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The § Scuti instability strip and period—luminosity relation as seen by TESS and Gaia DR3
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ABSTRACT

We present an asteroseismic survey of 1,526,218 A- and F-type stars in and around the § Sct instability
strip using TESS 10-minute cadence data. The fast sampling allows, for the first time, to resolve the
full § Sct pulsation spectra for stars spanning nearly the entire sky. We derive homogeneous stellar
parameters by combining Gaia DR3 parallaxes and archival photometry, and we validate the resulting
temperature scale against interferometry, finding temperature agreement to within ~300 K. We classify
0 Sct pulsators using a Positive-Unlabelled learning framework, identifying 156,706 pulsators with
detection classification greater than 0.9. From this, we confirm that § Sct stars are, on average,
significantly faster rotators than their non-variable A-type counterparts. We map the observational
instability strip in the Teg—log L plane and confirm that the classical strip is not pure: the pulsator
fraction peaks at ~ 30% over the full sample and rises to ~ 80% in the brightest magnitude bins,
demonstrating that detection sensitivity accounts for much, but not all, of the apparent impurity. We
refine the § Sct period—luminosity relation using our Gaia DR3 luminosities and find results consistent
with previous determinations, and recast it as a scale-invariant period—density relation that connects
directly to the pulsation constant. From this, we infer that the secondary ridge in the relations is
probably a combination of several overtone modes. We further show that § Sct variables lying closest
to the fundamental ridge have systematically lower rotational velocities, and occupy a distinct region
of the observed instability strip. Finally, by cross-matching against a Gaia catalog of open clusters,
we demonstrate a correlation between the mean pulsation frequency of § Sct stars and cluster age,
suggesting a new ensemble asteroseismic age indicator for young stellar populations.
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1. INTRODUCTION

The ¢ Scuti variables are intermediate-mass (1.5—
2.3 M) main-sequence stars located within the classical
instability strip (M. Breger 1979, 2000; K. Uytterhoeven
et al. 2011). They exhibit low radial-order pressure (p)
modes driven primarily by the x mechanism believed
to be acting in the second helium ionisation zone, with
pulsation frequencies typically spanning 5-70d~' and
effective temperatures in the range 6500-10000K (G.
Houdek 2000; V. Antoci et al. 2019; D. Kurtz 2022). As
intermediate-mass main-sequence pulsators, the § Sct
stars are progenitors of the bulk of the white-dwarf mass
distribution (J. D. Cummings et al. 2018) and provide
an important link between the well-studied solar-like os-
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cillators and the more massive 3 Cephei and slowly pul-
sating B stars.

Despite their potential as asteroseismic probes, the
0 Sct stars have long resisted systematic mode identifi-
cation routinely applied to the solar-like oscillators. In
stars cooler than the Kraft break (R. P. Kraft 1967;
A. C. Beyer & R. J. White 2024), stochastic excitation
by near-surface convection drives (and damps) the full
range of modes within a resonant envelope, producing
the regular comb of frequencies used for solar-like aster-
oseismology (e.g. W. J. Chaplin et al. 2011). Pulsations
in § Sct stars, by contrast, are driven by a heat-engine
mechanism and only an apparently pseudo-random sub-
set of modes are excited across much wider frequency
ranges. Their mode selection mechanism thus remains
poorly understood (M. Breger et al. 2009; D. M. Bow-
man & D. W. Kurtz 2018).
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Mode identification is further complicated by the
rapid rotation typical of A-type stars (J. Zorec & F.
Royer 2012), which lifts the degeneracy of azimuthal
mode components and produces dense, asymmetric
splitting (C. Aerts et al. 2010; C. Aerts & A. Tkachenko
2024; Z. Guo et al. 2024). Only with the high-cadence,
all-sky coverage of the Transiting Exoplanet Survey
Satellite (TESS; G. R. Ricker et al. 2015) mission h as a
subset of so-called “nice” § Sct variables been identified
that show regular, identifiable modes with a clear fre-
quency spacing (Av) that is a good diagnostic of stellar
density (T. R. Bedding et al. 2020). These targets usu-
ally lie close to the zero-age main sequence and pulsate
at high frequencies (> 40 d=1), and they have provided
the first robust mode identifications in this class, mark-
ing a pathway towards the asteroseismic exploitation of
the larger population of § Sct stars with more compli-
cated pulsation spectra.

A closely related question is whether all stars within
the 0 Sct instability strip pulsate and, if not, what mech-
anisms distinguish the pulsators from their quiescent
counterparts. It is now well established, largely through
the Kepler mission, that the instability strip is not pure:
even after accounting for the reduced detection sensitiv-
ity at fainter magnitudes, the pulsator fraction peaks
at only ~70% at the centre of the observational strip
(S. J. Murphy et al. 2019), and around half of the stars
in the § Sct temperature range show no detectable pul-
sation (L. A. Balona & W. A. Dziembowski 2011; L. A.
Balona et al. 2015). Conversely, a small population of
& Sct variables has recently been identified lying outside
the classical strip (K. Thomson-Paressant et al. 2025),
blurring its boundaries in the opposite sense. A limi-
tation of the large Kepler population studies was that
most A/F targets were observed at 30-minute cadence,
placing the nominal Nyquist frequency at ~ 24d71!,
well below the upper end of the § Sct pulsation range.
The slightly irregular observing cadence of Kepler, once
barycentric time corrections had been made, allowed
intrinsic super-Nyquist frequencies to be distinguished
from their aliases (S. J. Murphy et al. 2013; H. Shiba-
hashi & S. J. Murphy 2018; D. R. Hey et al. 2019), al-
though the non-zero integration times attenuated their
observed amplitudes and complicated population-level
selection and amplitude comparisons.

Subsequent work has highlighted the dominant role
played by rotation in shaping the § Sct population. K.
Gootkin et al. (2024) classified ~16,000 ¢ Sct variables
using TESS 30-minute FFI photometry and showed that
the pulsator fraction within the instability strip is a
strong function of rotational velocity, traced by the Gaia
vbroad line-broadening parameter. S. J. Murphy et al.
(2024a) and J. Wang et al. (2025) reached a similar
conclusion using independent data. Recently, I. Berry
et al. (2026) further suggest a correlated age depen-
dence. These findings are consistent with the expec-
tation that the partial ionisation zone responsible for
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Figure 1. Sky distribution of the A/F sample (Section 2.1)
in Galactic coordinates, colored by the density of points.
Note the dearth of targets in certain regions caused by the
absence of TESS pointings in Sectors 27 through 55 used in
this study.

the k mechanism is more efficiently maintained against
gravitational settling in rapidly rotating stars, providing
an explanation for the lower pulsator fraction among the
slowly rotating, chemically peculiar Am stars (M. Breger
1979; D. W. Kurtz et al. 1989; O. Diirfeldt-Pedros et al.
2024). However, the existence of a small population
of slowly-rotating § Sct pulsators within the instability
strip remains poorly understood, pointing towards an
alternative excitation mechanism such as the turbulent
pressure invoked by V. Antoci et al. (2014).

The TESS mission now provides the data needed to
address these questions on a homogeneous basis. The
10-minute FFI cadence available from TESS Cycle3
(Sector 27) onwards (J. M. Jenkins et al. 2021) places
the Nyquist frequency at 72d~!, bringing most of the
& Sct pulsation range below the nominal Nyquist limit
and substantially reducing the aliasing encountered in
30-minute data. Combining with the precise parallaxes
and photometry of Gaia DR3 (G. Collaboration et al.
2023) allows us to calculate luminosities and effective
temperatures for over a million A and F stars across the
sky to a precision previously available only for the small
Kepler sample.

In this paper, we combine TESS 10-minute FFI pho-
tometry from Sectors 27 through 55 (Cycle 3 and 4) with
Gaia DR3 parallaxes to construct a nearly all-sky sam-
ple of 1,526,218 A- and F-type stars (Figure 1). We use
this sample to characterise the § Sct population across
the HRD, investigate the period—luminosity relation, in-
vestigate the effects of rotation, and produce a catalogue
of § Sct variables in open clusters.

2. DATA
2.1. Target selection

We selected our targets from the TESS Input Cat-
alog (TIC; K. G. Stassun et al. 2018) because of its
all-sky homogeneity. We applied a temperature cut
of 6300 < T.g < 10,000K and a magnitude cut of
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T < 13.5mag. The temperature range encompasses the
classical § Sct instability strip (S. J. Murphy et al. 2019;
M. A. Dupret et al. 2004) with a buffer of ~200K on
the cool side, sufficient to capture pulsators whose cat-
alogued temperatures are systematically biased. Stars
hotter than 10,000K are predominantly B-type pul-
sators (8 Cep, SPB) and lie outside the scope of this
work, while genuine § Sct stars cooler than 6300 K are
rare and probably result from inaccurate photometric
temperatures.

We further required each target to have a Gaia DR3
source match with a fractional parallax uncertainty
ox/m < 0.2, which removed 12,714 targets and ensured
that distances (and hence luminosities) are well con-
strained. Applying these cuts yielded a parent sample
of 1,526,218 A- and F-type stars, shown in Figure 1.

2.2. TESS photometry

We used TESS 10-minute full-frame image (FFI) light
curves, which became available from Cycle 3 (Sector 27)
onwards (G. R. Ricker et al. 2015; J. M. Jenkins et al.
2021). The 10-min cadence places the Nyquist frequency
at 72d!, bringing most of the expected § Sct pulsation
range below the nominal Nyquist limit and greatly re-
ducing the aliasing affecting Kepler long-cadence studies
(S. J. Murphy et al. 2013; H. Shibahashi & S. J. Murphy
2018; D. R. Hey et al. 2019) and earlier TESS studies
based on 30-minute FFIs (K. Gootkin et al. 2024). Al-
though shorter-cadence FFIs of 200s are now available
from Cycle 5 onwards, we restricted our work to the
10-min FFIs in Cycles 3 and 4 in order to produce a
homogeneous all-sky sample.

We used light curves produced by the TGLC pipeline
(TESS-Gaia Light Curve T. Han & T. D. Brandt 2023),
which performs PSF photometry on the TESS FFIs us-
ing a forward model of the local stellar field constructed
using Gaia DR3 as a prior. For each target, we stitched
together all available 10-minute FFI sectors and ap-
plied a high-pass filter to remove instrumental system-
atics and long-term trends. This high-pass filtering was
achieved by smoothing the light curve with a Gaussian
with FWHM 1d~! and subtracting this smoothed ver-
sion from the original. We utilized the internal cross-
match provided in the TGLC bulk download scripts,
which maps the Gaia DR3 IDs to a corresponding TIC
ID. When this work was done, bulk downloads for the
TGLC photometry were only available up to Sector 58.
Because of this, we restricted our analysis to Sectors 27
through 55 inclusive, covering TESS cycles 3 and 4.

We computed the Lomb-Scargle periodogram (N. R.
Lomb 1976; J. D. Scargle 1982; J. T. VanderPlas 2018)
of each light curve up to the nominal Nyquist frequency
of 72d~'. This provides unaliased frequency measure-
ments for most ¢ Sct modes, although modes intrinsi-
cally above 72d~! remain aliased and the amplitudes of
modes approaching the Nyquist limit are attenuated by
the non-zero integration time.

2.3. Gaia DRS3 parallaxes and photometry

For each target we retrieved Gaia DR3 parallaxes,
broadband G, Ggp, and Ggrp photometry, and the
vbroad line-broadening parameter where available (G.
Collaboration et al. 2023). We found that 94% of our
sample have o, /7 < 0.05. We made no further selec-
tion on photometric quality but we did require that the
Gaia DR3 ruwe flag was < 1.4, to exclude probable as-
trometric binaries whose parallaxes may be biased (L.
Lindegren 2018), which excludes 16.8% of our sample.
While this high RUWE sample is excluded from analysis
(Sec. 5 onwards), it is still present in our final table and
flagged accordingly.

The vbroad parameter was available for 434,987 of
our targets. This provides a measure of spectral line
broadening that combines contributions from rotation,
micro- and macroturbulence, and unresolved binarity.
While not exactly equivalent to the projected rotational
velocity, vbroad has been shown to correlate well with
vsini for A- and F-type stars (Y. Frémat et al. 2023).
We note that vbroad carries known temperature- and
magnitude-dependent systematics and is least reliable
at low broadening (Y. Frémat et al. 2023), however S. J.
Murphy et al. (2024a) showed that it is moderately re-
liable for the A/F stars in most rotation regimes.

3. STELLAR PROPERTIES

We derived homogeneous stellar properties for our full
sample using the ISOCLASSIFY package (D. Huber et al.
2017), which has been validated against asteroseismic
and interferometric benchmarks for FGK stars (T. A.
Berger et al. 2020, 2026). Here, we extend its use to
the considerably hotter A- and early F-type regime, and
verify the reliability of the stellar parameters using in-
terferometry.

ISOCLASSIFY provides two modes of operation. In di-
rect mode, effective temperatures are derived from em-
pirical surface-brightness—color relations (L. Casagrande
et al. 2010; D. Graczyk et al. 2017), and the stellar ra-
dius is then obtained directly from the angular diam-
eter, parallax, and bolometric flux. In grid mode, ob-
served quantities (parallax, apparent magnitudes, spec-
troscopic constraints, etc.) are compared against a
grid of stellar isochrones, and posterior distributions
over Tug, log g, mass, radius, and age are obtained by
marginalising over the grid. The two modes are com-
plementary: direct mode is largely model-independent
and is the preferred choice for cool, well-calibrated
stars, while grid mode incorporates stellar-evolution
physics and performs better in regimes where the color—
temperature relations are poorly calibrated.

For our sample of A- and F-type stars, direct mode
is expected to perform poorly. The peak of the spec-
tral energy distribution of an A-type star lies in the
ultraviolet, so optical and near-infrared colors sample
the Rayleigh—Jeans tail of the Planck function and be-
come only weakly sensitive to effective temperature.
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Figure 2. Comparison of effective temperatures derived
with the 1SOCLASSIFY direct (blue) and grid (orange) modes
against interferometric temperatures from the CHARA sam-
ple, for stars hotter than 5500 K. The lower panel shows the
fractional difference; the standard deviation of the ISOCLAS-
SIFY—CHARA difference, oqisr, is indicated for each mode.

The empirical surface-brightness relations on which di-
rect mode relies are also predominantly calibrated using
FGK stars, with relatively few hot calibrators available.
We therefore expect direct mode to systematically de-
grade in accuracy with increasing temperature, and we
therefore used grid mode for our primary analysis.

3.1. Validation against interferometry

To verify that grid mode is suitable for our sample,
we compared its output against interferometric effective
temperatures. We assembled a comparison sample of 60
stars hotter than 5500 K that have published interfero-
metric angular diameters from the CHARA array (T. S.
Boyajian et al. 2012a,b, 2013; T. R. White et al. 2013,
2018), restricted to single, non-variable stars with Gaia
DR3 counterparts. We used the published F} and 0r,p
values to calculate interferometric temperatures.

Figure 2 compares the ISOCLASSIFY direct- and grid-
mode temperatures against the interferometric values.
Direct mode shows a clear systematic deviation that
grows with increasing temperature, with a standard de-

viation of 477K about the one-to-one line and a ten-
dency to under-predict Teg for the hottest stars in the
sample, with fractional discrepancies exceeding ~40%.
This is the expected consequence of the aforementioned
diminishing color—temperature sensitivity, confirming
that direct mode is unsuitable for this sample. Grid
mode, by contrast, shows no significant temperature
trend and a standard deviation of 274K, comparable
to typical A-type spectroscopic temperature uncertain-
ties (S. J. Murphy et al. 2019). We therefore adopt
grid-mode parameters throughout the remainder of this
paper.

As a separate check of the grid-mode radius scale, we
converted the ISOCLASSIFY-derived radius R and Guaia
distance d into an implied angular diameter,

2R
eiso - 77 (1)

which we compared with the measured 0;,p. We found
good agreement between 61,p and 6y, for the grid-mode
sample, with a fractional scatter of oy/0 ~ 4.4%, con-
sistent with the combined uncertainties. This angular-
diameter comparison tests the inferred radius scale; be-
cause R was obtained from the grid-mode fit, it is dis-
tinct from the comparison with the independently pub-
lished interferometric temperatures and is not itself a
model-independent temperature validation.

3.2. Grid-mode parameters for the full sample

For each target in our A /F sample we ran ISOCLASSIFY
in grid mode using the MIST isochrones (J. Choi et al.
2016; A. Dotter 2016). We used Gaia DR3 for parallax,
G, Gpp, and Grp magnitudes, and the TIC Teg as a
loose prior with an inflated uncertainty of o7, = 300K
to avoid over-weighting the photometric TIC tempera-
tures. Extinctions are computed self-consistently within
ISOCLASSIFY using the combined19 dust map from the
MWDUST package (J. Bovy et al. 2016a,b), which com-
bines the D. J. Marshall et al. (2006), G. M. Green
et al. (2015), and R. Drimmel et al. (2003) maps into a
single all-sky three-dimensional reddening model. The
output of each fit is a posterior distribution over Tg,
log g, mass, radius, luminosity, and age, from which we
adopted the median values as the point estimates and
the 16th—84th percentile ranges as the uncertainties. We
inflated the uncertainties of the temperature to be in
agreement with the expected uncertainty from interfer-
ometry (~ 300 K). These parameters form the basis of
the analysis presented in the remainder of this paper.

4. IDENTIFYING § SCUTI PULSATORS

Our goal is to identify § Sct pulsators, in order to map
the pulsator distribution across the instability strip and
to compute the pulsator fraction. In contrast to the
multi-class classification scheme of D. Hey & C. Aerts
(2024), which simultaneously identified v Dor, eclipsing,
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Figure 3. Distribution of targets in the spectral skew—SNR
plane, colored by the score assigned by the PU classifier.
Confirmed ¢ Sct pulsators occupy a well-defined locus at high
skew and high SNR, separated from the bulk of unlabelled
targets clustered at low values of both quantities.

and other OBAF variables using a random forest, here
we attempt only to classify whether a target shows d Sct-
like pulsation or not.

A challenge with this classification is the absence of
a curated negative class. Catalogues of manually vet-
ted known ¢ Sct pulsators are extensive (A.-Y. Zhou
2023, 2025), but no comparably comprehensive list of
confirmed non-pulsators within the instability strip ex-
ists, beyond extrapolation of S. J. Murphy et al. (2019).
Any star not labelled as a § Sct in the literature could
equally be a genuine non-pulsator, an undetected low-
amplitude pulsator, or simply a target that has never
been inspected. Standard supervised classification as-
sumes both positive and negative training labels are
reliable, and treating unlabelled stars as negatives in
this setting biases the resulting classifier toward under-
predicting the positive class.

4.1. Positive—Unlabelled classification

We address this with a Positive-Unlabelled (PU)
learning approach, recently introduced to asteroseismic
classification by M. Kliapets et al. (2025). In the PU
framework, a labelled set of confirmed positives is com-
bined with a large unlabelled set containing an unknown
mixture of true positives and true negatives. The clas-
sifier can then rank candidates without requiring every
unlabelled target to be treated as a secure negative. This
makes PU learning well suited to our problem, where the

positive class (§ Sct variables) is well characterised but
the unlabelled population mixes genuine non-pulsators
with currently unclassified pulsators.

We classified these stars with the bagging PU algo-
rithm of F. Mordelet & J.-P. Vert (2010), using a sup-
port vector machine (SVM; C. Cortes & V. Vapnik 1995)
from scikit-learn (F. Pedregosa et al. 2011) as the
base estimator.

4.2. Features

For each target we computed a small set of features
summarising the Fourier spectrum and light-curve mor-
phology, loosely based on those used by D. Hey & C.
Aerts (2024). We used (i) the amplitude and frequency
of the dominant Fourier peak above 5d~!; (ii) the
signal-to-noise ratio (SNR) of that peak relative to the
95th-percentile noise floor; (iii) the number of signifi-
cant, independent peaks exceeding a false-alarm level of
1%; (iv) the skewness of the amplitude spectrum above
5d~1; and (v) the skewness of the light curve. The first
two capture the presence and location of coherent power
in the § Sct range, the third captures the multiperiodic
character of the class, and the last two discriminate be-
tween the heavy-tailed amplitude distribution of a pul-
sator and the approximately symmetric distribution of
a pure-noise spectrum.

Figure 3 illustrates the separability of the & Sct class
in the spectral-skew—SNR plane, which is a typical diag-
nostic (i.e., S. J. Murphy et al. 2019; S. Dholakia et al.
2024; A. K. Read et al. 2024). Confirmed pulsators oc-
cupy a well-defined region at high values of both quan-
tities, while the bulk of unlabelled targets cluster at low
skew and low SNR. The two populations overlap in a
transition region that includes low-amplitude pulsators,
where the PU classifier relies on the remaining features
to make a decision.

4.3. Training and validation

The positive training set was taken from the manually-
vetted TESS ¢ Sct catalogues of A.-Y. Zhou (2023,
2025), which together provide ~100,000 confirmed pul-
sators covering the full sky within our adopted tem-
perature range. To assess the purity of this catalogue,
we randomly drew 1,000 targets, retrieved their TGLC
light curves, and independently re-classified them by vi-
sual inspection of the light curve and amplitude spec-
trum. We found an agreement of 96%, with the small
residual disagreement dominated by what appear to be
borderline low-amplitude cases. We retained the full
positive sample, noting that this residual contamination
is small enough that its effect on the trained classifier
is negligible compared to the contamination of the un-
labelled set by undetected positives.

We held back 20% of the positive set as a validation
sample, spanning the full range of apparent magnitude
and effective temperature to ensure representative cov-
erage of the feature space. We trained the classifier on
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the remaining 80%, together with the full unlabelled set.
The final classifier achieved a recovery rate of 95% on
the held-back positives with classification labels exceed-
ing 0.9. However we point out that because the classi-
fier is trained against unlabelled stars, pssct is a ranking
score. It is not a calibrated probability that a star is a
0 Scuti pulsator, and we therefore choose the classifica-
tion threshold empirically. Applying the classifier to the
full sample of 1,526,218 stars and adopting a classifier
threshold of P(§ Sct) > 0.9 yielded 156,706 ¢ Sct pul-
sators. Our threshold is based largely on the recovery
of the held-back positives.

The PU classifier identifies any star whose peri-
odogram is dominated by sharp, high-SNR Fourier
peaks in the § Sct frequency range, which can include
sources of variability other than self-excited pressure
modes. We therefore applied an additional cut. We
removed known eclipsing binaries and ellipsoidal vari-
ables, whose orbital harmonics can populate the § Sct
frequency range and mimic pulsation features in the
Fourier spectrum (L. W. IJspeert et al. 2024). To
do this, we cross-matched our sample with the TESS
Eclipsing Binary catalogue (A. Prsa et al. 2022) and
the Gaia DR3 eclipsing-binary catalogue (N. Mowlavi
et al. 2023), removing 3,908 targets in total. This cut
necessarily removed genuine ¢ Sct variables in eclipsing
systems; since the goal of this paper is a population-level
analysis, and since the pulsation properties of such sys-
tems cannot be measured homogeneously alongside the
single stars, we accepted this loss. The removed targets
are flagged in the published catalogue.

5. THE H-R DIAGRAM AND PULSATOR
FRACTION

Figure 4 shows the H-R diagram of the full sample,
with classified § Sct pulsators highlighted. The lower
panel shows the § Sct pulsator fraction computed in
two-dimensional (Teg,log L) bins. The pulsators trace
a clearly defined region that closely follows the classi-
cal instability strip, with a sharp red edge and a more
diffuse blue edge. The evolutionary tracks shown there
were computed as follows.

We used MESA r24.03.1 to calculate tracks with masses
from 1.3 to 3.0Mg in steps of 0.1 Mg at Z = 0.0142,
corresponding to the bulk solar metallicity (M. Asplund
et al. 2009), using the input physics and inlist template
of A. Gatuam et al. (2026). We included rotation, from
the ZAMS onwards, by first evolving the tracks without
rotation from the pre-main sequence to 50 Myr. Their
zero-age main sequence (ZAMS) ages were then located
on that track with a variant of the stabilisation crite-
rion of A. Gatuam et al. (2026). Specifically, for each
of the effective temperature and the mean density we
take the rolling standard deviation, over 100 consecu-
tive models, of its smoothed second derivative with re-
spect to age, and divide it by that quantity’s thresh-
old. The ZAMS is the first age at which the mean

of these two ratios falls below one. This differs from
the criterion as described by A. Gatuam et al. (2026)
in dropping its Av term and in averaging the terms
rather than requiring each to lie below its threshold.
The model nearest the ZAMS is loaded into a new run,
in which we switched on MESA’s rotation and relaxed
the star to uniform rotation at Q = 0.4 Q5. After re-
laxation, a uniform angular-momentum diffusion coeffi-
cient with MESA’s default value, uniform_am_nu_non_rot
= 10 cm?s7!, was used to set a solid-body rota-
tion profile, and Q/Qct is left to change as the star
evolves. Neither rotational mixing of chemical elements
nor mass loss was included. During the rotating evolu-
tion, MESA uses adaptive timesteps with a maximum of
2Myr (max_years_for_timestep = 2 x 10°). We re-
tained additional timestep controls using in log;, Tes
and log;,(L/Lg), with delta 1gTeff limit = 0.0006
and delta_1gL limit = 0.002.

A MESA profile and its pulsation input file in the GSM
format of GYRE were written at every fifth model and
at the model on which the run stopped. For every pro-
file, with no cut on evolutionary phase, we used STORM
(V. Vanlaer (2026)) to compute mode frequencies for
degrees ¢ < 3, accounting for (uniform) rotation at the
model’s surface angular velocity 2. We scanned 500
trial frequencies for each (¢, m), across a scan window of
0.25-150d~!. We ultimately used just the radial mode
frequencies for this work.

5.1. The observational instability strip

To measure the edges of the observational instabil-
ity strip, we require a smooth estimate of the pulsator
fraction across the T.g—log L plane. To construct this
estimate we made use of a simple Gaussian convolution,
which we now detail. We constructed bins of width (1.0,
2.0) in Teg—log L. Within each bin, (a,b), we counted
the total number of stars n,, and the number of § Scuti
pulsators kgp, giving a fraction of fup, = kap/Map- This
estimator is binomial and its variance, f(1 — f)/n, is
dominated by the sparsely populated bins at the edges
of the strip, producing jagged contours that preclude
a direct edge fit. Rather than smoothing f,; directly,
which would equally weight small and large numbered
bins, we convolved the count fields separately and took
their ratio,

Go x k
Gy *n’

f=

(2)

where G4 is a Gaussian kernel and * denotes convolu-
tion. This ensured that under-populated bins contribute
negligibly to the contour. We adopted an anisotropic
kernel, o = (0iog 1, 01,;) With oiog 1 > o1,,. Because
the strip edges are steep in temperature but not with
increasing luminosity, smoothing more in the luminos-
ity direction suppresses bin-to-bin noise while preserving
the sharp temperature gradient that defines the edge,
and adopt a o = (1.0, 2.0).
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Figure 5. The pulsator fraction across the Teg—log(L/Le) plane, computed for progressively fainter magnitude-limited sub-
samples. The peak fraction falls monotonically from ~ 80% for Thag < 9.0 to ~ 20% for Tiag < 13.0.

The effective number of stars contributing to each
smoothed pixel is

(Zab Wab nab)2
Db Wap Nab

Here, w,, are the kernel weights, which we use both

to propagate a per-pixel uncertainty, o P= [f(1 —
f)/Neﬁ‘]l/27 and to mask regions with Nog < Ny, where
the fraction is too poorly constrained to trace an edge.

We defined the observational instability strip from this
smoothed pulsator-fraction field, f . Rather than adopt-
ing the fixed 20% contour used by S. J. Murphy et al.
(2019), we chose the contour that encloses 80% of the de-
tected pulsators, weighting each bin by its unsmoothed
pulsator count. In each luminosity row, we linearly in-
terpolated the red and blue crossings surrounding the
local maximum in f and fitted linear relations to obtain

10810(L)red = —0.000669(20.0002) * Teg + 5.724(=£0.01)
(4)

10810 (L)bue = —0.001030(£0.0004) * Tog + 10.59(£0.02).
(5)

The strip between these lines contains 80% of the de-
tected pulsators for the entire sample.

We estimated the edge uncertainties with 1000 boot-
strap realizations. In each step, we resampled the stars

Neff = (3)

with replacement, perturbed their effective tempera-
tures and luminosities according to their uncertainties,
reconstructed the smoothed fraction map, and repeated
the contour selection and edge fit. We adopted the me-
dian bootstrap edge as the fitted boundary and the 16th
and 84th percentiles as its 68% confidence interval.

This full-sample calculation is a lower limit on the
intrinsic pulsator fraction, because our sensitivity to
low-amplitude pulsation degrades towards fainter mag-
nitudes (see I. Berry et al. 2026). Figure 5 shows the
pulsator fraction recomputed for a series of magnitude-
limited subsamples. The peak fraction rises monotoni-
cally with brightness, from ~ 20% for the full Tnae <
13.5 sample to ~ 80% for Tiae < 9.0. The same
trend was found by A. K. Read et al. (2024) in a color-
restricted subsample of the same 10-min FFI data; they
reported a pulsator fraction of ~70% at G < 8 falling
to ~45% at fainter magnitudes. Subsequently, P. Mani
et al. (2025) found a pulsator fraction of ~70% for bright
(G < 7) stars within one magnitude of the ZAMS. Our
all-sky sample extends this behavior across the full strip
and over a wider magnitude range.

The general morphology of the strip on the red end is
preserved across all magnitude bins in Figure 5. That is,
the peak remains at the same location in (g, log L) and
the edges do not move appreciably, but its amplitude
scales with detectability. This implies that the obser-
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vational instability strip is considerably more populated
than the full-sample fraction suggests, and a large part
of the difference between our ~30% and the ~70% of
L. A. Balona & W. A. Dziembowski (2011) and S. J.
Murphy et al. (2019) is attributable to the shallower ef-
fective sensitivity of TESS FFI photometry relative to
Kepler (cf. A. K. Read et al. 2024, who show that a single
TESS sector reaches only ~50 ppm at G ~ 9). Second,
even in the brightest bin the peak fraction does not ap-
proach unity; ~ 20% of stars at the centre of the strip
remain undetected as pulsators. The strip is therefore
not pure, but is more pure than the full-sample num-
ber would imply, and our result is consistent with the
Kepler-based determinations.

5.2. The influence of rotation

Recent work has highlighted the role of rotation in
shaping the § Sct population (K. Gootkin et al. 2024;
J. Wang et al. 2025; S. J. Murphy & A. Gautam 2026).
Our larger sample, combined with the better frequency
coverage of the 10-minute cadence, allows us to revisit
this question with improved statistics.

Figure 6 shows the distribution of the Gaia vbroad
line-broadening parameter for classified § Sct pulsators
and for non-pulsating stars within the instability strip,
restricted to the subset of targets with vbroad mea-
surements. The left panel shows that J Sct variables
are, on average, faster rotators than their non-pulsating

counterparts. The median vbroad of § Sct pulsators
is 114kms~!, compared with 68kms~! for the non-
pulsators, and a two-sample Kolmogorov—Smirnov test
rejects the null hypothesis that they are drawn from the
same distribution. Critically, the right panel of Figure 6
shows that this offset is not an artefact of the two popu-
lations occupying different regions of the H-R diagram,;
the ratio of median vbroad exceeds unity across essen-
tially the whole strip, so the effect holds at fixed Tog
and log L.

The pulsator fraction increases monotonically with
vbroad up to ~ 200kms~! and plateaus at ~ 75% for
higher rotational velocities (Fig. 6), in agreement with
K. Gootkin et al. (2024) and consistent with the ex-
pectation that rapid rotation inhibits the gravitational
settling of helium out of the HeIl ionisation zone, sus-
taining the x mechanism (S. Théado et al. 2011, 2005;
S. Théado & S. Vauclair 2003a,b).

The existence of slowly rotating § Sct pulsators, how-
ever, is not naturally accommodated by this picture.
We find a pulsator fraction of ~ 25% for stars with
vbroad < 50kms~!, well within the regime where Am
stars dominate. Some fraction of these will be rapid ro-
tators seen close to pole-on, for which vbroad ~ vsini is
small despite a large equatorial velocity. For an isotropic
distribution of inclinations, however, only a small per-
centage of stars with high equatorial velocities would ap-
pear at low vbroad due to their inclination, which is in-
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sufficient to account for the observstions. The metallic-
line character of these slowly rotating pulsators, and the
corresponding helium abundance in their envelopes, will
require spectroscopic follow-up before this population
can be physically interpreted.

5.3. Variability characteristics across the strip

The 10-minute TESS cadence allows us to probe the
6 Sct pulsation spectrum with a Nyquist frequency of
72d~!, in contrast to the Kepler long-cadence (24d~1
Nyquist) and TESS 30-minute FFI (24d~! Nyquist)
datasets used in previous large-sample studies (S. J.
Murphy et al. 2019; K. Gootkin et al. 2024). In those
data, frequencies above the nominal Nyquist limit can
appear as reflected aliases, and their observed ampli-
tudes are reduced by smearing from the nonzero inte-
gration time (apodization; S. J. Murphy et al. 2013; H.
Shibahashi & S. J. Murphy 2018; S. J. Murphy 2015).
Although individual super-Nyquist modes can some-
times be recovered, attenuation complicates population-
level selection. The 10-minute data move the Nyquist
frequency to 72d~! and substantially reduce this prob-
lem, but do not eliminate it. Although modes above
72d~! remain aliased, we treat frequencies approaching
the Nyquist limit as unaliased but amplitude-attenuated
measurements Y. Mo et al. (2026).

Figure 7 shows the H-R diagram of pulsators color-
coded by their dominant pulsation frequency. A clear
gradient is visible across the instability strip, with
cooler, less luminous pulsators near the red edge ex-
hibiting dominant frequencies of ~ 10-20d !, while hot-
ter, more evolved pulsators near the blue edge cluster at
~ 50-70d~!. This trend is primarily the expected con-
sequence of the scaling of acoustic mode frequencies with
the square root of the mean stellar density (C. Aerts
et al. 2010; M. Breger 2000): as stars evolve off the zero-
age main sequence their radii increase and their mean
density falls, lowering the frequency of any given radial
order.

5.4. Prewhitening the full sample

To characterize the pulsation spectra beyond the dom-
inant mode, we iteratively prewhitened each light curve
of candidates with classifier score > 0.9. At each it-
eration we identified the highest peak in the ampli-
tude spectrum, optimized its frequency, amplitude, and
phase by non-linear least squares against the residual
light curve, subtracted the resulting sinusoid, and re-
peated until no peak exceeded a false-alarm probability
of 1%. This process was identical to that of D. Hey &
C. Aerts (2024). Peaks separated by less than 1072 d ™1
from a stronger peak were treated as duplicates and re-
moved. This process yielded 2,228,680 significant fre-
quencies across our § Sct sample.

The resulting joint distribution of frequency and am-
plitude is shown in Figure 8. The frequency distribution
peaks at f = 15.48d~' and is strongly right-skewed,
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Figure 7. H-R diagram of classified § Sct pulsators, col-
or-coded by the frequency of the dominant Fourier peak.
Cooler, less luminous pulsators near the red edge oscillate
at lower frequencies, while hotter, more luminous pulsators
near the blue edge exhibit higher dominant frequencies, con-
sistent with the expected scaling with mean stellar density.
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Figure 8. Joint distribution of extracted frequency f and
amplitude a for all significant peaks prewhitened from the
& Sct sample with classifier score > 0.9. The marginal distri-
butions and their medians with 16th—84th percentile ranges
are shown in the upper and right panels.
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with a tail extending to the Nyquist limit; the ampli-
tude distribution is approximately log-normal, centred
on a median amplitude of ~ 400 ppm. There is a weak
correlation between frequency and amplitude across the
population, with increasing frequencies corresponding to
lower amplitudes, indicating that the amplitude distri-
bution of excited modes is weakly dependent of where
in the ¢ Sct frequency range they lie (e.g., L. A. Balona
2018; D. M. Bowman & D. W. Kurtz 2018; P. Mani et al.
2025).

6. THE PERIOD-LUMINOSITY AND
PERIOD-DENSITY RELATIONS

The 0 Sct variables, like other types of p-mode pul-
sators, exhibit a period-luminosity (PL) relation (D. H.
McNamara 2011). This arises from the more fundamen-
tal relation between period and density (e.g., M. Catelan
& H. A. Smith 2015), as characterized by the pulsation

constant

_\1/2

Q="r (”) : (6)

Po
Here, P is the pulsation period and p is the mean stellar
density (M. Breger 2000). For a given mode, @ is ap-
proximately constant across the ¢ Sct class. The period
of this mode is set by the star’s mean density, which
explains the period—density relation. On the main se-
quence, density scales approximately with luminosity,
which explains the existence of the PL relation. Here
we present both, but emphasise the period—density rela-
tion (as in P. Mani et al. 2025), which links directly to
Equation 6.

For all of the fits we made the following cuts on
our data. We selected stars with classifier probabil-
ity Pelass = 0.90, dominant-peak SNR > 10, and cat-
alogue spectral-skewness statistic logskewa > 1.5. We
additionally required a positive parallax with o5 /w <
0.05, RUWE < 1.4, —1.8 < logo(Piom/d) < —0.8,
Olog . < 0.15dex, and o7, < 0.30mag. For the period—
luminosity fit, we also required that the adopted extinc-
tion satisfy 0 < Ay < 5mag and the inferred intrinsic
color —0.2 < (Gpp—GRrp)o < 1.5. These cuts left 93,971
stars.

6.1. Period—density relation

We begin with the period—density fit, shown in Fig. 9.
Assuming constant-Q) sequences, we define

P
=1 — 7
z 0810 d’ ( )

P
y =logyy —, (8)

Po

such that

y = —2x + 2logy( Q. (9)

Recasting the period—density relation to this form is
useful for recovering the pulsation constants directly (as

in S. J. Murphy & A. Gautam 2026). Rather than fitting
arbitrary straight lines in the (x,y) plane, we instead
impose a fixed slope from Eq. 9 and project each star
into the one-dimensional coordinate

1
g=x+ iyzloglo%. (10)
Note that this is equivalent, within a multiplicative con-
stant, to measuring the perpendicular distance to a line
with slope —2 (see E. Ziaali et al. 2019; N. Barac et al.
2022; A. K. Read et al. 2024; P. Mani et al. 2025).

Every parallel constant-Q ridge becomes a peak in the
q distribution, and its mean p maps back to a line with
intercept 2u in Eq. 9, and as seen in Fig. 9. This for-
mulation fits the relevant quantity @ directly, and re-
duces the problem to fitting an arbitrary sum of mixed
Gaussian distributions, allowing us to easily incorporate
background distributions.

We modeled the distribution of ¢ as a sum of K
Gaussian ridge components plus a broad Gaussian back-
ground:

K

p(gi) = D kN (@slprs 5ik) + woaN (gl 1ng, sime) (1)
k=1

where s;j, is the standard deviation characterizing the
width of the kth ridge. The broad component ab-
sorbs non-radial modes, higher radial orders, and con-
taminants. We maximized the likelihood of this model
and compared models with K = 1,2,3 Gaussian mix-
tures using the Bayesian Information Criterion (BIC; G.
Schwarz 1978). A single ridge is strongly disfavoured,
as is plainly obvious from Fig. 9 (ABIC = 2401), while
the two- and three-ridge models have similar BIC val-
ues (—49524 and —49589, respectively). For simplicity,
we adopted the two-ridge model, while noting that it is
possibly a combination of several higher-order overtones
(i.e., 30 + 40) and unresolved binaries, which we dis-
cuss further below. We label the high-Q sequence as the
fundamental mode (F') and the lower-Q sequence as a
secondary ridge (.59).

For the two-ridge mixture, we obtained Qp =
0.029216 £+ 0.0001 and Qg = 0.016892 + 0.0001, giving
corresponding period—density relations of

P
log10(p/pe)r = —2logyg (E) — 3.0616,

P
IOglo(p/p@)s = —2log, (E) — 3.6048. (12)

The separation between the ridges is 0.2716 dex in log P
at fixed density, or 0.5432 dex in log p at fixed period,
and their ratio is Qs/Qr = 0.578. The fundamental
ridge lies close to, but below the commonly adopted fun-
damental value of @ = 0.033 d. This difference could
potentially be caused by population variation in ) or
a systematic offset in the density scale, which we now
discuss.
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Figure 9. Left: The representative pulsation constant @) of the sample following Eq. 10, fit with three Gaussian distributions

corresponding to the fundamental (red), secondary (blue), and background ridges. The dashed black line marks the canonical

fundamental mode pulsation constant (M. Breger 2000). Right: The period—density relation with the straight lines obtained

from the Gaussian means to the pulsation constant.

The second sequence has been previously identified in
the § Sct period-luminosity diagram by E. Ziaali et al.
(2019) and N. Barac et al. (2022). Taking the high-
Q sequence to be the radial fundamental, its value can
be compared directly with the Qrp = 0.0315 suggested
by N. Barac et al. (2022) from Kepler data. Our value
is slightly lower but both are within the uncertainty.
From the tracks used in Sec. 4, we calculate a mass-
dependent Qr between 0.0311 and 0.0329, quite far be-
low the canonical value and close to that of N. Barac
et al. (2022). Our value lies slightly below this range,
and we note that the PL relation investigated in N.
Barac et al. (2022) was performed with Kepler data of
a much higher photometric quality.

The ratio between the two sequences we measure is
Qs/Qr = 0.578 £ 0.001. The ratio is a useful value to
consider here because it is invariant under any rescal-
ing of the density zero point. That is, a systematic
error in p (or period, for that matter) displaces both
sequences equally in log;y @ and leaves their ratio un-
changed. Our ratio is slightly larger than the value re-
ported by E. Ziaali et al. (2019) and N. Barac et al.
(2022), who measured the second ridge to be a factor
of two shorter in period. They suggested it might arise
from a 2 : 1 resonance between the fundamental mode
and either the third or fourth overtone. Our ratio is
largely consistent with this result. The theoretical val-
ues for Q2/Qp = 0.621 and Q3/Qo = 0.515 straddle our
measured ratio (J. P. Cox et al. 1972). Likewise, S. J.
Murphy & A. Gautam (2026) recently argued that the
second ridge is satisfactorily reproduced with a mixture
model consisting of the same 2:1 resonance, and a term

representing a combination frequency of the fundamen-
tal and first overtone modes.

6.2. Period-luminosity relation

The period-luminosity relation for the dominant mode
in our sample is shown in Fig. 10, using the luminosi-
ties returned by isoclassify. We fitted the ridges in
both the isoclassify reported luminosity, and Gaia
absolute magnitude M. We calculated the extinction-
corrected absolute magnitude as

w
Meo =G — Ag + 510g10(ﬁ) —10,  (13)

where w is the Gaia-DR3 parallax and A¢ is obtained
from the line-of-sight V-band extinction Ay, as returned
by the isoclassify posterior. Because the Gaia pass-
band is broad, the ratio Ag/Ay is not constant but de-
pends on the intrinsic color (and reddening) of the star.
We thus adopted the polynomial coefficients of K. L.
Luhman & T. L. Esplin (2020) who fitted Ag sp rp/Av
as functions of the de-reddened Gaia color. We detail
the process of obtaining Ag in Appendix A.

Given our values of temperature, luminosity, and
Mc¢ o, we fitted both sequences simultaneously with a
linear relation in log space, using a common slope while
each ridge has its own zero point. Fach measurement
uncertainty was added in quadrature to the correspond-
ing intrinsic scatter. Quoted statistical intervals are the
16th—84th percentiles of 100 bootstrap resamples.
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Figure 10. The period luminosity relation and correspond-
ing fits for the fundamental (red) and secondary (blue)
ridges.

The fitted G-band relations are
P
M = (~3041881) togy () - 13421531,

Mo = (~300388) og,o (£ ) — 2486081, ()
with intrinsic scatters of 0.252 and 0.320 mag, respec-
tively. The shared slope is broadly consistent with the
approximately —3 slopes obtained in previous radial-
mode calibrations, although direct comparisons cer-
tainly depend on the passband and sample definition
(D. H. McNamara 2011; E. Ziaali et al. 2019; T. Jayas-
inghe et al. 2018; N. Barac et al. 2022; F. Guo et al.
2025; Q. Jia et al. 2025; S. J. Murphy & A. Gautam
2026).

Fitting luminosity in the same way gives

L P
Ing(L;) = (1.204%5657) log, <d> +2.47610:008

Ls P
IOglo(L@) = (120475005 logy <d> +2.85870:009.
(15)

with intrinsic scatters of 0.104 and 0.127 dex. We show
this fit in Fig. 10. Equivalently, adopting Mypo,c =
4.74, the bolometric relations have a shared slope of
—3.009 and zero points of —1.450 and —2.404 mag. The
fitted zero-point separation corresponds to a horizon-
tal displacement Alog P = —0.310dex in Mg, or
Ps/Pp = 0.48975:09%: the luminosity fit independently

gives 0.48270°502 Again, these ratios are much closer
to a third- or fourth—overtone than a first-overtone se-
quence.

6.3. Rotational broadening and prozimity to the
radial-mode ridges

Color-coding the period—density relation by the Gaia
DR3 line-broadening parameter vppoaq (Figure 11, left)
reveals that stars lying closest to the fundamental ridge
has, on average, the lowest vp0aq, and that the distance
of a star from the nearest ridge tends to increases with
its rotational broadening. We interpret this correlation
as the combined signature of two rotation-related effects
that act, respectively, on the mode that is measured,
on the density that is inferred, and on the pulsation
frequency itself.

Firstly, the main ridge is populated by stars in which
the fundamental radial mode is the dominant mode. The
high-amplitude ¢ Scuti stars, which obey the period—
density relation most tightly, are predominantly slow
rotators (vsini < 30 kms™!; M. Breger 2000), whereas
rapid rotators are overwhelmingly low-amplitude, mul-
tiperiodic pulsators dominated by non-radial modes (F.
Royer et al. 2007). For the latter, the highest-amplitude
peak often does not correspond to the fundamental ra-
dial mode, so the period shown in the diagram does not
lie on that ridge. A substantial part of the trend with
Uproad 18 therefore a mode-selection effect rather than a
dynamical displacement.

Relatedly, the mean density is inferred from the lumi-
nosity and effective temperature under the assumption
of a spherical, non-rotating star. Rapid rotation breaks
this assumption, such that centrifugal flattening reduces
the mean stellar density (S. J. Murphy et al. 2026) and
gravity darkening renders the apparent L and Teg de-
pendent on the unknown inclination (H. von Zeipel 1924;
F. E. Lara & M. Rieutord 2011), with a star viewed pole-
on appearing hotter and more luminous than the same
star seen equator-on. Because the inclination is effec-
tively random across the sample, rotation introduces an
inclination-dependent scatter that can reach ~ 0.1 dex
in log p at moderate rotation rates, which is comparable
to the ~ 0.12 dex separation between the fundamental
and first-overtone ridges. This effect scatters rapid rota-
tors to either side of a ridge rather than displacing them
coherently (A. Garcia Herndndez et al. 2024).

Finally, rotation perturbs the pulsation frequencies di-
rectly. Centrifugal distortion inflates the star and low-
ers its true mean density, lengthening the radial periods,
while the Coriolis force shifts and splits the non-radial
modes (C. Aerts et al. 2010; J. C. Sudrez et al. 2006;
Z. Guo et al. 2024). These effects are second order in
the rotation rate, oc (2/Qeit)?, and displace a star from
the non-rotating constant-@) relation by up to a few hun-
dredths of a dex at the rotation rates typical of the sam-
ple.
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Figure 11. Left: The period-density relation colored by median vbroad, with the fundamental ridge marked by a dashed black

line. Right: The § Sct sample in the H-R diagram, colored by probability of belonging to the fundamental radial ridge in the

period—density relation. The dashed lines are the instability strip from Sec. 5.1.

These two effects combine to produce the trends with
Ubroad Seen in the left panel of Figure 11.

6.4. Stars near the fundamental-mode ridge

We now use the probability of belonging to the fun-
damental ridge as an empirical diagnostic of where such
stars lie within the instability strip. In Sec. 6.1, we
fitted a sum of Gaussians to determine the probability
of each star belonging to either the fundamental, sec-
ondary, or background distributions. The right panel of
Figure 11 shows the H-R diagram of the ¢ Sct sample
binned according to their probability of belonging to the
fundamental ridge. The stars more likely to belong to
the ridge are not distributed uniformly across the strip;
they are concentrated towards the cool, low-luminosity
corner near the red edge. The remaining stars appear
to populate the hotter and more luminous region to-
wards the blue edge. This pattern is consistent with
the rotation picture developed above, because the cool,
low-luminosity part of the strip contains many of the
slowest rotators and HADS stars. It also implies that a
PL relation calibrated from ridge-proximate stars sam-
ples a restricted region of the instability strip, a caveat
for distance-scale applications. We stress that ridge
proximity alone does not uniquely identify the radial
fundamental: non-radial modes and rotationally shifted
modes can overlap the ridge, while independently iden-
tified radial-fundamental pulsators may lie elsewhere in
the diagram.

7. § Sct PULSATORS IN OPEN CLUSTERS

In Sec. 5.3 we examined how the mean frequency of
6 Sct stars decreases as the star evolves. Such a re-
lation naturally invites us now to investigate how the
mean pulsation frequencies of § Sct stars change within
clusters. Open clusters offer a powerful laboratory for
the study of § Sct pulsations. Cluster members share
a common age, distance, and initial chemical composi-
tion to within small dispersions, allowing the intrinsic
variations in pulsation properties at fixed stellar param-
eters to be isolated from the population-level scatter
that dominates the field-star sample analysed in Sec-
tion 5. Several recent studies have exploited Kepler, K2
and TESS data to characterize the § Sct populations of
individual clusters (e.g., E. Rodriguez et al. 2020; S. J.
Murphy et al. 2022; T. R. Bedding et al. 2023; D. P. Or-
tega et al. 2023; D. B. Palakkatharappil & O. L. Creevey
2023; G. Li et al. 2024; S. J. Murphy et al. 2024b; I.
Berry et al. 2025; A. Dileep et al. 2025; D. M. Mwanzia
et al. 2025; M. Qin et al. 2026; M. Soares-Furtado et al.
2026; A.-Y. Zhou 2025, I. Berry et al., submitted), but
a homogeneous analysis across the full set of clusters
observable by TFESS has so far not been completed.
With Gaia DR3 we now have cluster membership cata-
logues based on Gaia astrometry which provide a homo-
geneous, all-sky foundation for population-level cluster
asteroseismology.

7.1. Cluster cross-matching

We cross-matched our full target sample against the
Gaia DR3 open cluster catalogue of E. L. Hunt & S.
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Name N Nssce Age (Myr)

NGC 3532 3414 75 2381218

NGC 2516 3784 64 1257427
NGC 5822 804 35 10407533
NGC 6475 1427 34 1717388
NGC 2423 571 31 11827771
NGC 2360 1188 30 14511793
NGC 2477 3543 29 7017355
NGC 1662 384 21 3451353
NGC 2287 948 21 1547330
NGC 6405 974 19 52139
Trumpler 10 1425 18 37+28
NGC 2527 389 17 8207355
NGC 2422 1129 17 109787
Alessi 6 203 16 3667220
OC 0588 409 14 2321504
NGC 2447 1043 14 7401559
ASCC 90 184 14 4091299
HSC 1553 330 13 3873°
BH 99 643 13 45793

Table 1. The 20 most populous clusters in our sample,
where the classifier probability exceeds 90%. Here, N is the
number of stars in the cluster and Ns s¢¢ is the number of
classified § Sct variables. Ages are from E. L. Hunt & S.
Reffert (2023). We make available the full table and mem-
bership list in electronic format online.

Reffert (2023), which provides homogeneous member-
ship probabilities, ages, distances, and metallicities for
7167 clusters identified from Gaia astrometry. We re-
tained stars with membership probability pmem > 0.7
to minimize contamination from field stars, and we fur-
ther restricted the cluster sample to those with at least
five § Sct candidates within our analysis sample. This
yielded 82 clusters containing 1,079 & Sct pulsators in
total, spanning ages from log(t/yr) = 7.0 to 9.5. The
twenty most populous clusters are listed in Table 1, and
we make the full catalog available in machine-readable
format.

7.2. Mean pulsation frequency as an age tracer

For each cluster we computed the mean pulsation fre-
quency (Vmax) of its 0 Sct members. For an individual
star, we defined this to be the amplitude-weighted mean
of its prewhitened frequencies (S. Barcel6 Forteza et al.
2020; S. J. Murphy et al. 2024a), and the cluster value
is the unweighted mean over its members. Figure 12
shows cluster age against (Vmax). There is an obvious
correlation where clusters younger than ~ 100 Myr have
mean pulsation frequencies of ~ 30-50d~"', while clus-
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Figure 12. Cluster age as a function of mean pulsation
frequency. Each point represents a single cluster, with the
marker size scaled by the number of § Sct members and the
error bars showing the standard error on the mean frequency
and the catalogue age uncertainty. The dotted line shows
the best-fit linear relation (excluding the two clusters shown
as red symbols), and the lower panel shows the fractional
residual.

ters older than ~ 1Gyr cluster at ~ 10-20d~!. We re-
gressed logt on log Vpax, which is the direction in which
the relation could be used (see below), and obtained

log(%) = —3.75(0.36) log(<2"laf>) +13.43(40.51),

(16)
with an intrinsic scatter of o1og+ ~ 0.09 dex. The fit car-
ries the uncertainty on both coordinates together with
an intrinsic-scatter term. Two clusters (red circles in
Figure 12), Ruprecht 98 and NGC 2099, were rejected
by a 3o clipping, leaving 67 clusters in the fit. The phys-
ical origin of this correlation is well understood from the
fact that mean stellar density decreases with age, such
that the average frequency also decreases.

Much of the substantial scatter about this relation
presumably arises from the star-to-star variation of
which modes are excited within each cluster, as seen
with TESS in the Pleiades (T. R. Bedding et al. 2023),
NGC 2516 (G. Li et al. 2024), NGC 3532 (I. Berry et al.
2025), and the Cep-Her complex (S. J. Murphy et al.
2024a). Nevertheless, the empirical relation in Eq. 16
offers a practical age indicator for young to intermediate-
age clusters that complements traditional isochrone fit-
ting. Isochrone-based ages rely on accurate photomet-
ric calibration, well-constrained extinction, and reliable
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main-sequence-turnoff identification, all of which can be
problematic for sparsely populated or heavily reddened
clusters. The § Sct mean-frequency age, by contrast,
requires only that several § Sct pulsators be identified
within the cluster and that their dominant frequencies
be measured, both of which are straightforward with
TESS 10-min FFI data. For an arbitrary cluster, the
relation returns an age to oiog¢ ~ 0.2dex, which is a
factor of 1.5, so that a 500 Myr cluster is placed between
330 and 760 Myr. This is comparable to the median un-
certainty of 0.23 dex on the catalogue ages themselves,
and to the precision achieved by careful isochrone fitting
for similar clusters (D. Bossini et al. 2019; T. Cantat-
Gaudin et al. 2020).

This relation is defined by the mean dominant fre-
quency, {(Vmax), and is therefore sensitive to small-
number statistics in clusters with few § Sct members.
We have restricted our analysis to clusters with at least
five identified pulsators to mitigate this but the youngest
and oldest clusters in our sample, where § Sct stars are
rare, carry correspondingly larger uncertainties. Sec-
ondly, metallicity is expected to influence both the loca-
tion of the instability strip and the pulsation frequencies
of stars within it (S. J. Murphy et al. 2019; S. J. Mur-
phy & A. Gautam 2026). Thirdly, rapidly rotating § Sct
stars exhibit modified pulsation frequencies due to ro-
tational distortion (Section 6.3); the impact of rotation
on cluster-mean frequencies will require further inves-
tigation with a larger sample, which we identify as an
avenue for future work.

8. CONCLUSIONS

We have presented a large, uniform asteroseismic sur-
vey of A- and F-type stars, comprising 1,526,218 stars in
and around the classical § Sct instability strip observed
by TESS at 10-minute full-frame image cadence over
most of the sky. The 72d~! Nyquist frequency greatly
reduces the aliasing that affects 30-minute data, while
Gaia DR3 parallaxes and ISOCLASSIFY fits provide ho-
mogeneous stellar parameters across the sample. Com-
parisons with interferometric temperatures and angular
diameters support the adopted temperature and radius
scales, with the residual scatter described in Section 3.1.
Our results are as follows.

e The § Sct instability strip is not pure at the detec-
tion threshold of this survey, but the apparent im-
purity is strongly magnitude-dependent. The peak
pulsator fraction is ~ 30% for the full sample and
rises to ~ 80% for Tnag < 9, where our amplitude
sensitivity is greatest. Detection sensitivity there-
fore accounts for much of the difference between
our full-sample fraction and the ~ 60% inferred
from Kepler (L. A. Balona & W. A. Dziembowski
2011; S. J. Murphy et al. 2019). Even at the bright
end, the detected fraction does not reach unity,

confirming that a genuine population of non-d Sct
stars pervades the strip.

e § Sct pulsators are systematically faster rotators
than non-pulsating stars at the same position in
the H-R diagram, with the pulsator fraction in-
creasing monotonically with the Gaia vbroad pa-
rameter. This confirms the findings of S. J. Mur-
phy et al. (2024b); K. Gootkin et al. (2024); J.
Wang et al. (2025) with a larger sample and un-
ambiguous frequency coverage. A population of
d Sct pulsators with vbroad < 50kms~! persists,
larger than can be explained by inclination effects
alone, and requires spectroscopic follow-up.

e We refine the § Sct period—density and period—
luminosity relations, finding results largely con-
sistent with previous determinations (D. H. Mc-
Namara 2011; E. Ziaali et al. 2019; N. Barac et al.
2021). Recast as a period—density relation, two ap-
proximately parallel ridges are resolved with a ra-
tio of pulsation constants of 0.578, corresponding
to a likely combination of excited overtone modes.

e Stars lying closest to the radial-mode ridge have
systematically lower vbroad, and the distance
from the ridge increases with rotational broaden-
ing. We attribute this to a combination of mode
selection (rapid rotators are dominated by non-
radial modes), inclination-dependent bias in the
inferred mean density from gravity darkening, and
direct second-order rotational perturbation of the
frequencies. These fundamental-mode pulsators
occupy a cooler, less luminous subregion of the
instability strip.

e The dominant pulsation frequency varies system-
atically across the instability strip, decreasing
from ~ 50-70d~! near the blue edge to ~ 10—
20d~" near the red edge, as expected from the
scaling of acoustic frequencies with mean stellar
density.

e The mean pulsation frequency, (Vmax), of d Sct
stars in open clusters correlates with cluster age,
with log(Vgom) o alogt. This provides a new
ensemble-asteroseismic age indicator that comple-
ments traditional isochrone-based methods.

Several avenues for future work follow directly. Spec-
troscopic follow-up of the slowly-rotating § Sct pulsators
will clarify whether these are physically distinct from the
chemically peculiar Am stars that dominate the slow-
rotator population in the same temperature range. The
asymmetric mode splitting predicted by Z. Guo et al.
(2024) provides a path towards mode identification in
rapidly rotating d Sct stars that should now be testable
on the larger sample assembled here. Finally, the clus-
ter mean-frequency—age relation invites extension to the
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older Gyr-scale clusters where § Sct pulsators are rare,
as well as replacement of (vax) With a per-star Av, and
a multi-cluster ensemble analysis that may simultane-
ously constrain age, metallicity, and helium abundance.
The continued operation of TESS in faster cadence, to-
gether with the future delivery of Gaia DR4 astrometry
and PLATO photometry (H. Rauer et al. 2025), will
further improve our understanding of § Sct variability.
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APPENDIX

A. DE-REDDENING GATIA PHOTOMETRY

The isoclassify posteriors provide line of sight extinction in the V' band, whereas our formulation of absolute
magnitude requires extinction in the Gaia G band. The Gaia passbands are broad enough that the ratio kx = Ax/Av
is not a constant but rather depends on both the total extinction and on the intrinsic spectral energy distribution of
the star, which, for our purposes is parametrised by the intrinsic color (Ggp — Ggrp)o-

Over the color and extinction range spanned by our sample, kg varies between 0.84 and 0.97, so we can not adopt
a single fixed coefficient, which would bias Ag by up to 0.06 mag. We therefore adopt the coefficients tabulated by
K. L. Luhman & T. L. Esplin (2020) in their Table 8, who fit kg gp rp as polynomials in Ay and (Ggp — Grp)o. of
the form

kx =co+c1x+ coAy + csxAy + C4{E2AV + 5A%/ + 0651:3 + C7Az‘)’/ + Cg%QA%/, xr = (GBP - GRP)Q7 (A].)

with separate coefficient ¢y . .. cg for each band. These fits are calibrated against the optical-infrared extinction curve
of E. F. Schlafly et al. (2016) evaluated at = 0 which corresponds to Ry ~ 3.3 rather than the usual Ry = 3.1.

Note that Eq. Al is a function of the intrinsic color, which is also not directly observed. Instead, we solve for it
through an iteration regime. Starting from the observed color,

2" = (Gpp — Grp) — [kBP (fc(")7 AV) ~ Frp (""”(n)’ AV)} Av,

and re-evaluate the BP and RP coefficients at the current estimate of the intrinsic color at each step. We find that the
iteration converges to better than 10~% mag within six steps, however, for a large enough extinction, the fixed point
can lie outside the range over which Eq. Al is fitted and then the iteration diverges. We therefore restrict = to the
fitted range at each step and require —0.2 < Ggp — Grp < 1.5 in the final sample selection. This second requirement
removes stars for which the isoclassify Ay posterior is too large to be consistent with an observed Gaia color.

Having converged on z, the extinction in the G band follows as Ag = kg(x, Ay) Ay, and we take the statistical
uncertainty on Ag to be kgoa,,, with 04, the width of the isoclassify Ay posterior.

29 = (Ggp — Grp), (A2)
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