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ABSTRACT

We present new simulations investigating the impact of mass transfer on the asteroseismic signals of
slowly pulsating B stars. We use MESA to simulate the evolution of a binary star system and gyre to
compute the asteroseismic properties of the accretor star. We show that, compared to a single star of
the same final mass, a star that has undergone accretion has a significantly different internal structure,
evident in both the hydrogen abundance profile and Brunt—V4iiséla frequency profile. These differences
result in significant changes in the observed period spacing patterns, implying that one may use this as
a diagnostic to test whether a star’s core has been rejuvenated as a result of accretion. We show that
one may draw misleading conclusions of stellar properties when only assuming single star evolution
in fitting procedures. Our proof of principle analysis demonstrates the need to further investigate the
impact of binary interactions on stellar asteroseismic signals for a wide range of parameters, such as
initial mass, amount of mass transferred and the age of the accretor star at the onset of mass transfer.

Keywords: Asteroseismology, Binary stars, Interacting binary stars, Multiple star evolution, Stellar

evolution, Roche lobe overflow

1. INTRODUCTION

The majority of massive stars are born in binaries and
multiple systems (e.g. Mason et al. 2009; Almeida et al.
2017; Moe & Di Stefano 2017), a large subset of which
will exchange mass (e.g Sana et al. 2012). However,
mass transfer, both the process itself and the impact
it has on the component stars, is still highly uncertain.
This means that there are large uncertainties in evolu-
tionary calculations and predictions, such as the rate of
formation of close double compact objects and gravita-
tional wave sources (e.g. Broekgaarden et al. 2022).

There are still many uncertainties in the effect that
mass transfer has on mass-gainers, despite the many in-
vestigations into understanding the diversity of mass-
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losers.Among these uncertainties a key question is
whether a mass-gainer will be rejuventated, where con-
vective cores in accretors grow to account for the ad-
ditional mass (e.g. Neo et al. 1977), and if so, to what
extent. To date, there is no strong observational diag-
nostic for determining whether the core of a star has
been rejuvenated.

Asteroseismology probes the internal structure of stars
and so may hold the key to constraining rejuvenation.
It is well established that asteroseismology can be used
to estimate precise stellar masses, radii and ages based
on stellar oscillation modes (Aerts et al. 2010). In
particular, main sequence gravity (g) mode pulsators
can be observed deep into their radiative envelopes us-
ing high-order g-mode oscillations. These pulsators in-
clude Slowly Pulsating B (SPB) stars, driven by the -
mechanism (Waelkens & Rufener 1985; Waelkens 1991;
Cox et al. 1992; Pamyatnykh 1999). g-mode pulsators


http://orcid.org/0000-0001-6147-5761
http://orcid.org/0000-0002-3054-4135
http://orcid.org/0000-0003-4456-4863
http://orcid.org/0000-0002-6718-9472
http://orcid.org/0000-0001-9336-2825
mailto: tomjwagg@gmail.com

ASTEROSEISMIC IMPRINTS OF MASS TRANSFER - KSP 2023 REPORT 3

have been used to provide insights into many aspects of
stellar evolution, such as the mass of stellar cores (John-
ston 2021; Pedersen 2022) internal mixing processes, and
angular momentum transport (Aerts et al. 2019). Re-
cently, g-mode asteroseismology has been used to probe
the chemical and temperature gradients outisde of the
cores of massive stars (Michielsen et al. 2021; Pedersen
et al. 2018).

These insights into stellar properties are possible due
to the intricate dependence of period spectrum of g-
mode pulsations on the size of the convective core and
the chemical composition gradient outside of the core
(e.g. Miglio et al. 2008). Based on these measured prop-
erties, one can infer precise estimates of stellar masses
and radii, as well as stellar ages and internal structure
properties with additional assumptions of stellar evolu-
tion.

Current works only consider single star evolution when
inferring stellar properties. However, mass transfer
can profoundly influence the structure and composi-
tion gradients of accreting stars even after thermal re-
adjustment, as indicated by numerous studies using 1D
stellar evolution codes (Renzo & Gotberg 2021; Miszuda
et al. 2021). These changes in structure are usually a
result of rejuvenation.

As the frequencies of self-excited stellar pulsations are
finely tuned by the internal structure of stars, astero-
seismology holds the potential to identify the signature
of previous mass transfer in various classes of pulsat-
ing stars. Furthermore, assuming single star evolution
for a star that has undergone accretion may result in
misleading inferences of its stellar properties from aster-
oseismology.

In this paper we assess the impact that mass trans-
fer leaves on the asteroseismic signal of pulsating stars
that have recently gained mass through binary interac-
tion. In particular we focus on SPB stars as they are
numerous, easily observationally identifiable and have
a relatively high binary fraction. We use the 1D stel-
lar evolution code MESA to demonstrate the difference
in evolution between an accreting star and an equiva-
lent single star. Using the GYRE stellar oscillation code
we show how these differences in evolution influence the
period spacing pattern of an accreting star and highlight
how this could affect the inferred properties of the star
if single stellar evolution was assumed.

2. BINARY STELLAR EVOLUTION

In this Section we outline the setup of our MESA binary
models and describe the evolution of the system, both
across the Hertzsprung-Russell diagram and in terms its
internal structure.

2.1. Model setup

We use Modules for Experiments in Stellar Astro-
physics (MESA, Paxton et al. 2011, 2013, 2015, 2018,
2019; Jermyn et al. 2023) version r23.05.01 (Paxton
2023) to simulate non-rotating models for a binary sys-
tem, as well as a grid of single stars against which to
compare. Our full inlists are available on GitHub! and
our model outputs are available on Zenodo?.

In particular, the most pertinent settings that we
change from the defaults for this work are as follows:
We adopt the Ledoux (1947) criterion to account for
the presence of a chemical gradient when determining
the stability of convection. We include semiconvection
following Langer et al. (1983) with a scaled efficiency
of aypm = 0.1. For accretors we include thermohaline
mixing once they finish accretion following Kippenhahn
et al. (1980) with an efficiency of agc = 1. We use ex-
ponential core overshooting from Herwig (2000), setting
(f, fo) = (0.01,0.005) (Claret & Torres 2017). We set
a minimum diffusive mixing coefficient of 20 cm? s71;
this smooths out any numerical discontinuities in the
composition gradients and accounts for a lack of rota-
tional mixing in our models. We motivate our choice of
20 cm? s~! and highlight the effect of changing the mix-
ing coefficient on our results in Appendix A. We follow
the Kolb & Ritter (1990) prescription to the mass trans-
fer rate with an implicit scheme. We do not account for
any rotation in our models. Although we expect that a
typical pulsator will likely have some level of rotation,
we restrict our proof of principle analysis to less complex
non-rotating models. We discuss this choice further in
Section 4.2.

Our binary model has a donor with an initial mass of
4 Mg and an accretor with an initial mass of 3 Mg, fol-
lowing the typical mass range of SPB stars (Waelkens &
Rufener 1985; Waelkens 1991; Kurtz 2022), with an ini-
tial period of 5 days and metallicity Z = 0.02. We evolve
this system up to Roche Lobe overflow and proceed with
mass transfer until the secondary accretes 0.5 Mg. At
this point we end mass transfer, detach the binary and
reduce the donor to a point mass, since we are no longer
interested in the properties of the donor and thus only
track the evolution of the accretor from this point on-
wards. Although our choice of 0.5 My is somewhat arbi-
trary, this amount could be obtained through different
choices of mass transfer efficiencies and the spin-up of
the accretor would likely hinder accretion in a similar
manner. By constructing our model in this way we are
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able to account for a realistic, variable accretion rate.
We then evolve the rejuvenated accretor until central
hydrogen depletion. Additionally, for comparison, we
evolve a grid of single stars with masses from 3-6 Mg
until the end of helium core burning.

2.2. Hertzsprung-Russell diagram evolution
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Figure 1. Hertzsprung-Russell diagram showing the evolu-
tion of the binary. Tracks are shown for both the donor and
accretor, coloured by the absolute mass transfer rate. We
highlight the accretor track with a pink outline. Single star
tracks added as background grey curves, with masses from 3
to 4Mp in 0.1 Mg intervals. Important points in the evolu-
tion are annotated with arrows and described in the text.

In Figure 1 we show the evolution across the
Hertzsprung-Russell diagram of both the donor and ac-
cretor of our binary model, with a subset of our single
stellar models in the background.

The evolution of the donor (starting at D1) initially
follows the 4Mg single star track, expanding across
the main sequence, turning-off and moving across the
Hertzsprung gap. Midway through the expansion on
the Hertzsprung gap, at point D2, the donor overflows
its Roche Lobe and diverges from the single star track,
decreasing in luminosity as it transfers mass. As the
mass transfer proceeds the orbit of the binary shrinks,
increasing the mass transfer rate until the point of clos-
est approach at D3. With the reversal of the mass ratio,
mass transfer then causes the orbit the widen, decreas-
ing the mass transfer rate and allowing the donor to in-
crease in luminosity once more. Once the orbit widens
to such an extent that Roche lobe overflow ceases (at
point D4), the donor relaxes on a thermal timescale, be-
fore proceeding with helium core burning from point D5
onwards.
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Figure 2. Comparison of the hydrogen abundance profiles
between (i) an initially 3 Mg star that accretes mass from a
companion and (ii) a single star with the same final mass of
3.5My. Each panel compares the stars at the same central
hydrogen abundance, which is annotated in each panel.

The evolution of the accretor (highlighted in pink) fol-
lows the 3My single star track initially (starting from
point Al), but early into its main sequence evolution
the donor initiates mass transfer (at point A2) and the
accretor increases in luminosity to compensate. Once
mass transfer ceases at point A3, the accretor returns
to thermal equilibrium at point A4 and proceeds with
its main sequence evolution along the 3.5 Mg, single star
track.

2.3. Rejuvenation and chemical gradients

Although the accretor appears to simply follow a more
massive single star track in the Hertzsprung-Russell di-
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agram, its internal structure has been altered to sup-
port the incoming mass, leading to a rejuvenated core
(). This is evident in the hydrogen abundance profile of
the star, which we plot in Figure 2. In each panel we
compare the accretor of our binary model with a 3.5 Mg
single star, thus the stars have the same final mass. We
highlight that in this figure mass transfer occurs between
panels b and ¢ and discuss the difference below.

First, we consider the evolution of the abundance pro-
file for the single star. As the star evolves, it burns
hydrogen in its core, decreasing the central hydrogen
abundance. At the same time, the reduced hydrogen
abundance decreases the opacity of the edge of the core,
allowing radiation to travel more freely, leading to a re-
cession of the convective core (Mitalas 1972; Crowe &
Matalas 1982; Miglio et al. 2008; Silva Aguirre et al.
2011). As the core recedes it has a decreasing hydrogen
abundance, and therefore it imprints a composition gra-
dient in its wake in the abundance profile. We see these
trends in Figure 2 as the single star (shown in orange)
evolves, with the central abundance decreasing and the
imprinted chemical composition gradient extending over
time (in the region with diagonal lines).

For the mass-gainer the evolution initially proceeds in
a similar manner. In panel b, the shape is similar to that
of the single star, though with a smaller convective core
due to the star’s initially lower mass. Between panels b
and ¢, mass transfer occurs. As mass transfer proceeds
the accretor increases in luminosity to compensate for
the additional mass. This leads to an increase in the
convective core size, which one can see as the profiles
move outwards in mass coordinates in Figure 3. At the
same time this core expansion leads to a rejuvenation of
the accretor as more hydrogen is mixed into the core,
increasing the central abundance (Neo et al. 1977). The
expansion of the core into the region through which it
previously receded sharpens the composition gradient,
resulting in the ‘kink’ in the abundance profile relative
to the single star for the remaining panels of Figure 2.
The origin of this feature is shown in Figure 3, where we
see the hydrogen abundance increase and extend out-
wards as the core rejuvenates, thus washing away the
previous gradient. Returning to Figure 2, the evolution
of the abundance profile after mass transfer proceeds
similarly to the single star, with subsequent recession
of the core and a resulting composition gradient. Criti-
cally however, the feature arising from mass transfer re-
mains throughout the main sequence (albeit marginally
smoothed by internal mixing).

3. ASTEROSEISMIC SIGNALS
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Figure 3. Hydrogen abundance profile of our accretor model
during mass transfer. Each line is coloured by its time af-
ter the start of mass transfer. This plot shows more time-
resolved evolution between panels b and ¢ of Figure 2.

In this Section we demonstrate how the differences in
internal structure between the accretor and single star
lead to altered asteroseismic signals. We first consider
how the Brunt—Vaiséla frequency profile is changed, be-
fore showing how this influences the period spacing pat-
terns.

3.1. Brunt-Vdisdla frequency profile

The Brunt—Vaiisila frequency (Vaisdlda 1925; Brunt
1927), N, defines the regions in which convective in-
stabilities can occur, such that N2 < 0 indicates a con-
vective region, and N2 > 0 a radiative region in which
g-modes can propagate®. The Brunt-Viisild frequency
directly determines the period distribution of g-mode os-
cillations and thus it is pertinent to consider the impact
of mass transfer on it. For an ideal gas the frequency
can be approximated as
gp
P
where p is the density, P is the pressure, V,q = 2/5 is
the adiabatc temperature gradient and assumed to be a
constant, V is the temperature gradient and V, is the
chemical composition gradient. We highlight that al-
though many of the terms in this expression are similar
for our accretor model and equivalent single star model,
the density profile and, as noted in Section 2.3, the com-
position gradient V,, show significant differences and as
such we expect similar differences in the Brunt—Vaisala
frequency profile.

In Figure 4 we compare, for the same central hydrogen
content, the Brunt—Viiséla frequency profiles for the ac-
cretor star model and single star model with the same

N2 = (Vad _V+Vu)v (1)

3The Brunt—Viisild frequency was originally derived for us in me-
teorology and only later applied to stellar evolution. We encour-
age the interested reader to read the original derivation in Brunt
(1927)
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Figure 4. As Figure 2, but showing the Brunt—V4isild frequency profile for the same evolutionary timesteps. Left: as a
function of mass coordinate, right: as a function of radial coordinate.

final mass. Each panel is for the same central hydrogen
content as in Figure 2 for simple comparison. We ad-
ditionally show the profile as a both a function of mass
coordinate and radial coordinate in the two columns.
Considering first the single star model, we see that ini-
tially the convective core (N < 0) extends to ~0.75 Mg
(or ~0.3 Rg) and the frequency profile changes smoothly
across the star. As the star evolves, the core recedes,
leaving behind a chemical gradient; a peak then emerges
in the Brunt—Vaiséla frequency profile that extends be-
tween the core and the unmixed outer regions of the
star. This peak is directly due to the chemical composi-
tion gradient imprinted on the star by the receding core
during the main sequence. As the star evolves, the peak

extends in concert with the recession of the core, in line
with the composition gradient.

For the accretor model, we see similar evolution in
panels a and b (before mass transfer occurs). Immedi-
ately following mass transfer (in panel c), the convective
core size aligns with the single star model and several
sharp features emerge outside of the core, arising due to
the kink in the composition gradient visible in panel c
of Figure 2. As the star evolves, mixing smooths these
features to some extent, but importantly the star retains
a double-peaked Brunt—Vaisala frequency profile for the
rest of its main sequence evolution.

The Brunt—Viisalé frequency profile of the accretor is
inaccessible through single star evolution, which would



ASTEROSEISMIC IMPRINTS OF MASS TRANSFER - KSP 2023 REPORT 7

always result in a smooth, unimodal peak due to the
monotonic change in central hydrogen content.

3.2. Period spacing patterns

All differences between the mass-gainer and equiva-
lent single star that we have noted so far are within the
internal structure, and so are not directly observable.
Therefore we now consider the impact of these inter-
nal structure changes on the observable period spacing
pattern.

The period spacing pattern is defined as the difference
in period between modes of the same spherical degree,
¢, and neighbouring radial order, n. Under the assump-
tion of spherical symmetry and high radial order, this
difference is constant and follows the asymptotic g-mode
period spacing given by Tassoul (1980):

an= e[S e

where /¢ is the spherical degree, N is the Brunt—Viisala
frequency (see Eq. 1) and ¢ and r; are the boundaries
of the oscillation cavity, which in our model correspond
to the convective core boundary and the outer edge of
the star respectively.

Deviations from the asymptotic period spacing occur
due to abrupt shifts in the Brunt—Vaiséla frequency pro-
file, which trap particular modes in certain regions of the
star, altering their periods relative to the regular pattern
(e.g. Miglio et al. 2008). The sensitivity of these devi-
ations to the Brunt—Vaisald frequency thus makes the
period spacing pattern a useful observable for probing
the internal structure of a star.

We use the GYRE stellar oscillations code (Townsend
& Teitler 2013; Townsend et al. 2018; Goldstein &
Townsend 2020; Sun et al. 2023) to calculate the pe-
riods of the £ = 1, m = 0 g-modes for both our accreting
star and equivalent single star models. We scan periods
from 0.1 to 4 days and solve the full 6th order dimension-
less stellar oscillation equations using the Colloc scheme
(Dziembowski 1971; Christensen-Dalsgaard 2008).

In Figure 5 we compare the period spacing pattern of a
mass-gainer to that of an equivalent single star at differ-
ent stages during their evolution. At the zero-age main
sequence (in panel a), the period spacing pattern closely
follows each star’s asymptotic period spacing (denoted
as dotted lines) due to the lack of any composition gra-
dients. Early during the main sequence, immediately
prior to mass transfer (in panel b), the pattern now dis-
plays some oscillation around the asymptotic value due
to the chemical composition gradients that have devel-
oped outside of the core. Since this is currently pre-
accretion, the stars have different masses and thus con-
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Figure 5. As Figure 2, but showing the period spacing
patterns of the £ = 1,m = 0 g-modes. Asymptotic period
spacings for each model are shown as dotted lines. We em-
phasise that the y-axis limits vary by panel.

vective core sizes, resulting in an offset between their
asymptotic period spacings.

In subsequent panels (c—f) there are several differences
in the period spacing pattern, despite the fact that the
stars now have the same mass and convective core size.
The two main differences can be expressed in terms of
amplitude and phase of oscillations in the period spacing
pattern. Frequently in the stars’ later evolution, we note
that the amplitude of deviations from the asymptotic
spacing are larger for the mass-gainer. This is because
the mass-gainer contains regions with steeper chemical
composition gradients, which more strongly impact the
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Brunt—Vaisélé frequency and thus the period of oscilla-
tions.

In addition, we find that the period spacing pattern
shifts phase in certain regions for the mass gainer. This
is most apparent in panel e, in which the patterns are out
of phase for periods between ~1.5-3.2 days and in-phase
otherwise. These period-dependent shifts arise due to
difference between the Brunt—Vaisila frequency profiles
occurring in the region of changing chemical composi-
tion. Modes that are sensitive to this region are shifted
and so move out of phase, whilst other modes are in-
sensitive to the differences from a single star and thus
oscillate with the same periods.

4. DISCUSSION

We have demonstrated that, compared to an equiva-
lent single star, a mass-gainer shows significant differ-
ences in its period spacing pattern as a result of accre-
tion altering its chemical composition gradient. In this
Section we examine the implications of this result, con-
sidering both the impact on current inference modelling,
as well as the potential for constraining mass transfer
physics.

4.1. Future work

This report summarises the current state of the
project after the end of the Kavli Summer Program
2023, however there are still areas that we wish to in-
vestigate before submitting the work to a journal.

4.1.1. Implications for inferring stellar properties

Current work considers only single star evolution when
inferring stellar properties from period spacing patterns.
We have shown that these patterns are significantly
changed as a result of mass transfer. Therefore, given
that around 20% SPB stars are expected to be in inter-
acted binaries, current methodology may result in incor-
rect inferences.

We will test how incorrect these inferences may be
by fitting the period spacing pattern of our mass-gainer
model assuming single star evolution. We will use GYRE
to compute the periods of £ = 1,m = 0 g-modes for our
grid of single star models between 3 and 6 M across the
entire main sequence. We will then perform a y? fit for
a given mass-gainer period spacing pattern with every
single star model, at every timestep.

4.1.2. Constraining mass transfer

We will also investigate the possibility for measure-
ments of the period spacing pattern to be used to con-
strain aspects of mass transfer. For a star that has in-
dependent measurements of mass and age, it may be

possible to use the measured period spacing pattern to
(i) test whether the star has experienced mass transfer
(ii) constrain mass transfer parameters. The latter will
only be possible with more models that vary parame-
ters such as mass transfer efficiency and semiconvection
in order to assess the sensitivity of the period spacing
pattern to these parameters.

4.1.3. Subsequent analysis in a separate paper

In addition to the areas we discuss above, there are
several analyses that would not be contained with this
work, but that we will recommend as a follow-up to this
project.

Grid of binary models—We demonstrate this effect for a
single binary model, however further investigations into
many binaries (varying initial mass, rate of mass trans-
fer, age of accretor at the onset of mass transfer and
metallicity) are required. Additionally, as noted in Sec-
tion 4.1.2, a larger grid that varies aspects of mass trans-
fer is necessary to assess the sensitivity of our results to
these parameters.

Rotation—Our proof of principle analysis uses only non-

rotating models, future work should repeat this analy-
sis for models that account for rotation to see how this
could affect our results. This is a realistic comparison
to many recent studies which only add the effects of ro-
tation at the stage of calculating pulsation frequencies
(e.g. Michielsen et al. 2021).

Analytic distributions—Given the distinct shape of the
Brunt—Vaiséilé frequency profile in our accretor model,
it may benefit from an analysis similar to that of Miglio
et al. (2008), in which linear perturbation theory could
be used to predict the period spacing pattern analyti-
cally based on the expected interior structure.

4.2. Caveats

Rotation—Given this analysis acts as a proof of princi-
ple, we have limited the scope of our investigations by
neglecting rotation in each model. Yet, in reality, we
expect that SPB stars will rotate, and this will impact
several aspects of our results. In particular, rotation
may enhance mixing in the vicinity of the core and alter
the chemical composition gradient, which is the key dif-
ference between the mass-gainer and single star models.

Diffusive mizing—We enforce a minimum diffusive mix-
ing both as an attempt to counter the lack of rotational
mixing and eliminate any numerical artifacts. Given dif-
fusive mixing directly smooths the chemical composition
gradient, the choice of the minimum value has also an
impact on our results for the Brunt—Viisala frequency
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and period spacing pattern. However, as we demon-
strate in Appendix A, differences between the mass-
gainer and single star models are still present for a wide-
range of choices for this parameter.

Mass-gainer model—The mass-gainer model that we use

is formed from a binary in which we artificially ended
mass transfer once 0.5 Mg of material was accreted. Al-
though this choice is well motivated, since an accretor
with rotation would quickly reach critical rotation and
prevent further accretion, the choice may impact our
results. Additionally, we only consider a single mass-
gainer model for this proof of principle analysis and,
though we expect the differences we find will be preva-
lent across a range of masses and periods, further work
is necessary to confirm this.

We thank the Kavli Foundation and the Max Planck
Institute for Astrophysics for supporting the 2023 Kavli
Summer Program during which much of this work was
completed. In particular, TW thanks Isabel Thapa,
Stephen Justham and Selma de Mink for their incredi-
ble efforts in organising this program. TW also thanks
Ruggero Valli for his help, and patience, with setting up
MESA on the MPA cluster and sharing the secret com-
mands of kinit and aklog.

Software: MESA: The MESA EOS is a blend of

the OPAL (Rogers & Nayfonov 2002), SCVH (Saumon
et al. 1995), FreeEOS (Irwin 2004), HELM (Timmes &
Swesty 2000), PC (Potekhin & Chabrier 2010), and Skye
(Jermyn et al. 2021) EOSes. Radiative opacities are pri-
marily from OPAL (Iglesias & Rogers 1993, 1996), with
low-temperature data from Ferguson et al. (2005) and
the high-temperature, Compton-scattering dominated
regime by Poutanen (2017). Electron conduction opaci-
ties are from Cassisi et al. (2007) and Blouin et al. (2020).
Nuclear reaction rates are from JINA REACLIB (Cy-
burt et al. 2010), NACRE (Angulo et al. 1999) and addi-
tional tabulated weak reaction rates Fuller et al. (1985);
Oda et al. (1994); Langanke & Martinez-Pinedo (2000).
Screening is included via the prescription of Chugunov
et al. (2007). Thermal neutrino loss rates are from Itoh
et al. (1996). Roche lobe radii in binary systems are com-
puted using the fit of Eggleton (1983). Mass transfer rates
in Roche lobe overflowing binary systems are determined
following the prescription of Ritter (1988).
GYRE (Townsend & Teitler 2013; Townsend et al. 2018),
Astropy (Astropy Collaboration et al. 2013, 2018, 2022),
Python (Van Rossum & Drake 2009), numpy (Harris
et al. 2020), pandas (pandas development team 2022;
Wes McKinney 2010), matplotlib (Hunter 2007), scipy
(Virtanen et al. 2020)
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APPENDIX

A. IMPORTANCE OF CHOICE OF MINIMUM
DIFFUSIVE MIXING

In our MESA models we set a minimum diffusive mix-
ing coefficient, Dy, in order to account for mixing pro-
cesses not included in our model and to mix over unphys-
ical numerical composition gradients. For our models
analysed in this paper we set D, = 20cm? s~ !, in this
Appendix we explore the impact that this choice has on
our results.

We repeated our binary MESA simulations for four ad-
ditional choices of Dy, ranging from 1 — 100cm?s™!.
In Figure A1 we compare the Brunt—Vaisala frequency
profiles of these models at a central hydrogen abundance
of X, = 0.1, where the lower panel zooms in on the high-
lighted region in the upper panel. There are significant
differences in the profiles between the different models.
As one may expect, lower mixing coefficients lead to
steeper composition gradients and therefore sharper fea-
tures in the Brunt—Vaisild frequency and stronger sig-
nals in the period spacing pattern.

However, an overly low choice of D, leads to nu-
merical glitches in the composition gradient and the
Brunt—Vaisald frequency profile. We highlight this in
Figure A1, where glitches are clearly visible in both the
Dpin = lem?s™! and Dy = 10cm? s~! models.

We explored a more dense grid of D;, models and
found that D, = 20cm?s~! was the smallest level of
mixing that still removed numerical glitches, which in-

10*

1 Xc=0.10 —— Dpin=1cm?s"? —— Dpin =50cm2s1
] Drmin=10cm?s™  —— Dpjp = 100cm?s™1
—— Dpn=20cm?s™t

—_

(=]
@
|

Brunt-Vaiséala
[Cycles per day]

[

(=}
o
|

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

1 x.=0.10 —— Dpin=1cm?s™!
g Dinin = 10cm2s~1

—— Dpin=20cm?s™?
—— Dpin=50cm?s™1

—— Dpin =100cm?s~!

[,

(=}
w
|

Numerical glitch

Brunt-Vaisala
[Cycles per day]

Numerical glitches

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Mass [Me]

Figure Al. Comparison of the impact of changing the
MESA miniumum diffusive mixing parameter, Dmin, on the
Brunt—V4iisild frequency profile. Bottom panel zooms in on
the highlighted range in the top panel. Annotations high-
light numerical glitches in low Dmin models.

formed our selection of this model as the default choice
in this paper. This level of mixing is not unexpected,
since mass transfer will likely induce rotation in the ac-
cretor (Packet 1981) and this leads to rotational mixing.
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Figure A2. As Figure 5, but with the minimum diffusive
mixing coefficient set to Duyin = 20cm?s™ 1.

We stress that the qualitative differences between the
mass-gainer and single star in the period spacing pat-
terns remain the same for all choices of D,,;, that we
explored. To highlight this point we show the period
spacing pattern for the model with Dy, = 100 cm?s—!
in Figure A2. Despite slight differences to the exact
shape of the pattern, we still find the same features of (i)
stronger AP for mass-gainers and (ii) regions in which
the period spacing is in-phase and regions in which it is
out of phase between the mass-gainer and single star.
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