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ABSTRACT

We investigate the structural and asteroseismic consequences of mass accretion in massive stars within close binary systems. Using
mesa, we model the evolution of the 10 M⊙ accretor through and after a Roche lobe overflow phase. In addition to changing the
surface composition of the star, mass accretion also significantly modifies the internal structure by expanding the convective core
and altering chemical stratification near the core-envelope boundary. This partial core rejuvenation creates a distinct mean molecular
weight gradient and leaves a persistent local density modulation.
In the late stages of mass transfer, changes in density and sound-speed profiles become apparent and influence stellar oscillations. We
analyse the asteroseismic properties of the post-mass transfer models compared to single stars of the same mass and central hydrogen
abundance. In the gravity mode regime, the altered Brunt-Väisälä frequency leads to period spacing patterns with larger amplitudes
and phase shifts. For low- and intermediate-order pressure modes, we find systematic frequency deviations linked to changes in the
sound-speed profile. Weight function analyses confirm that these differences arise primarily from structural modifications near the
convective core boundary.
Furthermore, small frequency separations, sensitive to localized sound-speed gradients, reveal periodic variations attributable to the
density discontinuity at the convective core edge. The accretor exhibits a larger sound-speed gradient integral and a longer acoustic
radius ratio compared to the single star, consistent with its expanded core.
Our results demonstrate that mass accretion imprints measurable asteroseismic signatures on both gravity and pressure modes. These
signatures provide powerful diagnostics for identifying post-interaction stars and for refining stellar age and structure estimates in
binary systems.
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1. Introduction

Binary stars constitute a significant fraction of the stellar pop-
ulation in the Galaxy. Observations indicate that over half
of massive stars are born in binary or multiple systems
(Duchêne & Kraus 2013; Sana et al. 2012), with possible inter-
actions between components shaping their subsequent evolution.
One of the key processes in such systems is mass transfer, which
occurs when one star fills its Roche lobe and begins transfer-
ring material to its companion. This mass exchange profoundly
alters both stars’ evolution, often leading to rejuvenation, ex-
pansion and spin-up of one component or stripping of the other
(Podsiadlowski et al. 1992; de Mink et al. 2013).

Mass transfer in close binaries leads to a range of struc-
tural and orbital consequences. As mass is accreted by the ini-
tially less massive star, the binary orbit responds according to
angular momentum conservation. The increasing mass of the
accretor and corresponding mass ratio reversal typically result
in orbital expansion during the later stages of the interaction
(Soberman et al. 1997; Renzo et al. 2023). However, initially the
transfer of mass from the more massive donor causes the orbit
to shrink (eg., Renzo et al. 2019). At the same time, the inter-
nal structure of the accreting star undergoes significant changes
(Renzo & Götberg 2021). As material is deposited onto the sur-

face, it is gradually incorporated into the stellar interior through
thermohaline, convective and rotational mixing processes, par-
ticularly near the core-envelope boundary (Neo et al. 1977). This
mixing can supply the convective core with fresh hydrogen, ef-
fectively rejuvenating the star. The phenomenon of core rejuve-
nation leads to an increase in convective core mass and alters
the subsequent nuclear burning history of the accretor. More-
over, the associated mixing processes can also alter the convec-
tive core size, internal chemical gradients, and rotational pro-
file (Moe & Di Stefano 2017; Renzo & Götberg 2021). These
changes in internal stratification have direct consequences for
the star’s pulsational properties (Guo 2021; Miszuda et al. 2022;
Wagg et al. 2024; Henneco et al. 2024, 2025).

Asteroseismology offers a unique window into stellar inte-
riors by analysing oscillation modes sensitive to different re-
gions within the star (e.g., Aerts et al. 2010). In particular, grav-
ity modes (g modes) probe stable, stratified regions, and specif-
ically the chemical gradient and convective core boundaries,
while pressure modes (p modes) provide constraints on the
sound-speed profile in outer layers (Miglio et al. 2008). In mass-
accreting stars, modifications to the internal structure due to ac-
cretion are expected to leave characteristic signatures in both g
(Wagg et al. 2024; Henneco et al. 2024, 2025) and p mode fre-
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quencies (Miszuda 2025). In particular, the rejuvenation from
mass transfer shifts the p mode to higher frequencies (Guo et al.
2017) and the g mode period spacing to larger values (Guo & Li
2019). Arras et al. (2006) found that mass accretion can shift the
edge of g mode instability strip of the white dwarf star in Cata-
clysmic Variables.

Recent observational and theoretical works have identified
such asteroseismic signatures in post-mass transfer binaries.
Studies of slowly pulsating B-type stars revealed period spacing
deviations consistent with altered chemical profiles from mass
accretion (Wagg et al. 2024). Similarly, models of pre-main se-
quence stars indicate that accretion histories shape their pulsa-
tional behaviour and internal structure (Zwintz & Steindl 2022).

In this work, we investigate the impact of mass accretion on
the internal mixing, structure, and pulsational properties of mas-
sive, 10 M⊙ accretor stars using detailed binary evolution mod-
elling. By comparing accretor models with single-star counter-
parts, we identify key structural changes and their observational
consequences, advancing the understanding of the role of mass
transfer in stellar evolution.

2. Methodology

2.1. Evolutionary calculations

We used the mesa code (Modules for Experiments in Stel-
lar Astrophysics, Paxton et al. 2011, 2013, 2015, 2018, 2019;
Jermyn et al. 2023, version 23.05.1) to construct a toy model
under the non-rotating approximation. The model was created
both as a product of binary interactions (through mass gain) and
as a single star, allowing us to compare the binary model to its
isolated counterpart. The details on the variety of physical pro-
cesses, which mesa relies on, can be found in Appendix A.

In our evolutionary computations, we adopted the AGSS09
(Asplund et al. 2009) initial chemical composition and used the
OPAL opacity tables, supplemented by data from Ferguson et al.
(2005) for lower temperatures. For high-temperature regimes, as
well as hydrogen-poor or metal-rich conditions, we used CO en-
hanced tables. We assumed a metallicity of Z = 0.014 and an
initial hydrogen abundance of X0 = 0.723.

Convective instability in the models was treated using the
Ledoux criterion, combined with the turbulent convection theory
based on the Kuhfuss (1986) model, employing a mixing-length
parameter of αMLT = 0.5. In regions that were stable according to
the Ledoux criterion but unstable by the Schwarzschild criterion,
we applied the semiconvective mixing following the formalism
of Langer et al. (1985) with a scaling factor αsc = 0.1. To address
regions exhibiting an inversion in the mean molecular weight,
such as those formed during mass accretion, we applied the
thermohaline mixing using the formalism of Kippenhahn et al.
(1980), with an αth = 1 coefficient. As our models did not
include rotational mixing, we introduced a minimum diffusive
mixing coefficient of D = 100 cm2 s−1 to smooth out numerical
noise or discontinuities in internal profiles, such as the Brunt-
Väisälä frequency or composition gradients. We selected this
value after testing various options, specifically D = 10, 20,
50, 100 and 200, identifying it as the lowest value that effec-
tively smoothed out numerical noise in the aforementioned pro-
files without erasing any significant physical structures. Addi-
tionally, we accounted for overshooting beyond the formal con-
vective boundaries, using an overshooting parameter fov, to cap-
ture turbulent motions extending into the radiative zone. We ap-
plied an exponential scheme of Herwig (2000) on the top of the
H-burning core with the value of fov = 0.02.

Our initial binary model consists of a 10 M⊙ donor in a 3-
day circular orbit with a 7 M⊙ accretor. The initial orbital period
was selected so that the donor fills its Roche lobe and initiates
mass transfer while still on the main sequence. For simplicity,
we assumed fully conservative mass transfer (MT), following
the description of Kolb & Ritter (1990). In this scenario, the ini-
tially less massive star accretes 3 M⊙, leading to a full mass ratio
reversal. Once the accretor reached 10 M⊙, all binary interac-
tions were stopped, and we assumed that the subsequent evolu-
tion proceeded as a single star, following the standard path until
central hydrogen depletion. To simulate this behaviour in mesa,
we used the routine detach_binary by Mathieu Renzo1.

For comparison purposes, we have also calculated single-
star evolution for stars with masses from 7 M⊙ to 10 M⊙ with
a 0.5 M⊙ step with the physics input as described above.

2.2. Pulsational calculations

To calculate pulsations using the previously described mesamod-
els, we employed the gyre code (Townsend & Teitler 2013;
Townsend et al. 2018; Goldstein & Townsend 2020; Sun et al.
2023, version 7.1), in the adiabatic approximation. For radial
pulsations (ℓ = 0), we scanned the frequency range from 1 to
150 d−1 using a linear grid. For higher mode numbers (non-radial
pulsations, ℓ = 1, 2, 3, 4), we applied an inverse grid sampling
between 0.1 and 3.0 d−1 and a linear grid from 3.0 to 150 d−1.
The gyre calculations were performed for all models in our mesa
grid. These computations were applied to both single-star mod-
els and accretor models from binary evolution alike.

3. Results

3.1. Binary evolution

The early evolution of the system, initially containing 10 M⊙ and
7 M⊙ components, follows the single-star evolutionary paths, i.e.
both stars detach from the Zero Age main sequence (ZAMS) and
start synthesizing hydrogen in their cores. Their subsequent evo-
lution is illustrated in the Hertzsprung–Russell (HR) diagram,
in Figure 1. Due to ongoing internal changes, both components
start to increase their radius and move through the HR diagram at
different paces. By the time the 10 M⊙ star synthesized almost all
central hydrogen into helium (approximately 10% hydrogen left
in the core), it has grown enough to fill its Roche lobe (at a ra-
dius of approximately 9.3 R⊙) and starts to transfer mass onto its
companion. At this point the system is approximately 23.55 Myr
old and the components begin to diverge from their single track
equivalents.

As the donor star begins to transfer mass through the in-
ner Lagrange point L1 onto its companion during a case A
mass transfer episode (Kippenhahn & Weigert 1967), it remains
in thermal equilibrium. The mass transfer proceeds stably, yet
rapidly, with the rate reaching up to Ṁ ∼ 10−3.5 M⊙ yr−1. The
MT occurs on the nuclear timescale, and is primarily driven
by the gradual expansion of the donor’s radius resulting from
internal evolutionary changes. As mass is transferred onto the
initially less massive companion, the accretor adjusts to the in-
creasing mass by gradually expanding in size and evolving off
its original evolutionary track. During MT, the accretor remains
close to thermal equilibrium while accommodating the incoming
material. As a result, it experiences a steady increase in mass,
luminosity, effective temperature, and radius. We allow the ac-

1https://github.com/MESAHub/mesa-contrib/tree/release/hooks/detach_binary
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Fig. 1. The Hertzsprung–Russell diagram with the evolutionary tracks
of the binary system components. The donor star is shown with the
purple line, and the accretor with the gray line, both plotted alongside
single-star reference models for different masses (dashed lines). The
mass transfer/accretion rate log ˙|M| is overplotted along the tracks using
colour coding, as indicated by the colour bar. We mark key evolutionary
changes: the donor fills its Roche lobe and begins mass transfer (Idon),
the accretor starts to gain mass and departs from its original track (Iacc),
full mass ratio reversal when the accretor reaches 10 M⊙ and the fol-
lowing detachment of the system (IIacc and IIdon), thermal readjustment
of the accretor (IIIacc), and the accretor’s single-star evolution until the
end of the main sequence (IVacc).

cretor to grow mass until it reaches 10 M⊙, i.e. until full mass
ratio reversal. After this point, we artificially detach the system
which allows the accretor to regain the thermal equilibrium in
the Kelvin-Helmholtz time scale and follow the subsequent evo-
lution of the accretor as a single 10 M⊙ star until the the end of
the main sequence phase.

3.2. General properties of the accretor model

In the mass-accreting models, the incoming mass has a severe
effect on the internal structure. As the transferred material binds
to the star, the induced higher central temperature boosts the nu-
clear energy generation rate. As the core luminosity goes up, the
radiative gradient ∇rad increases leading to a larger convective
core region according to the convective instability criterion, as
will be discussed in more detail later in this section.

The evolution of the convective core during this process is
shown in Figure 2, where the core mass Mcc is plotted against
the central hydrogen abundance Xc. For the single-star model,
the convective core steadily recedes from ZAMS to terminal age
main sequence (TAMS). By contrast, the initially smaller con-
vective core of the accretor follows a similar trend only until
Xc ≈ 0.5, after which it expands due to mass accretion. Within
just 0.02 Myr, Mcc increases from 1.62 M⊙ to 3.3 M⊙, reflecting
the sudden influx of fresh fuel. Once mass transfer ceases, the
star regains thermal equilibrium and the core mass stabilizes at
Mcc = 2.87 M⊙ with Xc ≈ 0.6. From that point onward, the evo-
lution of the accretor’s convective core closely tracks that of the
single-star counterpart, although it remains slightly more mas-
sive by about 1%. This offset likely results from enhanced mix-
ing across the core-envelope boundary (CEB, Neo et al. 1977;
Renzo et al. 2023), which altered the chemical profile and in-
creased the core mass.
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Fig. 2. The evolution of mass of the convective core Mcc in a function
of central hydrogen abundance Xc for the single-star (orange lines) and
the accretor (blue lines) models.

The structural changes brought about by accretion are clearly
visible in the evolution of internal mixing and hydrogen abun-
dance profiles, shown in Figure 3, based on the convection, over-
shoot, thermohaline and user-defined artificial mixing processes.
Mass accretion is relatively short-lived and rapid and occurs be-
tween the left, second and third top panels. This figure allows
one to clearly trace the evolution of the convective core bound-
ary in mass coordinates, both during the standard core recession
and the core rejuvenation phase.

The effect of rejuvenation is twofold. As the freshly ac-
creted material settles onto the stellar surface, an inversion
in the mean molecular weight profile forms and gives rise to
thermohaline mixing, which contributes to the internal redistri-
bution of chemically stratified layers (Kippenhahn et al. 1980;
Stancliffe & Glebbeek 2008; Wagg et al. 2024). The expansion
of the convective core during accretion leads to the engulfment
of layers with hydrogen gradient, left after the core recession,
mixing hydrogen-rich material from the envelope into the core
(Neo et al. 1977). At the same time, this process compresses the
surrounding chemically stratified region, steepening the hydro-
gen gradient in the adjacent layers. As a result, the mean molec-
ular weight µ drops sharply in this narrow zone, and an inflection
in the density profile emerges. Specifically, a slightly increased
density in the location of the previously engulfed regions is fol-
lowed by a steeper decline due to drop in µ, compared to the
single models as shown in Figure 4. We refer to this feature as
a local bump in the density profile. This bump reflects a devia-
tion from the otherwise monotonic density gradient and emerges
just above the growing convective core, in layers enriched in hy-
drogen as a signature of structural reconfiguration due to accre-
tion. As the core expands during the mass accretion, it shifts this
bump into higher layers, near the end of the hydrogen gradient
region. This feature is stable, meaning that it persists at least
until the end of the main sequence phase (see Figure 4). The
presence of this bump is also consistent with earlier findings by
Renzo et al. (2023) and Wagg et al. (2024), though the models
of the just mentioned authors describe a local dip in the density
profile.

A key consequence of the density bump is the development
of off-centre convective zones (oCZs). These zones appear in the
chemically stratified region above the convective core during the
late and post-RLOF phases, as seen in the right panels of Fig-
ure 3. Their occurrence has been reported by Renzo & Götberg
(2021) and their physical origin was analysed by Miszuda (sub-
mitted to A&AL). The formation of oCZs is governed by the
Ledoux criterion for convective instability. According to this
condition, a region becomes unstable to convection if the actual
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Fig. 3. The mixing profiles D during the evolution of the accretor. Left: Evolution from Xc = 0.7 to 0.0 in steps of 0.1. Right: Profiles at selected
evolutionary stages, before, during and after the RLOF. The shaded areas indicate the regions over which the mass varies, with the current mass
indicated by dashed lines. The black lines, as denoted on the right-hand ordinates of the right panels show the corresponding profiles of hydrogen
abundances.

temperature gradient exceeds the Ledoux gradient

∇ > ∇L = ∇ad +
φ

δ
∇µ, (1)

where ∇ is the temperature gradient, ∇ad is the adiabatic tem-
perature gradient, and ∇µ is the gradient of the mean molecular
weight:

∇ =
d ln T
d ln P

, ∇ad =

(
∂ ln T
∂ ln P

)
ad

and ∇µ =
d ln µ
d ln P

. (2)

The thermodynamic derivatives

δ = −

(
∂ ln ρ
∂ ln T

)
P,µ

and φ =

(
∂ ln ρ
∂ ln µ

)
P,T

(3)

are obtained from the equation of state (e.g.,
Kippenhahn & Weigert 1990). In radiative layers, where
energy is transported by radiation, the actual temperature
gradient ∇ is equal to the radiative temperature gradient ∇rad.
Therefore, in these layers, the Ledoux instability criterion takes
the form of

∇rad > ∇L. (4)
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Fig. 4. The density log ρ profiles at selected central hydrogen abun-
dances Xc, for the single-star (orange lines) and the accretor (blue lines)
models. The local bump discussed in the text is clearly visible in the
binary models.

In the post-mass transfer models, the appearance of a local den-
sity bump leads to an increase in opacity, which enhances ∇rad.
If this exceeds the stabilising contribution from ∇µ, the stability
Ledoux criterion is violated and a convective zone forms away
from the centre — giving rise to the oCZ.

The oCZs play a critical role in reshaping the hydrogen
abundance profile. As they develop within chemically stratified
zones, they homogenize the local composition by erasing sharp
gradients. The mixing within the oCZ reduces the mean molec-
ular weight gradient leading to nearly uniform hydrogen abun-
dance profiles followed by new discontinuities at the oCZ bound-
aries. These discontinuities increase ∇L and can suppress con-
vection locally, effectively splitting or terminating the oCZs. At
the same time, the chemically stratified region continues to be
compressed by the outward growth of the convective core dur-
ing the rejuvenation. This compression can again steepen ∇rad,
allowing it to exceed ∇L and temporarily revive convection. Dur-
ing the mass transfer episode, multiple density bumps form at the
boundaries of successive oCZs (Miszuda, submitted to A&AL)
altering the hydrogen abundance profiles. However, only the fi-
nal feature, formed just before the disappearance of the last oCZ
at the end of the mass-accretion phase, persists into the post-
mass transfer phases. Because it forms sufficiently far from the
convective core, it is not smoothed out by overshooting and thus
remains as a lasting structural relic of the accretion history. The
impact of this feature on the chemical structure is illustrated in
Figure 5, where we compare hydrogen abundance profiles at var-
ious evolutionary phases between the single-star (dashed lines)
and accretor (solid lines) models. This abundance kink remains
clearly visible for Xc ≤ 0.5, for 3.5 < m/M⊙ < 3.8, highlighting
its persistence throughout the post-mass transfer main sequence
evolution.

The structural imprint of the density bump is also reflected
in the sound-speed profile. Since the adiabatic sound speed is
defined as

c2
s = Γ1P/ρ, (5)

where Γ1 is the first adiabatic exponent, P is the pressure and
ρ is the density, hence any local modulation in the density at
fixed pressure alters the sound speed. In the region near the
CEB, where pressure gradients are smooth due to hydrostatic
equilibrium, the density bump causes a clear deviation in the cs
profile, as shown in Figure 6. This modulation has observable
consequences, as it affects the propagation of p modes and may
alter mode trapping behaviour (e.g., Dziembowski et al. 1993;
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Fig. 5. Hydrogen abundances X in a function of a mass for different evo-
lutionary stages of 10 M⊙ single (orange lines) and accretor (blue lines)
models. The vertical lines mark features corresponding to Figure 7. For
clarity, we only show the fraction of the inner mass coordinate.
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models.

Miglio et al. 2008). We investigate these effects in more detail in
the following sections.

3.3. Asteroseismic properties of the accretor model

There are two characteristic frequencies that determine the be-
haviour of stellar oscillations. These are the Lamb frequency:

S 2
ℓ =
ℓ(ℓ + 1)c2

s

r2 , (6)

and the Brunt-Väisälä frequency:

N2 = g

(
1
Γ1P

dP
dr
−

1
ρ

dρ
dr

)
(7)

(e.g., Aerts et al. 2010). Here, ℓ is the spherical harmonic degree,
cs is the adiabatic speed of sound, g is the local gravitational
acceleration and r is the radial coordinate.

The propagation of modes is determined by the relation be-
tween the oscillation frequency ω and the characteristic frequen-
cies N and S ℓ2. Modes for which |ω| < |N | and |ω| < |S ℓ | prop-
agate as gravity modes (g modes), for which buoyancy acts as
the restoring force. They are confined to radiative zones, where
N2 > 0, while convective zones act as evanescent barriers (e.g.,
Cox 1980; Aerts et al. 2010). In chemically homogeneous, non-
rotating and non-magnetic stars, the g modes with consecutive
radial orders n and the same spherical degree ℓ exhibit equally
spaced periods ∆P. According to the asymptotic properties of

2Here, presented in an angular form.
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g modes, valid for ℓ ≪ n, this spacing remains constant and is
given by (Tassoul 1980):

∆Pℓ,asym =
2π2

√
ℓ(ℓ + 1)

(∫
C

Nr−1dr
)−1

, (8)

where the integration is performed over the g mode propaga-
tion cavity C with respect to the radial coordinate. This expres-
sion shows that the period spacing is determined by the integral
of the Brunt-Väisälä frequency, and is therefore highly sensi-
tive to the presence of chemical gradients and sharp structural
features in the deep interior of the star. In case of the main se-
quence massive stars, with convective core and radiative enve-
lope, the observed value of ∆P is directly related to the extent of
the core (e.g., Moravveji et al. 2015, 2016; Mombarg et al. 2019;
Pedersen et al. 2018, 2021).

In contrast, modes with |ω| > |N | and |ω| > |S ℓ | propagate
as pressure modes (p modes), for which pressure acts as the
restoring force. These propagate in the outer layers, where the
sound speed and density is lower and the acoustic cavity is lo-
cated. In massive main sequence stars like βCephei variables,
only low- to intermediate-order p modes are observed. These
modes of moderate radial order can penetrate into the deep stel-
lar interior, making them valuable probes of the region near the
convective core. Because of this dependence, p mode frequen-
cies can provide a complementary asteroseismic diagnostic to g
mode periods, especially in stars that have undergone structural
changes due to processes such as mass accretion. Changes in
the internal cs profile, for instance due to convective core expan-
sion, envelope compression, or compositional readjustment, can
subtly shift the p mode frequencies and thus leave observable
signatures in the mode spectrum.

3.3.1. The Brunt-Väisälä frequency

The study of the Brunt-Väisälä frequency N profile is essential
to understand how mass accretion modifies the internal structure
of massive stars. In particular, it allows us to trace the chem-
ical and thermal stratification that governs the propagation of
buoyancy modes within a star. Following the ideal gas law for
a fully ionised gas approximation, N can be expressed as (e.g.,
Cox 1980; Brassard et al. 1991; Miglio et al. 2008):

N2 ≈
g2ρ

P
(∇ad − ∇ + ∇µ). (9)

The chemical gradient ∇µ is extremely important in astero-
seismology of massive stars with convective cores. As the star
evolves on the main sequence, the fully mixed core shrinks leav-
ing a gradient of hydrogen (see Figure 5) and helium abundance.
This causes a positive contribution to ∇µ and hence, an emergent
rise of N (Kippenhahn & Weigert 1990). As the star evolves and
the convective core recedes, the peak extends to the deeper parts
of the star in a transition region adjacent to the core. The chem-
ical gradient acts stabilising on the convection (Ledoux 1947),
and thus this region defines a boundary for the g mode cavity as
the trapping occurs in the µ gradient zone (Dziembowski et al.
1993).

By expansion of the convective core, the presence of the
oCZs produce a deviation from the otherwise monotonic in-
crease in hydrogen profile (see Figure 5, solid lines) in the form
of a plateau followed by an additional steep chemical gradient
close to the outer boundary of the main chemical stratification.
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Fig. 7. The variation of radiative ∇rad and chemical ∇µ gradients (the
top panels) along with Lamb S ℓ=1 and Brunt-Väisälä N frequencies (the
bottom panels) in a function of mass for 10 M⊙ single (orange lines) and
accretor (blue lines) models. The vertical lines correspond to features
shown in Figure 5. We show results at four different evolutionary stages,
Xc = 0.7, 0.5, 0.3 and 0.1.

That gradient causes additional contribution to ∇µ (see top pan-
els of Figure 7) and thus to N (see lower panels of Figure 7) pro-
ducing the bimodal distribution. As the star progresses through
the main sequence, that feature persists, at least until TAMS, af-
ter which the star restructures its interior and develops a deep
convective zone, that potentially can wash out this effect. The
stability of the bimodal structure in N across various evolution-
ary stages is visible in Figure 7.

Article number, page 6



A. Miszuda et al.: The evolutionary and asteroseismic imprints of mass accretion The 10 M⊙ β Cep case study

3.3.2. g modes

The presence of two distinct peaks in the N profile leads to
the trapping of specific modes within specific stellar regions,
thereby modifying their periods and inducing deviations from
the asymptotic period spacing (e.g., Dziembowski et al. 1993;
Miglio et al. 2008; Wu et al. 2018). These effects have been re-
cently explored by Wagg et al. (2024) and Henneco et al. (2025)
for intermediate-mass slowly pulsating B star (SPB) pulsator
models and massive merger models, respectively. We revisit
them here, as we see a similar behaviour for the g modes.

As the accretor evolves on the early main sequence, the
period spacing closely follows the asymptotic value. However,
once the convective core begins to recede and a chemical gra-
dient forms at its boundary, the ∆P(P) pattern develops regu-
lar oscillations around the asymptotic value, typically within a
P ∼ 1 day range. During the mass transfer episode, the spacing
pattern becomes increasingly irregular, with no clear periodicity
or coherence. This behaviour reflects rapid structural changes,
the emergence of the off-centre convective zones, and the devel-
opment of a highly structured Brunt-Väisälä profile shaped by
composition gradients and complex mixing. In the final stages
of the main sequence, the period spacing pattern stabilises and
regains regularity with a modulated oscillatory behaviour, and
the amplitude alternating between increasing and decreasing in
a quasi-periodic manner. The amplitude varies in a cyclic fash-
ion, resembling a beating pattern. This behaviour likely results
from mode trapping between multiple internal layers, shaped by
persistent chemical gradients near the convective core boundary,
and reflects the increasingly stratified structure of the stellar inte-
rior as the star approaches the terminal age main sequence. Such
a behaviour can be seen in Figure 8, in which we plot the dipole
mode period spacing ∆P for the accretor and single star models,
corresponding to four separate evolutionary cases: pre-MT case
at Xc = 0.7, and post-MT at Xc = 0.5, 0.3 and 0.1. With horizon-
tal lines, we mark the asymptotic ∆P values (see Equation 8),
using solid lines for the accretor model and dashed lines for the
equivalent single model. At Xc = 0.7, both models exhibit nearly
constant period spacings, with almost all modes lying close to
the asymptotic value. This indicates a very small chemical com-
position gradient. Additionally, due to different initial masses,
the asymptotic values themselves differ between the models, re-
flecting the dependence of the Brunt-Väisälä integral on the stel-
lar size and internal structure. As evolution proceeds, after the
mass transfer and mass equalization, the period spacing patterns
begin to overlap, yet subtle differences persist between the mod-
els. Characteristic dips in the period spacing diagram start to
emerge, associated with the development of a µ gradient region
just outside the convective core. These dips are caused by mode
trapping and result from the local increase in the Brunt-Väisälä
frequency. Their presence and depth provide valuable asteroseis-
mic diagnostics of the internal chemical stratification and the
evolutionary state.

At the bottom panel of Figure 8, we also show the evolution
of the asymptotic ∆P values as a function of central hydrogen
abundance Xc. For the accretor model, ∆P remains nearly con-
stant at ∆P ∼ 0.115 d from the ZAMS up to Xc ≈ 0.5. Follow-
ing the onset of mass accretion, ∆P increases rapidly, reaching
a peak value of ∆P ∼ 0.16 d at Xc ≈ 0.6 and later stabilizes
at ∆P ∼ 0.155 d. After mass transfer ends, the accretor evolves
similarly to the single-star model, but with asymptotic ∆P values
consistently higher by about 2%. This offset can be linked di-
rectly to changes in the Brunt-Väisälä frequency profile induced
by mass accretion and structural readjustment.
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Fig. 8. The period spacing diagrams showing dipole g modes, for
both the accretor model (orange line) and the single-star model (blue
line). The horizontal lines mark the asymptotic value of the period
spacing. We show results for only four different evolutionary stages,
Xc = 0.7, 0.5, 0.3 and 0.1. The bottom panel shows the comparison of
evolution of asymptotic value of the period spacing between the accre-
tor and the single model.

We confirm the findings of Wagg et al. (2024), that the period
spacing pattern has a larger amplitude for the accretor compared
to the single-star models. Additionally, for specific periods, the
accretor’s pattern can be out of phase with the single star’s. This
may be the most evident for Xc = 0.1, in the second-to-last
panel of Figure 8. The observed changes in period spacings be-
tween the accreting and single-star models indicate that mass
transfer leaves detectable asteroseismic signatures. The magni-
tude of these differences, particularly in the gmode regime, sug-
gests that they could be within the observational capabilities of
missions such as Kepler (Koch et al. 2010), TESS (Ricker et al.
2015) or their successors, such as PLATO (Rauer et al. 2014),
provided that a sufficient number of consecutive modes can be
identified.

3.3.3. p modes

In the case of p modes, we are primarily interested in low-
degree, low to medium-order modes, since they are most likely
to probe the deeper parts of the stellar interiors. For such modes,

Article number, page 7

https://orcid.org/0000-0002-9382-2542


A&A proofs: manuscript no. output

Mode Accretor model Single model Frequency ratio
frequency [ d−1] [ d−1]

νℓ=1,n=2 5.2558 5.2866 0.9942
νℓ=1,n=3 5.9026 5.9385 0.9940
νℓ=2,n=1 5.6151 5.6261 0.9980
νℓ=2,n=7 11.4773 11.5289 0.9955
νℓ=3,n=2 7.3094 7.3372 0.9962
νℓ=3,n=9 13.8466 13.9073 0.9956
νℓ=4,n=0 5.8409 5.7469 1.0164
νℓ=4,n=3 8.7445 8.7952 0.9942
νℓ=4,n=10 15.3680 15.4295 0.9960

Table 1. A comparison between accretor and single-star frequencies for
given p modes, corresponding to an Xc = 0.1 model.

we calculate the accretor to single star frequency ratio νacc
ℓ,npg
/νsin
ℓ,npg

for equal degree and order. We present the result in Figure 9 for
four separate evolutionary cases, Xc = 0.7, 0.5, 0.3 and 0.1. Simi-
larly as in Figure 8, the top panel shows the pre-MT case, where
we have a mismatch between the stellar masses. However, as
shown in the following panels, distinct deviations between accre-
tor and single star frequencies appear in the low- to intermediate-
order regime. These are superimposed on a systematic offset
observed in the asymptotic region, where the frequency ratio
νacc
ℓ,npg
/νsin
ℓ,npg

reaches approximately 1.0012 for Xc = 0.5, 0.996
for Xc = 0.3, and 0.9925 for Xc = 0.1. To illustrate this in more
detail, we select the representative model at Xc = 0.1 and list the
corresponding frequencies and their exact ratios in Table 1. As
can be seen, the most affected frequencies are in the 5 − 15 d−1

range, which is the typical observed range for βCep stars (eg.,
Stankov & Handler 2005). These non-asymptotic p modes are
more sensitive to conditions in the near-core region, including
the sound-speed gradient and the local stratification shaped by
previous mass accretion. As a result, their frequency deviations
provide direct seismic evidence of internal restructuring. In order
to quantify this sensitivity and link the frequency shifts to struc-
tural differences, we compute the weight functions. These allow
us to identify the specific layers where the eigenfunctions con-
tribute most significantly to the observed frequency deviations.

It was shown by Kawaler et al. (1985) and later revised by
Townsend & Kawaler (2023) that the variational expression for
the eigenfrequency of a mode can be written as

σ2(y) =

∫ R
0

[
C(y, r) +N(y, r) + G(y, r)

]
ρr2dr∫ R

0 T (y, r)ρr2dr
, (10)

where

C(y, r) = g2ℓ(ℓ + 1)S −2
ℓ (y2 − y3)2, (11)

N(y, r) = r2N2y2
1, (12)

G(y, r) = −
gr
U

[
y4 + (ℓ + 1)y3

]2 (13)

are weight functions and y(r) =
{
y1(r), y2(r), y3(r), y4(r)

}
={

ξr/r, (σ2r/g)(ξh/r),Φ′/(gr), (1/g)dΦ′/dr
}

is a vector of eigen-
functions introduced by Dziembowski (1971), corresponding to
the radial displacement, the horizontal displacement, the gravita-
tional potential perturbation and its derivative. Weight functions
highlight the internal regions of the star that contribute to the
mode’s frequency, revealing its sensitivity to specific layers and

0 5 10 15 20 25 30

Radial order npg

1.140

1.145

1.150

1.155

1.160

1.165

1.170

ν a
cc
/ν

si
n

Xc = 0.7

`=0 `=1 `=2 `=3 `=4

2 4
1.14
1.15
1.16
1.17
1.18
1.19

0 5 10 15 20 25 30

Radial order npg

1.0011.0011.001

1.0021.0021.002

ν a
cc
/ν

si
n

Xc = 0.5

`=0 `=1 `=2 `=3 `=4

2 4
1.000

1.002

1.004

0 5 10 15 20 25 30

Radial order npg

0.995

0.996

0.997

ν a
cc
/ν

si
n

Xc = 0.3

`=0 `=1 `=2 `=3 `=4

2 4
0.995

0.996

0.997

0 5 10 15 20 25 30

Radial order npg

0.991

0.992

0.993

0.994

0.995

ν a
cc
/ν

si
n

Xc = 0.1

`=0 `=1 `=2 `=3 `=4

2 4
0.99

1.00

Fig. 9. The accretor and single-star frequency ratios for a given modes
at different evolutionary stages, Xc = 0.7, 0.5, 0.3 and 0.1.

hence establishing its main formation regions. These have been
used extensively to examine the mode trapping properties in sub-
dwarf B stars (Charpinet et al. 2000; Guyot et al. 2025).

The function in the denominator,

T (y, r) = r2
[
y2

1 + ℓ(ℓ + 1)
(
g

rσ2

)2
y2

2

]
, (14)

is proportional to the kinetic energy density and the U quantity,
appearing in Equation 13, is the homology invariant (see eg.,
Kippenhahn & Weigert 1990).

The frequency of a given mode νℓ,n can be expressed as

ν2ℓ,n = V(x = 1), (15)

where V is a cumulative integral of the weight functions W over
a normalised radius x = r/R,

V(x) =
∫ x

0
W(x′)dx′ (16)

and

W(x) =
(GM

R3

) (86400
2π

)2

·
C(x) +N(x) + G(x)∫ R

0 T (r) ρr2dr
(17)

The above is connected with Equation 10 via

ν = V(1)1/2 =

(GM
R3

)1/2 (
86 400

2π

)−1

σ. (18)
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The weight functions help to identify the regions in the star
to which a given mode is most sensitive, and their comparison
allows us to understand how structural differences translate into
changes in mode frequencies. To investigate how the internal
structure affects the oscillation frequencies, we examine the be-
haviour of the weight functions W for selected modes. We fo-
cus on those with the largest frequency deviations between the
two models at Xc = 0.1, namely the modes with (ℓ, n) = (2, 1)
and (ℓ, n) = (4, 0) (see Figure 9 and Table 1). Additionally, to
illustrate the response of gravity modes to the internal struc-
ture, we show the weight functions for selected g modes, i.e.
(ℓ, n) = (2,−2) and (ℓ, n) = (2,−3). We deliberately select the
low-order modes that can be trapped in the external peak region
of the Brunt-Väisälä frequency (see Figure 7), and are there-
fore particularly sensitive to the stratification region left by the
oCZs. As a result, their character may differ significantly from
that of the corresponding modes in single-star models, reflecting
the structural imprint of the mass transfer history. These weight
functions are shown in Figure 10, together with their cumulative
integrals V . The insets zoom into the region 0.07 < r/R⊙ < 0.15
(corresponding to 1 < m/M⊙ < 4.5).

The analysis of p mode frequency ratios further confirms
that mass accretion subtly but measurably alters the sound-speed
profile of the star. These variations, although smaller than those
observed in the g mode period spacings, offer complementary
diagnostics sensitive to the layers close to the core and can
thus provide additional constraints in asteroseismic modelling of
mass-accreting systems. In particular, the differences in weight
functions ∆W = Waccretor − Wsingle and the cumulative integrals
∆V = Vaccretor − Vsingle indicate that the dominant contribution
to the frequency shifts originates from the region 2 < m/M⊙
< 4, which coincides with the zone of strongest divergence in the
sound-speed profiles cs between the accretor and the single-star
model (see Figure 6). The lower limit is, however, set by the size
of the chemical gradient and thus dependent on the evolutionary
phase we select to study. This region encompasses the outer edge
of the convective core and adjacent stratified layers shaped by
the accretion history. The frequency deviations can thus be inter-
preted as a seismic signature of the structural imprint left by the
mass transfer event. The magnitude of these p mode frequency
shifts, typically of the order of 0.5%, correspond to absolute dif-
ferences of ∼ 0.03 − 0.07 d−1, in the 5 − 15 d−1 range. These
are well above the typical observational uncertainties for βCep
stars (∼ 0.003%, e.g., Jerzykiewicz et al. 2005; Burssens et al.
2023), and are therefore very likely to be detectable. However,
as pointed out by Wagg et al. (2024), we are still most likely to
confuse the observed frequencies originating from binary evolu-
tion with those of a much younger single star. This degeneracy
can lead to a misinterpretation of the star’s evolutionary state
and age, potentially obscuring the effects of past mass transfer in
asteroseismic modelling.

3.3.4. High-order p modes

Even though high-order p modes are not observed in β Cephei
pulsators, we explore the asymptotic properties of the p modes,
as their asymptotic behaviour might offer a valuable theoretical
framework for comparison.

It is well known that a local glitch such as a discontinu-
ity in sound speed or density can induce periodic variations in
the p mode frequencies (Gough 1990). For solar-like oscilla-
tors, the bottom of convective envelop and the partial ionization
zone of helium, have been inferred from high-frequency p modes
(Roxburgh & Vorontsov 1994; Basu et al. 1994). The observ-

ables include the small frequency separation δ02 = νn,ℓ − νn−1,ℓ+2
or the second-order frequency differences νn−1,l − 2νn,l + νn+1,l
(White et al. 2011; Verma et al. 2014).

From the asymptotic analysis, the small separation over large
separation ratio δ02/∆ν can be approximated as

δ02/∆ν ≈
(2ℓ + 3)

4π2ν

(
−

∫
dc
dr

dr
c
+

c(R)
R

)
. (19)

Thus, the imprints of mass transfer on the sound speed gradient
near the core directly affect the magnitude of small separation.
The above approximation has been refined and applied to red
giants recently by Ong et al. (2025) and Reyes et al. (2025).

Figure 11 presents the ratio of the small to large frequency
separations, computed using GYRE and from the leading-order
asymptotic approximation for both the accretor and single-star
models. As expected from theory, the asymptotic estimate of
δν02/∆ν decreases monotonically with increasing radial order
npg, a trend that aligns well with the GYRE calculations in
the high-order regime. Notably, the accretor model exhibits a
slightly small to larger separation ratio compared to the single-
star model. This difference can be attributed to a larger integral
of the sound-speed gradient in the accretor model (see Equa-
tion 19). Superimposed on the overall decline is a periodic mod-
ulation, which arises from the density discontinuity of the con-
vective core boundary.

Following Roxburgh & Vorontsov (1994), the amplitude of
this variation depends on the magnitude of the density discon-
tinuity, and the period of the variational component can be ap-
proximated by

P̃ = (T/tcore)∆ν, (20)

where t is the acoustic radius

t(r) =
∫ r

0

dr
c
, (21)

and T = t(r = R), tcore = t(r = rcore). Since the large frequency
separation is given by ∆ν ≈ 1/(2T ), we can estimate the fre-
quency of the variation as

f̃ = 1/P̃ = 2tcore. (22)

We measure the periodic component in δν02/∆ν by recording
the local minima and calculating the averaged period from high
radial order p modes from GYRE (npg > 30) and find nice agree-
ment with the expected frequency 2tcore. We note that δν02/∆ν of
the accretor model (solid lines) has a slightly larger period than
that of the single model (dashed lines), indicating a larger T/tcore
ratio.

These results highlight the sensitivity of high-order p modes
to structural discontinuities introduced by mass transfer, and
demonstrate how asymptotic diagnostics, even if not directly ob-
servable in β Cephei stars, can provide valuable insights into the
internal structure of post-interaction models.

4. Summary

In this study, we investigated the structural and asteroseismic
consequences of mass accretion onto a working example of a
main sequence star with a final mass of 10 M⊙, representative of
a typical βCephei pulsator. We compare a single-star model and
an accretor model that has undergone conservative mass transfer,
focusing on key internal diagnostics such as density, chemical
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Fig. 10. Weight functions W and their cumulative integrals V for the specific p modes (top panels) listed in Table 1 at Xc = 0.1 and for low-order
g modes, showing most distinct deviations between accretor (blue lines) and single-star (orange lines) frequencies.
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composition, sound speed, Brunt-Väisälä frequency and g mode
and low-order p mode frequencies.

Mass accretion significantly modifies the internal structure
and asteroseismic properties of the βCep accretor. The most
prominent structural change is the formation of a local bump
in the density profile just above the convective core. This fea-
ture arises during rejuvenation when the core expands and en-
gulfs hydrogen-rich layers, creating a sharp µ gradient and a
non-monotonic density bump. The bump persists throughout the
main sequence evolution and corresponds to a lasting chemical

discontinuity visible at the outer-boundary of the µ gradient re-
gion.

These structural modifications are reflected in the Brunt-
Väisälä frequency profiles. While the single-star model shows
a smooth Brunt-Väisälä profile shaped solely by core retreat and
composition gradients, the accretor exhibits a bi-modal profile
that results in additional mode trapping.

The g mode period spacing diagram offers a sensitive as-
teroseismic probe of these structural changes. Before accretion,
both models show near-constant ∆P values, closely matching the
asymptotic expectation. However, during and after mass transfer,
the period spacing of the accretor becomes irregular due to rapid
internal restructuring. Once the star reaches post-accretion state,
∆P patterns regain coherence but develop characteristic mod-
ulations. These features result from mode trapping in the lay-
ered structure around the convective core and trace the evolving
composition gradients. The quasi-periodic modulations in period
spacing, including beating-like behaviour, serve as direct signa-
tures of internal stratification shaped by mass accretion.

Low- and intermediate-order p modes are likewise affected.
Frequency ratios νacc/νsin reveal systematic shifts up to ∼ 0.5%,
corresponding to absolute differences of 0.03 − 0.07 d−1 in the
observable 5− 15 d−1 range for βCephei stars. These shifts arise
primarily from differences in the sound-speed profile near the
core due to the local density bump. Weight function analysis con-
firms that these layers dominate the contribution to the observed
frequency deviations.

Finally, we detect changes in the δν02/∆ν patterns. The ac-
cretor shows a slightly longer modulation period, indicating a
larger T/tcore ratio. This further confirms the seismic signature
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of a structurally more extended core boundary region caused by
prior mass accretion.

In summary, we demonstrate that mass accretion leaves mea-
surable imprints on the internal structure of mass-accreting stars,
especially in density, chemical gradients, and sound-speed pro-
files. These translate into observable differences in both g and
p mode pulsations. Period spacing modulations, mode trapping
features, and systematic frequency shifts provide robust aster-
oseismic diagnostics of prior mass transfer events. Such signa-
tures are within the sensitivity of current high-precision photom-
etry, making asteroseismology a powerful tool to probe the evo-
lutionary history of massive stars in binary systems. This study,
although focused strictly on a high-mass stellar model, provides
a general methodology and a clear prediction of the seismic sig-
natures expected from mass accretion. The presented approach
and results are supported by independent modelling efforts, such
as those by Wagg et al. (2024) and Henneco et al. (2024, 2025),
further reinforcing the diagnostic potential of pulsations for un-
veiling past binary interaction.
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Appendix A: mesa input physics

The mesa code builds upon the efforts of many researchers who
advanced our understanding of physics and relies on a variety
of input microphysics data. The mesa EOS is a blend of the
OPAL (Rogers & Nayfonov 2002), SCVH (Saumon et al. 1995),
FreeEOS (Irwin 2004), HELM (Timmes & Swesty 2000), and
PC (Potekhin & Chabrier 2010) EOSes. Radiative opacities are
primarily from the OPAL project (Iglesias & Rogers 1993,
1996), with data for lower temperatures from Ferguson et al.
(2005) and data for high temperatures, dominated by Compton-
scattering from Buchler & Yueh (1976). Electron conduction
opacities are from Cassisi et al. (2007). Nuclear reaction rates
are from JINA REACLIB (Cyburt et al. 2010) plus additional
tabulated weak reaction rates from Fuller et al. (1985), Oda et al.
(1994) and Langanke & Martínez-Pinedo (2000). Screening is
included via the prescription of Chugunov et al. (2007). Thermal
neutrino loss rates are from Itoh et al. (1996). The mesa-binary
module allows for the construction of a binary model and the
simultaneous evolution of its components, taking into account
several important interactions between them. In particular, this
module incorporates angular momentum evolution due to mass
transfer. Roche lobe radii in binary systems are computed us-
ing the fit of Eggleton (1983). mass transfer rates in Roche lobe
overflowing binary systems are determined following the pre-
scriptions of Ritter (1988) and Kolb & Ritter (1990).

Acknowledgements. This work was supported by the Polish National Science
Centre (NCN), grant number 2021/43/B/ST9/02972. The research leading to
these results has received funding from the European Research Council (ERC)
under the Horizon Europe programme (Synergy Grant agreement N◦101071505:
4D-STAR). AM would like to thank G. Handler for his valuable comments on
this manuscript. Calculations have been carried out using resources provided by
Wrocław Centre for Networking and Supercomputing (http://wcss.pl), grant no.
265.

Data Availability

We make all files needed to recreate our mesa-binary and gyre
results publicly available at Zenodo: 10.5281/zenodo.15829740.

Software

- gyre (Townsend & Teitler 2013; Townsend et al. 2018;
Goldstein & Townsend 2020; Sun et al. 2023),
- mesa (Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al.
2023),
- pyMESAreader (https://billwolf.space/py_mesa_reader/index.html),
- Python SciPy (Virtanen et al. 2020),
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