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A B S T R A C T 

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-conserv ati ve 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 M � star loses its hydrogen-rich 

envelope through non-conserv ati ve mass transfer to the 1 . 76 M � 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 f ade aw ay 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. 
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 I N T RO D U C T I O N  

he existence of circumbinary planets (CBPs, also known as P-type 
ystems; Dvorak 1984 ) offers valuable insights into the underlying 
hysics involved in planet formation and the dynamical evolution of 
lanetary systems. After the disco v ery of the first CBP Kepler-16 b
Doyle et al. 2011 ), a series of CBPs have been reported from the
epler (Borucki et al. 2010 ) and TESS missions (Ricker et al.
015 ). Currently, around 28 binary systems have been confirmed 
o host circumbinary planets, according to the Extrasolar Planets 
ncyclopaedia 1 and NASA Exoplanet Archive. 2 About 10 of them 

re orbiting binary systems that contain an evolved star, such as a
hite dwarf (WD) or a subdwarf. The recently suggested existence 
f a possible hot Jupiter around the subdwarf and M-dwarf binary 
epler 451 (Esmer et al. 2022 ) challenges further our understanding 
 E-mail: Zepei.Xing@unige.ch 
 https://e xoplanetarchiv e.ipac.caltech.edu 
 https:// exoplanet.eu/ planets binary circum/
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ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
f planet formation and dynamics in the context of binary inter-
ctions. These binaries are suggested to be post-common envelope 
inaries (PCEBs; Zorotovic & Schreiber 2013 ) and are implied to
av e e xperienced a dramatic mass transfer episode and a subsequent
nstable mass transfer triggering a common envelope ( CE ) phase.
uring CE evolution, binaries undergo a rapid and significant orbital 

hrinkage (Iv anov a et al. 2013 ), ultimately leading to either a merger
r the ejection of the CE . It remains unclear whether circumbinary
lanets form before or after the CE phase. Some studies suggest that
hese circumbinary planets around PCEBs are the second-generation 
lanets formed from the ejecta of C E (Zorotovic & Schreiber
013 ; Schleicher & Dreizler 2014 ). Ho we ver, Bear & Soker ( 2014 )
rgued that, in certain populations, the circumbinary planets are 
ore likely to be the first-generation planets formed prior to C E

volution. 
Subdwarfs are low-mass ( ∼0.35–1 M �) exposed helium cores (see

.g. Heber 2016 , for a re vie w) that result from envelope-stripping
hrough CE ejections (e.g. Schaffenroth et al. 2022 ), or stable mass
ransfer (Han et al. 2002 , 2003 ; Vos et al. 2017 ). Thousands of
ubdwarfs are known (Geier 2020 ), and more and more of their
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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inary companions are being disco v ered and characterized. The
inary companions include low-mass main-sequence stars, WDs,
nd even more massive Be stars (e.g. Kupfer et al. 2015 ; Wang
t al. 2021 ; Schaffenroth et al. 2022 ; Klement et al. 2024 ). The
ignificant orbital evolution and potentially substantial mass loss
hat are associated with the formation of a subdwarf challenges the
xistence of circumbinary planets, but could also provide opportu-
ities for new planetary system architectures to de velop. Gi ven the
onfirmed existence of planets orbiting a tight binary containing a
D (e.g. Rattanamala et al. 2023 ), it is clear that binary interactions,

lthough violent and dynamic, do not prohibit the presence of
lanetary systems. Therefore, understanding the impact of subdwarf
ormation on surrounding planetary systems constitutes one of the
ost promising avenues for revealing how binary evolution affects

lanetary systems in general. 
Apart from C E evolution, stable mass transfer is also an essential

rocess for the formation of helium WDs (e.g. Sun & Arras 2018 ;
rown et al. 2020 ) and subdwarfs (G ̈otberg et al. 2018 ) in binary

ystems. The stable mass transfer process can be modelled using 1D
tellar evolution codes (Eldridge, Izzard & Tout 2008 ; Paxton et al.
015 ), bolstered by a more comprehensive understanding compared
o the CE process. Since our understanding of envelope-stripping
hrough CE ejection is still associated with major uncertainties, the
mpact the planetary system suffers as a result of the ejection is hard
o determine. Because of these large uncertainties, earlier studies on
he dynamical response of circumbinary planets in CE evolution have
dopted simplified approximations, including assuming a constant
ass loss rate for the binary system during the CE phase and ignoring

he mechanical impact of the ejecta (Portegies Zwart 2013 ; Kostov
t al. 2016 ). Ho we ver, planetary systems orbiting mass-transferring
inaries can be treated with a more detailed and accurate approach,
ecause the envelope-stripping mechanism is better understood and
akes substantially longer than the CEevolution. In light of this,
e investigate the dynamical stability of planetary systems around
inaries that undergo stable mass transfer, integrating detailed 1D
tellar evolution simulations. 

Given the advancements in ongoing and forthcoming surv e ys (e.g.
oman ; Spergel et al. 2015 ; Penny et al. 2019 ; Johnson et al. 2020
nd TESS ; Ricker et al. 2016 ) that seek planetary systems across
iverse host systems, we expect to discover an escalating number of
BPs around various binary systems. These disco v eries and insights

nto expected system architectures and planetary conditions, includ-
ng stability and habitability (Shevchenko et al. 2019 ), represent an
xciting new direction for planetary science. To prepare for these
nticipated findings, further theoretical and numerical explorations
f planetary dynamics in conjunction with interacting binaries will
e essential. 
In this work, we combine N -body simulations with detailed stellar

nd binary evolution models to explore the dynamical evolution of
ircumbinary planets around binaries through a stable mass transfer
hase that leads to the production of a subdwarf B (sdB) binary.
n Section 2 , we introduce the N -Body Binary Stellar Evolution
 NBSE ) tool, which bridges the stellar evolution code Modules for
xperiments in Stellar Astrophysics ( MESA ; Paxton et al. 2011 , 2013 ,
015 , 2018 , 2019 ; Jermyn et al. 2023 ) and the N -body code REBOUND

Rein & Liu 2012 ; Rein & Tamayo 2018 ; Tamayo et al. 2020 ;
aronett et al. 2022 ). In Section 3 , we demonstrate the application
f NBSE to the dynamical evolution of a single circumbinary planet
round an interacting binary star. The impact and the implementation
f tidal effects due to the interaction of the binary system and CBPs
re discussed in Section 4 . Finally, we summarize in Section 5 . 
NRAS 537, 285–292 (2025) 
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 N - B O DY  BI NARY  STELLAR  E VO L U T I O N  

 NBSE )  

he dynamical evolution of planets around single-evolved stars has
een widely studied (e.g. Rasio et al. 1996 ; Villaver & Livio 2007 ,
009 ; Mustill & Villaver 2012 ; Veras et al. 2013 , 2016 ; Mustill,
eras & Villaver 2014 ; Veras 2016 ; Rao et al. 2018 ; Ronco et al.
020 ; Mustill 2024 ). These studies include simple stellar evolution
odels, mainly using the stellar tracks in the single stellar population

ynthesis code SSE (Hurley, Pols & Tout 2000 ). For multiple stellar
ystems, Hamers et al. ( 2021 ) presented the population synthesis
ode Multiple Stellar Evolution that includes planets, with binary
volution primarily modelled in a simplified way following the binary
opulation synthesis code BSE (Hurley, Tout & Pols 2002 ). 
Recently, Baronett et al. ( 2022 ) introduced a machine-independent

mplementation of parameter interpolation and a constant time-lag
odel for tides without evolving spins in REBOUNDX (Tamayo et al.

020 ). This approach allows results from other integration codes
o be used as input parameters for REBOUND . As an example of
heir technique, they integrated stellar evolution data for single stars
rom MESA into REBOUND , using their interpolation scheme to update
tellar parameters such as mass and radius as a function of time.
hey demonstrated this by simulating the Sun’s post-main-sequence

nfluence on the outer giant planets. 
In this work, we focus on accurately simulating the binary

volution, particularly the mass transfer phase, together with a cir-
umbinary planetary system. Similar to Baronett et al. ( 2022 ), we use
he state-of-the-art, open-source stellar evolution code MESA together
ith the high-performance N -body simulation code REBOUND to

tudy the dynamical evolution of CBPs. Compared to BSE -like codes,
here the mass transfer rate is obtained based on parametric methods,
ESA enables us to calculate mass transfer rates self-consistently

onsidering the rotation of the stars and account for mass and angular
omentum loss both through stellar winds and non-conserv ati ve
ass transfer and tidal effects all along the binary evolution. In

his study, we built NBSE , 3 an integrated tool coupling MESA and
EBOUND , serving for the study of the dynamical evolution of CBPs

nvolving not only the accurate calculation of single stars but also
he binary evolution. 

.1 MESA binary model 

irst, we construct a binary model that undergoes stable mass transfer,
eading to envelope stripping and the formation of an sdB star binary.
he reference binary model we compute at solar metallicity consists
 primary star with M 1 = 2 . 21 M �, a secondary star with M 2 =
 . 76 M �, and an initial orbital period of 6 d in a circular orbit.
t represents one of the sdB-forming binaries at the low-mass end
f the stripped star binary grids in G ̈otberg et al. ( 2018 ). These
nitial parameters of the binary are chosen to ensure that planets have
nough time to form around the central binary . Consequently , we
ocus on lower initial masses. 

To construct the binary evolution model, we adopt the MESA

et-up for constructing binary grids within the POSYDON binary
opulation synthesis code (Fragos et al. 2023 ). In this configuration,
he MESA Dutch scheme is used for the stellar wind prescription
ith modifications related to stellar state and surface temperature

see section 3.2.2 of Fragos et al. 2023 ). The tidal effect between the
wo stars in the binary is treated following the linear approach by
 https:// github.com/ ZepeiX/ NBSE 

https://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 v elocities o v er 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. 
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alculating the synchronization time-scale, distinguishing radiative 
nd conv ectiv e layers (Hut 1981 ; Hurle y et al. 2002 ; Qin et al. 2018 ).

To calculate the mass transfer rate from Roche lobe o v erflow,
he Kolb scheme (Kolb & Ritter 1990 ) within MESA is used when
he donor star has left the main sequence. In the binary models,

ass transfer is generally highly non-conserv ati ve due to stellar
otation, meaning that most of the transferred mass is lost from the
ystem. The specific angular momentum of the transferred material 
ollows the implementation of de Mink et al. ( 2013 ). During mass
ransfer, the accretor stars are expected to easily spin-up to critical 
otation due to accretion (Packet 1981 ), capping further accretion. 
he material leaves the system as boosted fast winds, taking away 

he angular momentum of the accretor star and the orbit. The 
odel is a physically moti v ated implementation in MESA . Ho we ver,

ifferent binary systems imply varying mass accretion efficiencies. 
 or e xample sdB and main-sequence binaries do not sho w e vidence
f substantial mass accretion (e.g. Vos et al. 2017 ) but some subdwarf
nd Be star binaries indicate a high accretion efficiency (e.g. Klement 
t al. 2024 ). Further theoretical and observational research is needed 
o better understand how and under what conditions mass transfer 
an be efficient. 

Fig. 1 top panels show the evolution of the radii, of the absolute
alues of mass change rates, and of the position in the Hertzsprung–
ussell (HR) diagram for both stars in our reference binary model. 
ig. 1 bottom panels show the evolution of the component masses,
f the surface angular velocities over their critical values, and of the
rbital separation a and period P orb . After leaving the main sequence,
he donor star ignites hydrogen in a shell around the helium core. It
xpands rapidly, filling the Roche lobe at around 532 . 3 Myr , initiating
 fast mass transfer phase for about 0 . 8 Myr . The mass transfer
ate reaches the maximum of ∼10 −5 M � yr −1 at about 532 . 9 Myr .
he donor star loses about 1 . 5 M � during the fast mass transfer
hase. Then, the binary enters a slow mass transfer phase with a
ass transfer rate of ∼10 −8 –10 −7 M � yr −1 , lasting about 6 Myr .
t the beginning of the mass transfer phase, the accretor accepts all

he material from the donor. In a short period of time the accretor
s spun-up, then the accretion rate drops quickly. After the mass
ransfer process, the donor’s hydrogen-rich envelope is stripped, and 
t shrinks significantly, becoming a subdwarf. Although it is known 
hat subdwarfs are substantially affected by atomic diffusion and 
ravitational settling, which causes them to show almost a hydrogen- 
ure atmosphere quickly (Drilling et al. 2013 ), we do not account for
hat detail here since we focus on the mass transfer phase. The mass
f the donor star decreases from 2 . 21 to � 0 . 38 M � and the accretor
ccretes ≈ 0 . 04 M �. Because angular momentum is lost from the
ystem during mass transfer, the binary orbit widens from 0.10 to
.33 au, meaning the orbital period increases from 6 to 46 d. 

.2 Coupling of MESA and REBOUND 

o build-up circumbinary planet systems in REBOUND , we first add
wo stars with properties matching those of the MESA binary at the
tarting point of tracing the planet’s dynamical evolution. Then, we 
dd a planet in the simulation that can be described by its mass,
adius, and orbital elements. We use the WHFast integrator, which 
s a second-order symplectic Wisdom Holman integrator (Rein & 

amayo 2015 ), with a fixed time-step of 10 −3 yr to calculate the
ynamical evolution of the planet. 
Throughout the calculation process, we treat the evolution of the 

entral binary as an isolated binary, which is pre-calculated with 
ESA . As a result, it is important to refresh and synchronize the
inary parameters within REBOUND properly. We linearly interpolate 
ll the binary properties as a function of time to generate a new set
f MESA binary output, similar to what was achieved by Baronett
MNRAS 537, 285–292 (2025) 
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M

Figure 2. Evolution of the semimajor axis of the planet with different 
thresholds for the donor star mass change ( �M 1 ) within a single customized 
time-step. The dotted line indicates the analytical orbital evolution due to 
mass loss from the central object. 
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t al. ( 2022 ). Ho we ver, updating the binary properties during binary
volution requires more thorough scrutiny. In cases where the binary
xists in a stable state, for example the long-lasting main-sequence
volution, it is feasible to update the binary properties at a low
requency. 

In contrast, when the binary is experiencing dramatic changes,
uch as during a rapid mass transfer phase, a reduction in the time
nterval for the updates becomes essential. In MESA , adaptive time-
teps are controlled by various factors, generally decreasing when
he system undergoes significant changes. Therefore, it is natural to
se the time series from MESA ’s output as the time points to update
he binary properties. Ho we ver, this approach is insuf ficient because
he minimum time-step required for the binary evolution is longer
han that for the planet’s dynamical evolution. This discrepancy
ould introduce systematic errors in the cases where the binary

tate changes substantially within a single MESA time-step. 
Thus, we introduce an input parameter defined as the change of

 quantity within one MESA time-step to further adjust the time-
teps for the updates. During mass transfer, one of the most rapidly
hanging parameter is the donor star mass. As a result, we monitor
he change of the donor star mass �M 1 = M 1 ,k+ 1 − M 1 ,k for the

ass transfer phase, where k denotes the step for MESA output. If
M 1 is larger than a specific threshold, we split this particular step

venly into a greater number of smaller intervals to ensure that �M 1 

or a single new time-step is below the threshold. In this way, we
enerate a revised sequence of binary properties, pre-determined by
he interpolated MESA binary output, along with re-calibrated time
ntervals, in preparation for the subsequent computation of planetary
ynamics. 
In order to obtain an appropriate threshold for �M 1 , a convergence

est is conducted by exploring different limits of �M 1 . We consider a
implified model where the only circumbinary planet is a test particle
ith an initial semimajor axis of 1 au from the centre of the mass in a

ircular orbit. We adopt five thresholds for �M 1 , ranging from 10 −2 

o 10 −6 M �, spaced apart by one order of magnitude. We calculate
he orbital evolution of the planet from about 2 Myr prior to the

ass transfer phase until the end of the mass transfer phase. Fig. 2
ho ws the e volution of the semi-major axis of the testing planet a planet 

nder different thresholds for �M 1 through the binary mass transfer
NRAS 537, 285–292 (2025) 
hase. Abo v e 10 −3 M �, we find unexpected fluctuations and large
eviations from other tracks, indicating large errors. The values of
0 −4 and 10 −5 M � lead to similar final a planet . Ho we ver, with a further
eduction to 10 −6 M �, the evolutionary track diverges, deviating from
onvergence. 

To verify our calculation and to find out a suitable threshold
or �M 1 , we do an analytical calculation for the planet’s orbit. In
ur testing case, the distance between the planet and the binary
xceeds the binary separation by a considerable degree (initially
 planet /a ∼ 10), which enables us to treat the binary as a single
bject. Consequently, the mass loss resulting from the binary mass
ransfer process can be seen as mass loss from a single system. Then,
ssuming no change in the planet’s mass, the change in the semimajor
xis of the planet is 

 f = a i 
M 1 ,i + M 2 ,i 

M 1 ,f + M 2 ,f 
, (1) 

here a i and a f represent the semimajor axis of the planet before
nd after mass transfer, respectively, while M 1 ,f and M 2 ,f denote the
asses of the stars after mass transfer. 
To do the comparison, we calculate analytically the expected

volution of the semimajor axis of the planet by inputting the binary
asses in equation ( 1 ) at each time-step to update binary properties.
he black dotted line in Fig. 2 sho ws ho w the semimajor axis of

he planet evolves because of mass loss from the central object. The
nalytical calculation aligns most closely with the case of 10 −5 M �,
esulting in a comparable final a planet . In the case of 10 −6 M �, the
ewly determined time intervals for MESA seem too small to allow
he integrator to stabilize the planet’s orbit. The errors accumulate
hrough the too-frequent updates of the binary properties, leading to
n excess of a planet . As a result, we adopt 10 −5 M � as the threshold
or �M 1 through the mass transfer phase in our calculation. 

 E VO L U T I O N  O F  A  SI NGLE  C I R C U M B I NA RY  

LANET  

ith the binary evolution integrated in REBOUND , we demonstrate its
se by modelling the dynamical evolution of a single circumbinary
lanet through the mass transfer phase. 
We consider a Jupiter-like planet (1 M Jup and 1 R Jup ) in a circular

rbit starting from 1 Myr prior to the onset of mass transfer and
rogressing through the mass transfer phase. The initial semimajor
xis for the planet and the centre of mass ranges from 0.2 to 0.5
u, spacing apart by 0.05 au, and from 0.5 to 1.0 au with a step
ize of 0.1 au. Fig. 3 shows the evolution of a planet for Jupiter-like
lanets with different initial semimajor axes. The black dashed line
ndicates the separation of the central binary star. We can see that
he planets with initial a planet below about 0.3 au are quickly driven
o an unstable interaction with the binary by the gravitational forces
f the central binary. In the case of 0.35 au, the planet exhibits
nstability and migrates inward during the onset of the mass transfer
hase. As the system enters the fast mass transfer phase, the planet’s
rbit rapidly expands. During the subsequent slow mass transfer
hase, the orbit of the planet displays intensified oscillations as the
inary separation gradually increases. Eventually, in the midst of the
low mass transfer phase, the planet’s orbit becomes highly unstable,
hich likely leads to engulfment by the binary or ejection from the

ystem. The planet with an initial semimajor axis of 0.4 au also
urvives the fast mass transfer phase and enters the chaotic region in-
etween the stars in the subsequent slow mass transfer phase due to an
scalation in orbital instability. The planets initially separated abo v e
.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. 
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 rapidly accelerating orbital expansion as the mass transfer rate 
ttains its maximum, followed by a decelerated expansion during the 
ubsequent slow mass transfer phase. The closest stable orbit after 
ass transfer is located at ≈ 0 . 85 au , which is ≈ 2 . 5 times the binary

eparation after that phase. As the planets are farther away from
he central binary, the oscillations of the orbit gradually diminish 
n intensity in the late slow mass transfer phase. Interestingly, for
ircumbinary planets around main-sequence binaries, it has been 
ound that the closest stable orbit is located at approximately 2 to
.5 times the binary separation for low eccentricity binaries (e.g. 
v orak 1986 ; Dv orak, Froeschle & Froeschle 1989 ; Wiegert &
olman 1997 ; Holman & Wiegert 1999 ; Pilat-Lohinger & Dvorak 
002 ). 

 NBSE TIDES  

idal forces grow stronger as the distance between the star and the
lanet decreases. In the region where the planet’s semimajor axis 
s not significantly larger than the binary separation, it is essential 
o consider tidal effects on the planet, which can alter the orbital
volution. We apply the prescription in Lu et al. ( 2023 ), where they
mplement self-consistent spin, tidal, and dynamical equations of 

otion in the REBOUNDX framework. The tidal prescription is based 
n the approach in Eggleton, Kisele v a & Hut ( 1998 ), considering the
cceleration from the quadrupolar distortion: 

f QD , 1 = r 5 1 k L , 1 

(
1 + 

m 2 

m 1 

)[
5( Ω1 · d ) 2 d 

2 d 7 
− Ω2 

1 d 
2 d 5 

− ( Ω1 · d ) Ω1 

d 5 
− 6 Gm 2 d 

d 8 

]
, (2) 

nd the acceleration from tidal damping: 

f TF , 1 = −9 σ1 k 
2 
L , 1 r 

10 
1 

2 d 10 

(
m 2 + 

m 

2 
2 

m 1 

)
·

[3 d ( d · ḋ ) + ( d × ḋ − Ω1 d 
2 ) × d ] , (3) 

here r 1 is the radius of object 1, k L , 1 denotes the Lo v e number of
bject 1, while m 1 and m 2 are the masses of object 1 and object 2,
espectively. Ω1 represents the angular velocity of object 1, assuming 
niform rotation, and σ1 is the dissipation constant of object 1. The
arameter d denotes the distance between the two objects, and G is
he gravitational constant. 

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

 = 

3 − η2 

4 + 2 η2 
. (4) 

2 is a function of the radius r that can be obtained from the
quation (Sterne 1939 ): 

 

d η2 

d r 
+ η2 (1 − η2 ) + 6 

ρ

ρ
( η2 + 1) − 6 = 0 , (5) 

here ρ is the density at r and ρ is the mean density interior to
. We save the density profiles of the stars every 10 steps in MESA

o calculate η2 and then the Lo v e numbers. Afterward, we perform
inear interpolation o v er the time series to determine the evolution of
he Lo v e number for both stars. As for the dissipation constant, it is
onnected with the Lo v e number and the lag time τ (Lu et al. 2023 ): 

1 = 

3 r 5 1 k L, 1 

4 Gτ1 
. (6) 

he lag time is related to the typical tidal time-scale T , defined in
ut ( 1981 ): 

 1 = 

r 3 1 

Gm 1 τ1 
. (7) 

hen, we follow the same method in POSYDON configuration to 
alculate the quantity k/T (see section 4.1 in Fragos et al. 2023 ) to
et access to all the parameters involved in the calculation of tides for
he stars. For the Jupiter-like planet, we adopt a typical k L of 0.565.
s for the dissipation constant σ , we use the simplified assumption
 

−1 ∼ 2 nτ (Lu et al. 2023 ) and set Q = 10 4 to calculate τ and hence
, where Q is the specific dissipation function (Goldreich 1963 ) and
 is the orbital mean motion. 
The tidal forces between the planet and two stars are performed

eparately. We update the stellar properties involved in calculating 
idal effects with the newly generated MESA time series. We ignore
he tidal influence of the planet on the stars’ spins as the effects
etween the stars themselves are pre-dominant, which are accounted 
or in the MESA simulation. In Fig. 4 , we show the evolution of the
emimajor axis of a Jupiter-like planet with an initial a planet of 0.5 au,
oth with and without accounting for tides during the mass transfer
hase. At the beginning of the simulation, although the planet is
lose to the stars, the Lo v e number, dissipation constant, and radius
f the stars are at a lo w le vel, leading to a negligible impact on
he planet’s orbit. Then, the donor star keeps expanding, and the
o v e number increases to a high level. During the fast mass transfer
hase, the mass loss from the binary system dominates the dynamical
volution of the planet. After entering the slow mass transfer phase,
espite the Lo v e number initiating a decline, the donor star continues
o expand, amplifying the significance of tidal effects within the 
ystem. Then, as the donor gets stripped and the separation increases,
he tidal effect becomes less pronounced. After the mass transfer 
hase, tidal effect becomes negligible again because the donor star 
s fully stripped. Our results highlight that continuously tracking the 
MNRAS 537, 285–292 (2025) 
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M

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. 
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tellar properties for adjusting the parameters used in calculating
idal effects is indispensable when stars undergo rapid changes, such
s during mass transfer. 

 DISCUSSION  A N D  SUMMARY  

n this work, we de veloped NBSE , a frame work designed to incor-
orate binary evolution data from the stellar evolution code MESA

nto the N -body simulation code REBOUND . It thus enables studies
f the dynamical evolution of circumbinary planets, even throughout
hases of binary interaction. To demonstrate how NBSE can be used,
e constructed a reference binary model with initial masses of 2.21

nd 1.76 M � (corresponding to an initial mass ratio of 0.8) and an
rbital period of 6 d, corresponding to an initial orbital separation of
.1 au. The more massive star initiates stable mass transfer during
he hydrogen-shell burning stage prior to the red giant branch (the
ertzsprung gap), which results in complete envelope loss and the

ormation of a 0 . 38 M � subdwarf in a wide orbit with a period of 46 d,
orresponding to a binary separation of 0.33 au. In post-processing,
e then adopt the orbital separation, stellar masses, and radii from

he binary evolutionary model, and input these properties into an N -
ody simulation, where we represent both stars as spherical bodies
ith changing orbital phase, and we also integrate the orbit of a

urrounding, coplanar, 1 M Jup circumbinary planet. 
To mitigate the systematic errors originating from altering binary

arameters during the computation of planetary dynamical evolution,
e introduce a method for re-calibrating the time sequence for
pdating MESA binary properties in REBOUND (see Section 2.2 ). We
onsider a single Jupiter-like planet around the binary and calculate
ts dynamical evolution through the mass transfer phase. In our
eference model, we find that the nearest stable orbital separation
f the circumbinary planet is ≈ 2 . 5 times the binary separation after
he mass transfer phase, which corresponds to ≈ 4 . 5 times the initial
eparation before mass transfer. The mass accretion efficiency within
he central binary system can influence the closest stable orbit. If the

ass transfer is more conserv ati ve, less mass is lost from the binary,
nd the expansion of the planet’s orbit should be less significant.
n this case, the stabilizing zone for the circumbinary planet can
e smaller. Similarly, if the mass ratio of the initial binary were
NRAS 537, 285–292 (2025) 
ore extreme, the system may tighten, leaving even shorter orbital
eparations for the planet dynamically stable. 

To include tidal forces acting on the planet, we apply the imple-
entation of Lu et al. ( 2023 ) in the extended library REBOUNDX ,

dopting adaptive parameters for tidal effects based on the structure
f the stars. We found that the mass loss during the rapid mass
ransfer phase dominates the planet’s dynamical evolution, making
he effect of tides negligible. After the rapid mass transfer phase, the
ignificance of tidal effects highly depends on the stellar structure,
hich undergoes substantial changes during the mass transfer phase.

n the case of our simulation, tides become evident at the beginning
f the slow mass transfer phase and fade away as the donor star gets
tripped and the separation increases. 

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

We expect a similar formation path to produce binaries with sdB
rbiting companion stars down to K-type stars ( ∼ 0 . 7 M �), with the
ompanion mass range determined by varied binary physics, such as
ow stable mass transfer is, the mass transfer efficiency and angular
omentum loss (Soberman, Phinney & van den Heuvel 1997 ).
imilarly, it could be that subdwarfs orbiting WDs potentially retain
ircumbinary planets. As more and more subdwarfs in binary systems
re disco v ered, it is intriguing to search for circumbinary planets
round them. Furthermore, subdwarfs are very hot ( ∼ 25 , 000K)
nd ∼ 10 times more luminous than the Sun. It is, therefore, possible
hat the effects of radiation on the planets are important. The real
urvi v al region and habitable zone for these planets are subject to
hese effects. 

In our reference model, the highest mass transfer rate is ∼
0 −5 M � yr −1 . With the threshold �M 1 = 10 −5 M �, the minimal
ime-step for MESA is about 1 yr , which is still much longer than the
ime-step of the integrator for the dynamical evolution. As a result,
he updates of binary data would not lead to a loss of accuracy as
ong as the changes are adiabatic. If the change is very rapid, like
E evolution, a finer time resolution or a more suitable integrator is

equired. For a different binary model, a new convergence test must
e conducted to determine the threshold of the changing parameter. 
Furthermore, we have ignored the interaction between the planet

nd the material that is lost from the binary. For high mass-loss rates,
he gas density of the lost material is likely also higher, suggesting
hat the influence could be the strongest during the rapid phase at the
eginning of mass transfer (see the second panel of Fig. 1 ). While
stimating the impact of the ejected material on the planet would
e interesting for an isotropic outflow, it is possible that the ejecta
s not isotropic. If, for example the material is ejected through jets,
ts influence on a circumbinary planet would be negligible. It is also
orth noting that subdwarfs stripped through successful CE ejection
ould produce an ejecta that is more dangerous to circumbinary
lanets since it is denser. To carefully account for the influence of
he ejecta is an interesting next step in our investigation, but beyond
he scope of this study. 
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Our model is a first step towards understanding the dynamical 
ffect on planets that orbit interacting binaries and is therefore ap- 
roximate. Ho we ver, we can already note an interesting consequence 
hat binary interaction has on planetary stability: in our example 
ystem, a planet is allowed to orbit at about 1 au from the central host
tar when the system evolves beyond the main-sequence evolution. 
his would not have been possible if the host star were single
ince it then would have engulfed the planet, swallowing it whole 
t red giant branch or asymptotic giant branch (Villaver & Livio 
007 ; Schr ̈oder & Smith 2008 ). In this regard, the binary interaction
reserves tight-orbit planets. 
We created NBSE as a starting point for investigating in greater 

etail the planetary architecture and the conditions of disruption, 
ollution, and engulfment for planets around single stars and, in 
articular, interacting binaries. Further development and extension of 
BSE could potentially enable us to explore the dynamical evolution 
f planets with high precision and accuracy around binary systems 
ndergoing more dramatic processes, such as CE evolution and stellar 
ergers. 
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