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ABSTRACT

We present a detailed analysis of the high-mass binary system V1216 Sco, an eclipsing Algol-type binary hosting a 8 Cep pulsator,
with an orbital period of 3.92 days. This system was analysed using TESS photometry and high-resolution spectroscopy from SALT
HRS to investigate its orbital parameters, stellar properties, and evolutionary history. The TESS light curve, comprising over 12 000
data points, revealed 5 independent pulsation frequencies within the 8 Cep range of 5 to 7d~".

Spectroscopic analysis provided radial velocities and disentangled atmospheric parameters, enabling precise orbital and evolutionary
modelling. The system features a primary star of 11.72 M, and a secondary of 4.34 M, the latter with a radius near its Roche lobe,
indicating recent or ongoing mass transfer. Evolutionary modelling with MESA-BINARY suggests that V1216 Sco went through case A
mass transfer scenario, where mass transfer began while the donor was still on the main sequence. The system’s evolutionary models
indicate an age of 15-30 Myr, highlighting the significant impact of binary interactions on stellar evolution.

This study underscores the value of combined observational and theoretical approaches to understanding complex systems like
V1216 Sco, emphasizing the role of mass transfer in shaping binary star evolution.

Key words. Stars: binaries: close — Stars: evolution — Asteroseismology

1. Introduction

Binary systems, particularly those showing eclipses, serve as ro-
bust tools for testing stellar evolution theory by providing high
precision estimates of fundamental stellar parameters (Prsa et al.
2016; Maxted et al.|[2020). When compared to grids of stellar
evolution models, the precise stellar parameters derived from
the analysis of eclipsing binaries are critical for determining
the age of such systems, tracing their evolutionary history,
and defining the initial conditions that led them to their cur-
rent state (e.g., [Rosales et al.|[2019; Miszuda et al.|[2021}, 2022}
Celik & Kahraman Alicavus|[2024). The accuracy of these mea-
surements is further enriched when binary systems also contain
pulsating components. This emerging branch of astrophysics si-
multaneously utilises information from binary modelling and
asteroseismology to both cross calibrate evolution models
(Johnston et al.||[2019; Beck et al.||2018; [Sekaran et al.|2021) as
well as place constraints on the impact of binary evolution on
asteroseismic signals (Murphy et al.[|2016}; Miszuda et al.|2021}
2022; Handler et al.| 2020; [Fuller & Lu| 2022; Bellinger et al.
2024; Henneco et al.|2024; |Wagg et al.[2024)).

In the study of active, close binary systems, processes like
mass transfer and/or rotation play a crucial role in shaping the
evolution of both components (Sana et al.| 2012} |de Mink et al.
2013 Henneco et al.| 2024). Mass transfer can lead to the ex-
pansion or contraction of stellar radii, as well as changes

in the orbital period and the dynamical stability of the sys-
tem (e.g.,[Podsiadlowski et al.[1992;|van Rensbergen et al.[2008];
Renzo et al|2019). Additionally, rotation can act as a limiting
factor, curbing the donor’s accretion and preventing further mass
growth, which may ultimately lead to mass loss from the system
(e.g., [Packet|[1981). Such processes can have far-reaching im-
plications, e.g. in the formation of double neutron star or black
hole systems (Vigna-Gomez et al.|2020), exotic stripped star bi-
naries (Laplace et al.|2020; |Gotberg et al.|2020) and production
of certain types of supernovae (Renzo et al.|2019).

B Cephei stars in binary systems provide the valuable op-
portunity to scrutinize evolutionary models for the progeni-
tors of high energy supernovae and gravitational wave events
(Tauris & van den Heuvel [2023). These stars, with masses typ-
ically between 8 M and 18 Mg, display low-order p- and g-
mode pulsations driven by the k-mechanism, which is sensitive
to opacity variations in iron-group elements within their interiors
(Moskalik & Dziembowski||1992). In the context of binary sys-
tems, eclipsing geometries allow for precise constraints on fun-
damental stellar parameters, such as masses and radii, which can
be directly compared with pulsational and evolutionary models.

Pulsations provide a unique window into stellar interiors
and evolutionary processes. As shown by Miszuda et al.| (2021}
2022)); Miszudal (2024), variations in pulsation frequencies and
mode stability can be used to trace changes induced by mass
transfer in binary systems, offering insights into the efficiency of
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mass accretion and constraining mass transfer rates. These stud-
ies highlight how pulsations adapt to altered internal structures,
such as changes in density profiles and chemical abundances.
Most recently, Wagg et al.| (2024) demonstrated that the inter-
nal effects of rejuvenation — where accreted material extends
the evolutionary lifetime of a star — manifests in specific pulsa-
tional signatures, such as modified mode frequencies and ampli-
tudes, enabling constraints on the extent of internal mixing and
redistribution of angular momentum. These studies underscore
the synergy between asteroseismology and binary evolution the-
ory in unravelling the complexities of stellar interiors.

The V1216 Sco system (HD 326440, TIC 247315421) was
first identified as an eclipsing binary of the Algol type by
Otero| (2004) using ASAS-3 (Pojmanskil [2002) and Hippar-
cos (Perryman et al.||1997) data, with orbital period of Py =
3.9207 days and a primary component classified as a B 0.5V star
(Kennedy| 1996). More recently, Eze & Handler| (2024) detected
B Cep-type pulsations in the system’s light curve, utilizing obser-
vations from the TESS space mission. In this paper, we present
a comprehensive study of the V1216 Sco system, incorporating
both photometric and spectroscopic observations. Section[2] pro-
vides an overview of the observational data. In Section[3] we
detail the spectral analysis, including radial velocity measure-
ments, spectral disentangling, and the determination of atmo-
spheric parameters for both components. The orbital modelling
procedure is described in Sectionfd] followed by an analysis of
the system’s oscillatory behaviour in Section[5} Sections[6| and
[7] focus on evolutionary and pulsational modelling of the binary
system and its components. Finally, the conclusions are summa-
rized in Section[8] while Appendix[B] contains corner plots re-
lated to the solutions for radial velocity data, photometric mod-
elling, and the derived absolute parameters from the orbital anal-
ysis.

2. Observational data

In this paper we used all observational TESS (Transiting Exo-
planet Survey Satellite, Ricker et al.|2015) data that are avail-
able at the time of a paper writing. In addition, we supplement
them with spectroscopic observations from SALT HRS (South
African Large Telescope High Resolution échelle Spectrograph,
Bramall et al.|2010). Below, we discuss the data sets individu-
ally.

2.1. TESS photometry

The V1216 Sco was observed by the TESS space telescope in
sectors 12, 39 and 66, with individual image cadences of 30 min-
utes, 10 minutes, and 2 minutes, respectively. Following these
observations, the next data collection is scheduled for June 2025.

To obtain the light curve of the V1216 Sco, we used
LIGHTKURVE{T_] (Lightkurve Collaboration et al.| 2018), a python
package for Kepler and TESS data analysis. We extracted 20 x20
pixel cutouts of the original FFI images centred on the target us-
ing the TESScur (Brasseur et al.[2019)) tool. Next the fluxes were
extracted from the given cutouts using a 40 threshold with cor-
rection for the background signal. We rejected all the data points
for which the quality flag value was not zero, indicating that
something is wrong with the given flux measurement. Such col-
lected light curves were divided into two parts spaced by gaps in
each sector, normalised using a quadratic fit to the out-of-eclipse
data and sewed back together. The final light curve consists of

! https://docs.lightkurve.org/
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12 548 observational points in total, 852 for sector 12, 2991 for
sector 39 and 8 705 for sector 66.

Figure[I]shows a comparison between the data from different
sectors. Each subset was shifted such that the first occurrence of
superior conjunction occurs at time 0. For clarity, each sector is
vertically shifted with a constant offset.

2.2. Spectroscopy

We conducted a spectroscopic follow-up of V1216 Sco. Nine
spectra of the target were obtained using the low resolution mode
(R = 14000) of the SALT HRS in 2022. The SALT HRS is
a dual beam (3700-5500 Aand 5500-8900 10\), fibre-fed, single-
object, cross-dispersed échelle spectrograph. The spectra were
obtained with an exposure time of 792.8 s, aiming at a signal-to-
noise ratio of 100 at the wavelength of 4567A under clear sky
conditions. The spectra were reduced using the SALT pipeline
(Kniazev et al.[2016,2017) and normalized using IRAF/PYRAF
tasks (Tody|[1986). For the spectral analysis, we used the blue
arm data, i.e., 370-550 nm.

3. Spectral analysis

The orbital variability and atmospheric properties of the target
were modelled through a multi-step process. First, we extracted
the radial velocities (RVs) from the spectra and independently
fitted the RV curves to obtain baseline orbital parameters. Next,
we disentangled the spectra, and estimated the atmospheric prop-
erties of each component based on the disentangled spectra.

To extract the RVs, we used a one-dimensional cross-
correlation method (Tonry & Davis| [1979; Mazeh & Zucker|
1994) in which the observed spectrum is cross-correlated with a
synthetic template spectrum. The correlation maximum, which
is calculated as a function of the shift between the corre-
lated spectra, gives the relative RV of the observed spectrum
(Tonry & Davis| [1979; Mazeh & Zucker||1994). Since the sys-
tem’s spectral type is given as B by [Nesterov et al.| (1995)
and our preliminary spectral investigation gives an approximate
T range between 16000K and 24 000K, the template syn-
thetic spectrum was generated with an ATLAS model atmo-
sphere (Castelli & Kurucz||2003)) using the parameters of T =
18 000K, log g = 3.5, metallicity [Fe/H] = 0 and an isotope line
list (hotiso.lst: |Gray|[1999) with the spEcTRUM code (Gray|[1999).
The lines were broadened with v sin i of 70kms~!, considering
a slightly lower value than the average v sin i values for B type
stars (Cox|[2000), for better radial velocity estimation. The RV
extraction was performed using the IRAF/PYRAF fxcor task (Tody!
1986; Science Software Branch at STScI|2012) using the silicon
triplet (SiIlI) lines. The results are given in Table[I} We note that
the error estimates on the radial velocities supplied by fxcor did
not appear to be reliable. Therefore we conservatively adopted
errors of £15km s~ when the lines of the two components were
separated, and +30km s~ when they were not.

We fitted the orbital elements using the RvFIT code
(Iglesias Marzoa et al.|[2015). rvriT uses adaptive simulated an-
nealing minimization algorithm for fitting binary and exoplanet
radial velocities and has the capacity of fast convergence to a
global minimum without the need to provide initial parameter
estimates (Iglesias Marzoa et al.[2015)). However, owing to prior
information about the orbital period and eccentricity (consistent
with zero) of V1216 Sco in the literature (e.g., [Eze & Handler
2024)), we fixed those values during the fitting procedure. The or-
bital parameters obtained with the rvriT code are shown in Table
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Fig. 1: The comparison of the TESS light curves. The data from
a BJD value corresponding to the first primary eclipse

Table 1: Radial velocity measurements of V1216 Sco.

TBID Primary Secondary
[BID - 24570004d] [kms™'] [kms™!]
2722.62425 -36.6 £30.0 -36.6 +30.0
2723.61696 -132.5 +15.0 178.1 £ 15.0
2737.31743 413+ 150 -253.8+15.0
2738.55639 -43.8 + 30.0 -43.8 £ 30.0
2739.54656 -125.7+ 150  238.0+15.0
2740.54656 -53.1 =+ 30.0 -53.1 £ 30.0
2778.45376 -112.9 + 15.0 161.9 + 15.0
2797.40668 -33.7 + 30.0 -33.7 £ 30.0
2808.37579 43.1 £ 15.0 -254.7+15.0

2] Those values were used as input priors for the detailed orbital
and light curve modelling using the Wilson-Devinney code (see
Section[d] for more details).

Binary light curve modelling is a high-dimensional and
highly degenerate optimisation problem. Thus, using additional
information to constrain or fix parameters is extremely useful to
the modelling procedure. Two of the most useful parameters to
constrain are the effective temperatures of the two components.
To obtain estimates of the primary (the hotter star) effective tem-
perature, we performed spectroscopic disentangling of the com-
posite spectra of V1216 Sco. The disentangling was performed
using the FpBINARY program (Ilijic et al.|[2004), a C-based code
designed for Fourier spectral disentangling of composite spec-
tra that include fluxes from two or three stellar components. For
the disentangling, some parameters need to be fixed, such as the
flux ratio of the binary components. We estimated the flux ratio
to be 1.15 by analysing the double-lined spectra of the system
and measuring the equivalent widths of lines from both binary
components. In addition to the flux ratio, the orbital parameters
obtained from the radial velocity analysis were fixed during the
disentangling analysis, except for Py, and Ty gy. Since the hy-
drogen lines are very sensitive to the values of T and log g in
B-type stars, we mostly focused on the Hg line. We also used
Hel lines (e.g. at 4387.9 A) to estimate v sin i values of the bi-
nary components.

Using the disentangled spectra, we estimated 7., log g and
v sin i for each binary component. To determine these parame-
ters, the Non-Local Thermodynamic Equilibrium (NLTE) Tlusty
BSTAR2006 grid (Hubeny & Lanz|[2017) model atmospheres

10
Time [d]

each sector was transformed into a common timing by subtracting

Table 2: Preliminary orbital parameters of V1216 Sco obtained
with RVFIT code.

Parameter Value
Adjusted Quantities

Py [d] 3.9213F

Tory [TBID] 1632.73 = 0.03

e 0f

w [deg] 90"

vy [kms™'] -36.33 £4.43

K, [kms™] 88.43 +7.21

K> [kms™] 237.71 +7.04

Derived Quantities

M, sin’ i [Mg] 10.273 + 0.888

M, sin’ i [Mo] 3.822 + 0.511
q = My/M, 0.372+ 0.032
apsini  [10° km] 477 +0.39

arsini  [10° km)] 12.82 + 0.38
asini  [10° km)] 17.59 + 0.54

Notes. " Fixed value

were used. The values were derived by comparing the observed
lines with the synthetic ones and by minimizing the difference
between the observed and the synthetic model, as described
by [Catanzaro et al.| (2004). The v sin i measurements, however,
were derived from Hel lines using a profile-fitting method. This
involved comparing limb-darkened, instrumentally broadened
models in steps of 1kms™! to the observed Hel line profiles.
The atmospheric solutions of the target are summarised in Ta-
ble[3] with 1o~ errors. The best fitting atmospheric models to the
observed Hp lines for both components are shown in Figure @

To investigate the effect of possible mass transfer on the
spectra we scanned He and H, lines using the blue and red arm
data. The spectra do not show any clear emission and/or absorp-
tion lines (Vesper et al.|[2001) that might suggest ongoing mass
transfer in the system. Nonetheless, mass transfer, in certain or-
bital phases, may create asymmetries in the line profiles rather
than strong emission features (e.g., [Vesper & Honeycutt|[1993).
To investigate this possibility, we analysed the residuals obtained
by subtracting the model composite of H, lines from the ob-
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Fig. 2: The disentangled spectra of V1216 Sco showing the Hp lines for primary and secondary components (left and right panels,

respectively), with the best fitting atmospheric models.

Table 3: Spectral parameters of V1216 Sco.

Parameter Primary Secondary
T  [K] 22000 + 1000 20000 + 1500
logg [dex] 3.75+0.20 3.20 +0.20
v sin i [kms™!] 95+5 115+5

served line profiles. However, no significant asymmetries were
detected, suggesting that any potential mass transfer effects are
either minimal or not observable within the sensitivity of our
data.

4. Orbital modelling

The radial velocities and the TESS photometry from sectors 12,
39 and 66 of V1216 Sco were analysed using the 2015 version of
the Wilson-Devinney (WD) program (Wilson & Devinney|1971}
Wilson| 1979, 1990) supplied with the TESS band pas For the
error estimation of the derived parameters we used the Wilson-
Devinney LC code, called within our own Markov Chain Monte
Carlo (MCMC) framework working under the EMCEEE] pack-
age (Foreman-Mackey et al.[2013)), a pyTHON implementation of
Goodman & Weare’s Affine Invariant MCMC Ensemble sampler
to calculate the posterior probability distribution for the model
parameters.

4.1. Preparation of the photometric data

The pulsations have relatively strong amplitudes compared to
the eclipse depths (see Figure[I)), hence leaving them in the data
could impact the parameter estimation. To correct the data for
the strongest pulsation signals, we used the Fourier method to
identify and subtract the subsequent strongest frequencies (see,
e.g., [Miszuda et al.|[2022)), other than orbital harmonics, whose
amplitudes were above 1 ppm. The subtracted frequencies were
f =5.524, 5.680, 5.572 and 5.412 d-!. Next, to find an orbital
period (Por, = 1/ forn) of the V1216 Sco, we once again calcu-
lated the periodogram for the cleaned data. The highest orbital
peak visible in the periodogram (f = 0.508 d~!) corresponds to

2 https://faculty.fin.edu/~vanhamme/lcdc2015/
3 https://emcee.readthedocs.io/en/stable/
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half of the orbital period (since there are two eclipses per orbit),
so for an initial guess we took half of that value and simulta-
neously fitted all previously found frequencies with 50 orbital
harmonics, obtaining Py = 3.92063 d.

The light curve of the V1216 Sco shows a small O’Connell
effect. This phenomenon, often visible in binary light curves, is
related to visible asymmetries in the flux brightness at quadra-
tures (Milone|[1968} |[Davidge & Milone|[1984])). The most com-
mon explanation for the O’Connell effect is the presence of cool
or hot spots on the surface of one or both stellar components, typ-
ically resulting from localized magnetic activity or mass transfer
processes. In non-synchronized systems, where the orbital pe-
riod and rotational period of the stars differ, the asymmetry can
also be attributed to irradiation and reflection effects. These oc-
cur when one star’s radiation heats specific regions of the other
star’s surface, creating flux imbalances that depend on the orbital
phase. Non-synchronization can amplify these effects, leading to
observable flux variations at quadrature points. Due to those un-
certainties and because there is no unique explanation for the
O’Connell effect we corrected the flux by fitting sine and cosine
terms, following the Faigler & Mazeh| (2011) prescription.

In the next step, we binned the light curve from each sector
into 100 phase bins. To do this, we phase-folded the observa-
tions and selected binning intervals such that the distance be-
tween each bin point and its corresponding flux - calculated as
the median flux within each bin - remained approximately con-
stant across the orbital phase-normalised flux plane. In that way
the narrow eclipses were sampled more densely than areas out-
side of them and the out-of-eclipse variability did not dominate
the solution. The phased light curves were later transformed back
to the time domain, so they no longer assumed P, and Ty values
used to phase the observations in the first place.

4.2. Comprehensive modelling of radial velocities and TESS
photometry

To obtain an orbital model of V1216 Sco system, in a first step
we analysed the light curve from Sector 66. We fixed the val-
ues of the orbital period and the time of superior conjunction to
Pon =3.92063d and T ress = 3099.265 BID, respectively. We
used the primary effective temperature 7T.s; = 22 000K and the
mass ratio ¢ = 0.372 estimates from the previous spectral analy-
sis (Section. The limb darkening (LD) bolometric coefficients
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Table 4: Spectroscopic orbital parameters of V1216 Sco.

Parameter Value
Toxv [TBID] 2722.8564*0.0303
Porb [d] 3920631—

a [Ro] 26.420%
V,  [kms™'] ~36.32+433

Notes. The listed parameter values represent the mode of the poste-
rior distributions, with uncertainties provided as the 16" and 84™ per-
centiles, corresponding to the 1o credible intervals.

T Fixed value

and the TESS LD coefficients were obtained for the logarithmic
LD law fromvan Hamme]|(1993) and Claret (2017), respectively.

The initial models were calculated with the assumption of
detached geometry, with fitting for eccentricity, periastron ar-
gument, inclination, effective temperature of the secondary, lu-
minosity of the more massive star and potentials of both com-
ponents. We noticed that the radius of the secondary star ap-
proaches the critical radius, at which the star fills its Roche lobe.
Consequently, we repeated our calculation assuming the sec-
ondary star fills its Roche lobe. This model provided a slightly
worse fit, particularly near the secondary eclipse, during contact
moments, so we decided to discard the assumption of a semi-
detached configuration and revert to a fully detached one. In both
modes, the eccentricity value always reached very small values,
~ (.01, so in the next runs we fixed it to e = 0.0.

Using the parameter values obtained from previous runs, we
refined the spectral parameters by fitting exclusively to the radial
velocity measurements. Specifically, we fitted for the time of su-
perior conjunction T gy, the mass ratio g = M,/M|, the semi-
major axis a and the systemic velocity V,. We show the results
in Table ] We estimated the errors using Markov Chain Monte
Carlo (MCMC) methods, employing 20 walkers and 5 000 iter-
ations, with an initial burn-in phase of 1000 iterations. The left
panel of Figure[J]illustrates the best fit to the radial velocity data,
and we provide the corner plots from the MCMC sampling in
Appendix Figure

Having refined the radial velocity modelling we once again
approached the light curve modelling, this time for each TESS
sector. One of the most noticeable features in the V1216 Sco
light curve is the flux asymmetry observed between the shoul-
ders of the primary eclipses. This characteristic is notably sta-
ble, as it persists across sectors that are approximately one year
apart. As the secondary component is very close to filling it’s
Roche lobe, based on preliminary estimates of its radius, we as-
sume that the system is either currently undergoing mass trans-
fer or has just passed that phase. Consequently, the observed flux
dip could be attributed to material remnants that block the emer-
gent fluxes at specific orbital phase. To account for this feature
during modelling and obtain more reliable radius estimates, we
employed Gaussian Processes (GPs) using the cELERITE package
(Foreman-Mackey et al.|[2017), that allow to model astrophysi-
cal noise (like spots or other features) without complicating the
model with vast number of additional parameters. In the final
run of the WD modelling, we fitted for the time of superior con-
junction Ty rgss along with inclination i, effective temperature
of the secondary T.g, both potentials Q;, and TESS primary’s
passband luminosity Lygss. Similarly to the RVs, the errors were
estimated using the Markov Chains with 50 walkers and 5 000 it-

et al.: Eclipsing binary systems with S Cephei components

erations with a preceding burn-in phase set to 1 000 iterations. To
account for the underestimation of observational errors, during
the MCMC run we also sampled for the noise nuisance param-
eter o7, ¢ following the description of (Conroy et al.| (2020). The
MCMC runs were repeated for each sector of the TESS obser-
vations, and the common solution was obtained through Monte
Carlo propagation of priors. The results are summarised in Ta-
ble[5]and the best fit for sector 66 is illustrated in the right panel
of Figure 3] We also provide the corner plots from the MCMC
sampling for sector 66 data in Appendix Figure

Although the overall fit is satisfactory, the TESS residual
light curve reveals some systematic differences between the best
model and the observations (see the bottom right panel of Figure
[3). The largest scatter, on the order of 10 ppt, can be seen around
the times of first contact during the primary eclipse, most likely
associated with presence of gaseous remnants. We remind that
this feature was accounted for during the fitting with GPs. How-
ever, to ensure that the GPs do not overfit an incorrect model
to the data, the sensitivity of the GPs was set to be relatively
low (i.e. o = —=5). Just as selecting the right bottle of wine re-
quires careful consideration to avoid overwhelming the senses,
fine-tuning the GPs demands a similar level of precision to en-
sure the model is not overfitted to any minor fluctuation. While
this low setting couldn’t entirely remove the observed flux dip,
it was a necessary compromise to avoid overfitting to any minor
fluctuation. Additionally, since the model fits the right wing of
the primary eclipse perfectly (while the left wing does not), the
risk of deriving incorrect radii is negligible.

Using the results from the radial velocities and the median
results from photometric light curve modelling, we derived the
absolute parameters of the V1216 Sco components, which are
summarised in Table[6]and can be seen in Appendix Figure[B.2]
V1216 Sco is a high-mass binary system, containing 11.72 Mg
and 4.35 Mg, stars. We note that, despite large difference in their
masses, both components have similar radii — 8.4 R, for the pri-
mary and 8.1 Ry, for the secondary. While the radius of the pri-
mary is typical for a ~ 12M, star halfway through the main
sequence, the secondary radius is far to large to be explained as
a product of a ~ 4 Mg, single star evolution that have not reached
a giant phase. Therefore, we conclude that the V1216 Sco is a
mass transfer or post-mass transfer system, with the secondary
component very close to the critical radius.

5. Oscillation data analysis

To extract the pulsational behaviour of the system, we performed
Fourier analysis on the light curves corrected for the binary or-
bit. For this, we used the residuals from all three TESS sectors,
obtained by subtracting the WD model from the data.

We calculated the amplitude spectra using a discrete Fourier
transform (Deeming|[1975} [Kurtz/[1985)). Whereas the amplitude
spectra of the light curves from the different sectors are qualita-
tively similar, they do show some quantitative differences. The
dominant oscillation frequencies are similar, but the amplitudes
of those signals differ somewhat from sector to sector. This may
indicate intrinsic changes in the amplitudes, but could also be
due to beating of multiple frequencies that are unresolved within
the individual sectors’ data. As it is not possible to separate
these two hypotheses with the available data set, we determined
the frequency content from each sector of data separately. Apart
from that the sampling rate of the light curves is different in each
sector. However, all the variability occurs at frequencies below
the Nyquist frequency for the Sector 12 data set.
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Fig. 3: Fitting results of the V1216 Sco binary system. The left panel displays the fits for radial velocities, while the right panel
shows the light curve fit. Each fit shows the corresponding residuals (bottom panels), with shaded 3o credible regions indicated

based on MCMC sampling.
Table 5: Light curve parameters of V1216 Sco.
SECTOR 12 SEcTOR 39 SECTOR 66 MEDIAN VALUES
Parameter Primary Secondary Primary Secondary Primary Secondary Primary Secondary
Toress [TBID] 1632.9490*0013 2366.1024+090'2 3099.2569*0:9019 —
Pos [d] 3.92063" 3.92063"
i [deg] 73.00%029 73214014 73.06%013 73.09%)18
q = My/M, 0.372° 0.372°
e 0.0 0.0
L3 (%] 0.0 0.0
T K] 220007 17 2353;‘% 220007 17 63733% 22 000" 17 208’:%}8 220007 17 33633%
Q 3.585j8:8;2 2.592j3:882 3.5 87j8:8j§ 2.582f8:88§ 3.570f8:8ﬁ 2.596f8:88§ 3.579i8:832 2.591 28:8(1)0
A 1.0 1.0 1.0 1.0
g 1.0 1.07 1.0 1.07
Lress 78851008 7731081 geerlr —
Tuus “Shion %S haarhose S as0rg0 -
x 0.3247 0.4077° 0.32477 0.4077°
y 0.21297 0.2778" 0.21297 0.2778F
Xbol 0.758" 0.7047 0.758" 0.7047
Vbol 0.112f 0.068" 0.112f 0.068"

Notes. The listed parameter values represent the mode of the posterior distributions, with uncertainties provided as the 16™ and 84™ percentiles,
corresponding to the 1o credible intervals. The bolometric LD coefficients, Xy and yyo, are from|van Hamme| (1993)), while x and y, the TESS LD

coeflicients were taken from |Claret (2017).
7 Fixed value for all sectors

Table 6: Absolute parameters of V1216 Sco.

Parameter Primary Secondary
Mass  [Mo] 11.7207}21 434470677
Radius [Re] 8.426j§:j}§§ 8.058jg;gj‘;
log L/Lo 4.174704 3.970%5139

Notes. The listed parameter values represent the mode of the poste-
rior distributions, with uncertainties provided as the 16™ and 84™ per-
centiles, corresponding to the 1o credible intervals.

We followed the standard prewhitening procedure, comput-
ing periodograms up to the Nyquist frequency for the Sector
12 data, fn ~ 24 d-!. We established a signal-to-noise ratio
limit of S/N = 5 as a threshold for significant frequencies (see
Baran & Koen|2021)). The Fourier noise level was determined as
an average amplitude value within a 5d~! sliding window.

Article number, page 6

Despite subtracting the orbital model from the data, we no-
ticed the presence of integer multiples of the orbital frequency
in the periodograms. These signals can arise from trends in the
residuals (see right-bottom panel of Figure[3) and difficulties en-
countered during the light curve normalisation procedure, as the
depths of the eclipses that can vary slightly in each sector. To ad-
dress these signals, we further corrected the data for 100 orbital
harmonics.

With the iterative approach, we searched for frequencies with
the highest amplitudes that satisfied the condition S/N > 5. We
identified eight peaks that occupy the region from ~ 5.4d~! to
~ 11.1d7". The three signals above 10d~! are consistent with
combination frequencies of the two strongest pulsations. The
eight frequencies with their amplitudes and respective formal er-
ror estimates (following Montgomery & O’Donoghue|1999) are
presented in Table

The periodograms for the original and prewhitened residuals
from orbital modelling are shown in Figure [} in the top and
bottom panels, respectively, along with the S/N = 5 curves. The
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detected signals are marked with orange dashed lines. As one
can see, unresolved signals remain in the data, specifically at
f~5.3d " and f ~ 9.3d7!; however, our ability to detect these
signals is currently limited by the length of the individual TESS
data sets. Two consecutive sectors of observation would likely
resolve the pulsation spectrum fully.

6. Modelling of the binary evolution

Because our light curve modelling showed that the secondary ra-
dius is way too large for its mass to be explained as a product of
a single-star evolution, we suspect that V1216 Sco is a product
of a system that has passed through a mass transfer phase. There-
fore, V1216 Sco presents a challenge in the context of modelling
the evolution of its components. To model the system not as two
isolated stars, but as an effect of the binary interactions in the
past, 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), with the MESA-BINARY mod-
ule. The information on MEsA input physics can be found in Ap-
pendix[A]

In order to reproduce the evolution of the system, we built an
extensive grid of evolutionary models. We constructed a set of
parameters to be varied, i.e. initial orbital period, initial masses
of the components, metallicity, overshooting from the convective
core, mixing-length theory scaling coefficient and a fraction of
mass lost during mass transfer (MT), with the ranges as given in
Table[S] From this set we constructed 5000 vectors of initial pa-
rameters with the assumed numerical accuracy (see last column
of Table[§) and calculated the evolutionary tracks. The parame-
ters that characterise the binary evolutionary tracks were chosen
randomly from uniform distributions within the given ranges. All
of these parameters were chosen independently of others, except
for the masses. The masses of the individual stars were varied
between 3 Mg, and 15 M. However, based on previous mass esti-
mates we assumed that the total initial mass of the system should
be no less than 16 M. We tested the rate of mass transfer loss
from the system as a fraction of mass that is lost from the vicinity
of the accretor in a form of a fast wind during MT, in the range
from 8 = 0.0 to 8 = 0.3. The initial orbital periods of our models
span 1 to 7 days.

In our evolutionary computations, we used the AGSS09
(Asplund et al.|2009)) initial chemical composition of the stellar
matter and the OPAL opacity tables. These tables were supple-
mented with data from [Ferguson et al.| (2005) for lower temper-
atures. For higher temperatures, hydrogen-poor or metals-rich
conditions we used C and O enhanced tables. To determine the
chemical composition of stars we varied the value of metallicity
Z, from 1073 to 3x 1072 and used the following scaling relations:

Y = Y, + (M) Z (1)
protosolar

X = 1-Z-Y, ()

with  primordial helium abundance 7Y, = 0.249

(Planck Collaboration et al.| |2016), and Yprorsotar = 0.2703,
Zprotosolar = 0.0142 protosolar abundances (Asplund et al.|2009).

We adopted the Ledoux criterion for convective instabil-
ity, combined with turbulent convection theory based on the
Kuhfuss| (1986) model, that at long timescales reduces to the
Cox & Giuli| (1968) model. We used a mixing-length scaling
factor, ayr, ranging from 0.0 to 1.5. To correctly define the
convective boundaries, we employed the convective premixing
algorithm, which expands the boundaries until V., = V.4 on
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the convective side. This algorithm also allows for adjusting the
composition gradient to achieve convective neutrality, thereby
establishing semi-convective regions. In Mesa, these follow the
formalism of |[Langer et al.| (1985), which we modify using the
free parameter asc = 0.01. Additionally, we incorporated over-
shooting mixing beyond the formal convective boundaries, using
an overshooting parameter, f,y, to account for turbulent motions
extending into the radiative zone. We applied an exponential
overshooting scheme (Herwig|[2000) for all burning zones, in-
cluding both the core and shell. The value of f,, above the con-
vective boundaries was set as a free parameter, spanning from
1073 to 4 x 1072, while below these zones we adopted a fixed
value of f,, = 0.01. In all cases, we set fyo,, = 0.001, which
determines how deep within the convective zone, in terms of
pressure scale height, the mixing coefficient is considered before
extending beyond the zone. To mix regions that exhibit an inver-
sion in the mean molecular weight, such as those formed during
mass accretion, we use the thermohaline mixing formalism by
Kippenhahn et al.| (1980), using an ay, = 666 coeflicient.

In addition to the aforementioned mixing processes, our
models also include rotation, which we assume to be fully syn-
chronized at the start of the evolution, along with the associ-
ated rotational mixing mechanisms. We account for angular mo-
mentum transport and chemical mixing induced by rotation, fol-
lowing the formalisms of Heger et al.|(2000). This includes pro-
cesses such as shear instabilities, meridional circulation and the
Goldreich-Schubert-Fricke instability. The inclusion of these ef-
fects allows for a more realistic treatment of stellar structure and
evolution, particularly in the case of massive stars where rota-
tion plays a crucial role in shaping the internal dynamics and
surface properties (Maeder & Meynet |2008; [Renzo & Gotberg
2021} | Tauris & van den Heuvel|2023)). After[Heger et al.[(2000),
we set the diffusion coefficient for rotational mixing to Do =
1/30.

We also account for the effects of stellar winds, which play
a significant role in the evolution of massive stars. Our models
incorporate wind mass loss rates based on the prescriptions of
Vink et al.| (2001)), which depend on stellar parameters such as
luminosity and metallicity. While Vink’s formalism is applica-
ble at high temperatures (7. > 10000, K), for lower temper-
atures we supplement the wind models with the prescriptions
of Reimers| (1975) for the red giant branch (RGB) phase and
Blocker| (1995) for the asymptotic giant branch (AGB) phase.
For these prescriptions, we adopt efficiency coefficients of ny =
0.1, 7r = 0.5, and ng = 0.1, respectively.

For large-scale effects, we used the Kolb & Ritter| (1990)
mass transfer prescription and assumed a constant eccentricity
throughout the system’s evolution, i.e. ¢ = 0. Additionally, we
included angular momentum losses via mass loss, gravitational
waves, and tidal L-S coupling. Angular momentum accretion
was treated according to the formalism of |de Mink et al.|(2013).
We did not, however, account for magnetic braking.

Including rotation in binary modelling presents a signifi-
cant challenge, both from a theoretical and numerical perspec-
tive. Even the slightest accretion of material that carries angu-
lar momentum from the donor can efficiently spin up the ac-
cretor, often halting accretion at around 10% of the initial mass
(e.g.,[Packet|1981). Rotationally boosted mass loss and magnetic
braking are amongst mechanisms that can prevent the star from
reaching near-critical rotational velocities, which would other-
wise cause the star to break apart (e.g., de Mink et al.| 2013
Langer| 2012} [Ud-Doula et al.|2009). However, while magnetic
braking is commonly discussed, its implementation and effects
in massive stars, where radiative zones dominate, remain un-
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Fig. 4: Periodograms calculated from the TESS sector 66 data, corrected for the binary orbit, are presented along with their corre-
sponding signal-to-noise (S/N) curves. The top panel shows the periodogram for the original data, while the bottom panel presents
the periodogram after prewhitening, highlighting the five independent frequencies. These frequencies are marked by vertical lines

for clarity.

Table 7: Pulsation frequencies in the TESS light curves of V1216 Sco.

SEcTOR 12 SEecTOR 39 SECTOR 66
ID Frequency Amplitude S/N Frequency Amplitude  S/N Frequency Amplitude  S/N
[d™'] (ppt] [d™"] (ppt] [d™"] (ppt]
fi 5.5533 £ 0.0005 5.49 +£0.12 224 55507 +0.0005 4.84+0.10 20.8 5.5536 +0.0005 4.30+0.09 21.1
A 5.4965 £ 0.0011 2.69+0.12 11.0 5.4947 +0.0006 4.02+0.10 17.3 5.4950 +0.0005 4.52+0.09 22.1
f3 5.6709 +£ 0.0009 3.38 £0.12 139 5.6628 + 0.0009 2.93+0.10 12.5 5.6661 +0.0006 3.50+0.09 17.3
fa 5.4182 +£0.0011 271 +£0.12 11.0 5.4121 £0.0010 2.54+0.10 11.0 5.4149 +0.0007 2.89 +0.09 14.1
S5 6.8278 £ 0.0015 2.00+0.12 9.2 6.8306+0.0011 235+0.10 10.7 6.8275+0.0014 1.50+0.09 7.8
2f> 10.9929 028 +£0.12 3.8 10.9894 029+0.10 5.6 10.9900 040+0.09 7.0
fi+ 1 11.0497 030+0.12 42 11.0455 0.21 +0.10 4.1 11.0486 023+0.09 42
2fi 11.1065 030+0.12 42 11.1015 039+0.10 7.8 11.1072 031+0.09 5.6

Table 8: A summary of considered parameter ranges during the
evolutionary modelling of the V1216 Sco system.

Parameter Range  Accuracy
Initial orbital period, Pi,; [d] 1-7 1073
Initial masses, Mon/acc.ini [Mo] 3-15 1073
Metallicity, Z 0.001-0.030 1073
Convective-core overshooting, foy 0.001-0.040 1073
Mixing-length theory parameter, appr  0.5-1.5 107!
Fraction of mass lost during MT, 8 0.0-0.3 107!

Notes. The following columns contain: a description of the parameters,
their minimum and maximum values, and the accuracy with which the
parameters were drawn from the uniform distributions.

certain (e.g., |Petit et al.|[2013}; [Maeder||1999; Maeder & Meynet
2000; Meynet & Maeder||2003). These uncertainties raise con-
cerns about how well mass accretion in rotating systems is un-
derstood. As a result of these ambiguities, our modelling was not
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intended to produce highly accurate stellar evolution tracks, but
rather to explore the potential formation pathways of systems
similar to V1216 Sco.

We approached the evolutionary modelling in a systematic
and iterative manner. Initially, we established a comprehensive
grid of 5000 models, calculated based on the parameter ranges
outlined in Table [§] This extensive grid served as a foundation
for our analysis, allowing us to explore a wide spectrum of stel-
lar configurations. From this initial grid, we carefully selected
models whose final masses and radii correspond to the central
value of the measured orbital period, as detailed in Table E} We
allowed the model values to deviate by up to 50% from these ob-
served values, in order to extract a sample of models that enabled
us to constrain the ranges of the initial parameters. This approach
led to the creation of additional grids, incorporating models with
more stringent error thresholds of 30% and 15%, respectively.
Each of these new grids also consisted of 5 000 models, allowing
us to incrementally hone in on the best-fitting stellar parameters
while maintaining a robust sampling of the parameter space.

We identified eight models that fit the observed masses and
radii of the components within 15% errors. The masses of the ac-
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cretor models range from approximately 10 Mg, to 13 M, clus-
tering around the observed value of 11.7 M, while the radii
predominantly fall between 7.3 My and 8.3 M. In contrast, the
donor masses span from 4 Mg to 5 Mg, aligning with the ob-
served mass of 4.3 My when considering uncertainties and the
evolutionary state during mass transfer. In some models we were
able to match the primary’s (models 1,2,4,5) and secondary’s (all
models) masses, even within 1o errors. The biggest challenge
was to fit the radii of the components, as only one of the mod-
els (model 8) matches the primary with 1o and one (model 6)
with 30 The rest of the models indicate radii too small to fit
the observational range of the primary star. Also, none of the
models reproduce the radius of the secondary component, even
within 30-. The effective temperatures indicate that the accretor
maintains temperatures near 22 500 K, while the donor stabi-
lizes around 18000 K, suggesting that the models capture the
expected thermal states under mass transfer conditions.

All of the models point to the phase of rapid spin-up for
the mass accreting star, reaching approximately 99% of the crit-
ical rotational velocity, a common trait in binary systems un-
dergoing substantial mass exchange. This outcome aligns with
the measured radius of the donor star (see Table @, as donor
stars are typically expected to exhibit an inflated radius during
the mass transfer phase, which should subsequently decrease
once the transfer ceases as they detach from their critical Roche
lobes and regain thermal equilibrium (e.g., Paczynski [1971}
Soberman et al.[1997;|Deschamps et al.|2013). However, this re-
sult contradicts observations, which show significantly lower ro-
tational velocities, around 20% of the critical value. The sec-
ondary star, according to the models, rotates at moderate ve-
locities between 10 - 100 kms™!, what is in good agreement
with the observed values (see Table[3)). The mass accretion, that
causes the star to gain rapid rotation causes also the growth of the
convective core mass. During the evolution, the mass accreting
star reaches 1.5 — 3.0 M convective core, corresponding to ap-
proximately 10%-20% growth compared to the pre-mass trans-
fer stage. Despite some scatter among models and inherent un-
certainties, the models consistently suggest an estimated system
age of approximately 15 — 30 Myr.

The selected models (number 1, 4, 6 and 8, as in Table )
are shown in Figure 5] Each model is presented with the respec-
tive set of evolutionary tracks (blue for donor and orange for
acceptor). The following top to bottom panels show the under-
lying evolution on the HR diagram along with the evolution of
masses, radii and the orbital period. The HR diagram has the ob-
served positions of components marked with the 1o error boxes
with the vertical, hatched regions showing the spectroscopically
determined ranges of effective temperatures for each compo-
nent. The horizontal regions on the following panels mark the
observed ranges of respective parameters with the 15% errors
while the vertical grey lines indicate the position of model with
the observed value of orbital period. This model is marked on
each evolutionary track in the HR diagram with orange and blue
dots for the acceptor and donor star, respectively.

The reason why we failed in finding a model that fits the
observed masses and radii within the measured errors, as we be-
lieve, may lie in including rotation in our modelling. Rotation
must be included to provide a more realistic theoretical treat-
ment of evolution, but it also introduces an additional level of
degeneracy and ambiguity to the solution, making it harder to
reconcile all the parameters. However, our models may prove
helpful in understanding the evolutionary channels that lead to
creating V1216 Sco alike systems. Our calculations suggest that
V1216 Sco was formed most probably in a case A mass trans-
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fer scenario (Kippenhahn & Weigert|1967), i.e. before the donor
left the main sequence, with initial orbital periods between 2.3 d
and 2.9 d. Only one model (model 8) shows significantly larger
value of the initial orbital period, i.e. 3.7 d. This model reaches
the observed state of the system with case B Roche lobe over-
flow. The initial masses of the components may have been very
similar to each other, i.e. 8—14 M, for the donor and 8—11 M, for
the accretor, resulting in an initial mass ratio close to unity. Our
models do not favour any particular values of ayr, overshoot-
ing, nor the metallicities. However, for galactic B-type stars the
latter should not differ much from the solar value, according to
Nieva & Przybilla (2012).

7. Pulsational modelling

As we were unable to identify models that simultaneously repro-
duce the observed masses and radii within their measured uncer-
tainties, we limited our seismic analysis to investigating mode
instabilities within the observed frequency range. This approach
aims to explore whether the pulsational properties of the models
provide additional constraints on the system’s evolutionary state.

For the models found in the previous section (see Section
[6] and Table ) we computed non-adiabatic pulsations for £ =
0, 1, 2 modes using GYRE (version 7.1,[Townsend & Teitler|2013j
Townsend et al.|[2018} |Goldstein & Townsend|[2020). Since our
equilibrium models account for the effects of differential rota-
tion, we included rotational splitting by considering azimuthal
orders in the range m € [—{, {].

Our prime goal was to conduct a pulsational stability analysis
for the frequencies found in the V1216 Sco light curve (see Ta-
ble[7), noting that none of these frequencies have assigned £ and
m values. The stability parameter n, introduced by [Stellingwerf
(1978), is a normalized work integral computed over the pul-
sational cycle. If n > 0 for a given mode, the driving mecha-
nism overcomes damping, and the mode is excited; otherwise,
the mode is suppressed in the stellar interior.

We compared the ranges of excited modes for both binary
components with the observed frequencies for each model we
have obtained in the previous section. We found that only three
models for the accretor fail to cover the observed frequency
range with unstable modes, while the remaining models suc-
cessfully reproduce this range with both low-order p-modes and
low-order g-modes. These are models no. 1, 6 and 8 (see Ta-
ble E]) None of the models for the donor show any instabilities,
except for model no. 4, which exhibits unstable high-order g-
modes between 1 d~'and 2d~'. This may indirectly suggest that
the observed frequencies originate from the more massive com-
ponent. This conclusion could not be confidently drawn based
solely on the components’ flux ratio, as the primary component
contributes approximately ~ 55% of the total flux. However, the
observed masses suggest that the donor component would pul-
sate as an SPB type rather than as a 8 Cep pulsator. The results
are shown in Figure[6] where we plot the independent pulsational
frequencies from TESS sector 66 alongside the ranges of rota-
tionally split unstable modes for each model.

8. Conclusions

In this study, we analysed the binary system V1216 Sco us-
ing TESS photometry and spectroscopic data from the South
African Large Telescope High Resolution échelle Spectrograph.
We aimed to refine the system’s orbital parameters, component
properties, and pulsational characteristics through detailed mod-
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Fig. 5: The HR diagrams and the evolution of masses, radii, and orbital period for models 1, 4, 6 and 8 (see Table EI)

elling of both photometric and spectroscopic data. We also at-
tempted to find evolutionary models that fit the observations.
The TESS photometry, consisting of around 12500 data
points from three sectors, was used to construct the system’s
light curve, which exhibited strong pulsations that were ac-
counted for during the orbital modelling process. Spectroscopic
data, consisting of nine spectra obtained in 2022, allowed us to
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derive the radial velocities of the system and perform a detailed
spectral analysis.

The RV data were used to determine the orbital parameters,
and the disentangled spectra provided the atmospheric properties
of the two components of the binary. Using the Wilson-Devinney
code, we performed a comprehensive orbital modelling of the
system, fitting both the radial velocities and the light curve data.
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Table 9: The results of the evolutionary computations summarising the initial and final parameters of the models that best reproduce
the system in its present state.

INITIAL PARAMETERS

FINAL PARAMETERS

Mod. # Pini Mdon,ini Macc,ini z @MLT fov ﬁ Mace Racc 10g T:fcfc Myon  Raon 10g Tgf?n 10g Age
1 233308 12946 10.969 0.002 1.5 0.024 0.10|12.960 7.676 4.408 4914 8.585 4.397 7.25
2 2.50629 8.759 8555 0.023 0.2 0.004 0.12|10.613 7.518 4.331 4.619 8.277 4.059 7.37
3 257735 8.812 8.175 0.017 0.3 0.036 0.16|10.292 7.343 4324 4714 8.170 4.162 7.45
4 2.61577 13997 9.737 0.029 14 0.017 0.10|11.736 7.390 4.379 3974 8.038 4.362 7.16
5 278764 9.412 9.050 0.026 0.1 0.026 0.01 |11.393 8.037 4.349 4996 8.510 4.149 7.34
6 2.82684 8.151 8.038 0.013 0.3 0.018 0.01]10.026 8.143 4313 4352 8.141 4.012 7.52
7 2.88185 10.421 9.216 0.027 04 0.022 0.10]10.406 7.685 4.325 4.602 8.301 4.178 7.25
8 3.70749 10.634 9.404 0.026 0.2 0.009 0.02|10.041 8.345 4.302 4.963 8.654 4.079 7.26
Notes. " From log L/ Ly = 410g(Tes/Teio) + 2102(R/R5)
— Acceptor star —  vational data show much lower rotational velocity for the ac-
R waasr | cretor, suggesting that rotational effects may be suppressed or
B e i — Wi | that our models may have overestimated the rotational velocities
) e due to the complexities of mass transfer dynamics and angular
£, et momentum conservation. The mass accretion also contributed to
(% the growth of the convective core of the accretor, which reached
e up to 3.0 Mg, during the mass transfer phase. The models pre-
0 . 1l dict an age of approximately 15 — 30 Myr for the system, al-

1 5 6 7 8 9 10
Frequency [d7]

Fig. 6: Rotationally split unstable £ = 0, 1,2 modes calculated
for accretor evolutionary models summarised in Table E}

The modelling results confirmed that the system is very close to
circular, with both stars having similar radii despite a significant
mass difference. The primary star has a mass of 11.72My and
the secondary star has a mass of 4.35 M. The secondary’s large
radius, close to its Roche lobe, supports the conclusion that the
system is undergoing or has recently undergone mass transfer.

A Fourier analysis of the residual light curve revealed pul-
sations in the system, with frequencies covering the typical
B Cephei range. We found 8 frequencies in the range ~ 5.4d™!
to ~ 11.1d7!, from which 5 strongest seem to be independent,
within the criteria we adopted.

In light of the large radius of the secondary component,
which could not be easily explained by a single-star evolution
model, we hypothesized that V1216 Sco is a product of a sys-
tem that has undergone mass transfer. To further investigate this,
we employed the MESA-BINARY code to model the binary sys-
tem’s evolution. We constructed an extensive grid of evolution-
ary models with varying initial conditions, such as the masses,
orbital period, and metallicity of the components, as well as the
fraction of mass lost during the mass transfer phase. Our re-
sults indicate that V1216 Sco was likely formed in a case A mass
transfer scenario, where mass transfer occurred before the donor
left the main sequence, with initial orbital periods between 2.3 d
and 2.9 d and initial masses ranging from 8 Mg, to 14 Mg, for the
donor and 8 Mg to 11 Mg, for the accretor, resulting in a near-
unity mass ratio. These models suggest that the system under-
went significant mass transfer in the past, likely inflating the ra-
dius of the former donor, now the secondary component, to its
current state.

Furthermore, our evolutionary models suggest that the mass
accreting star in V1216 Sco should have reached velocity near
99% of the critical rotational speed, due to substantial mass ex-
change and angular momentum accretion. Despite this, obser-

though some scatter among the models and uncertainties in key
parameters make this estimate less precise. Using evolutionary
and pulsational models we were able to reproduce the observed
frequency range with unstable £ = 0, 1,2 modes. In the future,
we plan to collect multicolour photometry for V1216 Sco, which
will allow us to perform mode identification. This will help us
further constrain the evolutionary models, providing asteroseis-
mic modelling and more detailed understanding of the system’s
parameters.

Overall, while the evolutionary models did not precisely
match the observed masses and radii within the error margins,
they provided valuable insights into the possible formation and
evolutionary pathways of systems like V1216 Sco. The results
suggest that the mass transfer played a significant role in shaping
the observed properties of both stars. Further refinements in the
modelling of rotation and mass accretion processes could help
better constrain the evolutionary history of such systems.
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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 meEsa 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 & Martinez-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).

Appendix B: Corner plots

Below, we provide the corner plots that come from the solutions
for radial velocity data, photometric modelling, and the derived
absolute parameters from the orbital analysis presented in Sec-

tion[]
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Fig. B.1: Corner plots displaying the posterior distributions
among different parameters obtained from the radial veloci-
ties MCMC sampling. The listed parameter values represent
the mode of the posterior distributions, with uncertainties pro-
vided as the 16" and 84™ percentiles, corresponding to the 1o
credible intervals.
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