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Abstract

The PLATO mission, scheduled for launch in late 2026, aims to detect and
characterise Earth-like planets around low-mass stars and therefore requires pre-
cise stellar parameters for reliable planet inference. As part of the PLATO con-
sortium's work on benchmark solar-like stars, we carried out a detailed modelling
study of Ceti using a grid of  40; 000 stellar models. To establish a solid
foundation for this analysis, we performed a thorough literature search to iden-
tify the most reliable observational constraints, and subsequently exploited stel-
lar structure, evolution, and pulsation models in combination with our adopted
modelling strategy to characterise the star in detail. Two independent model-
selection strategies were applied: Method A a broad 3 parameter sampling
with weighted seismic tting and Method B a  ?-based selection that explicitly
incorporates observational uncertainties along with the same weighted seismic t-
ting. For each selected best-t model we examined HR diagrams, standardised
parameter residuals, échelle diagrams, correlation matrices, and the explored pa-
rameter space. Both approaches reproduce the classical and seismic constraints
within the reported uncertainties, although Method B aligns more closely with the
adopted spectroscopic metallicity; the two best- t models also appear to be struc-
turally very similar. These results demonstrate that dense model grids combined
with rigorous seismic analysis are essential for the precise stellar characterisation
required by PLATO-level exoplanet science.



1 Introduction

The precise and accurate establishment of stellar ages is signi cant in enhancing our
comprehension of diverse astrophysical phenomena, especially in exoplanetary science
(Havel et al. [36]). As the discovery of exoplanets accelerates, the need for reliable
age estimates of their host stars is becoming increasingly critical. Stellar age is a
fundamental parameter for interpreting the formation histories, internal structures,
and evolutionary paths of planetary systems. This is especially true for Earth-sized
exoplanets, whose ages can only be reliably constrained by detailed characterisation
of their host stars, Sun-like stars which exhibit oscillation frequencies and other
asteroseismic characteristics similar to those of the Sun. By comparing them with solar
analogues, we infer the presence and characteristics of potentially habitable planets.
The reason is that the Sun, being a typical G-type main-sequence star, has at least
one possibly habitable planet: the Earth.

Among the various methods used to determine stellar ages, model-based approaches
remain among the most widely adopted. These methods span a broad range of stellar
types and account for variations in mass, chemical composition, and evolutionary stage.

However, determining stellar ages remains a complex challenge. Age estimates are
highly dependent on the underlying stellar models and are sensitive to uncertainties in
physical inputs such as opacities, nuclear reaction rates, and initial chemical composi-
tions. The reliability of these estimates depends on both the quality of observational
data and the accuracy of theoretical models.

The precision of stellar age determinations can be signi cantly improved when
supplemented with additional observational constraints. For instance, combining
angular diameter measurements from optical interferometry with distance allows for
the derivation of model-independent stellar radii (Creevey et al. [24]). When paired
with bolometric ux data, this also enables the determination of model-independent
e ective temperatures (Soubiran et al. [76]). These parameters serve as important
inputs to stellar models and greatly enhance the accuracy of inferred stellar properties.

Asteroseismology has emerged as a highly e ective means of enhancing stellar age
determinations. The availability of ultra-high-precision photometric data from space
missions like CoRoT (Baglin et al. [8]), Kepler (Borucki et al. [12]), and TESS (Ricker
et al. [65]) has made it possible to detect low-amplitude oscillations in a very broad
sample of stars. The identi cation of oscillation frequencies that are sensitive to the
internal structure and evolutionary phases of stars has transformed the estimation of
stellar ages. The new PLATO mission (Rauer et al. [62]) (see Sect 1.4) will follow this
suite up with precise frequency studies of Sun-like stars, thereby enabling better age
determinations of the progenitors of Earth-like worlds.

Asteroseismology, through the analysis of stellar oscillation modes, o ers a powerful
tool for probing the deep interiors of stars and revealing the physical processes that
shape their structure and evolution (Roxburgh [67]). This approach has proven highly
e ective across the Hertzsprung-Russell diagram and has been central to the study
of both classical pulsating stars such as Cepheids and the Sun, via helioseismology
(Osaki and Shibahashi [56]). These observations not only provide valuable empirical
data but also inform and re ne theoretical models, enhancing our understanding of key



parameters like the helium mass fraction and internal mixing processes Roxburgh [67].

As the most thoroughly studied star, the Sun plays an important role as a refer-
ence for calibrating stellar evolution models (Christensen-Dalsgaard [21]). Its extensive
and high-precision observational data place rigid constraints on key physical param-
eters, thereby enhancing the accuracy of predictions for other stars. sun-calibrated
models are especially valuable for determining stellar ages, which is a useful factor
when studying exoplanet host stars. Precise estimates of stellar mass, radius, and age
are fundamental to understanding the formation environments, internal structure, and
long-term evolution of planetary systems.

1.1 Asteroseismology

Asteroseismology has become an essential method for precisely determining stellar ages
and masses, 0 ering valuable insights into the internal structure of stars. By analysing
stellar oscillation frequencies which are highly sensitive to internal properties such as
density, temperature, and chemical composition. This method allows for a precise
re nement of stellar models.

1.1.1 Measuring Asteroseismic Oscillations

These oscillations are observed in the stellar light curves as small-amplitude variations
that can be e ectively analysed in the Fourier space. These oscillations are charac-
terised by modes described using spherical harmonnz‘s,m( ; ), where the position

on the stellar surface is given by the angular coordinatgs; ). The corresponding
eigenfrequenciesn;\;m are de ned by three quantum numbers: the radial orden, the
angular (latitudinal) degree ", and the azimuthal orderm (Cunha et al. [26]).
Asteroseismic analysis of stellar oscillations relies on standard spectral methods ap-
plied to time series data, typically photometric ux or radial velocity measurements.
The Fourier transform of a discrete time seriexj = x(tj) yields the oscillation power
spectrum:

S | o
X()= xjexp 2it; ;  P()=jX()5 1)
j=1
where coherent pulsation modes appear as peaksHit ). These modes exhibit a
characteristic comb-like pattern of overtones in the power spectrum, especially in sun-
like oscillators. The pulsations are modelled as linear, adiabatic perturbations to the
stellar equilibrium structure and are described by eigenfunctions labeled with quantum
numbers (n; ;m): the radial order n 0, angular degree’, and azimuthal order
m 2 [ 7;°]. The surface displacement can be written as:
il o~
am( it )=Re (YT et nmt #)
where [~ (r) is the radial eigenfunction andy™M(: ) is the spherical harmonic. In
sun-like stars, pressure (p) modes approximately follow the asymptotic relation (Tassoul
1980):



n: n+ o+ ((+1)Dg; (3)

where Is the large separation roughly the inverse of the acoustic travel time
across the stellar diameter and scaling as / = . The parameters and Dg repre-
sent small, slowly varying corrections, with the latter responsible for themall separa-
tions, such as o 6D(. Observationally, modes of di erent” show regular spacing
patterns, with small separations like po= .0 pn 1.2 and

1
01= n0 5( n 11t n1 (4)

providing diagnostics of the stellar core and age. Meanwhile, oers a mea-
surement of the mean stellar density. Additionally, global asterosEismic parameters
such as max, the frequency of maximum power, scale asnax/ g= Tg , enabling
estimates of stellar mass and radius via empiricalcaling relations (see section 3.1.1).
Periodic modulations in the frequency pattern can further reveal structural features
such as the base of convective zones, helium ionization layers, and the extent of core
mixing, o ering constraints on stellar evolution (see (Verma et al. [83]), (Roxburgh
[68]),( Miglio et al. [51]), (Mazumdar et al. [49])).

To visualize the asteroseismic frequencies, | present here the power spectral den-
sity of the Kepler target 16 Cyg A, a sun-like G-type main-sequence star. The blue
dotted curve represents a Gaussian t applied to determine the frequency at maximum
oscillation power,( max), which scales with the star's surface gravity and e ective tem-
perature (Kjeldsen and Bedding [42]). The inset shows a zoomed-in view of individual
oscillation peaks, highlighting the large frequency separation ( ) between consecutive
modes of the same angular degréeand the small frequency separation (), between
modes of di erent degrees. These global asteroseismic parameters are critical for con-
straining stellar mass and radius through empirical scaling relations, and for probing
the internal structure and evolutionary state of the star via detailed stellar modelling
(Chaplin and Miglio [18]).



Figure 1. Power spectral density (in arbitrary units) of the Kepler target 16 Cyg A,
illustrating key features of sun-like oscillations used in asteroseismology.
Image Credits: Garcia [33]

A closer look into the power spectrum of the star 16 Cyg A (see Fig. 2), shows several
oscillation modes of angular degreds0, 1, 2, and 3 are labelled with radial orders
ranging from 19 to 21. The horizontal lines with arrows indicate the large frequency
separation (), between modes of the same angular degree, and the small frequency
separations ( goand 13), which represent the frequency di erences between modes
of di erent angular degrees. These spacings provide important diagnostic information
about the stellar interior, particularly the sound-speed pro le and the evolutionary state
of the star.

1.2 Sun-like Oscillations

Pulsating stars are found throughout the Hertzsprung Russell (HR) diagram (see
Fig. 3), exhibiting a wide variety of oscillation types. These stars dier both
in their pulsations radial or non-radial and in their oscillation amplitudes and
driving mechanisms. Notably, pulsators can be broadly categorised into those with
large-amplitude oscillations, such as Cepheids and Mira variables, and those with
low-amplitude oscillations, including sun-like oscillators and Cephei stars. The
characteristic oscillation periodP generally scales with the dynamical timescaIden,
which represents the time a star would require to collapse under its own gravity in the
absence of internal pressure support. Therefork, reads:

I 4
2R3. 1=2

P tgyn= oy /0 i P 5)

Where R is the radius, M is the mass and is the density of the star.



Figure 2: Zoomed-in region of the power spectrum of 16 Cyg A (as shown in Fig. 1),
covering the frequency range between 2130 and 24@9z.
Image Credits: Garcia and Ballot [34]

Among the many pulsating stars in the galaxy, the Sun (Chaplin et al. [17], Domingo
et al. [30]) serves as a key benchmark for asteroseismic studies because of the excep-
tional quality of its observational data. Its proximity allows for high temporal and
spatial resolution observations of its oscillations. More tha0’ pressure (p) modes
have been observed and identi ed, covering angular degree$érom O up to approxi-
mately 5000 (Lebreton et al. [45]). The large number of frequencies and the exceptional
precision of these measurements have enabled detailed and sophisticated studies of
the Sun's interior. By inverting the observed oscillation frequencies, researchers have
reconstructed pro les of the sound speed, density, and internal rotation rate from
the Sun's surface down to regions near the core. These investigations have yielded
highly accurate constraints on fundamental sun properties, such as the depth of the
convective envelope and its helium content ( Deheuvels et al. [27]).

For stars other than the Sun, di erent types of modes can propagate depending on
their internal structure, including pressure modes (p), gravity modes (g), or mixed g
modes. However, due to the lack of spatial resolution and the reliance on integrated
light measurements, only low degree modes (with ranging from 0 to 3) are typically
accessible. Despite this limitation, seismic inversions have been successfully applied to
several red giants (RGs) and subgiants (SGs), providing valuable information about
their internal rotation pro les (Lebreton et al. [45]).

In red giants, mixed modes are observed. These are modes that behave as pressure
modes in the envelope and gravity modes in the core. These modes are sensitive to
the conditions in the stellar core and have been used to distinguish red giants burning
helium in their cores from those still burning hydrogen in a shell. Studies of mixed



Figure 3: A Hertzsprung Russell diagram highlighting regions where many classes of
pulsating stars are found. Image credits: Warrickball - Own work, CC BY-SA 4.0

modes have also revealed that red giant cores rotate more slowly than predicted by
theoretical models, and have provided constraints on internal magnetic elds in their
cores (Beck et al. [10], Mosser et al. [54]).

Sun-like oscillations are pulsations excited in stars through the same mechanism as
in the Sun, namely, turbulent convection in their outer layers. Stars exhibiting these
oscillations are calledsun-like oscillators The observed oscillations consist of standing
pressure (p) modes and mixed pressure-gravity (p g) modes excited over a range of
frequencies, with amplitudes following approximately a bell-shaped distribution (see
Fig. 1).

Unlike opacity-driven oscillators (a class of pulsating stars where the mechanism that
drives the oscillations is related to variations in opacity in certain layers of the star. Eg.
Cepheids, RR Lyrae), where only certain modes are excited, sun-like oscillators display
excitation of all modes within this frequency range, which simpli es their identi cation.

The surface convection zones in these stars also act to damp the modes. Each
oscillation mode can be approximated in frequency space by a Lorentzian pro le, where
the width of the Lorentzian corresponds inversely to the mode lifetime the shorter the
lifetime, the broader the pro le.

All stars with surface convection zones are expected to show sun-like oscillations.
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This includes cool main-sequence stars with e ective temperatures up to aboZ@0X ,

as well as subgiants and red giants. Since sun-like oscillations typically have very small
amplitudes, their detection and study have advanced signi cantly thanks to space-
based missions, primarilyCoRoT and Kepler, though ground-based missions such as
HARPS(Udry et al. [81]) and CORALIE (Rickman et al. [66])(Carrier and Eggenberger
[16]) laid the groundwork for such detections.

Sun-like oscillations have proven to be an invaluable tool for the precise determi-
nation of stellar masses and radii, particularly for stars hosting exoplanets, thereby
improving the accuracy of planetary property measurements. (Chaplin and Miglio
[18]).

1.2.1 Echelle Diagram

An important tool in asteroseismology is theechelle diagram(see Fig. 4), which visu-
alises oscillation frequencies modulo the large frequency separation. For the Sun,
using low-angular degree modes from the Birmingham sun Oscillations Network (Bi-
SON) (Chaplin et al. [17]), modes of the same angular degredorm roughly vertical
ridges at high frequencies, consistent with the asymptotic theory of stellar oscillations
which is used to describe the pattern of high-order oscillation modes, especially pressure
(p) modes, in stars when the radial order n is much larger than the angular degree
(Christensen-Dalsgaard et al. [22]).

The peak of oscillation power corresponds to lower frequencies and radial orders for
larger stars (see Fig. 4). For example, the Sun exhibits its highest amplitude modes
near 3mHz, with a radial ordernmax 20, and shows no mixed modes. More massive
and evolved stars display oscillations at lower frequencies and radial orders, with mixed
modes visible. While mixed modes may exist in main-sequence stars, they generally
occur at too low frequencies to be observed. High-order pressure modes of a given
angular degree are approximately evenly spaced in frequency, characterised by the large
frequency separation  (Eq. 3). This regular spacing motivates the construction of
echelle diagrams, where modes of eacliorm vertical ridges.



Figure 4. An echelle diagram for the Sun, using data for low-angular-degree modes from
the Birmingham sun Oscillations Network (BiSON).Modes of the same angular degree

form roughly vertical lines at high frequencies, as expected from the asymptotic
behaviour of the mode frequencies. Image Credits: Garcia [33]

1.3 PLATO Mission

Asteroseismology plays is crucial for the characterisation of exoplanetary systems,
where the precision in planet properties is inherently tied to the precision in stellar
parameters of its host star (Chaplin and Miglio [18], Huber et al. [40], Lin et al. [46]).
By measuring stellar oscillation frequencies, asteroseismology enables precise determi-
nation of fundamental stellar parameters such as mass, radius, and age quantities
that are otherwise dicult to constrain with su cient accuracy using traditional
techniques. This is why astroseismology plays a central role in the scienti ¢ objectives
of the PLATO mission.

The ESA PLATO (PLA netary T ransits and Oscillations of stars) space mission
(see Fig. 5) is an upcoming mission with its planned launch date in 2026. Designed to
detect terrestrial exoplanets orbiting within the habitable zones of sun-type stars and to
precisely characterise their fundamental properties, by measuring key parameters such
as size, density, age, incident ux, and system architecture, PLATO aims to identify
planets with the potential to support life.

Equipped with 26 cameras, PLATO allows a precise determination of stellar and
planetary properties, enabling a deeper understanding of planetary system diversity,
which would in turn help to improve models of planet formation, and provides insight
into both stellar and planetary evolution (Rauer et al. [62]). Although the structure
and mass distribution of the Sun system are well constrained, our understanding of
its formation and evolutionary history remains incomplete (Raymond and Morbidelli
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[64]). Studying a wide range of extrasolar systems at various evolutionary stages is
essential for placing our Solar System in context. Observations to date have revealed
that exoplanetary systems frequently di er markedly from our own, highlighting the
diversity and complexity of planetary formation and evolution pathways. By providing
highly precise stellar and planetary measurements, PLATO will be instrumental in
addressing these fundamental questions.

Figure 5: Artist's impression of Plato. Image Credits: ESA/ATG medialab

To provide a visual representation of this idea, Fig. 6 shows super-Earth exoplanets
with known radius and mass { < M planet 10M ggpth OF Rplanet 2 Rearth)
for di erent host star masses, and with respect to the position of the habitable zone
shown in green (Rauer [63]). Earth, Venus and Mercury are shown for reference. The
habitable zone, de ned as the area around a star where water may be in liquid form on
the surface of an orbiting planet, is empty except for planets around very cool stars.
The main objective of PLATO is to populate this diagram by determining the bulk
properties and ages of small planets up to the habitable zone of Sun-like stars.

The following are PLATO's core mission values:

" Photometric monitoring of a large number of bright stars for the detection of
planetary transits and the determination of the planetary radii (around 3% accu-
racy)

" Ground-based radial velocity follow-up observations for the determination of the
planetary masses (around 10% accuracy)

" Asteroseismology for the determination of stellar masses, radii, and ages (up to
10% of the main sequence lifetime)

" ldenti cation of bright targets for spectroscopic follow-up observations of plane-
tary atmospheres with other ground-based and space-based facilities

The measurement principle of PLATO is to carry out high precision, long (months
to years), uninterrupted photometric monitoring in the visible band of very large
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Figure 6: Distribution of Super-Earth exoplanets
Image Credits: Rauer [63]

samples of bright (ny, 11 13) stars. The resulting light curves will be used for the
detection of planetary transits, from which the planetary radii will be determined, and

for the asteroseismology analysis to derive accurate stellar parameters and ages. Since
the PLATO targets are bright, the masses of the detected planets can be determined
from radial velocity observations at ground-based observatories.

A key innovation of the mission is its extensive use of asteroseismology to determine
stellar ages and radii with exceptional precision. Di erent oscillation modes have di er-
ent sensitivities to the structure of a star (see Fig. 7). By analyzing oscillations which
are stochastically excited by near-surface convection oscillations and are highly sensi-
tive to a star's internal structure, astroseismology yields accurate estimates of stellar
mass, radius, and age. By observing multiple modes, one can therefore partially infer
a star's internal structure. These measurements together with astrometric data from
missions such as the ESA's Gaia mission (Gaia Collaboration et al. [32]), will provide
an unprecedented view of stellar evolution and enable direct connections between the
histories of stars and their planets (Creevey et al. [25]). The use of asteroseismology
will help deliver detailed characterizations of host stars, an essential foundation for
interpreting the properties of their orbiting planets.

The discovery of diverse exoplanet types not found in our solar system, such as
hot Jupiters, mini-Neptunes, and super-Earths, has challenged traditional classi cation
schemes. However, many small exoplanets still have poorly constrained compositions
due to uncertainties in their mass and radius. PLATO addresses this limitation by
using planetary parameters to precisely characterise host stars, signi cantly advancing
our understanding of planetary system formation and evolution.

For the rst time, PLATO will enable an unambiguous characterisation of Earth
analogues rocky planets located in the habitable zones of Sun-like stars. Assessing
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Figure 7. Example of acoustic (p) modes propagating in the star after re ection on
the stellar surface. The number of re ections provides the degree of the modes. Modes
propagating in the internal region (radiative zone) are the gravity (g) modes. Image
Credits: Tosaka - Own work, CC BY-SA 3.0

habitability depends on understanding long-term surface conditions, particularly the
potential for liquid water, making the identi cation of such planets at suitable orbital
distances a central scienti ¢ goal of the mission.

Beyond Earth-like planets, PLATO will detect a wide variety of exoplanets in diverse
system architectures, including those in binary or multiple-star systems, planets orbiting
evolved stars (e.g., post-red-giant-branch stars), exomoons, ringed planets, and bodies
with inclined or decaying orbits. Its focus on bright host stars (magnitude 11) ensures
that these systems will be excellent targets for atmospheric characterisation with next-
generation observatories such as the James Webb Space Telescope (JWST) and the
Extremely Large Telescope (E-ELT).

PLATO's photometric capabilities enable detection not only through transits
but also via transit timing variations (TTVs) and re ected light. This allows the
reconstruction of planetary phase curves, providing valuable insights into atmospheric
composition, structure, and albedo. The mission's long-duration, high-precision
photometry will facilitate the detection and detailed study of thousands of such phase
curves.

The comprehensive data set produced by PLATO, including high-quality light curves
and planetary parameters, will constitute a lasting legacy for the astrophysics commu-
nity. Ultimately, PLATO's archive is expected to contain between 300,000 and over one
million high-precision stellar light curves, that will provide an unparalleled foundation
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for stellar, planetary, and galactic research for decades to come.

1.4 Benchmark Stars

The next-generation planet-hunting mission PLATO is focused on detecting and
characterising exoplanets, particularly those located in the habitable zones of sun-like
stars. One of its key strengths is the precise determination of stellar parameters,
such as mass, radius, and age, using asteroseismology. To ensure the accuracy and
reliability of its stellar and planetary data, PLATO employs a range of calibrators,
including scienti ¢ calibrators, as part of a broader strategy for the calibration and
validation of its analysis tools. Among these, benchmark stars and datasets serve
as key reference standards, providing empirical constraints to assess and re ne the
mission's stellar characterisation methods. These benchmark stars form a central
element of the validation framework established under the working group WP1255'00
but they are used in conjunction with several other complementary techniques such as
simulations, cross-validation with external datasets, and statistical consistency checks.

Benchmark stars are selected based on the precision and robustness of their indepen-
dently determined fundamental parameters such as mass, radius, e ective temperature,
and surface gravity, which are typically obtained from techniques like interferometry,
eclipsing binary analysis, or high-resolution spectroscopy. To support systematic vali-
dation across di erent data qualities and stellar types, benchmark stars are categorised
into three hierarchical levels [84"]:

A

Level B1 : Stars with the most precise and model-independent properties, such as
those in detached eclipsing binaries or with interferometric radius measurements
and well-constrained masses.

A

Level B2 : Stars with high-quality but partially model-dependent parameters,
often derived from detailed spectroscopic or asteroseismic analyses.

" Level B3 : Stars with reasonably constrained properties, suitable for broader
statistical assessments and pipeline testing.

This tiered classi cation enables PLATO to evaluate and calibrate its methodologies
across a diverse stellar sample, ultimately improving the robustness and consistency of
its scienti ¢ outputs.

A priority for the PLATO mission is to establish a set of Level B1 benchmark targets
to calibrate and assess PLATO data products, supplemented by Level B2 targets for
stellar properties where Level B1 targets are not feasible. Level B3 targets can be used
in statistical analyses but are not suitable for calibration purposes.

Benchmark stars are essential for several key aspects of the PLATO mission:

1. Calibrating Stellar Models: They provide accurate, well-established measure-
ments that help re ne and validate theoretical models of stellar structure and
evolution.

Lhttps://plato-stesci.lesia.obspm.fr/organisation/organisational-charts/
2https://warwick.ac.uk/fac/sci/physics/research/astro/plato-science/research/
researchareas/stellar/wp125500/
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2. Testing Data Analysis Techniques: Benchmark stars enable the validation of
the methods used to process and analyze PLATO's data. This ensures that the
mission can deliver highly accurate stellar parameters.

3. Demonstrating Mission Accuracy: By using benchmark stars, PLATO can
demonstrate its ability to achieve the desired precision in measuring stellar prop-
erties, such as within 1-2% for radius, 15% for mass, and 10% for age, of a typical
GO star (1M ;1R ;600(K).

By leveraging these benchmark stars, PLATO ensures the reliability and accuracy
of its data, advancing our understanding of both stellar and planetary systems.

One exemplary benchmark star is HD 22064, an eclipsing binary system that
includes an F2V primary star and an M-dwarf secondary. The primary star's mass,
radius, and e ective temperature have been precisely determined, making it an ideal
candidate for testing PLATO's asteroseismic capabilities. The minimal contribution
of the secondary star's ux ensures that the primary's properties are accurately
represented. Studying such systems provides valuable insights into the performance of
PLATO's data analysis pipelines and the precision of its stellar parameter estimates
(Maxted [48]).

Benchmarking is an iterative process. As PLATO collects more data and re nes its
analysis techniques, the set of benchmark stars may evolve to include new systems that
0 er even more stringent tests of the mission's capabilities. This continuous feedback
loop ensures that PLATO's measurements remain as accurate and reliable as possible,
maximising the scienti ¢ return of the mission.

Benchmark stars are essential to PLATO's success. They not only provide critical
reference points for calibrating and validating the mission's data, but they also serve
as the foundation for ensuring the accuracy and reliability of the stellar parameters
derived from asteroseismology. Through the meticulous selection and detailed study
of these benchmark systems, PLATO can continually re ne its methods and achieve
unprecedented precision in characterizing exoplanets. This rigorous process allows the
mission to push the boundaries of our understanding of planetary systems, o ering
profound insights into their potential to support life and shaping the future of exoplanet
research.

1.5 Characterizing  Ceti as a Benchmark Star for the PLATO
mission

Among the PLATO benchmark stars,HD 10700 ( Ceti ) is notable for its relatively
low mass. The PLATO benchmark catalogue comprises 320 stars, of which only 73
(including HD 10700) have available asteroseismic data, makingCeti an especially
valuable target for detailed study.

Ceti is a nearby, bright G8V main-sequence star with well-de ned fundamental
parameters (see Sec. 2.1), which make it particularly well suited to modelling. As one
of the lowest-mass stars with asteroseismic data, it provides rare seismic constraints in
the stellar regime that PLATO will probe for habitable-zone planets around Sun-like
and lower-mass stars.
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This work constructs a detailed stellar model of Ceti using the CESAM2k20
stellar evolution code (see Sec. 3.2). By incorporating the star's fundamental parameters
we explore its locus in the mass age composition parameter space, quantify parameter
correlations and uncertainties, and assess the ability of PLATO-level pipelines to recover
key stellar properties (mass, radius, age) with the precision required for exoplanet
inference.

The system hosts several planet candidates; although their existence and properties
remain under investigation, several candidate orbital distances overlap the estimated
habitable zone (approximately 0.551.16 AU; see Fig. 8), further motivating precise
stellar characterisation. Ceti 's proximity, high-quality asteroseismic and classical
constraints, and relatively low mass make it an ideal benchmark for validating stellar
models and PLATO's exoplanetary analysis.

Figure 8: Comparing our Solar System with Ceti Image Credits: Oleg Oleynik

In summary, Ceti is a keystone PLATO benchmark: precisely characterised and
seismically constrained, it provides an ideal testbed for stellar models and advances
PLATO's goals of understanding planetary system formation and identifying potentially
habitable worlds.
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2 Observations

In this section, we present our observational analysis of the star, beginning with a review
of the available literature. Previous studies have investigated its stellar parameters and
oscillation frequencies, thereby providing a foundation for the present work.

2.1 Oscillation Frequencies

Mode frequencies for low-degree p-mode oscillations in main-sequence stars are well
approximated by a regular series of peaks, with frequencies given by the asymptotic
relation seen in Eq. 3. Here in Table 1 we present the observed oscillation frequencies
in  Ceti taken from Teixeira et al. [79]

Table 1: Oscillation frequencies in Ceti (in  Hz)

n |I=0 1[|=1 1=2 1=3

18 3293.4

19 3461.7 3692.9
20 3634.5 3863.7
21 3799.3 3885.3 4030.3

22 3976.1 4046.8 4126.1 4202.5
23 4139.9 4222.7 4298.2

24 4388.3 4469.5 4545.1
25 4481.4

26 4652.3 4811.8

27 4816.2 4903.1 5060.5
28 5072.3 5151.8

29 5240.0 5317.5

30 5411.2 5492.8

31 5497.9

Using the t to the observed oscillation frequencies from Teixeira et al. [79] (see
Fig. 9), we obtain both the large and small frequency separations, which are key aster-
oseismic parameters. These frequency separations speci cally the large separation

, which re ects the average spacing between modes of the same angular degree and
consecutive radial order, and the small separation o, which is particularly sensitive
to the structure of the stellar core are known to vary as a function of frequency. By
carefully analysing these variations (using the mean values and per-order measurements
listed in Table 2 and its notes), we can gain insights into the internal structure and
evolutionary state of the star.

Using the derived values of these asteroseismic parameters, we then proceed to
estimate the fundamental stellar properties, such as mass, radius, and age. This is rst
achieved by applying the established asteroseismic scaling relations, which relate the
large frequency separation and the frequency of maximum powemax, to the stellar
mass and radius; these are hereafter referred tossling relations (see Section 3.1.1).
Frequency combinations (e.g., small separations and separation ratios) are then used in
conjunction with stellar interior models to further constrain the internal structure and
to re ne the mass and radius estimates.
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Figure 9: Echelle diagram of oscillation frequencies for Ceti , using the frequencies
listed in Table 1. Image credits: Teixeira et al. [79]

2.2 Stellar Parameters

Ahead of the modelling phase, we rst conducted a thorough literature survey to es-
tablish the most up-to-date and precise set of observational constraints for Ceti .
This step was essential for de ning the parameter space in which the stellar models
would operate, ensuring that our grid-based modelling approach starts from realistic
and well-justi ed values. In parallel, we performed our own consistency checks, such as
recalculating the luminosity using the bolometric correction code from the Gaia DR3
Apsis pipeline [25:]3, to verify our adopted literature measurements. In cases where mul-
tiple high-quality measurements were available, we examined the historical evolution of
the reported values and selected those that o ered the best combination of precision,
reliable calibration, and consistency with related stellar parameters. In some cases,
such as the metallicity, we applied further corrections to align the input values with
stellar evolution modelling conventions.

Interferometry: The angular diameter of Ceti has been the subject of repeated
interferometric measurement over the past two decades, with steadily improving pre-
cision as instrumentation and calibration strategies advanced. Early work by Pijpers
et al. [60] using the VINCI instrument on the VLTI obtained a limb-darkened angular
diameter of:

LD =1:97 0:05 mas (6)

3https://gitlab.oca.eu/ordenovic/gaiadr3_bcg
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where the uncertainty was dominated by the calibrator star size. Di Folco et al. [29]
improved this to:
LD =2:032 0:031 mas (7)

and di Folco et al. [28] further re ned the measurement with CHARA/FLUOR to:
Lp =2:015 0:.011 mas (8)

The most recent published value, which we adopt here, comes from Korolik [44]
using CHARA/MIRC-X with extended baselines and improved calibration:

Lp =2:019 0012 mas 9)

We also note more recent unpublished CHARA observations from Au-
gust September 2024 provided by our colleague Dr. Mathieu Vrad of the ISSP group
at Lagrange Laboratory, using both MIRC-X and MYSTIC instruments, tted with a
square-root limb-darkening law and xed Claret coe cients:

MIRC-X (18 Aug) : | p =2:031 mas (20)
MIRC-X (14 Sep): | p =2:033 mas (11)
MYSTIC (18 Aug) : | p =2:041 mas (12)
MYSTIC (14 Sep): | p =2:050 mas (13)

Corresponding radii derived from the Gaia DR3 parallax [32]
=273:81 0:17 mas = 0273890 0:00017° (14)

and the relation

R = LTD d; (15)

where | p is converted to radians andd = 1= is the distance in parsecs, yield radius
estimates ranging approximately from:

Rpjjpers =0:773 0.020R (| p=1:97 0:05mas) (16)

RDiFOICO 2004~ 0:797 0:.012R ( LD = 2:078 0:031mas) a7
RDiFO'CO 2007: 0:790 O0:005R ( LD =2:015 0011 mas) (18)
RKOI’Olik 2023~ 0:793 0:004R ( Lp =2:019 0:.012 mas) (29)
RM|RC -X AUg 2024: 0:799 O0:.001R ( LD — 2:031 0002 mas) (20)

RM|RC -X Sep 2024~ 0:800 0:002R ( LD = 2:033 0:004 mas) (21)
RMYSTlC Aug 2024 = 0:803 0:001R ( LD ~ 2:041 0001 mas) (22)
RMYST|C Sep 2024~ 0:807 0:001R ( LD ~ 2:050 0:001mas) (23)

Based on these above measurements, we adopt the radius
R =0:793 O0.020R : (24)

We base this choice on the most recent peer-reviewed CHARA/MIRC-X determination
of Korolik [44], which represents the best-calibrated and published interferometric mea-
surement to date. This value is in excellent agreement with earlier CHARA/FLUOR
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results [28], lending con dence in its robustness.

Although more recent MIRC-X and MYSTIC observations from 2024 suggest slightly
larger diameters, these remain unpublished and depend on di erent limb-darkening pre-
scriptions, making it prudent not to adopt them as the primary constraint at this stage.
Instead, we conservatively increase the uncertainty beyond the formal0:004R  re-
ported by Korolik [44] to 0:020R - to account for systematic contributions from
instrument calibration, choice of limb-darkening law, and Gaia parallax systematics.
This strategy ensures that our adopted stellar radius is both anchored to the most
reliable published measurement and remains consistent with the two decades of inter-
ferometric determinations available in the literature.

Spectroscopy and Metallicity: Over the past two decades, the fundamental
spectroscopic parameters of Ceti e ective temperature, surface gravity, and
metallicity have been re ned considerably as both observations and modelling
techniques improved. Below we summarise the evolution of these values and adopt
modern consensus estimates.

E ective Temperature ( Tg ): Early interferometric studies, which combined
angular diameter and bolometric ux measurements, suggested relatively high temper-
atures. For example, Pijpers et al. [60] reported g 5525K. In contrast, early
spectroscopic analyses tended to favour cooler values, with Di Folco et al. [29] nding
5264 100K and Sousa et al. [77] obtainingg310 17 K.

As observational quality and modelling methods improved, successive works con-
verged on a narrower range ned320 5350K. Representative determinations include
5414 21 K by Heiter et al. [37], 5344 60 K by Brewer et al. [13], and the recent
high-precision analysis by Korolik [44], who derive&320 40K from EXPRES/LDT
spectra.

We therefore adoptTg = 5320 40 K, re ecting the highest-quality modern
spectroscopic work and fully consistent with the broader literature.

Surface Gravity ( logg): Initial estimates placedlogg broadly in the range 4.4 4.5.

For example, Tang and Gai [78]. Large spectroscopic surveys, such as Gaia-ESO, also
yield consistent values, e.glogg’ 4:44 0:.02at Tg 5330K.

The most precise recent measurement is again from Korolik [44], who obtained
4:48 0:05. We adopt this value as representative, noting that earlier discrepancies
largely arose from calibration limitations or systematic biases in interferometric and
low-resolution spectroscopic analyses.

Metallicity:  For metallicity, we follow the high-precision HARPS-based measure-
ment of Tuomi et al. [80],
[Fe=H] = 0:55 0:05 (25)

which is widely cited and consistent with other high-resolution spectroscopic studies.
However, Cetiis -enhanced, with Pagano et al. [58] reporting [Mg/Fe¥ +0 :63.

This enrichment suggests an older, population Il origin and requires correction when

mapping [Fe/H] to total metallicity Z. Applying the (Salaris et al. [72]) correction

19



yields:
[M=H] 0:29 0:16 (26)

which we adopt to ensure compatibility with solar-scaled stellar models.

Astrometry & Photometry: The luminosity adopted here id. = 0:488 0:010L
from Teixeira et al. [79], who derived it using Hipparcos parallaxes and bolometric
corrections. We veri ed this value with two independent methods.

First, using the Stefan Boltzmann law

- 21 4.
L=4R“T,;

with our adopted parametersR = 0:793 0:020R and T, = 5320 40 K (and
R =6:957 108m, =5:670374419 10 8wm 2K %), we obtain

L =0:454 0:027L

Second, usingGaia DR3 photometry [32] and a bolometric correction (BC) in the
Gaia G band [3]4, with phot_g_mean mag = 3:30Q parallax p=273:81 0:17 mas,
and BCg = 0:022mag, and assuming zero reddenind\g = Ay, = 0:0 mag) given the
proximity of the star, we derive

Mg =5:488mag Mpgy = Mg +BC g =5:510 mag

which corresponds to
L =0:4923L

The BC+parallax result (0.492L ) agrees well with Teixeira et al. [79] (0.48B ),
while the Stefan Boltzmann (SB) result, computed fromL = 4 R ZTg , IS lower
(0.454L )by 8%. This di erence likely re ects small systematic uncertainties in one
or more inputs (stellar radius,Tg , BC, or bright-star photometric zero points in Gaia).
Given the close agreement between the BC+parallax value and the literature, and the
plausible sources of systematic error in the SB method, we addpt= 0:488 0:010L
for consistency with previous work, while noting the independent SB check and its
o set.

Mass Estimation: The asteroseismic observablesnmax and provide a powerful
means to infer stellar properties through well-known scaling relations (Sect. 3.1.1).
Following Kjeldsen and Bedding [42], the frequency of maximum oscillation power scales
approximately with surface gravity and e ective temperature,

max/ P2—: (27)
Te

while the large-frequency separation re ects the mean stellar density,
r—

M .

R3’

4https://lwww.cosmos.esa.int/web/gaia/dr3-bolometric-correction-tool

/ (28)
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Normalising to solar reference values gives the commonly used scaling relations

|
M max 3 4 Te : 3—2.
M max; Te ; ’
! 5 I 1= (29)
R, max Te
R max; Te ;

For Ceti we adoptlogg = 4:48 0:05 (cgs), To = 5320 40K, and '
169 Hz. Since max is not directly measured for this star we consider two illustrative

substitutions into the mass scaling (using max: = 3090 Hz, = 135:1 Hz,
Te - =5777K):
lllustration 1 (derived independent observables g Te ): using max' 3530 Hz
M , 35303 169 4 5320 32 05
M 3090 1351 5777 T
lllustration 2 (observed, from Teixeira et al. 2009, Fig. 7): using max '
4490 Hz
M , 4490 3 1692 4 5320 32 110
M 3090 1351 5777 T

These discrepant illustrative values demonstrate the strong sensitivity of the scal-
ing mass to the assumedmax (which enters as a cube) and the potential pitfalls of
estimating max solely from independent observables and scaling relations.

Reference literature value For context, we note the mass from Korolik [44],
M =0:800 0:008M ;

derived from asteroseismic measurements, an interferometric radius, spectroscagic,
and stellar models that jointly constrain these observables. We refer to this value as a
reference point for comparison, but do not formally adopt it in our analysis.

These, together withR, L, and the -corrected metallicity, de ne a tightly con-
strained set of inputs for our stellar models.
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Modelling goal: These parameters, summarised in Table 2, are chosen to precisely
constrain the mass and age of Ceti and form the foundation for the grid-based
modelling described in the following chapters. The fundamental constraint§§ , R,

L, [M/H]) provide global bounds on the stellar state, while the asteroseismic quantities
(h i, h ol deliver diagnostics of the internal stellar structure and are particularly
sensitive to age.

Table 2: Adopted observational constraints for Ceti

(HD 10700).
Fundamental parameters
Quantity Value Source
Te (K) 5320 40 Korolik et al. (2023)
R(R ) 0:793 0:020 Korolik et al. (2023)
L(L ) 0:488 0:010 Teixeira et al. (2009)
[M=H] (dex) 0:29 010 This work
Asteroseismic constraints
Quantity Value Note

h oi ( Hz) 16876 4:86 mean over radial orders (I=0%"
h qi ( Hz) 16852 4:40 mean over radial orders (|:1P
h oo ( Hz) 880 446 020M= n:0 n 1;2C

& Uncertainties here are thestandard deviation of per-order values, re-
ecting order-to-order scatter. For h i, the per-order values are
[168.30, 172.80, 164.80, 176.80, 163.80, 170.90, 163.96%.

b Per-order values are [161.50, 175.90, 165.60, 169.20, 167.70, 171.20]

Hz.

¢ Per-order values are [13.80, 11.90, 4.40, 5.10Hz for n = 23; 25;27,; 31

respectively.

22



3 Theoretical Tools

Here, we outline the theoretical tools used in this work. Scaling relations are applied to
derive global asteroseismic quantities, providing initial constraints on stellar parame-
ters. Detailed stellar models are then computed with CESAM2k20, and their adiabatic
oscillation frequencies are obtained using ADIPLS for direct comparison with observa-
tions.

3.1 Asteroseismic Approach

To meet PLATO's ambitious goal of determining stellar ages within  10% and radii

to 2%, asteroseismology will be employed on a large scale. Two complementary
strategies are particularly relevant for the precise characterisation of stars: the use of
scaling relations for fast, rst-order estimates, and detaileda la carte modelling

for high-precision analyses.

3.1.1 Scaling Relations

One of the most fundamental tools in asteroseismology is the set of scaling relations link-
ing global seismic observables to basic stellar properties. These provide quick, model-
independent estimates of stellar mass and radius from measured oscillation frequencies
and e ective temperatures, and form the basis for more sophisticated modelling e orts.

The frequency of maximum oscillation power, max, scales approximately with the
acoustic cuto frequency:

max / Pg:; (30)
Te

whereg is the surface gravity andT, the e ective temperature [42].

Similarly, the large frequency separation scales with the square root of the mean

stellar density: r
M
/ R3 (32)
whereM is stellar mass andR the radius.
Combining these gives the well-known relations:
3
max +3-2. max —1=2.
M/ —4Te ; R/ —2Te ; (32)
and, alternatively, using luminosity L via the blackbody relation:
T 3=10 e 1=10
max =10. max , 1=10.
M/ 145 L ;. R/ gt L ; (33)

Hertzsprung Russell diagram [18, 23, 42]. They link global oscillation properties,
such as the large frequency separation () and the frequency of maximum power
( max), to fundamental stellar parameters including mass, radius, and mean density.
In many observational cases, especially for faint or distant stars, the extraction of in-
dividual oscillation frequencies is challenging due to limited signal-to-noise ratios or
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Figure 10: Age determination of HD 52265 with di erent models as a function of
di erent input parameters. Image Credits: Lebreton et al. [45]

short observation durations [34]. Under these circumstances, frequency separations
and global seismic parameters provide a robust alternative to derive rst-order stellar
properties. In the context of missions like PLATO, these scaling relations are particu-
larly valuable: they enable rapid characterization of large stellar samples and establish
essential starting points for more detailed modelling and forward asteroseismic analyses
[e.g., 35, 55].

3.1.2 A la Carte Modelling

In contrast to scaling relations, which provide approximate estimates, tha la carte
approach (also referred to as boutique modelling) focuses on detailed, star-by-star
analysis [2]. This method builds customised stellar models that incorporate both clas-
sical constraints (luminosity, T, , metallicity, surface gravity) and seismic diagnostics
(e.g. individual oscillation frequencies or frequency combinations). The model is ne-
tuned to optimise the match between observed and theoretical values, leading to precise
and reliable determinations of stellar parameters [50].

This strategy has consistently demonstrated superior accuracy compared to grid-
based ensemble methods, especially for benchmark stars. A notable example is
HD 52265 (see Fig. 10), a well-studied CoRoT target known to host an exoplanet.
Detailed modelling combining seismic and classical data constrained its mass and age
with much greater precision than ensemble methods [45].

Beyond HD 52265, applications to stars such as 16 Cyg A/B using Kepler data
have shown that stellar ages can be determined to within 5 10% and radiito . 2%
[11, 45, 50, 74]. Such precision is critical not only for stellar astrophysics but also for
robust characterisation of exoplanetary systems.

In this work, two numerical tools form the backbone of oua la carte modelling:
CESAM2k20 , which computes stellar structure and evolution, andADIPLS , which
predicts adiabatic oscillation spectra for each computed model. By combining these
tools with interferometric, spectroscopic, seismic, and astrometric constraints (see Sec-
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tion 2.1), we construct a 40,000model grid tailored to reproduce our benchmark
target Ceti . This framework ensures that every model is physically consistent and
anchored to the best available observations, providing a robust basis for high-precision
stellar characterisation.

3.2 CESAM2k20 Stellar Evolution Code

The Code d'Evolution Stellaire Adaptatif et Modulaire (CESAM ) is a publicly
available stellar evolution code designed for community use. Originally published in
the late 1990s by Morel [52] and updated by Morel and Lebreton [53], it was thor-
oughly rewritten in 2000 to produceCESAM2k [59]. The 2020 community release,
CESAM2k20 [47], incorporates updated microphysics, rotation, and di usion, and is
maintained by the Institut d'Astrophysique Spatiale (IAS) in Orsay. Notably, CESAM
wasoriginally developed at L'Observatoire de la Cote d'Azur , lending it a par-
ticular legacy and continued interest within the local scienti c community. It is written

in modern Fortran 2008 with support for parallel grids.

CESAM2k20 was chosen for this work due to its modular structure and proven ca-
pability to model a wide range of low and intermediate mass stars with high numerical
stability. The code's adaptive, mass-based mesh e ciently resolves sharp internal gradi-
ents, which is crucial for precise modelling of stellar oscillations and chemical transport.

The 2020 release includes the following physical ingredients and assumptions, tai-
lored to sun-like stars:

CESAM2k20 solves the one-dimensional stellar structure equations using a Henyey
relaxation method [39] on the adaptive mesh. Grid points naturally concentrate where
gradients in temperature or chemical composition sharpen e.g., at the boundary of a
receding convective core or in the helium-ionisation zone.

For seismic applications, we chose a temporal resolution ne enough such that
the large frequency separation evolves smoothly between snapshots. We there-
fore adopted a temporal spacing of 100 Myr, yielding approximately 40,000 models
between the pre-main-sequence birth line and 12 Gyr. Each model le contains param-
eter pro les of pressure, density, temperature, and chemical abundances, plus global
scalars such as age, radius, luminosity, and surface metallicity.
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Table 3: Physical ingredients used in CESAM2k20 computations

Ingredient Source / Version Comments
Equation of State OPAL 2005 [7F ForZz 60
Reference Solar Value  Solar mix AGS09 + S10 X=0.7312, Y=0.2554, 7=0.0134
6, 73p
Radiative opacities OPAL + AF [7] ¢ Interpolated by Y. Lebreton; low-T
merged below10*® K
Conductive opacity Pothekin (1999) Updated 2021 tables
Nuclear reaction rates NACRE + LUNA [4] € Includes p-p, CNO, 13 elements + Ne,
Na, Mg, Al, Si, P, S, Ca, Fe, Ni
Neutrino losses Haft et al. (1994), Included
Weigert (1966)
Screening Mitler (19979 Electron screening corrections
Convection MLT [15]" mr = 1:64, Ledoux criterion
Core overshoot Fixed overshoot Exponential di usive;f =0:0 (hone
here)
Microscopic di usion None Disabled in this run
Rotation None Disabled for Ceti grid
Mass loss Constant rate Solar-type, RGB, AGB; zero above
10,000 K
Boundary conditions Radiative T( ) law Fully radiative atmosphere, max = 20
(Hopf)
Magnetic elds None Not included

8 OPAL 2005: Radiative equation of state for high-temperature stellar interiors (lglesias &
Rogers 1996; Rogers & Nayfonov 2002).

b Solar mix AGS09 + S10: Photospheric abundances from Asplund et al. (2009) combined with
solar calibration values (Serenelli et al. 2010).

¢ OPAL + AF: OPAL opacities for high temperatures, merged with Alexander & Ferguson
(1994) low-temperature tables for stellar envelopes.

d Conductive opacity: Updated tables following Pothekin (1999) [61].

€ NACRE + LUNA: NACRE provides a compilation of nuclear reaction rates (Angulo et al.
1999); LUNA provides updated low-energy experimental measurements.

f Neutrino losses: Energy losses via neutrinos included according to Haft et al. (1994) and
Weigert (1966).

9 Screening: Electron screening corrections included following Mitler (1997).

h MLT: Mixing-Length Theory models convection with * = H pand =1:64

As an illustrative example, Figure 11 displays the Hertzsprung Russell (HR) dia-
gram for 270 stellar evolution tracks computed in this study. These tracks span from
the pre-main sequence (PMS) phase to an age of 12,000 Myr, covering a wide range of
stellar masses and chemical compositions(see sect. 4.1).
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Figure 11: Hertzsprung Russell diagram displaying 270 stellar evolution tracks covering
a range of masses and initial chemical compositions. The tracks span from the pre-main
sequence phase through 12,000 Myr of stellar evolution.

Figure 12 illustrates the evolution of a representative stellar model with mass
0:78M , initial helium fraction Yj,itigy = 0:255 metallicity Zjnitigy = 0:0064 and
mixing-length parameter p 1 = 1:64

The left panel presents the Hertzsprung Russell diagram for the star, showing the
pre main-sequence (PMS) contraction and main-sequence (MS) evolution, with the
zero-age main sequence (ZAMS) indicated.

The right panel displays the core evolution over 12,000 Myr (12 Gyr) during the
main sequence: the central temperaturdc, density ¢, pressurePc, and hydrogen
mass fractionX ¢c. Throughout the MS, X ¢ steadily declines as hydrogen is converted
to helium; the resulting increase in the mean molecular weight drives a mild core con-
traction, which in turn causes a slow, monotonic rise iffi¢c and ¢. For this low-mass,
pp-chain dominated star, all trends are smooth and gradual over 12 Gyr, long before
core hydrogen exhaustion. As no microscopic di usion is included, the surface hydrogen
fraction remains e ectively constant during the MS evolution.
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Figure 12: Stellar evolution for a0:78M  star with Yjnitiq) = 0:2558 Zjpitigl = 0:0064
and M1 = 1:64 Left panel: Hertzsprung Russell diagram showing the star's lu-
minosity and e ective temperature evolution from the pre-main sequence to the main
sequence. Right panel: Core evolution over 12 Gyr on the main sequence, showing
central temperature, density, pressure, and hydrogen fractionX ¢ decreases steadily
due to hydrogen burning, whileT¢c and ¢ increase gradually from core contraction.

The parallelisation features in CESAM2k20 allow computations to be distributed
across grids of models, greatly reducing computation time when producing large ensem-
bles. The internal pro les and global parameters, such as those described above and
generated by CESAM2k20, serve as essential inputs for subsequent seismic modelling
and for comparisons with observed frequency spectra in this study.
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3.3 ADIPLS

The Aarhus Adiabatic Pulsation Package (ADIPLS) (Christensen-Dalsgaard [21])
is a well-established numerical code designed to solve the adiabatic stellar pulsation
equations under the assumptions of spherical symmetry and linear perturbations. It is
primarily used for computing eigenfrequencies of non-rotating, non-magnetic stars and
is particularly e ective for sun-like oscillators, where mode amplitudes are small.
Mathematically, the oscillation equations reduce to a system of two rst-order or-
dinary di erential equations involving the radial displacement and the Eulerian per-
turbation to the pressure. ADIPLS solves this boundary-value problem using a robust
shooting method combined with Richardson extrapolation to enhance accuracy. The
boundary conditions ensure regularity at the stellar centre and an acoustic cut-o near
the surface, thereby retaining only physically meaningful solutions.
Eigenfrequencies are computed for radial order and angular degree, typically
in the range ™ = 0 to ° = 3, which correspond to the most observable modes in
photometric and spectroscopic data []. The output frequencies achieve fractional
accuracies better thanl0 6, su cient for comparison with observational uncertainties
at the pHz level.

ADIPLS is more than just an eigenvalue solver. It provides a variety of diagnostic
guantities and computational options that make it especially suitable for asteroseismic
studies of sun-type stars:

A

Computation of Mode Inertias: For each eigenmode, ADIPLS calculates the
mode inertiak -, essential for predicting mode visibility and for identifying mixed
modes in evolved stars.

Asymptotic Parameters: Asymptotic parameters are seismic quantities de-
rived from the asymptotic theory of stellar oscillations, which describes the be-
haviour of oscillation frequencies in the limit of high radial ordem. ADIPLS
extracts global seismic parameters such as the large frequency separation the
small frequency separations g and 13, and second di erences, de ned as,
2 nl= n+1:1 2nilt n 1 Whichserve as proxies for the internal stellar

structure, including sound-speed gradients and acoustic glitches.

Compatibility with Various Model Formats: ADIPLS includes tools to in-
gest model structures from CESAM and other stellar evolution codes, facilitating
code-to-code comparison studies such as those required by the PLATO Stellar
Model Intercomparison Project (Stellar-MIP).

Automation and Scripting: Its lightweight command-line interface enables
batch processing of large model grids via shell scripts or Python wrappers.

CESAM directly produces output in the ADIPLS-compatible format (-ad.osc). The
pipeline is designed to run in parallel, processing these CESAM models and returning
seismic diagnostics at each evolutionary step. For each model, we compute:

" Eigenfrequencies for = 0 to 3, typically covering 20 25 radial orders per degree
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" Large frequency separations from radial modes
" Small frequency separations g and 13

" We also extract second frequency di erences ( ) and acoustic glitch parameters
such as the small separation ratio

n0O n 1,2
ro(n) = — =, (34)
0 nl n 1;1
and the ve-point frequency di erence
-1 .
doi(M =8 n 20 4n 21*6 no0 4n1* n+1;0 ; (35)

which are sensitive to localized structural features, such as ionization zones or
convective boundaries, that introduce sharp variations in the sound speed [e.qg.
57, 70].

This tight coupling between CESAM2k20 and ADIPLS enables high- delity seismic
analysis over the entire evolutionary track of a star. For the benchmark star Ceti ,
this approach allowed precision matching of observed seismic parameters with synthetic
models at every timestep.
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4 Methodology

Here in this section, we describe the methodology adopted for this work. We rst outline
the construction of a grid of stellar evolutionary models that spans the relevant ranges of
mass, composition, and mixing parameters. We then discuss the use of observed seismic
diagnostics, in particular the large and small frequency separations, which serve as key
constraints on the internal structure. Finally, we present the procedure used to compare
these observational quantities with model predictions to identify the best- tting stellar
parameters.

4.1 Grid Construction and Evolution

Following the initial parameter estimates for Ceti obtained from the literature re-
view (Section 2.2), we constructed a comprehensive grid of stellar evolutionary models
designed to explore the relevant parameter space and identify the best- tting models
consistent with observations.

The grid spans the following parameter ranges:

A

Mass: 0.76 M to 0.86 M , in steps of 0.02M , based on previous mass
estimates (see sect. 2.2).

Initial Metallicity: [M/H] = - 0:55to 0:25, in increments of 0.10 dex, to cover
the observed spectroscopic uncertainties.

Initial Helium Fraction: Y = 0:2550:275 consistent with primordial helium
abundance and chemical enrichment relations.

Mixing-Length Parameter: MLT =1.44 1.74, covering the solar-calibrated
value of 1.64 to allow for variations in convective e ciency.

Each model is evolved using CESAM2k20 from the pre-main-sequence to 12 Gyr,
saving structural les at every 100 Myr temporal step.

These structural les are analyzed with the inbuilt ADIPLS interface that computes
adiabatic oscillation frequencies for modes of degree0 to 3, spanning 100 6000uHz
and including approximately 20 25 radial orders per degree.

4.2 Oscillation Frequencies

As reported by Teixeira et al. [79], the observed oscillation frequencies o€eti exhibit
an intrinsic scatter of roughly 1 2 Hz, which appears as a nite ridge width in the
échelle diagram (see Table 1).

To quantify the measurement uncertainties, we employed a Monte Carlo error-
propagation approach. We assumed a nominal per-mode uncertainty of= 1.5 Hz
(chosen to re ect the typical scatter reported in the literature; Teixeira et al. 79).

For each observed mode, synthetic frequency sets were generated by adding Gaussian
noise truncated at 3 to avoid unphysically large excursions. We produce0,000
realisations per mode, which provided stable estimates of the empirical distributions;

31



from these we report the mean frequency, the standard deviation, and the 68% J1
con dence interval.

Assuming equal per-mode uncertainties of = 1:5 Hz, simple error propagation
predicts p_
= = 2 212 Hz

02
Reduced- 2 diagnostics indicate that the assumed uncertainties are consistent with the
observed scatter. The updated large and small frequency separations derived from these
distributions are listed in Tables 4 and 5, and are used as the seismic constraints for
model tting and comparison.

Table 4: Observed large frequency separations in Cet (in Hz). Uncertainties are
1.

Degree’ ( Hz) ( Hz)
0 3377.6 16830 2:07
0 3548.1 17280 2:10
0 3716.9 16480 2:10
0 3887.7 17680 2:08
0 4058.0 16380 211
0 4566.9 17090 210
0 4734.2 16390 211
1 3966.1 16150 2:10
1 4134.8 17590 2:10
1 4305.5 16560 2:12
1 4987.7 16920 2:13
1 5156.1 16770 2:13
1 5325.6 17120 2:13

Table 5: Observed small frequency separationsgo in - Cet (in  Hz). Uncertainties
arel .

Radial frequency ( Hz) 02 ( Hz)
4139.9 1380 212
4481.4 1190 210
4816.2 440 212
5497.9 510 211

It is important to note that direct tting of individual oscillation frequencies is com-
plicated by the so-calledsurface e ect systematic discrepancies between observed
and modelled frequencies arising from simpli ed physics in the outermost stellar layers
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[38, 43]. For solar-like stars, the magnitude of this o set typically reaches 10 Hz
near max, an order of magnitude larger than the observed intrinsic scatter df 2 Hz
reported for Ceti . This makes the surface e ect the dominant source of systematic
uncertainty when working with individual frequencies. Correcting for it requires either
applying empirical frequency corrections or building extremely ne model grids with
sophisticated outer boundary conditions, both of which substantially increase compu-
tational cost.

A practical alternative, adopted here, is to work with seismic combinations such as
the large frequency separation () and the small separation ( o). These quantities
are much less sensitive to surface modelling uncertainties while still providing robust
constraints on the mean stellar density and core structure.

4.3 Model Selection

To identify stellar models that best represent Ceti , we devised two complementary
selection methods, referred to aMethod A and Method B . Both methods use a
three-step approach for progressively re ning the model sample. The key distinction
lies in the initial selection criterion, while the subsequent two steps are identical and
focus on seismic constraints.

Method A: Classical Parameter Range Selection

"~ Step 1 (Primary Selection): We select models whose e ective temperaturd § ),
luminosity (L), radius (R), and metallicity ([M=H]) all fall within a conservative
3 range of the observed values for Ceti . This wide interval accounts for
observational uncertainties and possible systematic o sets in both data and stellar
models. The condition is:

ijodeI Pobsj 3 p; P 2fTe ;L; R; [M=H]g: (36)

The 3 tolerance reduces the risk of excluding physically plausible models at an
early stage and ensures a broad coverage of parameter space.

Step 2 (Secondary Selection)From the subset of models selected above, we fur-
ther re ne the sample by imposing constraints on their seismic properties. Specif-
ically, we calculate the mean large frequency separatitn i (See Eq. 3) for each
model and retain only those models witth i within 169 3 Hz. The uncer-
tainty margin of 3 Hz is adopted to encompass observational errors arising
from the application of scaling relations to the measured frequencies and from
possible measurement/reduction systematics [e.g. 9, 42, 75]. This observational
seismic constraint is then used to retain only models whose global oscillation
characteristics fall within that tolerance.

Step 3 (Tertiary Selection): Finally, a detailed seismic comparison is conducted
using a weighted reduced 2 statistic based on frequency separations. We in-
corporate the large separations of radial’ (= 0) and dipole ( = 1) modes (see
Eq. 3), as well as the small frequency separation g, between™ =0 and * = 2
modes, which are sensitive to the stellar core structure and age [1]. The weights

33



are applied in a group-wise manner to account for the relative contributions of
each type of separation:

2 X 2
combined™ Wk redk (37)
k2f 0, 1) 029
with
w O:O:4; w 120:2; w 02:0:4: (38)
The nal model ensemble includes all models With2 2 +20. This

: . _ combined  _min
threshold is motivated by the e ective degrees of freedom (DoF), calculated as

DoF = (Number of observations Number of model parameters 1): (39)

For 17 observational frequency separations and 5 model parameters (mass, age,
Y,Z, ), the DoF is
DoF=17 5 1=11: (40)

A 90% con dence level for 11 DoF corresponds approximately to £ increment of

20. Since correlations exist among the observed frequency separations, this choice
ensures that all models that could plausibly represent the best t are included,
providing a statistically robust ensemble rather than a single-point solution.

Method B: 2-Based Classical Parameter Selection

A

Step 1 (Primary Selection): We rst perform a primary selection of models from
our precomputed stellar grid based on classical observables. For each model, we
compute a < statistic comparing the model predictions of e ective temperature
Te , luminosity L, radius R, and metallicity [M=H] to the observed values:
!
2 _ x Pi:model Pi;obs ) (41)
i=1 i;0bs

Since the number of tted model parameters (mass, age,, Z, ) exceeds the
number of classical observables, the formal degrees of freedom would be negative:

DoF=n P 1=4 5 1= 2 (42)
Following standard practice, we adopt an e ective DoF of
DoF=max(n P 1;1)=1; (43)

which allows the 2 statistic to remain meaningful. We then set a threshold

of 2 = 10, which is conservative given the e ective DoF. This ensures
thresh(%]d : . .

that all models reasonably consistent with the observed classical parameters are

retained, while clear outliers are excluded, providing a robust ensemble for sub-

sequent seismic analysis.
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" Step 2 (Secondary Selection)ldentical to Method A: models with a mean large
frequency separatiorh i in the rangel169 3 Hz are selected.

item Step 3 (Tertiary Selection): The same weighted seismic? as in Method A

is applied. The nal sample includes all models with (2:ombined r2nin + 20.

Model Diagnostics and Parameter Space Exploration

For the nal sets of models selected by either method, we perform extensive seismic
diagnostics to validate and characterize the results. This includes generating echelle
diagrams to compare modelled oscillation modes against observations, and calculating
correlation and covariance matrices of model parameters to identify degeneracies and
constrain uncertainties.

These analyses reveal the robustness of our parameter constraints and provide in-
sight into the physical properties of Ceti .

The subsequent chapter presents the results of our model selection and seismic analysis.
We discuss the best- tting models, parameter constraints, and how the di erent meth-
ods compare in identifying the properties of Ceti . The combined approach of classical
and seismic constraints o ers a powerful framework to characterize this benchmark star.
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5 Results and Discussion

The results presented here re ect the application of our two complementary model-
selection pipelines, Method A and Method B, to the stellar modelling of Ceti . The
analysis proceeds from global classical constraints to detailed seismic diagnostics, and
nally to the characterisation of the parameter space. In all cases, the three-step
selection procedure (primary, secondary, tertiary) outlined in Section 4 is followed.

5.1 Hertzsprung Russell Diagrams of Selected Models

Figures 13 and 14 present the Hertzsprung Russell (HR) diagrams for the models sur-
viving the successive selection stages under each method. In both gures, yedlow
points denote models passing the primary constraints, while thgreen points corre-
spond to those that additionally satisfy the seismic large separation. The observed
position of Ceti is indicated by ablue star with associatedTg L uncertainties.

For Method A , the primary selection retained 1,175 models out of the 37,033
in the grid, corresponding to those within3 of the observedT, , L, radius, and
[M=H]. Applying the secondary criterion, requiring a large frequency separation of
h i =169:6 3 Hz reduced the sample to 350 models. The nal, tertiary selection
step imposing a seismic goodness-of- t threshold of 2 20left 346 models. The
best- tting model under this scheme achieved a minimum value Ofrznin =17:13

For Method B , the initial Iter was stricter: models with a combined 210
across the classical constraintsTg , L, radius, and [M=H]) were retained, yielding
351 candidates. Imposing the same large-separation condition narrowed the set to 142
models. Because all of these already satis ed the seismi€ 20 requirement, the
tertiary step did not further reduce the sample. The best- tting model under Method
B reached r2nin =19:21

In both approaches, the seismic selection markedly reduces the spread in the HR
diagram, bringing the candidate models into closer agreement with the observed locus
of Ceti. Method B yields a consistently tighter clustering than Method A, re ecting
the more stringent initial 2_phased constraint. This is consistent with previous ndings
that asteroseismic observables provide strong discriminatory power when combined with
classical parameters (e.g., Aerts et al. 1, Chaplin and Miglio 18, Christensen-Dalsgaard
20). A gquantitative assessment of the agreement between the best- tting models and the
observed classical parameters is given in Section 5.2, where the standardised residuals
highlight systematic di erences between the two strategies.
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Figure 13: HR diagram of models selected using Method A. Yellow points: primary
selection T , L, radius, and [M=H] within 3 of observed values). Green points:
models passing secondary selectioh ( i = 169:6 3 Hz). The blue star marks the
observed position of Ceti with error bars in T, andL.

Figure 14. HR diagram of models selected using Method B. Yellow points: primary
selection ( 2 10from classical parameters). Green points: models passing secondary
selection f i =169:6 3 Hz). The blue star marks the observed position of Ceti

with error bars in Te and L.
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5.2 Classical Parameter Residuals

To further assess the quality of the best- tting models from each method, we computed
standardised residuals of the form

Pobs  Pmodel. (44)

P
for the four classical parameters: e ective temperatureTi ), luminosity (L), radius
(R), and metallicity ([M=H]). Here, P\;,oge| COrresponds to the parameter values of the

best- tting model (minimum 2) and p are the observational uncertainties.
For Method A , the standardized residuals are:

Residual =

Te =+0:044 L= 0708 R= 180 [M =H]= 300
For Method B , the standardized residuals are:

Te = 1656 L= 0114 R= 0507 [M =H]= 0442

Figures 15 and 16 illustrate these results in bar-plot form, showing the standardised
residuals for each parameter in Method A and Method B, respectively.

Figure 15: Standardized residuals in e ective temperature, luminosity, radius, and
metallicity for the best- tting model obtained with Method A. Residuals are de ned as
(obs modelE . Large deviations are seen in radius and metallicity.

These values reveal an interesting contrast between the two approaches. Method A's
best- tting model provides an excellent match in e ective temperature but shows
signi cant deviations in radius and metallicity, with the metallicity lying more than
3 above the observed value and the radius overestimated by nea#ly.

In contrast, Method B achieves a more balanced agreement across all four classical
parameters, with all standardised residuals within 2 , despite Q/ielding a higher
overall reduced 2. This suggests that Method B's stricter “-based selection
criterion promotes consistency across multiple observables, reducing the likelihood of
compensating mismatches in individual parameters.
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Figure 16: Same as Figure 15, but for the best- tting model from Method B. In this
case, all parameters lie within 2 of the observations, indicating a more balanced t
across the classical observables.

However, the high reduced 2 values for both methods, far exceeding unity, raise
concerns about either underestimated observational uncertainties or missing physical
ingredients in the model grid. The systematically negative residuals in several parame-
ters also point to potential biases in the model outputs, possibly re ecting limitations
in the input physics or assumptions such as opacities, mixing-length parameters, or
chemical compositions.
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5.3 Frequency Diagnostics

The next step is to examine the asteroseismic frequencies of the selected models. For
both Method A and Method B , Figures 17 and 18 present the frequency diagnostic
diagrams of the respective best- tting models together with snapshots of the same mod-
els at di erent evolutionary stages. These comparisons highlight the well-established
trend that the large separation, , and the small separation, o, decrease system-
atically as the star ages, re ecting global expansion and core evolution (e.g., Chaplin
and Miglio 18, Christensen-Dalsgaard 19, Ulrich 82).

Figure 17: Frequency diagnostic diagram for the best- tting model obtained with
Method A (mass0:82M ,Z =0:013 Y =0:275 =1:64 [M/H] ' 0:02. Shown
are the observed frequencies (black symbols; crosses fer0Q, triangles for ™ = 1) to-
gether with model frequencies at three evolutionary stage878533 Myr, 838390 Myr
(best model), and1027260 Myr.

This behaviour follows from the asymptotic theory of p-modes. To rst order, the

large separation scales with the square root of the mean stellar density [82]:
|
Z -1 r
, R dr M
2 — I == (45)
0 GCs R3

where cs is the sound speedM the stellar mass, andR the radius. As hydrogen is
consumed, the mean molecular weight increases and the envelope expands, lowering
the mean density and hence . The small separation probes the deep interior and is

especially sensitive to core evolution; in asymptotic form [19]:

@ +6) “Rdosdr

4 2 o drr’ (46)

02(n) -
n
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Figure 18: Frequency diagnostic diagram for the best- tting model obtained with
Method B (mass0:78M , Z =0:006 Y =0:255 =1:44 [M/H] ' 0:32. Asin
Fig. 17, three evolutionary stages are showrt16992 Myr, 919482 Myr (best model),
and 1152116 Myr. Observed frequencies are marked with crosses<0) and triangles

¢ =1).

so helium accumulation and hydrogen depletion atterdcs=dr in the core, reducing

02- Thus, the observed decrease in both separations is a natural diagnostic of stel-
lar ageing: traces the global expansion, while g carries the signature of core
evolution.

Focusing on the observational domain3000 5000 Hz), the best- tting model from
Method A (0:82M ;[M/H] ' 0:02 spans =166:1 17037 Hz. Of the observed
large separations4=7 for © = 0 and 4=6 for ~ = 1 fall within the best+background
model space. For the small separation, alh=4 observed o values overlap the
model+background distribution.

The best- tting model from Method B (0:78M ; [M/H] *  0:32) spans =
1666 1716 Hz. Here,4=7 (" = 0) and 4=6 (" = 1) large separations lie within the
best+background space; moreovetwo * = 0 and one ~ = 1 large separations coincide
with the best model itself. In contrast, only1=4 observed (o values are represented
by the selected distribution. Notably, the Method B metallicity agrees with the spec-
troscopic estimate for Ceti, [M=H] = 0:29 0:10, while the Method A best-t lies
outside this range.

A closer inspection of the frequency diagnostics further highlights these method-
ological di erences. Figures 19 and 20 show, for both methods, the large frequency
separations () at © = 0;1 (top panel) and the small frequency separations (g2,
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Figure 19: Frequency diagnostics for the best-t model from Method ATop: Large
frequency separation for ° = 0 and ° = 1. Background models from the tertiary
selection are shown in blue’(= 0) and orange ( = 1). Black points with error bars
indicate observed separations. The best model is marked with a red circle0) and

a purple square { = 1). Bottom: Small frequency separation (o, with background
models shown in blue and the best model marked as a red diamond. Insets present
zoomed-in views focusing on the observational frequencies.

bottom panel). Each gure presents the global view of the tertiary-selected models
(blue for ° = 0, orange for™ = 1), with the best- tting model marked by a red circle

(" =0), purple square { = 1), and red diamond ( ). Zoomed-in insets focus on the
observational frequencies for direct comparison.

In both methods, three observed modes betwe&500and 4500 Hz behave as out-
liers, lying well outside the space spanned by either the best model or the broader
background set. Such discrepancies are not unusual in asteroseismic modelling and may
arise from (i) surface e ectsimperfect near-surface convection treatments producing
frequency-dependent o sets strongest at high order [43]; (ilhode misidenti cation due
to blending or low S/N [5]; and (iii) grid limitations, where nite resolution excludes
valid solutions.

Method A o ers broad coverage especially of o but its best-t metallicity
([M=H]"  0:02) sits outside the spectroscopic range. Method B yields a best- t that
Is consistent with spectroscopy {I=H]' 0:32within 1 of 0:29 0:10) and places
several large separations directly on the best model, but does so with more restrictive
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Figure 20: Frequency diagnostics for the best-t model from Method BTop: Large
frequency separation for ° = 0 and ° = 1. Background models from the tertiary
selection are shown in blue’(= 0) and orange ( = 1). Black points with error bars
indicate observed separations. The best model is marked with a red circle0) and

a purple square { = 1). Bottom: Small frequency separation (o, with background
models shown in blue and the best model marked as a red diamond. Insets present
zoomed-in views focusing on the observational frequencies.

coverage of the core-sensitive small separations. These contrasts point to di erent
trade-o s between parameter-space exploration and adherence to observational priors.
To quantify these trade-o s and diagnose the underlying degeneracies, we next examine
how the tertiary-selected models populate the stellar parameter space.

5.4 Exploration of Parameter Space

To better understand the degeneracies implied by our model selection, we rst examine
how the tertiary-selected models populate the parameter space. Figures 21a and 21b
show three-dimensional projections for each method, using combinations of mass, age,
Z=Y, and the mixing-length parameter . These particular choices were motivated
by the fact that they link the two dominant in uences on stellar structure global
scalings with mass and age, and the microphysics of opacity and convection to the
observables that seismic diagnostics are most sensitive to [18, 41, 71].
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