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ABSTRACT

Context. Although asteroseismology is regarded as the most powerful tool for probing stellar interiors, seismic modelling remains
dependent on global stellar parameters such as temperature and luminosity. Stellar clusters offer direct measurements of these param-
eters, making the application of asteroseismology in stellar clusters a valuable approach to advancing the entire field of stellar physics
modelling.

Aims. We aimed to develop seismic modelling for gravity-mode pulsators in the open cluster NGC 2516 to determine stellar ages and
investigate internal mixing processes.

Methods. We computed one-dimensional stellar evolutionary models using the Modules for Experiments in Stellar Astrophysics
(MESA), incorporating rotation-induced transport processes. Exponential overshooting in the transition layers between convective and
radiative regions was included, as well as rotationally induced mixing in the radiative envelope. Grids of evolutionary models were
computed covering isochrone-derived mass ranges. The models were evolved up to 300 Myr because of the cluster’s young age
(~ 100 Myr).

Results. By fitting the frequencies of identified modes of four gravity-mode member pulsators simultaneously, we measure the
seismic age of the cluster NGC 2516 as 132 + 8 Myr. This high-precision seismic age estimate deviates by 1o~ from the isochronal
age derived from public MESA Isochrones and Stellar Tracks (MIST) isochrones for rotating stars. Our findings show that seismic
modelling strongly constrains core overshooting, but because the period spacing patterns are smooth, it provides weak constraints on
mixing in the radiative envelope of young gravity-mode pulsators. The two most massive gravity-mode pulsators have MIST masses
~ 2.0 M, while their seismic masses are 1.75 M. We constructed new asteroseismology-calibrated isochrones using input physics
identical to that of our seismic model grid. While this resolves the age discrepancy, the mass discrepancy is only partially addressed.
The remaining small yet persistent mass discrepancy implies a mismatch between the physics in core to surface environments of 1-D
stellar models and the seismic observables probing those areas of real fast rotating stars.

Key words. Asteroseismology — Stars: early-type — Stars: interiors — Stars: oscillations — Stars: rotation — open clusters and associ-

ations: individual: NGC 2516

1. Introduction

Although one-dimensional (1-D) stellar models have achieved
significant success, substantial uncertainties remain in modern
stellar evolutionary modelling. One of the major concerns is stel-
lar rotation (Maeder|2009). Rotation plays an important role in
modifying a star’s thermal equilibrium and internal physics, es-
pecially in fast-rotating early-type stars (von Zeipel|1924; | Heger|
et al.|2005)). Modelling fast rotating stars should be considered at
least a 2-D problem (symmetric about the rotation axis), which
might be sophisticated and time-consuming. Recently, 2-D stel-
lar evolution models have been achieved for rapidly-rotating B-
type stars deformed by the centrifugal force by Mombarg et al.
(2023| 2024a)), building on the foundation of steady-state mod-
els computed with the ESTER code (Espinosa Lara & Rieutord
2011; Rieutord et al.|2016)).

In contrast to these 2-D evolutionary computations, hydro-
dynamical simulations covering multiple dynamical timescales
have been achieved in two and three dimensions for various

masses and evolutionary stages. Their purpose was to simulate
angular momentum (AM) transport and chemical mixing by in-
ternal gravity waves in intermediate-mass stars (see the series of
papers by |[Edelmann et al.|[2019] Horst et al.|[2020; [Varghese
et al.|2023}; Ratnasingam et al.[|2023} |Vanon et al.[|2023} [Herwig
et al.[2023; Thompson et al.[2024; |Varghese et al.|2024; Rogers
& Ratnasingaml[2025). However, such sophisticated simulations
cannot be done to cover a star’s entire life. A more time-efficient
way to model rotating stars is to acquiesce to some extent 1-D
approximations and simplifications of reality, such as the shel-
lular approximation of rotation and a diffusive approximation of
the transport processes (Endal & Sofial|[1978} [Meynet & Maeder
1997; Heger et al.|2000, 2005)). Such an approach ignores merid-
ional circulation and advective motions in general (Eggenberger|
et al.|2008; Potter et al.|[2012). These simplifications are applied
in the code Modules for Experiments in Stellar Astrophysics
(MESA, Paxton et al.|2011} 20132015 2018},)2019; Jermyn et al.
2023). Even in the case of more complex rotation-induced ad-
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vective motions and other induced magnetic phenomena, one
can adopt 1-D formulae for the transport processes (e.g. [Zahn
1992; Meynet & Maeder||1997; [Heger et al.|2000; |Spruit| 2002
Ekstrom et al.[[2012; Lagarde et al.| 2012} |Georgy et al.|2013;
Fuller et al.2019; Eggenberger et al.|[2022).

Asteroseismology, the study of oscillation modes or waves
travelling inside stars (Aerts et al.|[2010), has become a unique
and powerful way to study stellar internal structures. The ca-
pacity of asteroseismology to probe stellar physics is being
exploited in two ways. First, observed stellar oscillation sig-
nals carry information about the star’s internal environment,
such as chemical (Pedersen et al.|2018) and temperature gradi-
ents (Michielsen et al.|2021). This allows us to estimate core
overshooting (Mombarg et al.|2021), near-core rotation (Van
Reeth et al.|2016} |Li et al.|2020b), envelope mixing profiles
(Michielsen et al.| 2019} Pedersen et al.[2021), and magnetic
fields (Li et al.|2022} 2023; Deheuvels et al.|[2023; Hatt et al.
2024). Second, we can constrain and calibrate some of the pa-
rameterised internal profiles used in 1-D models using seismic
signals. For example, the angular momentum transport has been
studied and calibrated using gravity-mode oscillations in A- and
F-type main-sequence stars (known as y Doradus (y Dor) stars,
Kaye et al.[1999;|Ouazzani et al.|2019; Mombarg|2023; Moyano
et al.|2023; Mombarg et al.|2024a)). The current paper focuses on
such intermediate-mass y Dor pulators.

Asteroseismic modelling of y Dor stars is a high-dimensional
fitting problem (Aerts et al.[2018) and therefore relies heavily on
other than seismic constraints, such as the stellar global proper-
ties, to lift degeneracies. Spectroscopic observations are neces-
sary, but the parameters derived from spectra (effective temper-
ature, luminosity, and surface gravity) provide only loose con-
straints on stellar evolutionary stages, as their uncertainties are
comparable to the shifts caused by stellar evolution during the
main sequence. As a result, attention turned to multiple systems,
with binary stars being the primary focus (e.g.Huber|2015; [Mur-
phy|2025)). Current modelling of eclipsing binaries can achieve
uncertainties as low as 0.2% in masses and radii (e.g. Maxted
et al.||2020). Many y Dor-type components have been found in
binary systems (e.g. Schmid et al.[[2015; [Keen et al.|[2015} |Li
et al.[2020a}; [Sekaran et al.[2020), and asteroseismic binary mod-
elling work has been achieved for a handful of systems, show-
ing the great power of binary-asteroseismology as a performant
synergistic approach (e.g. |Schmid & Aerts|[2016; |Guo et al.
2017, 2019; |Zhang et al./|2018}; Johnston et al.|[2019b; Sekaran
et al.[[2020, 2021} |[Kemp et al.|2025)). Beyond the constraints on
masses and radii, some studies also highlight the contribution of
the evoluionary stage, noting that the two pulsating stars in a bi-
nary system should share the same age (e.g. [Schmid & Aerts
2016; Johnston et al.|2019b). For example, Schmid & Aerts
(2016) required the two y Dor components to have the same age
when modelling KIC 10080943. It is noteworthy that some mod-
elling studies of evolved solar-like oscillators in binary systems
have also demonstrated age consistency between the two oscil-
lating components (e.g. Metcalfe et al.|2015; White et al.|2017}
Li et al.|2018)). The equal-age assumption and the mass and ra-
dius constraints provided by binary systems greatly facilitates
the asteroseismic models.

Not only binary systems, but also stellar clusters — as multi-
star systems — provide additional constraints for asteroseismic
modelling. Stellar parameters of member stars in clusters can be
measured using the colour-magnitude diagram (CMD), as they
share the same distance, age, and initial metallicity. Several stud-
ies have identified pulsating stars in clusters. High-precision as-
teroseismology has been developed for the four open clusters in
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the Kepler field (NGC 6866, 6819, 6791, 6811, see e.g.:|Corsaro
et al.|2012; [Balona et al.2013)), as well as for M67 and M4 in
the K2 field (Miglio et al.[[2016} |Stello et al.|2016). More re-
cently, the young open clusters UBC-1, Pleiades, and NGC 2516
in the TESS continuous viewing zone were scrutinised observa-
tionally (Fritzewski et al.|[2024; Bedding et al.|[2023}; [Li et al.
2024). Asteroseismic modelling efforts in clusters have mainly
focused on solar-like oscillators, including M67 (Reyes et al.
2025), M4 (Tailo et al.|[2022), NGC 6866 by |Brogaard et al.
(2023)), and more (see: [Tayar & Joyce[2025). These studies have
revealed some discrepancies in age and mass estimates com-
pared to isochrone fitting results relying on precomputed stellar
models to fit the stars in the CMD without taking into account
asteroseismic input. Modelling of young open clusters using pul-
sating main-sequence stars remains scarce.

In this paper, we present the first joint asteroseismic mod-
elling of main-sequence gravity-mode pulsators in a young open
cluster. The structure of the paper is as follows. Section 2] in-
troduces previous pilot studies of pulsating stars in the open
cluster NGC 2516, as well as the observational constraints on
the member stars derived from the best-fitting isochrone in the
CMD. Section [3] describes the input physics adopted in our as-
teroseismic modelling, the construction of our novel model grid,
and the search for the best-fitting models. We apply two ap-
proaches. First, we allow the stars to have independent ages.
In second instance, we enforce a common age for all consid-
ered pulsators. In Section ] we present our results from both
approaches and report discrepancies in age and mass from differ-
ent methods. To address these discrepancies, we construct novel
asteroseismology-calibrated isochrones in Section[5] We demon-
strate that the cluster’s asteroseismic isochrone solves the age
discrepancy, while it does not resolve a modest remaining mass
discrepancy. Conclusions are given in Section [0}

2. The sample and observational constraints

Li et al| (2024)) studied the photometric variability of member
stars in the open cluster NGC 2516. In total, 24 stars were found
to exhibit gravity-mode (g-mode) pulsations. These stars include
yDor stars at the low-temperature end (with T.g ~ 7000K
Balona et al.|1994; [Kaye et al.|1999; | Dupret et al.|2005a), Slowly
Pulsating B-type (SPB) stars (Waelkens|[1991; De Cat & Aerts
2002), and some g-mode pulsators that appear between the blue
edge of theoretical instability strips (IS) of y Dor stars and the
red edge of the IS of SPB stars (Dupret et al.|2005b} |Szewczuk
& Daszynska-Daszkiewicz[2017), which have been noticed both
in pre-Gaia ground-based photometry and by the Gaia mission
(Mowlavi et al.|[2013};|Gaia Collaboration et al.|2023; Mombarg
et al.|2024b). Considering the similarities in observational prop-
erties and internal physical mechanisms among these variable
stars, we collectively refer to them as ‘g-mode pulsators’, with-
out further subclassification based on spectral type.

Among the 24 g-mode pulsators in NGC 2516, 11 show clear
period spacing patterns. These patterns refer to the period differ-
ences (AP = P,y ;m— Pn.1m) between consecutive modes (P, ;)
with the same angular degree / and azimuthal order m, but with
radial orders n differing by +1. The presence of such clear pe-
riod spacing patterns enables detailed seismic modelling of the
g-mode pulsators.

We selected our sample for seismic modelling based on the
results of [Li et al.| (2024). Although 11 g-mode stars exhibit
clear period spacing patterns, not all of them are equally suit-
able for forward modelling, as some deviate from the best-fitting
isochrone. These deviations may be caused by binarity, which
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Fig. 1. Isochrone-derived luminosities and effective temperatures of the
selected y Dor stars in NGC 2516. Error bars show the 1o level of the
uncertainties. The solid curve is the best-fitting MIST isochrone.

introduces systematic deviations in the determination of stellar
parameters such as effective temperature, luminosity, and mass.
Therefore, we selected only six stars that lie exactly on the best-
fitting isochrone, as listed in Table E}

Li et al.[(2024) used the MIST isochrones (MESA Isochrones
and Stellar Tracks, |Dotter| 2016 |Cho1 et al. [2016) to fit the
colour-magnitude diagram (CMD) of NGC 2516 and derived
age and extinction. They tested different rotation rates and se-
lected slower-rotating isochrones as best fit given these led to
the smallest residuals. Following their work, we derived the ef-
fective temperatures, luminosities, and masses of the six selected
g-mode pulsators from their best-fitting MIST isochrone, which
serve as observational constraints in our subsequent modelling.
The results are presented in Table[I] The best values of tempera-
tures, luminosities, and masses are taken as those of the nearest
point in the best-fitting isochrone, while the uncertainties were
estimated based on the scatter in the CMD. Although it is com-
monly assumed that member stars in a cluster share the same dis-
tance, extinction, and age, the main sequence in the CMD is not
an infinitely narrow line. Instead, it exhibits scatter due to sev-
eral external factors, including photometric errors, differential
extinction, binarity, variations in internal stellar physics (primar-
ily the extent of overshooting and envelope mixing), and differ-
ences in stellar inclination, which affect gravity darkening. We
estimated that the scatter in the Gaia G-band magnitude (the y-
axis of the CMD) is 0.146 mag, and used this to propagate uncer-
tainties to the effective temperatures, luminosities, and masses.

In Fig. [Tl we plot the six selected g-mode pulsators in the
Hertzsprung—Russell (H-R) diagram, with error bars indicating
the uncertainties in effective temperature and luminosity. We find
that, as the best-fitting isochrone becomes steeper on the high-
temperature side, the uncertainties in luminosity—and conse-
quently in mass—are larger than those for the lower-temperature
pulsators.

3. Theoretical model predictions

We used MESA version 124.03.1 to compute rotating 1-D stellar
structures for the selected g-mode pulsators. At each time step,
the resulting stellar structures were passed to the stellar oscilla-
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Table 1. Isochrone-derived observational constraints for the effec-
tive temperatures, luminosities, and masses of the six y Dor stars in
NGC2516.

TIC Ter (K) L (Lo) M Mo)
308307454 7626 +220 6.5+1.0 1.57=+0.05
358466729 7760+240 7.1+1.1 1.61+0.06
410452218 8220+260 95+1.5 1.72+0.06
281582674 8700 +300 12.7+24 1.84+0.08
372912679 9090 +£290 16.0+2.7 1.95+0.08
308992761 9699 + 300 22+4 2.11+0.11

tion code GYRE (Townsend & Teitler|2013;[Townsend et al.|2018;
Sun et al|2023) to calculate the oscillation frequencies of g
modes under the traditional approximation of rotation (TAR, see:
Bildsten et al.|1996; [Lee & Saio|1997;  Townsend| 2003 Mathis
2013;/Saio et al.[2018a) assuming rigid rotation, which is a good
approximation for y Dor pulsators as found by Li et al.| (2020b).
We assume the stars to be non-magnetic in first instance because
the effects of the Lorentz force are expected to be much smaller
than those of the Coriolis force (Aerts et al.[|[2021; Dhouib et al.
2022} [Lignieres et al.|[2024) except for very strong central fields
not yet detected so far (Rui et al.[2024)).

We adopted the same MESA input physics and inlist as used by
Mombarg et al. (2024bﬂand the same inlist for GYRE as in Mom-
barg (2023 We refer the readers to these two papers for de-
tails. One important note is that we used a higher structural res-
olution by setting use_other_mesh_delta_coeff_factor =
.true., which allowed higher structural resolution in the near-
core region, suitable for g-mode calculations (Michielsen et al.
2021), and mesh_delta_coeff = 0.3. In addition, we did
not set a minimum diffusion (set_min_D_mix = .false.). A
summary of the input physics, free parameters, and grid con-
struction adopted in our work is provided below.

3.1. Input physics of MESA models

Quite often, the rotational effects caused by the Coriolis and cen-
trifugal forces are only treated at the level of pulsation computa-
tions applied to a non-rotating equilibrium model (Aerts|[2021).
This is justified in the case of slow to modest rotation, because
stellar models including rotational effects remain uncalibrated by
observations (Aerts & Tkachenko|[2024)). Here, we however in-
clude a description of rotation already in the 1-D stellar models
because the selected six g-mode pulsators are rotating rapidly.
Based on the observed period spacing patterns, [Li et al.| (2024)
reported their rotation rates to be about 50% of the Keplerian
critical rotation rates. In MESA versions as introduced since |[Pax-
ton et al| (2013)) and further advanced by [Paxton et al.| (2019),
the shellular approximation is adopted. This approximation as-
sumes that the angular velocity is constant over isobars. The co-
ordinate and structure equations are then refined to impose that
a sphere with this refined radius has the same volume as the
oblate spheroid in the Roche model, to account for the effects
of the centrifugal force (see also|Endal & Sofial|1976; Meynet &
Maeder||1997; Rieutord et al.|2016} [Paxton et al.|[2019).

We set the initial fraction of Keplerian critical rotation at
the zero-age main sequence (ZAMS), Vi/Vicrit, assuming a uni-
form rotation profile at the ZAMS. Since the stars in NGC 2516
are young (~ 100 Myr), we assume that their rotational decel-
eration is marginal and thus adopted the current seismic rota-

' https://zenodo.org/records/13759780
2 https://zenodo.org/records/7737918
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Table 2. Ranges and steps of the free parameters in the model grid. The
median of the mass grids are the observed masses given in Table [I] for
each star. The unit of fcgy is the local pressure scale height.

TIC 308307454 and | The other stars
TIC 358466729
M range, step +20, 0.01 Mg +20, 0.02 Mg
log 7 min, max, step |0, 7,1 0,5,1
fcMm min, max, step 0.005, 0.035, 0.0025
Aget up to 300 Myr

Initial rotation v; /vi i | Seismic values by |Li et al.[(2024)

tion rates reported by [Li et al.| (2024)) as their initial rotation
rates. For TIC 308307454, we set vi/vieic = 0.167, and for
TIC 358466729, vi/vigie = 0.333. For the remaining selected
stars, which have similar seismic rotation rates, we adopted a
common value of v;/vj i = 0.5.

In general, angular momentum transport involves both ad-
vective and diffusive components in the transport equation (e.g.,
Aerts et al.|2019| for a review of the processes). Here, the angular
momentum transport is treated in a fully diffusive way since we
use the public MESA code. We did not adopt a radius-dependent
viscosity derived from the built-in rotation- and magnetism-
induced mechanisms in MESA (Heger et al.[[2000; |Spruit| 2002}
Heger et al.|2005), as such prescriptions lead to non-smooth vis-
cosity profiles, which is undesirable for asteroseisic modelling.
Instead, a constant viscosity of 107 cm?s~! was used, which
was calibrated using the slowly rotating y Dor stars near the
terminal-age main sequence (TAMS) (Mombarg|[2023). We also
accounted for gravity darkening effects at an average inclination
(Espinosa Lara & Rieutord|2011; Rieutord et al.|2016} |Paxton
et al.[[2019), although their influence on effective temperature
and luminosity is minor and is smaller than the observational
uncertainties shown in Fig.[T]

We described core convection using the mixing-length the-
ory with a solar-calibrated value of aypr = 1.8 (Cox & Giuli
1968} |Chot et al.[|2016). We adopted the exponentially decaying
overshoot foup in unit of local pressure scale height to describe
the convective-boundary mixing (CBM, Herwig|2000). In the ra-
diative envelope, the chemical diffusion coefficient D was com-
puted from the rotational mixing based on by [Zahn|(1992) and
Chaboyer & Zahn| (1992),

rdQ\
Drot(r>rcc)=77K v

N dr )

where K is the thermal diffusivity, N is the Brunt—Viisild fre-
quency, r. is the radius of the convective core, Q is the rotation
profile, and 7 is a free parameter that modifies the efficiency of
the diffusive transport.

Finally, we adopted a solar metallicity of Z = 0.014 (As-
plund et al |2009), consistent with the spectroscopic observations
of NGC 2516 by |Li et al.| (2024). The present-day cosmic abun-
dances, based on a chemically homogeneous sample of 29 early
B-type stars in the solar neighbourhood, were used in our mod-
elling Nieva & Przybillal (2012). An initial helium abundance
Y = 0.2612 was set, following the chemical enrichment rate de-
rived by (Verma et al.|2019)), which is ¥ = 0.244 + 1.266Z.

3.2. Model grids for each star

The free parameters for each star are: initial mass M, overshoot
foums, age ¢, and the mixing parameter 7. Table [2] summarises
the ranges and step sizes of the free parameters adopted in our
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stellar modelling. Two sub-grids are considered: (1) the two low-
mass stars TIC 308307454 and TIC 358466729, and (2) all other
high-mass stars in the sample. The main differences between
these two stem from mass and envelope mixing. For the stellar
mass M, we varied it within +20 around the observed value,
using a step size of 0.01 My for the two low-mass stars, and
0.02 M, for the rest. The reason is that the two low-mass stars
(TIC 308307454 and 358466729) have smaller mass uncertain-
ties, so a smaller mass step was used to pursue a higher grid
resolution.

The mixing parameter logn was sampled from 1 to 7 with
a step size of 1 for the two low-mass stars, and from 1 to 5
for the others. In the process of determining the range of 7,
we gradually increased its upper limit until the stellar evolution
exhibited quasi-chemically homogeneous evolution, which is
characterised by a rising temperature during the main-sequence
phase because the mixing timescale is shorter than the nuclear
timescale (e.g.Maeder]|1987; [Langer|1992; [Martins et al.|2013).
We found that stars with higher masses tend to exhibit this be-
haviour at lower values of 7. Therefore, we used logn up to 7 for
the two low-mass stars, while limiting it to 5 for the remaining
stars.

The range of exponential overshooting parameter fcgm was
set from 0.005 to 0.035 with step of 0.0025, covering the previ-
ous seismic results for A- to F-type stars (Mombarg et al.[2021).
For age ¢, we allowed models to evolve up to 300 Myr, which is
roughly two to three times the ages determined from isochrone
fittings (e.g., 102+ 15 Myr by |Li et al.[2024}, 240 Myr by|Cantat-
Gaudin et al.| 2020, and 125%;” Myr by Hunt & Reffert 2024).
We performed the stellar evolution grid computations on the su-
percomputers of the Flemish VSC (Vlaams Supercomputer Cen-
trum), using 100 threads with four cores allocated per thread.

3.3. Best-fitting model search

We output a internal profile of the stellar structure computed by
MESA every time the central hydrogen mass fraction X, decreases
by 0.01, starting from X, = 0.72. At each X, GYRE was used to
calculate the g-mode periods using the current rotation rates of
the stars measured by the observed period spacing patterns by
(L1 et al.|2024)). We did not aim for the rotation rates computed
by MESA to match the observations, given the current absence
of a physically justified and well-calibrated treatment of angular
momentum transport. Our objective was limited to correcting the
temperature and luminosity from rotational effects.

We used two methods to search for the best-fitting models
relying on: (1) a traditional y? merit function, in our applica-
tion minimising the difference between the predicted and mea-
sured mode periods or mode period spacings, and (2) the Maha-
lanobis distance approach introduced in forward asteroseismic
modelling by |Aerts et al.|(2018)) to take into account theoretical
uncertainties in the mode period predictions due to shortcom-
ings in the input physics of 1-D stellar models. The y?-based
method often assumes that the data are Gaussian distributed and
that each of the measured periods or period spacings used in the
merit function is independent from all others. In contrast, the
Mahalanobis distance accounts for correlations among the mea-
sured mode periods or period spacings by incorporating their co-
variances. Moreover, this merit function also includes the covari-
ances among the theoretically predicted mode periods stemming
from the correlations between the free parameters of the stellar
models in the grid. As an example, the age of a stellar model in
the grid is strongly dependent on the model’s core overshooting
value, as the latter determines how much fuel can take part in
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the nuclear burning active in the convective core as the model
evolves. Graphical representations of the correlation structure
within grids of models used for g-mode asteroseismology are
available in [Moravveji et al.| (2015); Michielsen et al.| (2019,
2021).

While the principle of taking into account theoretical uncer-
tainties in the merit function is uncontested in the era of space
asteroseismology (Gruberbauer et al.|[2012), its practical applica-
tion is challenging as we do not know to what extent the physi-
cal ingredients captured by free parameters in the models deviate
from reality. Following Aerts et al.[(2018)), this theoretical uncer-
tainty, which is much larger than the observational uncertainties,
can be estimated from the grid of models itself, provided that
the grid is a reasonable representation of the star’s global and
seismic properties covering the uncertainty ranges of the observ-
ables. Since we seldom know the age or evolutionary stage of a
g-mode pulsator in the field of the galaxy with good precision,
Pedersen et al.| (2021) and Michielsen et al.| (2021} 2023) used
the correlation structure within their grids of evolutionary mod-
els from the birth to the exhaustion of hydrogen in the core in
their g-mode asteroseismology. In our application, however, the
stellar models were only evolved up to 300 Myr as the cluster’s
age is roughly known. This prevents us to properly assess the
correlation structure within the grid of models. As a result, the
Mahalanobis distance yields too loose constraints on the min-
imisation process evaluating the model predictions. We therefore
ignore the off-diagonal covariance elements and retain only the
diagonal variance terms for both the observations and theoretical
predictions. In that case the Mahalanobis distance reduces to a
x>-type statistic, which can be written as

X? — (Y—jlheo _ Yobs)T V + E)_l (Y*jtheo _ Yobs). 2)

Here, X? is the chi square of the /™ model and Y;heo is a vec-
tor containing the corresponding theoretical grid values of the
observables Y which can be either mode periods or mode
period spacings. The diagonal matrix V contains the theoretical
uncertainties assessed from the grid’s mode prediction variances.

Following Michielsen et al.| (2021]), the likelihood function is
defined as

L(DJh) = exp (—% In([V + X)) + kIn 27) + X?), A3)

where £ (D) denotes the likelihood of the data D given the pa-
rameters 6, |V + Z| is the determinant of the sum of the matrix
V and X, and k = 4 is the number of free parameters, namely
the mass M, the mixing parameter 7, the overshoot fcpm, and
the age 7. The observational uncertainties, represented by the el-
ements of X, are typically much smaller than the model uncer-
tainties, which are written in the diagonal elements of the matrix
V. Therefore, it is necessary to develop an appropriate method
for estimating the uncertainties for the mode periods predicted
theoretically from the grid, of relevance for each of the pulsators.
Our approach is to estimate the uncertainty arising from vari-
ations in stellar mass and age. Specifically, we calculated the
standard deviations of the selected theoretical values of the peri-
ods or period spacings within a narrow parameter range: a mass
variation AM of 0.02 M, and an age variation Az of 10 Myr. The
range in mass was determined by the step size of the input grid,
while the range in age was derived from the uncertainty given
by the isochrone fitting. We found that within these ranges, the
model variations provide a reasonable estimate of the theoretical
uncertainty, while also offering sufficient constraints to identify
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the best-fitting models. In this way, the matrix V serves both
to constrain the model selection and to quantify the model un-
certainty. We also experimented with including variations in the
overshooting parameter, namely by adding another dimension
with Afcgm < 0.0025, but this resulted in overly loose con-
straints that prevented the identification of best-fitting models.
In addition, we tested the impact of the mixing parameter n7 and
found that it has little influence on the modelled periods.

We calculated the likelihood function at each evolution-
ary step using Eq. and then ran a Markov Chain Monte
Carlo (MCMC) simulation using the Python package emcee
(Foreman-Mackey et al.|2013) to search for the best-fitting mod-
els. Flat priors for T.¢ and L were adopted within the 20~ ranges
of the observational constraints listed in Table [T} while a flat
prior for age ¢ was set between 50 and 300 Myr.

For the observables Y°* and the corresponding theoretical
values Yj‘heo, we used g-mode periods for most of the stars. How-
ever, we found that the period spacing pattern of KIC 281582674
exhibits a significant dip, and using periods as observational con-
straints could not efficiently reproduce the dip. Therefore, we
used period spacings as observables for KIC 281582674 instead.

3.4. Individual or joint fitting of modes

We applied two fitting approaches to search for the best-fitting
models. In the first approach, we fitted the stars individually, al-
lowing them to have different ages despite being located within
the same cluster. In the second approach, we demanded the age
to be the same for all targets and constructed the joint likelihood
function by summing the logarithms of the individual likelihoods
of each star, namely,

log L(D'16,1) = > log L(D; | 6;,1), @)

where D’ represents the combined observables of all stars, ¢
denotes the collection of individual stellar parameters M, fcgwm,
and 7 for all stars, 6; denotes the free parameters for each star
except for the age t, and 7 is the common age. Approach 1 allows
additional freedom in age, which generally leads to a better re-
production of the observed period spacing patterns. In contrast,
Approach 2 is more consistent with the physics of open clus-
ters, where stars are generally assumed to have formed simulta-
neously.

4. Results of the asteroseismic modelling

We list the best-fitting parameters and their uncertainties in Ta-
ble[3] derived from both Approach 1 and Approach 2. Since the
parameters are selected from discrete grid points, the traditional
method of estimating the uncertainties and median values using
the 16th, 50th, and 84th percentiles may be unsuitable. There-
fore, we fitted a Gaussian distribution to each of the marginalised
one-dimensional posterior distributions to derive their uncertain-
ties. In cases where the standard deviation of the fitted Gaussian
is smaller than the grid step size, we adopt the grid step as the
uncertainty. This situation often arises for the overshooting pa-
rameter fcpy, indicating that the modelling is overly sensitive to
its value. We conclude that the current grid step of 0.0025 is still
too large to capture the sensitivity adequately.

We present two representative stars, TIC 308307454 and
TIC 281582674, as case studies in Sections [@.1]and [4.2] respec-
tively. The results on the seismic age of the open cluster, the
constraints on fcpm, and the influence of the mixing parameter i
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Table 3. Best-fitting parameters for the successfully fitted stars. Results from both Approach 1 (individual fitting) and Approach 2 (global fitting
assuming a uniform age) are provided. The numbers in parentheses indicate the uncertainty in the last digit(s) of the corresponding value.

Approach 1 Approach 2
TIC M Mo) feam logn  tMyr) | M Mo) feem logn ¢ (Myr)
TIC308307454 | 1.537(8) 0.0051(25) 1.8(1.4) 152(18) | 1.5306(23) 0.0050(25) 2.5(1.5)
TIC358466729 1.61(3) 0.013(5) 2.5(1.8) 180(70) | 1.612(28) 0.011(4) 24017 132(8)
TIC410452218 | 1.746(23)  0.013(4) 2.0(1.5) 150(70) | 1.751(23) 0.012(4) 2.4(1.5)
TIC281582674 | 1.752(18) 0.0296(25) 2.1(1.6) 111(15) | 1.770(25) 0.0297(25) 2.2(1.6)
Approach 1: TIC308307454 Approach 1: TIC308307454
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Fig. 2. Posterior distributions of the model parameters for
TIC 308307454 obtained using Approach 1. The diagonal panels
show the marginalised one-dimensional distributions for each param-
eter, where the solid and dashed vertical lines indicate the median
and the +10 range, respectively. The off-diagonal panels display the
two-dimensional joint posterior distributions. We added random noise
to the discrete samples to enhance their visual clarity.

are discussed after that. In Table[3] we include only four stars for
which satisfactory fits were obtained. The two high-mass stars,
TIC 372912679 and TIC 308992761, could not be fitted success-
fully, and we discuss the possible reasons in Section §.6]

4.1. TIC 308307454

TIC 308307454 is the star with the lowest mass in our sample.
The posterior distributions of its parameters are shown in Fig.
and the best-fitting period spacing pattern is shown in Fig.[3] Our
best-fitting seismic model yields a mass of 1.537 + 0.008 M,
which lies within 1o range of the MIST isochronal mass. As
shown in Fig. 3] both the observed and theoretical period spacing
patterns are smooth, indicating that dips due to mode trapping
caused by a chemical gradient are absent (Miglio et al.|[2008;
Bouabid et al|2013}; |[Pedersen et al.[2018). We obtain a strong
constraint on the overshooting parameter fcgy as most of the
MCMC chains converge to a value of fcpy = 0.005.

For TIC 308307454, we computed stellar evolution models
with log 77 values up to 7. However, as shown in Fig. 2] the star
reveals weak envelope mixing: the posterior distribution of logn
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is roughly flat below 4 and then drops sharply towards larger
values. This result suggests that the stars with M ~ 1.5 M have
low envelope mixing at early evolutionary stages on the main
sequence.

The age estimate from Approach 1 is 152 + 18 Myr, which is
larger than the MIST isochrone age reported by L1 et al.| (2024).
This star provides a precise age constraint, as the asymptotic
spacing in this mass range decreases monotonically with age
(Mombarg et al.|2019). [Li et al.| (2024)) reported an observed
asymptotic spacing of Iy = 43407>Y's and a near-core rotation

160

rate of fior = 0.97*0:03 d™!. These observed values are model in-
dependent. Our best-fitting model yields a higher value of I,
namely 4504 s, which lies at the upper boundary of the +10 ob-
servational range. Although we did not use the measured rotation
rate as a constraint in the seimsic modelling but rather consid-
ered models rotating at 16.7% of their critical rate for this star,
the best-fitting asteroseismic model delivers a near-core rotation
rate of 0.973d™!, consistent with the measured value from the
observed period spacing pattern.

4.2. TIC 281582674

We use TIC 281582674 as a second representative example, as
this star has the highest mass in our sample of four pulsators and
is the only one that exhibits a clear dip in its period spacing pat-
tern. The posterior distributions and the best-fitting period spac-
ing pattern are shown in Figs. {] and [5] respectively. Our best-
fitting seismic model yields a mass of 1.752 + 0.018 Mg, which
is 1o lower than the isochrone-derived mass. Consequently, the
model predicts a lower effective temperature and luminosity,
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Fig. 4. Same as Fig.[2] but for TIC 281582674.

Approach 1: TIC281582674

T T |
X Observed AP r 0.032
GYRE P
500 A —— Observed P r0.030
c
r 0.028
400 «
G o z
Z
% c F 0.026 W
®
300 =
- L 0.024
[
@
200 A o r 0.022
X3
= 0.020

0.235 0.240 0.245 0.250 0.255 0.260 0.265 0.270
P (days)

Fig. 5. Same as Fig. 3| but for TIC 281582674.

both of which lie near the lower boundary of the 20 observa-
tional ranges. This lower mass is required to match the observed
asymptotic period spacing of 4840 + 60 s by [Li et al.[2024)). Our
best seismic model has 1y = 4872 s.

The red crosses in Fig. [5|represent the observed period spac-
ing pattern. A ‘half dip’ is visible on the long-period side. As
discussed previously, we fitted period spacings instead of indi-
vidual periods, since using period spacing as the observable Y °%
is more sensitive to such a dip. In the same figure, we find that
the location of the dip is highly sensitive to the value of fcgm-
The model with fcgm = 0.03 best reproduces the observed dip,
while models with other values fail to do so. Therefore, this star
also places a strong constraint on the overshooting parameter,
yielding fepm = 0.0300 + 0.0025. We also find that the posterior
distribution of logn is similar to that of TIC 308307454, with a
preference for lower values, implying weak envelope mixing in
this star as well.

The stellar age is also well constrained in this case. Although
the dependence of Il on age is relatively flat within the age
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Fig. 6. Convective mixing parameter fcgm as a function of mass by
Approach 1. The red points and their error bars represent the four g-
mode pulsators analysed in this work. The translucent markers indicate
results from previous studies.

range of NGC 2516 (see discussion in Section4.3), the position
of the dip in the period spacing pattern evolves sensitively with
age and helps constrain it. We derive an age of 111 + 15 Myr for
this star, which is younger than TIC 308307454 and closer to the
MIST-based age.

We also present the posterior distributions and the best-
fitting period spacing patterns using Approach 1 for the remain-
ing two stars, TIC 358466729 and TIC 410452218, in Figs.
[A.2] [A3] and[A.4] of Appendix [A] We find that these two stars
have more limited capacity to constrain their parameters, show-
ing somewhat larger uncertainties compared to the previous two
stars. For the fitting results by Approach 2, we present similar
figures in Appendix [B]

4.3. Overshoot fecvms

Figure [6] summarises the overshoot measurements of the four
g-mode pulsators in NGC 2516 fitted in this work using Ap-
proach 1. Apart from the four g-mode pulsators in this work, we
also include overshoot measurements from previous studies. For
intermediate- to high-mass g-mode pulsators, we show the re-
sults of 37 yDor stars modelled using a deep-learning method
by Mombarg et al,| (2021)), and 26 SPB stars from |[Pedersen
(2022)). For solar-like oscillators, we include the fossil overshoot
measurements during the main-sequence stage reported by |De-
heuvels et al.[(2016) and [Lindsay et al.| (2024)). Although these
solar-like oscillators have evolved to the post-main-sequence
stage, the chemical composition gradients produced by core
overshooting remain as fossil signatures and can be detected
through mixed modes (Deheuvels & Michel|2011)). We also note
the studies by Noll & Deheuvels| (2023) and |Noll et al.| (2021)),
which reported overshooting values comparable to those from
other works in the mass range below 1.5 Mg,. In contrast, [Viani
& Basu(2020) reported significantly larger overshooting values,
with some stars showing a,, as high as 0.4. These discrepancies
may stem from differences in the treatment of the temperature
gradient within the overshooting region. For this reason, we do
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not include the results by |Viani & Basu| (2020) in the present
comparison.

As listed in Table[3] TIC 308307454 shows the smallest value
of fcpm, while TIC 281582674 exhibits the largest. The remain-
ing two stars, TIC 358466729 and TIC 410452218, display in-
termediate levels of overshooting. The values of fcgy for our
g-mode pulsators, which have masses between approximately
1.5 and 2.0 Mg (corresponding to y Dor-type pulsators), show
a wide spread ranging from 0.005 to 0.030. This spread is con-
sistent with the findings of Mombarg et al.| (2021)). A similarly
large spread in overshooting parameters has also been reported
for SPB stars by |[Pedersen| (2022), with some values reaching
feem = 0.040, or @y, = 0.4 under the step overshooting scheme.
However, we find that the range of fcgm values varies with stel-
lar mass. For low-mass stars (M < 1.5My), fepm is typically
smaller than ~ 0.015, more tightly distributed, and shows an in-
creasing trend with mass. Furthermore, Mombarg et al.| (2024a)
found that most y Dor stars have relatively low values of fcpwm,
with a linearly decreasing probability density distribution for in-
creasing fcpwm, based on 539 stars.

We therefore emphasise the importance of fcgym in
isochrone-based age dating. For young open clusters whose
main-sequence turn-off lies within the B- to A-type range, the
derived age is primarily constrained by the evolution of these
early-type stars. However, such stars show a large spread in the
overshoot parameter, which significantly affects stellar evolu-
tion, particularly the duration of the main-sequence phase. As
a result, adopting a single value of fcgm across the entire mass
range may not accurately reproduce the true cluster age, al-
though this is a commonly used compromise (such as the MIST
isochrone that adopted a fixed value of fcgy = 0.016 calibrated
on the open cluster M67; e.g. [Magic et al.|[2010; |Choi et al.
2016). An optimised tactic, such as ‘isochrone-cloud’ fitting to
the CMD of clusters using multiple combinations of parameters
(fcswm, rotation, radiative envelope mixing, etc.), is needed to as-
sess the age uncertainty arising from stellar models (e.g. John-
ston et al.|2019a}; Johnston[2021)).

4.4. Individual seismic ages of the g-mode pulsators in
NGC2516

In Fig. [7, we summarise the age measurements of the four g-
mode stars in NGC 2516 using both Approach 1 and Approach 2.
In Approach 1, where individual ages are allowed for each star,
we find a significant spread in the inferred ages. TIC 281582674
yields the youngest age (111 + 15 Myr), which is consistent with
the MIST isochrone age reported by |Li et al| (2024). In con-
trast, TIC 308307454 has an age of 152 + 18 Myr, which devi-
ates from the MIST isochrone age at the 20 level. We note that
TIC 410452218 and TIC 358466729 exhibit large uncertainties
in their age estimates, implying a limited capacity for precise
age determination.

It is well known that the asymptotic period spacing, I,
serves as an age indicator in g-mode pulsators (e.g. Miglio et al.
2008; [Saio et al.|2018a; |(Ouazzani et al.|[2019; Mombarg et al.
2019), as Iy decreases monotonically with age during the main-
sequence phase. To explore the relationship between Iy and age
in our modelling, we plot Iy as a function of age in Fig.[§] adopt-
ing a fixed value of n = 1 and considering two values of fcpum.
We find that the evolutionary trend of Il with age varies signif-
icantly with stellar mass. For stars around 1.5 Mg, Iy exhibits a
sharp decline over time, with a decrease of up to 200s within
300 Myr—exceeding the typical observational uncertainty of
IIp (approximately 100s). This explains why TIC 308307454
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Fig. 7. Seismic age estimates for the four g-mode stars in NGC 2516.
Stars are vertically ordered by increasing Gaia colour index Ggp — Ggp.
Horizontal error bars indicate the individual seismic ages derived using
Approach 1. The vertical grey line and the grey shaded region mark
the seismic age and +10 range obtained from joint modelling of all the
four stars using Approach 2 (“Seismic joint fitting”’). The vertical blue
shaded region represents the MIST isochrone age derived from CMD
fitting. The vertical gold shaded region represents the age derived using
our own isochrone deduced from the seismic model grid, see Section[5}

(M ~ 1.54M;) can provide a well-constrained age. However,
the sensitivity of Iy to age diminishes with increasing mass: at
M ~ 1.7Mj, the total variation in Iy is roughly 100 s within
300 Myr, while at M ~ 1.8 Mg, Iy remains nearly constant. This
mass range corresponds to TIC 358466729 and TIC 410452218,
which explains why these two stars yield somewhat poorer con-
strained ages. TIC 281582674, on the other hand, benefits from
the presence of a dip in its period spacing pattern, which aids
in constraining its age. We therefore emphasise that precise age
constraints from g-mode pulsators require either low-mass stars
(such as y Dor stars) or the detection of mode trapping signatures
in the period spacing patterns.

We also find that IIj starts to increase at the beginning of the
main sequence if the mass is approximately greater than 1.8 M.
The behaviour may change depending on the adopted value of
feem. In the right panel of Fig. [§for vi/veii = 0.5, we find that
Iy first increases and then decreases for fcpm = 0.005, while
it continues to increase for fcgm = 0.025. These features may
challenge age determinations using high-mass g-mode pulsators
in young open clusters, as Il no longer shows a monotonic rela-
tion with age. An increasing Il is indicative of a growing con-
vective core (e.g. Mombarg et al.|[2019} |Aerts et al.|[2025). As
simulated by [Temaj et al.| (2024)), a larger fcpm leads the core
to grow in mass, causing the star to behave as if it had a higher
initial mass and ultimately altering its final fate.

In addition to modifying whether Il increases or decreases
with age, we find that fcgy also affects the absolute value of T1j.
When the mass is roughly below 1.8 Mg, Il always decreases
monotonically with age, but smaller fcgy values tend to produce
lower Il values. The shift can be as large as 100 s. This shifting
effect gradually disappears when M > 1.8 M.



Gang Li (Z=N)

et al.: Asteroseismology of the young open cluster NGC 2516

VilVi, crit = 0.167 VilVi, crit = 0.333 VilVi,crit = 0.5
1.68Mo... 17 M., 6000 -
agoo | 14Me 2800 1.66M@._..... . 53004 2.
......... L62Mo. 5600 4 2-
4700 A 47004 128Mo S .
1.54Mo., 5400 1
o 0 ’ o
S 4600 A = 4600 - ~ 52001
| c c
5000 A
4500 A 4500
4800 -
. 1.58M
4400 1 —— fogy=0.005,n=1 \\ 4400 { —— fepm=0.005, n=1 \ © 4600 A
----- feem=0.025,n=1 1.52Me veeen fepw=0.025,n=1 1.54M, aa00d — fecem=0.005, N=1~———___1.6M,
0 100 200 300 0 100 200 300 0 100 200 300
Age (Myr) Age (Myr) Age (Myr)

Fig. 8. Asymptotic spacing I1 as a function of age, for models with different initial rotation rates and overshooting parameters. The left, middle,
and right panels correspond to initial rotation rates of Q/Qg; = 0.167, 0.333, and 0.5, respectively. The mixing parameter 7 is fixed at 1 in
all models. Each set of curves shows evolutionary tracks for different stellar masses with two overshoot values: fcgy = 0.005 (solid lines) and
Jfesm = 0.025 (dashed lines). Masses for the dotted curves (fcgm = 0.025) are indicated to the left of each line, while those for the solid curves

(fcem = 0.005) are placed to the right.

4.5. Joint age measurement of NGC 2516

As introduced in Section instead of allowing the stars to
have different ages (Approach 1), we assumed that the stars
share a common age, as they were born simultaneously in the
same cluster. We thus fitted them jointly using the likelihood de-
fined in Eq. 4] (Approach 2). This joint fitting approach yields an
asteroseismology-derived age for NGC 2516 of 132 + 8 Myr.

The vertical grey band in Fig. [7] represents the joint age re-
sult. We find that the seismic joint age (132 + 8 Myr) differs from
the MIST isochrone age (102+15 Myr) by approximately 1.50-. In
Section [5] we demonstrate that this age discrepancy arises from
differences in the adopted input physics of the MIST isochrone.
When using identical input physics to define isochrones and per-
form forward asteroseismic modelling, the isochrone-fitting and
seismic-fitting methods yield consistent age measurements.

The best-fitting period spacing patterns and the posterior dis-
tributions from Approach 2 are presented in Appendix [B} Com-
pared to Approach 1, the period spacing patterns obtained from
Approach 2 show a slightly poorer fit, as the condition of a joint
age may not optimally reproduce the individual stars’ period
spacing patterns. Nevertheless, the resulting best-fitting parame-
ters (M, fcswm, log 17) remain highly consistent with those derived
from Approach 1, as listed in Table[3]

4.6. Seismic and MIST-based mass discrepancy

As mentioned earlier, the two high-mass stars, TIC 372912679
and TIC 308992761, could not be modelled. We find that this is
because the observed values of Iy cannot be reproduced within
the MIST-based mass ranges given in Table[T] Figure[J]illustrates
this situation. As reported by |Li et al.| (2024), TIC 372912679
has Iy = 4820j}(1’8 s, while TIC 308992761 has Iy = 4900’:?8 S
(shown as the horizontal shaded regions in Fig. [9] respectively).
However, comparison with our seismic models shows that these
1y values correspond to masses around 1.74 Mg, deviating by 2
to 30~ from the MIST-derived masses listed in Table [T] (which
are around 2 Mg). We also note that TIC 281582674 reaches
its lower bound of its allowed mass range during the fitting
process. Therefore, we find a discrepancy between our astero-
seismic masses and the MIST-based isochrone masses, and this

5100
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Fig. 9. Asymptotic period spacing II, as a function of stellar age
for models with fixed initial rotation vi/vijy = 0.5, fegm = 0.025,
logn = 3, but different initial masses. The horizontal shaded regions
indicate the observed I values (and uncertainties) for TIC 372912679
and TIC 308992761.

discrepancy becomes more pronounced with increasing stellar
mass.

Mass discrepancies among different stellar mass estimation
methods are not rare and have been noted by numerous pre-
vious studies. These studies commonly compare evolutionary
masses based on models with one particular choice for the in-
put physics with dynamical masses in binary systems. Such
dynamical masses are derived from the binary orbital motion
and are therefore model-independent, making binaries ideal as
benchmarks. For example, a significant mass discrepancy in the
evolved massive binary V380 Cyg was reported by comparing its
dynamical mass and evolutionary mass inferred from theoretical
evolutionary tracks (Guinan et al.[2000; [Tkachenko et al.[2014)).
Analyses of binary star samples by Schneider et al.| (2014),
Claret & Torres| (2019), and [Tkachenko et al.| (2020) revealed
systematically occurring mass discrepancies between dynami-
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cal and evolutionary masses. These studies argued that both en-
hanced core overshooting and proper treatment of microturbu-
lent velocities and turbulent pressure in stellar atmosphere mod-
els can partially resolve the discrepancies.

Pulsating binaries allow us to compare the seismic and dy-
namical masses. Schmid et al.| (2015) reported the dynamical
masses for the two g-mode pulsators in the non-eclipsing bi-
nary KIC 10080943, which shows a periodic brightening ef-
fect along its 15.3 d eccentric orbit. The masses of the primary
and secondary were deduced from photometric light curve mod-
elling and spectral disentangling, leading to component masses
of 2.0 + 0.1 My and 1.9 + 0.1 Mg, respectively, similar to our
targets TIC 372912679 and TIC 308992761. In a subsequent as-
teroseismic modelling study, |Schmid & Aerts| (2016) found that
the seismic masses were about 20- lower than the binary masses,
hence their results for the two y Dor stars in this close binary
are similar to ours for the two more massive vy Dor stars in the
cluster. Schmid & Aerts| (2016)) attempted to modify the initial
helium mass fraction but found that this adjustment did not sig-
nificantly increase the seismic masses.

Isochrone-derived masses close to the regime of the
vDor stars have also been scrutinised. The eclipsing binary
WOCS 11028 in M67 was found to show a significant dis-
crepancy between its dynamical and isochrone-derived masses
(Sandquist et al.[|2021)). Subsequent studies confirmed this dis-
crepancy using updated isochrone models (Nguyen et al.|[2022;
Reyes et al.[2024] 2025).

Mass discrepancies are also found in other mass ranges or
in different evolutionary stages, such as O-type stars (Weidner|
& Vink 2010; Markova et al.|[2018), Cepheids (Neilson et al.
2011), and white dwarfs (Calcaferro et al.|[2024)). Various at-
tempts have been made to resolve the mass discrepancies by
adjusting stellar model parameters, for example, by adopting
a larger overshooting parameter to produce a more extended
convective core (Tkachenko et al.|[2020). However, as shown
in Fig. 8] varying fcgm has only a minor effect on Iy in this
mass range, pointing out that the input physics itself needs to
be changed, rather than simply adapting the free parameters
in the particularly frozen convective core overshooting descrip-
tion. Motivated to resolve the mass discrepancy for the two
massive y Dor pulsators in NGC 2516, we embarked upon self-
constructed asteroseismically-calibrated isochrones. In the next
section, we demonstrate that adopting identical input physics to
that used in the seismic models can partially alleviate the mass
discrepancy.

5. Self-constructed isochrone using input physics
from asteroseismology

In Section {.5] we reported that the joint seismic age of
NGC 2516 deviates from the MIST isochrone age by 20 In Sec-
tion [4.6] we also discovered mass discrepancies for two high-
mass g-mode pulators when compared to the MIST masses.
Given that the MIST isochrones are constructed using different
input physics, which may introduce inconsistencies with our
seismic modelling, we therefore construct our own isochrones.
These are both physically consistent with and calibrated by as-
teroseismology. Subsequently we assess whether the discrepan-
cies are resolved by the asteroseismic isochrone of NGC 2516.
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5.1. Construction of our own isochrones

To simplify the construction procedure, we customise our
isochrone development to young open clusters. We consider only
the upper main sequence of the CMD as input observables,
corresponding to main-sequence stars with masses larger than
~1.5Mj (see black dots in Fig.[IT|discussed below). This mass
boundary can be visually identified from the CMD, where the
slope of the main sequence changes noticeably. We used the
member stars of NGC 2516 reported by [Meingast et al.| (2021)
and discarded both low-mass main-sequence stars and post-
main-sequence stars in NGC 2516. This simplifies the isochrone
construction by avoiding the need to consider different physical
treatments required for cool stars and evolved stars. We checked
the Gaia ruwe values for the member stars and excluded those
with ruwe > 1.4, which may indicate binarity. However, only a
few stars were affected. In addition, two potential blue stragglers
were excluded from the fitting process.

As stars on the main sequence evolve slowly, we adopted a
mass step of 0.05 Mg, which is sufficiently fine to reproduce the
structure near the main-sequence turn-off. We computed evolu-
tionary tracks from 1.5 Mg to 8 Mg, covering stellar ages from a
few million years up to several hundred million years. We adopt
the same input physics as for the asteroseismology and consider
a range of input parameters, including initial rotation rate frac-
tions vi/Vigit from 0 to 0.5 in steps of 0.1, convective boundary
mixing values of fcgm = 0.005, 0.015, and 0.025, and envelope
mixing parameters n = 1, 10, and 100.

We briefly summarise the input physics used for our seis-
mic modelling in Section [3.1] to highlight the differences with
the input physics of the MIST isochrones (Choi et al.|[2016).
First, we treat angular momentum (AM) transport using a
scheme with an asteroseismology-calibrated constant viscos-
ity, and model chemical element diffusion with a differential-
rotation-induced mechanism encompasing a diffusion coefficient
n (Eq. [I), whereas the MIST isochrones adopt MESA’s built-in
prescriptions for both AM transport and chemical diffusion (see
Choi et al.|2016; Mombarg|2023| for details). Second, while the
formulation of core overshooting is the same, we allow three val-
ues for the exponential overshooting parameter reflecting the as-
teroseismic modelling results, while the MIST models use a fixed
value of foy core = 0.0160. Third, we adopted a constant initial ro-
tation fraction for all main-sequence stars, set to v;/vjcit = 0.5.
This value was measured from the g-mode period spacing pat-
terns of 11 g-mode pulsators by [Li et al.| (2024). In contrast, the
MIST isochrones adopt a mass-dependent rotation prescription,
where the rotation rate increases linearly from zero at 1.2 M, to
a fixed value at 1.8 M. Fourth, we employ an asteroseismology-
calibrated primordial helium abundance and element enrichment
rate, whereas the MIST models use cosmology-calibrated ones
(Planck Collaboration et al.[2016)).

After obtaining the theoretical evolutionary tracks, which
provide the effective temperature and luminosity at each evo-
lutionary time step, we constructed an isochrone by selecting
the points on each track corresponding to a given age. We ap-
plied bolometric and extinction corrections to transform the the-
oretical Teg and L into observed magnitudes and colour indices.
To achieve this, we adopted the same bolometric corrections as
the MIST isochrones, which are based on a grid of stellar atmo-
spheres and synthetic spectra computed using the ATLAS12 and
SYNTHE codes (Kurucz|[2005} |Choi et al.|[2016). We adopted
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fraction. Middle: the best-fitting cluster age as a function of rotation. Right: the log-likelihood of the best-fitting isochrone. Error bars indicate 1o

confidence intervals.

the Gaia extinction law given for the Gaia photometric bandﬁ
(Danielski et al.[2018; [Fitzpatrick et al.[2019; Riello et al.|2021]).

5.2. Fitting process

As we only used the upper main sequence as the input observ-
ables, the shape of the CMD was relatively simple, exhibiting
a monotonic relation between the absolute G-band magnitude
and the Gaia colour index Ggp — Grp. Therefore, we considered
the absolute G-band magnitude as the independent variable and
minimised the residuals of the Gaia colour index to determine
the best-fitting model. The uncertainty of the Gaia colour index
was estimated using the same method as in Section [2] This un-
certainty was significantly larger than the photometric error bars
provided by the Gaia archive, as it contains additional sources
of uncertainty beyond pure photometric noise, as discussed in
Section 2] An MCMC algorithm was used to maximise the like-
lihood function based on the residuals of the Gaia colour index.
Flat priors for Ay and age were applied. During the CMD fitting,
we treated the extinction at 4 = 550 nm (A) and the cluster age
as two free parameters. The observed CMD was fitted using all
combinations of fcpm, 77, and vi/ Vi crit.

5.3. Results of the self-constructed isochrones

The best-fitting results are shown in Fig.[T0} The left panel dis-
plays the derived values of A for various combinations of input
parameters. We find that the rotation rate has the dominant ef-
fect on Ag: faster rotation leads to significantly lower values of
Ap, whereas the other two parameters (fcgm and 1) have neg-
ligible influence. This is because rotation substantially changes
the stellar structure and surface temperature distribution, thereby
affecting the extinction.

3 https://www.cosmos.esa.int/web/gaia/
edr3-extinction-law

In the middle panel of Fig. we find that both fcpym and
rotation influence the age determination. Larger overshooting re-
sults in older inferred ages, while faster rotation leads to younger
ages. Additionally, the age estimates converge as V;/Vj ¢ in-
creases. The right panel of Fig. [I0]shows the likelihood values of
the best-fitting isochrones. We find that isochrones with higher
rotation rates generally provide better fits. We also noted that the
isochrone fitting quality is insensitive to the values of . Upon
inspecting the best-fitting isochrones overlaid on the observed
CMD, we realise that isochrones with low rotation rates fail to
reproduce the observed main sequence, resulting in lower likeli-
hood values.

Based on both the likelihood function and the asteroseismic
results, we selected the isochrones with vi/vicir = 0.5 as the
best-fitting models. However, the inferred age also exhibits a
slight dependence on the choice of fcgwm, ranging from approx-
imately 120 Myr to 140 Myr as fcgm increases from 0.005 to
0.025. Considering the asteroseismic measurements of the over-
shooting parameter in B-type stars (as shown in Fig. [6] [Peder-
sen|2022)), which suggest a median value of fcgm = 0.025, we
combined the posterior distributions with all n = 1, 10, 100
and fcgm = 0.005, 0.015, 0.025 as final posterior distributions.
This strategy is a solution to the so-called ‘isochrone-cloud’ fit-
ting, as it takes the occurring diversity in mixing levels into ac-
count (e.g. Johnston et al.|2019a; Johnston|[2021). Finally, we
obtain Ap = 0.37 + 0.03 mag and an age of 1293;5 Myr. As a
reminder, the MIST fit yielded Agmist = 0.53 + 0.04 mag and an
age of 102 + 15Myr (Li et al|2024). We show the best-fitting
self-constructed isochrone in Fig. [ 1]

We find that, compared to the previous MIST Ay measure-
ment, the newly derived extinction, Ag = 0.37+0.03 mag, agrees
better with other independent extinction estimates. Using the
Gaia extinction law, we convert Ay to reddening at 8000K,
yielding E (BP-RP) = 0.18 + 0.04 mag. Applying the conver-
sion coefficient from |Casagrande & VandenBerg| (2018), which
states that E (BP—RP) = (3.374 — 2.035) E (B-V), we derive a
corresponding E (B-V) = 0.13 + 0.03 mag. This revised red-
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black dots are the upper main-sequence stars used as input observables.
The modelled g-mode pulsators are marked with golden crosses.

dening is more consistent with the result of |Sung et al.[ (2002),
who reported E(B-V) = 0.112 + 0.024 mag, and also agrees
better with the Gaia total Galactic extinction map’|(which gave
Ao = 0.4358; Delchambre et al.|[2023)).

The newly derived age from our self-constructed isochrone
is in good agreement with the seismic age. As shown in Fig.[7]
the age inferred from the self-constructed isochrone has nearly
the same median value as the seismic age, although it has a larger
uncertainty. This is expected, as red giants were not included in
the isochrone fitting and the main-sequence turn-off exhibits sig-
nificant scatter. We thus demonstrate that the asteroseismology-
calibrated isochrone yields an age for NGC 2516 that is consis-
tent with the result from seismic modelling of four g-mode pul-
sators in the cluster.

The mass discrepancy is partially, but not entirely,
resolved when using our self-constructed isochrone with
asteroseismology-measured rotation rates. The revised mass es-
timates from the best-fitting self-constructed isochrone for the
six g-mode pulsators are shown in Fig. [I2] Compared to the
MIST-based masses listed in Table[I} the masses derived from the
self-constructed isochrone are systematically lower. For the two
lower-mass stars, TIC 308307454 and TIC 358466729, the mass
differences are small (approximately —0.04 M) and are within
the error bars. This explains why no significant mass discrep-
ancy was observed for those pulsators in the first place. However,
the mass differences increase with stellar mass: TIC 372912679
shows a shift of —0.08 My, and TIC 308992761 shows a shift
of —0.11 M. We attribute these mass shifts to the adopted rota-
tion rate, as we find that using a self-constructed isochrone with
a lower initial rotation rate reduces the mass shifts. This result
highlights the importance of carefully selecting initial rotation
rates, as they directly influence mass estimates of cluster mem-
bers.

4 https://gea.esac.esa.int/archive/documentation/
GDR3/Data_analysis/chap_cu8par/sec_cu8par_apsis/ssec_
cu8par_apsis_tge.html

Article number, page 12 of 17

L]
8898K ®o M{11C308992761 2.0Mq
L]
2.2 {8741K 1.95Mg|
8578 K 1.9M4
1.85M
5 24 s409K d
© 8228 K 1.8Mq
E
© 2.6 J8040K 1.75Mg|
2
5 7842 K 1.7 M|
b
2 2.8 Y7639 1.65M4|
L]
7427K 1.6Mq
3.0 1
. L]
A e
7217K (TIC358466729) -~ W 1-27Mq
. . (53
3.2 4 — Bestfitting isochrone TIC308307454 .3= N
T T T T T
0.2 0.3 0.4 0.5 0.6

Ggp — Grp (Mmag)

Fig. 12. Same as Fig. but only showing stars with masses up
to 2.0 M. The modelled g-mode pulsators are marked with golden
crosses.

Even after accounting for these mass shifts, the self-
constructed isochrone still does not fully reconcile the mass val-
ues with those obtained from seismic estimation based on the
observed internal structure quantity Iy (approximately 1.75 Mg;
see Fig. [§), leaving a small residual mass discrepancy of about
0.1 Mg. Such a discrepancy is similar to the previous findings in
the g-mode binary KIC 10080943 (Schmid et al.||2015;; [Schmid
& Aerts|[2016) and highlights a mismatch between the inter-
nal and surface input physics adopted in the best current one-
dimensional stellar models and the reality of fast rotating three-
dimensional stars.

6. Conclusions

In this paper, we presented the first asteroseismic modelling of
a sample of g-mode main-sequence pulsators in a young open
cluster. Our approach was to constrain the stellar surface param-
eters using the best-fitting isochrone in the colour—magnitude di-
agram (CMD), without relying on any spectroscopic data. This
was then followed by seismic modelling based on observed g-
mode period spacing patterns of y Dor pulsators in the clus-
ter. Their asteroseismic observables probe the internal rotation
and physical circumstances in the transition zone between the
convective core and the radiative envelope. These two steps to-
gether provide a novel method to measure cluster ages with
high precision and offer new insights into the internal structure
of intermediate-mass stars, particularly the connection between
their cores and surfaces.

Building on the results of |Li et al.|(2024), we constrained the
effective temperatures, luminosities, and masses of six g-mode
pulsators in NGC 2516, as listed in Table E} These tight con-
straints enabled the construction of a fine grid of stellar models.
We employed rotating stellar models computed with MESA, in-
corporating an asteroseismology-calibrated viscosity for angular
momentum transport and rotation-induced mixing in the radia-
tive envelope. Theoretical g-mode pulsation periods were sub-
sequently calculated using GYRE. The best-fitting models were
determined by matching the observed and calculated periods of
identified g modes. We employed two approaches for the aster-
oseismic modelling. In Approach 1, we fitted the stars individu-
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ally, allowing each to have its own age. In Approach 2, we per-
formed a joint fit, assuming that all stars share a common age.

Using Approach 1, we determined the stellar masses and the
convective core overshooting parameter. The envelope mixing
parameter 7 could not be constrained, as the observed smooth
period spacing are insensitive to the envelope mixing, pointing
to the absence of strong chemical composition gradients. The in-
ferred ages range from approximately 111 to 152 Myr, with some
estimates exhibiting large uncertainties due to the slow evolution
of Iy near the zero-age main sequence.

Using the full power of joint modelling of g-mode pulsators
in a cluster (Approach 2), we determined the high-precision seis-
mic age for NGC 2516 to be 132 + 8 Myr. This value deviates
from the MIST-based age (102 + 15Myr) at the level of 20
This age discrepancy points to inconsistencies between the MIST
isochrones and our seismic models, which arise from differences
in the adopted input physics. Additionally, a significant discrep-
ancy was found between the MIST-derived and seismic masses
for higher-mass y Dor pulsators, with the seismic masses being
approximately 0.3 Mg lower than the mass estimates from MIST.

To investigate whether the age and mass discrepancies can be
mitigated by adopting consistent input physics, we constructed
our own isochrones, which are calibrated using the asteroseismic
results. This results in a high consistency between isochronal
and asteroseismic modelling, where we accounted for the differ-
ent values of n and fcgym for the different pulsators. The newly
derived extinction value (Ag = 0.37 + 0.03 mag) from the new
isochronal modelling is more consistent with independent obser-
vational estimates than the MIST-based value, and the newly de-
rived age (12932 Myr) shows that the age discrepancy between
the MIST isochrone and the joint asteroseismic age of the pul-
sators was eliminated. However, the mass discrepancy was only
partially resolved, indicating a persistent modest mismatch be-
tween the stellar core and envelope physics in the models and
the observed properties of the stars.

Our novel methodology and its application to NGC 2516
opens up additional applications of powerful young open cluster
asteroseismology, with Gaia and TESS (or in the future PLATO,
Rauer et al.|[2014)) data as observational input. We have shown
that our asteroseismic cluster modelling method leads to an age
estimation with a superb 6% relative precision.
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Appendix A: Fitting results for TIC 358466729 and
TIC 410452218 using Approach 1

Here we present the posterior distributions and best-fitting pe-
riod spacing patterns of TIC 358466729 and TIC 410452218 ob-
tained using Approach 1. These two stars have limited ability to
constrain age and other stellar parameters, as I evolves slowly
with time in their mass ranges and no clear dips are observed
in their period spacing patterns. TIC 358466729 exhibits Rossby
modes with k = -2 and m = —1 (Saio et al|2018b} [Li et al

2019).

Appendix B: Fitting results using Approach 2

In contrast to Approach 1 shown above, Approach 2 imposes that
all four stars share the same age, which is more consistent with
the condition of open clusters. We present the posterior distribu-
tions and the best-fitting period spacing patterns here.
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Approach 2: TIC308307454
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Fig. B.1. Same as Fig. for TIC 308307454, but using Approach 2. The
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Approach 2: TIC410452218

Approach 2: TIC281582674
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