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ABSTRACT

Context. The rapidly oscillating chemically peculiar A-type (roAp) stars offer valuable insights into the internal physical processes of
all stars, but their study is challenged by their rarity. The large-scale Transiting Exoplanet Survey Satellite (TESS) and Gaia surveys
have allowed for the collection of data for a sizeable dataset of roAp stars. Nevertheless, asteroseismic data obtained with TESS has
not been explored to its full potential.
Aims. We develop an algorithm capable of analysing large quantities of TESS data to search for new roAp stars and increase the
current sample. We focus on data products that have not been previously explored for the search of roAp stars, namely, the TESS
200-s Full Frame Images (FFIs) and 20-s cadence light curves.
Methods. 20-s and 200-s cadence light curves of target stars are retrieved from the Mikulski Archive for Space Telescopes (MAST)
server and cleaned. Discrete Fourier Transforms (DFTs) are computed for each light curve which are used to pre-whiten the data to
remove any low frequency signals (due to rotation) or noise. A final DFT is calculated which is used to classify stars as non-pulsating
(NP), δ Scuti or roAp based on the remaining signal.
Results. We apply our algorithm to two independent datasets: i) ∼2700 Ap stars spectroscopically classified with the Large Sky
Area Multi-Object Fiber Spectroscopic Telescope (LAMOST) and observed by TESS in the 200-s Full Frame Images (FFIs) and ii)
all TESS 20-s cadence light curves available for known or candidate roAp stars. These two samples have no overlap, i.e. none of
the LAMOST stars have been observed with 20-s cadence. We identify four new roAp stars: TIC 312111544, TIC 252881095, TIC
46054683, and 49 Cam (TIC 393276640). We find evidence in TESS data that TIC 252881095 may be part of a binary system. If the
tentative ∼30-d orbital signal is confirmed, TIC 252881095 could be the shortest-period roAp binary currently known. Furthermore,
the detection of high-frequency pulsations in 49 Cam is particularly relevant, as this well-known roAp candidate star is here confirmed
to be roAp based on TESS 20-s cadence data.
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1. Introduction

Chemically peculiar, highly magnetic A-type (Ap) stars have
long been of scientific interest (e.g. Babcock 1958; Wolff 1967;
Landstreet 1982; Cunha et al. 2003; Aurière et al. 2007; Mathys
et al. 2018; Sikora et al. 2019b; Mathys et al. 2020; Deal et al.
2021; Kochukhov et al. 2024). The combination of slow rota-
tion, the lack of significant stellar winds and the absence of a
large convective outer layer make for a remarkably stable at-
mosphere. This environment potentiates the efficiency of grav-
itational settling and radiative levitation, i.e. atomic diffusion, at
their surface resulting in strong chemical anomalies accessible to
observations (e.g. Shavrina et al. 2001; Kochukhov 2011; Kha-
lack & Poitras 2015; LeBlanc et al. 2015; Khalack et al. 2017;
Ndiaye et al. 2018; Folsom et al. 2022).

Typically, Ap stars are characterised by a strong, large-s cale,
dipolar magnetic field (e.g. Kochukhov & Ryabchikova 2018)
that impacts the diffusion rate according to the field geome-
try (Balona et al. 2015) and is thought to suppress convection
(e.g. Balmforth et al. 2001). This gives rise to the accumula-
tion of chemical elements, most notably rare earth elements, ob-
served as spots at the stellar surface (e.g. Shavrina et al. 2001;
Kochukhov 2011; Khalack & Poitras 2015; LeBlanc et al. 2015;
Bychkov et al. 2016; Khalack et al. 2017; Ndiaye et al. 2018;
Sikora et al. 2019b; Mathys et al. 2020; Folsom et al. 2022).
These chemical spots remain stable for several decades on ac-
count of the stability of the magnetic field, modulating the ob-
served flux and allowing for the precise determination of the
stellar rotation period (e.g. Bychkov et al. 2016; Sikora et al.
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2019b; Mathys et al. 2020). Thus, Ap stars offer a unique oppor-
tunity to better understand the processes behind the transport of
chemical elements as well as how the magnetic field influences
them. This remains a fundamental problem in stellar modelling
(e.g. Cowling 1945; Braithwaite & Spruit 2017; Keszthelyi et al.
2019; Cantiello & Braithwaite 2019; Schneider et al. 2020).

About 5.5% of all known Ap stars (Holdsworth et al. 2024)
show short period (4.7-23.6 minutes), low-degree (l ≲ 3), high
radial-order (n ≳ 10) pulsations (e.g. Kurtz 1982; Alentiev et al.
2012; Cunha et al. 2019; Jayaraman et al. 2021; Holdsworth
et al. 2021, 2024). These rare pulsators, first discovered by Kurtz
(1978, 1982), are known as the rapidly oscillating Ap (roAp)
stars. These stars can be found in the main sequence, sharing
the base of the classical instability strip with δScuti, γ Dor
and hump and spike stars (e.g. Breger 2000; Cunha 2002; Aerts
et al. 2010; Chaplin & Basu 2017; Antoci et al. 2019, 2025) and
spanning an effective temperature range of ∼ 6000 K to 9000 K
(Cunha et al. 2019; Deal et al. 2021).

The oscillations of roAp stars are, predominantly, acoustic
p modes that are thought to be driven by the opacity (κ) mech-
anism, which acts as a heat engine (e.g. Houdek 1996; Cunha
1999; Aerts et al. 2010). In ionization zones (e.g. hydrogen or he-
lium) compression leads to radiation being temporarily trapped
which causes pressure to build up. This increased pressure forces
the layer to expand and cool. The κ-mechanism provides energy
to pulsations in regions where opacity increases compared to ad-
jacent layers during compression. In pulsating Ap stars specif-
ically, the strong magnetic field is thought to suppress convec-
tive energy transport in the outer envelope (e.g. Balmforth et al.
2001; Cunha 2002; Saio 2005; Saio et al. 2010). This has two
key effects: (1) it modifies the temperature gradient, and (2)
it enhances helium settling, leading to a reduced helium abun-
dance in the He-ii ionization zone (e.g. Théado et al. 2005).
These changes, combined with the influence of the Lorentz force
on pulsations (Cunha & Gough 2000; Saio 2005), work against
the driving of pulsations by the κ-mechanism in this region. In
particular, acoustic oscillations couple with magnetic waves al-
lowing pulsation energy to leak along magnetic field lines, ul-
timately suppressing mode excitation (Cunha & Gough 2000;
Balmforth et al. 2001; Saio & Gautschy 2004; Saio 2005; Cunha
2006). As such, the κ-mechanism only becomes effective in shal-
low layers in the envelope, particularly in the hydrogen ioniza-
tion layer where the pulsations of roAp stars are thought to be
driven.

Observations challenge this theory as models are not capa-
ble of reproducing the highest frequency modes found in some
roAp stars (Cunha et al. 2013; Holdsworth et al. 2018). Cunha
et al. (2013) proposed that a mechanism reliant on turbulent pres-
sure might be responsible for the excitation of these high fre-
quency pulsations. Unlike the κ-mechanism, the turbulent pres-
sure mechanism relies on the interaction between convection
and oscillations. Specifically, this mechanism becomes effec-
tive in convectively unstable regions. Here, the non-local, time-
dependent convection interacts dynamically with the pulsations:
the turbulent motions of convective elements generate pressure
fluctuations that can resonantly couple with stellar oscillation
modes, transferring energy to them cyclically (e.g. Balmforth
et al. 2001; Cunha et al. 2013). Although convection is of-
ten associated with stochastic excitation, the non-local, time-
dependent convection treatment allows turbulent-pressure driv-
ing to act coherently, producing stable, phase-coherent pulsa-
tions. The energy of such pulsations would then be reflected by
the strong magnetic field back to the star (e.g. Sousa & Cunha
2008). Pulsations driven by turbulent pressure should appear

clustered around different frequency regions. This has been ob-
served in some roAp stars that show well separated modes in
their oscillation spectra (e.g. Medupe et al. 2015; Cunha et al.
2019). Such a mechanism has also been proposed as plausible in
the explanation for the high frequencies of δ Scuti stars (Antoci
et al. 2014).

In roAp stars the magnetic and rotation axes are typically
misaligned, while the pulsation axis is closely aligned with the
magnetic axis (e.g. Shibahashi & Saio 1985; Bigot & Dziem-
bowski 2002; Bigot & Kurtz 2011; Holdsworth et al. 2019).
Typically, in roAp stars the Lorentz force associated with the
strong global magnetic field dominates over the Coriolis force,
so the pulsation geometry is set primarily by the magnetic axis
(e.g. Kurtz et al. 1990). This contrasts with what is observed
for most p-mode pulsators where the pulsation axis typically
aligns with the rotation axis instead (Kurtz 1982, 2006). As a
result, when a roAp star rotates, the observer’s view of the pul-
sation changes. This causes splitting of pulsation mode frequen-
cies into sidelobes that appear separated from the central mode
frequency by exactly the rotation frequency. Kurtz (1982) de-
veloped the oblique pulsator model to explain this phenomenon.
Oblique pulsation provides clear constraints on mode geometry.
If a mode is non-distorted, i.e. described by a single spherical
harmonic, we expect a multiplet of 2l+1 components to appear
in the frequency domain, where l is the degree of the mode repre-
senting the number of nodes appearing on the stellar surface. We
note that this oblique-pulsator multiplet is distinct from Ledoux
rotational splitting, commonly observed in other non-radial pul-
sators (e.g. δ Sct/γ Dor), where rotation lifts the m-degeneracy
of the eigenfrequencies (Ledoux 1951). In the oblique pulsator
model, the sidelobes are instead separated from the mode fre-
quency exactly by integer multiples of the rotation frequency
(ν0 ± kνrot), arising from rotational modulation of the mode vis-
ibility as the pulsation axis is inclined to the rotation axis (e.g.
Kurtz et al. 1990). Such exact separations by νrot are not naturally
explained by the Ledoux rotational splitting of m components,
and are instead characteristic of oblique-pulsator sidelobes (e.g.
Shibahashi & Saio 1985; Kurtz et al. 1990; Kurtz 1982; Cunha
1999). The amplitudes of each of these components can be used
to constrain the geometry of the star as they are related to the
angle between the rotation axis and the line of sight, i.e. the in-
clination i, and the angle between the magnetic axis and the ro-
tation axis, i.e. the magnetic obliquity β, as described in Kurtz
et al. (1990).

Currently, there are ∼ 100 roAp stars known in the litera-
ture, identified using both ground-based and space-based data
(e.g. Martinez & Kurtz 1994; Kochukhov et al. 2013; Paunzen
et al. 2015; Joshi et al. 2016; Cunha et al. 2019; Jayaraman et al.
2021; Holdsworth et al. 2021, 2024). A large scale comprehen-
sive study of the characteristics of roAp stars is highly desirable,
as their unique asteroseismic characteristics provide valuable in-
formation for the development of theoretical models. However,
their rarity is a significant obstacle. The Transiting Exoplanet
Survey Satellite (Ricker et al. 2014, TESS) has, since its launch,
greatly aided the unbiased search and discovery of new roAp
stars (Holdsworth et al. 2021, 2024). However, much of the pub-
licly available TESS data has yet to be explored. To address this
we developed a versatile tool capable of analysing large quan-
tities of data for the detection and classification of bona fide
roAp stars. The present article is organised as follows: in Sec-
tion 2 we describe the data we aim to explore as well as the tool
we developed to search for new roAp stars. In Sections 3 and 4
we show the results of this search, performed on two well con-
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strained datasets. And lastly in Section 5 we lay out our main
conclusions as well as our next steps.

2. Data and search methodology

2.1. Observational data

The TESS unexplored data products that hold significant poten-
tial for expanding and better understanding the current sample
of known roAp stars are: all the available 20-s cadence data col-
lected for known and candidate roAp stars, and the data con-
tained in 200-s cadence TESS Full Frame Images (FFIs).

In its nominal mission TESS collected data every 120-s for a
selection of ∼ 20,000 target stars per sector, which allowed for a
large scale, homogeneous search for high-frequency stellar vari-
ability (Cunha et al. 2019; Antoci et al. 2019; Holdsworth et al.
2021, 2024). The 20-s cadence data, available since the first ex-
tended mission, extend the accessible frequency range beyond
the 360 d−1 Nyquist limit of the standard 120-s cadence data
to 2160 d−1, making it possible to search for higher-frequency
pulsation modes, and harmonics of lower frequency modes. In
addition to extending the accessible frequency range, the 20-s
cadence data may also improve sensitivity at lower amplitude
mode and side lobe frequencies due to their higher signal-to-
noise-ratio (SNR). Indeed, Huber et al. (2022) reported an in-
crease in SNR when using 20-s cadence observations compared
to 120-s cadence data. The authors concluded this is because
of the difference in processing between 20-s and 120-s cadence
light curves. While light curves with both cadences are reduced
by the Science Processing Operations Center (SPOC) pipeline
(Jenkins et al. 2016), for the 120-s data, a single cosmic-ray hit
triggers the rejection of the entire 120-s exposure resulting in an
effective loss of ∼20% of exposures (Huber et al. 2022). In con-
trast, for the 20-s cadence data products, a cosmic ray affects at
most a single 20-s exposure.

Because 20-s cadence observations are only available for a
limited number of targets through approved TESS proposals, our
20-s sample is restricted to a set of 37 stars: 31 confirmed and 6
candidate roAp stars1. This cadence allows to look for very high-
frequency pulsations predicted by the turbulent mixing mecha-
nismshow well separated. Theory predicts these could exist but,
so far, have never been observed (e.g. Cunha et al. 2013, 2019;
Holdsworth et al. 2021, 2024). In this work, we analyse for the
first time the 20-s cadence light curves not only to search for
these theoretically predicted oscillations, but also to identify any
previously undetected pulsation modes, and harmonics of lower
frequency modes.

In the second extended mission TESS (Sectors ≥ 56) started
collecting Full Frame Images (FFIs) with a cadence of 200-s ,
providing sufficient temporal resolution to detect typical roAp
pulsations (ν > 60 d−1; Cunha et al. 2019; Holdsworth et al.
2021, 2024). These data provide us with an opportunity to sub-
stantially increase our sample of known roAp stars as they con-
tain information on millions of targets. The Massachusetts Insti-
tute of Technology (MIT) Quick-Look Pipeline (QLP; Huang
et al. 2020a,b) provides processed light curves extracted from
TESS FFIs for targets with TESS magnitudes < 13.5 mag, which
are available through the Mikulski Archive for Space Tele-
scopes2 (MAST).

Selecting all stars with QLP light curves from Sector 56 on-
wards to search for high-frequency pulsations would be a com-
1 TESS GI Proposal ID: G04112 (PI: Margarida Cunha), Searching
For The Missing Frequencies In roAp Stars; link.
2 https://archive.stsci.edu/missions-and-data/tess

putationally expensive task, with low return when considering
the rarity of roAp stars and the number of non-Ap stars that
would be processed. Therefore, we built a target list based on
the Ap spectral classifications presented by Hümmerich et al.
(2020) and Shi et al. (2023). These works utilised spectra col-
lected by the Large Sky Area Multi-Object Fiber Spectroscopic
Telescope (LAMOST) and searched for the characteristic flux
depression that Ap stars show in the 5200 Å region (e.g., Maitzen
et al. 2018). This spectral feature is caused predominantly by
Fe lines, but with contributions from Si and Cr particularly at
lower temperatures (Khan & Shulyak 2007). Both works em-
ployed modified versions of the spectral classification code MK-
CLASS (Gray & Corbally 2014) that uses lines of Si ii, Sr ii, and
Cr ii at 4077 Å, the blend of Si ii and Eu ii at 4130 Å, and the Eu ii
4205 Å line to identify Ap stars. Shi et al. (2023) performed a vi-
sual inspection of all of the classified spectra, while Hümmerich
et al. (2020) performed ‘spot checks’ on 10% of their sample and
found good agreement between manual and automatic classifi-
cation. While we acknowledge no system is perfect in spectral
classification of chemically peculiar stars, we have confidence
that there are few false positive identifications in the combined
results of Hümmerich et al. (2020) and Shi et al. (2020), which
yield a sample of ∼2700 Ap stars.

2.2. Methodology for roAp star search and identification

Our tool consists of four steps: data download, pre-whitening,
frequency extraction and classification of the pulsating stars
found. The algorithm collects the time and simple aperture pho-
tometry flux from the downloaded light curves and cleans the
signal according to the provided QUALITY flags. Only data points
without anomaly flags are kept for analysis. Then, a Discrete
Fourier Transform (DFT) is calculated, as described in Kurtz
(1985), up to the Nyquist frequency (νNy),

νNy =
1

2 × δt
, (1)

dependent on the sampling cadence, δt.
This first transformation of the signal to the frequency do-

main serves the important purpose of noise estimation. Over
the stellar rotation period the low-frequency rotation signal, a
consequence of the existence of chemical spots, tends to domi-
nate the amplitude spectrum, affecting the apparent noise level
of the DFT. As our main goal is to be able to identify high fre-
quency pulsations (>60 d−1), we start by removing all signifi-
cant peaks in the frequency range 0-10 d−1, to the noise level
at high frequency (pre-whitening). Our algorithm determines the
noise level of the signal by identifying noise segments in the
DFT and selecting the segment that spans the largest frequency
range, deemed the most representative of the overall noise (Fig-
ure 1). The amplitude of the noise level is approximately two
times the average value of the noise (σDFT) in that segment. We
repeat this process twice, as the initial noise level estimation can
be unreliable when the rotation signal dominates the DFT.

This method was developed as an alternative to the com-
monly used root-mean-squared (rms) noise estimate computed
in the time domain. The rms of the residuals of the light curve,

σrms =

√√√
1
N

N∑
i=1

(ri − ⟨r⟩)2, (2)

is computed after subtracting a multi-sinusoid least-squares fit
to the light curve in the time domain. Here, N is the number
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Fig. 1: Example of the SNR=4.5σDFT threshold from the ampli-
tude spectrum of the roAp star TIC 318007796. The light-grey
shaded regions indicate the candidate peak-free frequency win-
dows, and the hatched region marks the window adopted to com-
pute the noise level (red dashed line).

of data points, ri are the time-domain residuals, and ⟨r⟩ is their
mean. The resulting σrms is then taken as a proxy for the noise
level expected in the frequency domain, assuming the residuals
behave as white noise (e.g. Breger et al. 1993; Montgomery &
O’Donoghue 1999). In the particular case of QLP data we re-
trieve the raw SAP flux for analysis, so the light curves may
still contain long-term trends, instrumental systematics and other
artefacts. As such for large-scale searches we opt to estimate
the noise level directly in the amplitude spectrum by identifying
peak-free regions. A similar method was used in Durfeldt-Pedros
et al. (2024) when conducting a large-scale search to identify
variability in Am and Fm stars. Here, using QLP data for known
roAp stars with well-established pulsation frequencies, we cal-
ibrated our frequency-domain noise estimation against the rms-
based noise level estimation and found an approximately one-
to-one relation between the two. Our DFT-based noise estimate
(σDFT) can therefore be interpreted in the same way as the stan-
dard rms amplitude noise, while being more robust against sys-
tematics found in QLP data.

The goal of this pipeline is to detect the high-frequency
pulsations characteristic of roAp stars. Once new roAp can-
didates are identified by the pipeline, we return to the origi-
nal light curves for each candidate and carry out a more de-
tailed analysis, including the low-frequency regime. Our low-
frequency processing removes essentially all astrophysical sig-
nals below 10 d−1. This includes gravity-mode (g-mode) vari-
ability typical of γ Dor stars and Rossby-mode (r-mode) vari-
ability, which can also be present in δ Sct stars in this region of
the Hertzsprung–Russell (HR) diagram.

Our algorithm is thus set to classify stars as either non-
pulsating (NP), roAp or δ Scuti according to their pulsation fre-
quencies. To that end we take advantage of the fact that dif-
ferent classes of variable stars show pulsations in different fre-
quency ranges: δ Scuti stars pulsate with frequencies of 4-80 d−1

(e.g. Amado et al. 2004; Antoci et al. 2014; Chaplin & Basu
2017; Antoci et al. 2019; Barceló Forteza et al. 2020; Durfeldt-
Pedros et al. 2024) while roAp stars pulsate with frequencies of

60-310 d−1 (e.g. Cunha et al. 2019; Mathys et al. 2020, 2022;
Holdsworth et al. 2021, 2024). Stars showing no significant fre-
quencies in their amplitude spectra are classified as NP. This ap-
proach allows us to identify roAp stars based on their known
high-frequency characteristics.

Significant frequencies are identified in the DFT iteratively
from highest amplitude to lowest amplitude, and saved to file.
The process stops when all peaks with amplitude above the re-
quired significance (SNR>4.5σDFT, Figure 1, Section 2.2.1) are
found. Variable stars showing 100% of the significant frequen-
cies above 60 d−1 are automatically classified as roAp, while
those showing 100% of the significant frequencies below 60 d−1

are automatically classified as δScuti. A test is run for stars with
several significant frequencies above and below 60 d−1 to deter-
mine whether or not they show combination frequencies. We re-
strict this to simple, first-order sum combinations: for each star
we take the highest-frequency peak and check whether it can
be reproduced by the sum of two other detected frequencies.
When combination frequencies are found, the star is classified
as δ Scuti otherwise it is classified as roAp.

2.2.1. Algorithm Optimisation and Performance

To ensure our classification is robust against noise and false
detections, we optimised the SNR threshold used to determine
which frequencies in the DFT are considered significant. This
was done by testing the algorithm on a sample of 120 stars with
known variability types: 41 δ Scuti stars (Antoci et al. 2019), 78
roAp stars (Holdsworth et al. 2021, 2024), and 50 non-variable
stars (Antoci et al. 2019; Mathys et al. 2020). All stars in the
testing sample have 120-s cadence data available and all classi-
fications obtained from the 120 s light curves are consistent with
those reported in the literature.

These tests were performed using 200-s QLP cadence light
curves. When analysing high-frequency roAp pulsations, we find
that QLP data generally have lower SNR than light curves pro-
cessed with the SPOC, such as the 20-s and 120-s cadence data.
Additionally, the longer integration time of 200-s data leads to
a undersampling of the pulsation signal, reducing the observed
amplitude. Nonetheless, the large quantity of QLP light curves
makes them an important resource for large-scale searches for
roAp stars.

We find that adopting a SNR threshold of 4.5 for this sample
reduces the number of false detections due to noise while pre-
serving the detectability of most pulsation frequencies. At this
threshold, all δ Sct stars are correctly classified, 69 out of 78
roAp stars are classified as roAp, and 46 out of 50 NP stars are
classified as NP (Figure A.1). Of the 69 correctly classified roAp
stars, 3 show sector-to-sector inconsistencies, being classified as
roAp in some sectors and as NP in others.

After visual inspection of all light curves, we conclude the
algorithm performs according to expectation: all classifications
match the analysed signal. In the case of the misclassified roAp
stars, there are no significant peaks in the QLP amplitude spec-
trum that would lead to a roAp classification. This is expected
to a certain extent, as the lower SNR of QLP light curves when
compared with 120-s SPOC light curves (Appendix E) can cause
weak pulsation peaks to be lost in the noise. Since SNR de-
pends strongly on light-curve quality, it is also reasonable that
low-SNR peaks may be detected in some Sectors but not in
others. This explains the inconsistent classifications retrieved:
upon visual inspection it is clear the pulsation frequencies do
not pass the SNR threshold in every Sector. Different classifica-
tions for different Sectors may also indicate a temporal evolution
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of the stellar pulsations themselves. Such behaviour has been
previously observed, with the most dramatic case being that of
TIC 340006157, which stopped pulsating over time (Kurtz et al.
2025). Higher quality light curves and a longer time coverage
would be needed to explore this possibility. As for the miss-
classified NP stars, significant peaks in the δScuti frequency
range of QLP light curves are found but may be due to instru-
mental noise or other artefacts, as they are not found in 120-s
SPOC data of the same sectors.

The optimisation exercise described above has shown that
our algorithm is capable of detecting roAp star pulsations from
200-s QLP data. However, because the optimisation sample is
not representative of the δ Scuti and non-variable stars popula-
tions, it is unfit to evaluate its robustness against false positives.
To address this, we conducted a performance test on a sample of
112 δ Scuti stars, classified by Durfeldt-Pedros et al. (2024), and
215 non-variable stars to access both the false-positive rate and
ultimately the suitability of our algorithm for large-scale surveys
using 200-s QLP light curves. We chose only stars in the roAp
temperature range (6000-9000 K). The sample of non-variable
stars for this test was built using 147 metallic-line A-type (Am)
stars classified as non-variable by Durfeldt-Pedros et al. (2024).
The authors considered a threshold for variability detection of
SNR≥10, not comparable with the SNR≥ 4.5 used in this work.
The remaining 66 stars comprising this sample are well known
non-variable Ap stars (e.g. Freyhammer et al. 2008; Elkin et al.
2012; Chojnowski et al. 2019; Järvinen et al. 2022; Romanyuk
et al. 2022; Rustem et al. 2023; Mathys et al. 2024, 2025).

We find that all δ Scuti stars are correctly classified, 212 out
of 215 NP stars are correctly classified as NP, and 3 are mis-
classified as δ Scuti (Figure A.2). Visual inspection of the corre-
sponding signals suggests that the apparent detections are most
likely noise artefacts. We note that out of the 212 correctly clas-
sified NP stars, 9 stars were attributed different classifications
when data from different Sectors were used. After visual inspec-
tion of the light curves we found that for two of these stars a real
astrophysical signal was behind the inconsistent classifications,
as described bellow.

TIC 91145541 is an Am star of spectral classification
kA3hA9mF2 (IV, McGahee et al. 2020) that was observed with
10-min cadence in Sectors 44 and 45 and 200-s cadence in
Sectors 71 and 72; it shows a clear eclipse in the light curves
of Sectors 44 and 71 (Figure A.4). The eclipse depth suggests
R1/R2 ∼ 0.27, implying TIC 91145541 is part of a binary system.
The time between the two observed eclipses must be an integer
multiple of the true orbital period. Given the observed separation
of ∼748 days between eclipses, at least 18 full orbits must have
occurred, placing a lower limit on the orbital period of ≥ 41.5
days. It is worth noting this star shows an increase in brightness
immediately before the eclipse in Sectors 44 and 71. This fea-
ture resembles the periastron brightening seen in heartbeat bi-
naries and may indicate a weak heartbeat signal in a relatively
eccentric system. If so, the eclipse would occur near periastron,
when the brightening is expected. The eclipse signal introduces
power at frequencies beyond the pre-whitening range (0-10 d−1),
leading to its misclassification as a δ Scuti star.

TIC 91145541 had been previously flagged as a possible bi-
nary by Kervella et al. (2019) using Gaia DR2 data to probe for
proper motion anomalies. Using tpfplotter (Aller et al. 2020),
we plot the 5 Gaia sources closest in projection to TIC 91145541
over the TESS Target Pixel File (TPF) for this star in Sec-
tor 71 (Figure A.3), but we do not resolve any clear compan-
ion. One nearby source in the TESS field of view (Gaia DR3
3381547568847559808; object number 2 in Figure A.3) lies

very close in projection to TIC 91145541. However, the differ-
ence between the parallaxes of these stars is 6.12 mas. This large
discrepancy indicates that the latter is a background star, rather
than a physically bound companion.

For the remaining 7 stars that received inconsistent classifi-
cations in different sectors, we found that sector to sector noise
variations in the light curves is the most likely cause for the in-
consistent detections. The most striking case of this problem was
found for TIC 381942100 (top panel of Figure A.5), an Ap star
of spectral type ApSrCr(Eu) (Houk & Cowley 1975) observed
with 200-s cadence in Sectors 64 and 65. The two light curves
differ dramatically: the Sector 65 data shows pronounced flux
variability, whereas the Sector 64 light curve appears much less
variable. In Sector 64 this star was classified as NP while in Sec-
tor 65 it was classified as a roAp star. The DFT calculated using
data from Sector 65 shows several significant frequencies well
above the SNR threshold in the δ Scuti range, and one signifi-
cant frequency just above the SNR threshold in the roAp range
(bottom panel of Figure A.5). The roAp detection is most likely
a consequence of the increase in noise level toward higher fre-
quencies noted for this star in particular. This star is listed in
both the Catalogue of the Components of Double and Multi-
ple Stars (CCDM; Dommanget & Nys (2002)) and the Wash-
ington Double Star Catalog (WDS; Mason et al. 2001) with a
reported companion with a magnitude difference ∆m ∼ 4.6. If
TIC 381942100 was part of a binary system, it would be plausi-
ble that the flux variability could be a consequence of contami-
nation from the companion. However, we find no other evidence
for binarity in the literature. The TESS light curves also show no
clear evidence for the existence of a physically bound compan-
ion. The Gaia Renormalized Unit Weight Error (RUWE) quan-
tifies the goodness of fit of the astrometric single-s tar solution
(Gaia Collaboration et al. 2023), with values significantly above
1.2 indicating possible unresolved binarity or other deviations
from a single-source model (e.g. Berger et al. 2020b,a; Penoyre
et al. 2022; Gaia Collaboration et al. 2023). For this star the Gaia
RUWE is low (0.82) and when plotting nearby Gaia sources on
top of the TPF (Figure A.6) we find no potential candidates for
a secondary component of the binary system. We identify the
companion reported in the CCDM and WDS as TIC 381942077,
object 2 in Figure A.6. The difference in Gaia DR3 parallax is
7.65 mas indicating TIC 381942077 is a background star rather
than a companion. Checking the Gaia parallax of the remaining
sources in Figure A.6 reveals all are background objects. Fur-
thermore, Kervella et al. (2019) did not find evidence for bina-
rity using Gaia DR2 data to probe for proper motion anomalies,
strengthening the conclusion that TIC 381942100 is a single star.
The light-curves obtained in Sectors 37 and 38 with 120-s ca-
dence processed with SPOC show better agreement in flux vari-
ability (middle panel of Figure A.5). The DFTs calculated using
the combination of these data confirm the star is NP.

3. The TESS 200-s cadence data of LAMOST Ap
stars

We cross-matched the ∼2700 stars classified as Ap in the LAM-
OST spectroscopic survey (Hümmerich et al. 2020; Shi et al.
2020) with the TESS target list. Among these, 1464 stars were
observed with 200-s cadence. We applied our algorithm to this
subset, and identified three new roAp stars: TIC 312111544,
TIC 252881095, and TIC 46054683.
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Fig. 2: Results of the Fourier analysis performed on QLP data for TIC 312111544. Panel a) shows the QLP light curves from TESS
Sectors 61, 72 and 88. Panels b) and c) show the DFTs of each sector, as well as the mean rotation (b, black dotted line) and the mean
mode frequency obtained (c, black dashed line). The black dotted lines in panel c) represent sidelobe frequencies. The frequencies
highlighted in panel c) are obtained after pre-whitening the rotation signals shown in panel b).

3.1. TIC 312111544

TIC 312111544 was observed in TESS Sectors 61, 72 and 88.
We analyse the QLP light curves obtained in each Sector indi-
vidually to derive relevant physical information regarding this
star and how it pulsates (Figure 2). Table B.1 shows the results
obtained. Significant frequencies were first identified from the
DFT. The frequencies (ν), amplitudes (A), phases (ϕ), and their
respective errors were derived from an iterative multi-sinusoid
non-linear least-squares fit to the time-domain light curves, in
which the identified frequencies were adopted and successively
pre-whitened until the residuals are consistent with white noise.

The QLP data show a clear rotational signal (panel a of Fig-
ure 2), allowing for the estimation of the stellar rotation period,
Prot = 14.7045 ± 0.0004 d, by combining the light curves of
Sectors 61, 72 and 88 and fitting the low frequency range of the
combined DFT. The International Variable Star Index (VSX) cat-
alogue of the American Association of Variable Star Observers
(AAVSO, Watson et al. 2006) reports a period of Prot = 14.724 d
for this star, close to the one found in this work.

Because the light curves from Sectors 61, 72 and 88 are sep-
arated in time, the window function introduces alias peaks (ν′)
near each true frequency in the DFT. To select the physical mode
frequency (ν), we choose the peak in the combined DFT that,
unlike its aliases, minimizes the phase variability over time. For
each ν′ we split the light curves into intervals of 1 rotation pe-
riod, and fit each segment using least-squares to derive ampli-
tude, phase and the respective errors. Breaking the light curves
into one rotation segments averages out the rotational phase de-
pendence. Segments with too few points yield large phase er-
rors, so we exclude any points with error larger than π. Us-
ing this method we identify one pulsation mode with frequency

ν = 107.778± 0.001 d−1, as well as 2 rotationally split sidelobes
(panel b of Figure 2), in accordance with the oblique pulsator
model.

If the observed multiplet is produced by rotational modula-
tion of a single, non-distorted mode, i.e. well represented by a
single spherical harmonic, then the multiplet components have
fixed phase relations. For the time of pulsation maximum (t0), we
expect all components to be in phase. In this particular case, the
splitting also determines the degree (l) of a given mode as mul-
tiplets are expected to have 2l+1 components. To probe whether
or not this is a non-distorted mode, we assume the frequencies of
the sidelobes to be separated from the mode frequency (ν) by ex-
actly the rotation frequency (νrot). We then force fit the sidelobes
choosing t0 appropriately by subtracting from the mean time, t̄,
a time offset δt±1,

δt±1 =
ϕm − ϕn

2π(νm − νn)
=
ϕ+1 − ϕ−1

4πνrot
, (3)

where the subscripts m and n determine the phases/frequencies
of the sidelobes (Equation 26 in Kurtz 1982). The results of
this process are shown in Table B.2. The phases of the frequen-
cies considered in all Sectors are in agreement within 2σϕ er-
rors. This suggests that we observe a non-distorted dipole (l = 1)
mode for TIC 312111544.

For a non-distorted dipole mode we would also expect the
amplitude of the mode frequency to drop to zero and its phase to
shift by π-rad when the pulsation node crosses the line of sight
(e.g. Kurtz 1982; Holdsworth et al. 2016; Shi et al. 2020). To
infer amplitude and phase variability over the stellar rotational
period, we follow a similar process to the one used to infer the
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Fig. 3: Panel a): Phase folded light curve of TIC 312111544 as
observed in Sectors 61, 72 and 88 showing one rotational pe-
riod (Prot = 14.7045 d). Panels b) and c): Amplitude and phase
variability of the pulsation mode ν found by breaking the Sector
61, 72 and 88 light curves of TIC 312111544 into segments. The
black solid line represents the theoretical amplitude and phase
modulation for a pure dipole mode modelled according to Kurtz
(1992) using data from Sector 61.

true pulsation mode frequency of this star. However, since for
this exercise we are interested in the variability rotation intro-
duces in the pulsation phase, we split the light curve into shorter
segments of 0.93 days (∼ 100/ν) to resolve it. The amplitude and
phase variability of the pulsation mode ν over the rotation period
are shown in Figure 3. The variability is clear in both cases, and
the amplitude drops to zero as the phase shifts by π. These ob-
servations agree with theoretical amplitude and phase variability
curves for a non-distorted dipole mode, computed from the Sec-
tor 61 results (Table B.2) following Kurtz (1992). This supports
our previous claim that this is a non-distorted dipole mode.

There is strong observational evidence suggesting that
TIC 312111544 is a binary system. Gaia reports a RUWE of
∼ 3.6, which is much higher than the threshold of > 1.2 for

unresolved companions (e.g. Berger et al. 2020b,a; Penoyre
et al. 2022; Gaia Collaboration et al. 2023). TIC 312111544 is
also listed in the WDS with a companion of ∆m ∼ 4.45. The
primary has a TESS magnitude of 8.99 and was classified as
kA3hA6mA9 SrCrEu by Hümmerich et al. (2020). This indi-
cates TIC 312111544 is an Ap star with Ca II K, hydrogen,
and metallic lines corresponding roughly to spectral types A3,
A6, and A9, respectively. It also shows strong overabundances
of Sr, Cr and Eu evident in the LAMOST low-resolution spec-
trum (Figure C.1). The observed magnitude difference implies a
much fainter secondary, consistent with a K-type main-s equence
star. The Gaia DR3 catalogue lists two different sources within
5 arcsec with a ∆m = 3.44 in the G band, also pointing to
a K-type companion (Figure A.7, TIC 312111544, Gaia DR3
587165086410479104). Their parallaxes differ by only ∼0.24
mas, also suggesting the two stars most likely form a physically
bound pair.

Following Murphy et al. (2014), it is possible to test whether
a star is in a binary system by tracking the pulsation phase, ϕ(t),
of a mode with frequency ν over time. For a binary system in a
circular orbit, the corresponding time delay τ(t),

τ(t) =
∆ϕ(t)
2πν
, (4)

varies sinusoidally as

τ(t) = Aτ sin
(

2πt
Porb
+ φ

)
+C, (5)

where Aτ is the maximum time delay, t is time, Porb is the orbital
period, φ is the orbital phase, and C is a constant offset.

We obtain ∆ϕ(t) by dividing the light curve into segments
spanning one rotation period. For each segment, we perform a
least-squares fit of a sinusoid to the time-domain data while fix-
ing the frequency to the value ν measured from the full light
curve. The resulting phases yield ∆ϕ(t) from which we calcu-
late τ(t) using Equation 4. Dividing the light curve into one-
rotation-period segments mitigates phase variability introduced
by stellar rotation by avoiding the π phase jump that occurs when
the line of sight crosses a pulsation node on the stellar surface.
We then fit Equation 5 to the resulting τ(t) measurements using
nested sampling (dynesty) to infer the posterior distributions of
(Aτ, φ,C, Porb).

For TIC 312111544 the stellar rotation period is > 10 d
and each TESS Sector covers only ∼27 d meaning each of the
light curves covers less than two full rotational periods. For this
reason, it is not possible to probe how the phase would vary
over time to estimate Porb. Additional data would be needed
to confirm the binarity of this target. Still, the possibility that
TIC 312111544 is in a binary remains interesting, as roAp stars
are predominantly single stars (e.g. Schöller et al. 2012; Hart-
mann & Hatzes 2015)

3.2. TIC 252881095

Hümmerich et al. (2020) classified this star as kA4hA6mF2 Sr-
CrEu, indicating TIC 252881095 is an Ap star with Ca II K,
hydrogen, and metallic lines corresponding roughly to spectral
types A4, A6, and F2, respectively. The strong overabundances
of Sr, Cr and Eu are seen in the LAMOST low resolution spec-
trum of Figure C.1. An unidentified line is also seen centred at
∼ 4379 Å.

TIC 252881095 was observed by TESS in Sectors 60 and
73 (Figure 4). The QLP data show clear rotational modula-
tion, making it possible to measure the star’s rotation period as
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Fig. 4: As Figure 2 but for TIC 252881095. The black dotted line in panel c) enables visualisation of the window function of the
DFT from Sector 60.

Prot = 2.8917±0.0001 d by combining the light curves of Sectors
60 and 73 and fitting the low frequency range of the combined
DFT. The DFTs show another peak appearing at low frequency,
this is the second harmonic of the rotation frequency, appearing
as a consequence of the double wave nature of the light curve.
This double wave is likely caused by the existence of two chem-
ical spots appearing in the stellar surface in opposite poles. As
the TESS light curves are not consecutive, we combine them
to determine the pulsation frequency following the method de-
scribed in Section 3.1. We also identify one pulsation mode at
ν ∼ 97.513 ± 0.001 d−1 (see Table B.1). The DFT shows ad-
ditional peaks with a separation from ν not consistent with νrot.
These peaks can be attributed to the DFT window function, as
illustrated by the synthetic signal (computed at the mode fre-
quency for Sector 60) shown as the dotted black line in panel c of
Figure 4. This is confirmed by the fact that when pre-whitening
the light curve at the mode frequency these peaks disappear,
leaving only noise (panel b of Figure 5).

Purely radial (l = 0) modes are not commonly observed in
roAp stars (e.g. Bigot & Kurtz 2011; Holdsworth et al. 2019;
Shi et al. 2021; Holdsworth 2021; Holdsworth et al. 2021, 2024;
Kurtz et al. 2024). For this reason, we tested whether the ob-
served mode might instead be part of a rotationally split multi-
plet. We first inspected the DFTs of Sectors 60 and 73 to search
for sidelobes separated from the mode frequency (ν) by exactly
the rotation frequency (νrot). We then performed a time-domain
least-squares fit of a triplet model to the light curves, with the
component frequencies fixed to ν and ν ± νrot. In both sectors,
the fitted sidelobe amplitudes are below the local noise level, in-
dicating that rotational splitting is not detected.

We also tracked how the mode amplitude and phase change
as a function of the rotation phase (panels c and d of Figure 5,
respectively). Neither quantity shows any recognisable patterns
that would point to a specific pulsation geometry. From panels c
and d of Figure 5 the amplitude does not reach zero, and there is

no π phase shift that would indicate a pulsation node crossing the
line of sight. Within the uncertainties, the amplitude and phase
measurements are consistent with being constant throughout the
rotation period. As such, there is no evidence in the current data
to support that the observed mode has l > 0.

There exists evidence in the literature hinting that
TIC 252881095 might be part of a binary system. This star ap-
pears listed both in the WDS and the Tycho double star catalogue
(TDSC, Fabricius et al. 2002). WDS flags it as a ‘Dubious Dou-
ble’ meaning the entry for TIC 252881095 could be a positional
typo or a spurious detection. TDSC lists TIC 252881095 as a re-
solved pair of two components. The Tycho photometry indicates
the two sources have nearly equal brightness (∆m ∼ 0.16 mag).
At the TESS pixel scale such a pair should be fully blended
thus the light curve contains the combined flux. The Gaia DR3
RUWE value for this star is 1.20, equal to the threshold used
to flag unresolved binaries and consistent with the close binary
reported in TDSC.

When plotting the nearby Gaia sources on the TESS TPF
from Sector 60, we find two additional sources close in projec-
tion to TIC 252881095 (labelled 2 and 3 in Figure A.8). Source
2 (Gaia DR3 991881778859792896) is only ∆m ∼3 magnitudes
fainter than the target, while source 3 is considerably fainter
(Gaia DR3 991881778858535040, ∆m ∼ 9). The Gaia paral-
laxes indicate that the three stars are not at the same distance.
TIC 252881095 has ϖ ≃ 1.40 ± 0.02 mas, whereas source 2 has
ϖ ≃ 1.04 ± 0.02 mas and source 3 has ϖ ≃ 0.64 ± 0.06 mas,
both inconsistent with the target at ≫ 3σ when using the com-
bined uncertainties. Thus, the nearby sources are most likely
background objects.

For TIC 252881095 the stellar rotation period is small
enough to search for binary light-travel time effects in the TESS
200-s cadence data. As described in Section 3.1 we first com-
pute the time delays τ(t) = ∆ϕ/(2πν) by splitting each light
curve into segments of one rotation period, calculating a DFT
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Fig. 5: As in Figure 3, but for the mode frequency ν of
TIC 252881095 (Prot = 2.8917 d). Panel b) shows the DFT of
TIC 252881095 before (grey) and after (black) subtracting a
least-squares sinusoidal fit at the mode frequency from the light
curve.

Fig. 6: Most likely solutions of Equation 5 to fit the τ variability
over time observed for TIC 252881095.

for each segment, and fitting the fixed pulsation mode frequency
to each segment to recover the phase change ∆ϕ. Then we use
nested sampling to model Equation 5, exploring the parameter
space under weakly informative priors (see Appendix D for de-
tails). The results for TIC 252881095 can be seen in Figure 6.
The posterior permits a sinusoidal fit to τ(t) with an orbital pe-
riod Porb = 32.41+7.84

−5.02 d (median and 68% credible interval). Al-
though the posterior mass concentrates on sinusoidal solutions, it
is not possible to rule out constant (straight line) solutions. This
is expected given the τ(t) uncertainties and the time gap between
the two light curves.

To quantify which model is preferred we re-fit the data un-
der the two competing models sharing the same noise model
and similarly weak priors (sinusoid vs. constant delay) to com-
pute the Bayes factor (BF). The evidence difference corre-
sponds to BF∼6.79, which, under equal model priors, implies
the data favour the sinusoidal model with a posterior proba-
bility of ∼ 87%. In the Jeffreys/Kass–Raftery scale, this cor-
responds to moderate evidence in favour of binarity. A longer
continuous observation would be necessary to conclusively con-
firm TIC 252881095 is part of a binary system. If confirmed,
TIC 252881095 would be among the few roAp stars known in
close binaries (e.g. Schöller et al. 2012; Hartmann & Hatzes
2015).

3.3. TIC 46054683

TIC 46054683 was observed in TESS Sectors 71 and 72. As the
two observations are consecutive, we combine the light curves
for the following analysis. The QLP data show a clear rotational
signal (panel a of Figure 7), allowing us to measure a rotation
period of Prot = 6.0015 ± 0.0009 d. This corresponds to the first
low-frequency peak in the DFT (panel b of Figure 7). Another,
more prominent peak appears at low frequency, corresponding to
the second harmonic of the true rotation frequency. This is due to
a double wave signature existing in the light curve, likely caused
by two chemical spots being located at opposite poles.

The pulsations in this star are highly variable in both fre-
quency (phase) and amplitude. An amplitude spectrum of the
combined and pre-whitened data is shown in panel c of Figure 7.
There is clearly excess power around 100 d−1, but no coherent
mode(s) identifiable. We therefore split the data into smaller sec-
tions to try and identify the pulsation mode(s). The results of this
exercise are shown in panels d and e of Figure 7, where the light
curve has been split into sections of two rotation periods and
a DFT calculated for each. This reveals a three-peak structure
around 100 d−1 that varies in both frequency, relative amplitude,
and resolution. Determining a precise pulsation frequency for
this mode is not possible given its variability, but we estimate
the mode to be at ∼ 102 d−1.

In an attempt to understand the variability further, we use this
frequency estimate to track the pulsation amplitude and phase
over the rotation period (panels a, b and c of Figure 8) and over
time (panels d and e of Figure 8). We find that the variability
over the rotation period is consistent with the theoretical modu-
lation curves computed for a dipole mode (l=1, Kurtz 1992). It
is not conclusive from the available observational data whether
the mode is distorted. Furthermore, it is clear that the amplitude
increases shortly after the observations start, but then begins to
slowly decay over the 51.5-d of observations. The phase varia-
tions show a significant change over the observations, indicating
that the frequency is highly variable in this star. This is not a
new discovery in roAp stars (see e.g., Holdsworth 2021), but is
perhaps the most dramatic case yet observed in which the pulsa-
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Fig. 7: Panels a), b) and c): As in Figure 2 but for TIC 46054683. Panel c) additionally shows the DFT of each segment of the light
curves (coloured dotted lines) used to study frequency/amplitude variability of the pulsation modes of this star. Panels d) and e)
show a zoom into the DFT regions around the two pulsation modes. The DFT computed from Sector 71 and 72 are shown in black.
The blue line shows a DFT from a shorter segment spanning two rotation periods revealing two rotationally split sidelobes around
the mode frequency. The dotted black lines enable visualisation of the window function of the DFT for the two mode frequencies.

tions do not vanish (as in Kurtz et al. 2025). It is a combination
of the amplitude and frequency (phase) changes that result in the
incoherent power excess in the data shown in Figure 7.

There is evidence of a second mode in the data set that is
only present in one of the amplitude spectra plotted (panel d of
Figure 7). We estimate the mode frequency to be 97 d−1, leading
to a separation between the two modes of ∼ 55 µHz. This value
is consistent with the estimated value of the large frequency sep-
aration for this star, 57 µHz, calculated using the stellar parame-
ters in the literature and scaling relative to the Sun (Kjeldsen &
Bedding 1995; Ulrich 1986; Eker et al. 2018; Hümmerich et al.
2020; Gaia Collaboration et al. 2023). This gives confidence that
this is a true mode, and not noise. Given both the relatively short
time span of data, and the non-ideal cadence, it is imperative that
TIC 46054683 be observed in 20-s cadence mode for as long as
possible in order to better characterise the nature of the transient
pulsation modes in this star.

4. The TESS 20-s Cadence Data

Because roAp pulsations occur at high frequencies, short-
cadence observations are ideal to avoid Nyquist-related ambigu-

ity and to preserve sensitivity to additional low-amplitude modes
and rotationally split sidelobes. Despite this, searches of roAp
stars have mostly relied on longer-cadence data products, and
the 20-s SPOC light curves remain relatively unexplored. To
search for additional pulsation frequencies in known and candi-
date roAp stars, we adjusted the algorithm parameters described
in Section 2 for the analysis of 20-s SPOC light curves. Namely,
we increased the maximum frequency used in the computation
of the DFTs to 2160 d−1, which allows us to probe higher-
frequency pulsation modes that may not be detectable in longer-
cadence data. No detections were made above the 120-s Nyquist
frequency (360 d−1). However, the 20-s data revealed pulsations
previously unobserved in the 120-s cadence data for one of the
roAp candidates, allowing us to confirm its roAp star nature. The
details of this new detection are given in the following section.

This finding raises the question of whether the detectabil-
ity of roAp pulsations depends on observational cadence. Mur-
phy (2013) previously described this effect analytically using
Kepler data. For light curves of the same duration, shorter ca-
dences provide more data points and therefore reduce the am-
plitude attenuation caused by time averaging over the finite in-
tegration time. This attenuation is frequency dependent, becom-
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Fig. 8: As in Figure 3 but for ν1 of TIC 46054683. Panels d) and
e) show the phase and amplitude variability over time, respec-
tively.

ing increasingly important for higher-frequency pulsations, par-
ticularly as frequencies approach the Nyquist limit. Thus, it is
crucial to quantify how much information about the pulsation
signal is lost when the data are sampled at longer cadences. We
therefore degrade 20-s SPOC light curves of two known roAp
stars to effective cadences of 20–200 s and track the SNR of
the dominant mode. For the faint TIC 273777265 (G = 13.7),
the SNR decreases from 6.30 (20-s) to a value consistent with
the degraded prediction in the original 120-s SPOC product, but
drops to SNR≈3 in the 200-s QLP data, below our detectability
threshold. For the bright TIC 280198016 (G = 6.2), the SNR is
lower in the original 120-s SPOC and 200-s QLP products than
predicted from degradation of the 20-s data. This is most likely

due to pipeline-dependent effects that are most pronounced for
bright targets (Huber et al. 2022). The details of this exercise are
in Appendix E. These results highlight the importance of short-
cadence observations for the reliable characterisation of pulsa-
tions in Ap stars.

4.1. 49 Cam

49 Cam (TIC 393276640) is a well-known Ap star, first classi-
fied as F0p (SrEu) by Cowley (1968) and later as A8p (SrEu)
by Leone et al. (2000). The existence—or lack—of stellar pul-
sations in 49 Cam has long been a subject of interest (e.g.,
Ryabchikova et al. 2004, 2001). Ryabchikova et al. (2001) noted
that roAp stars often show a distinctive rare earth element (REE)
abundance anomalies, where the abundances derived from the
first and second ions of Pr and Nd differ by about two dex (Pr
II–Pr III and Nd II–Nd III). Despite 49 Cam exhibiting this REE
anomaly former attempts to find oscillations from the ground
have failed (e.g. Heller & Kramer 1988). As such, 49 Cam was
proposed for observation with TESS with both 120-s and 20-s
cadence data.

49 Cam was observed in Sector 47 with a 20-s cadence and
in Sectors 47, 60 and 74 with a 120-s cadence (Figure 9). The
SPOC light curves show a clear rotation signal allowing for the
measurement of a rotation period of Prot = 4.2375 ± 0.0002 d.
The 120-s cadence data do not show any significant pulsation
frequencies for 49 Cam. Nevertheless, the analysis of the 20-
s cadence light curve of 49 Cam revealed the existence of two
high-frequency pulsation modes, establishing 49 Cam is a roAp
star (Figure 9). From the DFT, we identify two pulsation modes
at ν1 = 122.576 ± 0.003 d−1 and ν2 = 128.115 ± 0.002 d−1 (see
Table B.1). The separation between the ν1 and ν2 modes is ∼
64 µHz consistent with the theoretical value for the large separa-
tion frequency ∼ 53 µHz, estimated using the stellar parameters
determined in Sikora et al. (2019a) and scaling relative to the
Sun (Kjeldsen & Bedding 1995; Ulrich 1986; Eker et al. 2018).

The DFT shows 2 additional peaks adjacent to the mode
frequency of ν2 inconsistent with the rotation frequency. These
may be a consequence of phase/amplitude variability (e.g.
Holdsworth et al. 2021, 2024, panel e of Figure 9).

Interestingly, the ν1 appears to form a rotationally split quin-
tuplet with a missing sidelobe. To test whether the multiplet is
consistent with a non-distorted oblique pulsation mode, we per-
form a least-squares fit to the light curve in which the frequencies
are fixed to ν1 + kνrot (with k = −2,−1, 0,+1,+2) (Table B.2).
In the standard case, the time of pulsation maximum , t0, can be
determined from the phases of the first sidelobe pair (k = ±1),
since these usually provide the strongest and most reliable phase
constraint. However, for ν1 the k = −1 component is not detected
in the DFT, so this pair cannot be used to define a meaningful t0.

Instead, we determine t0 from the detected outer sidelobe
pair (k = ±2) by subtracting from the mean time, t̄, the time
offset δt±2,

δt±2 =
ϕm − ϕn

2π(νm − νn)
=
ϕ+2 − ϕ−2

8πνrot
, (6)

where ϕ+2 and ϕ−2 are the phases of the ν1 ± 2νrot components
(Equation 26 in Kurtz 1982). We then compare the phases of the
remaining fitted components with that of the central frequency.
After selecting t0, the sidelobe phases remain inconsistent with
the phase of the central component, indicating that ν1 is likely a
distorted mode.

We explore the amplitude and phase variability of this mode
frequency using both 120-s and 20-s cadence data. We split
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Fig. 9: As in Figure 7 but for 49 Cam (TIC 393276640). Here, the coloured dotted lines show the DFTs calculated using the 120-s
cadence data of the different Sectors.

the light curves in intervals of 0.82 days, calculate a DFT for
each segment, and successively fit ν1 to derive its amplitude and
phase. Due to the low amplitude of the pulsation all data points
are close to zero. This means the individual segments are most
likely dominated by noise.

Nevertheless, following the methods of Kurtz (1992) in Fig-
ure 10 we draw the theoretical curves expected for a quadrupole
mode using the data from Table B.2. Some scatter between dif-
ferent TESS Sectors is present across measurements obtained
from different Sectors but the overall modulation pattern seems
consistent with the theoretical curves. This supports that this star
shows a quadrupole pulsation mode. Moreover, the amplitude
modulation shows two maxima and two minima per rotation cy-
cle consistent with the abrupt phase changes occurring near the
amplitude minima as expected of a quadrupole pulsation in the
oblique rotator model. The amplitude never reaches zero when
the phase shifts by π (see Figure 10), consistent with this mode
being distorted. This is in agreement with the results of Silvester
et al. (2017) that showed the magnetic field of this star is com-
plex. In turn, such complex magnetic field could significantly
contribute to the distortion of harmonic modes with l up to 4. The
observed scatter is best explained by the low amplitude of the
mode, which makes the measurements noise-dominated when
subdivided into shorter time segments. We also find no evidence
for cyclical modulation of the amplitude or phase on timescales
longer than the rotation period. Due to the low amplitude of this
mode, and the fact that one rotationally split sidelobe of ν1 is
missing we are not able to apply the oblique pulsator model to
estimate i and β for this star.

5. Conclusions

This work targeted 20-s and 200-s cadence TESS light curves to
search for new roAp stars. We developed an algorithm to detect
stellar pulsations in TESS light curves and applied it first to the
200 s QLP data derived from TESS full-frame images (FFIs),
focusing on a sample of Ap stars spectroscopically classified by
LAMOST. This search revealed three previously unknown roAp
stars: TIC 312111544, TIC 252881095, and TIC 46054683.

Holdsworth et al. (2024) proposed that the incidence of roAp
stars in the currently known population of Ap stars should be
∼ 5.5%. When exploring the LAMOST Ap sample, the detection
rate in this work is inconsistent with the expected incidence. This
discrepancy is likely related to the fact that our sample consists
predominantly of faint targets, with an average Gaia G mean
magnitude of G=12.6 when compared with G=8.7 for the roAp
stars reported in Holdsworth et al. (2021, 2024) (see Appendix
E). Furthermore, low-amplitude pulsations that could have been
detected in shorter-cadence observations may be lost to noise in
the 200-s cadence data. As shown in Appendix E, both the light
curve cadence and the data processing pipeline significantly af-
fect the SNR of detected pulsation modes. In general, 20-s SPOC
light curves provide the highest SNR when compared with 120-
s SPOC or 200-s QLP data, which are processed differently. In
addition, when the 20-s cadence light curves are artificially de-
graded to lower cadences, their SNR decreases confirming that
20-s data yield the most reliable detection of high-frequency
modes. This is supported by the discovery of two unreported pul-
sation modes in 49 Cam, thus confirming it is a roAp star.
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Fig. 10: As in Figure 3 but for ν2 of TIC 393276640.

We emphasize the importance of extended, consecutive tem-
poral coverage for the characterisation of high-frequency modes
in oblique pulsators (e.g., Sections 3.1 and 3.3). Longer continu-
ous observations increase the chance of resolving low-amplitude
pulsation sidelobes and enable a more confident determination
of the mode degree, l, which provides key insights into the stel-
lar geometry and potentiates asteroseismic studies of these stars.
In addition, extended coverage facilitates the detection of long-
term cyclic frequency and amplitude variations, which can be
indicative of binarity or other secular changes.

Overall, our results show that the combination of short-
cadence TESS data, light curve processing, and temporal cover-
age impact the detection and characterisation of high-frequency
pulsations in Ap stars. The discovery of new roAp stars, includ-
ing previously unidentified modes in 49 Cam, are testaments to
the potential of TESS to expand the known population of roAp
stars and improve our understanding of their pulsation prop-
erties, mode geometries, and long-term variability. Continued
monitoring of known and candidate roAp stars is also essential,
as mode frequencies and amplitudes are well known to vary with
time and, in the most dramatic cases, this variability can translate
into intermittent detectability (e.g. Kurtz et al. 2024). The origin
of this variability remains poorly understood, and extended time-
series photometry is therefore crucial to constrain its prevalence
and timescales.

Looking ahead, ESA’s PLAnetary Transits and Oscillations
of stars mission (PLATO; Rauer et al. 2025) will be particu-
larly valuable for roAp studies, as its normal cameras will col-
lect 25 s cadence photometry and deliver light curves spanning
∼2 yr. This combination of high cadence and long, continuous
observations will enable more robust mode identification and
long-term variability studies, while also improving sensitivity
to low-amplitude pulsators. PLATO therefore has the potential
to substantially increase the number of detected roAp stars. Our

automated search and classification pipeline is well suited for
application to PLATO photometry, paving the way for homoge-
neous, large-scale searches and characterisation of roAp stars in
the near future.
Acknowledgements. This work was supported by Fundação para a Ciência
e a Tecnologia (FCT) through national funds by the grant UID/04434/2025
and 2022.03993.PTDC (DOI: 10.54499/2022.03993.PTDC). I.R. is funded
by FCT through the grant 2024.01287.BD. MSC is funded by FCT-MCTES
by the contract with reference 2023.09303.CEECIND/CP2839/CT0003
(DOI: 10.54499/2023.09303.CEECIND/CP2839/CT0003). ARGS
acknowledges the support from the FCT through the work
contract No. 2020.02480.CEECIND/CP1631/CT0001 (DOI:
10.54499/2020.02480.CEECIND/CP1631/CT0001) and the support from
the GOLF and PLATO Centre National D’Études Spatiales grants. RJ is
supported by the Klarman Fellowship. 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. We thank
the organizers of the 12th Iberian Meeting on Asteroseismology (IMAS)
for fostering valuable interactions that contributed to this work. IMAS is
an annual event organized by GIA (Group of Iberian Asteroseismologists;
https://gia.ugr.es/). In particular, IR thanks Antonio García Hernández
and Sebastiá Barceló Forteza for their helpful suggestions. We acknowledge
the use of TESS High Level Science Products (HLSP) produced by QLP at the
TESS Science Office at MIT, which are publicly available from MAST. Funding
for the TESS mission is provided by NASA’s Science Mission directorate.
Guoshoujing Telescope (the Large Sky Area Multi-Object Fiber Spectroscopic
Telescope LAMOST) is a National Major Scientific Project built by the
Chinese Academy of Sciences. Funding for the project has been provided by
the National Development and Reform Commission. LAMOST is operated
and managed by the National Astronomical Observatories, Chinese Academy
of Sciences. This work made use of scientific colour maps (Crameri et al.
2020, https://www.fabiocrameri.ch/colourmaps/) to mitigate visual
distortion.

References
Aerts, C., Christensen-Dalsgaard, J., & Kurtz, D. W. 2010, Asteroseismology
Alentiev, D., Kochukhov, O., Ryabchikova, T., et al. 2012, MNRAS, 421, L82
Aller, A., Lillo-Box, J., Jones, D., Miranda, L. F., & Barceló Forteza, S. 2020,

A&A, 635, A128
Amado, P. J., Moya, A., Suárez, J. C., et al. 2004, MNRAS, 352, L11
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
Aurière, M., Wade, G. A., Silvester, J., et al. 2007, A&A, 475, 1053
Babcock, H. W. 1958, ApJ, 128, 228
Balmforth, N. J., Cunha, M. S., Dolez, N., Gough, D. O., & Vauclair, S. 2001,

MNRAS, 323, 362
Balona, L. A., Catanzaro, G., Abedigamba, O. P., Ripepi, V., & Smalley, B. 2015,

MNRAS, 448, 1378
Barceló Forteza, S., Moya, A., Barrado, D., et al. 2020, A&A, 638, A59
Berger, T. A., Huber, D., Gaidos, E., van Saders, J. L., & Weiss, L. M. 2020a,

AJ, 160, 108
Berger, T. A., Huber, D., van Saders, J. L., et al. 2020b, AJ, 159, 280
Bigot, L. & Dziembowski, W. A. 2002, A&A, 391, 235
Bigot, L. & Kurtz, D. W. 2011, A&A, 536, A73
Braithwaite, J. & Spruit, H. C. 2017, Royal Society Open Science, 4, 160271
Breger, M. 2000, Baltic Astronomy, 9, 149
Breger, M., Stich, J., Garrido, R., et al. 1993, A&A, 271, 482
Bychkov, V. D., Bychkova, L. V., & Madej, J. 2016, MNRAS, 455, 2567
Cantiello, M. & Braithwaite, J. 2019, ApJ, 883, 106
Chaplin, W. J. & Basu, S. 2017
Chojnowski, S. D., Hubrig, S., Hasselquist, S., et al. 2019, ApJ, 873, L5
Cowley, A. P. 1968, PASP, 80, 453
Cowling, T. G. 1945, MNRAS, 105, 166
Crameri, F., Shephard, G. E., & Heron, P. J. 2020, Nature Communications, 11,

5444
Cunha, M. M. S. 1999, PhD thesis, University of Cambridge, UK
Cunha, M. S. 2002, MNRAS, 333, 47
Cunha, M. S. 2006, MNRAS, 365, 153
Cunha, M. S., Alentiev, D., Brandão, I. M., & Perraut, K. 2013, MNRAS, 436,

1639
Cunha, M. S., Antoci, V., Holdsworth, D. L., et al. 2019, MNRAS, 487, 3523

Article number, page 13 of 22

https://gia.ugr.es/
https://www.fabiocrameri.ch/colourmaps/


A&A proofs: manuscript no. output

Cunha, M. S., Fernandes, J. M. M. B., & Monteiro, M. J. P. F. G. 2003, MNRAS,
343, 831

Cunha, M. S. & Gough, D. 2000, MNRAS, 319, 1020
Deal, M., Cunha, M. S., Keszthelyi, Z., Perraut, K., & Holdsworth, D. L. 2021,

A&A, 650, A125
Dommanget, J. & Nys, O. 2002, VizieR Online Data Catalog: CCDM (Catalog of

Components of Double & Multiple stars) (Dommanget+ 2002), VizieR On-
line Data Catalog: I/274. Originally published in: Observations et Travaux 54,
5 (2002)

Durfeldt-Pedros, O., Antoci, V., Smalley, B., et al. 2024, arXiv e-prints,
arXiv:2408.11657
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This appendix contains supporting material that comple-
ments the main text.

Appendix A: Supporting material

In this section we show the performance of the search algorithm
described in Section 2.2.1 and provide additional light-curve and
TPF (Aller et al. 2020) diagnostics for selected targets.

Appendix A.1: Search Algorithm

Fig. A.1: Confusion matrices summarizing the performance of
our search algorithm on a validation sample of 41 δ Scuti stars,
78 roAp stars and 50 non-pulsating stars. Panel a): Results using
all available predictions, including stars with different predic-
tions for different sectors. Panel b): Results removing stars with
multiple classifications. Rows indicate the true classification and
columns the predicted classification. The numbers in each cell
give the classification counts.

Appendix A.2: TIC 91145541, TIC 381942100, TIC
312111544 and TIC 252881095

Fig. A.2: The same as Figure A.1 on a test sample of 112 δ Scuti
stars and 215 non-pulsating stars.
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Fig. A.3: TESS target pixel file (TPF) for TIC 91145541, ob-
served in Sector 71. The background colormap shows the mean
flux per pixel in units of 103 e− s−1. The red outlines mark the
chosen photometric aperture. The white cross indicates the target
position (∆m = 0), while nearby sources from Gaia are shown as
circles, sized according to magnitude difference.
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Fig. A.4: Eclipse observed in the QLP data for TIC 91145541.
The top panel shows the combined data of Sectors 44, 45, 71
and 72, providing a lower limit for the orbital period of the bi-
nary system of ≥ 41.5 days. In the middle and bottom panels are
zoom ins of different regions of the eclipse. The bottom panel
reveals an increase in brightness immediately before the eclipse,
consistent across Sectors 44 and 71.

Fig. A.5: Top panel: Raw (SAP) flux from QLP light curves
from TESS Sectors 64 and 65 (200-s cadence), showing the dif-
ference in variability between the highly variable light curve of
Sector 65 compared to the nearly flat light curve of Sector 64.
Middle panel: Processed (PDC SAP) flux from SPOC 120-s ca-
dence light curves from Sectors 37 and 38. Bottom panel: Dis-
crete Fourier Transform (DFT) of the QLP Sector 65 data, where
several peaks are visible above the noise level. The dashed red
line marks the adopted significance threshold.
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Fig. A.6: As Figure A.3 but for TIC 381942100 observed in Sec-
tor 38.
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Fig. A.7: As Figure A.3 but for TIC 312111544 observed in Sec-
tor 61.
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Fig. A.8: As Figure A.3 but for TIC 252881095 observed in Sec-
tor 60.
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Appendix B: Seismic Properties of new roAp stars

In this section we present the derived seismic properties of the newly identified roAp stars as well as their G-band mean magnitudes and effective temperatures (Teff).

Table B.1: The newly identified roAp stars with 200-s and 20-s cadence TESS data products: TIC 312111544, TIC 252881095, TIC 46054683 and 49 Cam.

TIC Cadence G Teff [K] Sector t̄ [BJD-2400000] Prot [d] σProt [d] ν [d−1] σν [d−1] A [mmag] σA [mmag] ϕ [rad] σϕ [rad]

312111544 200-s 9.23 7272±110

61 59975.97989 14.5925 0.0230
ν-νrot 107.718 0.002 0.091 0.008 0.542 0.093
ν 107.778 0.003 0.069 0.008 2.828 0.121
ν+νrot 107.854 0.002 0.082 0.008 -2.046 0.102

72 60273.72543 14.0287 0.0226
ν-νrot 107.730 0.004 0.051 0.009 1.890 0.170
ν 107.783 0.002 0.119 0.009 -1.436 0.073
ν+νrot 107.845 0.002 0.114 0.009 1.445 0.076

88 60705.04987 14.1230 0.0118
ν-νrot 107.714 0.004 0.060 0.009 1.215 0.151
ν 107.787 0.003 0.064 0.009 -0.056 0.140
ν+νrot 107.855 0.003 0.073 0.009 -2.018 0.121

61, 72, 88 - 14.7045 0.0004
ν-νrot 107.710 0.002 0.062 0.005 - -
ν 107.778 0.001 0.073 0.005 - -
ν+νrot 107.862 0.002 0.071 0.005 - -

252881095 200-s 10.65 8547±110
60 59950.50933 2.8865 0.0020 ν 97.513 0.002 0.293 0.021 1.211 0.071

73 60296.34023 2.8783 0.0023 ν 97.517 0.002 0.217 0.018 -2.873 0.082

60, 73 - 2.8917 0.0015 ν 97.513 0.001 0.293 0.014 - -

46054683 200-s 9.75 7823±110

71 60247.31757 6.0074 0.0033

ν1-νrot 101.875 0.001 0.325 0.012 -0.612 0.038
ν1 102.047 0.001 0.184 0.013 -2.860 0.070
ν1+νrot 102.210 0.001 0.230 0.013 0.808 0.054
ν2 97.077 0.004 0.062 0.013 -1.168 0.209

72 60273.53690 6.0098 0.0019

ν1-νrot 101.777 0.001 0.295 0.013 2.626 0.044
ν1 101.950 0.003 0.120 0.013 1.190 0.110
ν1+νrot 102.110 0.001 0.200 0.013 -0.360 0.065
ν2 - - - - - -

71, 72 60260.37264 6.0015 0.0019

ν1-νrot 101.821 0.001 0.165 0.009 -2.189 0.055
ν1 101.977 0.001 0.083 0.009 -3.101 0.105
ν1+νrot 102.151 0.001 0.101 0.009 1.634 0.089
ν2 97.076 0.003 0.036 0.009 0.946 0.251

49 Cam 20-s 6.47 7740±460(a) 47 59593.62261 4.2375 0.0002

ν1-2νrot 122.109 0.002 0.016 0.002 -2.918 0.120
ν1 122.576 0.003 0.012 0.002 2.018 0.166
ν1+νrot 122.821 0.004 0.010 0.002 2.103 0.183
ν1+2νrot 123.044 0.003 0.011 0.002 -1.553 0.166
ν2 128.115 0.002 0.018 0.002 2.968 0.106

Notes. In this table we show the results of non-linear least-squares fitting the light curves of the new 4 stars found using the significant peaks found in the DFT of each. We present their rotations
periods, G-band mean magnitudes (G) from the Gaia DR3 catalogue (Gaia Collaboration et al. 2023), effective temperatures (Teff), mean observation times (t̄), (Prot), frequencies (ν), amplitudes
(A), phases (ϕ) and respective errors. For stars observed in more than one not consecutive sector, ν, and the corresponding amplitude, denotes the adopted “true” pulsation frequency obtained from
fitting the combined light curves, after resolving the correct alias. The listed Teff are the effective temperatures from GSP-Phot Aeneas best library using BP/RP spectra reported in the Gaia DR3
catalogue Gaia Collaboration et al. (2023), unless otherwise stated. The uncertainty is the recommended value for Gaia data as reported in Fouesneau et al. 2023.
References. a – Sikora et al. 2019a
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Table B.2: TIC 312111544, TIC 46054683 and 49 Cam - Oblique pulsator model.

TIC Cadence Sector t0 [BJD-2400000] ν [d−1] σν [d−1] A [mmag] σA [mmag] ϕ [rad] σϕ [rad]

312111544 200-s

61 59986.37757
ν-νrot 107.710 0.003 0.084 0.008 1.233 0.100
ν 107.778 0.003 0.070 0.008 1.635 0.120
ν+νrot 107.847 0.003 0.079 0.008 1.233 0.106

72 60281.60968
ν-νrot 107.712 0.002 0.050 0.009 0.198 0.174
ν 107.783 0.002 0.119 0.009 0.239 0.073
ν+νrot 107.855 0.002 0.104 0.009 0.198 0.084

88 60709.35858
ν-νrot 107.717 0.003 0.061 0.009 -2.457 0.148
ν 107.787 0.003 0.065 0.009 -2.061 0.138
ν+νrot 107.858 0.003 0.073 0.009 -2.457 0.123

46054683 200-s

71 60249.71119
ν-νrot 101.880 0.001 0.306 0.013 -1.469 0.041
ν 102.047 0.001 0.196 0.013 -1.243 0.066
ν+νrot 102.213 0.001 0.228 0.013 -1.469 0.056

72 60273.79837
ν-νrot 101.783 0.003 0.279 0.013 0.055 0.047
ν 101.949 0.003 0.074 0.013 0.199 0.180
ν+νrot 102.116 0.003 0.188 0.013 0.055 0.071

71,72 60261.42557
ν-νrot 101.810 0.001 0.142 0.009 0.528 0.064
ν 101.977 0.001 0.065 0.009 0.890 0.139
ν+νrot 102.144 0.001 0.085 0.009 0.528 0.107

49 Cam 20-s 47 59594.45976

ν1-2νrot 122.111 0.003 0.016 0.002 -1.506 0.121
ν1-νrot 122.343 0.003 0.001 0.002 0.403 1.700
ν1 122.576 0.003 0.012 0.002 -0.403 0.161
ν1+νrot 122.809 0.003 0.008 0.002 1.004 0.224
ν1+2νrot 123.042 0.003 0.012 0.002 -1.506 0.157

Notes. Frequencies (ν), amplitudes (A), phases (ϕ) and respective errors, found by forcing the sidelobes to be separated from ν by exactly ±νrot
and ±2νrot and fitting the light curve of each Sector at the time of pulsation maximum t0.

Appendix C: LAMOST spectra

In this section we show the LAMOST spectra of the newly identified roAp stars (TIC 46054683, TIC 252881095, and
TIC 312111544) as well as standard stars of similar spectral type to highlight the spectral peculiarities. Continuum subtraction
was done using a similar approach to that used in Lazarz et al. (2022).

Fig. C.1: Top panel: Stellar spectra of three standard stars of spectral type A4V, A7V and F0V with temperatures similar to those of
TIC 46054683, TIC 252881095 and TIC 312111544 respectively. Bottom panel: LAMOST low-resolution spectra of TIC 46054683,
TIC 252881095 and TIC 312111544 in the blue region coloured according to the Gaia DR3 teff_gspphot for each star.
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Appendix D: Inference of binary system parameters

In this section we describe the methods we use to infer the pa-
rameters of Equation 5 and estimate the physical properties of bi-
nary systems from TESS data. It is worth noting that Equation 5
describes a circular orbit. We use nested sampling (dynesty)
to explore the full posterior over sinusoid parameters (Aτ, C, φ
and Porb) and to identify the solutions that are most likely to fit
the observed τ(t) within a 68 % credible interval. This problem
is highly aliased for two main reasons: i) TESS data are rarely
consecutive, so the temporal separation between observed sec-
tors introduces multiple, nearly degenerate solutions for Porb; ii)
each TESS sector spans only ∼ 27 d, and roAp stars typically ro-
tate slowly which yields few one-rotation light-curve segments
and therefore few independent phase/time-delay measurements,
as calculated from the pulsation averaged over one stellar rota-
tion cycle, with which to fit Equation 5. Nested sampling is well
suited to deal with such a problem. Essentially, the parameter
space is explored using live points, i.e. Nlive solutions of Equa-
tion 5, each parameter randomly sampled from its given prior.
It then iteratively removes the lowest likelihood solutions and
draws a new one, forcing the solution to have higher likelihood
than the one it removed. The sequence of discarded/replaced
points yields posterior samples, and summing the likelihood over
the shrinking prior volume yields the marginal likelihood for
model comparison.

We choose to use the following log-likelihood function,

lnL = − 1
2

∑
i

ln(2πs2
i
)
+

(
τi − τ(ti)

)2

s2
i

 , (D.1)

valid under the assumption that the τ(ti) measurements have ap-
proximately independent, Gaussian errors si = σ

2
i + σ

2
jit. The

extra “jitter” term σjit > 0 accounts for mild error underestima-
tion and low-level systematics. We also subtract a global mean
from τ(t) to centre it around zero and we break the sign degener-
acy, Aτ sin θ = −Aτ sin(θ + π), by exploring the parameter space
only for Aτ ≥ 0. As (Aτ,φ) and (-Aτ,φ + π) describe the same
curve, forcing Aτ ≥ 0 ensures we count each sinusoid only once.
We adopt broad, uninformative priors for each of the parame-
ters we fit. For Aτ, C, Porb, and σjit we choose log–uniform (Jef-
freys–like) priors and for ϕwe choose a uniform prior. We define
the prior bounds as follows:

– Amplitude Aτ ≥ 0: log-uniform on [Amin
τ , A

max
τ ] =

[10−4, 1000] s;
– Phase φ: uniform on [0, 2π];
– Constant C (C ≥ 0 for numerical convenience): log-uniform

in [Cmin,Cmax] = [0, 100] s;
– Period Porb: log-uniform on [Pmin, Pmax] = [1, 1000] d;
– Jitter σjit > 0: log-uniform on [σmin, σmax] = [10−6, 100] s.

To validate our method we apply it to τ(t) obtained from
TESS 120-s cadence data of TIC 33601621 in Sectors 6, 37 and
86. This is the only known roAp star in a spectroscopic binary
system (Holdsworth et al. 2019). The results can be seen in Fig-
ure D.1. Using this method we estimate Porb ∼ 90.1 days, with a
68% credible interval of [72.1,173] days. These results are com-
patible with the orbital parameters obtained from spectroscopy
as TIC 33601621 is part of a binary system with an eccentric
orbit (e=0.317) and an orbital period of Porb=93.266 days.

Fig. D.1: Most likely solutions of Equation 5 to fit the τ variabil-
ity over time observed for TIC 33601621.

Appendix E: Impact of cadence and brightness on
the detectability of roAp pulsations

In this section, we study how the photometric cadence and target
brightness impact the SNR of roAp pulsation detections in TESS
light curves. We use 20-s SPOC light curves for two previously
known roAp stars, listed in Table E.1, and artificially degrade
each light curve to longer effective cadences (20 to 200-sin steps
of 20-s).

Table E.1: List of previously known roAp stars used to test the
detectability of roAp pulsations.

TIC Gmag [mag] ν [d−1] A [mmag] Sector

280198016 6.2 123.0 0.81 90
273777265 13.7 129.0 1.06 55

Notes. For each target we list the TIC ID, the Gaia G band mean mag-
nitude, G, the frequency, ν, and amplitude, A, of the dominant pulsation
frequency determined by non-linear least-squares fitting the 20-s ca-
dence light curve observed in the listed Sector.

Murphy (2013) described mathematically how finite inte-
gration time reduces the measured Fourier amplitudes of high-
frequency pulsations. Longer exposures act as an averaging fil-
ter, such that the observed amplitude in the DFT is attenuated
relative to the intrinsic stellar signal. Because our goal is to in-
vestigate how detectability changes as the noise level increases
with cadence (and with target brightness), we treat the intrinsic
mode amplitude as fixed for each star. We note that, for a given
cadence, higher-frequency pulsations suffer stronger attenuation
because the signal is averaged over a larger fraction of the pulsa-
tion cycle. This effect becomes increasingly relevant for modes
approaching the Nyquist frequency. Our test stars have similar
pulsation frequencies (Table E.1), so this does not affect the rel-
ative comparison presented here.

For each target, we adopt the dominant (highest-amplitude)
pulsation mode as the reference signal. To minimise integration-
time attenuation, we determine the reference frequency and am-
plitude by least-squares fitting the 20-s light curve of each target
(Table E.1). We then degrade the 20-s light curve to longer ef-
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Fig. E.1: Variation of the SNR of the dominant roAp pulsa-
tion as a function of effective cadence for TIC 280198016 (top
panel; Sector 90) and TIC 273777265 (bottom panel; Sector 55).
Filled symbols show the SNR measured from the DFT computed
from light curves that were artificially degraded from the orig-
inal 20-s SPOC data to longer cadences. Horizontal lines mark
the SNR measured directly from original TESS light curves. The
dotted and dashed lines indicate the 20-s and 120-s SPOC prod-
ucts for Sectors 90 (TIC 280198016) and 55 (TIC 273777265).
The dash–dotted line shows the SNR computed from 200-s
QLP light curves Sector 90 (TIC 280198016) and Sector 82
(TIC 273777265).

Fig. E.2: Median high-frequency noise level in the DFT, NDFT,
measured from 200-s QLP light curves of previously known
roAp stars as a function of Gaia G magnitude. The dashed line
shows a linear fit in log10(NDFT) as a function of G.

fective cadences and compute the DFT for each degraded data
set. We correct the amplitudes in each degraded amplitude spec-
trum for the expected integration-time attenuation using the sinc
response appropriate for that effective cadence. Finally, we com-

pute the SNR of the dominant pulsation frequency at each ca-
dence using the fixed reference amplitude and the (attenuation-
corrected) local noise level measured in the amplitude spectrum.
With this approach, changes in SNR with cadence primarily re-
flect changes in the noise level, rather than differences in the
intrinsic mode amplitude.

The results in Figure E.1 suggest that the SNR of
the dominant pulsation frequencies of TIC 273777265 and
TIC 280198016 decreases as the time interval between measure-
ments in the light curve increases. For TIC 273777265, the SNR
drops from 6.30 in the 20-s light curve to 4.43 in the 200-s
degraded light curve, corresponding to a decrease of ∼29.7%.
TIC 280198016 shows a similar cadence dependence, with the
SNR decreasing from 410.01 (20-s) to 315.09 (200-s), i.e. a
∼23.2% reduction.

Comparing the original SPOC products, we find that the
SNR in the 120-s light curves is lower than in the 20-s data
by ∼12.7% for TIC 273777265 and ∼45.0% for TIC 280198016.
For TIC 273777265, the SNR measured from the original 120-s
SPOC light curve is consistent with the value predicted from the
artificially degraded 20-s light curve to within ∼0.6%. At 200-s,
the SNR measured from the 200-s QLP light curve is ∼32.3%
lower than the value predicted from the artificially degraded 20-
s light curve. This reduces the detection to SNR≈3 and therefore
below our adopted detectability threshold (SNR≈4.5), such that
the dominant pulsation is no longer recovered in the 200-s QLP
data of TIC 273777265.

Figure E.1 also illustrates how brightness influences de-
tectability. TIC 280198016 (Gaia G = 6.2) has a higher SNR
than the fainter TIC 273777265 (Gaia G = 13.7) at all cadences,
consistent with the higher photometric noise expected for fainter
targets.

Our results are consistent with Huber et al. (2022), who
showed that 20-s SPOC light curves binned to an effective 120-
s cadence typically achieve better photometric precision than
the native SPOC 120-s products, and that this discrepancy is
strongest for bright targets. The authors mainly attribute this ef-
fect to the different treatment of cosmic rays in the two data
products. In the SPOC 120-s pipeline, a single cosmic-ray hit
can cause the rejection of the entire 120-s exposure, leading to
the loss of a substantial fraction of measurements (∼20%; Hu-
ber et al. 2022). In contrast, for the 20-s cadence data, a cosmic
ray generally impacts only a single 20-s exposure, so the same
event removes less information when the 20-s data are binned to
120-s . This is more severe for brighter stars because their intrin-
sic photon noise is low, so the loss of exposures impacts preci-
sion more negatively than it does for fainter targets whose noise
is already dominated by photon and background contributions
(Huber et al. 2022). Our two test cases reflect such behaviour
well: TIC 280198016 (G=6.2) shows a larger discrepancy than
TIC 273777265 (G=13.7) when comparing the SNR expected
from 20-s cadence data binned to 120-s versus the SNR mea-
sured from the original 120-s SPOC data.

For TIC 280198016, the 120-s SPOC SNR is ∼35.1% lower
than the value predicted from the artificially degraded 20-s light
curve, and the 200-s QLP SNR is ∼41.2% lower than the value
predicted from the artificially degraded 20-s light curve. This ad-
ditional loss of SNR in the QLP products relative to the value
predicted from the artificially degraded 20-s light curve most
likely reflects differences in light-curve extraction and process-
ing between the QLP and SPOC pipelines. The QLP light curves
are extracted from FFIs using simple calibration and aperture-
based extraction, in comparison to the SPOC products that un-
dergo instrumental corrections and detrending. In practice, these
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differences mainly act to raise the high-frequency noise level in
the QLP amplitude spectra, so the impact on detectability is also
expected to be brightness dependent.

To quantify this dependency, we measured the high-
frequency noise level in the amplitude spectrum, NDFT, from
200-s QLP light curves for all the previously known roAp stars
observed by TESS (Holdsworth et al. 2021, 2024). For each star
we compute a median NDFT from the available QLP light curves
to mitigate sector-to-sector variations. As shown in Figure E.2,
the DFT noise level decreases toward brighter Gaia G magni-
tudes. Thus low-amplitude, high-frequency pulsations become
harder to recover with 200-s QLP data for fainter targets. This
magnitude dependence supports our conclusion that the faint-
ness of LAMOST targets is most likely related to why we are
unable to recover the roAp incidence among Ap stars relative to
the ∼5.5% reported in Holdsworth et al. (2024).

Overall, these results show that 200-s cadence data provide
a valuable resource for detecting roAp pulsators, particularly for
brighter targets. However, short-cadence data remain preferable
for detailed pulsation characterisation, including the recovery of
low-amplitude modes and rotationally split sidelobe frequencies.
As such, we highlight the importance of acquiring TESS and
PLATO data at the shortest possible cadence for comprehensive
mode identification in roAp stars.
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