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ABSTRACT

Although planets have been found orbiting binary systems, whether they can survive binary interactions is debated. While the
tightest-orbit binaries should host the most dynamically stable and long-lived circumbinary planetary systems, they are also
the systems that are expected to experience mass transfer, common envelope evolution, or stellar mergers. In this study, we
explore the effect of stable non-conservative mass transfer on the dynamical evolution of circumbinary planets. We present a
new script that seamlessly integrates binary evolution data from the 1D binary stellar evolution code MESA into the N-body
simulation code REBOUND. This integration framework enables a comprehensive examination of the dynamical evolution of
circumbinary planets orbiting mass-transferring binaries, while simultaneously accounting for the detailed stellar structure
evolution. In addition, we introduce a recalibration method to mitigate numerical errors from updates of binary properties
during the system’s dynamical evolution. We construct a reference binary model in which a 2.21 Mg, star loses its hydrogen-rich
envelope through non-conservative mass transfer to the 1.76 My companion star, creating a 0.38 M, subdwarf. We find the
tightest stable semimajor axis for circumbinary planets to be ~~ 2.5 times the binary separation after mass transfer. Accounting
for tides by using the interior stellar structure, we find that tidal effects become apparent after the rapid mass transfer phase and
start to fade away during the latter stage of the slow mass transfer phase. Our research provides a new framework for exploring
circumbinary planet dynamics in interacting binary systems.

Key words: planets and satellites: dynamical evolution and stability — planet—star interactions — binaries: close — subdwarfs.

1 INTRODUCTION

The existence of circumbinary planets (CBPs, also known as P-type
systems; Dvorak 1984) offers valuable insights into the underlying
physics involved in planet formation and the dynamical evolution of
planetary systems. After the discovery of the first CBP Kepler-16 b
(Doyle et al. 2011), a series of CBPs have been reported from the
Kepler (Borucki et al. 2010) and TESS missions (Ricker et al.
2015). Currently, around 28 binary systems have been confirmed
to host circumbinary planets, according to the Extrasolar Planets
Encyclopaedia' and NASA Exoplanet Archive.> About 10 of them
are orbiting binary systems that contain an evolved star, such as a
white dwarf (WD) or a subdwarf. The recently suggested existence
of a possible hot Jupiter around the subdwarf and M-dwarf binary
Kepler 451 (Esmer et al. 2022) challenges further our understanding
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of planet formation and dynamics in the context of binary inter-
actions. These binaries are suggested to be post-common envelope
binaries (PCEBs; Zorotovic & Schreiber 2013) and are implied to
have experienced a dramatic mass transfer episode and a subsequent
unstable mass transfer triggering a common envelope (CE) phase.
During CE evolution, binaries undergo a rapid and significant orbital
shrinkage (Ivanova et al. 2013), ultimately leading to either a merger
or the ejection of the CE. It remains unclear whether circumbinary
planets form before or after the CE phase. Some studies suggest that
these circumbinary planets around PCEBs are the second-generation
planets formed from the ejecta of CE (Zorotovic & Schreiber
2013; Schleicher & Dreizler 2014). However, Bear & Soker (2014)
argued that, in certain populations, the circumbinary planets are
more likely to be the first-generation planets formed prior to CE
evolution.

Subdwarfs are low-mass (~0.35-1 M) exposed helium cores (see
e.g. Heber 2016, for a review) that result from envelope-stripping
through CE ejections (e.g. Schaffenroth et al. 2022), or stable mass
transfer (Han et al. 2002, 2003; Vos et al. 2017). Thousands of
subdwarfs are known (Geier 2020), and more and more of their
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binary companions are being discovered and characterized. The
binary companions include low-mass main-sequence stars, WDs,
and even more massive Be stars (e.g. Kupfer et al. 2015; Wang
et al. 2021; Schaffenroth et al. 2022; Klement et al. 2024). The
significant orbital evolution and potentially substantial mass loss
that are associated with the formation of a subdwarf challenges the
existence of circumbinary planets, but could also provide opportu-
nities for new planetary system architectures to develop. Given the
confirmed existence of planets orbiting a tight binary containing a
WD (e.g. Rattanamala et al. 2023), it is clear that binary interactions,
although violent and dynamic, do not prohibit the presence of
planetary systems. Therefore, understanding the impact of subdwarf
formation on surrounding planetary systems constitutes one of the
most promising avenues for revealing how binary evolution affects
planetary systems in general.

Apart from CE evolution, stable mass transfer is also an essential
process for the formation of helium WDs (e.g. Sun & Arras 2018;
Brown et al. 2020) and subdwarfs (Gotberg et al. 2018) in binary
systems. The stable mass transfer process can be modelled using 1D
stellar evolution codes (Eldridge, Izzard & Tout 2008; Paxton et al.
2015), bolstered by a more comprehensive understanding compared
to the CE process. Since our understanding of envelope-stripping
through CE ejection is still associated with major uncertainties, the
impact the planetary system suffers as a result of the ejection is hard
to determine. Because of these large uncertainties, earlier studies on
the dynamical response of circumbinary planets in CE evolution have
adopted simplified approximations, including assuming a constant
mass loss rate for the binary system during the CE phase and ignoring
the mechanical impact of the ejecta (Portegies Zwart 2013; Kostov
et al. 2016). However, planetary systems orbiting mass-transferring
binaries can be treated with a more detailed and accurate approach,
because the envelope-stripping mechanism is better understood and
takes substantially longer than the CEevolution. In light of this,
we investigate the dynamical stability of planetary systems around
binaries that undergo stable mass transfer, integrating detailed 1D
stellar evolution simulations.

Given the advancements in ongoing and forthcoming surveys (e.g.
Roman; Spergel et al. 2015; Penny et al. 2019; Johnson et al. 2020
and TESS; Ricker et al. 2016) that seek planetary systems across
diverse host systems, we expect to discover an escalating number of
CBPs around various binary systems. These discoveries and insights
into expected system architectures and planetary conditions, includ-
ing stability and habitability (Shevchenko et al. 2019), represent an
exciting new direction for planetary science. To prepare for these
anticipated findings, further theoretical and numerical explorations
of planetary dynamics in conjunction with interacting binaries will
be essential.

In this work, we combine N-body simulations with detailed stellar
and binary evolution models to explore the dynamical evolution of
circumbinary planets around binaries through a stable mass transfer
phase that leads to the production of a subdwarf B (sdB) binary.
In Section 2, we introduce the N-Body Binary Stellar Evolution
(NBSE) tool, which bridges the stellar evolution code Modules for
Experiments in Stellar Astrophysics (MESA; Paxton et al. 2011, 2013,
2015, 2018, 2019; Jermyn et al. 2023) and the N-body code REBOUND
(Rein & Liu 2012; Rein & Tamayo 2018; Tamayo et al. 2020;
Baronett et al. 2022). In Section 3, we demonstrate the application
of NBSE to the dynamical evolution of a single circumbinary planet
around an interacting binary star. The impact and the implementation
of tidal effects due to the interaction of the binary system and CBPs
are discussed in Section 4. Finally, we summarize in Section 5.
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2 N-BODY BINARY STELLAR EVOLUTION
(NBSE)

The dynamical evolution of planets around single-evolved stars has
been widely studied (e.g. Rasio et al. 1996; Villaver & Livio 2007,
2009; Mustill & Villaver 2012; Veras et al. 2013, 2016; Mustill,
Veras & Villaver 2014; Veras 2016; Rao et al. 2018; Ronco et al.
2020; Mustill 2024). These studies include simple stellar evolution
models, mainly using the stellar tracks in the single stellar population
synthesis codeSSE (Hurley, Pols & Tout 2000). For multiple stellar
systems, Hamers et al. (2021) presented the population synthesis
code Multiple Stellar Evolution that includes planets, with binary
evolution primarily modelled in a simplified way following the binary
population synthesis code BSE (Hurley, Tout & Pols 2002).

Recently, Baronett et al. (2022) introduced a machine-independent
implementation of parameter interpolation and a constant time-lag
model for tides without evolving spins in REBOUNDX (Tamayo et al.
2020). This approach allows results from other integration codes
to be used as input parameters for REBOUND. As an example of
their technique, they integrated stellar evolution data for single stars
from MESA into REBOUND, using their interpolation scheme to update
stellar parameters such as mass and radius as a function of time.
They demonstrated this by simulating the Sun’s post-main-sequence
influence on the outer giant planets.

In this work, we focus on accurately simulating the binary
evolution, particularly the mass transfer phase, together with a cir-
cumbinary planetary system. Similar to Baronett et al. (2022), we use
the state-of-the-art, open-source stellar evolution code MESA together
with the high-performance N-body simulation code REBOUND to
study the dynamical evolution of CBPs. Compared to BSE-like codes,
where the mass transfer rate is obtained based on parametric methods,
MESA enables us to calculate mass transfer rates self-consistently
considering the rotation of the stars and account for mass and angular
momentum loss both through stellar winds and non-conservative
mass transfer and tidal effects all along the binary evolution. In
this study, we built NBSE,® an integrated tool coupling MESA and
REBOUND, serving for the study of the dynamical evolution of CBPs
involving not only the accurate calculation of single stars but also
the binary evolution.

2.1 MESA binary model

First, we construct a binary model that undergoes stable mass transfer,
leading to envelope stripping and the formation of an sdB star binary.
The reference binary model we compute at solar metallicity consists
a primary star with M, = 2.21 Mg, a secondary star with M, =
1.76 Mg, and an initial orbital period of 6 d in a circular orbit.
It represents one of the sdB-forming binaries at the low-mass end
of the stripped star binary grids in Gotberg et al. (2018). These
initial parameters of the binary are chosen to ensure that planets have
enough time to form around the central binary. Consequently, we
focus on lower initial masses.

To construct the binary evolution model, we adopt the MESA
set-up for constructing binary grids within the POSYDON binary
population synthesis code (Fragos et al. 2023). In this configuration,
the MESADutch scheme is used for the stellar wind prescription
with modifications related to stellar state and surface temperature
(see section 3.2.2 of Fragos et al. 2023). The tidal effect between the
two stars in the binary is treated following the linear approach by

3https://github.com/ZepeiX/NBSE
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Figure 1. Evolution of the binary system properties during the mass transfer phase. The different panels show the binary stars’ radii (top left), the absolute
values of mass change rates (top middle), the Hertzsprung—Russell (HR) diagram for both stars (top right), the binary stars’ masses (bottom left), the surface
rotation velocities over their critical values (bottom middle), and the orbital separation and period (bottom right) as a function of time. The HR diagram shows
the fast and slow mass transfer phases with dark grey and light grey lines, respectively. The other plots are marked with dark grey and light grey shaded areas.

calculating the synchronization time-scale, distinguishing radiative
and convective layers (Hut 1981; Hurley et al. 2002; Qin et al. 2018).

To calculate the mass transfer rate from Roche lobe overflow,
the Kolb scheme (Kolb & Ritter 1990) within MESA is used when
the donor star has left the main sequence. In the binary models,
mass transfer is generally highly non-conservative due to stellar
rotation, meaning that most of the transferred mass is lost from the
system. The specific angular momentum of the transferred material
follows the implementation of de Mink et al. (2013). During mass
transfer, the accretor stars are expected to easily spin-up to critical
rotation due to accretion (Packet 1981), capping further accretion.
The material leaves the system as boosted fast winds, taking away
the angular momentum of the accretor star and the orbit. The
model is a physically motivated implementation in MESA. However,
different binary systems imply varying mass accretion efficiencies.
For example sdB and main-sequence binaries do not show evidence
of substantial mass accretion (e.g. Vos et al. 2017) but some subdwarf
and Be star binaries indicate a high accretion efficiency (e.g. Klement
et al. 2024). Further theoretical and observational research is needed
to better understand how and under what conditions mass transfer
can be efficient.

Fig.1 top panels show the evolution of the radii, of the absolute
values of mass change rates, and of the position in the Hertzsprung—
Russell (HR) diagram for both stars in our reference binary model.
Fig. 1 bottom panels show the evolution of the component masses,
of the surface angular velocities over their critical values, and of the
orbital separation a and period Py,. After leaving the main sequence,
the donor star ignites hydrogen in a shell around the helium core. It
expands rapidly, filling the Roche lobe at around 532.3 Myr, initiating
a fast mass transfer phase for about 0.8 Myr. The mass transfer
rate reaches the maximum of ~107> My yr~! at about 532.9 Myr.
The donor star loses about 1.5 Mg during the fast mass transfer

phase. Then, the binary enters a slow mass transfer phase with a
mass transfer rate of ~1078-10—7 Mg yr~!, lasting about 6 Myr.
At the beginning of the mass transfer phase, the accretor accepts all
the material from the donor. In a short period of time the accretor
is spun-up, then the accretion rate drops quickly. After the mass
transfer process, the donor’s hydrogen-rich envelope is stripped, and
it shrinks significantly, becoming a subdwarf. Although it is known
that subdwarfs are substantially affected by atomic diffusion and
gravitational settling, which causes them to show almost a hydrogen-
pure atmosphere quickly (Drilling et al. 2013), we do not account for
that detail here since we focus on the mass transfer phase. The mass
of the donor star decreases from 2.21 to 2~ 0.38 Mg, and the accretor
accretes ~ 0.04 Mg. Because angular momentum is lost from the
system during mass transfer, the binary orbit widens from 0.10 to
0.33 au, meaning the orbital period increases from 6 to 46 d.

2.2 Coupling of MESA and REBOUND

To build-up circumbinary planet systems in REBOUND, we first add
two stars with properties matching those of the MESA binary at the
starting point of tracing the planet’s dynamical evolution. Then, we
add a planet in the simulation that can be described by its mass,
radius, and orbital elements. We use the WHFast integrator, which
is a second-order symplectic Wisdom Holman integrator (Rein &
Tamayo 2015), with a fixed time-step of 1073 yr to calculate the
dynamical evolution of the planet.

Throughout the calculation process, we treat the evolution of the
central binary as an isolated binary, which is pre-calculated with
MESA. As a result, it is important to refresh and synchronize the
binary parameters within REBOUND properly. We linearly interpolate
all the binary properties as a function of time to generate a new set
of MESA binary output, similar to what was achieved by Baronett

MNRAS 537, 285-292 (2025)
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Figure 2. Evolution of the semimajor axis of the planet with different
thresholds for the donor star mass change (A M) within a single customized
time-step. The dotted line indicates the analytical orbital evolution due to
mass loss from the central object.

et al. (2022). However, updating the binary properties during binary
evolution requires more thorough scrutiny. In cases where the binary
exists in a stable state, for example the long-lasting main-sequence
evolution, it is feasible to update the binary properties at a low
frequency.

In contrast, when the binary is experiencing dramatic changes,
such as during a rapid mass transfer phase, a reduction in the time
interval for the updates becomes essential. In MESA, adaptive time-
steps are controlled by various factors, generally decreasing when
the system undergoes significant changes. Therefore, it is natural to
use the time series from MESA’s output as the time points to update
the binary properties. However, this approach is insufficient because
the minimum time-step required for the binary evolution is longer
than that for the planet’s dynamical evolution. This discrepancy
would introduce systematic errors in the cases where the binary
state changes substantially within a single MESA time-step.

Thus, we introduce an input parameter defined as the change of
a quantity within one MESA time-step to further adjust the time-
steps for the updates. During mass transfer, one of the most rapidly
changing parameter is the donor star mass. As a result, we monitor
the change of the donor star mass AM; = M, x+1 — M, for the
mass transfer phase, where k denotes the step for MESA output. If
A M, is larger than a specific threshold, we split this particular step
evenly into a greater number of smaller intervals to ensure that A M,
for a single new time-step is below the threshold. In this way, we
generate a revised sequence of binary properties, pre-determined by
the interpolated MESA binary output, along with re-calibrated time
intervals, in preparation for the subsequent computation of planetary
dynamics.

In order to obtain an appropriate threshold for AM;, a convergence
test is conducted by exploring different limits of AM;. We consider a
simplified model where the only circumbinary planet is a test particle
with an initial semimajor axis of 1 au from the centre of the mass in a
circular orbit. We adopt five thresholds for AM;, ranging from 102
to 107® M, spaced apart by one order of magnitude. We calculate
the orbital evolution of the planet from about 2 Myr prior to the
mass transfer phase until the end of the mass transfer phase. Fig. 2
shows the evolution of the semi-major axis of the testing planet @pjane;
under different thresholds for A M, through the binary mass transfer

MNRAS 537, 285-292 (2025)

phase. Above 10~* Mg, we find unexpected fluctuations and large
deviations from other tracks, indicating large errors. The values of
10~* and 10> M, lead to similar final Aplanet- However, with a further
reduction to 1076 M, the evolutionary track diverges, deviating from
convergence.

To verify our calculation and to find out a suitable threshold
for AM,, we do an analytical calculation for the planet’s orbit. In
our testing case, the distance between the planet and the binary
exceeds the binary separation by a considerable degree (initially
Qplanet/a ~ 10), which enables us to treat the binary as a single
object. Consequently, the mass loss resulting from the binary mass
transfer process can be seen as mass loss from a single system. Then,
assuming no change in the planet’s mass, the change in the semimajor
axis of the planet is

ap=a—— 2L ¢h)

where a; and a; represent the semimajor axis of the planet before
and after mass transfer, respectively, while M, ; and M, ; denote the
masses of the stars after mass transfer.

To do the comparison, we calculate analytically the expected
evolution of the semimajor axis of the planet by inputting the binary
masses in equation (1) at each time-step to update binary properties.
The black dotted line in Fig. 2 shows how the semimajor axis of
the planet evolves because of mass loss from the central object. The
analytical calculation aligns most closely with the case of 107> Mg,
resulting in a comparable final dpier. In the case of 107 My, the
newly determined time intervals for MESA seem too small to allow
the integrator to stabilize the planet’s orbit. The errors accumulate
through the too-frequent updates of the binary properties, leading to
an excess of dplaner- As a result, we adopt 10~ Mg, as the threshold
for AM, through the mass transfer phase in our calculation.

3 EVOLUTION OF A SINGLE CIRCUMBINARY
PLANET

With the binary evolution integrated in REBOUND, we demonstrate its
use by modelling the dynamical evolution of a single circumbinary
planet through the mass transfer phase.

We consider a Jupiter-like planet (1 My, and 1 Ry,p) in a circular
orbit starting from 1 Myr prior to the onset of mass transfer and
progressing through the mass transfer phase. The initial semimajor
axis for the planet and the centre of mass ranges from 0.2 to 0.5
au, spacing apart by 0.05 au, and from 0.5 to 1.0 au with a step
size of 0.1 au. Fig. 3 shows the evolution of @ for Jupiter-like
planets with different initial semimajor axes. The black dashed line
indicates the separation of the central binary star. We can see that
the planets with initial @pjane; below about 0.3 au are quickly driven
to an unstable interaction with the binary by the gravitational forces
of the central binary. In the case of 0.35 au, the planet exhibits
instability and migrates inward during the onset of the mass transfer
phase. As the system enters the fast mass transfer phase, the planet’s
orbit rapidly expands. During the subsequent slow mass transfer
phase, the orbit of the planet displays intensified oscillations as the
binary separation gradually increases. Eventually, in the midst of the
slow mass transfer phase, the planet’s orbit becomes highly unstable,
which likely leads to engulfment by the binary or ejection from the
system. The planet with an initial semimajor axis of 0.4 au also
survives the fast mass transfer phase and enters the chaotic region in-
between the stars in the subsequent slow mass transfer phase due to an
escalation in orbital instability. The planets initially separated above
0.4 au survive the whole mass transfer process. They all experience
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Figure 3. Evolution of the semimajor axis for Jupiter-like planets with
different initial semimajor axes. The black dashed line represents the binary
separation. The horizontal grey line indicates the closest stable orbit for the
circumbinary planet after mass transfer. The fast and slow mass transfer
phases are marked with dark grey and light grey shaded areas, respectively.

a rapidly accelerating orbital expansion as the mass transfer rate
attains its maximum, followed by a decelerated expansion during the
subsequent slow mass transfer phase. The closest stable orbit after
mass transfer is located at ~ 0.85 au, which is & 2.5 times the binary
separation after that phase. As the planets are farther away from
the central binary, the oscillations of the orbit gradually diminish
in intensity in the late slow mass transfer phase. Interestingly, for
circumbinary planets around main-sequence binaries, it has been
found that the closest stable orbit is located at approximately 2 to
2.5 times the binary separation for low eccentricity binaries (e.g.
Dvorak 1986; Dvorak, Froeschle & Froeschle 1989; Wiegert &
Holman 1997; Holman & Wiegert 1999; Pilat-Lohinger & Dvorak
2002).

4 NBSE TIDES

Tidal forces grow stronger as the distance between the star and the
planet decreases. In the region where the planet’s semimajor axis
is not significantly larger than the binary separation, it is essential
to consider tidal effects on the planet, which can alter the orbital
evolution. We apply the prescription in Lu et al. (2023), where they
implement self-consistent spin, tidal, and dynamical equations of
motion in the REBOUNDX framework. The tidal prescription is based
on the approach in Eggleton, Kiseleva & Hut (1998), considering the
acceleration from the quadrupolar distortion:
m 2,-d) 2?7

Fops =it (1422 [XE 0020

mi
6(hn2d}

(£2,-d)2,
I ds
and the acceleration from tidal damping:
901k i1y m3
Jrea == \"m )
[3d(d-d)+(d xd — 2,d*) x d], A3)

(@3]

where r; is the radius of object 1, ki ; denotes the Love number of
object 1, while m, and m, are the masses of object 1 and object 2,
respectively. £2, represents the angular velocity of object 1, assuming

uniform rotation, and o, is the dissipation constant of object 1. The
parameter d denotes the distance between the two objects, and G is
the gravitational constant.

In the case of the binary stars experiencing a mass transfer process,
the properties of the stars change significantly, especially for the
donor star. As a result, it is imperative to obtain accurate parameters
for the equation above at different stages. For the stars, we have
the stellar profiles provided by MESA, allowing us to calculate all
the parameters self-consistently. The Love number is two times the
apsidal motion constant k, which can be calculated with the relation
(Sterne 1939):

_3-m
4'+'2ﬂ2.

n, is a function of the radius r that can be obtained from the
equation (Sterne 1939):

@

PO (1 =)+ 6201 + 1) — 6 =0, )
dr o
where p is the density at » and p is the mean density interior to
r. We save the density profiles of the stars every 10 steps in MESA
to calculate 7, and then the Love numbers. Afterward, we perform
linear interpolation over the time series to determine the evolution of
the Love number for both stars. As for the dissipation constant, it is
connected with the Love number and the lag time 7 (Lu et al. 2023):

SrkaJ
o] = .

4G'E1
The lag time is related to the typical tidal time-scale 7', defined in
Hut (1981):

3
"

(6)

Ty=—".
(?n11n

(O]

Then, we follow the same method in POSYDON configuration to
calculate the quantity k/7 (see section 4.1 in Fragos et al. 2023) to
get access to all the parameters involved in the calculation of tides for
the stars. For the Jupiter-like planet, we adopt a typical k; of 0.565.
As for the dissipation constant o, we use the simplified assumption
0! ~ 2nt (Luetal.2023) and set Q = 10" to calculate  and hence
o, where Q is the specific dissipation function (Goldreich 1963) and
n is the orbital mean motion.

The tidal forces between the planet and two stars are performed
separately. We update the stellar properties involved in calculating
tidal effects with the newly generated MESA time series. We ignore
the tidal influence of the planet on the stars’ spins as the effects
between the stars themselves are pre-dominant, which are accounted
for in the MESA simulation. In Fig. 4, we show the evolution of the
semimajor axis of a Jupiter-like planet with an initial @pjane; 0f 0.5 au,
both with and without accounting for tides during the mass transfer
phase. At the beginning of the simulation, although the planet is
close to the stars, the Love number, dissipation constant, and radius
of the stars are at a low level, leading to a negligible impact on
the planet’s orbit. Then, the donor star keeps expanding, and the
Love number increases to a high level. During the fast mass transfer
phase, the mass loss from the binary system dominates the dynamical
evolution of the planet. After entering the slow mass transfer phase,
despite the Love number initiating a decline, the donor star continues
to expand, amplifying the significance of tidal effects within the
system. Then, as the donor gets stripped and the separation increases,
the tidal effect becomes less pronounced. After the mass transfer
phase, tidal effect becomes negligible again because the donor star
is fully stripped. Our results highlight that continuously tracking the
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Figure 4. Evolution of the semimajor axis for a Jupiter-like planet, initially
situated at a semimajor axis of 0.5 au, both with and without the inclusion
of tidal effects. The fast and slow mass transfer phases are marked with dark
grey and light grey shaded areas, respectively.

stellar properties for adjusting the parameters used in calculating
tidal effects is indispensable when stars undergo rapid changes, such
as during mass transfer.

5 DISCUSSION AND SUMMARY

In this work, we developed NBSE, a framework designed to incor-
porate binary evolution data from the stellar evolution code MESA
into the N-body simulation code REBOUND. It thus enables studies
of the dynamical evolution of circumbinary planets, even throughout
phases of binary interaction. To demonstrate how NBSE can be used,
we constructed a reference binary model with initial masses of 2.21
and 1.76 Mg (corresponding to an initial mass ratio of 0.8) and an
orbital period of 6 d, corresponding to an initial orbital separation of
0.1 au. The more massive star initiates stable mass transfer during
the hydrogen-shell burning stage prior to the red giant branch (the
Hertzsprung gap), which results in complete envelope loss and the
formation of a 0.38 M subdwarf in a wide orbit with a period of 46 d,
corresponding to a binary separation of 0.33 au. In post-processing,
we then adopt the orbital separation, stellar masses, and radii from
the binary evolutionary model, and input these properties into an N-
body simulation, where we represent both stars as spherical bodies
with changing orbital phase, and we also integrate the orbit of a
surrounding, coplanar, 1 Mj,, circumbinary planet.

To mitigate the systematic errors originating from altering binary
parameters during the computation of planetary dynamical evolution,
we introduce a method for re-calibrating the time sequence for
updating MESA binary properties in REBOUND (see Section 2.2). We
consider a single Jupiter-like planet around the binary and calculate
its dynamical evolution through the mass transfer phase. In our
reference model, we find that the nearest stable orbital separation
of the circumbinary planet is & 2.5 times the binary separation after
the mass transfer phase, which corresponds to &~ 4.5 times the initial
separation before mass transfer. The mass accretion efficiency within
the central binary system can influence the closest stable orbit. If the
mass transfer is more conservative, less mass is lost from the binary,
and the expansion of the planet’s orbit should be less significant.
In this case, the stabilizing zone for the circumbinary planet can
be smaller. Similarly, if the mass ratio of the initial binary were
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more extreme, the system may tighten, leaving even shorter orbital
separations for the planet dynamically stable.

To include tidal forces acting on the planet, we apply the imple-
mentation of Lu et al. (2023) in the extended library REBOUNDX,
adopting adaptive parameters for tidal effects based on the structure
of the stars. We found that the mass loss during the rapid mass
transfer phase dominates the planet’s dynamical evolution, making
the effect of tides negligible. After the rapid mass transfer phase, the
significance of tidal effects highly depends on the stellar structure,
which undergoes substantial changes during the mass transfer phase.
In the case of our simulation, tides become evident at the beginning
of the slow mass transfer phase and fade away as the donor star gets
stripped and the separation increases.

Our reference binary forms a sdB and A-type star binary with an
orbital separation of ~0.33 au. If a planet survives the mass transfer
phase, we expect to find it in an orbit wider than ~0.85 au around such
a binary after the envelope-stripping is complete. Although orbital
oscillations are present in the planetary orbit after the host binary
has interacted, we expect that the configuration reaches dynamical
stability in our model since tides are weak and the gravitational
perturbation remains constant. This means that the circumbinary
planet likely remains on a similar orbit until it is perturbed again (for
example by passing stars or the stellar evolution of the central binary).
The long-term dynamical evolution of the circumbinary planet can
be further explored with NBSE, including additional physics such as
tidal decay (Shevchenko 2018).

We expect a similar formation path to produce binaries with sdB
orbiting companion stars down to K-type stars (~ 0.7 M), with the
companion mass range determined by varied binary physics, such as
how stable mass transfer is, the mass transfer efficiency and angular
momentum loss (Soberman, Phinney & van den Heuvel 1997).
Similarly, it could be that subdwarfs orbiting WDs potentially retain
circumbinary planets. As more and more subdwarfs in binary systems
are discovered, it is intriguing to search for circumbinary planets
around them. Furthermore, subdwarfs are very hot (~ 25, 000K)
and ~ 10 times more luminous than the Sun. It is, therefore, possible
that the effects of radiation on the planets are important. The real
survival region and habitable zone for these planets are subject to
these effects.

In our reference model, the highest mass transfer rate is ~
1075 Mg yr~!. With the threshold AM; = 10~> Mg, the minimal
time-step for MESA is about 1 yr, which is still much longer than the
time-step of the integrator for the dynamical evolution. As a result,
the updates of binary data would not lead to a loss of accuracy as
long as the changes are adiabatic. If the change is very rapid, like
CE evolution, a finer time resolution or a more suitable integrator is
required. For a different binary model, a new convergence test must
be conducted to determine the threshold of the changing parameter.

Furthermore, we have ignored the interaction between the planet
and the material that is lost from the binary. For high mass-loss rates,
the gas density of the lost material is likely also higher, suggesting
that the influence could be the strongest during the rapid phase at the
beginning of mass transfer (see the second panel of Fig. 1). While
estimating the impact of the ejected material on the planet would
be interesting for an isotropic outflow, it is possible that the ejecta
is not isotropic. If, for example the material is ejected through jets,
its influence on a circumbinary planet would be negligible. It is also
worth noting that subdwarfs stripped through successful CE ejection
would produce an ejecta that is more dangerous to circumbinary
planets since it is denser. To carefully account for the influence of
the ejecta is an interesting next step in our investigation, but beyond
the scope of this study.
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Our model is a first step towards understanding the dynamical
effect on planets that orbit interacting binaries and is therefore ap-
proximate. However, we can already note an interesting consequence
that binary interaction has on planetary stability: in our example
system, a planet is allowed to orbit at about 1 au from the central host
star when the system evolves beyond the main-sequence evolution.
This would not have been possible if the host star were single
since it then would have engulfed the planet, swallowing it whole
at red giant branch or asymptotic giant branch (Villaver & Livio
2007; Schroder & Smith 2008). In this regard, the binary interaction
preserves tight-orbit planets.

We created NBSE as a starting point for investigating in greater
detail the planetary architecture and the conditions of disruption,
pollution, and engulfment for planets around single stars and, in
particular, interacting binaries. Further development and extension of
NBSE could potentially enable us to explore the dynamical evolution
of planets with high precision and accuracy around binary systems
undergoing more dramatic processes, such as CE evolution and stellar
mergers.
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