. Space Sci. Lib., 13, 237

Passy, J.-C., Herwig, F., & Paxton, B. 2012, ApJ, 760, 90

Pavlovskii, K., & Ivanova, N. 2015, MNRAS, 449, 4415

Paxton, B., Bildsten, L., Dotter, A., et al. 2011, ApJS, 192, 3

Paxton, B., Cantiello, M., Arras, P., et al. 2013, ApJS, 208, 4

Paxton, B., Marchant, P., Schwab, J., et al. 2015, ApJS, 220, 15

Paxton, B., Schwab, J., Bauer, E. B., et al. 2018, ApJS, 234, 34

Paxton, B., Smolec, R., Schwab, J., et al. 2019, AplS, 243, 10

Pérez, F., & Granger, B. E. 2007, Comput. Sci. Eng., 9, 21

Petrovic, J., Langer, N., & van der Hucht, K. A. 2005, A&A, 435, 1013

Podsiadlowski, P., Joss, P. C., & Hsu, J. J. L. 1992, ApJ, 391, 246

Podsiadlowski, P., Rappaport, S., & Pfahl, E. D. 2002, ApJ, 565, 1107

Pols, O. R. 1994, A&A, 290, 119

Pols, O. R., Tout, C. A., Eggleton, P. P., & Han, Z. 1995, MNRAS, 274, 964

Portegies Zwart, S. F., & Verbunt, F. 1996, A&A, 309, 179

Pribulla, T. 1998, Contrib. Astron. Obs. Skaln. Pleso, 28, 101

Reimers, D. 1975, in Circumstellar Envelopes and Mass Loss of Red Giant Stars,
eds. B. Baschek, W. H. Kegel, & G. Traving (Berlin, Heidelberg: Springer-
Verlag), 229

Riley, J., Agrawal, P, Barrett, J. W., et al. 2022, ApJS, 258, 34

Salaris, M., Cassisi, S., & Weiss, A. 2002, PASP, 114, 375

Sana, H., de Mink, S. E., de Koter, A., et al. 2012, Science, 337, 444

Schootemeijer, A., Gotberg, Y., de Mink, S. E., Gies, D., & Zapartas, E. 2018,
A&A, 615, A30

Soberman, G. E., Phinney, E. S., & van den Heuvel, E. P. J. 1997, A&A, 327,
620

Tauris, T. M. 1996, A&A, 315, 453

Tauris, T. M., & Savonije, G. J. 1999, A&A, 350, 928

Thomas, H. C. 1967, ZAp, 67, 420

Toonen, S., Nelemans, G., & Portegies Zwart, S. 2012, A&A, 546, A70

Trampedach, R., Stein, R. F., Christensen-Dalsgaard, J., Nordlund, A., &
Asplund, M. 2014, MNRAS, 445, 4366

Tylenda, R., & Soker, N. 2006, A&A, 451, 223

Tylenda, R., Hajduk, M., Kaminski, T., et al. 2011, A&A, 528, A114

Van der Linden, T. J. 1987, A&A, 178, 170

Van Der Walt, S., Colbert, S. C., & Varoquaux, G. 2011, Comput. Sci. Eng., 13,
22

Van Winckel, H. 2018, ArXiv e-prints [arXiv:1809.00871]

Vinciguerra, S., Neijssel, C. J., Vigna-Gémez, A., et al. 2020, MNRAS, 498,
4705

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, Nat. Meth., 17, 261

Vos, J., Vuckovié, M., Chen, X., et al. 2019, MNRAS, 482, 4592

Vos, J., Bobrick, A., & Vuckovié¢, M. 2020, A&A, 641, A163

Webbink, R. F. 1985, in Stellar Evolution and Binaries, eds. J. E. Pringle, & R. A.
Wade, 39

Wellstein, S., Langer, N., & Braun, H. 2001, A&A, 369, 939

Woods, T. E., & Ivanova, N. 2011, ApJ, 739, L48

Woods, T. E., Ivanova, N., van der Sluys, M. V., & Chaichenets, S. 2012, ApJ,
744,12

Wright, K. O. 1977, J. R. Astron. Soc. Canada, 71, 152

Zorotovic, M., Schreiber, M. R., Ginsicke, B. T., & Nebot Gémez-Moran, A.
2010, A&A, 520, A86

Zorotovic, M., Schreiber, M. R., & Ginsicke, B. T. 2011, A&A, 536, A42


http://linker.aanda.org/10.1051/0004-6361/202244137/1
http://linker.aanda.org/10.1051/0004-6361/202244137/2
http://linker.aanda.org/10.1051/0004-6361/202244137/3
http://linker.aanda.org/10.1051/0004-6361/202244137/4
https://arxiv.org/abs/2203.06016
http://linker.aanda.org/10.1051/0004-6361/202244137/6
http://linker.aanda.org/10.1051/0004-6361/202244137/7
http://linker.aanda.org/10.1051/0004-6361/202244137/8
http://linker.aanda.org/10.1051/0004-6361/202244137/9
http://linker.aanda.org/10.1051/0004-6361/202244137/10
http://linker.aanda.org/10.1051/0004-6361/202244137/11
http://linker.aanda.org/10.1051/0004-6361/202244137/12
http://linker.aanda.org/10.1051/0004-6361/202244137/13
http://linker.aanda.org/10.1051/0004-6361/202244137/14
http://linker.aanda.org/10.1051/0004-6361/202244137/15
http://linker.aanda.org/10.1051/0004-6361/202244137/16
http://linker.aanda.org/10.1051/0004-6361/202244137/17
http://linker.aanda.org/10.1051/0004-6361/202244137/18
http://linker.aanda.org/10.1051/0004-6361/202244137/19
http://linker.aanda.org/10.1051/0004-6361/202244137/20
http://linker.aanda.org/10.1051/0004-6361/202244137/20
http://linker.aanda.org/10.1051/0004-6361/202244137/21
http://linker.aanda.org/10.1051/0004-6361/202244137/22
http://linker.aanda.org/10.1051/0004-6361/202244137/23
http://linker.aanda.org/10.1051/0004-6361/202244137/24
http://linker.aanda.org/10.1051/0004-6361/202244137/25
http://linker.aanda.org/10.1051/0004-6361/202244137/26
http://linker.aanda.org/10.1051/0004-6361/202244137/27
http://linker.aanda.org/10.1051/0004-6361/202244137/28
http://linker.aanda.org/10.1051/0004-6361/202244137/28
http://linker.aanda.org/10.1051/0004-6361/202244137/29
http://linker.aanda.org/10.1051/0004-6361/202244137/30
http://linker.aanda.org/10.1051/0004-6361/202244137/31
http://linker.aanda.org/10.1051/0004-6361/202244137/32
http://linker.aanda.org/10.1051/0004-6361/202244137/33
http://linker.aanda.org/10.1051/0004-6361/202244137/34
http://linker.aanda.org/10.1051/0004-6361/202244137/35
http://linker.aanda.org/10.1051/0004-6361/202244137/36
http://linker.aanda.org/10.1051/0004-6361/202244137/36
http://linker.aanda.org/10.1051/0004-6361/202244137/37
http://linker.aanda.org/10.1051/0004-6361/202244137/38
http://linker.aanda.org/10.1051/0004-6361/202244137/39
http://linker.aanda.org/10.1051/0004-6361/202244137/40
http://linker.aanda.org/10.1051/0004-6361/202244137/41
http://linker.aanda.org/10.1051/0004-6361/202244137/42
http://linker.aanda.org/10.1051/0004-6361/202244137/43
http://linker.aanda.org/10.1051/0004-6361/202244137/44
http://linker.aanda.org/10.1051/0004-6361/202244137/45
http://linker.aanda.org/10.1051/0004-6361/202244137/46
http://linker.aanda.org/10.1051/0004-6361/202244137/47
http://linker.aanda.org/10.1051/0004-6361/202244137/47
http://linker.aanda.org/10.1051/0004-6361/202244137/48
http://linker.aanda.org/10.1051/0004-6361/202244137/49
http://linker.aanda.org/10.1051/0004-6361/202244137/50
http://linker.aanda.org/10.1051/0004-6361/202244137/51
http://linker.aanda.org/10.1051/0004-6361/202244137/52
http://linker.aanda.org/10.1051/0004-6361/202244137/53
http://linker.aanda.org/10.1051/0004-6361/202244137/54
http://linker.aanda.org/10.1051/0004-6361/202244137/55
http://linker.aanda.org/10.1051/0004-6361/202244137/56
http://linker.aanda.org/10.1051/0004-6361/202244137/57
http://linker.aanda.org/10.1051/0004-6361/202244137/58
http://linker.aanda.org/10.1051/0004-6361/202244137/59
http://linker.aanda.org/10.1051/0004-6361/202244137/60
http://linker.aanda.org/10.1051/0004-6361/202244137/61
http://linker.aanda.org/10.1051/0004-6361/202244137/62
http://linker.aanda.org/10.1051/0004-6361/202244137/63
http://linker.aanda.org/10.1051/0004-6361/202244137/64
http://linker.aanda.org/10.1051/0004-6361/202244137/65
http://linker.aanda.org/10.1051/0004-6361/202244137/66
http://linker.aanda.org/10.1051/0004-6361/202244137/67
http://linker.aanda.org/10.1051/0004-6361/202244137/67
http://linker.aanda.org/10.1051/0004-6361/202244137/68
http://linker.aanda.org/10.1051/0004-6361/202244137/68
http://linker.aanda.org/10.1051/0004-6361/202244137/69
http://linker.aanda.org/10.1051/0004-6361/202244137/70
http://linker.aanda.org/10.1051/0004-6361/202244137/71
http://linker.aanda.org/10.1051/0004-6361/202244137/72
http://linker.aanda.org/10.1051/0004-6361/202244137/73
http://linker.aanda.org/10.1051/0004-6361/202244137/74
http://linker.aanda.org/10.1051/0004-6361/202244137/75
http://linker.aanda.org/10.1051/0004-6361/202244137/76
http://linker.aanda.org/10.1051/0004-6361/202244137/77
http://linker.aanda.org/10.1051/0004-6361/202244137/78
http://linker.aanda.org/10.1051/0004-6361/202244137/79
http://linker.aanda.org/10.1051/0004-6361/202244137/80
http://linker.aanda.org/10.1051/0004-6361/202244137/81
http://linker.aanda.org/10.1051/0004-6361/202244137/82
http://linker.aanda.org/10.1051/0004-6361/202244137/83
http://linker.aanda.org/10.1051/0004-6361/202244137/84
http://linker.aanda.org/10.1051/0004-6361/202244137/85
http://linker.aanda.org/10.1051/0004-6361/202244137/86
http://linker.aanda.org/10.1051/0004-6361/202244137/87
http://linker.aanda.org/10.1051/0004-6361/202244137/88
http://linker.aanda.org/10.1051/0004-6361/202244137/89
http://linker.aanda.org/10.1051/0004-6361/202244137/90
http://linker.aanda.org/10.1051/0004-6361/202244137/91
http://linker.aanda.org/10.1051/0004-6361/202244137/92
http://linker.aanda.org/10.1051/0004-6361/202244137/93
http://linker.aanda.org/10.1051/0004-6361/202244137/94
http://linker.aanda.org/10.1051/0004-6361/202244137/95
http://linker.aanda.org/10.1051/0004-6361/202244137/96
http://linker.aanda.org/10.1051/0004-6361/202244137/97
http://linker.aanda.org/10.1051/0004-6361/202244137/98
http://linker.aanda.org/10.1051/0004-6361/202244137/99
http://linker.aanda.org/10.1051/0004-6361/202244137/100
http://linker.aanda.org/10.1051/0004-6361/202244137/101
http://linker.aanda.org/10.1051/0004-6361/202244137/102
http://linker.aanda.org/10.1051/0004-6361/202244137/103
http://linker.aanda.org/10.1051/0004-6361/202244137/103
http://linker.aanda.org/10.1051/0004-6361/202244137/104
http://linker.aanda.org/10.1051/0004-6361/202244137/105
http://linker.aanda.org/10.1051/0004-6361/202244137/106
http://linker.aanda.org/10.1051/0004-6361/202244137/107
http://linker.aanda.org/10.1051/0004-6361/202244137/108
http://linker.aanda.org/10.1051/0004-6361/202244137/109
http://linker.aanda.org/10.1051/0004-6361/202244137/110
http://linker.aanda.org/10.1051/0004-6361/202244137/111
http://linker.aanda.org/10.1051/0004-6361/202244137/112
http://linker.aanda.org/10.1051/0004-6361/202244137/112
https://arxiv.org/abs/1809.00871
http://linker.aanda.org/10.1051/0004-6361/202244137/114
http://linker.aanda.org/10.1051/0004-6361/202244137/114
http://linker.aanda.org/10.1051/0004-6361/202244137/115
http://linker.aanda.org/10.1051/0004-6361/202244137/116
http://linker.aanda.org/10.1051/0004-6361/202244137/117
http://linker.aanda.org/10.1051/0004-6361/202244137/118
http://linker.aanda.org/10.1051/0004-6361/202244137/119
http://linker.aanda.org/10.1051/0004-6361/202244137/120
http://linker.aanda.org/10.1051/0004-6361/202244137/121
http://linker.aanda.org/10.1051/0004-6361/202244137/121
http://linker.aanda.org/10.1051/0004-6361/202244137/122
http://linker.aanda.org/10.1051/0004-6361/202244137/123
http://linker.aanda.org/10.1051/0004-6361/202244137/124

K. D. Temmink et al.: Coping with loss

Appendix A: Convergence study

In order to make sure that our results are numerically converged,
we re-ran a selection of simulations of both stable and unstable
mass transfer, varying the spatial resolution of our calculations
as well as the constraints on the maximum time step size system-
atically.

More specifically, to assess dependence of our results
on spatial resolution, we increase the value of the
log_tau_function_weight parameter from 10 to 100 (we
use a value of 50 in our grid calculations). This is a way to
assign ‘meshing weight’ to regions in the star based on the log-
arithm of the optical depth. Qualitatively, this leads to smaller
allowed jumps in mesh functions and hence higher resolution
in the outermost layers of the star. Whilst increasing the num-
ber of mesh-points, especially in the outermost layers, generally
increases the numerical stability and accuracy of the calcula-
tions, increasing them beyond our default leads to impractically
long computation times without changing our conclusions about
the stability of the mass transfer or results regarding its detailed
evolution.

To test the dependence of our results on the size of
the time-steps, we vary the fr (our default is 0.01) and
delta_lg_star_mass_limit (our default is 107%) parame-
ters in the ranges 0.001-0.1 and 5 - 10~ — 5 - 1073, respec-
tively, and adjust their associated ‘limit’ parameters accordingly.
These parameters control the maximum allowed change in the
donor star’s relative overflow past its Roche lobe and donor
mass per time-step. We find that varying these settings has min-
imal effects on the simulated binaries’ evolution, besides affect-
ing the calculation time. Another related setting we varied is
the fr_dt_limit option. This parameter is the lower limit (in
years) to the timestep size based on the donor star’s relative over-
flow past its Roche lobe, and thus limits the effectiveness of the
parameters mentioned before. We varied this parameter between
100 and 0.01 (the MESA default is 10). We found that decreasing
fr_dt_limit below its default could lead to increased numer-
ical convergence and stability, reflected mostly in the number

of time steps required to simulate challenging parts of the mass
transfer as well as the number of retries and solver iterations.
However, this behaviour was not monotonic and highly case-
dependent. Typically, a value of fr_dt_limit =1 provided the
best balance between numerical stability and practical running
times. Hence, this is our default value.

Furthermore, we experimented with two different expres-
sions of the energy equation in the stellar structure and evo-
lution equations (see Paxton et al. 2018, Sect. 8 for all built-in
options in MESA). We found that there is no discernible dif-
ference in the evolution of the mass-transfer rate My(¢) between
the two (use_dedt_form_of_energy_eqn equal to . true. or
.false.) for binaries that have mass ratios well above or below
qqad- Hence, for these systems, our conclusions are not affected
by the choice of energy equations. For systems nearer the bound-
ary between stable and unstable mass transfer, we often found it
necessary to ‘hand-pick’ the most appropriate expression of the
energy equation to ensure numerical stability and physical accu-
racy. In our grid of calculations, it did not appear that one of the
two expressions we considered was consistently more appropri-
ate than the other, and many times variation or use of other set-
tings was necessary to ensure convergence.

Appendix B: Supplementary tables

Here we provide detailed tabulations of our main results.
Table B.1 lists for all our binary models (except for the bisec-
tion models) key aspects of the mass-transfer-rate evolution,
which can prove useful as a benchmark for rapid BPS models.
Table B.2 enumerates for each of our grid points (the open cir-
cles in Fig. 1) the critical mass ratios based on the three cri-
teria described in Sect. 3 as well as the critical thermal mass-
transfer rate My, qi; at the start of mass transfer. Specific values
of and uncertainties on gq.q were obtained by performing bisect-
ing MESA calculations until the uncertainty decreased below 5
per cent. Grid points with larger relative uncertainty correspond
to models where the donor star expanded past the size of the
binary orbit, which were not bisected farther.

Table B.1. Key aspects of the mass-transfer evolution in our binary models.

My/My model log(Ry/Ro) M,/My logmax(My) log<Md>M

1.0 0 0.129
1.0 0 0.129
1.0 0 0.129
1.0 0 0.129
1.0 0 0.129

1.2 -9.422 -9.58
1.1 -9.466 -9.61
1.0 -9.517 -9.647
0.9 -9.57 -9.69
0.8 -9.414 -9.724

Notes. The table lists for each (My/My, log (Rq/Rs), M,/My) in our grid the peak mass-transfer rate max(M,) and the mass-averaged mass-transfer
rate <Md> . For brevity, only the first five rows are shown here. The full table is available on request or in electronic form at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/
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Table B.2. Tabulation of our main results.

A&A 669, A45 (2023)

ZAMS mass model log(R) mass|gior log(Mxn) log(Mincrit) Ggad qOLOF Gdyn
Moy - Ro Moy My yr! My yr! M, /My M,/Myg M,/My
1.0 0 0.129 0.9995 -6.820 -3.990 0.431 + 0.006 T T
1.0 1 0.252 0.9994 -6.600 -3.860 0.744 + 0.006 + T
1.0 2 0.447 0.9993 -6.163 -3.590 1.031 + 0.006 T ¥
1.0 3 0.645 0.9991 -5.607 -3.217 1.006 + 0.006 T T
1.0 4 0.841 0.9988 -5.073 -2.865 0.956 + 0.006 + T

Notes. This table shows the critical mass ratios corresponding to the criteria described in Sect. 3. For ggyn, Agyn = 0.05 was assumed. For mass
ratios smaller than the tabulated values, mass transfer is unstable according to the related criterion. A dagger symbol (F) indicates where the mass
transfer became unstable and our simulations ended before reaching either the dynamical-timescale or OLOF criteria. Additionally, this table
enumerates, for each single star model used as starting point for the donor star in our binary calculations, the critical mass-transfer rate and the
KH mass-transfer rate (as defined in Sect. 3.3). For brevity, only the first five rows are shown here. The full is available on request or in electronic

form at the CDS via anonymous ftp to cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/vol/page
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