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ABSTRACT

The Transiting Exoplanet Survey Satellite (TESS) is conducting a nearly full-sky survey, enabling the photometric characterisation of
millions of stars. The forthcoming PLAnetary Transits and Oscillations of stars mission (PLATO) will provide long-duration, high-
precision photometry of tens of thousands of bright stars to be characterised through asteroseismology. The TESS Luminaries Sample
is a catalogue of 196 bright naked-eye (V < 6) main-sequence (MS) and sub-giant (SG) stars exhibiting solar-like oscillations. Among
them, the subset located within the PLATO long-duration observation phase (LOP) fields constitutes an exceptional set of targets that
will be observable by PLATO from the earliest phases of the mission, making them ideal calibrators during commissioning and the
first months of science operations. This paper aims to provide an in-depth asteroseismic characterisation of 32 Luminaries stars that
fall within the PLATO LOP fields of view. Individual mode parameters were extracted using three independent seismic pipelines, one
of which was similar to the algorithms used in the official PLATO pipeline. The Peirce criterion and a Z-score were applied to identify
the optimal combination of data calibration, observing cadence, and fitting pipeline for each star. We analysed 32 MS and SG stars up
to TESS Sector 88, with individual mode frequencies derived for the first time for 26 of them. For all stars, we derived large and small
separations, the asymptotic phase term, ε, radial mode amplitudes, and mean linewidths per order. Comparisons with previous Kepler
observations reveal consistent trends in the seismic parameters, confirming the robustness of our analysis based on TESS data. In SGs,
mixed-mode identification differs in the three pipelines, revealing extraction inconsistencies requiring longer datasets to improve our
mode identifications. These results demonstrate the capability of TESS to deliver high-quality asteroseismic observations for MS and
SG stars. The Luminaries stars located in the PLATO LOP fields constitute a unique sample that will play a crucial role in validating,
calibrating, and optimising PLATO’s seismic performance from the earliest stages of the mission.

1. Introduction

The PLAnetary Transits and Oscillations of stars (PLATO;
Rauer et al. 2025) mission, scheduled for launch in January
2027, is designed to detect and characterise exoplanets through
high-precision photometry. Its ultimate goal is the detection of
terrestrial planets orbiting Sun-like stars, but it will also enable
a census of planetary systems around a broader range of solar-
like stars, thereby contributing to our understanding of plane-
tary system formation and evolution. A key aspect of its ob-
serving strategy is to focus on two dedicated regions of the
sky, known as the long-duration observation phase (LOP) fields,
each covering an area of 49◦ × 49◦ (Rauer et al. 2025). Ac-
cording to the current mission plan, each LOP field will be
monitored for approximately two years, although this may be

revised following evaluation of initial observations. The mis-
sion is scheduled to begin observations in the southern LOP
field, known as LOPS2 (Nascimbeni et al. 2025), and may sub-
sequently continue at LOPN1, the current candidate field pro-
posed by Nascimbeni et al. (2022) in the northern hemisphere.

Given the number of targets expected to be ob-
served (Montalto et al. 2021) and seismically characterised
(Goupil et al. 2024) with the PLATO mission, fully automated
pipelines will be essential to identify and characterise stellar
oscillations in a consistent way across the entire sample. In
this context, it is important that these pipelines are carefully
tested and validated, before the launch as well as during the
commissioning phase and the early stages of the mission, when
the robustness of the data products is first being assessed.
The PLATO mission will therefore strongly benefit from stars
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whose seismic properties are already well established. Such
stars provide useful comparison targets enabling the verification
that the results produced by different analysis approaches are
consistent with each other, and that the pipelines behave as
expected on real data. In this way, they offer a practical way to
build confidence in both the instrument performance and the
analysis tools.

A particularly valuable set of potential seismic calibrators
has been identified within the Transiting Exoplanet Survey
Satellite (TESS; Ricker et al. 2014) Luminaries sample (TLS;
Lund et al. 2025, hereafter Paper I). This sample consists of 196
bright (V < 6) main-sequence (MS) and sub-giant (SG) solar-
like stars observed by TESS. Among them, 34 stars lie within
the planned PLATO LOP fields and therefore represent prime
seismic targets for the mission. They are included in the first
public release of the all-sky PLATO input catalogue (asPIC 1.1
Montalto et al. 2021), and those located within the LOPS2 are
also part of the most recent version of the PIC (PIC 2.2.0.1
Montalto et al. 2026; Nascimbeni et al. 2022, 2025, 2026). In
general, these stars are included in the target PIC (tPIC) as part of
the core science P2 sample, which comprises dwarf and SG stars
with V < 8.5. These stars are among the brightest TESS seismic
targets (Lund et al. 2025), making them well suited for comple-
mentary ground-based follow-up observations. Combined with
the characterisation of individual oscillation modes, this enables
precise determinations of their radii, masses, and ages. In the
present study, we determine the detailed seismic properties of 32
of these targets, while 171 Pup and χDra are analysed in ded-
icated companion papers (Lund et al., in prep.; Rudrasingam
et al., in prep.) because interferometric complementary obser-
vations were done providing more constraints for their charac-
terisation. We note that HD 62644, χDra, υCep, and 99 Her
will also be investigated by Appourchaux et al. (in prep.). These
stars will play a key role in validating PLATO’s early seismic
performances.

The most precise asteroseismic constraints are obtained
when individual oscillation mode frequencies are extracted.
However, the feasibility and robustness of this extraction de-
pend strongly on the stellar properties and evolutionary stage.
F-like stars present particular challenges, as their oscillation
modes exhibit large linewidths due to shorter mode lifetimes
(Appourchaux et al. 2012a; Compton et al. 2019). The resulting
broader and partially overlapping peaks complicate the identi-
fication of individual modes and reduce the precision of fre-
quency determinations. Such stars occupy the upper bound-
ary of the MS region of the Hertzsprung–Russell (HR) di-
agram where solar-like oscillations are observed (6400 K .
Teff , Appourchaux et al. 2012b; Breton et al. 2023). In con-
trast, cooler solar-like MS stars (5000 . Teff . 6400 K,
Lund et al. 2017) generally display narrower modes that allow
for more straightforward frequency extraction. As stars evolve
towards the SG phase, structural changes in the interior lead
to the appearance of pressure (p) and gravity (g) mixed modes
(Beck et al. 2011; Benomar et al. 2013; Appourchaux 2020).
These modes introduce additional complexity in the frequency
spectrum and require dedicated identification strategies (e.g.
Handberg et al. 2017; García Saravia Ortiz de Montellano et al.
2018; Themeßl et al. 2018; Kallinger 2019; Corsaro et al. 2020;
Nielsen et al. 2021, 2025). However, they also provide pow-
erful diagnostics of stellar interiors at this key evolution-
ary stage, as they probe both the deep core and the outer
layers. This offers unique constraints on the internal struc-
ture (e.g. Deheuvels & Michel 2011; Bellinger et al. 2021;
Buchele et al. 2025) and on angular momentum redistribution
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Fig. 1. HR diagram illustrating the relation between ∆ν and Teff for
the sample of 34 TLS stars. The evolutionary tracks are taken from
the MESA isochrones and stellar tracks (MIST) catalogue and assume
solar metallicity. The tracks were computed with a mass spacing of
0.1 M�. The data points are colour-coded according to seismic stellar
mass. Squares denote stars with F-like, broad oscillation modes, circles
correspond to the other stars, and markers with thick edges indicate stars
exhibiting mixed modes (see Section 4.3 for details).

(e.g. Deheuvels et al. 2014, 2020; Buldgen et al. 2024), which
remains one of the major open questions in stellar evolution.
The sample of stars analysed in this work spans a range of ef-
fective temperatures and evolutionary stages across the MS and
SG branch. This diversity enables an evaluation of frequency ex-
traction and mode identification under conditions representative
of PLATO’s future targets.

This paper is organised as follows. In Sect. 2, we describe
the sample of stars, including a summary of the data calibration
performed in Paper I and the additional calibration steps required
for certain targets. Sect. 3 presents the three pipelines used for
mode extraction. In Sect. 4, we report our peak-bagging results,
beginning with the method used to select the adopted dataset
for each star, including the cadence, calibration, and analysis
pipeline, followed by a discussion of the results. Sect. 5 com-
pares our findings with pre-existing studies. Finally, we sum-
marise our findings in Sect. 6.

2. Observations and data preparation

2.1. Stellar sample description

Our sample comprises 32 MS and SG stars found to exhibit
solar-like oscillations as part of Paper I. Among these, 10 stars
are located within the PLATO LOPS2 field, while 24 are situ-
ated in the LOPN1 field. The global seismic parameters were
derived using the pySYD pipeline (Chontos et al. 2022), as de-
scribed in Paper I. Here, the frequency of maximum oscillation
power, νmax, corresponds to the frequency where the oscillation
power spectrum reaches its maximum, while the large frequency
separation, ∆ν, is defined as the average spacing between con-
secutive radial (` = 0) acoustic modes. These global seismic
parameters scale with the stellar mass, M, radius, R, and effec-
tive temperature, Teff , according to the asteroseismic scaling re-

Article number, page 2

https://waps.cfa.harvard.edu/MIST/


E. Panetier et al.: Luminaries in the sky: The TESS LEGACY sample of bright stars

lations (Kjeldsen & Bedding 1995), such that
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The values of ∆ν and νmax, along with the corresponding fun-
damental stellar parameters, are listed in Table A.1. The seis-
mic HR diagram presented in Fig. 1 displays ∆ν as a func-
tion of the effective temperature, with the colour scale indicat-
ing the seismic stellar mass. The masses were computed from
Eqs. (1) and (2), adopting the solar values νmax,� = 3090 µHz,
∆ν� = 135 µHz, and Teff,� = 5770 K (Huber et al. 2011). For
this purely illustrative representation in the HR diagram, no cor-
rection to ∆ν was applied (e.g. White et al. 2011). The stars span
a broad range of temperatures and seismic masses, covering both
the MS and the SG branch.

2.2. Data

We analysed TESS observations up to and including Sector 88.
TESS is a NASA mission led by the Massachusetts Institute of
Technology (MIT) and launched on April 18, 2018, perform-
ing high-precision, time-series photometric observations as part
of an all-sky survey (Ricker et al. 2014). TESS is designed to
achieve a photometric precision of 50 parts per million (ppm) for
stars with TESS magnitudes between 9 and 15. Using four iden-
tical cameras, it observes the sky sector by sector with a field
of view of 24◦ × 96◦ per sector. Each sector is monitored for
approximately 27 days, with multiple cadence options available.

In this paper, we use both the standard pre-search data condi-
tioning sample aperture photometry (PDCSAP) light curves pro-
duced by the TESS science processing operations centre (SPOC)
and light curves extracted from target pixel files using custom
apertures with the K2P2 pipeline (Lund et al. 2015), following
the procedure described in Paper I. The data include observations
obtained at 120-s cadence and, where available from Sector 27
onwards, 20-s cadence. In sectors providing both cadences, the
20-s data were additionally binned to a 120-s cadence to take
advantage of their typically lower noise properties (Huber et al.
2022). All original TESS data were downloaded from the Mikul-
ski archive for space telescopes (MAST1).

For targets requiring improved photometric precision, par-
ticularly bright or saturated stars, the custom-aperture light
curves provided a significant improvement over the PDCSAP
products and, in some cases, enabled the detection of oscilla-
tions not apparent in the standard light curves. All light curves
were corrected for long-term and instrumental trends using
the Kepler asteroseismic science operations centre (KASOC)
filter (Handberg & Lund 2014). The power spectral density
(PSD) was then computed from the filtered time series using
a Lomb–Scargle periodogram (Lomb 1976; Scargle 1982) and
normalised according to Parseval’s theorem.

θ Cyg required special treatment because its PSD exhibits a
clear series of harmonics, with a fundamental peak correspond-
ing to a period of about 0.2815 days (or 6.7560 hours) close to
what was previously reported by Guzik et al. (2016). Such a har-
monic pattern is typically indicative of a non-sinusoidal periodic
signal and may be associated with a transit or eclipse event in
1 https://archive.stsci.edu

the light curve, either intrinsic to the target or arising from a
contaminating companion within the TESS photometric aper-
ture. Folding the light curve at this frequency reveals a distinct,
regularly recurring flux dip. After removing the data points asso-
ciated with this feature and recomputing the PSD, the harmonics
linked to the binarity or transit signature disappear, enabling a
reliable seismic analysis.

3. Mode extraction methods and strategy

The properties of the stellar oscillations were inferred through
a detailed peak-bagging analysis carried out with three indepen-
dent frameworks: apollinaire (Breton et al. 2022a), FAMED
(Corsaro et al. 2020), and PBjam (Nielsen et al. 2021, 2025).
Each pipeline independently models the observed PSD to re-
cover the frequencies, amplitudes, and linewidths of the oscil-
lation modes. Below, we describe how each method was imple-
mented and optimised.

3.1. Apollinaire

The apollinaire module (Breton et al. 2022a) was developed
to extract seismic parameters directly in the Fourier domain us-
ing an ensemble-sampling Markov chain Monte Carlo (MCMC)
approach implemented with emcee (Foreman-Mackey et al.
2013). The analysis begins with the removal of the stellar back-
ground signal, which is modelled as the sum of one to three
Harvey-like profiles (Harvey 1985), a Gaussian envelope cen-
tred on νmax to describe the p-mode power excess, and a constant
white-noise component.

Initial estimates of the individual oscillation mode parame-
ters were obtained from the global pattern fit for solar-like MS
stars. The detailed procedure is discussed in Appendix C. For
stars exhibiting more complex oscillation spectra, these initial
estimates were instead obtained using the iechelle2 pipeline,
which allows the user to manually select preliminary frequency
estimates from échelle diagrams. In this case, the initial mode
identification followed the prescription of White et al. (2012),
with the phase offset, ε, inferred from the estimated mode fre-
quencies, while the large frequency separation, ∆ν, was adopted
from Paper I together with the effective temperature listed in Ta-
ble A.1. The parameter priors were then manually adjusted to
maintain distinct frequency windows for neighbouring modes,
thereby preventing overlap and improving the stability of the
MCMC sampling.

These initial estimates were used as starting points for the
simultaneous sampling of the joint posterior distribution. Each
oscillation mode, characterised by its angular degree, `, and ra-
dial order, n, was modelled as a symmetric Lorentzian profile,
with the central frequency, νn`, treated as a free parameter. The
mode heights were parametrised according to

Hn,` = A` Hn,0 for ` = 0, 1 , (3)
Hn,` = A` Hn−1,0 for ` = 2, 3 , (4)

where A0 = 1 by definition, and the relative amplitudes, A`, for
` , 0 were fitted. The linewidths, Γn`, were assumed to be com-
mon among groups of modes with degrees ` = (0, 1, 2, 3) and
radial orders (n, n, n + 1, n + 1), respectively. The effects of the
observational window function, including gaps in the time se-
ries, were explicitly taken into account by convolving the model

2 Available at https://gitlab.com/dinilbose/iechelle.git
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with the window function prior to the Bayesian inference, en-
suring unbiased parameter estimates. This ensures that the ex-
tracted mode parameters remain unbiased, as demonstrated by
Breton et al. (2022b). To ensure uniform priors across all sam-
pled parameters, the MCMC was performed in terms of log Γn,0,
log Hn,0, A`, and νn,`. Convergence of the sampling and the ab-
sence of strong parameter degeneracies were assessed through
visual inspection of the marginalised posterior distributions and
two-dimensional corner plots.

3.2. FAMED

The peak-bagging analysis based on the adoption of the Dia-
monds code3 (Corsaro & De Ridder 2014) relies on performing
a preliminary step that fits the background signal of the stellar
PSD. The background signal comprises granulation activity at
two different scales, long-trend variation related to instrumental
noise, potential magnetic activity and rotational effects, and the
white noise. For this purpose, we adopted the Background code
extension of Diamonds4. Once the background fit is estimated,
we adopted the peak-bagging pipeline FAMED (Corsaro et al.
2020) for an automated extraction and mode identification of the
significant oscillation peaks that can be found in the power ex-
cess of the stellar PSD. FAMED is relying on the so-called multi-
modal fitting, which is accomplished by means of the nested
sampling Monte Carlo method (Skilling 2004), capable of iden-
tifying multiple degenerate solutions in the parameter space. De-
generate solutions are built through the adoption of a simple,
single-profile, model shaped as a Lorentzian to reproduce the
presence of oscillation peaks in the stellar PSD (Corsaro 2019).
The pipeline operates modularly by progressively improving the
level of detail in the analysis, focusing originally on the en-
tire oscillation envelope region and then moving into individ-
ual chunks of length defined by the large frequency separation,
∆ν. The mode identification method used here is summarised in
Sect. C.3.

3.3. PBjam

PBjam5 (Nielsen et al. 2021, 2025) was also used to perform
peak-bagging on this stellar sample, following the methodology
described in Hookway et al. (2025). The analysis proceeds in
two stages: an initial mode-identification step followed by de-
tailed peak-bagging.

During mode identification, a background model consisting
of three Harvey-like profiles (Harvey 1985) and a white-noise
component is fitted to the power spectrum. This model is com-
bined with a sum of Lorentzian profiles describing the radial and
quadrupole (` = 0, 2) modes (Anderson et al. 1990), whose fre-
quencies are estimated following the procedure described in Ap-
pendix C. In this framework, mode identification is formulated
as a Bayesian inference problem in which asymptotic parame-
ters and individual mode frequencies are inferred simultaneously
from the power spectrum. The posterior distributions quantify
both the most probable mode identification and the associated
uncertainties, allowing ambiguous or noise-dominated peaks to
be distinguished from genuine oscillation modes. Posterior sam-
pling is performed with the dynesty nested sampling algorithm
(Speagle 2020). The PBjam priors are constructed from astero-
seismic parameters of tens of thousands of previously analysed

3 https://github.com/EnricoCorsaro/DIAMONDS
4 https://github.com/EnricoCorsaro/Background
5 https://github.com/PBjam-projects/PBjam

Kepler/K2, TESS, and model stars, spanning red giant branch,
red clump, SG, and MS evolutionary stages, with νmax values
ranging from 20 µHz to 4000 µHz. These priors therefore en-
code extensive empirical knowledge of oscillation patterns to
guide the identification of mixed modes. The treatment of dipole
(` = 1) modes depends on the evolutionary stage of the star. For
stars without visible mixed modes, ` = 1 modes are modelled
as Lorentzian profiles, similarly to ` = 0 and ` = 2. For stars
exhibiting mixed dipole modes, the asymptotic relation for ` = 1
gravity modes is included, as described in Sect. C.2.

The parameters inferred during the identification stage are
then used as priors for the detailed peak-bagging step, where
the model constraints are relaxed. Frequency priors are de-
fined as β distributions, i.e. continuous probability distributions
bounded on a finite interval and parametrised by two positive
shape parameters (α, β) that control their symmetry and con-
centration. These distributions were mapped onto an interval of
width δν02/2 centred on the initial estimate. Symmetric priors
with α = β = 5 are adopted, favouring the asymptotic frequency,
while allowing deviations within the prescribed range, for exam-
ple due to acoustic glitches (Mazumdar et al. 2014). Normal pri-
ors are used for the logarithms of the mode widths and heights,
centred on the identification-stage values with a standard devia-
tion of 50 %.

Posterior distributions are sampled with the emcee MCMC
algorithm. To assess the reliability of the inferred frequencies,
the median absolute deviation of the posterior distributions is
compared with the standard deviation of the corresponding β pri-
ors. This posterior-to-prior ratio quantifies the contribution of the
data, and modes with ratios below 2/3 are considered validated
and retained for further analysis.

4. Results and analysis

To characterise the oscillation spectra, we first applied the
apollinaire pipeline to the four different light curves per star:
20-s cadence data calibrated using either the SPOC or K2P2 pro-
cedures, and combined 20-s and 120-s cadence data processed
with the same two calibrations. Owing to the low-frequency fil-
tering applied to the light curves, a simplified background de-
scription was sufficient, combined with a cut at low frequency
adapted for each star. Two Harvey-like components were re-
quired for 17 stars, while a single component adequately de-
scribed the remaining 15, in all cases providing a satisfactory
fit to the background over the frequency range of the oscilla-
tion power excess. The quality of the background characterisa-
tion was assessed from the posterior distributions of the fits and
visual inspection of the residuals. Background fitting converged
for at least one light curve for every star in the sample. Indi-
vidual oscillation modes were then fitted using the background-
corrected power density spectra. Comparing the resulting mode
frequencies across light curves enabled us to evaluate the impact
of cadence and calibration combination, leading to the a posteri-
ori selection of the adopted light curve for each star based on the
internal consistency and quality of the apollinaire results.

4.1. Selection of the optimal light curve

The level of agreement between the mode-frequency datasets
obtained from the different light curves using apollinaire
was quantified. This analysis was restricted to stars with peak-
bagging results from at least three out of the four light curves.
For each light curve i, we evaluated the deviation of its measured
mode frequencies with respect to a consensus estimate defined
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by the remaining datasets. For a given mode (n, `), this deviation
is defined as

∆i,n` = νi,n` − ν̄ j,i,n` , (5)

where νi,n` is the frequency measured from light curve i, and
ν̄ j,i,n` is the weighted mean of the frequencies obtained from
the other light curves, j , i. The significance of the deviation
∆i,n` is quantified using a Z-score, which represents the number
of standard deviations a measured mode frequency is from the
mean:

Zi,n` =
∆i,n`

σ∆i,n`

, (6)

where the uncertainty σ∆i,n` includes contributions from both
light curve i and the weighted mean of the remaining frequency
datasets. Denoting by σi,n` and σ j,n` the uncertainties associated
with the frequency measurements νi,n` and ν j,n`, respectively, and
assuming independent Gaussian errors, the variance of the devi-
ation can be written as

σ2
∆i,n`

= σ2
i,n` +

∑
j,i

1
σ2

j,n`

−1

. (7)

This Z-score therefore measures how far the frequency reported
from light curve i lies from the weighted mean of all other fre-
quency datasets. Values of |Z| . 1 indicate agreement within
the quoted uncertainties, while larger values highlight tensions
between frequency measurements for a given mode. The differ-
ent light curves for each star do not always cover exactly the
same time span, which can introduce small variations in the mea-
sured mode frequencies. These differences arise because solar-
like oscillations are stochastically excited (Goldreich & Keeley
1977; Samadi & Goupil 2001; Belkacem et al. 2008) and intrin-
sically damped (Belkacem et al. 2012); hence, their amplitudes
and phases fluctuate over time. In addition, magnetic activity
can shift mode frequencies slightly on timescales comparable to
the observation windows (e.g. García et al. 2010; Régulo et al.
2016; Santos et al. 2019). These intrinsic temporal effects may
therefore contribute to the residual deviations captured by the
Z-scores.

The optimal light curve was selected by maximising the tem-
poral coverage while minimising systematic deviations with re-
spect to the frequency datasets obtained from the other light
curves. Specifically, we aim to maximise the number of observed
sectors and minimise the median Z-score, med |Zi,n` |, computed
over all modes in light curve i. The selection procedure is as fol-
lows:

1. For the frequency dataset of each light curve i, compute
med |Zi,n` | and count the number of modes, Nmin|Z|

i , for which
the dataset minimises |Zi,n` |.

2. When the number of sectors observed in 120-s cadence ex-
ceeds twice that of the 20-s cadence, and fewer than five sec-
tors of 20-s data are available, priority is given to the light
curves combining 20-s and 120-s cadences, provided their Z-
score statistics are comparable. If med |Zi,n` | instead favours
a 20-s-only light curve, the PSD and échelle diagram are in-
spected to validate this choice, by assessing the S/N and the
visibility of the largest possible number of modes.

3. In all other cases, preference is given to the light curve with
the smallest med |Zi,n` | and the largest Nmin|Z|

i , with particular
emphasis on preserving 20-s cadence data when available.

For the four stars (θDra, ψ1 Dra A, 16 Cyg A, and HD 53705) for
which peak-bagging results were obtained from only two light
curves, a similar approach was adopted, combining visual in-
spection with maximisation of the temporal coverage. For seven
additional stars, the mode parameters could be evaluated from
only a single light curve, which was therefore adopted as the
optimal dataset. The fitted background parameters for the se-
lected optimal light curve are listed in Table B.1 for each star.
Mode-parameter extraction could not be performed for ν2 Col,
HD 65907, and HD 152303 due to the very low visibility of
the oscillation modes, yielding 29 stars with individual mode
frequencies. Nevertheless, the background could still be con-
strained, and the corresponding parameters are also reported in
Table B.1: for the 120-s cadence data in the case of ν2 Col for
which no 20-s observations are available, and for the 20-s ca-
dence data with more than ten observed sectors for the two re-
maining stars, using the K2P2 calibration. Out of the 32 stars
in the sample, the νmax values derived in this step differ by
more than 2σ from the Paper I values for only six stars (θ Dra,
HD 175225, υ Cep, 36 Dra, 17 Cyg, and σ Dra), while the re-
maining stars are consistent with Paper I. Similarly, all ∆ν values
agree with Paper I, except for θ Dra and 19 Dra, which exceed
the 2σ difference.

4.2. Pipeline comparison: Peirce criterion

Independent frequency estimates for each mode (n, `) were ob-
tained from the optimal light curve of each star by three dif-
ferent fitters and their preferred fitting pipelines (apollinaire,
FAMED, and PBjam), yielding N ≤ 3 measurements per mode.
Before any comparison, outliers were identified and removed us-
ing Peirce’s rejection criterion (Peirce 1852; Gould 1855), which
is applicable when measurements are drawn from a common
parent distribution with random, normally distributed errors. Al-
though the number of measurements per mode is small, the cri-
terion can still be applied because it is designed to identify even
a single anomalous observation in a small dataset. In this frame-
work, a data point is rejected if excluding it increases the likeli-
hood of the residual distribution, while accounting for the proba-
bility of observing the given number of abnormal measurements.
The formulation introduced by Gould (1855), which proceeds it-
eratively, is implemented in the Python package pareidolia6.
For each mode, an initial mean frequency and its root-mean-
square dispersion were first computed from the three different
measurements. A rejection factor was then evaluated under the
assumption of one questionable measurement, and values ex-
ceeding this threshold were removed. When multiple points were
rejected, the rejection factor was updated accordingly, and the
procedure was repeated until convergence was reached. This ap-
proach yielded, for each mode, a statistically consistent subset
of retained measurements. Similar applications of this method in
asteroseismology have been shown to be effective for harmonis-
ing frequency determinations across independent analyses (e.g.
Metcalfe et al. 2010; Campante et al. 2011; Mathur et al. 2011;
Appourchaux et al. 2012b).

Following convergence of the rejection process, the remain-
ing frequencies were organised into three categories. The mini-
mal list comprises modes for which all pipelines provide a con-
sistent, non-rejected measurement after outlier rejection (flag 1
in the frequency tables; one example is shown in Appendix E,
with the full set available in machine-readable format). The max-

6 available at https://gitlab.com/evapanetier/pareidolia.
git
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imal list includes modes supported by at least two pipelines (flag
2). Modes detected by only a single fitter are flagged separately
(flag 3).

For each star, we identified a consistent set of measurements
obtained with a single pipeline to be prioritised for subsequent
modelling (Bétrisey et al., in prep.). To this end, we evaluated
the agreement between individual frequency estimates and the
mean frequencies derived from the minimal list. For each fitter,
k, we computed the normalised root-mean-square deviation of
its frequencies following the prescription of Appourchaux et al.
(2012b):

σnormdev,k =

√√√√√
1

Nk

∑
n,`

∣∣∣∣νk
n,` − 〈νn,`〉

∣∣∣∣2
(σk

n,`)
2

, (8)

where νk
n,` and σk

n,` denote the measured frequency value and
its uncertainty, and Nk is the number of modes available in the
dataset reported by fitter k. The pipeline yielding the smallest
normalised deviation with respect to the minimal list was then
adopted as the reference to be used for subsequent modelling.
When mode parameters were obtained by only two pipelines for
a given star, the minimal list was formed from the modes fitted
by both. In this case, the dataset containing the largest number
of fitted modes was adopted as reference and the corresponding
fitting pipeline is marked with an asterisk in Table 1.

4.3. Sample analysis

This section presents the seismic parameters extracted from the
optimal light curve of the 29 stars, enabling a detailed charac-
terisation of their oscillation properties and evolutionary states.
The number of fitted modes per star and per pipeline is listed
in Table 1. The ∆ν reported in the same table was derived from
the ` = 0 mode frequencies of the optimal light curve through
a weighted linear fit as a function of radial order. The weights
are defined as the inverse square of the frequency uncertainties,
with symmetrised errors taken as the maximum of the upper and
lower uncertainties. The fit was restricted to modes within ±3 ∆ν
of νmax (from Table B.1), and the uncertainty on ∆ν was esti-
mated from the covariance matrix. For two stars (θ Dra and HR
3220), the three pipelines did not converge on a consistent mode
identification. This is partly due to their location in a tempera-
ture regime where the asymptotic phase term, ε, is highly sen-
sitive to small changes in effective temperature (e.g. White et al.
2012). This is discussed further in the next section. For these
stars, the échelle diagrams in Appendix D show the detected
modes with their respective identifications, and the reference
dataset was taken to be the one with the largest number of fit-
ted modes, corresponding in both cases to the results obtained
with FAMED.

From a visual inspection of the échelle diagrams for the full
sample, 13 stars were classified as F-like (Table 1). These stars
exhibit broad, overlapping ridges caused by the combination of
large linewidths and small inter-degree frequency separations,
and they occupy the upper region of the HR diagram (Fig. 1),
corresponding to higher effective temperatures and lower large
frequency separations. This behaviour reflects the shorter mode
lifetimes expected in hotter stars with shallower convective en-
velopes, and is consistent with the observational classification
proposed in the literature (e.g. Appourchaux et al. 2012b). This
F-like versus solar-like distinction is therefore used here as a de-
scriptive, observational classification rather than a strict phys-
ical boundary. In contrast, nine stars show evidence of mixed

modes detected by at least one pipeline and are highlighted in
Fig. 1. These mixed modes appear as deviations from the reg-
ular ridge structure in the échelle diagrams and arise from the
coupling of p- and g-mode cavities as stars evolve off the MS
(e.g. Benomar et al. 2013). Among these stars, three are classi-
fied as F-like and five as solar-like, spanning a range of evolu-
tionary stages. Some exhibit a strongly perturbed ` = 1 ridge
(HD 62644, 27 Cyg, and HD 175225), others retain a recognis-
able ridge while showing several mixed modes outside the ridge
(θ Dra, 68 Dra, and υ Cep), and the remaining stars likely display
only a single ` = 1 mode outside the ridge (HD 36553, 35 Dra,
and 36 Dra).

The identification of mixed modes differs significantly be-
tween pipelines, reflecting both methodological choices de-
scribed in Appendix C, and the intrinsic complexity of mixed-
mode spectra. Using PBjam, a dedicated mixed-mode fitting was
performed for seven stars, while FAMED also detected out-of-
the-ridge modes in seven stars, which do not entirely overlap
with the PBjam sample. Since apollinaire does not automati-
cally detect mixed modes, unlike the other two pipelines, we ap-
plied the procedure described in Sect. C.2 to model mixed-mode
frequencies and compare them with the observations, allowing
genuine modes to be distinguished from noise. The key results
regarding mixed-mode detection are listed below:

– Both PBjam and FAMED identify mixed modes in θ Dra,
HD 62644, 68 Dra, 27 Cyg, and HD 175225. HD 36553 and
ζ Pic are detected only with PBjam, while 35 Dra and υ Cep
are identified solely by FAMED.

– The procedure used for apollinaire results successfully
identified ` = 1 mixed-mode patterns in HD 62644 and
HD 175225. For the remaining seven stars, the method did
not converge, either because an insufficient number of mixed
modes was available to constrain the fit or, in the case of
27 Cyg and ζ Pic, despite the presence of numerous de-
tected modes. In these latter cases, the lack of convergence
is primarily attributed to structural glitches and deviations
from regular mixed-mode patterns, which break the assump-
tions of the asymptotic description and prevent a stable, well-
constrained fit.

– For several targets, discrepancies between pipelines mainly
concern the number of detected mixed modes. In θ Dra and
υ Cep, FAMED identified five and 12 ` = 1 modes, respec-
tively, located outside the main ridges and not recovered by
the other pipelines. By contrast, apollinaire identified ad-
ditional mixed modes not recovered by FAMED or PBjam,
reporting seven such modes in HD 62644 that are all con-
sistent with the mixed-mode identification procedure, and a
further seven ` = 1 modes in ζ Pic that do not show the same
consistency with this procedure.

– In other cases, discrepancies reflect marginal detections
rather than fundamentally different interpretations. For
68 Dra, mode detection varies across pipelines, with several
modes detected by only one method. Similarly, for 27 Cyg
and HD 175225, three (resp. two) mixed modes were iden-
tified by PBjam, whereas six (resp. four) additional modes
were detected by the other two pipelines but not recovered
by PBjam.

– For 35 Dra, a single mode located outside the ` = 2 ridge
was classified as ` = 1 by FAMED and as ` = 2 by
apollinaire. Given its systematic offset from the ` = 2
ridge and its similarity to mixed modes observed in compa-
rable stars (e.g. Appourchaux 2020), this mode is most likely
of mixed character. Residual power in the échelle diagram
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Table 1. Number of fitted modes per pipeline for the optimal light curve of the 29 stars, together with the number of modes retained in the minimal
list.

Name Number of fitted modes Reference Note ∆ν
apollinaire FAMED PBjam Minimal list (µHz)

HD 36553 32 25 15 15 apollinaire F-like, mixed 33.54 ± 0.06
θDra 34 35 15 , mode id. FAMED* Solar-like, mixed 39.38 ± 0.10
HD 62644 37 23 24 22 apollinaire Solar-like, mixed 41.12 ± 0.04
68 Dra 38 35 10 8 apollinaire F-like, mixed 39.66 ± 0.11
35 Dra 39 36 38 31 apollinaire F-like, mixed 41.87 ± 0.06
27 Cyg 27 26 17 13 apollinaire Solar-like, mixed 39.85 ± 0.05
HD 175225 40 35 26 24 apollinaire Solar-like, mixed 43.51 ± 0.03
ζ Pic 45 38 17 16 apollinaire Solar-like, mixed 49.35 ± 0.13
HD 46569 35 27 15 13 apollinaire F-like 49.92 ± 0.11
υCep 29 52 17 15 apollinaire Solar-like, mixed 53.79 ± 0.13
HD 136064 30 32 16 16 apollinaire F-like 59.38 ± 0.09
ψ1 Dra A 30 35 28 20 apollinaire F-like 61.87 ± 0.21
HD 191195 47 – – – apollinaire* F-like 71.24 ± 0.21
HD 50223 47 22 11 10 apollinaire F-like 69.04 ± 0.15
36 Dra 39 50 17 17 PBjam F-like 69.99 ± 0.23
HR 3220 24 38 17 , mode id. FAMED* F-like 71.17 ± 0.02
17 Cyg 39 29 13 13 apollinaire F-like 78.99 ± 0.14
θCyg 29 35 32 16 apollinaire F-like 83.80 ± 0.11
HD 184960 31 20 17 13 apollinaire Solar-like, low S/N 91.73 ± 0.12
ωDra 24 – 21 7 apollinaire* F-like, low S/N 89.17 ± 0.41
99 Her 26 19 26 17 apollinaire Solar-like 96.04 ± 0.16
HD 53705 27 10 16 10 apollinaire Solar-like 101.55 ± 0.13
16 Cyg A 24 16 16 10 apollinaire Solar-like 103.27 ± 0.21
72 Her 47 11 15 9 apollinaire Solar-like 106.58 ± 0.28
19 Dra 24 20 23 15 PBjam Solar-like, low S/N 115.40 ± 0.10
HD 176051 30 8 19 7 apollinaire Solar-like, low S/N 126.55 ± 0.20
HD 193664 32 3 17 3 PBjam Solar-like, low S/N 137.18 ± 0.11
26 Dra 14 – 6 6 apollinaire* Solar-like, low S/N 131.26 ± 0.13
σDra 24 21 22 16 apollinaire Solar-like, low S/N 182.07 ± 0.10

Notes. When available, the minimal list comprises modes fitted by all three pipelines and classified as non-outliers according to the Peirce criterion.
If only two pipelines successfully analysed a star, it includes the modes common to those two. For two stars, no consistent mode identification was
achieved across pipelines, and a minimal list was therefore not defined. The pipeline used to fit the selected reference dataset, chosen following
the procedure described in Sect. 4.2, is also indicated. If only one or two pipelines yielded results, the dataset with the largest number of extracted
modes was adopted as reference and marked with an asterisk. We additionally report the large frequency separations, ∆ν, measured from the
reference dataset defined in Sect. 4.2. The stars are ordered by νmax from Table B.1.

further suggests that additional mixed modes may remain un-
detected.

The diversity in mixed-mode morphology reflects differences in
core structure and evolutionary state across the sample. Thus,
stars exhibiting a larger number of detectable mixed modes tend
to be more evolved.

The oscillation power envelope of at least eight stars in our
sample (HD 36553, θ Dra, ζ Pic, υ Cep, HD 136064, HD 50223,
17 Cyg, and θ Cyg) departs from the classical Gaussian-like
shape, instead exhibiting a double-humped or plateau-like struc-
ture, as seen in their respective PSDs in Appendix D. Similar
broad, non-Gaussian envelopes have long been observed in the
bright F5 SG Procyon, which has become a benchmark case for
such atypical solar-like oscillation profiles (e.g. Bedding et al.
2005). Comparable features have also been reported in sev-
eral stars observed by CoRoT and Kepler (e.g. Mathur et al.
2010; García & Ballot 2019), and were specifically noted by
Guzik et al. (2016) for θ Cyg. Stars displaying this type of enve-
lope tend to be hotter and, in some cases, slightly evolved SGs.

Two stars in our sample were also observed by Kepler: θ
Cyg (Guzik et al. 2016) and 16 Cyg A (Metcalfe et al. 2012;

Davies et al. 2015; Lund et al. 2017). The Kepler and TESS ob-
servations were not combined in the present analysis because
of their substantially different S/Ns and the temporal gap of
several years between the datasets. Such differences may intro-
duce systematic variations in the mode amplitudes and back-
ground properties, making an independent analysis more appro-
priate. We therefore chose instead to compare the independently
extracted frequency sets. The literature frequencies are shown
alongside our measurements in the échelle diagrams of the stars
(Figs. D.18 and D.23). For 16 Cyg A, all three studies report very
similar values, so only the most recent set (Lund et al. 2017) is
displayed. Twenty-four modes are common between our mea-
surements and the literature for this latter star, all agreeing within
2σ. In the case of θ Cyg, 26 modes were extracted from both
Kepler and TESS observations. Of these, 12 modes from our
analysis are consistent within 2σ of the Guzik et al. (2016) val-
ues, while nine modes differ by more than 3σ. These discrep-
ancies are primarily associated with modes at the edges of the
p-mode envelope, where the oscillation amplitudes are lower,
and the S/N is reduced. In addition, as an F-type star, θ Cyg ex-
hibits intrinsically broad oscillation modes, which overlap in the
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Fig. 2. S/N of the radial mode (` = 0) closest to νmax, plotted as a func-
tion of νmax for each star. Markers are coloured according to the effective
temperature of the stars listed in Table A.1, and indicated by the colour
bar. SG stars are shown as triangles, while MS stars are circles. The low
S/N threshold of 2.4 is indicated by a dashed horizontal line, and the
solar value νmax,� = 3090 µHz is marked by a dash-dotted vertical line.

power spectrum and are more challenging to fit accurately. The
combination of low amplitude and broad mode width likely ac-
counts for the observed deviations from the Guzik et al. (2016)
measurements. Similarly, σ Dra was also analysed by Hon et al.
(2024) using both TESS photometry (sectors 41–60) and radial
velocities from the Keck Planet Finder (KPF). Their extracted
frequencies are shown alongside ours in Fig. D.29. Comparing
the two TESS-based frequency sets, we identify two additional
low-frequency modes, while they reported one additional mode
at a higher frequency. We also detect quadrupolar modes that
were not reported in their analysis. Aside from these differences,
all commonly extracted frequencies agree within less than 1 σ.

The S/N of the radial mode closest to νmax was computed
for each star using the apollinaire results and is shown
as a function of νmax in Fig. 2. Uncertainties were estimated
by propagating the errors in both the mode height (mean of
lower and upper bounds) and the background parameters. As
expected, stars with lower νmax tend to exhibit a higher S/N,
even though their apparent magnitudes are relatively similar
(V ∈ [3.55, 5.99], Paper I), confirming that the S/N trend is pri-
marily driven by νmax rather than brightness differences. Seven
stars have S/N values below 2.4 (Table 1), corresponding to cases
where the mode ridges become increasingly difficult to discern
in the échelle diagrams. For these stars, we added an additional
panel in the échelle diagrams (Appendix D) showing the col-
lapsed échelle (e.g. Bedding et al. 2005), which highlights the
presence of mode ridges despite the low S/N. Stars in the so-
lar νmax regime systematically exhibit low S/N in TESS obser-
vations. This limited S/N restricts our ability to constrain mode
widths and therefore damping properties, which are key diagnos-
tics of near-surface convection. These targets are therefore prime
candidates for PLATO, whose higher photometric precision and
longer time series will enable a more robust seismic character-
isation. This aligns with PLATO’s core objective of precisely
determining stellar masses, radii, and ages for solar-like stars,
thereby improving stellar model calibration and the characteri-
sation of their planetary systems. For some of these stars (i.e. 19
Dra, HD 176051, 26 Dra, and σ Dra), the mode widths are not
well constrained, as the base of the mode peaks is buried within
the noise. Nevertheless, the extracted frequencies remain consis-
tent with the peaks seen in the summed échelle power. Notably,
despite its low S/N and high νmax, close to the Nyquist frequency

of the instrument at this cadence, mode frequencies were suc-
cessfully extracted for σ Dra. This star therefore represents one
of the coolest MS stars observed with TESS for which individ-
ual mode parameters have been robustly extracted and modelled
(Hon et al. 2024).

5. Discussion and comparisons with other studies

To place these results in a broader context, we further compare
the seismic properties of our sample with stars drawn from sev-
eral literature catalogues: (1) the Kepler LEGACY catalogue
(Lund et al. 2017), which includes 66 MS stars observed by Ke-
pler with exceptionally high-S/N data, providing some of the
most precise seismic constraints currently available for stellar
modelling (Silva Aguirre et al. 2017); (2) the sample studied by
White et al. (2012) which provided ε and ∆ν for 46 Kepler MS
oscillators; (3) 36 Kepler SG stars from Li et al. (2020); and
(4) the 147 MS and SG stars from the KEYSTONE sample
(Lund et al. 2024; Hookway et al. 2025), observed during the K2
campaigns. These catalogues were selected for their relevance
to our sample, as they include both MS and SG stars and span
a similar range of effective temperatures. They combine obser-
vations from different space missions, primarily Kepler and K2,
complementing our TESS-based sample, and cover a range of
seismic characterisation levels, from detailed individual mode
parameters to global measurements. Taken together, they repre-
sent the vast majority of currently available MS and SG stars
with data of sufficient quality to reliably determine the seismic
parameters discussed in this section. In what follows, we restrict
the analysis to the reference dataset selected for each star (as
defined in Sect. 4.2).

5.1. Mode amplitudes and linewidths

The amplitude and linewidth of the radial mode closest to νmax
are shown as a function of νmax (values from Table B.1) in Fig. 3
for our sample. For comparison, we include MS stars from the
Kepler LEGACY sample and SG stars from Li et al. (2020).
Consistent with these previous studies, mode amplitudes de-
crease with increasing νmax, and for MS stars also decrease with
decreasing effective temperature. Stars exhibiting mixed modes
occupy the upper left region of the amplitude panel and are as-
sociated with relatively small linewidths in the bottom panel,
consistent with their more evolved nature and longer mode life-
times. The linewidths display an overall bell-shaped dependence
on νmax: they are small at low νmax, increase and become more
dispersed at intermediate νmax, and decrease again at higher νmax.
This behaviour reflects the known dependence of mode damping
on stellar structure and effective temperature (Belkacem et al.
2012; Houdek et al. 2019), and is recovered here despite differ-
ences in data quality and analysis conditions with respect to the
comparative Kepler studies. As discussed in the previous sec-
tion, most stars with low S/N have poorly constrained linewidths,
which likely explains the unusually large widths measured for
the two stars near 1650 and 2700 µHz (θ Cyg and 19 Dra). Ex-
cluding these cases, all stars in our sample are consistent with
the distribution defined by the literature samples in terms of
both Amax and Γ at νmax, with differences primarily reflecting the
larger and more heterogeneous uncertainty budget in our dataset.
These findings extend the empirical relations to a complemen-
tary sample of bright stars observed under different conditions,
and improving their statistical coverage in regions of parameter
space that were previously sparsely populated.
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Fig. 3. Amplitude (top) and linewidth (bottom) of the radial mode clos-
est to νmax, plotted as a function of νmax for each star. Markers follow
the same legend as in Fig. 2. For comparison, MS stars from the Kepler
LEGACY sample (Lund et al. 2017) and SG stars from Li et al. (2020)
are shown as grey circles and green triangles, respectively, in the back-
ground of the two panels.

5.2. Average seismic parameters

5.2.1. Fitting procedure

For each star, we computed the average small frequency separa-
tions, δν, and ε, following the procedure described in Lund et al.
(2017). This was done by fitting the observed mode frequencies
with

νn,` '

(
n +

`

2
+ ε

)
∆ν0 − δν0,`

−
dδν0,`

dn
(n − nνmax,` ) +

d∆ν/dn
2

(n − nνmax,` )
2 , (9)

where ∆ν0 is the large frequency separation evaluated at νmax,
and nνmax is the (generally non-integer) radial order correspond-
ing to νmax. The small separations, δν0,1 and δν0,2, were op-
timised independently. In practice, we implemented this func-
tional form through a parametric model in which ∆ν0, ε, d∆ν/dn,
and nνmax were treated as global parameters, while δν0,` and
dδν0,`/dn were fitted separately for ` = 1 and ` = 2. Ra-
dial modes therefore constrain only the global parameters and
the curvature term, while the dipole and quadrupole modes ad-
ditionally constrain their respective small separations and gra-
dients. The fit was performed by minimising the residuals be-
tween observed and modelled frequencies, weighted by the indi-
vidual frequency uncertainties. We first obtained a maximum-
likelihood solution using a least-squares minimisation (with
lmfit, Newville et al. 2025), and subsequently explored the
joint posterior distribution of the parameters using an MCMC
approach. A Gaussian prior on νmax was included by requir-
ing the modelled radial-mode frequency at nνmax to reproduce
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Fig. 4. ε as a function of effective temperature. SG stars are shown as
orange triangles, and MS stars as red circles. The two stars for which the
fitters did not reach agreement on the mode identification are indicated
by diamonds, with FAMED identification in yellow, and PBjam’s one
in blue, both symbols belonging to the same star being linked with a
dashed blue line. Stars from the four comparison catalogues described
in the text are plotted as open symbols: light blue circles (White et al.
2012), grey circles (Lund et al. 2017), green circles (Li et al. 2020), and
pink circles (Hookway et al. 2025). Error bars are shown where visible
and are otherwise smaller than the marker size.

the observed νmax (from Table B.1) within its uncertainty. Fi-
nal parameter estimates and uncertainties were derived from the
marginalised posterior distributions and are listed in Table 2.

For the three stars showing numerous mixed modes (HD
62644, 27 Cyg, and HD 175225), for which a simple asymptotic
description is inadequate, only δν0,2 was estimated together with
the global parameters. We emphasise that in other stars where
mixed modes were detected, δν0,1 and its variation in order n
were still measured because a clear ridge associated with the un-
derlying p-mode pattern was identified in their échelle diagram.
In those cases, the presence of mixed modes did not prevent the
extraction of reliable frequency separations.

5.2.2. Asymptotic phase term ε

The resulting ε − Teff relation is shown in Fig. 4, together with
measurements from the four comparison catalogues described
above. For consistency, the average seismic parameters of the
KEYSTONE sample were derived by same fitting procedure de-
scribed in Sect. 5.2.1. For the remaining catalogues, ε values
were taken directly from the corresponding studies. For the two
stars shown as yellow and blue diamonds (θ Dra and HR 3220),
for which the fitting pipelines did not agree on the mode identi-
fication, two estimates of ε were obtained. The value listed in
Table 2 corresponds to the pipeline that extracted the largest
number of modes from the optimal light curve (FAMED in both
cases), while a second estimate was derived using PBjam, which
adopted an alternative mode identification. Both estimates fall
within the range defined by the literature samples, consistent
with the rest of our targets. However, these stars lie near the
edges of the expected ε–Teff relation, where mode identification
becomes sensitive to small changes in effective temperature and
global seismic parameters. This is driven by the strong correla-
tion between ∆ν and ε, such that even modest variations in ∆ν
can propagate into significant changes in ε and in the resulting
ridge assignment in the échelle diagram. This sensitivity is fur-
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Table 2. Values from the fit of Eq. (9) to the mode frequencies.

Name ∆ν0 ε
d ∆ν/dn δν0,1 d δν0,1/dn δν0,2 d δν0,2/dn

(µHz) (µHz) (µHz) (µHz) (µHz) (µHz)

HD 36553 33.74 ±0.06 1.15 ±0.03 0.230 ±0.041 2.471 ±0.105 −0.184 ±0.042 2.481 ±0.237 −0.237 ±0.163
θDra 40.26 ±0.06 1.43 ±0.03 0.028 ±0.014 −2.033 ±0.032 0.427 ±0.009 2.334 ±0.059 0.082 ±0.019
HD 62644 41.11 ±0.03 1.41 ±0.01 0.102 ±0.038 – – 3.841 ±0.069 0.136 ±0.048
68 Dra 40.17 ±0.05 0.93 ±0.02 0.153 ±0.025 2.273 ±0.151 0.208 ±0.055 4.237 ±0.260 −0.249 ±0.083
35 Dra 42.14 ±0.05 1.15 ±0.02 0.156 ±0.027 3.435 ±0.061 0.143 ±0.016 3.244 ±0.167 −0.273 ±0.054
27 Cyg 39.91 ±0.08 1.32 ±0.04 0.194 ±0.047 – – 3.414 ±0.184 −0.146 ±0.081
HD 175225 43.60 ±0.04 1.33 ±0.01 0.242 ±0.016 – – 3.685 ±0.046 −0.198 ±0.017
ζ Pic 49.63 ±0.07 1.04 ±0.02 −0.035 ±0.029 3.699 ±0.119 0.444 ±0.048 5.100 ±0.227 0.535 ±0.096
HD 46569 50.05 ±0.10 1.00 ±0.04 0.304 ±0.037 3.051 ±0.137 −0.196 ±0.048 2.354 ±0.339 −0.297 ±0.112
υCep 53.86 ±0.16 0.99 ±0.06 0.419 ±0.049 3.046 ±0.130 −0.123 ±0.040 4.448 ±0.826 −0.264 ±0.156
HD 136064 59.61 ±0.12 1.11 ±0.04 0.442 ±0.059 3.459 ±0.134 0.160 ±0.059 4.447 ±0.199 −0.285 ±0.118
ψ1 Dra A 61.81 ±0.10 0.90 ±0.03 0.117 ±0.028 1.048 ±0.264 −0.058 ±0.063 – –
HD 191195 70.77 ±0.34 1.00 ±0.09 0.372 ±0.030 1.032 ±0.259 −0.363 ±0.060 5.048 ±0.624 −0.378 ±0.157
ξ Pup 69.14 ±0.11 0.91 ±0.03 0.341 ±0.023 1.964 ±0.181 −0.178 ±0.035 3.459 ±0.372 −0.389 ±0.063
36 Dra 70.21 ±0.18 0.94 ±0.05 0.063 ±0.119 4.148 ±0.177 0.398 ±0.084 5.953 ±0.545 −0.416 ±0.355
HR 3220 71.49 ±0.08 1.10 ±0.02 0.312 ±0.002 5.573 ±0.013 −0.126 ±0.003 4.909 ±0.038 −0.350 ±0.009
17 Cyg 78.59 ±0.09 1.30 ±0.03 0.143 ±0.035 3.206 ±0.241 −0.582 ±0.080 5.708 ±0.258 0.027 ±0.095
θCyg 83.98 ±0.15 0.77 ±0.04 0.556 ±0.051 0.887 ±0.158 −0.255 ±0.025 5.931 ±0.536 −0.640 ±0.071
HD 184960 91.83 ±0.21 1.22 ±0.05 0.426 ±0.105 3.190 ±0.251 −0.340 ±0.097 9.774 ±0.751 −0.415 ±0.164
ωDra 88.62 ±0.12 0.94 ±0.03 −0.115 ±0.108 2.828 ±0.261 −0.359 ±0.085 8.216 ±0.990 0.370 ±0.369
99 Her 96.12 ±0.16 1.33 ±0.03 0.265 ±0.066 4.531 ±0.207 −0.549 ±0.078 4.581 ±0.685 −0.753 ±0.257
HD 53705 101.66 ±0.14 1.47 ±0.03 0.254 ±0.068 4.357 ±0.095 −0.728 ±0.066 4.755 ±0.258 −0.762 ±0.156
16 Cyg A 103.24 ±0.26 1.45 ±0.05 0.367 ±0.139 3.886 ±0.315 −0.202 ±0.158 6.697 ±0.746 −0.406 ±0.295
72 Her 106.26 ±0.14 1.48 ±0.03 0.264 ±0.026 4.184 ±0.216 −0.247 ±0.046 5.431 ±0.595 −0.434 ±0.093
19 Dra 115.29 ±0.17 1.15 ±0.03 0.303 ±0.079 4.544 ±0.215 −0.191 ±0.073 12.540 ±0.715 −0.157 ±0.540
HD 176051 126.93 ±0.48 1.37 ±0.08 0.367 ±0.090 4.111 ±0.166 −0.029 ±0.036 8.812 ±0.455 −0.147 ±0.300
HD 193664 137.20 ±0.48 1.51 ±0.08 −0.069 ±0.273 2.807 ±0.151 −0.520 ±0.094 8.755 ±0.689 −1.019 ±0.522
26 Dra 131.22 ±1.33 1.53 ±0.25 −0.912 ±0.123 4.124 ±0.512 0.226 ±0.211 – –
σDra 182.49 ±0.19 1.50 ±0.03 0.226 ±0.032 4.008 ±0.118 −0.283 ±0.037 11.029 ±1.443 0.105 ±0.429

ther increased by broad linewidths and, in some cases, mixed
modes, which reduce the regularity of the oscillation pattern and
can lead to differences in mode identification between pipelines.
Only detailed seismic modelling (to be presented in an upcoming
paper) can provide a definitive solution in such cases. Moreover,
our sample adds stars in the Teff < 5500 K regime, where fewer
objects are available, thereby improving the sampling of this re-
gion with new TESS observations and supporting the robustness
of the derived seismic parameters in this domain.

5.2.3. Frequency separations

The resulting small frequency separations, δν0,1 and δν0,2, and
their ratio are shown in Fig. 5. The values for δν0,2 of the Li et al.
(2020) sample are reported from that publication, while those of
d∆ν/dn were computed from a fit of Eq. (9) ignoring ` = 1
and ` = 2 modes. The variations in δν0,1 and δν0,2 with ra-
dial order n (panels b and d) are larger than those reported in
the LEGACY and KEYSTONE catalogues. However, as these
variations are mostly zero or negative, they remain compatible
with decreasing functions of frequency, in line with what was
noted by Lund et al. (2017). We note a systematic negative off-
set in dδν0,2/dn between our sample and the literature stars. This
may be due to the shorter observation baseline and lower S/N
of TESS compared with Kepler or K2, which disproportionately
affects the lower-amplitude ` = 2 modes and increases the uncer-
tainty in the derived slope. As noted by Lund et al. (2017), most
stars deviate from the asymptotic regime, and this is also visible

in the KEYSTONE sample. Only five stars in our sample (HD
50223, ω Dra, 19 Dra, HD 193664, and σ Dra) are compatible
with the asymptotic ratio δν0,2/δν0,1 = 3. Therefore, two stars
from our sample (HD 191195 and θ Cyg), as well as four stars
from the KEYSTONE sample, depart strongly from the asymp-
totic regime and are inconsistent with the distribution defined
by the LEGACY sample, suggesting structural differences not
captured by the asymptotic approximation. A revised interpreta-
tion of the small frequency separations, extending from the MS
to more evolved stages, has recently been proposed, in which
δν0,2 is found to scale primarily with global seismic parame-
ters rather than directly tracing the internal sound-speed gradi-
ent (Ong et al. 2025). Finally, ω Dra and 26 Dra lie below zero
in panel (f), which shows d∆ν/dn as a function of ∆ν, while
all other stars cluster around ∼0.25, consistent with Lund et al.
(2017) and Hookway et al. (2025). These two stars, therefore,
appear to exhibit a negative gradient of the large frequency sepa-
ration with frequency, potentially indicating structural curvature
effects. However, this result should be treated with caution, as
both stars have relatively low S/N (Table 1), which may bias the
inferred structure.

6. Conclusion

In this work, we have performed a detailed seismic characteri-
sation of 29 bright solar-like stars out of a sample of 32 targets
from the TESS Luminaries sample that are located in the PLATO
LOP fields. Building on the global seismic analysis presented in
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Fig. 5. Small frequency separations, δν0,1 (panel a) and δν0,2 (panel c), along with their variation with radial order n (panels b and d), and their
ratio, δν0,1/δν0,2 (panel e), are plotted as a function of ∆ν (from Table 1) for each star. Panel (f) shows the variation in ∆ν with n as a function of
∆ν, with the dashed line indicating the nearly constant value of 0.25 µHz around which most stars appear to lie, as discussed in Lund et al. (2017).
Markers are coloured according to the effective temperature of the stars listed in Table A.1, and indicated by the colour bar. SG stars are shown as
triangles, while MS stars are circles. For comparison, stars from the literature are shown in the background with open markers: grey circles for the
LEGACY sample (Lund et al. 2017), green triangles for the SGs of Li et al. (2020), and pink circles for the KEYSTONE sample (Hookway et al.
2025). The dashed line in panel (e) indicates the expected value of 3 from the asymptotic relation in Eq. (C.1), while those in panels (b) and (d)
show the zero value.

Paper I, we now focus on the extraction of individual oscilla-
tion mode parameters and provide, for the first time, constraints
on individual mode frequencies for 26 of these stars. This al-
lows for more precise determinations of their fundamental prop-
erties. A detailed modelling of their masses, radii, and ages will
be presented in a forthcoming study (Bétrisey et al., in prep.).
The analysis was performed by combining multiple observing
cadences, calibrations, and independent mode-fitting pipelines
to ensure robust and consistent results. For the remaining three
stars, only the background parameters are reported. From the ex-
tracted mode frequencies, we quantified key seismic diagnostics,
including the large and small frequency separations (∆ν, δν0,1,
δν0,2), the asymptotic phase term ε, as well as mode amplitudes
and linewidths. Mixed modes were carefully identified in SG
stars, providing insight into their internal structure. Detailed for-
ward modelling of the frequencies will be addressed in a future
study. Our analysis provides several new insights:

1. The échelle diagrams and modelled PSD plots are provided
for all 29 stars, along with the corresponding lists of ex-
tracted mode frequencies.

2. The mode frequencies extracted forσDra confirm the results
of Hon et al. (2024), which were obtained using a smaller
number of TESS sectors. This star represents one of the
coolest MS solar-like stars for which individual oscillation
modes have been characterised with TESS, thereby extend-
ing the parameter space accessible to asteroseismic studies.
Only three other stars in a similar effective temperature range
are reported in the Kepler LEGACY catalogue (Lund et al.
2017). Studying such low-Teff stars is particularly impor-
tant for exoplanet science: their smaller radii and masses
enhance transit and radial velocity signals, enabling more
precise detection and characterisation of Earth-sized plan-
ets. Additionally, their close-in habitable zones allow more
frequent transits, facilitating follow-up observations. Char-
acterising cooler stars seismically provides a critical founda-
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tion for understanding the occurrence and properties of po-
tentially habitable planets.

3. A careful and comparative identification of mixed modes
across multiple pipelines is provided, together with a
quantification of their agreement and discrepancies. Our
work demonstrates the sensitivity of mode identification to
pipeline methodology and highlights the need for robust ap-
proaches when analysing stars near the MS turn-off. This
issue is compounded when modelling the detected mixed
modes, as the radial sensitivity of a mode can vary rapidly
compared to the frequency differences between stellar mod-
els, making detailed seismic modelling particularly challeng-
ing (e.g. Fellay et al. 2021).

4. At least eight stars with double-humped or plateau-like oscil-
lation envelopes were identified, including slightly evolved
SG and hotter MS stars. This feature, previously reported
only in a few Kepler and CoRoT targets, is now observed in
TESS data, opening new avenues to study the physical pro-
cesses shaping envelope morphology.

5. Comparison with Kepler observations for 16 Cyg A and θ
Cyg demonstrates that TESS can reliably recover mode fre-
quencies, even for stars with low S/N or broad F-type modes,
while identifying limitations in mode width determination.
This emphasises the potential of TESS for expanding the
sample of stars with detailed seismic characterisation and
identifies prime candidates for future PLATO observations.

Our results confirm that TESS can provide reliable individual
mode frequencies for a broad range of solar-like stars, including
F-type MS stars and stars with low S/N, enabling studies of stel-
lar interiors across different evolutionary stages. The observed
diversity in mode amplitudes, linewidths, and small separations
underscores the importance of combining multiple pipelines and
careful mode identification to capture both surface and core
properties. Future missions such as PLATO, with higher pho-
tometric precision and longer time series, will further improve
constraints on mode damping, mixed modes, and stellar interi-
ors, thereby advancing our understanding of stellar structure and
evolution.

Data availability

The star-by-star resulting mode frequencies obtained from
apollinaire, FAMED and PBjam for the optimal light curve
are only available in electronic form at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://
cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/. An exam-
ple of these tables is shown for HD 36553 in Appendix E.
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Appendix A: List of the 34 TLS in the PLATO LOP fields

Table A.1. List of the 34 TLS in the PLATO fields.

Name TIC Teff [K] log g [Fe/H] Ref. νmax [µHz] (I) ∆ν [µHz] (I) # 120s # 20s Note

Inside PLATO LOPS 2

HR 3220 308844962 6483 ± 33 4.18 ± 0.05 −0.29 ± 0.03 (7) 1386.8 ± 27.0 71.6 ± 0.6 18 7 SB
HD 62644 123699670 5490 ± 50 3.82 ± 0.07 0.01 ± 0.04 (6) 708.4 ± 6.7 41.1 ± 0.3 8 4 BS
HD 50223 170225363 6437 ± 27 4.10 ± 0.07 −0.22 ± 0.04 (7) 1279.7 ± 66.0 69.0 ± 0.9 8 3 BS
ν2 Col 32500750 6373 ± 70 3.94 ± 0.10 −0.11 ± 0.05 (7) 691.3 ± 43.5 38.9 ± 1.3 4 0
171 Pup 149672905 5754 ± 22 4.11 ± 0.06 −0.85 ± 0.02 (7) 2107.7 ± 59.8 104.4 ± 0.9 5 3 SB
ζ Pic 219420836 6380 ± 38 4.00 ± 0.07 0.07 ± 0.04 (7) 853.0 ± 42.4 49.5 ± 0.4 7 2
HD 36553 354552931 6002 ± 65 3.82 ± 0.06 0.35 ± 0.03 (7) 544.7 ± 16.1 33.7 ± 0.2 7 1
HD 53705 130645536 5790 ± 15 4.33 ± 0.04 −0.22 ± 0.03 (7) 1989.9 ± 98.4 101.8 ± 0.7 8 5
HD 46569 255630992 6313 ± 50 4.03 ± 0.06 0.04 ± 0.05 (6) 932.2 ± 20.5 49.7 ± 0.3 13 5 SB
HD 65907 372914091 5997 ± 16 4.52 ± 0.03 −0.31 ± 0.02 (7) 3006.9 ± 165.7 128.5 ± 1.2 19 13

Inside PLATO LOPN 1

χDra 341873045 6101 ± 25 4.29 ± 0.04 −0.64 ± 0.04 (7) 2314.7 ± 24.4 108.4 ± 0.1 38 16 SB
θDra 161825882 6196 ± 24 3.96 ± 0.17 0.20 ± 0.03 (7) 723.0 ± 15.8 40.2 ± 0.3 14 1 SB
θCyg 27014182 6914 ± 33 4.24 ± 0.01 −0.03 ± 0.03 (4) 1759.1 ± 67.1 82.8 ± 1.2 13 7 BS, EHC (3)
υCep 421444084 6161 ± 27 3.86 ± 0.08 0.12 ± 0.03 (7) 958.7 ± 22.3 53.6 ± 0.4 12 4 SB
ψ1 Dra A 441804568 6410 ± 82 4.00 ± 0.05 0.01 ± 0.03 (7) 1232.4 ± 19.8 61.8 ± 0.3 39 18 SB
σDra 259237827 5298 ± 14 4.52 ± 0.02 −0.21 ± 0.01 (7) 4217.9 ± 122.6 182.2 ± 0.5 41 28
ωDra 233195546 6595 ± 28 4.19 ± 0.11 −0.03 ± 0.06 (2) 1999.5 ± 55.0 88.3 ± 2.0 39 19 SB
19 Dra 289622310 6298 ± 20 4.27 ± 0.07 −0.14 ± 0.02 (7) 2313.1 ± 493.9 104.8 ± 3.5 41 28 SB
36 Dra 233121747 6473 ± 38 4.09 ± 0.04 −0.29 ± 0.02 (7) 1312.0 ± 16.9 69.6 ± 0.2 36 14
17 Cyg 58445695 6442 ± 63 4.17 ± 0.02 −0.07 ± 0.05 (1) 1484.4 ± 36.1 78.6 ± 1.5 5 3
35 Dra 441813918 6191 ± 25 3.82 ± 0.05 −0.13 ± 0.04 (7) 705.3 ± 7.0 42.1 ± 0.1 40 13
99 Her 22516402 5974 ± 23 4.20 ± 0.03 −0.55 ± 0.02 (7) 1950.7 ± 41.0 96.2 ± 0.6 5 4 SB
HD 136064 232563914 6144 ± 20 4.02 ± 0.04 −0.02 ± 0.02 (7) 1081.9 ± 23.8 59.1 ± 0.2 18 4
HD 175225 48194330 5297 ± 26 3.77 ± 0.08 0.14 ± 0.05 (7) 752.1 ± 11.3 43.5 ± 0.3 23 5
26 Dra 219777482 5921 ± 33 4.44 ± 0.04 −0.04 ± 0.03 (7) 3059 ± 176.8 132.9 ± 0.9 40 27 SB
27 Cyg 41195655 5136 ± 27 3.66 ± 0.06 −0.02 ± 0.02 (7) 702.8 ± 44.4 40.6 ± 1.2 9 2 RS CVn
72 Her 9728611 5704 ± 13 4.33 ± 0.03 −0.39 ± 0.01 (7) 2241.4 ± 85.1 106.2 ± 1.0 5 3
HD 176051 20601206 5975 ± 20 4.54 ± 0.06 −0.10 ± 0.02 (7) 2902.2 ± 132.1 127.4 ± 1.7 8 6 BS, 1 EH* (5)
68 Dra 236871353 6270 ± 62 4.00 ± 0.13 −0.03 ± 0.04 (7) 716.2 ± 14.7 40.2 ± 0.6 20 5
HD 184960 26884478 6287 ± 19 4.29 ± 0.06 −0.08 ± 0.03 (7) 1870.6 ± 73.9 91.9 ± 0.9 13 11 1 EH (1)
HD 191195 405902259 6730 ± 63 4.18 ± 0.02 −0.05 ± 0.05 (1) 1353.0 ± 146.7 69.2 ± 2.3 11 6
HD 193664 403585118 5930 ± 18 4.48 ± 0.03 −0.10 ± 0.02 (8) 3174.6 ± 201.7 138.5 ± 2.8 26 17
16 Cyg A 27533341 5791 ± 9 4.29 ± 0.02 0.08 ± 0.01 (7) 2236.5 ± 97.9 103.5 ± 1.1 12 10 BS
HD 152303 233503400 6573 ± 80 - - (2) 1689.5 ± 49.6 82.2 ± 1.5 34 14

References. (1) Barnes et al. (2023); (2) Casagrande et al. (2011); (3) Desort et al. (2009); (4) Koleva & Vazdekis (2012); (5) Muterspaugh et al.
(2010); (6) Perdelwitz et al. (2024); (7) Soubiran et al. (2022) ; (8) Soubiran et al. (2024);
Notes. Spectroscopic parameters are compiled from the literature (sources being listed in the Ref. column), while global seismic parameters are
taken from Paper I. The number of TESS observing sectors is reported separately for each cadence, and the notes indicate system multiplicity
and some stellar properties. Values of νmax and ∆ν were computed with the pySYD pipeline in Paper I (Chontos et al. 2022; Lund et al. 2025).
Abbreviations: RS CVn: RS Canum Venaticorum–type variable; BS: binary or multiple system; SB: spectroscopic binary; EH: confirmed exoplanet
host (* indicates a confirmed planet in the system but not necessarily orbiting the target star); EHC: exoplanet host candidate. # 120s: number of
sectors observed at 120-s cadence; # 20s: number of sectors observed at 20-s cadence.

Appendix B: Background parameters from the apollinaire fitting procedure
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Appendix C: Mode identification

The identification of oscillation modes is a crucial step in as-
teroseismic analyses, as it establishes the link between ob-
served spectral features and their physical interpretation. Accu-
rate mode identification enables the assignment of angular de-
gree and radial order to individual oscillation modes, which is
essential for subsequent seismic modelling and inference of stel-
lar properties. Depending on the evolutionary stage and oscil-10

lation characteristics of the star, different strategies may be re-
quired to reliably identify modes, particularly in the presence of
mixed modes, broadened linewidths, or overlapping ridges in the
power spectrum.

C.1. Pure p modes

For MS stars with clearly resolved ridges in the power spec-
trum, all pipelines adopt the standard asymptotic expression (e.g.
Tassoul 1980; Mosser et al. 2011; Lund et al. 2017; Breton et al.
2022a). The frequencies of ` = 0 and ` = 2 modes are given by

νpn,` =

[
n +

`

2
+ ε +

α

2

(
n −

νmax

∆ν

)2
]
∆ν − δν0,` , (C.1)

where n and ` denote the radial order and angular degree, ε is20

the phase offset, δν0,` the small separation, and α accounts for
the curvature of the large separation. Global seismic parameters
∆ν and νmax are first measured from the power spectrum, then
predicted mode frequencies are generated from Eq. (C.1). In this
scheme, quadrupole modes are offset from radial modes by δν0,2:

νnp−1,2 = νnp,0 − δν0,2 . (C.2)

and dipole (` = 1) modes, when not mixed, are offset by

νnp,1 = νnp,0 − δν0,1 +
∆ν

2
. (C.3)

Observed peaks are then matched to the nearest predicted
frequencies (Corsaro & De Ridder 2014; Corsaro et al. 2020;
Nielsen et al. 2021, 2025; Breton et al. 2022a), and modes are30

labelled according to their angular degree. This approach works
well for stars with narrow, regular ridges but becomes challeng-
ing for mixed modes, F-like stars, or stars with broad linewidths,
where ridge distortion and mode blending can obscure the
asymptotic pattern.

C.2. Mixed-mode formulation

For stars exhibiting signatures of mode coupling, particularly
dipole mixed modes, mode identification requires a formalism
that accounts for the interaction between the p- and g- mode cav-
ities. In this formulation, pure pressure modes are computed us-40

ing Eq. (C.1), while pure gravity modes follow Tassoul (1980):

νg =
1

∆Π1

(
ng + 1

2 + εg

) , (C.4)

where εg is the gravity-mode phase offset and ∆Π` is the asymp-
totic period spacing. We note that, in the case of SGs, the gravity-
mode component of mixed modes does not strictly follow the
asymptotic regime, as the g-mode cavity is relatively small and
the mode pattern may deviate significantly from this simple
relation (e.g. Ong & Basu 2020). The asymptotic description

adopted here should therefore be regarded as an approximation
in this evolutionary phase. 50

Two complementary approaches were applied using
apollinaire and PBjam. For apollinaire results, an a
posteriori mixed mode-identification method was implemented.
First, the ` = 0 and ` = 2 modes are identified using the standard
asymptotic relation of Eq. (C.1) for pure pressure modes.
Remaining significant peaks are provisionally associated with
dipole mixed modes, which are then compared to the frequen-
cies predicted by the best-fitting asymptotic mixed-mode model.
Peaks that do not correspond to model-predicted modes are
treated as noise and excluded. The mixed-mode frequencies 60

are computed by solving the implicit asymptotic relation
(Shibahashi 1979):

cot
(
Θg

)
tan

(
Θp

)
= q , (C.5)

with phases defined as (Ong & Gehan 2023):

Θp =
π

∆ν

(
ν − νp

)
, (C.6)

Θg =
π

2
−

π

∆Π`

(
1
νg
−

1
ν

)
, (C.7)

where νp and νg are the closest pure pressure and gravity mode
frequencies to ν, respectively. The asymptotic parameters ∆ν, α,
δν0,1, ε, εg, q, and ∆Π1 are adjusted within a Bayesian MCMC
framework using emcee, with a Gaussian log-likelihood:

lnL = −
1
2

∑
modes

(νobs − νmodel)2

σ2
obs

, (C.8)

where νobs are the observed peak-bagged frequencies, νmodel the
model frequencies, andσobs the observational uncertainties, with
the larger of asymmetric bounds adopted conservatively. This 70

procedure enables a clear separation between genuine oscilla-
tion modes and spurious noise features. Although the MCMC
convergence yields asymptotic parameters describing the oscil-
lation pattern, here it is employed solely as a mode-identification
tool.
PBjam, in contrast, follows an a priori non-asymptotic ap-

proach, particularly suited for SG stars with mixed modes. Ra-
dial and quadrupole modes are modelled with standard asymp-
totic relations of Eqs. (C.1) and (C.2), whereas dipole modes
are treated as combinations of pure pressure and gravity modes 80

with Eq. (C.4), and described by a non-asymptotic relation
(Deheuvels & Michel 2010; Ong & Basu 2020), which explic-
itly accounts for the coupling strength between the p- and g-
mode cavities (Nielsen et al. 2025).

C.3. Data driven approach

Unlike purely asymptotic approaches, which rely primarily
on theoretical mode-spacing relations, the method adopted by
FAMED identifies oscillation modes using a data-driven, multi-
step analysis of the power spectrum. Candidate peaks are first
detected from the background-corrected power spectrum using a 90

significance criterion based on their signal-to-noise ratio (S/N),
without imposing a fixed asymptotic pattern a priori. This allows
oscillation modes, including dipole modes affected by mixed-
mode behaviour, to be identified based on their statistical signif-
icance rather than their proximity to expected asymptotic loca-
tions. Once candidate frequencies are identified, global astero-
seismic parameters are refined using asymptotic descriptions of
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Eqs. (C.1) and (C.2). These well-behaved modes define the os-
cillation pattern, enabling a clearer separation of dipole modes
from both noise and neighbouring ridges.100

For each candidate dipole peak, Bayesian model comparison
is employed to assess whether the feature is statistically signifi-
cant relative to the background and whether it is best described
by a single Lorentzian profile, multiple components, noise, or
more complex structures such as rotational splitting. This step
allows genuine mixed dipole modes to be distinguished from
spurious detections and noise-driven artefacts. The identifica-
tion process is iterative, with ambiguous peaks discarded and
mode classifications refined based on Bayesian evidence and
consistency with the evolving global pattern. In this framework,110

dipole mixed modes are identified primarily through Bayesian
model comparison, based on their statistical evidence rela-
tive to background-only or alternative multi-component models.
Asymptotic relations are applied only at a later stage to refine
mode labelling and spacing.

Appendix D: Échelle diagrams

We present here the star-by-star échelle diagram for the op-
timal light curve with observed modes as extracted by the
three pipelines used in this work, and the fitted model with
apollinaire. Stars are listed by increasing νmax.120

Fig. D.1. Top panel: The PSD computed from the optimal light curve of
TIC 354552931 (HD 36553) is shown in grey, over a frequency range
centred on νmax. Its moving mean (10-point window) is shown in black.
The orange curve represents the model fitted by apollinaire, with
the corresponding frequencies listed in Table E.1. Identified peaks are
indicated by vertical coloured lines above the PSD: blue for ` = 0,
red for ` = 1, yellow for ` = 2 and green for ` = 3. Bottom panels:
The left panel shows an échelle diagram with the selected reference
frequency dataset: circles (` = 0), diamonds (` = 1), triangles (` = 2),
and stars (` = 3). The right panel compares these frequencies with those
obtained by the other pipelines, where the markers of each pipeline was
slightly vertically shifted within ∆ν to improve readability. Markers are
the same as in the left panel, with apollinaire in orange, FAMED
in green, and PBjam in violet. Markers with black edges correspond to
modes included in the minimal list, while markers without black edges
correspond to modes in the maximal list or excluded from any list. For
clarity, the échelle diagram has been offset by -5 µHz to improve ridges
visibility.

Fig. D.2. Same as Figure D.1, but for TIC 161825882 (θ Dra). The
échelle diagram has been offset by 10 µHz to improve ridges visibility.
Modes for this star have not been flagged, as the pipelines do not agree
on their identification; all are shown with black edges markers.

Fig. D.3. Same as Figure D.1, but for TIC 123699670 (HD 62644). The
échelle diagram has not been offset.

Fig. D.4. Same as Figure D.1, but for TIC 236871353 (68 Dra). The
échelle diagram has been offset by 25 µHz to improve ridges visibility.
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Fig. D.5. Same as Figure D.1, but for TIC 441813918 (35 Dra). The
échelle diagram has been offset by -5 µHz to improve ridges visibility.

Fig. D.6. Same as Figure D.1, but for TIC 41195655 (27 Cyg). The
échelle diagram has been offset by 10 µHz to improve ridges visibility.

Fig. D.7. Same as Figure D.1, but for TIC 48194330 (HD 175225). The
échelle diagram has been offset by 10 µHz to improve ridges visibility.

Fig. D.8. Same as Figure D.1, but for TIC 219420836 (ζ Pic). The
échelle diagram has been offset by 40 µHz to improve ridges visibil-
ity.

Fig. D.9. Same as Figure D.1, but for TIC 255630992 (HD 46569). The
échelle diagram has been offset by -5 µHz to improve ridges visibility.

Fig. D.10. Same as Figure D.1, but for TIC 421444084 (υ Cep). The
échelle diagram has been offset by -5 µHz to improve ridges visibility.
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Fig. D.11. Same as Figure D.1, but for TIC 232563914 (HD 136064).
The échelle diagram has not been offset.

Fig. D.12. Same as Figure D.1, but for TIC 441804568 (ψ1 Dra A). The
échelle diagram has been offset by 5 µHz to improve ridges visibility.

Fig. D.13. Same as Figure D.1, but for TIC 405902259 (HD 191195).
The échelle diagram has been offset by 50 µHz to improve ridges visi-
bility.

Fig. D.14. Same as Figure D.1, but for TIC 170225363 (HD 50223). The
échelle diagram has been offset by 50 µHz to improve ridges visibility.

Fig. D.15. Same as Figure D.1, but for TIC 233121747 (36 Dra). The
échelle diagram has been offset by 60 µHz to improve ridges visibility.

Fig. D.16. Same as Figure D.1, but for TIC 308844962 (HR 3220). The
échelle diagram has been offset by 60 µHz to improve ridges visibility.
Modes for this star have not been flagged, as the pipelines do not agree
on their identification; all are shown with black edges markers.
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Fig. D.17. Same as Figure D.1, but for TIC 58445695 (17 Cyg). The
échelle diagram has not been offset.

Fig. D.18. Same as Figure D.1, but for TIC 27014182 (θ Cyg). The
échelle diagram has been offset by -15 µHz to improve ridges visibility.

Fig. D.19. Same as Figure D.1, but for TIC 26884478 (HD 184960).
The échelle diagram has not been offset. The bottom panel shows the
sum of the échelle diagram over frequency as a function of ∆ν in black,
with its moving mean (window = 1000 points) in red.

Fig. D.20. Same as Figure D.1, but for TIC 233195546 (ω Dra). The
échelle diagram has been offset by -20 µHz to improve ridges visibility.
The bottom panel shows the sum of the échelle diagram over frequency
as a function of ∆ν in black, with its moving mean (window = 2000
points) in red.

Fig. D.21. Same as Figure D.1, but for TIC 22516402 (99 Her). The
échelle diagram has been offset by 10 µHz to improve ridges visibility.

Fig. D.22. Same as Figure D.1, but for TIC 130645536 (HD 53705).
The échelle diagram has not been offset.
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Fig. D.23. Same as Figure D.1, but for TIC 27533341 (16 Cyg A). The
échelle diagram has been offset by 10 µHz to improve ridges visibility.

Fig. D.24. Same as Figure D.1, but for TIC 9728611 (72 Her). The
échelle diagram has been offset by 20 µHz to improve ridges visibility.

Fig. D.25. Resulting extracted modes for TIC 289622310 (19 Dra). Top
and middle panels are the same as Figure D.1. The échelle diagram
has not been offset. The bottom panel shows the sum of the échelle
diagram over frequency as a function of ∆ν in black, with its moving
mean (window = 2000 points) in red.

Fig. D.26. Same as Figure D.25, but for TIC 20601206 (HD 176051).
The échelle diagram has been offset by 7 µHz to improve ridges visibil-
ity. The moving mean of the summed échelle power was computed over
a window of 1000 points.

Fig. D.27. Same as Figure D.25, but for TIC 403585118 (HD 193664).
The échelle diagram has not been offset. The moving mean of the
summed échelle power was computed over a window of 2000 points.
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Fig. D.28. Same as Figure D.25, but for TIC 219777482 (26 Dra). The
échelle diagram has been offset by 40 µHz to improve ridges visibility.
The moving mean of the summed échelle power was computed over a
window of 5000 points.

Fig. D.29. Same as Figure D.25, but for TIC 259237827 (σ Dra). The
échelle diagram has been offset by -50 µHz to improve ridges visibility.
The moving mean of the summed échelle power was computed over a
window of 2000 points.

Appendix E: Frequency tables

We present here the star-by-star resulting mode frequencies ob-
tained from apollinaire, FAMED and PBjam for the optimal
light curve. The other tables are available in machine-readable
format.

Table E.1. List of oscillation mode frequencies obtained from the op-
timal light curve of TIC 354552931 (HD 36553) using apollinaire,
FAMED, and PBjam.

n ` apollinaire FAMED PBjam flag

10 1 389.86
+1.78
−1.24 – – 3

11 0 408.36
+1.29
−0.62 – – 3

11 1 424.73
+0.54
−0.38 424.54

+0.08
−0.09 – 2

11 3 454.24
+1.28
−1.65 – – 3

12 1 457.41
+0.35
−0.41 457.57

+0.18
−0.20 457.75

+0.31
−0.17 1

13 0 478.46
+0.21
−0.21 477.92

+0.11
−0.10 478.17

+0.19
−0.18 1

13 1 492.64
+0.16
−0.16 492.62

+0.07
−0.07 492.36

+0.29
−0.34 1

13 2 509.83
+0.65
−0.93 510.27

+0.23
−0.19 – 2

14 0 511.86
+0.23
−0.25 511.95

+0.12
−0.12 511.66

+0.14
−0.15 1

13 3 521.80
+0.73
−0.49 – – 3

14 1 525.89
+0.20
−0.20 525.99

+0.25
−0.25 525.49

+0.25
−0.22 1

14 2 543.25
+0.35
−0.95 543.42

+0.17
−0.17 – 2

15 0 544.80
+0.39
−0.40 545.36

+0.22
−0.22 544.90

+0.23
−0.22 1

14 3 556.32
+0.78
−0.91 – – 3

15 1 558.98
+0.31
−0.30 558.53

+0.10
−0.10 559.89

+0.17
−0.20 1

15 2 576.00
+0.41
−0.41 – – 3

16 0 578.57
+0.28
−0.27 578.41

+0.16
−0.16 578.69

+0.13
−0.18 1

15 3 590.31
+0.60
−0.94 – – 3

16 1 593.00
+0.35
−0.38 592.64

+0.34
−0.34 593.23

+0.27
−0.29 1

16 2 608.88
+0.50
−0.43 609.72

+0.37
−0.37 – 2

17 0 612.15
+0.21
−0.22 612.14

+0.16
−0.16 612.62

+0.26
−0.29 1

17 1 627.22
+0.29
−0.31 627.28

+0.13
−0.13 627.71

+0.34
−0.20 1

17 2 644.62
+0.64
−0.56 645.00

+0.29
−0.26 – 2

18 0 646.98
+0.34
−0.34 647.00

+0.22
−0.23 646.29

+0.32
−0.30 1

18 1 661.16
+0.28
−0.29 661.33

+0.08
−0.08 659.70

+0.25
−0.38 1

18 2 678.90
+0.63
−0.72 679.18

+0.35
−0.33 – 2

19 0 681.18
+0.21
−0.25 681.25

+0.18
−0.12 680.81

+0.24
−0.32 1

19 1 696.89
+0.43
−0.45 696.90

+0.18
−0.17 697.37

+0.38
−0.36 1

19 2 713.71
+0.79
−1.06 714.01

+0.12
−0.13 – 2

20 0 715.92
+0.46
−0.43 715.85

+0.14
−0.16 – 2

20 1 729.00
+0.65
−0.54 – – 3

21 2 – 781.61
+0.09
−0.09 – 3

22 0 783.34
+1.78
−1.22 783.37

+0.10
−0.11 – 2

Notes. The quoted radial orders (n) are indicative. The flag column in-
dicates whether a given mode is included in the minimal (1) or maximal
(2) frequency set, or excluded (3).
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