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ABSTRACT

Aims. We investigate the origin of the dense, ridge-like frequency clusters observed in a subset of A and F type pulsating stars,
which we refer to as ‘wildly oscillating’ stars (WOS). These agglomerated frequency regions occupy a confined part of the frequency
spectrum, typically below the fundamental radial mode, and are not explained by classical pulsation theory.

Methods. We analyse high-precision space photometry from Kepler and TESS, construct échelle diagrams, and perform system-
atic searches for combination frequencies. We determine the expected fundamental radial mode using pulsation constants, pe-
riod-luminosity relations, and stellar models in order to place the agglomerated regions in a seismic context. Rotational modula-
tion is examined through phase-folded light curves and amplitude—phase analysis, and binarity and geometric modulation scenarios
are tested. In addition, we compute non-adiabatic stability models for representative stellar parameters to assess whether standard
excitation mechanisms reproduce the observed structures.

Results. The WOS phenomenon is confined to a narrow region of the Hertzsprung—Russell diagram near the overlap of the § Sct
and y Dor instability strips. The observed ridge morphology and mode density cannot be reproduced by simple asymptotic g-mode
behaviour, standard low-order p modes, binarity, or typical rotational splitting. In at least two stars (KIC 5443410 and KIC 9347095),
a significant fraction of peaks in the agglomerated region can be explained as nonlinear combination frequencies involving high-order
g modes. However, these combinations require parent modes located within the agglomerated frequency band itself, indicating that
intrinsic pulsation modes must be present there. Non-adiabatic stability calculations reproduce the classical instability domains but
do not predict unstable modes with the observed density or organised ridge structure in the agglomerated region.

Conclusions. The WOS appear to represent a pulsational regime not captured by current models of mode excitation or rotational
modulation. The agglomerated frequency phenomenon requires a mechanism that selects or excites a confined intermediate-frequency
band and produces organised ridge structures within a narrow region of stellar parameter space.
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1. Introduction

Pulsating stars of intermediate-mass stars in the A and F spectral
range are traditionally divided into several classes: the ¢ Scuti (6
Sct) stars (e.g., Breger|2000; Rodriguez & Breger| 2001} Kurtz
2022), ¥ Doradus (y Dor) stars (Balona et al.|[1994} Kaye et al.
1999; |Van Reeth et al.|[2015; L1 et al.|[2020; Kurtz [2022)), the
rapidly oscillating Ap (roAp) stars (Kurtz |1982; [Cunha et al.
2019; Holdsworth et al.|[2021} 2024), and, more recently, the

‘hump & spike’ stars (Saio et al.[2018} |Henriksen et al.[2023albj
Antoci et al.|2025).

0 Sct stars pulsate in low- to intermediate-order pressure (p)
modes with periods typically ranging from about 0.5 to a few
hours, while y Dor stars oscillate in high-radial-order gravity (g)
modes with periods of roughly one day. Theoretical models pre-
dict that these pulsations are driven by distinct excitation mech-
anisms (e.g., /Guzik et al|2000; Dupret et al.[|2004; Miglio et al.
2008; [Houdek|2008:; |Antoci et al.|[2014; |Antoci et al.|2019) and
therefore their frequencies occupy different frequency regions
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of the amplitude spectrum. However, hybrid pulsators show-
ing both p and g modes have been identified, providing valu-
able constraints on stellar interiors (e.g., Handler & Shobbrook
2002; (Grigahcene et al.|2010; Kurtz et al.|2014}Schmid & Aerts
2016). In such stars, g modes dominate the low-frequency do-
main, whereas p modes appear at higher frequencies. In several
cases, interactions between these two mode families have been
shown to produce combination frequencies (Papics|2012} |Kurtz
et al.[2015)).

The roAp stars are chemically peculiar and strongly mag-
netic, pulsating in high-radial-order p modes of the order of
5 — 23 min. Their amplitude spectra often show signatures of
rotational modulation induced by chemical surface spots stabi-
lized by the magnetic field. Unlike the 6 Sct and y Dor stars,
roAp stars are rare, with only about 130 members identified to
date (Holdsworth et al.|[2024)).

A more recently identified class is the ‘hump & spike’ stars
(Saio et al.|2018)), which show a combination of unresolved
Rossby modes (the hump), rotational modulation (the spike), and
in approximately 40% of cases, unresolved high-radial-order g
modes (Henriksen et al.[|2023allb). The observed rotational mod-
ulation in these stars is more consistent with a dynamo-like ori-
gin, although the nature of the underlying process, as well as
the mechanisms responsible for exciting both gravity and pres-
sure modes, remain subjects of active investigation (Antoci et al.
2025).

During a systematic visual inspection of Kepler light curves
aimed at identifying new y Dor stars, we encountered a group
of stars whose frequency spectra defy this traditional classifica-
tion. These stars show an unexpected power excess in the in-
termediate frequency regime, between the established g- and p-
mode domains. In many cases, this region appears densely pop-
ulated with peaks. So densely, in fact, that interpreting them
as pulsation modes would require spherical degrees as high as
¢ ~ 15, which is implausible due to geometric cancellation
(Dziembowski|1977). Furthermore, the frequency range spanned
by this region is often narrow enough to be consistent with a sin-
gle radial order of p modes, raising additional doubts about a
simple and purely pulsational origin.

In some stars, this agglomerated frequency region is flanked
by typical g-mode pulsations at low frequencies and signa-
tures consistent with p-mode oscillations at higher frequencies.
Multiplet structures are also observed within the intermediate-
frequency agglomerated frequency regions, possibly indicating
rotationally induced splitting or other as yet unidentified pro-
cesses.

We have compiled a sample of 39 such stars, which we clas-
sify into two morphological types. Type I stars exhibit g modes,
a dense intermediate-frequency hump, and conventional p-mode
frequencies (see Fig. [T). Type II stars display g modes and/or
low-frequency modulation and an anomalously dense region of
peaks at higher frequencies (see Fig. [2).

This paper presents an observational description of these
WOS, whose nature remains enigmatic. While we do not yet
offer a definitive theoretical explanation, we explore several hy-
potheses and rule out potential causes such as instrumental ar-
tifacts or data processing issues. We base our analysis primar-
ily on long-baseline Kepler data, and complement it with TESS
for some stars, plus Gaia observations to derive stellar param-
eters. We examine individual frequency spectra and highlight
the peculiar intermediate-frequency humps. Echelle diagrams
are used to reveal underlying structure in these frequency group-
ings. For nine stars, we identify period spacing patterns among
the low-frequency signals consistent with dipole and quadrupole
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g modes, allowing us to estimate the asymptotic period spacing
Iy and to predict the location of the fundamental radial mode.
We further apply the period—luminosity relation (e.g.|[Barac et al.
2022) to independently estimate the expected radial p-mode fre-
quencies. Notably, 25 out of the 39 stars in our sample are clas-
sified as Am stars. These chemically peculiar stars, especially
those observed with TESS, are confined to a remarkably narrow
region in the Hertzsprung—Russell diagram, suggesting a com-
mon mechanism related perhaps to stellar structure or evolution-
ary stage that may be linked to the observed spectral features.
This paper thus serves to document the unusual features seen
in these wildly oscillating intermediate-mass pulsators, and to
provide a foundation for future observational analyses and theo-
retical modeling.

2. Data

The analysis presented in this study is based primarily on photo-
metric time-series observations from the Kepler and TESS space
missions, complemented by astrometric and photometric param-
eters from Gaia Data Release 3 (DR3).

2.1. Kepler photometry

The 23 stars in our sample observed with Kepler were mon-
itored in long-cadence mode, providing a time baseline of
approximately 4.0 yr. This extensive coverage yields a fre-
quency resolution better than 0.001 d~!, which is essential
for resolving densely packed frequency regions and identifying
multiplet structures, particularly in the intermediate-frequency
humps, described in Section [I] The long-cadence integration
time (29.4min) is sufficient to capture high-radial-order grav-
ity modes and lower-order pressure modes. However, the very
highest-frequency p modes may experience amplitude suppres-
sion due to temporal averaging, and some of these are above the
Nyquist frequency for the long-cadence data, necessitating the
use of Super-Nyquist techniques to study them (Murphy et al.
2013).

We used the Simple Aperture Photometry (SAP) and applied
a basic detrending procedure by adjusting each quarter to a com-
mon zero-point level. We do not observe any evidence of long-
term variability in the light curves. However, we note that our de-
trending procedure may suppress signals with timescales longer
than a Kepler quarter. This does not affect our analysis, as the
features of interest occur on timescales of approximately 13d
or shorter. We also do not detect any eclipses. This is not unex-
pected, as a photometric analysis of 1742 Am stars found that
4% are eclipsing binaries (Smalley et al.|2014)).

The long time baseline of Kepler allows for reliable super-
Nyquist analysis (Murphy et al.|2013), because the slight irreg-
ularities in the sampling (due to variations in the light arrival
time over the spacecraft orbit) break the strict degeneracy be-
tween true and aliased frequencies. Using this approach, we find
no evidence that the intermediate-frequency humps are caused
by aliasing. This conclusion is further supported by three targets
with available short-cadence (60s) data, which independently
confirm that the relevant signals originate at low frequencies.
Only in one case (KIC 7352776) do we detect a small number of
peaks above the long-cadence Nyquist frequency, but these are
consistently recovered by the Super-Nyquist analysis.
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2.2. TESS photometry

A further 16 stars were observed by the TESS mission (Ricker|
et al.[[2015). For these targets, we used the Simple Aperture
Photometry (SAP) flux provided in the 2-minute cadence mode.
However, the observational coverage for most TESS targets is
significantly shorter than that of Kepler, typically one to two con-
secutive TESS sectors (i.e. ~one to two months). Consequently,
the temporal resolution is limited and not always sufficient to re-
solve individual frequency groupings or determine fine structure
within the intermediate hump region. These stars were included
based on the visual morphology of their amplitude spectra.

The TESS and Kepler samples serve somewhat different sci-
entific purposes in the context of this paper. Kepler provides
the first discovery of the phenomenon, as well as sufficient fre-
quency resolution and precision to obtain a detailed and resolved
view of the agglomerated power humps, rotational modulation,
and g-mode ridges. In contrast, TESS enables expansion of the
sample, improved stellar parameters for precise placement in the
Hertzsprung—Russell diagram, and access to brighter stars suit-
able for spectroscopic and complementary follow-up observa-
tions. Because of these different roles, we do not apply the full
suite of seismic and modulation analyses to the TESS stars that
we perform for the Kepler sample; the TESS data instead provide
population-level context and confirmation that the phenomenon
is not limited to the Kepler field. For completeness, all available
TESS observations of the WOS, including 2-minute cadence and
full-frame image (FFI) sectors, are listed in Appendix [A.T]

2.3. Assessing photometric contamination

As wide-field surveys with large pixels, both Kepler and TESS
can suffer from blending, where flux from neighbouring stars on
the sky falls into the aperture used to extract light curves for our
targets. Variations in brightness of neighbouring stars can there-
fore contaminate the light curves. It is thus crucial to confirm
that photometric signals are intrinsic to the target star, and not
due to contamination, especially when the signals in question
are unusual for the class of star being considered (e.g. [Peder-
sen & Bell|[2023). Our target list was cross-matched to the Gaia
catalogue to search for neighbouring sources with a magnitude
difference of less than five (in the Gaia G band), at a separation
from the target star below 18 arcsec for Kepler, and 120 arcsec
for TESS (roughly three times the typical PSF for the two in-
struments). About half of our targets have no neighbouring stars
meeting these criteria. However, nineteen of our targets do have
one or more neighbouring stars meeting these criteria. These are
listed in Table[D.1] A blending analysis was performed for these
stars, discussed in Appendix |D} and we found no indication that
any of the signals of interest originate in neighbouring stars. We
therefore assume that all signals identified and discussed in this
work are not originating in a neighbouring Gaia source.

2.4. Prevalence of Am stars

The Kepler sample used in this study is relatively unbiased. Tar-
gets were selected from the Kepler Input Catalog (KIC; Brown
et al.|[2011) based on effective temperatures in the range 6000—
10000 K and surface gravities between log g = 3 and 5, encom-
passing pre-main-sequence, main-sequence, and slightly evolved
A and F stars. From this broad sample of approximately 7000
stars, we identified 23 candidates exhibiting the characteristic
features of WOS, of which 9 (approximately 40%) are classified
as Am stars in the literature (Tian et al.[2023)).

In contrast, the TESS sample analysed here is drawn from
the Am-star catalogue used in Diirfeldt-Pedros et al.| (2024)) and
is therefore strongly biased toward chemically peculiar stars.
Within this focused set of approximately 1200 Am stars, we
identified 16 WOS candidates.

In the region of the Hertzsprung—Russell diagram where the
WOS are found (Sec. E]), the prevalence of Am stars is high.
This is especially true for slow rotators (with equatorial rota-
tion velocities < 100 km s~!), where the Am fraction is nearly
100% (Abt & Moyd||1973; |Gray & Garrison|[1989). The large
majority of WOS stars in our sample seem to be slow rotators
(Sec. [2.6] B.2.1), although we currently lack the spectroscopic
data and/or asteroseismic inferences required to determine the
distribution of vsini and/or Py for the full sample. Although
the current sample sizes remain small and selection biases must
be considered, the relatively large fraction of Am stars among
the WOS may be noteworthy. While the TESS sample cannot
be used to infer occurrence rates for the general stellar popula-
tion, both the substantial Am-star fraction in the unbiased Kepler
sample and the high detection rate within the Am-star sample
may suggest a possible connection between chemical peculiarity
and the observed frequency structures. Alternatively, the WOS
phenomenon may also depend on other stellar properties, such
as rotation rate or a specific structural configuration associated
with a narrow Teg range.

2.5. Gaia DR3 parameters

The stellar parameters used in this study (see Table [B.T)) are pri-
marily taken from the Gaia Data Release 3 (DR3;|Gaia Collab-
oration et al.2022)) astrophysical parameter catalogue. Effective
temperatures and surface gravities are adopted from the GSP-
Phot module, which derives atmospheric parameters by fitting
the Gaia BP/RP low-resolution spectrophotometry with grids of
stellar atmosphere models under the assumption of single-star
spectra. Stellar luminosities (L) are taken from the FLAME mod-
ule, which combines Gaia parallaxes with the atmospheric pa-
rameters from GSP-Phot and stellar evolution constraints to infer
stellar radii and luminosities (Creevey et al.|2023). We assume a
representative uncertainty for Tg of approximately 110 K for the
effective temperatures, as used in |Diirfeldt-Pedros et al.| (2024).

For five stars (KIC 5038228, KIC 5459805, KIC 9875566,
KIC 10014548, and KIC 10154966), no GSP-Phot tempera-
ture estimate is available. In these cases, we adopt the primary-
component temperature from the Gaia DR3 binary Multiple Star
Classifier (MSC) solution. Surface gravities are taken from the
TESS Input Catalog (Stassun et al.|[2018) for all stars except
KIC 5459805, for which the value from the Kepler Input Catalog
(Brown et al.[2011])) is used. For these objects, luminosities were
derived independently from Gaia parallaxes using extinction-
corrected absolute magnitudes and bolometric corrections fol-
lowing |Balonal (1994)). The adopted parameter values and asso-
ciated confidence intervals are listed in Table [B.1l

For all stars we calculate the absolute visual magnitudes
(My) corrected for distance- and direction-dependent extinction.
Observed V-band magnitudes are taken from the literature or es-
timated from Gaia DR3 photometry using the transformation of
Jordi et al.| (2010). Since Gaia DR3 gspphot parameters are un-
available for several stars, we instead use the geometric distances
(rge0) and their associated uncertainties from the Bayesian infer-
ence catalogue of |Bailer-Jones et al.| (2021). For each star, the
extinction profile Ay(d) is extracted from the three-dimensional
dust maps of |[Lallement et al.| (2019), which provide extinction
as a function of distance d along specific lines of sight. The ex-
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tinction values are interpolated at the median distance as well as
at the lower and upper distance bounds. The extinction-corrected
absolute magnitudes were then computed as

My =V =5 log;o(reeo [pc]) + 5 — Ay.

These values of My are used below to estimate the fundamental
radial mode frequency via the period—luminosity relation given
in Equation 4 of |Barac et al.| (2022). We refer to Section [3;2] for
further details.

2.6. Binarity

Spectroscopic observations have been obtained for a significant
fraction of our sample, primarily for the TESS targets and three
Kepler stars. The data were acquired using the FIES spectro-
graph at the Nordic Optical Telescope (NOT) and the Southern
African Large Telescope (SALT) High Resolution Spectrograph
(HRS) at the SALT. The SALT data have been processed with
the PySAL'IE] pipeline (Crawford et al.[2010). For 11 stars, multi-
ple spectra were obtained, with temporal baselines ranging from
several days to several years. As shown in TabldT] 19 stars in our
sample are identified as binaries, which is not unexpected, as
previous studies report that between 60% and 90% of Am stars
are found in binary systems (e.g.,[Smalley et al.[2014).

Given this context, we did not undertake a detailed bi-
nary characterization in the present work. Instead, we assessed
whether binarity could plausibly explain the observed pulsa-
tional features. All candidates appear to be single-line (SB1) sys-
tems. None of the spectra show signatures of a secondary com-
ponent of comparable luminosity, indicating that the observed
frequency structures are unlikely to be contaminated by a lu-
minous companion. We also note that all stars with available
spectra exhibit low to intermediate projected rotational veloci-
ties (v sin i), as expected for Am stars. The absence of detectable
secondary spectral components further supports the conclusion
that the low vsini values, and by extension the chemical pecu-
liarities, are intrinsic to the observed primary stars rather than
caused by line blending with a similar-mass companion. A de-
tailed spectroscopic analysis will be presented in a follow-up pa-
per. A summary of binarity indicators, whether drawn from the
literature or identified via preliminary inspection of our spectro-
scopic data, is provided in Table

2.7. Catalogue crossmatching and spectral classification

To assess the nature of our sample stars and to search for ev-
idence of binarity and chemical peculiarity, we conducted a
crossmatch against several major astronomical catalogues using
the astroquery Python interface.

The following catalogues were queried:

— The General Catalogue of Ap and Am stars by Renson &
Manfroid| (2009)), used to identify chemically peculiar (CP)
classifications.

— The catalogue of LAMOST-identified Am stars by [Tian
et al.| (2023), based on spectroscopic classifications from the
LAMOST DR7 low-resolution survey.

— The spectroscopic classification catalogue of Kepler stars by
Frasca et al.|(2016)), based on LAMOST observations, which
includes fundamental parameters, activity indicators, and bi-
narity flags.

" http://pysalt.salt.ac.za/
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— The Ninth Catalogue of Spectroscopic Binary Orbits (SB9;
(Pourbaix et al.[|2004)) for confirmed binary systems.

— The binary catalogue by Murphy et al.| (2018]), which identi-
fies companions via phase modulation of p-mode pulsations
in Kepler stars. This method is sensitive to binaries with or-
bital periods between approximately 100 and 1500d, con-
strained by the mission duration and the coherence of the
pulsations.

— The Gaia RUWE astrometric binary catalogue (e.g., |Stassun:
& Torres|2021)).

The results are summarized in Table [I| where the designa-
tion “PB” refers to pulsation binaries identified via the Murphy
et al.| (2018) method. This catalogue complements the spectro-
scopic information by enabling detection of longer-period sys-
tems that may not show detectable radial velocity variations over
the timescales sampled by our observations.

Information about possible binarity with longer orbital pe-
riods can also be gathered from the Gaia Renormalized Unit
Weight Error (RUWE) parameter (see El-Badry|2024, for a re-
cent review, including caveats). In brief, a RUWE value in excess
of 1.4 is indicative of astrometric binarity (e.g., Stassun & Tor-
res|2021) although a low RUWE does not guarantee that the star
is single. The corresponding values listed in Table | corroborate
some of the detections of binarity from other methods, but also
indicate some other binary candidates not revealed otherwise.

As noted in section [2.2] a subset of our targets are classi-
fied as chemically peculiar, particularly Am stars, based on the
Renson, Tian et al., and Frasca et al. catalogues. Several targets
also appear in SB9 with confirmed orbital solutions, while others
show no recorded binarity.

Importantly, several stars in our sample may be unresolved,
relatively wide binaries, particularly those for which the funda-
mental mode frequencies derived from different methods show
discrepancies (see Figures [5][6] and Sec. [5). Such mismatches
may indicate unresolved companions affecting the luminosity es-
timate or contamination from the light curves of multiple stars.
This interpretation is consistent with prior studies suggesting el-
evated binarity rates among chemically peculiar stars, particu-
larly Am stars (e.g. Murphy et al.|2018). Stars that were identi-
fied as binaries by any method are marked with an asterisk pre-
ceding their name in Table[I]

3. Data analysis
3.1. Frequency spectra and the agglomerated power region

For all WOS in our sample, we computed Fourier transforms of
the light curves using standard discrete Fourier techniques. The
morphology of the amplitude spectra can broadly be classified
into Type I and IL. In the first group, Type I, we observe clear
low-frequency g modes typical of y Doradus pulsators, alongside
high-frequency p modes characteristic of 6 Scuti stars. Between
these two domains lies an intermediate frequency region contain-
ing a densely packed cluster of peaks, the agglomerated region,
which often shows repeating or structured features (see Fig. [I)).
Type 1I stars exhibit either low-frequency rotational modulation
or low-order g modes, but no clear high-frequency p modes (see
Fig. ). Instead, they show a dense, prominent hump of power
at higher frequencies that is too rich in structure to be explained
by standard p-mode pulsations alone, as, e.g., shown by Gautam
et al.| (2025). Further, as highlighted in Fig. 2] we also observe
additional power excesses near frequencies corresponding to ap-
proximately half the value of the agglomerated hump, as well as
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Table 1: Stellar identifiers and classification information for the sample stars, including KIC, TIC and HD designations, variability
type, binarity diagnostics, the Gaia re-normalised unit weight error (RUWE), and spectral type where available. Variability types
are defined as follows: Type I stars exhibit g modes, a dense intermediate-frequency hump, and conventional p-mode frequencies;
Type 1I stars display g modes and/or low-frequency modulation and an anomalously dense region of peaks at higher frequencies.
The Binarity column indicates the method used to conclude binarity: ASTR (astrometric, based on elevated RUWE > 1.4), SPEC
(spectroscopic), and PB (pulsation binary, following Murphy et al.). “uncertain” denotes inconclusive evidence, and “none” indicates
no indication of binarity from the available data. Stars marked with an asterisk (*) show evidence of binarity from at least one
method.

Name HD var. Type  Binarity RUWE  Spectral type
*  KIC 2310586 Type I ASTR 11.48
*  KIC 5038228 Type I SPEC (this study) 0.856  Am“’
KIC 5390069 Type I none 0.991
KIC 5443410 Type I uncertain SPEC?¢ 1.065 Am?
*  KIC 5459805 Type I PB? 1.196
KIC 5725443 Type II none 1.039
KIC 6595315 Type I none 1.07
*  KIC 6875337 Type II ASTR, uncertain SPEC*¢ 8.758
KIC 6937123 Type I none 0.959
KIC 6951231 Type I none 1.115  Am?’
KIC 7045685 Type I uncertain PB¢ 1.014
KIC 7352776 Type I none 0.945  Am’
*  KIC 7430757 Type I SPEC/ 1.009 Am’
*  KIC 7900367 Type I SPEC (this study) 0.934
KIC 7973199 Type I ASTR 1.95 Am?
KIC 8177748 Type I none 0.957
*  KIC 8299332 Type I PBY, ASTR, uncertain SPEC*¢  2.342 Am?
KIC 8460993 Type I none 0.866
KIC 9347095 Type I uncertain SPEC¢ 0.918
KIC 9875566 Type I none 0.96
KIC 10014548 Type I uncertain SPEC“¢ 0.979
KIC 10154966 Type I none 1.061 Am®
KIC 11822789 Type 1 none 1.022 Am?
TIC 7597696 HD 27079  Type Il none 0.98 Am‘
TIC 125736216 HD 23488  Typel SPECS, ASTR 6.652 Am*
TIC 137003360 HD 112515  Typel SPEC (this study) 0.882 Am“*
TIC 150183718 HD 78388  Typel ASTR 1.666 Am‘
TIC 151769040 HD 97160 Type I none 1.086 Am“
TIC 179033962 HD 27230  Type Il SPEC (this study), ASTR 1.609 Am“*
*  TIC 197647472 HD 208139  Type I SPEC (this study), ASTR 5.24 Am‘
TIC 299779198 HD 16232  Typel none 0.899 Am*
TIC 305679500 HD 201032  Type I SPEC" 1.059 Am‘
TIC 357469812 HD 107340  Typel ASTR! 1.799 Am‘
TIC 391070709 HD 187258  Typel SPEC/ 1.254 Am“*
TIC 394818541 HD 17784  Type Il none 0.858 Am‘
*  TIC 450302084 HD 86167  Typel SPEC (this study) 0.877 Am‘
TIC 452590255 HD 83094 Type 11 none 1.025 Am“
TIC 466443867 HD 2523A  Typel SPEC (this study), ASTR 6.271 Am“
TIC 1506355332 HD 158251A Typel SPEC (this study) 0.91 Am‘

Notes. “ Renson catalogue (Renson & Manfroid|2009).

®Tian et al|(2023).

¢ RV shifts are reported in the literature, but uncertainties are too large to conclude binarity.

¢ Murphy et al.| (2018)

¢|Frasca et al.| (2016)

/|Qian et al./(2019), see Section

8 Torres et al.| (2021)

" Tanner (1949)

I Classified as an SB2 system in the Gaia DR3 non-single star catalogue; however, no supporting data are available for inspection.
7|Ginestet et al.[(2003)

at frequencies near the hump plus this half-value offset. The am- shaded regions indicating the frequency intervals interpreted as
plitude spectra for all stars are displayed in Figs.[5|and [6] with anomalously dense or “agglomerated” power clusters.
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Fig. 1: Upper panel: Amplitude spectrum of KIC 5443410, an
example of the first morphological group, Type I, in which
both low-frequency y Dor g-mode and high-frequency ¢ Sct p-
mode pulsations are clearly observed. Between these domains
lies a densely populated agglomerated region exhibiting mutli-
plet structures. Lower panel: Zoom-in on the agglomerated fre-
quency region, highlighting the forest of closely spaced peaks.
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Fig. 2: Upper panel: Amplitude spectrum of KIC 6875337, rep-
resentative of the second morphological group, Type II, where
low-frequency variability is present due to either y Dor g-mode
pulsations or rotational modulation (as seen, for example, in
KIC 7430757). A prominent agglomerated region of dense and
complex frequency structure is observed at higher frequencies.
Lower panel: Zoom-in on the agglomerated region, showing a
broad, forested hump inconsistent with typical p-mode spectra.

3.2. Estimation of the radial fundamental mode frequency

The purpose of estimating the frequency of the fundamental ra-
dial mode is to assess the nature of the dense group of agglomer-
ated frequencies observed in the intermediate region of the am-
plitude spectrum. If these frequencies lie below the fundamental
radial mode, and if they are indeed due to pulsations, they must
correspond either to g modes with low-to-intermediate radial or-
der, to mixed p-g modes in evolved stars, or perhaps to some
other kind of pulsation. Establishing the frequency of the fun-
damental radial mode is therefore essential for constraining the
physical origin of this spectral feature.
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To this end, we applied three complementary approaches.
First, we used the period—luminosity (P-L) relation from |Barac
et al.| (2022), based on a fit to TESS and Gaia measurements of
0 Scuti stars:

My = =3.011log(P/d) — 1.40. N

Here, P is the period of the fundamental radial mode in days.
This empirical relation allows us to predict the frequency of the
fundamental radial mode using the absolute visual magnitude
(My), which we compute from Gaia DR3 parallaxes and pho-
tometry (see Section [2.3).

Second, for the nine stars that exhibit coherent g-mode
ridges, we determined the asymptotic period spacing parame-
ter Iy, as described in Section [3.2.1] Together with the stellar
parameters, this value provides a strong diagnostic of the stel-
lar evolutionary stage. We compared the measured Iy to a grid
of MESA stellar models (Paxton et al.|2011}, 2013|2015 2018,
2019; Jermyn et al.|[2023), release r24.08.01, with pulsation
properties calculated using GYRE v.7.2.1 (Townsend & Teitler
2013 Townsend et al.[2018)), to infer the mass and internal struc-
ture of the star. Our aim was to obtain a reasonable first estimate
without carrying out detailed modelling of these stars. We com-
puted evolutionary models for stars with masses from 1.4 Mg to
2.0 Mg, in steps of 0.02 Mg and metallicity ranging from Z =
0.01 to Z = 0.03 in steps of 0.0025. The GS98 solar metal mix-
ture reference value is used, i.e. Zy = 0.02 (Grevesse & Sauval
1998). We used the OPAL opacity tables (Iglesias & Rogers
1993) and determined the convective/radiative boundaries using
the Ledoux criterion. We used |Cox & Giuli| (1968))’s prescrip-
tion for mixing length theory, with aymir = 1.8. Convective-
core overshooting was activated with f,, = 0.017, a best-fitting
value for y Dor stars taken from Mombarg et al.|(2021). We in-
cluded diffusive mixing in the envelope as Dey = 10cm?/s. The
mesh resolution was set with mesh_delta_coeff = 0.4 and
max_dqg = 0.001. Further details on the MESA input parameters
can be found in the MESA inlist in Appendix [E} We used a cus-
tom saving routine implemented in MESA to save stellar profiles
at regular intervalsﬂ For each MESA profile in our model grid,
we computed the theoretical period spacing by integrating the
Brunt-Viisila frequency over the stellar radius:

N
I, = 27° f —dr, )
R T

where N is the Brunt-Viisild frequency.

The values of IIy are shown in the left panel of Fig. 3] for a
subset of our grid, corresponding to the tracks with Z = 0.01.
Each point corresponds to a profile along a MESA evolution-
ary track. The asymptotic period spacing decreases as the star
evolves on the main sequence.

The frequency of the fundamental radial mode, p;, was com-
puted for all MESA profiles by running GYRE. The template in-
list is provided in Appendix[F} We used the VACUUM outer bound-
ary option, ignored rotation for simplicity, and scanned the range
of frequencies 1 — 40d~" with a grid of 1000 points. The funda-
mental radial mode frequencies are shown in the right panel of
Fig. 3] for the subset of our grid. It can be seen that p; shifts
towards lower frequencies as the star evolves on the main se-
quence.

We determined the best MESA model that reproduces the
observed T.g, L, and Il for each star using a custom-made in-
teractive visualization tool that allows us to explore the grid of

2 available on GitHub: https://github.com/Durfeldt/mesa_
saving_routine.git
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models and retrieve information on the values of the parameters
used to find an appropriate model. Starting from the observed
stellar parameters, we identified the MESA profile that lies clos-
est in the HR diagram with an appropriate I1y. Using this best fit,
we report the frequency of p; extracted for the given profile. The
outcome of our modeling is summarized in Table[2] We empha-
size that the aim was not to perform a detailed seismic analysis
of individual stars, but rather to obtain an approximate location
of the fundamental radial mode.

Finding a model that simultaneously reproduces all three ob-
served parameters has proven challenging. The observed I val-
ues are relatively low, indicating that the stars are near the end
of the main sequence, while their effective temperatures remain
comparatively high. In our modeling, we therefore prioritized
achieving a good match to Iy, as this quantity is most directly
linked to the determination of p;, and allowed for greater flexi-
bility in Tt and luminosity. This approach is motivated by the
possibility that some targets are in binary systems, which may
affect the reliability of the stellar parameters derived from Gaia
DR3. To reproduce the observed Il values, the models generally
require low metallicity for most targets. This is counter-intuitive,
as Am stars generally have high atmospheric metal abundances.
Am star surface abundances do not, however, necessarily reflect
interior composition. Future, more detailed modeling will ex-
plore a broader parameter space, including variations in over-
shooting (f,y), mixing length parameter, envelope mixing, and
helium abundance, in order to better reconcile all observables.

Finally, we applied a third method based on the classical pul-
sation constant, O, adopting O = 0.033 for the radial fundamen-
tal mode (Fitch|[1981), which relates the period of radial modes
to stellar surface parameters. The relation is given by:

log Q = —6.454 + log P + 0.5log g + 0.1 My + log Te, 3)

where P is the pulsation period (in days), logg the surface
gravity, My, the bolometric magnitude, and T.g the effective
temperature (in kelvin). This method has been employed in a
range of asteroseismic contexts (e.g. Breger et al.|[1993; [Zwintz
et al.[2020; |[Lovekin & Guzik| 2017), and most recently by
Diirfeldt-Pedros et al.| (2024) in the analysis of chemically pe-
culiar metallic-lined Am and Fm pulsators. For stars with well-
determined atmospheric parameters, this provides an additional,
albeit not entirely independent, estimate of the radial mode fre-
quency.

Together, these three methods—empirical (P-L), structural
(ITp-based modeling), and parameter-based (Q)—allow us to
cross-validate the fundamental radial mode frequency and
to assess the plausibility of interpreting the agglomerated
intermediate-frequency group as g-mode or mixed-mode pulsa-
tions. The values determined can be found in Table

Figures [5] and [6] provide an overview of the observed pul-
sation spectra. For each star, we show the Fourier amplitude
spectrum with the agglomerated peak region highlighted. Over-
laid markers indicate the predicted fundamental radial mode fre-
quencies as derived from the three methods described above. Not
all stars in the sample have complete parameter sets: in several
cases, either g-mode ridges were not observed or the available
data did not permit secure identification of £ = 1 or £ = 2 modes
needed for Il determination. Nonetheless, the ensemble visual-
ization allows a direct assessment of whether the intermediate-
frequency groups lie below the fundamental radial mode, as ex-
pected for g- or mixed-mode pulsations.

For stars with multiple estimates from different methods, the
agreement between approaches serves as a qualitative check on

their robustness. In cases where the predicted fundamental ra-
dial mode frequencies differ significantly between methods, this
may point to unresolved binarity, as a luminous companion can
bias the inferred luminosity or effective temperature, particularly
when derived from photometric data. Given this goal, we do not
pursue a rigorous uncertainty analysis for the derived values.
Across the sample, the agglomerated power lies below the es-
timated fundamental radial mode in approximately 70% of the
stars. In about 18% of cases the two overlap or fall close to-
gether, while in the remaining 12% the fundamental radial mode
is found below the agglomerated region.

3.2.1. Determining the period spacing for g modes

For the Kepler sample, all but one star exhibit signals consis-
tent with low-frequency g modes, enabling mode identification
based on their period spacing patterns. The overarching goal of
the analysis described in this subsection is to determine the buoy-
ancy radius, Iy, from g-mode period spacing patterns. This value
is then combined with stellar parameters from Gaia (T and
luminosity) and a grid of stellar models computed with MESA
(Sec. [3.2) to estimate the frequency of the fundamental radial
mode.

The frequency range covering the g-mode signals was man-
ually selected for each star to include the low frequency sig-
nals and exclude those in the agglomerated power region. Fre-
quencies and amplitudes were extracted using standard itera-
tive prewhitening, applied to the first 60 peaks. While ampli-
tude thresholds were applied at a later stage, no more than 30
peaks were used in the final analysis for any given star. An ad-
ditional constraint in the prewhitening process required that any
new peak be sufficiently resolved from existing ones, with a fre-
quency separation of at least three times the inverse time baseline
(i.e. ~0.002 d="). This ensures adequate resolution while remain-
ing well below the expected period spacing values.

Once the low-frequency signals had been identified, the
FLOSSYE] package was used to manually identify period spac-
ing patterns. Groups of signals were characterised by a com-
mon average period, an average spacing, and a period spacing
slope in the AP — P diagram, following the approach of (Garcia
et al.[(2022)). Depending on the star, zero to four distinct groups
were identified. The largest group contained 13 peaks, but most
groups comprised about five signals. Three examples are shown
in Fig.[d]for a slow rotator with three well-identified groups hav-
ing very minor slopes in the AP — P diagram (KIC 5038228),
a faster rotator as indicated by the higher slopes in the AP — P
diagram with two groups (one of which was confidently identi-
fied; KIC 5443410), and a star with two groups, neither of which
were confidently identified (KIC 8460993).

The working assumption behind identifying such patterns
is that the signals belong to g modes of common spherical de-
gree [ and azimuthal order m—that is, they share the same mode
geometry and direction of propagation relative to stellar rota-
tion—while each signal corresponds to a different radial order
n. Each identified group was then analysed using the morseE]
Python package (Christophe et al.|2018), which estimates I1y by
fitting observed periods to theoretical expectations. All combi-
nationsof / =1 (m = -1,0,1)and [ =2 (m = -2,-1,0,1,2)
were tested. Negative m values correspond to prograde modes. In
many cases, the most plausible (/, m) combinations could be in-

3 https://github.com/IvS-KULeuven/FLOSSY
4 https://github.com/schristophe/morse
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Table 2: Best fits from the MESA model grid for each star with an observed Ij.

Name Tew [K] Lo Z M[Mo]l Tho[s] pild'] X,
KIC 2310586 7000 20.0 0.01 1.74 3358 7.346  0.03
KIC 5038228 7010 13.5 0.0125 1.64 4038 10.064 0.19
KIC 5443410 7200 9.8 0.01 1.5 3921 13.367 0.28
KIC 5459805 7020 19.1 0.0175 1.86 4462 8.298 0.17
KIC 6595315 6700 15.1 0.01 1.6 2945 7.950 0.01
KIC 6937123 7000 214 0.01 1.76 3396 7.285 0.03
KIC 7352776 6950 7.2 0.01 1.4 3731 14.373  0.29
KIC 9875566 7180 234 0.02 2.0 4776 7.798 0.17
KIC 11822789 7210 6.9 0.01 1.4 3825 16.751 0.38
20
L4 1.44
© »-.’J‘ o
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Fig. 3: Hertzsprung—Russell diagrams from our MESA model grid for Z = 0.01. The evolutionary tracks cover the range 1.4 to 2.0
Mg, Left: Color-coded Iy values, indicating the asymptotic period spacing for g modes as a function of stellar parameters. Right:
Corresponding fundamental radial mode frequencies. These diagrams provide theoretical guidance for interpreting the observed

oscillation spectra.

ferred from the average period, spacing, and slope in the AP — P
diagram, as discussed in|Li et al.[(2020).

We obtained reliable I1, values for nine of the 23 stars in
the Kepler sample (see Table [C.T). For four of these, IT; values
have also been reported by |Li et al.| (2020), and we find agree-
ment to within 5%. Although morse also provides estimates of
the near-core rotation frequency, this parameter was generally
poorly constrained due to the intrinsically slow rotation of most
of the stars in our sample.

3.3. Combination frequency search

One star in the sample (KIC 7430757) shows no low-frequency g
modes, and several others lack high-frequency p modes. This im-
mediately rules out non-linear mode coupling between observ-
able parent g and/or p modes as a universal explanation for the
agglomerated power clusters, even before testing whether com-
bination frequencies match their location or structure. We note,
however, that the possibility of unobserved parent modes is dis-
cussed in Section[5.2] We performed both automated and manual
searches for linear combination frequencies to assess whether
the agglomerated structures in individual stars could be partially
explained by nonlinear mode interaction. For the automated
search, we used the low-frequency peaks extracted via the itera-
tive pre-whitening process described in Sect. [3.2.1] Rather than
restricting the search to peaks defining a clear period-spacing
pattern (which is absent in some stars), we included all peaks
with signal-to-noise ratio greater than 4, where S/N was com-
puted as the amplitude relative to the median in a 0.2 d~! win-
dow. Up to 60 peaks were considered per star. We computed sim-
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ple two-term combinations of the form

Veomb = N1vi £ Navj,

of [Papics| (2012), we assumed that if simple combination fre-
quencies are not clearly present, then matches involving higher-
order or more complex combinations are likely to arise by
chance rather than reflecting genuine nonlinear mode coupling.
In particular, combinations with large integer coefficients (e.g.,
Nyv; = Npv; with Ny, N, > 3) or involving a third parent mode
(e.g., N1vi£Nov;+N3v;) were not considered if simple combina-
tion frequencies were absent, since the probability of accidental
matches increases rapidly with the number of terms and coeffi-
cients, especially in such densely populated frequency regions as
the agglomerated regions of our WOS.

While some combination frequencies were identified in the
low-frequency domain, as commonly observed in g-mode pul-
sators (e.g. Kurtz et alJ|2015)), these combinations do not system-
atically reproduce the location or morphology of the agglomer-
ated clusters in most stars. For stars exhibiting high-frequency p
modes, we extended the search to g/p combinations as well as
p/p difference frequencies. However, these also fail to reproduce
the intermediate-frequency agglomerations in a consistent man-
ner; in particular, p/p difference frequencies generally lie well
below the agglomerated region.

In addition to the automated search, we performed a man-
ual exploration of selected stars, allowing parent modes not only
from the g- and p-mode regimes but also from within the ag-
glomerated region itself. In this analysis, we restricted the search
to low-order combinations with Ny = N, = 1 and required that
the number of identified simple combination frequencies within

with integer coefficients N;, N, < 2. Following the approach
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Fig. 4: Period spacing patterns of g modes for three stars in our sample. The upper panels show a portion of the photometric
amplitude spectrum (black), with vertical lines indicating signals used to construct the period spacing patterns plotted below. The
lower panels show the period spacing patterns for the identified g mode ridges, with colours corresponding to the different groups
as indicated in the top panels. The signals for a given ridge are presumed to be of consecutive radial orders. Whenever a signal
is missing from the photometry but is predicted by the period spacing pattern, a vertical dotted line marks the expected location.
Correspondingly, an open circle in the bottom panel indicates half of the period difference between the two adjacent photometric
periods. The left panel shows the ridges detected for KIC 5038228, and are labelled according to the mode identification reported
in L1 et al.|(2020) which are consistent with our identification. The same is plotted in the middle panels for KIC 5443410, along
with the mode identification for the more populous g mode ridge which was used to determine Ily. The right panel shows the
measurements for KIC 8460993 — here the mode identification is not secure.

the agglomerated region exceed the number of assumed parent
modes. This criterion was adopted to avoid over-fitting dense
spectra with arbitrary high-order coefficients and to provide a
minimal quantitative constraint.

Under these restrictions, most stars still do not show com-
pelling evidence that the agglomerated region is dominated by
simple combination frequencies. However, KIC 5443410 rep-
resents a notable exception (Sect. @ In this star, one of the
main multiplets in the agglomerated region appears to behave
as an independent structure, while several surrounding repeat-
ing patterns can be reproduced as linear combinations between
this dominant multiplet and selected g modes. Interestingly, even
relatively low-amplitude g modes participate in these combina-
tions, indicating that the nonlinear interaction does not scale triv-
ially with the observed mode amplitudes. This behaviour fur-
ther supports the interpretation that the peaks forming the high-
amplitude multiplet in the agglomerated region (Figs. [2] and [3))
correspond to genuine pulsation modes rather than purely geo-
metric or surface-modulation effects. We identify at least one ad-
ditional star (KIC 9347095) exhibiting qualitatively similar be-
haviour, although the correspondence is less pronounced than in
KIC 5443410. Taken together, these results indicate that nonlin-
ear mode interaction can shape parts of the agglomerated struc-
tures in certain stars, but it does not provide a general expla-
nation for the agglomerated modes phenomenon. In particular,
even in KIC 5443410, the organising multiplet itself cannot be
reproduced as a simple combination of lower-frequency modes,
leaving the origin of the characteristic spacing and excitation
mechanism unresolved.

3.4. Implications for mode classification

Many, but not all, of the WOS in our sample are hybrid pulsators,
exhibiting both y Dor-type g modes and § Sct-type p modes. De-
termining the location of the fundamental radial p mode allows

us to assess the nature of the agglomerated peaks seen in the in-
termediate frequency range. If these peaks are caused by stellar
pulsations, then their position relative to the fundamental radial
mode provides key information: peaks below the fundamental
p-mode frequency can be interpreted as intermediate- to low-
radial-order g modes or, in more evolved stars, as mixed modes.

We note that g-mode pulsations are detected in nearly all
stars in our sample. In approximately 70% of cases, the agglom-
erated power lies clearly below the estimated fundamental radial
p mode, supporting a g mode or mixed-mode interpretation. In
about 18% of stars, the agglomerated region overlaps with or lies
near the predicted fundamental p-mode frequency, but the meth-
ods used to estimate the mode yield conflicting results, some
placing it just below, others just above the cluster, leading to
inconclusive classification. In the remaining 12% of stars, the
fundamental p mode appears to lie below the agglomerated re-
gion. If the frequency estimates are correct, this would suggest a
p-mode or mixed-mode nature, or potentially a non-pulsational
origin. However, inaccuracies in the fundamental mode estimate,
such as those arising from unresolved binarity, may also be re-
sponsible for this discrepancy.

Even in cases where the frequency domain strongly suggests
a g-mode nature, this identification alone does not resolve the
question of mode excitation. In y Dor stars, high-radial-order g
modes are thought to be excited through the convective block-
ing (or convecting shunting) mechanism at the base of the enve-
lope convection zone (Guzik et al.|2000; Dupret et al.|2004). In
¢ Scuti stars, pulsation driving is instead dominated by the clas-
sical x mechanism (e.g., [Pamyatnykhl[1999), with an additional
contribution from turbulent pressure in the hydrogen and helium
ionisation zones (Houdekl[2008; |Antoci et al.|2014} |Antoci et al.
2019). The frequencies of the agglomerated regions often lie be-
tween these domains, raising the possibility that neither of the
classical excitation mechanisms is effective in this regime. One
possible explanation is that chemical stratification, common in
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Am stars due to atomic diffusion and radiative levitation, may
alter the opacity profile in a way that enables additional or mod-
ified excitation mechanisms. However, such effects are not in-
cluded in current models. Moreover, a standard pattern of p or
g modes does not account for the strikingly regular ridge struc-
tures seen in the échelle diagrams (Section [3.5), which suggest
that additional modulation or structural effects may be at play.
We refer to Section [5.3] for more details on the excitation of pul-
sations.

3.5. Echelle analysis

To further investigate the structure of the agglomerated fre-
quency region, we employed autocorrelation analysis and con-
structed frequency échelle diagrams. The autocorrelation func-
tions of the power spectra often revealed recurring splittings with
structures consistent with quasi-regular spacing of peaks. These
spacings, which we refer to as §f, were used as trial modulo
values in the échelle diagrams.

In Figs [JHI3] we present representative échelle diagrams for
a subset of stars that display the clearest patterns. Each figure
shows the échelle diagram (upper panel), where the identified
ridges are colour-coded, together with the corresponding Fourier
spectrum (lower panel), in which the same ridges are high-
lighted. In some cases, additional low signal-to-noise multiplets
may be present but are not marked. Several stars, KIC 5443410,
KIC 6595315, KIC 6875337, KIC 7900367, KIC 8299332,
KIC 8460993, and KIC 10014548, exhibit coherent ridge struc-
tures that repeat throughout the agglomerated region. However,
the spacing between peaks is generally not constant across the
full frequency range. In other words, although the ridge mor-
phology is clearly visible and recurrent, it is not equidistant in a
manner that would be expected from simple rotational splitting.

The presence of repeating, but non-equidistant, ridges poses
a challenge for conventional interpretations. In known oblique
pulsators, such as the rapidly oscillating Ap (roAp) stars (e.g.
Kurtz|1982)), pulsation multiplets arise due to geometric modula-
tion with a spacing exactly equal to the stellar rotation frequency.
In our case, the spacings vary within the ridges, and yet the mor-
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Fig. 7: Upper panel: Echelle diagram for KIC 5443410 with
identified ridges or recurring patterns. Lower panel: Correspond-
ing Fourier spectrum, where ridge components are highlighted.

phology is preserved, i.e., the same ridge structure appears in
several multiplets. This observation argues against a purely ge-
ometric origin. If the ridges were due to ‘traditional’ rotational
splitting of pulsation modes, one would expect small but measur-
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Fig. 8: Upper panel: Echelle diagram for KIC 6595315 with
identified ridges or recurring patterns. Lower panel: Correspond-
ing Fourier spectrum, where ridge components are highlighted.

able deviations in splitting patterns between modes of different
radial orders due to Coriolis and structural effects. Moreover,
explaining the observed multiplets through rotational splitting
would imply high values of the spherical degree I, which is diffi-
cult to reconcile with photometric observations due to geometric
cancellation (Daszynska-Daszkiewicz et al.[2002)). For instance,
while in KIC 8460993 (Fig. [I2) we observe clear quadruplets
and in KIC 5443410 (Fig. [7) we identify quintuplets, possibly
consistent with an / = 2 mode where all 2/ + 1 components are
visible, the case of KIC 6875337 (Fig. E[) is more extreme, show-
ing multiplets with up to 15 components. This would require
[ > 7, which is highly improbable in photometry.

The persistence of identical ridge structures across the ag-
glomerated region, despite these inconsistencies, suggests a dif-
ferent, yet unidentified, modulation mechanism beyond simple
rotational splitting. Furthermore, in most cases the region of ag-
glomerated modes is relatively narrow (see Table [C.I)), which
allows us to exclude the possibility that these peaks are rotation-
ally split p modes or mixed modes. The observed frequency span
is smaller than would be expected for modes of one or two ra-
dial orders. This interpretation is further supported by the fact
that, for the majority of stars, the predicted fundamental radial
modes lie at higher frequencies than the agglomerated region. In
the case of g or mixed modes, the spacing between consecutive
radial orders becomes very small for high radial orders, yet the
observed structures do not match the expected morphology for
pure asymptotic sequences. We refer to Section [5]for a detailed
discussion.
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ing Fourier spectrum, where ridge components are highlighted.

3.6. Amplitude and phase modulation analyses

For stars exhibiting clear ridge structures in the échelle diagrams,
we analyse the phase-dependent amplitude and phase variabil-
ity of selected peaks. We use the same rotation or related mod-
ulation frequency identified from the échelle diagrams (6f) to
phase-fold the light curves. For visualisation, the light curves are
binned into 200 phase bins, while for the analysis the data are
subdivided into ten equally spaced phase bins. In each bin, we
determine the amplitude and phase of selected central or near-
central peaks within the ridges using Perion04 (Lenz & Breger
2005)), yielding amplitude and phase as a function of rotation
phase.

This approach is motivated by rotationally split pulsation
spectra in oblique pulsators, such as rapidly oscillating Ap stars,
where equidistant multiplets allow amplitude and phase variabil-
ity to be interpreted in terms of a common modulation. We test
whether a similar interpretation applies to the ridge structures
observed here. However, in contrast to the strictly equidistant
splittings in such systems, the ridges in our stars are often tilted
or curved in the échelle diagrams and therefore not exactly com-
mensurate with a single modulation frequency.

In practice, the amplitude and phase are obtained by fitting
a single frequency in each phase bin. In the presence of nearby
unresolved modes, this fit captures the combined contribution
of multiple frequencies, such that the recovered amplitude and
phase can vary with rotation phase even if all oscillations are
intrinsically stable. The magnitude and structure of this effect
depend on the frequency spacing, with non-commensurate fre-
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Fig. 10: Upper panel: Echelle diagram for KIC 7900367 with
identified ridges or recurring patterns. Lower panel: Correspond-
ing Fourier spectrum, where ridge components are highlighted.

quencies leading to quasi-periodic variations in the recovered
parameters.

While interference can produce such variability, it is not
clear whether it can reproduce the observed behaviour, in par-
ticular coherent variations across multiple peaks. We therefore
use Monte Carlo simulations that reproduce the observed ridge-
like frequency structures and Kepler time sampling, and analyse
them in the same way as the observations.

We find that correlations between two peaks can be repro-
duced under this interference-only scenario, indicating that pair-
wise coherence is not a sufficient diagnostic. We therefore extend
the analysis to three peaks and require that all pairwise combi-
nations simultaneously satisfy strict coherence criteria. The sim-
ulations show that such triplet coherence is rarely produced by
interference alone, implying that the probability of a chance oc-
currence is low. When three peaks exhibit coherent correlation
or anticorrelation in the observations, this provides strong evi-
dence that their variability reflects a shared underlying mecha-
nism. Once this is established, the shape of the phase-dependent
variability can be interpreted as a physically meaningful observ-
able, tracing a common modulation pattern.

Details of the Monte Carlo simulations are provided in Ap-
pendix [G| The resulting amplitude and phase variability for in-
dividual stars are shown and discussed in Sect. [l
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Fig. 11: Upper panel: Echelle diagram for KIC 8299332 with
identified ridges or recurring patterns. Lower panel: Correspond-
ing Fourier spectrum, where ridge components are highlighted.

4. Comments on individual stars

In this section, we summarise the main observational properties
of the selected stars on an individual basis. The data analysis
has been described in the preceding sections, so here we present
the relevant results for each object and highlight the diversity of
behaviour across the sample.

4.1. KIC 5443410

KIC 5443410 is a hybrid pulsator, exhibiting high-radial-order
g modes characteristic of y Dor stars together with several iso-
lated peaks in the p-mode regime consistent with ¢ Sct pulsa-
tions. The g-mode period spacing I1j, determined as described
in section [3.2.1] is 3984 s, which is consistent with high-order
g-mode behaviour in intermediate-mass stars. The parameters of
the best-fitting MESA model used to determine the fundamental
radial mode are listed in Table

KIC 5443410 displays one of the clearest examples of recur-
ring, regular frequency multiplets among our sample. As shown
in Fig. [/} the star exhibits several well-defined quintuplets with
consistent morphology and spacing across the agglomerated re-
gion. These structures are easier to identify than in other stars
due to both the relatively high amplitudes of the peaks and the
relative sparsity of surrounding peaks. The characteristic fre-
quency spacing organising the multiplets in the échelle diagram
isdf =0.04541 d7".

Within the dense agglomerated region, the multiplet struc-
tures are not all identical. One multiplet appears consistent with
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Fig. 12: Upper panel: Echelle diagram for KIC 8460993 with
identified ridges or recurring patterns. Lower panel: Correspond-
ing Fourier spectrum, where ridge components are highlighted.

a set of independent modes, while most of the other repeating
patterns can be reproduced as linear combination frequencies
involving the dominant multiplet (the highest-amplitude struc-
ture shown in Fig. [I) and several g modes. Notably, even one
of the lower-amplitude g or Rossby (r) modes participates in
such combinations. This indicates efficient nonlinear coupling
between the g-mode cavity and the frequency region producing
the dense multiplet structures. However, the dominant multiplet
cannot be reproduced as a combination of the observed g and/or
p modes, and its physical origin therefore remains unexplained.

To test whether sets of closely spaced peaks in the dense ag-
glomerated region could form part of a g-mode sequence, we
compared their frequency and period spacings. For representa-
tive sets of closely spaced peaks at 7.0082 and 6.9620 d~!, the
frequency spacing is Af ~ 0.046 d~!, close to § f. For represen-
tative high-radial-order g modes at 1.7711 and 1.7294 d~!, the
difference is 0.04533 d~!, which is numerically similar in fre-
quency space. However, asymptotic g-mode regularity is defined
in period space and not in frequency space. Converting to period
spacings yields APgense = 80 s, whereas the asymptotic £ = 1
g-mode spacing is AP,=; = 2817 s (Ilp = 3984 s). Thus, de-
spite the apparent similarity in frequency separations, the closely
spaced peaks in the dense agglomerated region cannot belong to
the same asymptotic g-mode sequence and, if interpreted as g
modes, would imply unrealistically high spherical degree.

Interestingly, the two highest-amplitude g modes are very
close to integer multiples of the organising frequency 6f =
0.04541 d~'. Specifically, the frequencies at 1.81638 and
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Fig. 13: Upper panel: Echelle diagram for KIC 10014548 with
identified ridges or recurring patterns. Lower panel: Correspond-
ing Fourier spectrum, where ridge components are highlighted.

1.771050 d~! are consistent with 405 f and 395 f, respectively,
within the frequency resolution of 1/7 ~ 6.8x10™*d~'. Whether
this near-integer commensurability is coincidental or reflects a
physical connection between the g-mode spectrum and the fre-
quency scale organising the agglomerated multiplets remains un-
clear.

We examined the amplitude and phase modulation of the
central peaks of the highest-frequency quintuplet, and of a sec-
ond and third quintuplet that appears to originate from combi-
nation frequencies. Both exhibit the same modulation behaviour
(Fig. [T4). The lower panel shows the phase curve folded with
of = 0.04541 d~! which, unlike in several other stars, does
not resemble rotational modulation. The two dominant g modes
are separated by Af ~ 0.04533 d~', corresponding to a beating
timescale of ~ 22 d, consistent with 1/Af. The observed modu-
lation pattern is therefore best explained by interference between
these closely spaced modes rather than by rotational modulation.

Although such integer-like commensurabilities can resemble
tidally excited oscillations in close binaries, KIC 5443410 is not
known to be a binary based on current spectroscopic evidence
(see Table[T)), and the physical origin of the commensurability
remains unclear. Since most Am stars are in close binaries, fur-
ther observations are required to test if binarity plays any role in
the organization of the photometric frequency patterns.

From the g-mode pattern, we infer a near-core rotation fre-
quency of 0.78 + 0.20 d~'. This rotation rate is nearly twenty
times larger than the characteristic spacing 6f organising the
multiplet structures in the échelle diagram (Fig. [7). If the multi-
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Fig. 14: Amplitude and phase variability for KIC 5443410.
Upper panel: Amplitude variation of selected peaks. Middle
panel: Corresponding phase variations. Lower panel: Light
curve phase-folded with ¢ f, which also corresponds to the spac-
ing derived from the échelle diagram. Uncertainties are the ana-
lytical errors from Period(04.

plet spacing were interpreted as a direct rotational signature, this
discrepancy would require strong radial differential rotation be-
tween the near-core region probed by the g modes and the layer
responsible for the observed multiplet spacing.

The fundamental radial mode lies well above the agglomer-
ated frequency region, irrespective of the method used to deter-
mine it (see Fig. [ and Table [C.T). If the peaks in the agglom-
erated region are pulsational in origin, they must correspond to
modes distinct from the classical high-order asymptotic g-mode
sequence, with their regularity hinting at an as-yet unidentified
excitation or modulation mechanism.

4.2. KIC 6595315

KIC 6595315 displays high-radial-order g modes characteristic
of v Dor stars, with a spacing of Il = 2967 s. This star ex-
hibits clear ridge structures in the échelle diagram (Fig.[8), where
several repeating multiplets are evident across the agglomerated
frequency region. Using a characteristic spacing of 0.1677 d~!,
determined from the ridge morphology in the échelle diagram,
we applied the same phase-binned amplitude and phase analy-
sis as described above, and phase-folded the light curve with the
corresponding period. As shown in Fig. [I5] the resulting varia-
tions reveal a coherent modulation pattern in both amplitude and
phase. In light of the tests described above, such behaviour is un-
likely to arise from interference alone and instead indicates that
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Fig. 15: Amplitude and phase variability for KIC 6595315.
Upper panel: Amplitude variation of selected peaks. Middle
panel: Corresponding phase variations. Lower panel: Light
curve phase-folded with the rotation frequency, which also cor-
responds to the spacing derived from the échelle diagram. Un-
certainties are the analytical errors from Period04.

the peaks respond to a common underlying mechanism, with ro-
tation providing a natural interpretation.

Regarding the nature of the agglomerated peaks, the esti-
mated fundamental radial mode for this star (see Fig.[5]and Ta-
blgC.I) lies either just below or just above the dense frequency
hump, depending on the method used. This placement suggests
that the observed peaks may correspond to low-radial-order g
modes, mixed modes, or possibly even low-order p modes, if
they indeed originate from pulsations.

4.3. KIC 6875337

KIC 6875337 was the first WOS to be identified in our sam-
ple. It belongs to the Type II group, characterised by low-
frequency variability consistent with rotational modulation or
low-order g modes, but lacking clear high-frequency p-mode
pulsations (see Fig.2). No regular g-mode patterns are detected.
Instead, the star exhibits a pronounced agglomerated hump at
intermediate-to-high frequencies that cannot be explained by
standard p-mode pulsations. In addition, we identify peaks at
approximately half the agglomerated frequency and at higher
frequencies corresponding to the agglomerated region plus this
half-frequency offset (Fig. 2). These features are neither consis-
tent with combination frequencies (see Section[3.3) nor harmon-
ics, and they are not attributable to instrumental effects. Their
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Fig. 16: Band-pass filtered, phase-folded Kepler light curves of
KIC 6875337, using the 6f derived from the échelle diagram.
The four panels show consecutive time segments (MBJD ranges
indicated), each displaying clear rotational modulation with per-
sistent maxima and slowly evolving surface features.

presence in other stars, including KIC 6875337, KIC 7430757,
and TIC 452590255, strongly suggests an astrophysical origin.

If the agglomerated structure in KIC 6875337 is due to pul-
sations, the frequencies are compatible with low-radial-order g
or p modes, as they lie close to the predicted fundamental ra-
dial mode (Fig. @ Tabl. Echelle diagrams reveal several co-
herent ridges within this region, each consisting of 13—17 peaks
with similar morphology. Interpreting these as rotationally split
multiplets would require spherical degrees of at least (1 > 6).
Such high-1 modes are expected to suffer strong geometric can-
cellation in disk-integrated photometry, making their detection
highly unlikely (e.g. [Daszyfska-Daszkiewicz et al|2002}; [Rap-|
ipaport et al[2026). Moreover, the absence of uniform frequency
spacings further challenges a simple interpretation in terms of
rotational splitting or the oblique pulsator model (see Sections|[I]
and 3.1).

Using the characteristic spacing derived from the échelle di-
agram (6f = 0.14594 d~'), we examined the light curve in the
same rotational framework as for the previous stars. However,
unlike in those cases, we do not identify three peaks with cor-
related amplitude and phase variability, and therefore do not
present the amplitude-phase-of analysis for this star. This is per-
haps not surprising given the extremely high density of peaks.
Instead, in Fig. [I6] we show only the phase-folded light curve,
using 6f = 0.14594 d~!' and binning into 200 bins. The data
were additionally filtered with a passband below 0.6 d~! to iso-
late the low-frequency signal. As in the case of KIC 7900364,
the resulting variation resembles that expected from rotational
modulation, while exhibiting significant temporal variability.

4.4. KIC 7900367

KIC 7900367 exhibits a low-frequency, high-amplitude signal
at 0.10841 d! (Fig. , consistent with rotational modulation
from surface inhomogeneities such as stellar spots, and shows
only a few peaks that may be attributed to g modes. The phase-
folded light curve at 0.10841 d~! maintains a persistent maxi-
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Fig. 17: Amplitude and phase variability for KIC 7900367.
Upper panel: Amplitude variation of selected peaks. Middle
panel: Corresponding phase variations. Lower panel: Light
curve phase-folded with the rotation frequency, which also cor-
responds to the spacing derived from the échelle diagram. Un-
certainties are the analytical errors from Period04.

mum across the full Kepler baseline, while its evolving shape
indicates slowly changing spots. In Fig. [I8] we present the light
curve divided into four time segments, each binned and phase-
folded using the inferred rotation period. The resulting curves
highlight both the long-lived nature of the modulation and its
subtle temporal evolution, supporting a rotational origin and
consistent with the sharp peak in the Fourier spectrum.

What makes this star particularly noteworthy is the struc-
ture of its agglomerated frequency region. The échelle diagram
(Fig. [I0) reveals several ridges split by exactly the same value
as the rotational signal. These ridges comprise up to ten com-
ponents and form highly regular multiplets. The agreement be-
tween the splitting and the photometric rotation frequency sug-
gests a direct connection between the surface modulation and the
frequency structure.

For KIC 7900367, the predicted fundamental radial mode
lies at slightly higher frequency than the agglomerated region,
independent of the method used (see Fig.[5]and Table[C.I)). This
places the multiplets in a regime consistent with mixed modes
or low-radial-order g modes, if interpreted as pulsational in ori-
gin. The results (Fig. show pronounced amplitude and phase
modulation that varies coherently with rotational phase. This
strongly suggests that the observed ridges are modulated by sur-
face features co-rotating with the star.
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Fig. 18: Phase-folded Kepler light curves of KIC 7900367 in
four consecutive time segments (MBJD ranges indicated in each
panel). Each panel reveals clear rotational modulation, with per-
sistent maxima and slowly evolving surface features. The data
are binned into 20 phase bins.

4.5. KIC 7430757

KIC 7430757 is classified spectroscopically as an Am star (see
Table [T), and stands out within our sample as the only star that
does not show evidence for g-mode pulsations (see Fig. [6). Al-
though there does not yet seem to be a spectroscopic orbit pub-
lished, four low-resolution spectra from the LAMOST survey
have a max — min radial velocity variance of 77 km s~ with
typical per-point errors of ~10 km s~! (Qian et al2019). Vi-
sual inspection of these four heliocentric RV corrected spectra
corroborate this variability — RV shifts are clearly evident.

The light curve for KIC 7430757 displays very clear and sta-
ble double-waved modulation at 0.19350 d~! (5.17 d). As shown
in Fig. [T9] the light curve, divided into multiple segments, re-
veals a persistent modulation pattern. The shape of the phase-
folded light curve remains remarkably stable across the entire
Kepler time span, strongly suggesting the underlying physical
cause of the photometric variation is unchanging during the 4
years of Kepler. Considering the large radial velocity variance,
the relatively high photometric amplitude, the stability of the
photometric signal, and the relatively short period, KIC 7430757
is possibly a close binary with ellipsoidal variation. If this is true,
it is also likely that the rotation is phase locked to the same 5.17
d period — hereafter ‘rotation frequency’ and ‘orbital frequency’
are used interchangeably for KIC 7430757. The unequal maxima
in the phased photometry (i.e. the O’Connell effect |(O’Connell
1951) is sometimes seen in ellipsoidal variables, but lacks a uni-
versal explanation. However, with only four RV data points it is
not guaranteed that an orbital period is equal to the photometric
period of 5.17 d. If an orbital period is longer, it remains possible
that the photometric modulation is purely rotational in nature.

Within the agglomerated frequency region of KIC 7430757,
several peaks coincide with integer multiples of the rotational
modulation frequency. These give rise to oscillatory signals that
are phase-aligned with the rotation, yet their amplitudes and de-
tailed profiles vary over time. This behaviour suggests a connec-
tion between the agglomerated peaks and the stellar rotation pe-
riod. In addition to the prominent high-frequency agglomerated
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Fig. 19: Kepler light curves of KIC 7430757 phase-folded to a
period of 5.1680 d in four consecutive time segments (MBJD
ranges indicated in each panel), each binned into 200 phase bins.
Each panel reveals clear, stable orbital or rotational modulation,
indicating that some of the peaks are multiplets of the rotation
frequency.

hump, there is also a notable excess of power near half the cen-
tral frequency of this hump, as well as at the sum of the two. This
pattern is similarly observed in other Type II stars. While we do
not include the échelle diagram for this star, visual inspection
reveals the presence of ridge-like structures; however, the iden-
tification of coherent multiplet patterns is ambiguous, and the
connection between individual peaks remains unclear.

4.6. KIC 8299332

KIC 8299332 shows both p and g modes. We identify several co-
herent ridges in the agglomerated region of the amplitude spec-
trum, as shown in Fig. [TT] These ridges exhibit a spacing con-
sistent with a frequency of 0.504320 d~!, suggesting a link be-
tween surface modulation and the observed frequency structure.
The fundamental radial mode for this star is located at signifi-
cantly higher frequencies, with all methods yielding consistent
results (see Fig. 5] and Table [C.I). This implies that the peaks
forming the ridges, if indeed caused by stellar pulsations, corre-
spond to low- to intermediate-radial-order g modes or possibly
mixed modes.

To investigate the nature of the modulation, we applied
the same phase-binned amplitude and phase analysis as for
KIC 6875337 and KIC 7900367, using the spacing derived from
the échelle diagram and phase-folding the light curve with the
corresponding period. The results, shown in Fig. 20] reveal a
clear modulation pattern in both amplitude and phase as a func-
tion of rotation phase, reinforcing the hypothesis that the ridge
structure may be linked to rotational modulation or spot-related
surface features.

4.7. KIC 8460993

For the hybrid p- and g-mode pulsator KIC 8460993, we applied
the same analysis as for the previous stars. The échelle diagram
(Fig.[T2) reveals frequency groups that are not as sharply defined
as in KIC 5443410, yet still exhibit repeating patterns indicative
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Fig. 20: Amplitude and phase variability for KIC 8299332.
Upper panel: Amplitude variation of selected peaks. Middle
panel: Corresponding phase variations. Lower panel: Light
curve phase-folded with the rotation frequency, which also cor-
responds to the spacing derived from the échelle diagram. Un-
certainties are the analytical errors from Period04.

of an underlying regularity. In particular, we observe recurrent
quadruplets across the agglomerated region, where one of the
higher-frequency components often appears slightly offset. De-
spite this asymmetry, the recurrence of the same morphological
structure in multiple frequency groups makes the pattern readily
recognisable.

The Fourier spectrum of this star is especially dense, with
a large number of peaks filling the agglomerated region. Never-
theless, when we phase-fold the band-pass filtered light curve
using the spacing of 0.08574 d~' and apply the same phase-
binned amplitude and phase analysis as for the other stars, we
detect no significant amplitude or phase modulation. This lack
of variability may be related to the unusually dense amplitude
spectrum. From the g-mode series (Section , we estimate a
near-core rotational frequency of 0.55 + 0.2 d™'. As in the case
of KIC 5443410 (see Section, if the spacing of 0.08574 d~!
is associated with rotation, this would imply that the stellar core
rotates approximately 4-9 times faster than the envelope.

The predicted fundamental radial mode lies well above the
agglomerated region (see Fig. 5] and Table [C.I), implying that
the peaks, if they are due to pulsations, likely correspond to low-
radial-order g modes or mixed modes.

Article number, page 18 of 32

103 5
g ]
3 ; W ; W
B i
% 102 E
£ ] —— F2(8.660133)
2 + F5 (8.955516)
g —$— F6 (9.005874)
10! T T T T T T T
E 200 _m m
@
=
b
=
w
100 T T T T T T T
500 A
Mod. frequency = O 1259 cd~?!
250 -
2 o m
o
—250
—-500
0.00 025 050 075 100 125 150 175 2.00
Phase

Fig. 21: Amplitude and phase variability for KIC 10014548.
Upper panel: Amplitude variation of selected peaks. Middle
panel: Corresponding phase variations. Lower panel: Light
curve phase-folded with the rotation frequency, which also cor-
responds to the spacing derived from the échelle diagram. Un-
certainties are the analytical errors from Period04.

4.8. KIC 10014548

For the type II v Dor star KIC 10014548, we performed the
same analysis as for the previous targets. The échelle diagram
(Fig. [13) reveals decaplet rldge structures with a characteristic
spacing of §f = 0.2518 d~'. However, the clearest amplitude and
phase modulation occurs at half this value, 6f/2 = 0.1259 d!
(Fig.[2T), where phase-folding shows coherent variability in both
amplitude and phase, suggesting a possible link between the
multiplets and the surface modulation timescale.

The estimated fundamental radial mode lies well above the
agglomerated region (Fig. [} Table [C.I), suggesting that the
peaks, if pulsational, correspond to low-radial-order g modes or
mixed modes. The Fourier spectrum also shows additional power
at half the agglomerated frequency, at twice its value, and at the
agglomerated region plus its half-frequency. The origin of these
features remains unclear and may point to nonlinear coupling or
a more complex modulation mechanism.

5. Discussion

In Fig. 22| we present the location of our sample in the
Hertzsprung—Russell diagram using the Gaia-derived parame-
ters described in Section[2.5] The TESS targets occupy a remark-
ably narrow region of the HR diagram. Because these stars are
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significantly brighter than the Kepler targets, their stellar param-
eters are more precisely constrained. Note that the outlier is an
astrometric and perhaps a spectroscopic binary (TIC 357469812,
Table[T). It is therefore plausible that the Kepler stars would fol-
low a similarly narrow sequence if their parameters were known
with comparable precision. For reference, we show the classi-
cal ¢ Sct instability strip (Murphy et al.|2019) and the y Dor
instability region (Dupret et al.|[2004). We also include MESA
evolutionary tracks, as described in Section @ The WOS clus-
ter near the overlap of these instability domains where hybrid p
and g modes pulsators are expected.

This confinement already places strong constraints on pos-
sible explanations. If the observed frequency structures were
caused by binary companions, a much broader distribution
across the HR diagram would be expected; instead, the phe-
nomenon is restricted to a well-defined region of parameter
space. At the same time, the stars span a range of evolution-
ary states within this region, indicating that the effect is neither
limited to a narrow evolutionary phase nor governed by a simple
monotonic mass dependence. In addition, we find no evidence
that the observed splittings originate from binarity. Neither or-
bital light-curve modulation nor spectroscopic signatures sup-
port tidally excited oscillations or frequency multiplets produced
by orbital phase modulation. Moreover, orbital or triaxial mod-
ulation would produce strictly regular frequency spacings com-
mensurate with the orbital period (e.g., Rappaport et al.[2026),
whereas the observed ridge spacings are not perfectly equidistant
and vary across the agglomerated region. While binarity alone
is therefore insufficient to explain the observations, we cannot
exclude that close binarity (or past binary interaction) acting to-
gether with specific stellar structural properties may contribute;
assessing this possibility will require more comprehensive mod-
elling and observational constraints in future work.

A further structural constraint arises from the position of
the fundamental radial mode. In most stars, the agglomerated
frequency region lies below the predicted fundamental radial
frequency, independent of whether this frequency is estimated

via pulsation constants, period—luminosity relations, or stellar
models (Sect. [3.2). If the agglomerated peaks are pulsational,
they therefore cannot correspond to ordinary low-order p modes.
Moreover, the frequency span of the agglomerated region is typ-
ically too narrow to represent one or two full radial order of p
modes and too dense to match a simple asymptotic g-mode se-
quence. These morphological constraints already exclude several
standard interpretations.

Stars that exhibit clear g-mode ridges and for which I1y can
be determined appear to require low metallicity in the models.
This is intriguing, as many of these objects are classified as
Am stars, which typically display chemically peculiar surface
abundances, while their bulk metallicity is not known to be sys-
tematically higher or lower than solar. However, the presence of
TIC 125736216 as a confirmed Pleiades member (Bedding et al.
2023)) indicates that the situation is likely more complex (the
Pleiades have a near-Solar metallicity), and highlights the need
for improved constraints on binarity as well as more reliable de-
terminations of Ty and luminosity.

The analysis of KIC 5443410 provides additional insight. In
this star, a substantial fraction of the peaks in the agglomerated
region can be reproduced as linear combination frequencies be-
tween the dominant quintuplet in the agglomerated frequency re-
gion and high-order g modes. Interestingly, even relatively low-
amplitude g modes participate in these combinations, indicating
that the nonlinear interaction does not scale trivially with ob-
served amplitude. Because nonlinear coupling requires partic-
ipating frequencies to correspond to genuine pulsation modes,
this strongly implies that the dominant multiplet peaks are intrin-
sic oscillations rather than purely geometric surface modulation.
However, the dominant multiplet itself cannot be reproduced as
a combination of lower-frequency modes, leaving the origin of
the organising spacing unresolved.

In several other stars, individual peaks in the agglomer-
ated region can also be approximated by linear combinations
of lower-frequency modes. Yet such identifications typically re-
quire higher-order coefficients rather than simple low-order sum
or difference relations. In dense spectra, the probability of acci-
dental numerical matches increases rapidly with coefficient or-
der. While nonlinear mode coupling can in principle generate
higher-order combinations, it remains uncertain to what extent
the apparent matches represent genuine physical interaction or
coincidental alignments. A dedicated statistical assessment is re-
quired to quantify the significance of these identifications.

5.1. Rotational modulation

Rotational effects provide several possible mechanisms for pro-
ducing structured frequency patterns. In oblique pulsators such
as the roAp stars (Kurtz|1982; [Shibahashi & Saio||1985; |Bigot &
Dziembowski|2002), a pulsation mode whose symmetry axis is
inclined relative to the rotation axis produces multiplets spaced
exactly by the stellar rotation frequency. Such multiplets are
strictly equidistant and symmetric. In our stars, however, the
ridge spacings are not perfectly equidistant and their detailed
morphology is inconsistent with simple oblique geometries. Ex-
plaining the observed structures via conventional rotational split-
ting would furthermore require relatively high spherical degree
modes in several cases. Because high-£ modes suffer strong geo-
metric cancellation in disk-integrated photometry, their visibility
is expected to be low. Although KIC 7900367 exhibits equidis-
tant spacing compatible with rotation, this behaviour is not rep-
resentative of the class as a whole.
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Table 3: Status of proposed explanations for the widely oscillating stars phenomenon. "Tension" indicates that a given scenario can
account for some of the observed features, but does not provide a complete explanation or requires further verification.

Hypothesis Status Keywords / constraint Sect.

Rotational modulation (surface Tension harmonics at f,o; rotation-linked timescale; KIC 5443410: (4.1 [E3]

structures) spacing ~10-20x smaller than near-surface fi; strong radial [£.3] H.4)
differential rotation required; rotational modulation from one @
spot only would require equidistant splitting.

Extra excitation of standard p/g Tension hump: narrow & very dense; no clear AP sequence; standard @

modes v Dor/é Sct driving not reproducing agglomerated peaks

Close binarity (tidal excitation) Excluded no robust orbital signatures; no strictly orbital-commensurate
multiplets

Close binarity (one-sided pulsator) Excluded same: no stable orbital modulation; no orbital-locked frequency E]
structure

High-¢ nonradial f/g modes Tension high-degree parent modes + harmonic visibility; Echelle struc-
ture not reproduced for KIC 6875337

Mass dependence Excluded no monotonic mass trend in HRD; clustering rather than contin- ﬁ]
uous sequence

Evolutionary stage dependence Excluded no narrow evolutionary locus in HRD; not a short-lived phase E]
signature

Combination frequencies (nonlin- Tension KIC 5443410: one multiplet independent; others consistent with @ , E]

ear coupling) g-mode interaction; not accounting for primary multiplet; in
other stars: matches only with high-order coefficients; chance-
alignment risk in dense spectra

Oblique pulsator model Excluded predicts strictly symmetric, regularly split multiplets; observed @
ridges non-equidistant

Normal p/g/mixed modes with ro- Excluded rotational splitting alone insufficient; implied mode density too E} E]

tational splitting

high; hump width too small for single p radial order; not match-
ing asymptotic g-mode morphology

In addition to oblique pulsation, rotational modulation by
surface inhomogeneities such as temperature or chemical spots
must be considered. In its simplest form, spot-induced variabil-
ity produces a fundamental rotation frequency and its harmonics.
If intrinsic pulsation modes are present, their amplitudes may
be modulated at the rotation frequency. Such amplitude modu-
lation generates symmetric sidebands at fyus * 7fro, potentially
forming multiplet-like structures around a central pulsation fre-
quency. If spots occur at different latitudes in the presence of
differential rotation, different modes might be modulated with
slightly different rotation rates, leading to multiple sets of closely
spaced sidebands. Over long time baselines, the superposition of
these signals could in principle produce ridge-like features in the
Fourier spectrum or échelle diagram. However, the amplitude of
this effect may be to small to be detectable.

In particular, KIC 7900367 shows clear low-frequency ro-
tational modulation with distinct rotational harmonics, and the
amplitudes and phases of peaks in the intermediate-frequency
region appear modulated on the same timescale. This behaviour
is qualitatively similar to the rotation-linked amplitude and phase
modulation discussed by [Mathys| (1985) in the context of roAp
stars, and may therefore be relevant here as a possible analogy,
though not necessarily in the same physical setting. This sug-
gests that surface rotation influences at least part of the observed
frequency structure. KIC 6875337 also shows evidence of rota-
tionally linked variability, although its agglomerated region dis-
plays a more complex morphology. KIC 7430757 also exhibits
a photometric signal consistent with rotational modulation, but
this signal is perhaps better explained as being induced by a close
binary companion (Sec. [4.5).

Despite this, purely spot-induced variability would gener-
ally produce harmonic series of the rotation frequency and sym-
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metric amplitude-modulation sidebands, rather than the highly
structured, persistent, and densely populated multiplets ob-
served in many of our target stars. In addition, spot modula-
tion does not naturally account for the presence of combina-
tion frequencies involving high-order g modes, as observed in
KIC 5443410. While rotational modulation by surface inhomo-
geneities clearly contributes to the variability in some objects,
particularly KIC 7900367, it does not straightforwardly repro-
duce the full morphology, density, and stability of the agglom-
erated frequency regions across the sample. Furthermore, spot
evolution combined with differential rotation would also be ex-
pected to introduce measurable phase drifts and distortions in
phase-folded light curves over long time baselines.

A hybrid scenario in which surface rotation modulates intrin-
sically excited pulsation modes cannot be excluded. However,
assessing whether differential rotation, spot evolution, and pul-
sation—rotation coupling can collectively reproduce the observed
ridge structures will require detailed forward modelling, which
we plan for the future.

5.2. High-degree nonradial modes and harmonic visibility

An alternative structural explanation invokes high-degree nonra-
dial modes whose harmonics become visible in integrated pho-
tometry, inspired by the interpretation of [Dziembowskil (2016)
for RR Lyrae stars and Cepheids. In this framework, high-¢ f-
(or g) modes with intrinsic frequencies near half the observed
values are preferentially excited in the outer envelope. Their first
harmonics, suffering less geometric cancellation, would then ap-
pear as the observed peaks in the agglomerated region.

Even in this scenario, however, the underlying parent modes
must be pulsational in nature. The harmonic interpretation there-
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fore does not eliminate pulsation physics but instead shifts the
observable signal from the parent mode to its harmonic. We ex-
plored this possibility qualitatively for KIC 6875337 by con-
structing a synthetic £ = 4 multiplet including rotational split-
ting, harmonics, and combination terms. While the resulting
model produces curved ridges in the échelle diagram (see Fig.[J),
the curvature does not reproduce the observed morphology for
the adopted rotation rate. Although this mechanism cannot be
excluded, it requires a more detailed study of rotational effects,
and photometric visibility than is feasible here.

5.3. Excitation mechanisms

For a representative stellar mass of 1.55 Mg, whose evolutionary
track spans the effective temperature and luminosity range oc-
cupied by the WOS, we computed a full evolutionary sequence
using the Code Liégeois d’Evolution Stellaire (CLES; [Scuflaire
et al.[2008)). Along this sequence, we performed a non-adiabatic
stability analysis of the oscillation modes with the MAD pul-
sation code (Dupret|2001; [Dupret et al. 2002} |2005) in order
to assess whether the observed agglomerated frequency regions
in our stars can be reproduced theoretically. The MAD code
includes a time-dependent treatment of convection—oscillation
coupling following |Grigahcene et al.| (2005)), which consistently
models convective luminosity blocking (convective shunting), an
accepted driving mechanism for ¢ Scuti and y Dor pulsations in
this temperature regime (Dupret et al|2005; Houdek & Dupret
2015)).

The evolutionary models were computed assuming an ini-
tial hydrogen mass fraction X = 0.72, solar metallicity Z =
0.015 (AGSS09 chemical mixture; |Asplund et al.| (2009)), and
a mixing-length parameter ar = 2.0 (Cox & Giuli|1968)), con-
sistent with values required to reproduce the observed y Dor in-

stability strip with these tools (Dupret et al.|2005). Step over-
shooting with @gy = 0.2 was included at the convective core
boundary. We adopted the FreeEOS equation of state (Irwin
2012), OPAL opacity tables (Iglesias & Rogers||1996), the T'(1)
atmospheric relation from model C of [Vernazza et al.|(1981]), and
nuclear reaction rates from [Adelberger et al.|(2011). Figure 24]
shows the predicted unstable-mode frequency range as a func-
tion of effective temperature along the 1.55 M, sequence.

Rotation was not included in the present computations. Al-
though many of the stars are Am objects and therefore expected
to rotate moderately or slowly, rotation modifies gravity-mode
frequencies through the Coriolis force and alters the mode den-
sity in the inertial frame (e.g.Bouabid et al.[2013). Nevertheless,
rotation does not remove the fundamental separation between
the low-frequency g-mode domain and the higher-frequency
mixed/p-mode domain predicted by the models.

As shown in Fig. [24] the calculations reproduce the charac-
teristic hybrid behaviour expected in this effective-temperature
regime: high-radial-order g modes are excited at low frequen-
cies (s 2.5d71), while mixed modes and low-order p modes
are excited at higher frequencies, consistent with the classical
¢ Scuti instability strip (Dupret et al.|[2005; |Houdek & Dupret
2015} |Antoci et al.|2019). In some models, the predicted mixed
and low-order p modes partially overlap in frequency with the
observed agglomerated region. However, the unstable modes in
this regime remain too sparsely distributed to reproduce the ob-
served dense and structured hump. Moreover, the models exhibit
a clear separation between the high-order g-mode domain and
the mixed/p-mode domain, leaving a frequency interval in which
no modes are predicted to be unstable. The overall morphology
and mode density of the agglomerated region are therefore not
reproduced by the standard non-adiabatic calculations.

The detection of combination frequencies in several stars
strongly indicates that the agglomerated frequency regions are
pulsational in origin, yet their excitation is not reproduced by
standard convective-blocking (convective shunting) or classical
kx-mechanism driving (e.g. |[Dupret et al.|[2005} (Grigahcene et al.
2005). Nearly all spectroscopically classified stars in our sam-
ple are Am stars, characterised by slow to moderate rotation and
vertical chemical gradients produced by atomic diffusion (e.g.,
Théado et al.|[2009; [Deal et al.|2016). Such chemical stratifica-
tion modifies opacity profiles and can alter mode driving (e.g.,
Diirfeldt-Pedros et al.|[2024; |Antoci et al.|[2019). It is therefore
conceivable that diffusion-induced opacity variations or altered
envelope structure modify the excitation conditions in a way not
captured by standard models. However, whether such effects can
produce the observed narrow and densely populated agglomer-
ated frequency regions remains uncertain.

To summarise, the combined observational and theoreti-
cal constraints indicate that the agglomerated frequency phe-
nomenon requires a mechanism that (i) operates within a narrow
region of stellar parameter space, (ii) excites or selects a con-
fined frequency band below the fundamental radial mode, and
(iii) produces the organised ridge-like structures observed in the
Fourier spectrum. In several stars, the ridges appear linked to
rotational timescales, yet they are not consistently explained by
classical rotational splitting, oblique pulsation, or simple spot
modulation. None of the mechanisms explored here simulta-
neously accounts for the confinement in the HR diagram, the
dense and structured ridge morphology, and the partial associa-
tion with rotation. The WOS therefore appear to occupy a pul-
sational regime not reproduced by standard models of excitation
or rotational modulation. The relative viability of the proposed
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Fig. 24: Evolution of the frequencies of the £ = 2 modes as a
function of the effective temperature for the 1.55 M, star along
its evolution. Orange dots indicate unstable modes, while grey
dots correspond to stable modes.

scenarios and the principal constraints discussed above are sum-
marised in Table[3]

6. Conclusions

We have investigated the dense, ridge-like frequency structures
observed in a sample of intermediate-mass pulsating stars, which
we refer to as WOS. These objects occupy a narrow region of
the Hertzsprung—Russell diagram near the overlap of the ¢ Sct
and y Dor instability strips and exhibit agglomerated frequency
regions typically located below the fundamental radial mode.

The observed ridge morphology and mode density cannot
be reproduced by simple asymptotic g mode behaviour, stan-
dard low-order p modes, binarity, or classical rotational splitting.
Non-adiabatic stability calculations reproduce the expected clas-
sical instability domains but do not predict unstable modes with
the observed density or organised ridge structure in the agglom-
erated region.

In at least two stars (KIC 5443410 and KIC 9347095), a
significant fraction of peaks in the agglomerated region can
be reproduced as nonlinear combination frequencies involving
high-order g modes. However, these combinations require parent
modes that themselves reside within the agglomerated frequency
band. Linear combinations between classical g and p modes
alone are insufficient to reproduce the structure. This implies
that, for the combinations based on observable parents, intrin-
sic pulsation modes must be present in the agglomerated region,
even though their excitation is not predicted by current models.
We note, however, that combinations involving geometrically
suppressed, unobserved parent modes may also be present, as
discussed in Section

Taken together, the WOS appear to represent a pulsational
regime not yet captured by standard models of mode excita-
tion or rotational modulation. The relative viability of the con-
sidered scenarios and the principal observational constraints are
summarised in Table [3] Future work will include detailed spec-
troscopic analyses of targets lacking high-quality data, refined
spectral classification and binarity assessments, in-depth forward
modelling, and expansion of the sample to determine the preva-
lence and parameter dependence of the phenomenon. In this con-
text, TIC 125736216 is particularly valuable, as it is a confirmed
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member of the Pleiades cluster and therefore benefits from the
well-constrained age and metallicity of the cluster.

Acknowledgements. Co-funded by the European Union (ERC, MAGNIFY,
Project 101126182 ). Views and opinions expressed are however those of the
author(s) only and do not necessarily reflect those of the European Union or
the European Research Council. Neither the European Union nor the granting
authority can be held responsible for them. SJM was supported by the Aus-
tralian Research Council through Future Fellowship FT210100485. GH thanks
the Polish National Center for Science (NCN) for financial support through
grant 2021/43/B/ST9/02972. L.F was supported by the Fonds de la Recherche
Scientifique F.R.S-FNRS as a Research Fellow. MGP is the recipient of an
Australian Research Council Australian Discovery Early Career Award (project
number DE250100146) funded by the Australian Government. This research
made use of Lightkurve, a Python package for Kepler and TESS data analysis
(Lightkurve Collaboration, 2018). This work used the software Morse developed
by S. Christophe and distributed under the GNU General Public License v3.0
(GPL-3.0). Some of the observations reported in this paper were obtained with
the Southern African Large Telescope (SALT) under program 2023-1-SCI-006
(PI: V. Antoci, E.Niemczura). We acknowledge the use of ChatGPT (OpenAl)
for assistance with language editing and improving the clarity of the manuscript.

References

Abt, H. A. & Moyd, K. 1. 1973, ApJ, 182, 809

Adelberger, E. G., Garcia, A., Robertson, R. G. H., et al. 2011, Reviews of Mod-
ern Physics, 83, 195

Antoci, V., Cantiello, M., Khalack, V., et al. 2025, A&A, 696, A111

Antoci, V., Cunha, M., Houdek, G., et al. 2014, ApJ, 796, 118

Antoci, V., Cunha, M. S., Bowman, D. M., et al. 2019, MNRAS, 490, 4040

Asplund, M., Grevesse, N., Sauval, A. J., & Scott, P. 2009, ARA&A, 47, 481

Bailer-Jones, C. A. L., Rybizki, J., Fouesneau, M., Demleitner, M., & Andrae,
R. 2021, AJ, 161, 147

Balona, L. A. 1994, MNRAS, 268, 119

Balona, L. A., Krisciunas, K., & Cousins, A. W. J. 1994, MNRAS, 270, 905

Barac, N., Bedding, T. R., Murphy, S. J., & Hey, D. R. 2022, MNRAS, 516, 2080

Bedding, T. R., Murphy, S. J., Crawford, C., et al. 2023, ApJ, 946, L10

Bigot, L. & Dziembowski, W. A. 2002, A&A, 391, 235

Bouabid, M.-P., Dupret, M.-A., Salmon, S., et al. 2013, MNRAS, 429, 2500

Breger, M. 2000, in Astronomical Society of the Pacific Conference Series, Vol.
210, Delta Scuti and Related Stars, ed. M. Breger & M. Montgomery, 3

Breger, M., Stich, J., Garrido, R., et al. 1993, A&A, 271, 482

Brown, T. M., Latham, D. W., Everett, M. E., & Esquerdo, G. A. 2011, AJ, 142,
112

Christophe, S., Ballot, J., Ouazzani, R. M., Antoci, V., & Salmon, S. J. A. J.
2018, A&A, 618, A47

Cox, J. P. & Giuli, R. T. 1968, Principles of stellar structure

Crawford, S. M., Still, M., Schellart, P, et al. 2010, in Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, Vol. 7737, Observatory
Operations: Strategies, Processes, and Systems III, ed. D. R. Silva, A. B. Peck,
& B. T. Soifer, 773725

Creevey, O. L., Sordo, R, Pailler, F, et al. 2023, A&A, 674, A26

Cunha, M. S., Antoci, V., Holdsworth, D. L., et al. 2019, MNRAS, 487, 3523

Daszyniska-Daszkiewicz, J., Dziembowski, W. A., Pamyatnykh, A. A., & Goupil,
M.-J. 2002, A&A, 392, 151

Deal, M., Richard, O., & Vauclair, S. 2016, A&A, 589, A140

Dupret, M. A. 2001, A&A, 366, 166

Dupret, M. A., De Ridder, J., Neuforge, C., Aerts, C., & Scuflaire, R. 2002,
A&A, 385, 563

Dupret, M. A., Grigahcene, A., Garrido, R., Gabriel, M., & Scuflaire, R. 2005,
A&A, 435,927

Dupret, M.-A., Grigahcéne, A., Garrido, R., Gabriel, M., & Scuflaire, R. 2004,
A&A, 414,L17

Diirfeldt-Pedros, O., Antoci, V., Smalley, B., et al. 2024, A&A, 690, A104

Dziembowski, W. 1977, Acta Astron., 27, 203

Dziembowski, W. A. 2016, Commmunications of the Konkoly Observatory Hun-
gary, 105, 23

El-Badry, K. 2024, New A Rev., 98, 101694

Fitch, W. S. 1981, ApJ, 249, 218

Frasca, A., Molenda-Zakowicz, J., De Cat, P,, et al. 2016, A&A, 594, A39

Gaia Collaboration, Vallenari, A., Brown, A. G. A., et al. 2022, Gaia Data Re-
lease 3: Summary of the content and survey properties

Garcia, S., Van Reeth, T., De Ridder, J., et al. 2022, A&A, 662, A82

Gautam, A., Murphy, S. J., & Bedding, T. R. 2025, arXiv e-prints,
arXiv:2507.03561

Ginestet, N., Prieur, J.-L., Carquillat, J.-M., & Griffin, R. F. 2003, MNRAS, 342,
61



V. Antoci et al.: Wildly Oscillating Stars

Gray, R. O. & Garrison, R. F. 1989, ApJS, 70, 623

Grevesse, N. & Sauval, A. J. 1998, Space Sci. Rev., 85, 161

Grigahcene, A., Antoci, V., Balona, L., et al. 2010, ApJ, 713, L192

Grigahcene, A., Dupret, M. A., Gabriel, M., Garrido, R., & Scuflaire, R. 2005,
A&A, 434, 1055

Guzik, J. A., Kaye, A. B., Bradley, P. A., Cox, A. N., & Neuforge, C. 2000, ApJ,
542, L57

Handler, G. & Shobbrook, R. R. 2002, MNRAS, 333, 251

Henriksen, A. 1., Antoci, V., Saio, H., et al. 2023a, MNRAS, 520, 216

Henriksen, A. 1., Antoci, V., Saio, H., et al. 2023b, MNRAS, 524, 4196

Higgins, M. E. & Bell, K. J. 2023, AJ, 165, 141

Holdsworth, D. L., Cunha, M. S., Kurtz, D. W., et al. 2021, MNRAS, 506, 1073

Holdsworth, D. L., Cunha, M. S., Lares-Martiz, M., et al. 2024, MNRAS, 527,
9548

Houdek, G. 2008, Communications in Asteroseismology, 157, 137

Houdek, G. & Dupret, M.-A. 2015, Living Reviews in Solar Physics, 12, 8

Iglesias, C. A. & Rogers, F. J. 1993, ApJ, 412, 752

Iglesias, C. A. & Rogers, F. J. 1996, ApJ, 464, 943

Irwin, A. W. 2012, FreeEOS: Equation of State for stellar interiors calculations

Jermyn, A. S., Bauer, E. B., Schwab, J., et al. 2023, ApJS, 265, 15

Jordi, C., Gebran, M., Carrasco, J. M., et al. 2010, A&A, 523, A48

Kaye, A. B., Handler, G., Krisciunas, K., Poretti, E., & Zerbi, F. M. 1999, PASP,
111, 840

Kurtz, D. W. 1982, MNRAS, 200, 807

Kurtz, D. W. 2022, ARA&A, 60, 31

Kurtz, D. W., Saio, H., Takata, M., et al. 2014, MNRAS, 444, 102

Kurtz, D. W., Shibahashi, H., Murphy, S. J., Bedding, T. R., & Bowman, D. M.
2015, MNRAS, 450, 3015

Labadie-Bartz, J., Himmerich, S., Bernhard, K., Paunzen, E., & Shultz, M. E.
2023, A&A, 676, A55

Lallement, R., Babusiaux, C., Vergely, J. L., et al. 2019, A&A, 625, A135

Lenz, P. & Breger, M. 2005, Communications in Asteroseismology, 146, 53

Li, G., Van Reeth, T., Bedding, T. R., et al. 2020, MNRAS, 491, 3586

Lightkurve Collaboration, Cardoso, J. V. d. M., Hedges, C., et al. 2018,
Lightkurve: Kepler and TESS time series analysis in Python, Astrophysics
Source Code Library

Lovekin, C. C. & Guzik, J. A. 2017, ApJ, 849, 38

Mathys, G. 1985, A&A, 151, 315

Miglio, A., Montalbén, J., Noels, A., & Eggenberger, P. 2008, MNRAS, 386,
1487

Mombarg, J. S. G., Van Reeth, T., & Aerts, C. 2021, A&A, 650, A58

Murphy, S. J., Hey, D., Van Reeth, T., & Bedding, T. R. 2019, MNRAS, 485,
2380

Murphy, S. J., Moe, M., Kurtz, D. W., et al. 2018, MNRAS, 474, 4322

Murphy, S. J., Shibahashi, H., & Kurtz, D. W. 2013, MNRAS, 430, 2986

O’Connell, D. J. K. 1951, Publications of the Riverview College Observatory, 2,
85

Pamyatnykh, A. A. 1999, Acta Astron., 49, 119

Pépics, P. I. 2012, Astronomische Nachrichten, 333, 1053

Paxton, B., Bildsten, L., Dotter, A., et al. 2011, ApJS, 192, 3

Paxton, B., Cantiello, M., Arras, P., et al. 2013, ApJS, 208, 4

Paxton, B., Marchant, P., Schwab, J., et al. 2015, ApJS, 220, 15

Paxton, B., Schwab, J., Bauer, E. B., et al. 2018, AplJS, 234, 34

Paxton, B., Smolec, R., Schwab, J., et al. 2019, ApJS, 243, 10

Pedersen, M. G. & Bell, K. J. 2023, AJ, 165, 239

Pourbaix, D., Tokovinin, A. A., Batten, A. H., et al. 2004, A&A, 424, 727

Qian, S.-B., Shi, X.-D., Zhu, L.-Y., et al. 2019, Research in Astronomy and As-
trophysics, 19, 064

Rappaport, S. A., Jayaraman, R., Handler, G., et al. 2026, arXiv e-prints,
arXiv:2604.18836

Renson, P. & Manfroid, J. 2009, A&A, 498, 961

Ricker, G. R., Winn, J. N., Vanderspek, R., et al. 2015, JATIS, 1

Rodriguez, E. & Breger, M. 2001, A&A, 366, 178

Saio, H., Kurtz, D. W., Murphy, S. J., Antoci, V. L., & Lee, U. 2018, MNRAS,
474,2774

Schmid, V. S. & Aerts, C. 2016, A&A, 592, A116

Scuflaire, R., Théado, S., Montalbén, J., et al. 2008, ApSS, 316, 83

Shibahashi, H. & Saio, H. 1985, PASJ, 37, 245

Smalley, B., Southworth, J., Pintado, O. I, et al. 2014, A&A, 564, A69

Stassun, K. G., Oelkers, R. J., Pepper, J., et al. 2018, AJ, 156, 102

Stassun, K. G. & Torres, G. 2021, ApJ, 907, L33

Tanner, R. W. 1949, Publications of the David Dunlap Observatory, 1, 507

Théado, S., Vauclair, S., Alecian, G., & LeBlanc, F. 2009, ApJ, 704, 1262

Tian, X.-m., Wang, Z.-h., Zhu, L.-y., & Yang, X.-L. 2023, ApJS, 266, 14

Torres, G., Latham, D. W., & Quinn, S. N. 2021, ApJ, 921, 117

Townsend, R. H. D., Goldstein, J., & Zweibel, E. G. 2018, MNRAS, 475, 879

Townsend, R. H. D. & Teitler, S. A. 2013, MNRAS, 435, 3406

Van Reeth, T., Tkachenko, A., Aerts, C., et al. 2015, ApJS, 218, 27

Vernazza, J. E., Avrett, E. H., & Loeser, R. 1981, ApJS, 45, 635

Zwintz, Neiner, C., Kochukhov, O., et al. 2020, A&A, 643, A110

Article number, page 23 of 32



A&A proofs: manuscript no. output

Appendix A: TESS data

Article number, page 24 of 32



V. Antoci et al.: Wildly Oscillating Stars

Table A.1: Available TESS observations for the stars in our sample. The table lists all sectors observed in 2-minute cadence and in
full-frame images (FFIs).

TIC HD Name 2-min cadence sectors  FFI sectors

TIC 7597696 HD 27079 4/5;31/32 4/5;31/32

TIC 125736216 HD 23488 71 42/43/44; 70/71

TIC 137003360 HD 112515 15;22 15;22;49; 76

TIC 150183718 HD 78388 47 21; 47

TIC 151769040 HD 97160 10; 36; 37; 63; 90 same as 2-min

TIC 179033962 HD 27230 4/5;31/32 same as 2-min

TIC 197647472 HD 208139 1;28 01; 28; 68; 95

TIC 299779198 HD 16232 1; 12/13; 27/28; 39 01; 12/13; 27/28; 39; 66/67/68; 93/94/95
TIC 305679500 HD 201032 15/16/17; 24 15/16/17; 24; 56/57/58; 76/77/78; 83/84/85
TIC 357469812 HD 107340 11/12 11/12; 38/39; 65/66; 93

TIC 391070709 HD 187258 41; 54 14; 41; 54; 81

TIC 394818541 HD 17784 27; 39 12/13; 27; 39; 66/67; 93/94

TIC 450302084 HD 86167 14;21; 48 same as 2-min

TIC 452590255 HD 83094 10/11/12; 37/38/39 10/11/12; 37/38/39; 63/64/65; 90

TIC 466443867 HD 2523A 42/43 42/43; 57, 70; 84

TIC 1506355332

HD 158251A  25/26; 52/53

25/26; 52/53; 79

Article number, page 25 of 32



A&A proofs: manuscript no. output

Appendix B: Stellar parameters

Article number, page 26 of 32



Z€ Jo £z 93ed ‘Joquunu ponIy

Table B.1: Stellar photometric and Gaia-based parameters, including absolute magnitudes, bolometric magnitudes estimated from My, effective temperatures, surface gravities,

and luminosities. Here, T:g’gle denotes the effective temperature derived under the assumption of a single-star spectrum. A representative uncertainty of +110 K is adopted for the

effective temperatures. See Section [2;5]f0r details.

Name TESS mag @ 0w My MY MyP MbMO / T:}:gle TS® " ogg L/Lo  Ligw Lupp
[mas] [mas] [mag] [mag] [mag] [mag] [K] (K] [dex]
KIC 2310586 13.06 0.62 0.12 1.04 0.93 1.16 0.96 7163 7136 3.8 9.4 7.2 155
KIC 5038228 11.05 1.37 0.01 2.07 2.05 2.09 1.99 7117 - 3.8 134 140 127
KIC 5390069 14.72 0.33 0.02 1.56 1.41 1.66 1.45 6892 7593 4.2 10.5 95 116
KIC 5443410 13.14 0.62 0.01 2.17 2.10 2.30 2.08 7210 7193 4.1 9.5 9.2 9.7
KIC 5459805 13.10 0.49 0.01 1.72 1.65 1.77 1.64 6923 - 4.3 19.0 202 17.7
KIC 5725443 13.13 0.60 0.01 1.27 1.17 1.32 1.18 6917 7137 3.9 126 122 132
KIC 6595315 13.61 0.56 0.01 2.14 1.92 2.21 2.05 7601 7223 4.1 7.8 7.5 8.1
KIC 6875337 12.31 0.38 0.07 2.02 1.95 2.08 1.94 6441 6913 4.0 7.6 73 79
KIC 6937123 11.21 1.30 0.01 1.58 1.55 1.61 1.49 7380 7182 3.8 124 121 126
KIC 6951231 13.07 0.65 0.01 2.14 2.06 2.24 2.05 7283 7270 4.2 9.3 9.0 9.6
KIC 7045685 12.54 0.67 0.01 1.86 1.82 1.90 1.77 6821 - 3.8 12.8 13.7 11.9
KIC 7352776 10.78 2.11 0.01 2.18 2.17 2.20 2.07 7401 7606 4.2 7.5 7.5 7.6
KIC 7430757 12.31 0.65 0.01 1.37 1.24 1.44 1.28 7100 6961 3.8 169 164 173
KIC 7900367 10.92 1.53 0.01 1.61 1.59 1.63 1.52 7400 7289 4.0 12.1 11.9 123
KIC 7973199 12.60 0.81 0.03 1.51 1.48 1.55 1.42 6591 7364 4.1 10.7 100 112
KIC 8177748 11.25 1.41 0.01 1.83 1.75 1.85 1.74 7419 7199 3.9 10.7 105 109
KIC 8299332 13.08 0.73 0.02 1.73 1.67 1.77 1.62 7136 7447 4.0 8.2 7.9 8.7
KIC 8460993 10.84 1.83 0.01 2.15 2.12 2.19 2.06 7019 6950 4.0 8.7 8.5 8.8
KIC 9347095 10.39 1.48 0.01 1.33 1.31 1.38 1.25 7421 6945 3.7 19.7 194 20.1
KIC 9875566 11.27 0.81 0.01 1.23 1.19 1.26 1.14 7093 - 3.5 32.8 30.7 350
KIC 10014548 10.33 2.03 0.01 2.20 2.19 2.21 2.10 7470 - 4.0 120 134 11.0
KIC 10154966 11.76 1.36 0.01 2.20 2.18 2.22 2.10 7401 - 4.3 6.8 6.6 6.4
KIC 11822789 12.67 0.84 0.01 1.96 1.94 1.99 1.86 7401 7475 4.1 8.6 8.4 8.8
TIC 7597696 7.79 6.45 0.02 2.12 2.12 2.13 2.04 7147 6997 3.9 11.0 109 11.1
TIC 125736216 8.38 7.38 0.16 2.32 2.27 2.37 2.23 7400 7313 4.1 6.0 5.7 6.2
TIC 137003360 8.23 6.38 0.02 2.55 2.54 2.55 2.46 7243 7113 4.1 7.3 7.2 7.3
TIC 150183718 7.24 6.93 0.04 1.71 1.66 1.75 1.63 7214 6875 3.8 16.1 159 164
TIC 151769040 8.21 5.90 0.02 2.26 2.22 2.27 2.18 7206 7110 4.0 9.2 9.1 9.2
TIC 179033962 7.87 6.43 0.03 2.03 2.02 2.04 1.94 7257 7124 3.9 104 103 105
TIC 197647472 7.29 7.88 0.12 1.93 1.88 1.98 1.84 7824 7039 3.9 11.8 114 12.1
TIC 299779198 8.74 5.14 0.01 2.44 2.43 2.44 2.35 7521 7220 4.1 7.6 7.5 7.6
TIC 305679500 6.98 8.00 0.02 1.74 1.69 1.75 1.66 7219 6868 3.8 146 144 150
TIC 357469812 7.47 5.33 0.04 -0.29 -0.32 -027 -0.72 7401 9957 4.1 57.1 56.0 58.1
TIC 391070709 7.26 7.52 0.03 1.95 1.93 1.97 1.87 6842 6873 3.8 13.0 12.8 13.1
TIC 394818541 8.80 4.44 0.01 1.65 1.65 1.66 1.57 7590 7070 3.9 114 113 114
TIC 450302084 8.11 7.20 0.02 2.69 2.67 2.72 2.60 7601 7213 4.1 6.6 6.6 6.7
TIC 452590255 8.87 5.39 0.01 2.48 2.47 2.49 2.38 7600 7348 4.2 6.7 6.6 6.7
TIC 466443867 7.77 8.02 0.11 2.34 2.29 2.40 2.26 7976 7027 4.0 7.3 7.1 7.4

TIC 1506355332 7.00 12.10  0.02 2.70 2.70 2.71 2.61 7976 7231 4.1 6.6 6.6 6.6
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Table C.1: Summary of fundamental radial mode properties and agglomerated region (AR) classification. Here, p; denotes the frequency of the fundamental radial mode. f™n
and f™* denote the lower and upper frequencies of the AR, respectively. The column “AR > p,” indicates the relative location of the radial mode with respect to the agglomerated
power excess: a value of 0 means p; is higher than the AR, 1 means p; is lower than the AR, and 0.5 indicates either conflicting results from different methods or that p; overlaps
with the AR. The column “Type” refers to the morphological pulsation type: GDOR = y Doradus, HYB = hybrid (both p- and g modes), ROT = rotational modulation, BIN =
binary signal.

Name pE’L pllower plllppef p?-Teﬁ(GSP) P? (single star) prlnodel Hz)his work Hg’angLH' fmin fmax AR> p;  Type
[d'] [d'] [d] [d'] [d'] [d'] [s] [s] [d'] [d]
KIC 2310586 6.48 7.09 5.93 7.29 7.32 7.346 3300 — 10.3 17.46 1 GDOR
KIC 5038228 1422 1446 13.98 9.80 9.98 10.064 4082 4152 4.75 8.7 0 HYB
KIC 5390069 9.61 1040 8.61 13.45 12.21 — — — 7 9 0 GDOR
KIC 5443410 1532 1691 14.55 13.47 13.50 13.367 3984 — 4 9.6 0 HYB
KIC 5459805 10.87 11.33 10.32 14.60 14.47 8.297 4505 4649 3.98 7.8 0 HYB
KIC 5725443 7.69 799 7.2 9.31 9.02 — — — 12.49 18 1 GDOR
KIC 6595315 15.03 15.86 12.67 13.24 13.94 7.950 2967 — 9.9 14.8 0.5 GDOR
KIC 6875337 13.71 1431 12.97 12.05 11.23 — — — 10.72 14 0.5 GDOR
KIC 6937123 976 998 954 8.70 8.94 7.285 3378 3486 2.31 5 0 HYB
KIC 6951231 15.01 16.20 14.15 15.03 15.06 — — — 829 14.53 0 GDOR
KIC 7045685 1206 1246 11.72 8.26 8.27 — — — 3.35 9.12 0 HYB
KIC 7352776 1552 15.68 15.35 16.84 16.39 14.373 3676 — 13.85 19.7 0.5 HYB
KIC 7430757 8.31 8.78 7.53 8.01 8.17 — — — 7 11.01 0.5 ROT
KIC 7900367 9.99 10.13 9.89 11.18 11.35 — — — 7.28 9.58 0 HYB
KIC 7973199 929 954  9.05 11.58 10.37 — — — 549 1238 0 HYB
KIC 8177748 11.80 12.02 11.14 10.75 11.08 — — — 3 6.7 0 HYB
KIC 8299332 10.93 11.27 10.50 10.98 10.53 — — — 5.2 9.3 0 HYB
KIC 8460993 15.08 15.57 14.81 11.57 11.69 — — — 3.8 10 0 HYB
KIC 9347095 8.09 8.41 7.96 7.02 7.50 — — — 4.12 8.36 0 HYB
KIC 9875566 7.45 7.65 7.25 5.76 5.68 7.79753 4762 5034 4.05 7.79 0.5 HYB
KIC 10014548 1571 15.88 15.53 12.38 12.54 — — — 7.82 11.5 0 GDOR
KIC 10154966 15.69 1593 1547 17.35 17.44 — — — 5.63 12.38 0 HYB
KIC 11822789 13.11  13.35 12.83 13.28 13.15 16.75181 3774 — 5.56  10.95 0 HYB
TIC 7597696 14.82 1493 14.72 10.36 10.58 — — — 5.78 12.6 0 GDOR
TIC 125736216 17.25 17.89 16.60 14.75 14.93 — — — 8.67 14.6 0 HYB
TIC 137003360  20.52 20.59 20.44 15.72 16.01 — — — 6.17 15.69 0 HYB
TIC 150183718 10.81 11.12  10.40 8.48 8.90 — — — 2 5 0 HYB(?)
TIC 151769040 16.46 16.62 16.00 12.58 12.75 — — — 11.68 17 0.5 HYB
TIC 179033962 13.79 1393 13.66 10.95 11.15 — — — 10 15 0.5 GDOR
TIC 197647472 12.74  13.32  12.25 9.96 11.07 — — — 5 11.1 0 HYB
TIC 299779198 18.81 18.90 18.71 14.77 15.39 — — — 8.6 15.6 0 GDOR
TIC 305679500 11.02 11.12 10.63 8.44 8.88 — — — 3.85 7.96 0 HYB(?)/ROT(?)/BIN(?)
TIC 357469812 234 237 229 9.82 7.30 — — — 9.18 12.9 1 HYB
TIC 391070709 1298 13.21 12.81 9.46 9.42 — — — 2.67 6.24 0 HYB(?)/ROT(?)/BIN(?)
TIC 394818541 1033 1040 10.28 9.78 10.50 — — — 7.9 15.5 1 GDOR
TIC 450302084  22.77 23.32 22.58 16.60 17.50 — — — 7.92 13.52 0 HYB
TIC 452590255 19.45 19.57 19.29 16.98 17.56 — — — 18.5 24 1 HYB(?)/ROT(?)/BIN(?)
TIC 466443867 17.47 1835 16.83 13.03 14.79 — — — 4.85 8.53 0 HYB
TIC 1506355332 23.10 23.17 23.03 15.92 17.57 — — — 34 8.9 0 HYB
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Appendix D: neighbours and blending

All nearby contaminates within 5 magnitudes (in Gaia G band)
for our targets are given in Table[D.1]

For the TESS sample, a pixel-level analysis of the TESS Full
Frame Images was done as in [Labadie-Bartz et al.|(2023). Ex-
cept for TIC 137003360, all variations can confidently be at-
tributed to the target star via a visual inspection of the frequency
content of the pixels within a 30x30 grid centered on the tar-
get star. For TIC 137003360, there is a close neighbour (SBS
81; F6V) 13 arcsec away (about half of a TESS pixel) that is
one magnitude fainter and thus requires a more careful analysis.
The Python package TESS—Localizef] was designed to identify
the source of periodically variable stars to sub-pixel precision
(Higgins & Bell|2023), and was therefore employed to determine
if the signals in the light curve of TIC 137003360 could be due
to its close neighbour. This analysis found that the probability
that the signals (both the low-frequency g modes and the higher-
frequency agglomerated hump) arise in the neighbour SBS 81 is
only ~107, and a probability of 0.99995 that the signals come
from TIC 137003360. There is therefore no source confusion for
the TESS sample — all signals originate on-target.

For the 11 Kepler targets in Table [D.T} the target pixel files
were inspected in a similar way as for the TESS sample using the
lightkurve packageE] (Lightkurve Collaboration et al.[2018)). The
position of any nearby Gaia sources was identified, and custom
aperture masks were used to extract light curves for these neigh-
bouring stars (avoiding flux from the brighter target star as much
as possible) and for the target star (avoiding flux from contam-
inating neighbours as much as possible). The amplitude spectra
for these light curves were then compared. In all cases, the am-
plitudes of the signals of interest (including at low, intermediate,
and high frequencies) were highest for the light curve generated
from the small aperture centered on the target star, and lower for
the light curves generated for neighbouring sources (which in
general were heavily contaminated by flux from the target star).
We thus conclude that all of the signals identified in the Kepler
sample are intrinsic to the target star, and any effects of blending
are merely a modest suppression of the observed amplitudes.

Appendix E: MESA inlist

The typical MESA inlist for the main sequence evolution of an
intermediate-mass star is shown below.

&star_job
load_model_filename = ’PMS.mod’
save_model_filename = ’MS.mod’

show_log_description_at_start =
load_saved_model = .true.
history_columns_file = 'history_columns.list’
profile_columns_file = ’profile_columns.list’
pgstar_flag = .false.

change_net = .true.

change_initial_net = .true.

new_net_name = ’pp_cno_extras_o0l8_ne22.net’
save_model_when_terminate = .true.

.true.

/

&kap

use_Type2_opacities = .true.

> https://github.com/Higgins®0/TESS-Localize
® https://lightkurve.github.io/lightkurve/
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Zbase =

/

&controls
max_allowed_nz = 60000
mesh_delta_coeff = 0.4
max_dg = 1d-3
varcontrol_target = 1d-3
timestep_dt_factor = 0.9
energy_eqn_option = ’dedt’
use_gold2_tolerances = .true
set_min_D_mix = .true.
min_ D_mix = 10.0
MLT_option = ’Cox’
mixing_length_alpha = 1.8
use_Ledoux_criterion = .true.
alpha_semiconvection = 0d®
thermohaline_coeff = 040
predictive_mix(1l) = .true.
predictive_zone_type(1l) = ’burn_H’
predictive_zone_loc(1l) = ’core’
predictive_bdy_loc(1l) = ’top’
overshoot_scheme(1l) = ’exponential’
overshoot_zone_type(l) = ’burn_H’
overshoot_zone_loc(1l) = ’'core’
overshoot_bdy_loc(1l) = ’top’
overshoot_f(1) = 0.017
overshoot_f0(1) = 0.002
overshoot_D_min = 1d-2
overshoot_brunt_B_max = 0d0
num_cells_for_smooth_brunt_B = 0
num_cells_for_smooth_gradlL_composition_term=0
remove_mixing_glitches = .false.
write_pulse_data_with_profile = .true.
pulse_data_format = ’'GYRE’
add_atmosphere_to_pulse_data = .false.
keep_surface_point_for_pulse_data = .true.
add_double_points_to_pulse_data = .true.
threshold_grad_mu_for_double_point = 5d0®
interpolate_rho_for_pulse_data = .true.
log_center_density_upper_limit = 3.25
max_num_profile_models = 500
photo_interval = 500

/

Appendix F: GYRE inlist
&model

model_type = ’EVOL’
file = ’profile9.data.GYRE’
file_format = ’MESA’

/

&constants

/

&mode
1=0
m=20
n_pg_min = 0
n_pg_max = 2

/

&osc
outer_bound = ’'VACUUM’

/


https://github.com/Higgins00/TESS-Localize
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Table D.1: neighbouring stars from Gaia.

Name Amag  Distance (”)  Gaia ID
KIC 2310586 410 6.1 Gaia DR2 2051663752270306688
KIC 5038228 482 16.5 Gaia DR2 2073578122832626944
KIC 5390069 4.65 44 Gaia DR2 2073612963601047936
400 54 Gaia DR2 2073612963608767616
419 8.1 Gaia DR2 2073612959294685184
4.63 10.1 Gaia DR2 2073612963608769920
253 123 Gaia DR2 2073612993654446592
4.04 157 Gaia DR2 2073612997960806016
445 159 Gaia DR2 2073612959294687360
3.13  16.0 Gaia DR2 2073612963608766208
0.61 17.8 Gaia DR2 2073612993654414336
KIC 5443410 430 9.7 Gaia DR2 2101199740392605184
KIC 5459805 384 129 Gaia DR2 2076605658144756096
411 144 Gaia DR2 2076605662446045184
4.65 14.6 Gaia DR2 2076605658144758528
KIC 5725443 001 74 Gaia DR2 2076766191145701888
KIC 6875337 493 103 Gaia DR2 2077877552578232960
KIC 6937123 468 93 Gaia DR2 2102507476331736576
KIC 6951231 452 1.6 Gaia DR2 2125738473396386816
KIC 7045685 3.64 133 Gaia DR2 2077902016709267584
KIC 7900367 480 11.2 Gaia DR2 2078093267317792000
TIC 137003360 1.00  12.7 Gaia DR2 1530736690872982400
TIC 151769040  3.63 114.1 Gaia DR2 5389359391479027840
TIC 391070709  3.13 91.2 Gaia DR2 1824557877545994496
TIC 394818541 431 1163 Gaia DR2 4612981556659440256
TIC 450302084  4.28 5.1 Gaia DR2 743556798553137792
TIC 452590255  4.60 31.1 Gaia DR2 5217976697291592064
432 68.1 Gaia DR2 5217977075248712832
1.20 88.5 Gaia DR2 5217976727353813760
TIC 466443867  4.66 4.1 Gaia DR2 2754555834813394560
TIC 1506355332 298 2.3 Gaia DR2 4544054890700058880
410 48.8 Gaia DR2 4544057811279981568

Notes. neighbouring stars from Gaia within 5 magnitudes of the target star, and within an 18 arcsecond radius for the Kepler sample, and within a

120 arcsecond radius for the TESS sample.

&rot
Omega_rot_source = 'UNIFORM’
Omega_rot = 0.0
Omega_rot_units = CYC_PER_DAY’
coriolis_method = ’TAR’
rossby = .FALSE.

/

&num
diff_scheme = *COLLOC_GL4’
n_iter_max = 30

/

&scan
grid_type = ’'LINEAR’
grid_frame = ’'INERTIAL’
freq_units = ’*CYC_PER_DAY’
freq_min =1
freq_max = 40
n_freq = 1000

/

&grid
w_osc = 10
w_ctr = 10
w_exp = 2

/

&ad_output
freq_units "CYC_PER_DAY’
summary_£file "profile9_10_m@-freqs.dat’
summary_file_format = ’TXT’
summary_item_list ’l, m, n_pg, n_p, n_g,
freq, omega, E_norm’
detail_template "profile9_1%1%m¥%n.txt’
detail_file_format "TXT’
detail_item_list = ’Gamma_1, V_2, c_1, X,
xi_r, xi_h, Delta_p, Delta_g, H, W_eps, dW_dx,
dE_dx, nabla_ad, eta, rho’
/
&nad_output
/

Appendix G: Amplitude-phase variability
Monte-Carlo simulations

To assess whether the observed amplitude and phase variability
could be reproduced solely by beating between closely spaced
frequencies, we generated 1000 synthetic light curves of the
form x(¥) = }; A; sin(2nv;t + ¢;), sampled at the observed Ke-
pler timestamps so that the time sampling and window function
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of the data were preserved. The synthetic frequency content was
organised into ridge-like structures motivated by the observed
échelle diagrams. For each ridge, the frequencies were defined
a8 Vi = Veenter + kK Av+ @k?, with Av = v;i(1 + €), where € sets the
ridge tilt in échelle space and « its curvature. In each realization,
€ and « were drawn once and applied to all ridges, so that all
ridges in a given realization shared the same global geometry.

Each realization contained one anchor ridge centred on the
analysed frequency and 3-5 additional ridges placed relative to
the anchor directly in échelle space through a signed horizon-
tal modulo-frequency offset with magnitude drawn uniformly
from [0, v;o(] and a vertical offset of Nv,,, where N was drawn
from 2 to 17. Each ridge contained 5, 7, 9, or 11 components.
The ridge amplitudes followed a Gaussian envelope in the com-
ponent index k, with an additional multiplicative scatter ap-
plied to the individual component amplitudes, while the phases
were drawn randomly from a uniform distribution. We adopted
€ € [-0.1,0.0], @ € [-0.008, 0.0], o € [1.0,2.5], central ampli-
tudes in the range 60—160 ppm, and component-amplitude scat-
ter in the range 0.75-1.25. No additional white noise was in-
cluded. The rotation frequency was fixed to vyo; = 0.1459d7!,
the analysed frequency (Veener) to v = 12.3d7!, and the light
curves were divided into 10 rotation-phase bins.

For each realization, the light curve was phase-folded with
the rotation period and, in each phase bin, a sinusoid at fixed
frequency was fit by linear least squares to recover amplitude
and phase as functions of rotation phase. We then considered
the anchor ridge and the first two contaminating ridge centres
and evaluated all three pairwise combinations. For each pair
we computed the amplitude correlation r4, the phase correla-
tion ry4, and an effective phase-scatter metric S 4, defined as the
smaller of std(¢; — ¢;) and std(¢; + ¢;), such that correlated
and anticorrelated phase behaviour were treated symmetrically.
A pair was classified as coherent if |r4] > 0.7, |[ry| > 0.7, and
S < 40°. A triplet was considered coherent only if all three pairs
satisfied these criteria simultaneously. This extends the usual
close-frequency beating tests by requiring mutually consistent
behaviour across three independent pairwise relations.

The outcome of the Monte Carlo simulations is summarized
in Fig. [G.I} which shows the mean effective amplitude corre-
lation and mean effective phase correlation of the tested triplets,
with colour indicating the maximum value of S, among the three
pairwise combinations. Most realizations cluster at low to mod-
erate correlation values, and only a small fraction simultaneously
reach high amplitude and phase coherence while maintaining
low phase scatter. This indicates that, although beating between
closely spaced frequencies can readily produce apparent ampli-
tude and phase variability in individual peaks, reproducing mu-
tually consistent behaviour across three ridge centres is substan-
tially less likely (< 1%.).
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Fig. G.1: Monte Carlo triplet-coherence test. Each point corre-
sponds to one synthetic realization and is plotted as a function
of the mean effective amplitude correlation and mean effective
phase correlation of the three pairwise combinations among the
tested ridge centres. The colour scale shows the maximum ef-
fective phase scatter, S4, among the three pairs. Realizations
that simultaneously exhibit strong amplitude coherence, strong
phase coherence, and low phase scatter are rare, showing that
such triplet behaviour is difficult to reproduce through beating
alone.
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