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ABSTRACT

Context. Asteroseismology has revolutionised our ability to characterise solar-like stars. Since asteroseismic modelling is a key
factor in upcoming space-based missions such as PLATO, it becomes increasingly relevant to develop robust and scalable modelling
techniques for the precise and accurate characterisation of main-sequence and exoplanet host stars in the PLATO era.

Aims. We present detailed asteroseismic modelling of 95 main-sequence solar-like stars and Kepler exoplanet host stars using the
Forward and Inverse COmbination (FICO) procedure, a three-step method that combines forward and inverse techniques, which
enables the precise inference of fundamental stellar parameters such as mass, radius, age, and mean density. These results are then
discussed in the framework of the PLATO mission.

Methods. We applied the FICO procedure to a catalogue of nearly 100 stars with high-quality asteroseismic and classical observations
and compared its results against literature values. We also compared its performance with direct frequency fitting using semi-empirical
surface corrections.

Results. The FICO procedure achieved statistical precisions of 2.3%, 0.82%, 6.9%, and 0.49% in mass, radius, age, and mean density,
respectively, on average. This is well within PLATO quality requirements. We reconfirmed that surface-independent methods more
effectively mitigate biases inherent to semi-empirical surface corrections, particularly for stars more massive than 1.15 M, or above
6050 K. Two regimes were identified: near-solar conditions, where the two approaches perform similarly, and higher-mass stars,
where surface-independent methods consistently outperform direct fitting methods. While our results are consistent with literature
values, we observed age biases (~11.5% on average for the Kepler LEGACY sample) that are comparable to the PLATO accuracy
requirement of 10% for a Sun-like star. This is not negligible in that context.

Conclusions. The FICO procedure provides a robust framework for high-precision stellar characterisation in the PLATO era. Its
hybrid architecture effectively addresses surface effects, making it a promising tool for the accurate determination of exoplanet host-
star properties. Our findings also highlight the importance of carefully selecting and validating the physical assumptions embedded in

stellar models, particularly in the context of next-generation space missions such as PLATO.
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1. Introduction

Space-based photometric missions, such as convection, rota-
tion and planetary transits (CoRoT; Baglin et al. 2009), Kepler
(Borucki et al. 2010), K2 (Howell et al. 2014), and transiting
exoplanet survey satellite (TESS; Ricker et al. 2015), ushered
in a new era in stellar astrophysics. At the heart of this revo-
lution lies asteroseismology, a powerful technique that allows
us to probe the internal structures of stars with unprece-
dented precision and accuracy. These advances have dramati-
cally enhanced our ability to determine fundamental stellar prop-
erties, with far-reaching consequences in multiple domains of
astrophysics, such as galactic archaeology and exoplanetology
(see e.g. Chaplin & Miglio 2013; Garcia & Ballot 2019; Aerts
2021, for reviews and textbooks). In particular, accurate knowl-
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edge of the host-star is essential for a precise characterisation of
planetary systems. Throughout their evolution, stars and planets
interact through a multitude of mechanisms (e.g. Lanza 2015;
Vidotto 2020), which are closely connected to the structural
and rotational properties of the host star (e.g. Privitera et al.
2016b,a,c; Rao et al. 2018; Barker 2020; Pezzotti et al. 2021,
2022, 2026; Ahuir et al. 2021; Bétrisey et al. 2022; Fellay et al.
2023). Therefore, obtaining an advanced description of the stel-
lar evolutionary history and present properties is crucial for accu-
rately depicting the current state of planetary systems and pre-
dicting their future and past evolution. Looking ahead, aster-
oseismic modeling will play a key role to meet the mission
requirements of upcoming planetary transits and oscillations of
stars (PLATO; Rauer et al. 2025) and CubeSpec (Bowman et al.
2022) missions, and it will be a central component of the can-
didate mission high-precision asteroseismology in dense stellar
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fields (HAYDN; Miglio et al. 2021), dedicated to asteroseismol-
ogy.

In addition to its remarkable achievements, asteroseismol-
ogy has uncovered significant discrepancies in the physics of
theoretical stellar models, which have the potential to bias stellar
characterisation at the precision level demanded by space-based
photometry missions. The inaccuracies stem from uncertainties
in micro- and macrophysical inputs (e.g. Lebreton et al. 2014;
Nsamba et al. 2018; Buldgen et al. 2019a; Farnir et al. 2020;
Bétrisey et al. 2022), from the treatment of near-surface layers
(e.g. Ball & Gizon 2017; Nsamba et al. 2018; Jgrgensen et al.
2020, 2021; Cunhaetal. 2021; Bétrisey et al. 2023a), and
from magnetic activity effects (e.g. Creeveyetal. 2011;
Pérez Herndndez et al. 2019; Thomas et al. 2021; Bétrisey et al.
2024b, 2025b,a). With the PLATO mission poised for launch
in late 2026, the community is intensifying efforts to refine
and benchmark the performance of optimisation algorithms
used to infer fundamental stellar parameters, such as mass,
radius, age, and mean density, from oscillation spectra (see
e.g. Silva Aguirre et al. 2015, 2017; Cunhaetal. 2021, and
references therein). Over the years, a diverse suite of methods
has emerged, including Bayesian inference (Silva Aguirre et al.
2015, 2017; Aguirre Bgrsen-Koch et al.  2022), Markov
chain Monte Carlo methods (MCMC; Bazotetal. 2008;
Gruberbauer et al. 2013; Rendle etal. 2019; Jiang & Gizon
2021), genetic algorithms (Metcalfe & Charbonneau 2003;
Charpinet et al. 2005; Metcalfe etal. 2009, 2014, 2023),
Levenberg-Marquardt algorithms (see e.g. Frandsen et al. 2002;
Teixeira et al. 2003; Miglio & Montalban 2005), and machine-
learning methods (Bellinger etal. 2016; Honetal. 2020;
Guo & Jiang 2023). Interestingly, simulated annealing methods
(e.g. Kirkpatrick et al. 1983; Kirkpatrick 1984; Press et al.
1986) remain largely unexplored in this context.

To date, the pool of main-sequence solar-like stars with
high-quality seismic data comprises roughly 100 targets, thanks
largely to the legacy of the Kepler mission (e.g. Davies et al.
2016; Lund et al. 2017). About a quarter of these are confirmed
exoplanet host stars (see e.g. Silva Aguirre et al. 2015, and ref-
erences therein). We derive the fundamental stellar parameters
of these prime stars using the Forward and Inverse COmbi-
nation (FICO) procedure (Bétrisey et al. 2022, 2023a, 2024a;
Bétrisey 2024), a modelling framework that integrates forward
and inverse techniques, and we interpret these results in the
context of the PLATO mission. Our analysis builds directly on
the methodological foundations established two years ago in
Bétrisey et al. (2023a), which defined the core assumptions and
algorithmic choices of the FICO approach. This earlier work
already addressed several key methodological aspects. Specif-
ically, it examined (1) the accuracy of FICO using synthetic
models constructed by patching 3D hydrodynamical simulations
to 1D stellar structures, followed by non-adiabatic frequency
computations, and tests on well-established calibrators from the
literature, including the binary system 16 Cygni; (2) the treat-
ment of surface effects and their impact on the inferred param-
eters; (3) the choice of seismic and non-seismic constraints,
including an in-depth analysis of their influence under different
modelling assumptions; and (4) the handling of unstable or non-
convergent solutions. Building on this foundation, the present
work constitutes a catalogue-type follow-up study and leverages
the larger statistical sample to explore complementary aspects
that could not be robustly addressed in Bétrisey et al. (2023a).
Specifically, we focus on three main aspects: (1) a comparison
between the surface-independent FICO procedure and an older
surface-dependent approach, providing feedback for the internal
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ranking of modelling techniques for estimating stellar parame-
ters for PLATO; (2) discussion of the intrinsic statistical preci-
sion and whether it meets the PLATO quality requirements; and
(3) a comparison with literature values to identify potential out-
liers.

We also note that our stellar models were computed assum-
ing the AGSS09 solar abundance mixture (Asplund et al. 2009).
This choice is particularly relevant in the context of aster-
oseismic catalogues because widely used stellar databases
(e.g. Silva Aguirre et al. 2015, 2017) often rely on the higher-
metallicity abundances of Grevesse & Sauval (1998). As a
result, the catalogue presented here provides a complementary
resource that will support assessments of systematic uncertain-
ties linked to the choice of reference composition within the
PLATO framework.

In Sect. 2 we introduce the stellar catalogue and describe
the observational data selected for our analysis. Section 3 details
the grid of stellar models employed in the minimisation process,
along with the overall modelling strategy. In Sect. 4 we present
the fundamental stellar parameters derived using the FICO mod-
elling procedure. In Sect. 5 we compare our results with those
obtained from the direct fitting of individual oscillation frequen-
cies, as well as with values reported in the literature. We also
discuss the precision of our method. Finally, Sect. 6 summarises
the main findings of this first paper.

2. Presentation of the stellar catalogue

Our stellar catalogue combines the LEGACY (Lund et al. 2017;
Silva Aguirre et al. 2017) and Davies et al. (2016) samples.
Together, these represent the most comprehensive high-quality
seismic datasets of main-sequence solar-like stars available prior
to the launch of the PLATO mission (Rauer et al. 2025).

2.1. Seismic data

The LEGACY sample includes 66 Kepler targets, while the
Davies et al. (2016) sample comprises 35 Kepler objects of inter-
est. These two datasets currently hold the highest-quality seismic
observations in this stellar regime: the stars were observed at
high cadence over long baselines, enabling a high-frequency res-
olution and correspondingly small formal uncertainties on indi-
vidual mode frequencies. While PLATO will not systematically
match the full Kepler observing baseline for every target, its
core programme nonetheless includes long-duration pointings
of about two years per field for the brightest stars. These are
precisely the targets for which peak-bagging of solar-like oscil-
lations is feasible and intended (Rauer et al. 2025). Since the
frequency resolution scales inversely with the observing dura-
tion Tops (see e.g. Appourchaux et al. 1998; Appourchaux 2014),
a two-year PLATO time series yields a frequency resolution
coarser by approximately a factor of two than that obtained from
the four-year Kepler baseline. The precision of fitted mode fre-
quencies, however, scales more weakly with observing time, fol-
lowing a To_bls/ 2 dependence for resolved stochastically excited
solar-like oscillations. Consequently, reducing the observing
baseline by a factor of two degrades the mode-frequency pre-
cision by only a factor of V2, and the expected performance
for the best PLATO dwarfs is correspondingly LEGACY-like.
In particular, Goupil et al. (2024) predicted that the PLATO core
programme will increase the population of prime main-sequence
targets with LEGACY-level seismic characterisation to approxi-
mately 800-1000 stars.
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Two stars (KIC7199397 and KIC8684730) from the
Davies et al. (2016) sample were excluded due to the presence
of mixed modes, hinting that these stars might in fact be sub-
giant stars, which fall outside the scope of our analysis. Addi-
tionally, four targets (KIC3632418, KIC9414417, KIC9955598,
and KIC10963065) are shared between the two samples; how-
ever, since their seismic data were independently derived by
separate teams, we provide two distinct sets of fundamental
parameters for each of these stars. This brings the total number
of unique observed targets to 95.

The LEGACY sample also includes a 67th target, repre-
senting solar data artificially degraded to match the quality
of Kepler observations. Originally introduced as a control tar-
get, this dataset was known to the modelling teams of the
Silva Aguirre et al. (2017) paper and used to benchmark the reli-
ability of their algorithms. Although its true nature has now been
revealed, we retain this control in our analysis by considering
two versions: one using the unperturbed non-seismic solar con-
straints, and another using the perturbed non-seismic constraints
as defined in Silva Aguirre et al. (2017).

As previously highlighted by Bétrisey et al. (2022) for
Kepler-93 and more extensively by Bétrisey (2024) across the
full sample, 19 out of the 33 targets from Davies et al. (2016)
are likely (and surely for Kepler-93) to exhibit inconsistent mode
identifications, where radial orders are shifted by a constant fac-
tor ranging from —1 to +2 depending on the target. It is important
to note that mode identification is a theoretical quantity, assigned
a posteriori to the observed individual oscillation frequencies.
While inconsistencies in mode identification do not compromise
the quality of the seismic data itself, they introduce challenges
in the determination of fundamental stellar parameters, as mode
identification is employed to improve the convergence of the
minimisation algorithms. Typically, incorrect mode identifica-
tion leads to minimisation failure, characterised by a specific
mismatch between the optimal theoretical frequencies and the
observed échelle diagram. In rare cases, however, we observed
that the algorithm may converge to an incorrect solution, which
can be identified through manual inspection by an experienced
modeller. These cases pose a serious concern for automated
pipelines, such as in the PLATO stellar modelling framework,
where manual verification is not feasible. Several studies (e.g.
White et al. 2011; Roxburgh 2016; Bétrisey 2024) suggested that
inconsistencies in mode identification could be inferred from
the &, phase values, which are expected to lie systematically
between 1 and 2 (using the phase definition of Roxburgh 2016)
for main-sequence solar-like stars. Our detailed modelling of the
Davies et al. (2016) targets confirms this hypothesis for this sam-
ple. A solution to mitigate this issue in a pipeline would be to
validate mode identification using &,; phases, a method already
employed by some observers (e.g. Appourchaux et al. 2012). For
completeness, we note that Table 4.5 of Bétrisey (2024) provides
the correction factor to obtain the accurate mode identification of
the 19 problematic targets.

2.2. Classical constraints

Classical constraints refer to stellar observables that are inde-
pendent of the individual oscillation frequencies or any derived
combinations thereof. In our analysis, the primary classi-
cal constraints are the effective temperature, metallicity, and
absolute luminosity. For targets where the luminosity could
not be reliably determined, we substituted it with the fre-
quency of maximum oscillation power vy, as an alternative
constraint.

Spectroscopic parameters were primarily sourced from
Furlan et al. (2018). For targets not included in that catalogue,
we adopted the values provided by Pinsonneault et al. (2012).
The v frequencies are taken from Lund etal. (2017) and
Davies et al. (2016). The absolute luminosity was computed
with

L
—2510g(L—) :m,1+BC,1—510gd+5—A1—Mb(ﬂ@. (1)

0]

The wavelength is denoted by 4. We used the 2MASS K- and
H-bands for our analysis. The K, band was prioritised, with the
H band serving as a fallback in cases where the former mea-
surement was deemed unreliable. For the solar bolometric cor-
rection, we adopted a value of My, o = 4.75 and the apparent
magnitude is represented by m,. The bolometric correction BC,
was inferred following Casagrande & VandenBerg (2014, 2018),
and the extinction A, was computed using the dust map from
Green et al. (2018). We tested several approaches to estimate the
distance d in parsec from Gaia EDR3 data (Gaia Collaboration
2021), either inverting the Gaia parallax including the correction
from Lindegren et al. (2021) or using the distances provided by
Bailer-Jones et al. (2021). The two methods yielded consistent
results, and we ultimately adopted the Bailer-Jones et al. (2021)
distances to computate the absolute luminosity.

3. Modelling strategy
3.1. The Spelaion grid

The Spelaion grid, first introduced in Bétrisey et al. (2023a), is a
comprehensive high-resolution set of standard non-rotating stel-
lar models originally designed to span the main-sequence evolu-
tion of solar-like stars with masses between 0.80 and 1.60 M.
We present a substantial expansion of the grid, increasing its
scope with the addition of approximately 10 000 new evolution-
ary tracks, bringing the total to over 35 000 tracks. This upgraded
version now encompasses solar-like stars from 0.70 to 1.66 M,
and includes a broader range of initial chemical compositions,
thereby enhancing its applicability to diverse stellar populations.
A detailed overview of the mesh architecture and statistical prop-
erties of the extended grid is provided in Appendix A.

To ensure consistency, the physical assumptions remain
aligned with those in Bétrisey et al. (2023a). Notably, the
grid is constructed using the low-metallicity abundance tables
from Asplund et al. (2009), offering a valuable complement
to other widely used grids (e.g. Silva Aguirre et al. 2015;
Bellinger et al. 2016; Silva Aguirre et al. 2017; Creevey et al.
2017; Metcalfe et al. 2023, and references therein), which typi-
cally rely on the high-metallicity tables from Grevesse & Sauval
(1998).

3.2. The FICO modelling procedure

Although mixing-length theory remains a widely adopted frame-
work for approximating stellar convection (including in our
own modelling), it is fundamentally limited by its simplic-
ity (see e.g. Maeder 2009; Kippenhahn et al. 2012, for text-
books). This approach reduces the inherently complex, three-
dimensional, and non-local nature of turbulent convection to
a one-dimensional, localised approximation. Such a simplifi-
cation proves particularly inadequate in the outermost layers
of stars (e.g. Nordlund & Stein 1997; Stein & Nordlund 1998;
Tanner et al. 2013), where the timescale of convection and the
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dynamical timescale become comparable. Although this short-
coming has a limited impact on broader stellar modelling, it
becomes critically important in asteroseismology, as the near-
surface layers are the birthplace of acoustic oscillations. Con-
sequently, the oversimplified treatment of convection introduces
systematic errors in the predicted oscillation frequencies (e.g.
Kjeldsen et al. 2008; Ball & Gizon 2014; Sonoi et al. 2015).

To mitigate these surface-related discrepancies, we
employed the FICO procedure (Bétrisey etal. 2022, 2023a,
2024a; Bétrisey 2024), a three-step modelling strategy that inte-
grates forward and inverse techniques to circumvent these effects
and refine the seismic characterisation of solar-like stars. This
method builds upon pioneering studies by Reese et al. (2012)
and Buldgen et al. (2019a), and unfolds in three key stages. The
initial step involves constructing a reference model by fitting
individual oscillation frequencies, supplemented with a semi-
empirical correction to account for surface effects. Although
this model may carry slight biases in its global parameters, its
mean density is sufficiently close to the true value to serve as a
reliable foundation for subsequent analysis. The second stage
applies a mean density inversion, leveraging the non-linear
extension formalism of Reese et al. (2012) to extract a quasi-
model-independent correction. Finally, the third step employs
frequency separation ratios, carefully designed combinations of
individual frequencies that are inherently almost insensitive to
surface layers (Roxburgh & Vorontsov 2003; Oti Floranes et al.
2005). While these ratios sacrifice direct information about the
mean density, this loss is compensated by the inversion step. We
refer the reader to Buldgen et al. (2022a) for a comprehensive
overview of seismic inversion techniques and their successful
application to a range of asteroseismic targets (see e.g. Di Mauro
2004; Reese et al. 2012; Buldgen et al. 2015b,a, 2016a,b, 2017,
2019b,a, 2022b; Kosovichev & Kitiashvili 2020; Salmon et al.
2021; Bétrisey & Buldgen 2022; Bétrisey et al. 2022, 2023b,a,
2024a,b, 2025b,a, for a non-exhaustive selection).

We note that mean-density inversions are not insensitive to
surface effects, since they rely on pressure modes whose eigen-
functions exhibit large amplitudes in the near-surface layers.
Nevertheless, the impact of surface effects on these inversions
is reduced compared to other mean-density indicators (such as
the large frequency separation), owing to a weaker near-surface
amplitude of the inversion kernel (see e.g. Oti Floranes et al.
2005; Reese et al. 2012). The effective mitigation of surface
effects arises instead from the use of frequency separation ratios
(Roxburgh & Vorontsov 2003; Oti Floranes et al. 2005). While
the inverted mean density retains some sensitivity to surface
effects, this sensitivity affects only a single constraint, rather
than all seismic constraints as in a direct fit of individual fre-
quencies. The purpose of including the inverted mean density
is to reintroduce the mean-density information that is otherwise
lost when using separation ratios alone. When this constraint
is included, we explicitly account for its residual sensitivity to
surface effects following Bétrisey et al. (2023a). The associated
inaccuracies are too small to bias the inferred stellar parameters,
but they must be properly accounted for when estimating statis-
tical uncertainties.

In practical terms, the modelling process unfolded as fol-
lows. Initially, we used the Asteroseismic Inference on a Mas-
sive Scale (AIMS) software (Rendle et al. 2019) to perform a
detailed fit of the observed oscillation frequencies alongside
classical constraints, namely, effective temperature, metallic-
ity, and absolute luminosity or v, frequency. AIMS operates
using a Markov chain Monte Carlo (MCMC) algorithm, imple-
mented via the Python EMCEE package (Foreman-Mackey et al.
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2013), to interpolate across a precomputed grid of stellar mod-
els. Notably, the interpolation is performed within the parameter
space that defines the evolutionary tracks used to construct the
grid. The set of parameters used for the computation of the inter-
polation coeflicients is restricted to those optimised during the
fitting process. Other stellar quantities are subsequently inter-
polated a posteriori, using the interpolation coefficients derived
from the optimised variables. This Bayesian framework enables
the derivation of posterior distributions for the optimised stel-
lar parameters, facilitating a comprehensive exploration of the
parameter space when paired with a high-resolution grid of stel-
lar models. For our analysis, we employed the updated version
of the Spelaion grid described in Sect. 3.1 and in Appendix A.
Surface effects were accounted for using the semi-empirical cor-
rection proposed by Ball & Gizon (2014).

The first optimisation with AIMS targeted the following
stellar parameters: mass, age, initial hydrogen and metal mass
fractions (Xy and Z;), and two coefficients governing the sur-
face correction (a3 and a_;). For stars exceeding 1.10 M, the
overshooting parameter was also included as a free parameter.
Uniform, non-informative priors were adopted for all variables,
except for stellar age, which was constrained to a uniform dis-
tribution between 0 and 13.8 Gyr. Observational uncertainties
were modelled as Gaussian noise for the likelihood calcula-
tions. A weight of one is attributed to the classical and seismic
constraints, meaning that their uncertainties are not altered (as
would be with approaches overweighting classical constraints
for example). This weighting is the most logical from a statis-
tical standpoint and enables meaningful comparisons with the
accuracy requirements set by the PLATO mission (see detailed
discussion in Cunha et al. 2021). As a aside, we note that this
approach is known as the no weights approach in the context
of the PLATO mission and tends to diminish the influence of
classical constraints, which are fewer and generally less precise
than their seismic counterparts. Each AIMS run was conducted
in two phases: a preliminary burn-in phase to identify the rele-
vant region of parameter space, followed by a production phase
to sample the posterior distributions. For the initial frequency fit-
ting, we employed 800 walkers, 8000 burn-in steps, and 3000
production steps, yielding approximately 2.4 million samples
from the solution phase, following 6.4 million likelihood eval-
uations during burn-in. This extensive sampling was chosen to
ensure robust convergence, particularly for the surface correction
parameters (see Bétrisey et al. 2023a). Following this, a mean
density inversion was performed to obtain a robust constraint
on the stellar mean density. This constraint was then incorpo-
rated (as a classical constraint; see discussion in Bétrisey et al.
2023a) into a second AIMS run, which focused on fitting fre-
quency separation ratios rather than individual frequencies. This
second optimisation produced 2.4 million production samples,
following 2.4 million likelihood evaluations during burn-in.

Considering the potential interpolation issues near the end
phase of the main sequence, where seismic diagnostics become
increasingly degenerate (see e.g. White et al. 2011), we con-
ducted an additional validation to ensure the reliability of the
final stage of the FICO procedure. This test aimed to confirm that
the oscillation frequencies derived from the AIMS interpolation
are physically consistent and reproducible by an evolutionary
model (AIMS does not interpolate the model structure). To this
end, we recomputed a stellar model using the optimal parameters
obtained from AIMS, employing the same versions of the stel-
lar evolution and pulsation codes used to generate the Spelaion
grid. A successful interpolation would yield a model whose the-
oretical frequencies closely match those interpolated by AIMS,
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and both sets would reproduce the observed échelle diagram
with comparable fidelity. In contrast, a mismatch between the
two frequency sets, manifesting itself as discrepancies in the
échelle diagram, would indicate that the interpolated solution is
not physically viable. This issue typically causes an overestima-
tion of the stellar age and necessitates a local re-optimisation to
recover an unbiased stellar characterisation as described below.

Although in minority, such interpolation failures were
observed in 19 cases (approximately 20% of the sample),
affecting the following targets: KIC2837475, KIC3656476,

KIC4349452, KIC4914923, KIC5950854, KIC6508366,
KIC6521045, KIC6603624, KIC6933899, KIC7296438,
KIC7680114, KIC7871531, KIC8424992, KIC8694723,
KIC9592705, KIC10068307, KIC10514430, KIC10516096,
KIC11253226, KIC11772920, KIC12069449, and

KIC12317678. For these stars, we performed an additional local
minimisation using a Levenberg—Marquardt algorithm (e.g.
Frandsen et al. 2002; Teixeira et al. 2003; Miglio & Montalbin
2005), calculating on-the-fly evolutionary models and opti-
mising the same set of free parameters as in AIMS. Tests
conducted within the frameworks of Buldgen et al. (2019a) and
Bétrisey et al. (2022) showed that the Levenberg-Marquardt
method might underestimate uncertainties for some targets. The
issue is not related to the Hessian matrix, but rather to the intrin-
sic nature of the Levenberg-Marquardt algorithm. By design,
this method estimates uncertainties based on local information,
and depending on the shape of the parameter space, it can
produce very small uncertainty values. While this is acceptable
from a numerical and mathematical perspective, we are not
convinced that such high precision is physically meaningful.
For this reason, whenever the Levenberg-Marquardt algorithm
returned smaller uncertainties than AIMS, we chose to adopt the
latter uncertainties instead. We indeed consider that the AIMS
uncertainties are more robust, owing to the extensive MCMC
sampling around the solution, and we deemed it reasonable
to assume that the local minimisation results lie sufficiently
close to the AIMS solution to justify reusing these uncertainty
estimates.

4. Results
4.1. The Sun as a control target

First, we recall that the accuracy of the FICO procedure was
already investigated in Bétrisey et al. (2023a) using synthetic tar-
gets and well-studied stars from the literature. Building on that
earlier analysis, and motivated by the fact that Bétrisey et al.
(2023a) adopted a different solar reference dataset, we carried
out an additional consistency check using the 67th target of the

LEGACY sample, which corresponds to degraded solar data.

Two distinct sets of classical constraints were tested:

1. Unperturbed set: Teg = (5772 + 100) K, [Fe/H] = (0.00 +
0.10) dex, and L = (1.00 + 0.03) L,

2. Perturbed set: T = (5752 +77) K, [Fe/H] = (-0.02+£0.15)
dex, and L = (0.989 + 0.03) L, (from Silva Aguirre et al.
2017).

It is worth noting that this dataset also carries historical rele-

vance. Originally introduced as a control case, its identity was

intentionally withheld from the modelling teams participating in

the study of Silva Aguirre et al. (2017), allowing it to serve as a

blind benchmark for evaluating the robustness of their pipelines.

Although its solar nature is now known, it remains customary to

include this target in re-analysis of the LEGACY sample, ensur-

ing continuity and comparability with previous work.

The FICO procedure is performing as expected, as shown in
Table 1, which presents the solar parameters derived from both
sets using two approaches: a direct fit of the individual oscilla-
tion frequencies employing the surface correction prescription
of Ball & Gizon (2014), which corresponds to the first stage of
the FICO procedure and a widely adopted method in the astero-
seismic community, and the full FICO procedure, which incor-
porates surface-independent constraints. All configurations yield
solar parameters with high accuracy, comfortably satisfying the
PLATO mission’s accuracy requirements for Sun-like stars (15%
in mass, 1-2% in radius, and 10% in age).

A closer inspection, however, reveals a slight underperfor-
mance in the direct frequency fitting approach, particularly in the
estimation of the solar age and surface helium abundance. The
expected values are 4.57 Gyr (Connelly et al. 2012) and 0.2423
(Asplund et al. 2021), respectively. This bias likely stems from
a combination of factors, including the physical assumptions
embedded in the model grid and the treatment of surface effects.
In our analysis, we adopted the abundances from Asplund et al.
(2009), which are known to be fundamentally incompatible (at
the precision level achieved in modern solar modelling) with the
opacities and equation of state used in solar models, a longstand-
ing unresolved issue referred to as the solar modelling problem
(see e.g. Basu & Antia 2008; Buldgen et al. 2019c). The results
obtained via the full FICO procedure, which bypasses surface
effects, are more accurate. Although the Ball & Gizon (2014)
prescription provides a physically motivated correction for sur-
face effects, it is an approximation and not an exact physical
law. Consequently, when the MCMC algorithm adjusts the free
parameters of the surface correction, residual inaccuracies must
be absorbed by the other free parameters of the stellar model (in
our case: mass, age, Yy, and Zj). These parameters are, moreover,
strongly interdependent. For instance, modifying Y, invariably
shifts the mass and age in the optimisation. As a result, even
small inaccuracies in the surface prescription induce biases in
these quantities. In our case, the MCMC tended to compensate
for the residual surface mismatches by shifting mass, age, and
Yy away from their expected solar values.

Additionally, for the surface-independent FICO results, we
posit that the adopted abundances continue to exert an influence
on the inferred stellar age, and that some degree of compensa-
tion may have occurred through the selection of a slightly more
metal-rich solution. The two constraint sets indeed yielded initial
metals-to-hydrogen ratios of 0.0218 and 0.0217 for the unper-
turbed and perturbed cases, respectively, which both exceed the
expected value of 0.0199 given our choice of abundances.

4.2. Fundamental stellar properties

In Fig. 1 we present the Hertzsprung—Russell diagram of the
stellar catalogue. The LEGACY and Davies et al. (2016) sam-
ples predominantly consist of F-type stars, with only a few G-
type stars included. This distribution reflects the observational
bias towards brighter stars, whose oscillations are more readily
detectable.

During the initial stage of the FICO procedure, mean-
ingful physical convergence was not achieved for four tar-
gets within the Davies sample, specifically, stars KIC4143755,
KIC5094751, KIC8349582, and KIC11401755. AIMS solutions
were unstable as slightly modifying the observational constraints
lead to incompatible solutions. Without an advanced and costly
analysis of each target beyond the purpose of this study, we
considered the MCMC solutions as non-physical. Consequently,
these stars were excluded from the final catalogue. Without
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Table 1. Results of the consistency tests with degraded solar data.

Fit frequencies + Ball & Gizon (2014) FICO
Solar parameter
Unperturbed Perturbed Unperturbed Perturbed
Mass (M) 1.019 + 0.009 1.020 + 0.009 0.984 +0.019 0.997 £ 0.018
Radius (Ry) 1.006 + 0.003 1.006 + 0.003 0.994 + 0.007 0.999 + 0.006
Age (Myr) 4811 + 68 4816 + 68 4642 + 132 4675 + 145
Mean density (g/cm?) 1.4112 £ 0.0014 1.4112 £ 0.0014 1.4121 £0.0024  1.4112 +0.0025
Initial helium abundance 0.252 + 0.004 0.251 + 0.004 0.281 + 0.017 0.272 + 0.017
Initial abundance of metals  0.0153 +0.0010 0.0153 £ 0.0010 0.0153 £0.0021  0.0154 + 0.0022
Surface helium abundance 0.225 + 0.004 0.225 + 0.004 0.251 +£0.017 0.243 £0.018
Effective temperature (K) 5745 + 25 5745 + 25 5810 + 41 5789 + 41
[Fe/H] (dex) 0.008 + 0.029 0.008 + 0.029 0.022 + 0.067 0.020 £ 0.070
Luminosity (Lg) 0.994 + 0.012 0.993 + 0.012 1.014 £ 0.018 1.009 + 0.019
5. Discussion
1004 A F G K
., 5.1. Treatment of surface effects
ik =1 Given that the initial stage of the FICO procedure involves a
0.50 1 ';“';f-fAA direct fitting of individual oscillation frequencies by assuming
5 095 ;. PR a semi-empirical correction for surface effects, a method still
oy N, widely employed within the community and part of the age esti-
g 0001 o} mation techniques employed in the PLATO stellar modelling
025 ] MO pipeline, we are able to compare its outcomes with those derived
‘ Lund et al. (2017) S from the complete FICO procedure, which relies on surface-
0504 4 Daviesetal. (2016) independent constraints.
o ©  The Sun Previous investigations have explored this comparison for
’ 385 3.80 375 370 main-sequence and post-main-sequence stars, albeit with lim-
log Ten(K) ited sample sizes (e.g. Ball & Gizon 2017; Nsamba et al. 2018;

Fig. 1. Hertzsprung-Russell diagram of the stellar catalogue. The Sun
is shown as reference, and the letters stand for the spectral type. The
grey lines represent evolutionary tracks of the Spelaion grid selected by
fixing the initial chemical composition to X, = 0.72 and Z, = 0.018 and
setting @,y = 0.

undertaking a more detailed, individualised analysis beyond the
scope of this study, it remains challenging to determine the pre-
cise cause of this failure. However, several plausible explana-
tions may account for this outcome: insufficient reliability of the
seismic data (due a low signal-to-noise ratio), misidentification
of one or several oscillation modes, the presence of non-standard
stellar ingredients not adequately captured by the standard mod-
els employed in our grid, or grid boundary issues near the end
of the main-sequence. Furthermore, the third stage of the FICO
procedure failed to converge (to a meaningful physical solu-
tion) for KIC8938364 from the LEGACY sample. Given that
the failure occurred only at the final step, we suspect that non-
standard physical processes are the most likely cause. A compre-
hensive list of the derived fundamental parameters is provided in
Table C.1.

Furthermore, as discussed in Sect. 2, four targets are
shared between the two samples: KIC3632418, KIC9414417,
KIC9955598, and KIC10963065. Because the light curves of
these stars have been analysed independently by two different
teams, we include the two sets of asteroseismic characterisations
in Table C.1 for completeness. The derived mass, radius, and
age parameters for these four stars agree remarkably well, with
uncertainty intervals overlapping at 1o, underscoring the consis-
tency and robustness of our method.
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Jgrgensen et al. 2020, 2021; Cunha et al. 2021; Bétrisey et al.
2023a). These studies consistently found that the direct fitting
approach tends to overestimate stellar mass and radius, while
underestimating stellar age. At the precision level targeted by
PLATO, however, the differences between the two methods
become more nuanced (see e.g. Bétrisey et al. 2023a, and refer-
ences therein). While both approaches yield comparable results
for stars in the vicinity of the Sun, discrepancies emerge at
higher stellar masses. The sample analysed by Bétrisey et al.
(2023a) was however too limited to robustly identify the tran-
sition between these regimes.

Our results corroborate and extend these earlier findings,
as illustrated in Fig. 2. The upper panels display the relative
age difference, a parameter especially sensitive to modelling
choices and a key focus of PLATO, as a function of stellar
mass and effective temperature. Owing to the larger statistical
sample considered here, we are now able to more clearly delin-
eate the transition between the regimes where surface-dependent
and surface-independent approaches yield comparable or dis-
crepant results. As discussed later in this section, this transition
cannot be encapsulated by a sharp threshold in either mass or
effective temperature alone. Instead, its physical origin is likely
multidimensional, involving chemical composition and other
stellar properties. A dedicated investigation, beyond the pur-
pose of our study, would thus be required to fully charac-
terise the underlying physics and to map the relevant parameter
space. Within the practical framework of the PLATO mission,
however, simple and robust criteria are needed to rank the reli-
ability of the various modelling techniques. In this context,
approximate thresholds in mass or effective temperature beyond
which surface-independent methods should systematically be
prioritised already represent a useful and actionable outcome.
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To characterise the transition, defined by whether the rela-
tive deviation falls within the tolerance bounds set by PLATO’s
precision requirements (5% in mass', 2% in radius, and 10%
in age), we employed a decision tree classifier with a single
split (maximum depth = 1) using the dedicated routine from the
Scikit-learn Python package (Pedregosa et al. 2011). The clas-
sifier was trained using stellar mass as the only feature and a
binary target indicating whether each data point lies within or
outside the specified tolerance interval. To account for obser-
vational uncertainties, we assigned sample weights inversely
proportional to the reported uncertainties, thereby reducing the
influence of noisier data during the optimisation of the split.
To estimate the statistical uncertainty of the transition thresh-
old, we applied a bootstrap resampling procedure with 1000
iterations (see e.g. Efron & Tibshirani 1993, for an introduction
to bootstrap). In each iteration, a new dataset was drawn with
replacement, and the threshold was re-estimated using the same
weighted decision tree approach. The standard deviation of the
resulting threshold distribution was adopted as the uncertainty.

Expressed in terms of stellar mass, we infer transition thresh-
olds of 1.21+0.07 My, 1.21+0.06 M, and 1.18 +0.06 M, when
considering deviations in mass, radius, and age, respectively.
Expressed in terms of effective temperature, the corresponding
thresholds are 6198 + 153 K, 6198 + 89 K, and 6207 + 125 K.
In the context of the PLATO mission, these results are already
highly informative. They indicate that surface-independent mod-
elling approaches should be systematically favoured for stars
with masses exceeding approximately 1.15 M, or with effective
temperatures above roughly 6050 K.

While a dedicated study would be required to confirm this
hypothesis, a plausible explanation for the observed transition
lies in the onset of a persistent convective core. Although not
directly linked to the surface treatment itself, the presence of a
convective core introduces significant complexity into the mod-
elling process. In particular, inaccuracies in the estimation of the
surface correction coefficients (a3 and a_;) by the Ball & Gizon
(2014) prescription can propagate through the model by com-
pensatory adjustments in other free parameters, such as initial
helium and metal fractions (¥y, Zy), overshooting parameters,
mass, and age. These adjustments, in turn, affect the structure
and properties of the convective core, which then influences the
global stellar structure. In essence, the presence of a convec-
tive core acts as a problem amplifier, magnifying the impact of
even minor modelling inaccuracies and underscoring the need
for surface-independent approaches in this regime.

In the lower panel of Fig. 2, we present kernel density esti-
mates of the relative differences in mass (blue), radius (orange),
and age (green). Consistent with previous studies, our results
confirm that the direct fitting of individual frequencies gener-
ally leads to an overestimation of stellar mass and radius, and an
underestimation of stellar age, compared to surface-independent
methods. On average, we found differences of 2.4%, 0.8%, and
-8.0%, for mass, radius, and age, respectively.

5.2. Precision of stellar parameters

For a subset of targets, the interpolation proved less effec-
tive, likely leading to underestimated uncertainties. Despite the
high resolution of the stellar grid, which ensures the overall
accuracy of the results, the MCMC sampling tends to cluster

! The official PLATO requirement is 15% for the stellar mass based on

precision requirements for the planetary parameters, but for consistency
with the stellar age, a precision of 3% to 5% is required.
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Fig. 2. Upper panels: Relative age difference between a direct fit of the
individual frequencies as a function of stellar mass and effective tem-
perature, assuming a semi-empirical prescription for the surface effects,
and the FICO procedure, based on surface-independent constraints. The
grey area represents the PLATO requirement in age for a Sun-like star.
Lower panel: Kernel density estimates of the relative differences in mass
(blue), radius (orange), and age (green).

around grid points in those cases. This behaviour produces more
sharply peaked posterior distributions, resulting in an overesti-
mation of the precision. We identified this issue in eight targets,
namely KIC3656476, KIC4914923, KIC6603624, KIC8694723,
KIC8760414, KIC11853905, KIC6521045, and KIC12069449,
which were consequently excluded from the precision analysis
presented in this section.

Table 2 summarises the average statistical precision achieved
for the LEGACY and Davies samples, as well as for the full cat-
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Table 2. Average statistical precision of the FICO procedure.

Sample Mass Radius Age  Mean density
Lund et al. (2017) 22% 0.78%  6.6% 0.49%
Davies et al. 2016) 2.6% 0.92% 7.6% 0.52%
Full catalogue 23% 082% 6.9% 0.49%

alogue. On (unweighted) average, the FICO procedure yields a

statistical precision of 0.49% in density, 2.3% in mass, 0.82%

in radius, and 6.9% in age, comfortably within the PLATO mis-

sion requirements”. Fig. 3 shows the kernel density estimates
of the fractional uncertainty distribution for the stellar mass

(blue), radius (orange), age (green), and mean density (red).

For comparison, previous studies reported the following preci-

sions: Silva Aguirre et al. (2015) obtained 1.7% (density), 3.3%

(mass), 1.2% (radius), and 14% (age) for the Davies et al. (2016)

sample; Silva Aguirre et al. (2017) reported 4% (mass), 2%

(radius), and 10% (age) for the LEGACY sample (Lund et al.

2017); and Bellinger et al. (2019) achieved 3.5% (mass), 1.4%

(radius), and 11% (age) for a very similar catalogue to ours.

These studies employed earlier-generation algorithms, and some

of them have since undergone significant improvements (e.g.

Aguirre Bgrsen-Koch et al. 2022). To our knowledge, updated

analyses of the LEGACY and Davies et al. (2016) samples using

the newer algorithms have not yet been published.

The FICO procedure incorporates the following improve-
ments over previous methods:

1. We did not alter the uncertainties of the seismic constraints
(no weights approach, see Sect. 3.2)

2. An improved interpolation scheme coupled with a higher-
density grid of stellar models,

3. Inclusion of absolute luminosity as a classical constraint,

4. Use of the lowest radial-order frequency as an additional
seismic constraint for targets with lower-quality conver-
gence,

5. Incorporation of the inverted mean density as a classical con-
straint (which is a specificity of the FICO procedure),

6. A more intensive sampling strategy, allowing for extended
burn-in periods and more robust convergence,

7. Treatment of the initial helium mass fraction as a free param-
eter (alongside initial metallicity), which can aid conver-
gence in certain cases.

It is important to note that each of the aforementioned stud-
ies (Silva Aguirre et al. 2015, 2017; Bellinger et al. 2019) has
its own methodological specificities, and not all improvements
listed above apply simultaneously. We also note that it was dif-
ficult to find detailed information about the weighting used in
some of the previous studies. Nevertheless, the combined effect
of these enhancements contributes significantly to the improved
precision observed in our results.

Based on the conclusions of Bétrisey et al. (2023a), which
also apply to our sample, the inclusion of specific constraints
appears to play a significant role in improving precision. In par-
ticular, the use of the inverted mean density and the radial fre-
quency of the lowest radial order were identified as key con-
tributors. It is important to note that the latter constraint is a

2 Formally speaking, PLATO requirements are accuracy requirements,
not precision requirements. However, the statistical precision of the
modelling procedure should remain (significantly) smaller than these
requirements such that when combining statistical and bias uncertain-
ties, the mission quality requirements are still satisfied.
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Fig. 3. Kernel density estimate of the fractional uncertainty distribution
for the stellar mass (blue), radius (orange), age (green), and mean den-
sity (red).

double-edged sword: while it can enhance convergence for cer-
tain targets, Bétrisey et al. (2023a) cautioned against its use in
automated pipelines due to the potential for introducing substan-
tial biases. In our case, we assessed the convergence of each
minimisation individually, which allowed us to safely incorpo-
rate this constraint. As will be discussed in greater detail in the
second paper of this series, the situation is more nuanced than
the initial conclusions of Bétrisey et al. (2023a), which were
based on a more limited dataset. The weighting approach also
plays an important role as seismic constraints benefit from a
high observational precision that is not artificially degraded in
our study. The inclusion of the luminosity also contributes to
the improved precision, albeit to a lesser extent. Other enhance-
ments also contribute to the improved precision, though their
individual impact appears more limited. However, their cumula-
tive effect is likely more substantial. Quantifying this combined
impact would require a dedicated analysis beyond the scope of
the present study.

To further validate the consistency of our results, we exam-
ined empirical rules of thumb between the relative uncertain-
ties in mass, radius, and age averaged over the sample. Pressure
modes provide a tight constraint on the mean stellar density (e.g.
Vandakurov 1967), implying that the relative mass uncertainty
should, on average, be roughly three times larger than the rel-
ative radius uncertainty. The interpretation of age uncertainties
along the main sequence is more complex. Ages are constrained
primarily through the fractional evolutionary stage and the main-
sequence lifetime, the latter being highly sensitive to mass
and composition. As a result, one may roughly approximate
O Age/Age to scale with a few times o//M. Previous studies
obtained empirical factors between 2 and 4 (Silva Aguirre et al.
2015,2017; Bellinger et al. 2019). While such rules of thumb are
valuable for sanity checks (averaged scaling factors of 1 or 10
would be alarming), they should not be applied in other contexts
or on an individual star basis. In particular, the apparent age-
mass trend must not be interpreted as a predictive scaling relation
capable of estimating age uncertainties from mass uncertainties,
especially for stars near the zero-age main sequence (ZAMS). It
is only a rough approximation that holds when averaging relative
uncertainties across an ensemble of stars distributed along the
main sequence. We also note that our sample contains only one
star close to the ZAMS (with X, > 0.6), namely KIC 10644253.
As expected, this target does not follow the global trend. The
remaining stars, being more evolved along the MS, exhibit
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Fig. 4. Comparison between the FICO results and those of Silva Aguirre et al. (2017) for the LEGACY sample. The upper panel presents a mirror
plot contrasting the two sets of stellar parameters, while the lower panel illustrates the corresponding residuals. The shaded regions indicate the
1o (dark grey), 20 (medium grey), and 30 (light grey) intervals of the residual distributions. From left to right: stellar mass, radius, and age.

considerable scatter in the age-mass plane, as illustrated in
Fig. B.1, yet an underlying trend remains discernible. We per-
formed linear regressions on the relative uncertainties in the age-
mass and mass-radius planes (see Appendix B), yielding:

O Age OMm
~(2.83+0.14)—, 2
Age ( )M @)
(Y3 OR
— ~(2.84 £ 0.02) — 3
L~ = 3)

which are consistent with empirical observations from previous
studies.

5.3. Comparison with Silva Aguirre et al. (2017)

In this section, we present a comparative analysis between
our results for the LEGACY sample and those reported by
Silva Aguirre et al. (2017). Fig. 4 displays side-by-side plots of
stellar mass, radius, and age. At first order, our findings are in
good agreement with those of Silva Aguirre et al. (2017). The
mean residuals, (0.019 = 0.044) M, (0.008 + 0.016) R, and
(=308 + 689) Myr, are statistically consistent with zero, indi-
cating no significant systematic offset.

However, a second-order inspection, using relative differ-
ences, reveals subtle trends: Silva Aguirre et al. (2017) tend to
infer slightly higher masses and larger radii, which in turn yield
younger stellar ages. On average, we observed relative biases
of 1.5%, 0.7% and —11.5%, respectively. We primarily attribute
these systematic discrepancies to differences in the adopted
physical inputs, the choice of the optimised variables (notably,
in our study, the initial helium mass fraction is free as well as the
overshooting parameter for targets with M > 1.1 M), and the
performance of the optimisation strategies. While both studies
use the same seismic datasets in principle, we note that for cer-
tain targets, we excluded anomalous modes that visibly deviate
in the observational échelle diagram, also potentially contribut-
ing to the observed divergences.

Our models assumed a low-metallicity tables (Asplund et al.
2009), whereas Silva Aguirre etal. (2017) employed high-
metallicity values (Grevesse & Sauval 1998). Metallicity can
exert a significant influence on stellar structure and evolution,
primarily through its impact on opacity. An increase in metal
content enhances the opacity of stellar material, thereby dimin-

ishing the efficiency of radiative energy transport (see e.g.
Salaris & Cassisi 2005, for a textbook). For a given mass, this
results in cooler, more extended stellar envelopes, leading to
larger radii and lower effective temperatures compared to their
low-metallicity counterparts. When fitting seismic and spectro-
scopic observables, these structural disparities propagate into
the inferred global parameters. High-metallicity models typi-
cally require higher masses and larger radii to reproduce the
same observed frequencies and luminosities. This mass adjust-
ment has a pronounced effect on the inferred age. Although
higher metallicity alone tends to slow down stellar evolution,
owing to reduced core temperatures and slower nuclear burning
rates, the accompanying increase in mass accelerates evolution-
ary timescales significantly. The latter effect dominates, lead-
ing high-metallicity solutions to yield younger ages for identical
observational constraints.

The performance of the optimisation algorithm contributes to
the scatter in the results, as reflected in the large standard devia-
tion of the residuals. The results presented by Silva Aguirre et al.
(2017) are based on earlier versions of GARSTEC and BASTA,
whereas our method leverages the latest iteration of AIMS, inte-
grated with a high-resolution grid of stellar models and addi-
tional constraints, as detailed in the preceding section. Despite
these methodological differences, the average biases align well
with theoretical expectations, thereby reinforcing the reliability
and robustness of our modelling framework.

Furthermore, we note that the average relative bias in stel-
lar mass is smaller than the statistical precision achieved by
the FICO procedure (1.5% versus 2.3%), while the radius bias
is comparable (0.7% versus 0.8%). In contrast, the age bias
exceeds the statistical precision (11.5% versus 6.9%). Impor-
tantly, the mass and radius biases fall comfortably within the
PLATO mission requirements. However, the age bias is compa-
rable to the 10% threshold of PLATO, underscoring the signif-
icant influence that the choice of physical ingredients in stellar
models can exert, particularly at higher stellar masses.

To identify cases of incompatibility between our results and
those of Silva Aguirre et al. (2017), we defined normalised resid-
uals, denoted as 3, as the absolute value of the standard residual
divided by the sum of the statistical uncertainties. This param-
eter quantifies the overlap between the uncertainty intervals of
two variables. For example, a value of 8 < 1 indicates that the
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Table 3. Compatibility classification of the FICO and
Silva Aguirre et al. (2015, 2017) stellar parameters.
Classification Mass Radius Age
Lund et al. (2017)
p=1 53/65 =81.5% 52/65=280.0% 39/65 =60.0%
B<2 61/65=93.8% 60/65=923% 54/65=283.1%
B<3 65/65 =100%  63/65 =96.9% 57/65=87.7%
£>3 0/65 = 0.0% 2/65 =3.1% 8/65 =12.3%
Davies et al. (2016)
p=1 18/29 =62.1% 18/29 =62.1% 18/29 = 62.1%
B<2 25/29 = 86.2% 26/29 =89.7%  23/29 =79.3%
B<3 27/29 =93.1% 27/29=93.1% 27/29 =93.1%
£>3 2/29 =6.9% 2/29 = 6.9% 2/29 =6.9%

lo-intervals overlap. A value of § > 3 was assumed to indi-
cate incompatibility in the stellar characterisations. Table 3 sum-
marises the compatibility levels based on this classification. We
identified ten incompatible cases: two based on radius compar-
isons and eight on age.

Among these, two stars (KIC7106245 and KIC8760414)
in the Silva Aguirre et al. (2017) dataset exhibit initial helium
abundances below 0.21, which we interpret as indicative of con-
vergence towards non-physical solutions. KIC9353712 suffers
from low-quality seismic data, with small oscillation peaks com-
pared to the noise level, and it lies in a higher-degeneracy region
of parameter space (see e.g. White et al. 2011), which likely
explains the discrepancies. For KIC3632418, KIC3656476,
KIC7940546, KIC8228742, KIC10068307, and KIC10162436,
the peak-bagging plots in Lundetal. (2017) seem to indi-
cate that their algorithm had more difficulties in distinguishing
quadrupolar from radial modes, which lowers the reliability of
the extracted / = 2 modes, and possible of the / = 0 modes as
well. These stars also reside in regions of elevated degeneracy.
KIC4914923 is more puzzling. The FICO procedure exhibited
stable convergence, and there is no evident indication of con-
vergence issues in the Silva Aguirre et al. (2017) analysis. It is
plausible that variations in chemical abundances exert a more
pronounced influence on this particular star. It could also be the
sign of the presence of non-standard physical processes (e.g.
turbulent diffusion, undershooting, radiative accelerations) not
accounted for in our models and those of Silva Aguirre et al.
(2017). However, a detailed, target-specific investigation would
be required to draw firmer conclusions.

5.4. Comparison with Silva-Aguirre et al. (2015)

In this section, we undertake a comparative assessment of our
results for the Davies et al. (2016) sample against those reported
by Silva Aguirre et al. (2015). Unlike the LEGACY sample dis-
cussed previously, this comparison presents greater challenges
for quantitative analysis, owing to two principal factors. Firstly,
the median distance of the Davies et al. (2016) targets is sig-
nificantly greater than that of the LEGACY sample, 299 pc
compared to 123 pc, as illustrated in Fig. 5. This increased
distance results in a lower signal-to-noise ratio, rendering the
extracted oscillation frequencies less robust. In essence, while
the LEGACY sample benefits from high-quality data, the Davies
targets are characterised by moderate data quality. Secondly,
the statistical strength of the sample is limited. This, com-
bined with the fact that the fundamental stellar parameters in
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Fig. 5. Kernel density estimate of the distance distribution for the
LEGACY (blue) and Davies et al. (2016) (green) samples.

Silva Aguirre et al. (2015) were derived using an early version
of the BASTA software, contributes to the considerable scatter
observed in Fig. B.2 and Table 3.

Nonetheless, we can confidently affirm that the average
residuals for stellar mass, radius, and age are all consistent with
zero, mostly thanks to the large standard deviation. Notably, the
majority of discrepant cases between our findings and those of
Silva Aguirre et al. (2015) are concentrated in the mass range
between 1.2 and 1.4 solar masses. Furthermore, based on the
normalised residuals 3, we identified three targets as incompati-
ble: KIC8554498, KIC10514430, and KIC11853905. Additional
visual inspection of Fig. B.2 also revealed that KIC4349452
is an outlier. KIC10514430 exhibits low data quality, which
likely accounts for the observed divergence. In the cases of
KIC4349452, KIC8554498 and KIC11853905, the noise lev-
els significantly exceed the amplitudes of the fitted oscillation
frequencies, making it difficult to visually discern the acoustic
power excess in the power spectrum. Consequently, the reliabil-
ity of the detected modes is diminished, and our minimisation
algorithm converged on solutions that differ from those reported
by Silva Aguirre et al. (2015).

6. Conclusions

We presented the detailed asteroseismic modelling of 95 main-
sequence solar-like stars and Kepler exoplanet host stars using
the FICO procedure. We began in Sect. 2 by introducing the
stellar catalogue that formed the foundation of our analysis,
along with the seismic and non-seismic observational constraints
that were considered. Section 3 described the modelling strat-
egy we adopted to perform the asteroseismic characterisation
and to derive key stellar parameters, including mass, radius,
age, and mean density. Section 4 presented the results of our
asteroseismic analysis, starting with the Sun (using degraded
data) as a control target, followed by the full catalogue. A com-
prehensive list of the derived stellar parameters is provided in
Appendix C. In Sect. 5 we presented a detailed discussion of
our findings, focusing on three main aspects: (i) a comparison
between our results, obtained via the FICO procedure, which
relies on surface-independent constraints, and a direct fit to indi-
vidual frequencies using a semi-empirical treatment of surface
effects; (ii) an in-depth evaluation of the precision performances
of our method; and (iii) a comparison with values reported in the
literature.

The FICO procedure (Bétrisey et al. 2022, 2023a, 2024a;
Bétrisey 2024) demonstrated an excellent performance across
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a broad sample comprising just under 100 main-sequence
solar-like stars. Consistency tests complementary to that of
Bétrisey et al. (2023a), who investigated the accuracy of FICO
based on synthetic targets and well-studied calibrators, using
degraded solar data reconfirmed the robustness of our method,
with derived parameters closely matching expected solar values.
As an aside, we note that the number of benchmark stars with
independent mass and radius observations currently remains
limited. PLATO is expected to improve this situation by the
expected overlap of its long-duration observing field(s) and tar-
gets with interferometric or binary-based measurements. Fur-
thermore, the FICO procedure achieved average statistical preci-
sions of 2.3%, 0.82%, 6.9%, and 0.49% for stellar mass, radius,
age, and mean density, respectively using a no-weights approach
for the classical and seismic constraints (notably, the uncertainty
of the oscillation frequencies was not altered to overweigh clas-
sical constraints). The precision performance of the FICO pro-
cedure is therefore compatible with the requirements set by the
PLATO mission (15% in mass, 1-2% in radius, and 10% in age
for Sun-like stars; see Rauer et al. 2025).

From a statistical standpoint, our results generally agreed
well with stellar parameters inferred from the literature
(Silva Aguirre et al. 2015, 2017). However, at PLATO-level
precision, we detected non-negligible systematic differences,
particularly in stellar age. These discrepancies can probably
primarily be attributed to the performance of the minimisa-
tion algorithms, the results of Silva Aguirre et al. (2015, 2017)
being based on old versions of GARSTEC and BASTA, the
impact of the number of free parameters (e.g. overshooting
and initial helium mass fraction), a possible presence of non-
standard physical processes (e.g. turbulent diffusion, under-
shooting, radiative accelerations) that are not accounted for in
our models and those of Silva Aguirre et al. (2015, 2017), espe-
cially for the more massive targets, and the choice of initial
chemical abundances: we adopted the low-metallicity tables of
Asplund et al. (2009), whereas the literature values were based
on the high-metallicity Grevesse & Sauval (1998) tables. These
findings underscore the importance of carefully selecting and
benchmarking model physics, especially in the context of the
PLATO mission, where high-precision stellar characterisation is
essential for an accurate characterisation of exoplanetary sys-
tems. Moreover, chemical abundances are not the only phys-
ical ingredient that can significantly affect an asteroseismic
characterisation (e.g. Buldgen et al. 2019a; Farnir et al. 2020;
Bétrisey et al. 2022). For example, Bétrisey et al. (2022) high-
lighted the effect of opacities on the characterisation of the Sun-
like star Kepler-93. This highlights a broader challenge. The
physics used in asteroseismic models is deeply rooted in solar
physics, and the solar modelling problem (see e.g. Basu & Antia
2008; Buldgen et al. 2019c), referring to the persistent mismatch
between theoretical solar models and helioseismic observations,
remains unresolved. Recent opacity measurements (Bailey et al.
2015; Nagayama et al. 2019; Buldgen et al. 2025¢) have shown
that a revision of radiative opacities in stellar conditions would
improve the situation. However, it is also likely that additional
ingredients (e.g. transport of chemicals and the equation of state)
of stellar evolution models might be revised to restore the agree-
ment (Buldgen et al. 2024, 2025b). These revisions would likely
also affect the results of asteroseismic modelling.

Our analysis of the treatment of surface effects further
strengthened the conclusions drawn by Bétrisey et al. (2023a),
who advocated for the systematic use of surface-independent
methods above a certain stellar mass threshold. Although direct
frequency fitting with semi-empirical corrections remains a com-

mon practice, our results clearly demonstrate that this approach
tends to overestimate stellar mass and radius while under-
estimating age. This is consistent with literature findings on
smaller samples (e.g. Ball & Gizon 2017; Nsamba et al. 2018;
Jgrgensen et al. 2020, 2021; Cunha et al. 2021; Bétrisey et al.
2023a). In contrast, the FICO procedure, by leveraging inversion
techniques and frequency separation ratios, effectively mitigates
these biases, yielding more reliable stellar characterisations. At
PLATO-level precision, we identified two distinct regimes. In
near-solar conditions, the two modelling approaches performed
comparably. However, this equivalence broke down when the
stellar properties departed from solar conditions. We observed
a regime transition around 1.20 M, or 6200 K, beyond which
surface-independent methods consistently outperformed tradi-
tional approaches. Given the gradual nature of this transition, we
recommend systematically adopting surface-independent tech-
niques for stars with masses exceeding 1.15 M, or with effec-
tive temperatures above 6050 K to ensure an unbiased parameter
estimation.

As the launch of PLATO approaches, the development of
robust and scalable modelling techniques by several independent
teams becomes increasingly important. PLATO is expected to
expand the pool of high-quality seismic observations of main-
sequence solar-like stars from approximately 100 to between
800 and 1000 (Goupil et al. 2024), marking a significant shift in
paradigm. These enhanced statistics will enable comprehensive
statistical and population studies that were previously unattain-
able. In this evolving context, the FICO procedure, charac-
terised by its hybrid forward-inverse architecture, stands out as a
promising approach for the precise and accurate characterisation
of exoplanet host stars in the PLATO era.
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Appendix A: Upgraded Spelaion grid

We summarised in Tables A.1 and A.2 the statistics and mesh
properties of the Spelaion grid and its subgrids. The first row of
Table A.1 reports statistics for unique models only, as overlaps
exist between subgrids.

Table A.1. Statistics of Spelaion and its subgrids.

Tracks  Models Modes
Spelaion 35267 6722883 653 million
Metallic Sun 1176 149 398 18 million
Standard MS 10192 1682934 160 million
Low-metallicity MS 8580 1224144 113 million
Overshooting MS 26390 5561380 537 million

Table A.2. Mesh properties of the Spelaion subgrids.

Minimum Maximum  Step
Metallic Sun
Mass (M) 0.94 1.06 0.02
Xo 0.64 0.71 0.01
Zy 0.020 0.040 0.001
Overshooting @y = 0.00
Standard MS
Mass (M) 0.70 1.66 0.02
Xo 0.67 0.74 0.01
Zy 0.005 0.030 0.001
Overshooting @y = 0.00
Low-metallicity MS
Mass (M) 0.70 1.20 0.02
Xo 0.67 0.77 0.01
Zy 0.001 0.030 0.001
Overshooting oy = 0.00
Overshooting MS
Mass (M) 1.10 1.66 0.02
Xo 0.68 0.74 0.01
Zy 0.005 0.030 0.001
Overshooting 0.00 0.20 0.05

Appendix B: Supplementary data

Empirical uncertainty relationships

Figure B.1 illustrates the empirical scaling relations governing
the relative uncertainties in stellar mass, radius, and age. It is
important to note that these ‘relations’ should be regarded as
rules of thumb rather than physical relations, as previous studies
have reported scaling factors ranging from 2 to 4. In our analy-
sis, we derive a factor of approximately 2.8 for the age-mass and
mass-radius uncertainty planes, which aligns well with empirical
expectations.

Notably, the age-mass relation exhibits substantially greater
scatter compared to the mass-radius relation. This discrepancy
arises because the stellar radius is more tightly constrained
by seismic frequencies. Specifically, individual oscillation fre-
quencies scale with the square root of the mean stellar density
(e.g. Vandakurov 1967; Shibahashi 1979; Tassoul 1980), thereby
providing a more direct constraint on the radius. Additionally,
mass and age are optimised parameters in our modelling frame-
work, while radius is derived from the optimised parameters. As
pointed out in Sect. 5.4, the Davies et al. (2016) sample has a sig-
nificantly lower statistics than the LEGACY sample and an over-
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Fig. B.1. Scaling relations between age and mass relative uncertainties
(upper panel), and mass and radius relative uncertainties (lower panel).
The green line represent the linear regression with an offset fixed at
Zero.

all lower data-quality. The mirror plots therefore show a larger
scattering.

Comparison with Silva-Aguirre et al. (2015)

Figure B.2 presents a comparative analysis between the FICO
results and those reported by Silva Aguirre et al. (2015) for the
stellar sample of Davies et al. (2016), focusing on mass (left
panel), radius (centre), and age (right). The upper panels dis-
play mirrored plots contrasting the two sets of stellar parameters,
while the lower panels depict the corresponding residuals. A pos-
itive residual indicates that Silva Aguirre et al. (2015) derived a
larger value.

One star, KIC4349452, stands out distinctly in the com-
parative plot. Furthermore, an examination of the normalised
residuals, quantifying the deviation of our results from those
of Silva Aguirre etal. (2015) in units of their combined
uncertainties, revealed that KIC8554498, KIC10514430, and
KIC11853905 also show significant discrepancies, exceeding
the 30 threshold. As discussed in the main text, these differences
are most likely attributable to the poor quality of the seismic data
available for these particular targets.

High-frequency discrepancies in ry; and ryy ratios

Out of the 95 stellar targets analysed, 21 exhibit notable dis-
crepancies in the ry; and o frequency separation ratios at high
frequencies. Figure B.3 presents a selection of illustrative cases.
In many of these, such as KIC 3544595 and KIC 9965715, we

A134, page 13 of 16



Bétrisey, J., et al.: A&A, 710, A134 (2026)

2501 14000

] 2.25 1 12000
141 S e 200 10000 +
p < 75 s
iy _lhflt-l— s 2 80001 1
g 121 A + 3 15 . ) HH}

& 1.50 &
E —Flﬂ' & o 60004
3 e e o ,« 9 | %
< 10 + = 12594 - s ;
@ L @ ’ 4000 A +
¢ 1.00
"# ¢¥
084 ¥ . 2000
/.‘ //f
01 : : : : : : :
3 " 3 = 2500 “ ot
= - P < 2z L
S 00 = f e 0wt Wt - % 001 < o E . e
] b . ] © .
T 9 e 3 3 o500
0.8 1.0 1.2 14 16 0.75 1.00 1.25 150 175 200 225 250 0 2000 4000 6000 8000 10000 12000 14000

FICO Mass (Mg)

FICO Radius (Ry)

FICO Age (Myr)
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Fig. B.3. Illustrative cases of high-frequency discrepancies in ry; and ry ratios. The observed ratios are shown in orange and the best-fit model is

displayed in purple.

observe a clear excess in the highest-frequency modes. How-
ever, in datasets with better data-quality (where more oscil-
lation modes are resolved), such as KIC 8379927 and KIC
10963065, this excess reveals a more complex structure: a
bump-like feature that transitions into a dearth at the highest
frequencies.

Several studies have already documented these discrepancies
in some targets (e.g. Thomas et al. 2021; Bétrisey et al. 2022;
Nsamba et al. 2022), but the origin of this signal remains uncer-
tain. It does not resemble the typical helium ionisation glitch
(see e.g. Verma & Silva Aguirre 2019; Farnir et al. 2023, and
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references therein), nor does it match the signatures of non-
standard physical processes such as turbulent diffusion or con-
vective undershooting (see e.g. Buldgen et al. 2025a, and refer-
ences therein), phenomena not included in our stellar models.
This possibly suggests that other unmodelled structural differ-
ences may be responsible. Alternatively, because the signal is
present in the frequency separation ratios, it implies a differential
impact across harmonic degrees. This opens the possibility that
magnetic activity, known to influence modes of varying angular
degree differently, especially at high frequencies, could be con-
tributing to the observed signal (see e.g. Thomas et al. 2021).
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Appendix C: Complete list of fundamental stellar properties

Table C.1. Fundamental properties of the stellar catalogue.

KICID MM R/Rg Age (Myr) Pinv (g/cm3) L/Ly Planets Comments

Lund et al. (2017)

KIC1435467 1.362 £ 0.048  1.701 £ 0.020 2422 + 194 0.3894 +0.0023  4.218 £0.118 - -
KIC2837475 1421 £0.039 1.625 +£0.016 1741 £ 372 0.4738 £ 0.0027 4.612 +0.140 - High-freq. excess in rp1o
KIC3427720 1.151 £0.026  1.133 +£0.009 2244 + 96 1.1192 £ 0.0034  1.580 +0.026 - -
KIC3456181 1.342 £0.049  2.071 £0.025 2815 + 191 0.2135+0.0011  6.207 £ 0.150 - -
KIC3632418 1.355+0.025 1.893+0.013 3644 + 123 0.2784 £ 0.0010  4.601 + 0.061 14 -
KIC3656476* 1.024 £ 0.003  1.285 +0.001 7000 = 150 0.6760 = 0.0004  2.021 + 0.003 - -
KIC3735871 1.169 £ 0.027  1.121 £0.010 1676 + 160 1.1717 £0.0038  1.554 £ 0.029 - -
KIC4914923* 1.064 + 0.006  1.343 +0.004 5575 +237 0.6151 £0.0026  2.443 + 0.009 - -
KIC5184732 1.185+0.029 1.332+0.011 4454 + 143 0.7058 £ 0.0042  2.022 +0.024 - -
KIC5773345 1.582 +£0.026  2.040 +0.013 2137 = 106 0.2599 £0.0023  6.145+0.119 - -
KIC5950854 0.961 +£0.007 1.232 +0.004 8697 + 683 0.7253 £0.0032  1.780 + 0.021 - -
KIC6106415 1.084 £ 0.012  1.222 + 0.005 4494 + 119 0.8340 £ 0.0013  1.837 +0.021 - -
KIC6116048 1.059 £ 0.011 1.240 + 0.004 5856 + 187 0.7812 £0.0014  1.865 +0.021 - High-freq. excess in 910
KIC6225718 1.232 +£0.027 1.262 +0.011 2422 + 83 0.8591 £0.0033  2.123 +0.028 - -
KIC6508366 1.560 £ 0.039  2.208 £ 0.018 2707 =211 0.2082 £0.0013  6.728 +0.189 - -
KIC6603624* 1.039 £ 0.005  1.161 £ 0.002 8073 + 191 0.9361 £ 0.0007 1.238 £ 0.010 - -
KIC6679371 1.615+0.022  2.246 + 0.009 1736 + 80 0.2056 +0.0008  7.670 +0.110 - -
KIC6933899 1.156 £ 0.015  1.597 + 0.009 5867 +229 0.3999 +£0.0025  2.999 + 0.054 - -
KIC7103006 1.521 £0.046  1.973 £0.020 2055 + 154 0.2786 £0.0022  5.751 £0.172 - -
KIC7106245 0.992 +0.018  1.131 +0.008 5928 + 401 0.9658 £ 0.0057  1.572 +0.032 - -
KIC7206837 1.394 £ 0.045 1.586+0.017 1929 + 181 0.4938 £ 0.0025  3.823 +0.093 - -
KIC7296438 1.150 £ 0.019  1.391 £0.010 6929 + 178 0.6087 +£0.0050  2.110 +0.032 - -
KIC7510397 1.318 £ 0.033  1.841 +£0.017 3624 + 145 0.2950 £ 0.0012  4.497 +0.072 - -
KIC7680114 1.109 £ 0.011  1.410 £ 0.004 6821 =301 0.5599 £0.0032  2.313 £ 0.024 - -
KIC7771282 1.215+0.046  1.620 £ 0.020 3533 + 295 0.4046 £ 0.0019  3.531 +£0.093 - -
KIC7871531 0.828 £ 0.013  0.868 + 0.005 9064 + 604 1.7755 £0.0060  0.714 £ 0.021 - High-freq. excess in roo
KIC7940546 1.340 £ 0.026  1.926 +0.014 3547 £ 117 0.2622 £ 0.0010  4.959 + 0.061 - -
KIC7970740 0.739 £0.009 0.766 +£0.004 10258 £315 2.3171 £0.0138  0.407 £ 0.013 - High-freq. excess in rojo
KIC8006161 1.006 £ 0.019  0.936 + 0.006 5503 +233 1.7266 = 0.0009  0.600 + 0.016 - -
KIC8150065 1.238 +0.047 1.416 £0.018 3757 + 351 0.6160 = 0.0037  2.657 + 0.094 - -
KIC8179536 1.294 £+ 0.041  1.365 £0.016 2374 £242 0.7193 £ 0.0037  2.745 £ 0.061 - High-freq. excess in rp1o
KIC8228742 1.305 + 0.021 1.840 + 0.011 4030 + 127 0.2920 £ 0.0009  4.354 + 0.047 - -
KIC8379927 1.145 £0.024  1.128 £ 0.009 1590 + 78 1.1197 £ 0.0045  1.700 + 0.028 - High-freq. excess in rgjo
KIC8394589 1.087 £0.017  1.180 + 0.007 3812 +£218 0.9317 £0.0055  1.874 +0.033 - High-freq. excess in rgjo
KIC8424992 0.931 £0.016  1.052 + 0.005 9976 + 757 1.1275 £ 0.0067  1.086 + 0.024 - -
KIC8694723* 1.085 +£0.007  1.524 +0.004 5098 + 290 0.4242 +0.0014  3.098 + 0.055 - -
KIC8760414* 0.792 £0.007 1.017£0.005 11450+ 144  1.0620 + 0.0061 1.163 £ 0.010 - -
KIC9025370 0.979 £0.016  1.002+0.006 4687 + 138 1.3665 £ 0.0037  1.142 +0.022 - -
KIC9098294 0.984 +£0.012  1.148 £ 0.006 8084 + 247 0.9154 £0.0054  1.404 +£0.019 - -
KIC9139151 1.201 £0.031  1.167 £0.011 2122 + 145 1.0649 £ 0.0063  1.651 +0.039 - -
KIC9139163 1.424 +0.039  1.569 +0.015 2007 + 151 0.5197 £0.0031  3.654 + 0.091 - -
KIC9206432 1.440 + 0.031 1.525 £ 0.011 1014 + 126 0.5821 £0.0032  3.847 +0.088 - -
KIC9353712 1.509 £ 0.051  2.176 £ 0.026 3188 £ 197 0.2065 +£0.0012  6.005 +0.199 - -
KIC9410862 0.988 +0.016  1.159 + 0.007 6518 +417 0.8946 + 0.0053  1.662 + 0.036 - High-freq. excess in rgjo
KIC9414417 1.440 £ 0.040  1.941 £ 0.020 2915 + 160 0.2759 £0.0012  5.117 £ 0.092 - -
KIC9812850 1.360 £ 0.043  1.796 + 0.019 3310 + 244 0.3312 £ 0.0020  4.499 + 0.160 - -
KIC9955598 0.887 £0.015  0.883 +0.006 6696 + 312 1.8200 £ 0.0109  0.608 + 0.020 b -
KIC9965715 1.147 £0.023  1.297 £ 0.009 2936 + 225 0.7392 £ 0.0035  2.536 + 0.042 - High-freq. excess in rg19
KIC10068307 1.332 £0.049  2.045 +£0.027 4104 + 160 0.2192 £ 0.0009  4.967 + 0.081 - -
KIC10079226 1.215+0.035 1.178 £0.012 2602 + 299 1.0451 £0.0033  1.579 + 0.038 - -
KIC10162436 1.461 £0.026  2.062 +£0.014 3651 + 130 0.2333 £0.0009  5.127 £ 0.074 - -
KIC10454113 1.290 £ 0.026  1.286 + 0.010 1667 + 121 0.8497 £ 0.0035  2.297 +£0.033 - High-freq. excess in rgjo
KIC10516096 1.097 £ 0.008  1.410 + 0.003 6167 + 193 0.5507 £0.0010  2.499 + 0.015 - -
KIC10644253 1.223 £0.030  1.137 £0.010 1050 = 123 1.1744 £ 0.0044  1.566 +0.033 - -
KIC10730618 1.358 £ 0.049  1.764 £ 0.020 2278 + 189 0.3496 £ 0.0018  4.838 +0.164 - -
KIC10963065 1.069 £ 0.017  1.224 £ 0.007 4198 + 177 0.8208 £ 0.0049  1.957 £ 0.034 1% -
KIC11081729 1.259 +£0.049  1.403 £0.018 2032 + 297 0.6446 +0.0035  3.173 £ 0.087 - -
KIC11253226 1426 £0.035 1.615+0.013 1847 =311 0.4873 £0.0029  4.628 +0.091 - -
KIC11772920 0.812+£0.009  0.839 +0.004 9402 + 918 1.9386 £ 0.0115  0.619 +0.027 - -
KIC12009504 1.204 £0.025 1.414+0.011 3829 + 179 0.5983 £ 0.0020  2.642 +0.035 - -
KIC12069127 1.571 £0.046  2.285+0.023 2121 =127 0.1868 £ 0.0009  7.525 +0.161 - -
KIC12069424 1.069 + 0.008  1.224 +0.005 7038 + 351 0.8211 £0.0049  1.539 £ 0.025 - High-freq. excess in rpg
KIC12069449*  1.032 £0.006  1.113 £ 0.002 7140 =201 1.0551 £ 0.0057 1.251 £0.010 1€ High-freq. excess in rgj9
KIC12258514 1.181 £0.018  1.569 £ 0.009 4451 + 157 0.4273 £0.0009  3.022 + 0.024 - -
KIC12317678 1.327 +£0.032  1.802 +0.014 2670 + 188 0.3251 £0.0020  5.341 +0.098 - High-freq. excess in rg1o

Notes. From left to right, the columns present: the Kepler Input Catalog (KIC) identification number; fundamental stellar parameters including
mass, radius, age, mean density, and absolute luminosity; the number of confirmed exoplanets; and our comments. Notably, the comments highlight
cases where high-frequency discrepancies were observed in the seismic ratios ry; and ryy (abbreviated as ry;¢). Targets marked with an asterisk (*)
indicate lower-quality interpolation, which likely led to an underestimation of the statistical uncertainty.

References. VHowell et al. (2012), ”’Marcy et al. (2014), /Cochran et al. (1997), ” NASA Exoplanet Archive (https://exoplanetarchive.
ipac.caltech.edu/).
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Table C.1. Continued.

Bétrisey, J., et al.: A&A, 710, A134 (2026)

KIC ID M/Mg R/Rg Age (Myr) Pinv (g/cm3) L/Lg Planets Comments
Davies et al. (2016)

KIC3425851 1.214 £ 0.041 1.358 £0.015 2159 +345 0.6862 +0.0041 2.805 +0.120 - High-freq. excess in rgjo
KIC3544595  0.901 +0.021 0.916 +0.008 6684 +435 1.6504 +0.0042 0.773 +0.020 24 High-freq. excess in rgjo
KIC3632418 1.346 £ 0.030 1.886 =0.015 3510+ 153 0.2831 £0.0017 4.740 +0.101 14 -
KIC4141376  0.963 +£0.033 1.018 £0.012 3033 +£397 1.2895+0.0077 1.345 +0.038 14 -
KIC4349452 1.101 £0.013 1.290 £ 0.004 7144 +£553 0.7245 +0.0043 1.806 + 0.023 34 High-freq. excess in rgjo
KIC4914423 1.210 £ 0.040 1.493 +0.017 5940 +547 0.5114 +0.0040 2.452+0.080 24 -
KIC5866724 1.298 +0.044 1.433 +£0.017 2794 +274 0.6222 +0.0037 2.689 +0.079 44 High-freq. excess in rp1o
KIC6196457 1.372 £0.056 1.789 +0.025 4127 +339 0.3379 +0.0020 3.661 +0.124 3¢ -
KIC6278762  0.738 £0.011 0.747 +0.004 10771 +482 2.4930 +0.0022 0.387 £0.016 54 -
KIC6521045*  1.121 £0.012 1.514+0.008 6384+ 117 0.4579 +0.0036 2.641 +0.040 49 -
KIC7670943 1.235+0.041 1.420+0.016 3524 +328 0.6064 +0.0026 2.752 +0.071 14 -
KIC8077137 1.238 £ 0.035 1.682+0.017 3922 +224 0.3671 +£0.0018 3.646 +0.073 24 -
KIC8292840 1.140 £ 0.030 1.332+0.012 2755 +250 0.6789 +0.0040 2.641 +0.073 3¢ -
KIC8478994  0.791 £ 0.015 0.765+0.005 4597 +428 2.4853 +0.0148 0.494+0.018 44 High-freq. excess in rgjo
KIC8494142 1.389 £ 0.052 1.878 £0.024 3146 +237 0.2960 +0.0016 4.441 +0.128 24 -
KIC8554498 1.479 £ 0.030 1.909 +£0.015 3178 £156 0.2975+0.0012 4.582 +0.072 14 -
KIC8866102 1.298 £ 0.037 1.377 £0.014 1965 + 169 0.6946 +0.0033 2.897 + 0.051 14 -
KIC9414417 1.429 £0.043 1.932+0.021 2656 + 158 0.2787 +£0.0013 5.188 +0.105 - -
KIC9592705 1.607 £ 0.026 2.171 £0.009 2311 +213 0.2228 +0.0012 6.079 + 0.121 14 -
KIC9955598  0.889 +£0.016 0.883 £0.006 7067 +240 1.8197 +£0.0108 0.608 +0.018 14 -
KIC10514430 1.192 £0.027 1.635+0.014 4852 +257 0.3786 +0.0019 3.455+0.070 - High-freq. excess in rgjo
KIC10586004 1.199 +£0.051 1.657 £0.024 5757 +£493 0.3717 £0.0030 2.843 +0.123 34 -
KIC10666592 1.427 +0.043 1.943 +£0.020 2172+ 137 0.2739 +£0.0013 5.642 +0.112 14 -
KIC10963065 1.093 +£0.016 1.230+0.007 4373 + 158 0.8207 +0.0023 2.003 + 0.025 14 High-freq. excess in rg1o
KIC11133306 1.115+0.037 1.208 +0.014 5392 +579 0.8918 +0.0053 1.637 +0.051 14 -
KIC11295426 1.102£0.011 1.251+0.006 6723 +212 0.7928 +0.0047 1.679 +0.028 44 High-freq. excess in ro1o
KIC11807274 1.315+0.039 1.605+0.017 2894 +202 0.4447 +0.0022 3.600 + 0.081 24 -
KIC11853905* 1.263 +£0.011 1.612+0.005 4279+ 100 0.4201 +0.0007 3.074 +0.015 14 -
KIC11904151 0.915+0.017 1.064 +£0.007 10142 +713 1.0708 + 0.0064 1.104 +0.023 34 -
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