
New Astronomy 111 (2024) 102235

A
1

Contents lists available at ScienceDirect

New Astronomy

journal homepage: www.elsevier.com/locate/newast

Resolving the pulsation contents of 13 𝛿 Scuti stars with TESS and K2✩

Ai-Ying Zhou ∗

National Astronomical Observatories, Chinese Academy of Sciences, A20 Datun Road, Chaoyang District, Beijing, 100101, PR China
Key Laboratory of Radio Astronomy and Technology (Chinese Academy of Sciences), A20 Datun Road, Chaoyang District, Beijing, 100101, PR China

A R T I C L E I N F O

Keywords:
Stars: oscillation (pulsation)
Stars: variables: 𝛿 Scuti
𝛾 Goradus
Techniques: photometric
Stars: individual: V1821 cyg
V2238 Cyg
BR Cnc
BU Cnc
BV Cnc
BN Cnc
EX Cnc
HD 73712
AD Ari
IT Dra
CD-54 7154
GSC 04040-01606

A B S T R A C T

Using the TESS and Kepler K2 light curve archives, I have reanalyzed 13 known 𝛿 Scuti stars. AD Ari is now
reclassified as a rotating ellipsoidal binary variable. EX Cnc and HD 73712 are reclassified as hybrid 𝛿 Sct-𝛾
Dor pulsators. EX Cnc turns out to be an enticing asteroseismic target because of its three distinct groups of
pulsation frequencies. The strong beating caused by two close frequencies is present in the star CD-54 7154.
More than 71 pulsation frequencies were resolved for 𝜄 Boo and IT Dra with high significant levels, while
V1821 Cyg, V2238 Cyg, BR Cnc, BU Cnc, and BV Cnc pulsate with a few dozen frequencies. In particular, K2
data revealed a significantly richer pulsational spectrum for the two 𝛿 Scuti stars BU Cnc and BV Cnc from
six to 26. Unlike the other 12 stars, BN Cnc shows the simplest pulsation pattern. With high-precision and
long-term space-based photometry, we are able to discern the pulsational contents of these stars more clearly
and enhance our knowledge of them. This reanalysis using TESS and Kepler K2 data highlights the diversity of
pulsational behavior among 𝛿 Scuti stars and the value of long-duration, high-precision photometry. Further
asteroseismic modeling of these stars, particularly EX Cnc with its distinct frequency groups, promises to refine
our understanding of their internal structures and pulsational mechanisms.
1. Introduction

The NASA’s Transiting Exoplanet Survey Satellite (TESS, Ricker
et al., 2015) data provide us with the best opportunity to study the light
variations of a large number of stars with greater precision. Inspired
by the detection of rich intrinsic pulsation content in the 𝛿 Scuti star
HD 52788 (Zhou, 2024), we decided to expand our research to include
more stars with the goal of resolving their detailed pulsational content.

Before using asteroseismology to probe the internal structures of
stars by means of observed pulsation frequencies, one needs to identify
the sequences of the pulsation modes in advance of comparing them
with theoretically modeled modes. However, a large group of 𝛿 Scuti
stars with rich pulsation spectra have not been systematically studied
due to the fact that only a random subset of excited modes are ob-
served in these stars, and the regular patterns are spoiled by rapid
rotation (Bedding et al., 2020).

With the detection of regular sequences of pulsation modes in a
star, a definitive mode identification can be reached. Recent work on
the Pleiades cluster (Bedding et al., 2023) demonstrates the power of
combining observations with Gaia (Gaia Collaboration et al., 2016a)
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and TESS for studying pulsating stars in open clusters. The large pulsa-
tional frequency separation and the frequency at maximum power can
help constrain both the stellar evolution and structure models and os-
cillation models to better characterize the pulsating stars. Regularities
in the frequency spectra benefit mode identification, and asteroseismic
modeling can then be used to determine the age of their hosting
clusters (Pamos Ortega et al., 2022, 2023). These advancements have
encouraged the author to take advantage of space-based data to revisit
well-classified known variables in stellar clusters.

This paper presents the pulsational frequency analyses of 13 se-
lected 𝛿 Sct stars. It is aimed at resolving detailed pulsation content for
each star, searching for any special frequency patterns, such as regular
equal-spacing (Bedding et al., 2020; Gilliland et al., 2010), beating,
resonance, and amplitude and/or phase modulations (Bowman et al.,
2016; Buchler and Kolláth, 2011) for complementary consideration in
mode identification.

Section 2 introduces the target sample and the light curve data
used in this work. Section 3 outlines the analysis methods employed.
Finally, Sections 4 and 5 present the results and conclusions of this
work, respectively.
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Table 1
Sample of 13 selected known 𝛿 Sct stars.

Group SN TIC ID Simbad main identification Variability status

01 TIC 90350726 NGC 6871: V1821 Cyg DSCT
02 TIC 41195917 NGC 6871: V2238 Cyg DSCT
03 TIC 307678320 NGC 2632: BR Cnc DSCT

In clusters 04 TIC 175264749 NGC 2632: BU Cnc DSCT
05 TIC 175240124 NGC 2632: BV Cnc DSCT
06 TIC 175264756 NGC 2632: BN Cnc DSCT
07 TIC 175261925 NGC 2632: HD 73712 DSCT+SB+GDOR
08 TIC 437039231 NGC 2682: EX Cnc DSCT+GDOR

09 TIC 246938869 AD Ari DSCT → ELL
10 TIC 310381204 𝜄 Boo = HR 5350 DSCT+EB → DSCT

Field stars 11 TIC 166177270 IT Dra = SAO 16394 DSCT
12 TIC 173503902 CD-54 7154 DSCT
13 TIC 372724683 GSC 04040–01606 DSCT

2. The sample and data

2.1. Sample of targets

During the course of observing a known 𝛿 Sct star V1821 Cyg in the
open cluster NGC 6871, one of the field star GSC 2683–3076 (=V2238
Cyg) was discovered to be a 𝛿 Sct star by our group (Du et al., 1999).

ow we are going to revisit this field with TESS. NGC 2632, also known
s Praesepe, is a young nearby open cluster (0.8 Gyr, 172 ± 47 pc).
ere, we reviewed five of the 𝛿 Sct stars in NGC 2632 that were covered

in the author’s previous studies (e.g. Zhou et al., 2001c; Zhou, 2002),
with the aim of deriving insights into the properties of stars using
high-precision space photometry.

In addition, EX Cnc in NGC 2682 and five field stars were observed
by the author. Finally, the author selected a set of 13 known 𝛿 Sct stars
divided into two groups (Table 1):

• Eight known pulsating variable stars in the three young galactic
open stellar clusters NGC 6871 (small, with 50–100 stars), NGC
2632 (larger, with ∼1000 stars), and NGC 2682. The former two
are well known for their dense populations of 𝛿 Sct stars (about 15
and 12, respectively, according to Simbad). The NGC 2632 region
was partly covered by the Kepler and Kepler K2 missions.

• Five known field 𝛿 Sct stars that were previously observed by the
author.

2.2. TESS data

The Transiting Exoplanet Survey Satellite (TESS, Ricker et al., 2015)
is an MIT-led NASA mission dedicated to discovering transiting exo-
planets orbiting nearby bright stars by an all-sky photometry survey.
TESS rotates every ∼13.7 days per orbit, and it is equipped with four
identical cameras with a combined field-of-view of 24◦ × 96◦ (known
as an observing sector). A brief description of TESS was summarized
in Zhou (2024). Readers can refer to the details in both the TESS
Science Data Products Description Document1 and the ‘‘Characteristics
of the TESS space telescope’’ web page.2

The 16 CCDs on the TESS spacecraft actually take images and read
them out continuously at 2-s intervals. However, the 2-s frames are
processed on the spacecraft by the data handling unit (DHU), which
stacks 2-s exposure images in groups of 60, 300 or 900 to produce
2-min, 10-min, and 30-min cadence images for general observations.
The data on spacecraft are transmitted to Earth when the spacecraft
reaches orbital perigee every ∼13.7 days. Each sector of the sky will
be observed twice with a 27.4-day observing period, and there is a

1 https://archive.stsci.edu/missions-and-data/tess.
2 https://heasarc.gsfc.nasa.gov/docs/tess/the-tess-space-telescope.html.
2

K

systematic gap of about half a day to one and a half days between two
consecutive orbits. It is important to be aware of the timing structure
involved in the spacecraft system and observation before conducting
data analysis.

In addition, TESS produces additional pixels in small postage stamps
surrounding a few bright asteroseismology targets and downloads them
at a 20-s cadence (1000 stars). In July 2020, TESS began revisiting
the sky in an extended ongoing mission that records full-frame images
at a fast ten-minute cadence. TESS provides a golden opportunity for
studying short to moderately long periodic variables, especially, 𝛿 Sct
and 𝛾 Dor stars (Antoci et al., 2019), RR Lyr stars and so on.

To automate the process of checking the TESS archive at the MAST
Portal (Mikulski Archive for Space Telescopes3), a Python program was
written following the TESS Archive Manual,4 using the astropy and
lightkurve packages (The Astropy Collaboration et al., 2018; Lightkurve
Collaboration et al., 2018). The extracted light curves include: the
NASA’s Science Processing Operations Centre (SPOC) generated files
and High Level Science Products (HLSP) for MAST-supported missions.5

The TESS Science Processing Operations Centre (SPOC) produces
two kinds of light curves: Simple Aperture Photometry (SAP) and Pre-
search Data Conditioned Simple Aperture Photometry (PDCSAP). SAP
flux is the flux after summing the calibrated pixels within the TESS
optimal photometric aperture, while the PDCSAP is the SAP flux from
which long-term trends have been removed using so-called Co-trending
Basis Vectors and nominally corrected for instrumental variations and
excessive scattered light. PDCSAP flux is usually cleaner data than
the SAP flux and will have fewer systematic trends. Therefore, PDC-
SAP flux is widely used for final analysis without further processing
(e.g. Dumusque et al., 2019; Demory et al., 2020; Battley et al., 2021).
However, the PDCSAP flux might suffer from loss of long-term and
transient burst variability being intrinsic to stars (Hill et al., 2022;
Littlefield et al., 2021), so SAP flux is also used by some authors
(e.g. von Essen et al., 2020; Steindl et al., 2021; Hon et al., 2021; Prša
et al., 2022) accompanied with additional custom processing such as
detrendings depending on science goals.

The fluxes (PDCSAP_Flux and SAP_Flux) are converted to magni-
tudes (PDCSAP_mag and SAP_mag) using the formula 𝑚𝑎𝑔 =
−2.5 log(𝐹 𝑙𝑢𝑥) + 𝑧𝑒𝑟𝑜𝑝𝑜𝑖𝑛𝑡. The magnitude zero points 20.4436 and
20.2531 mag for converting SAP and PDCSAP fluxes into magnitudes,
respectively were selected to match the 𝑇mag of the TESS Input Catalog
version 8.2 (TIC v8.2). Finally, a custom data processing of correction
to severe systematic trends and artificial displacement of the two
successive orbits’ light curves is applied whenever needed. A full
description of the data reduction is given in Zhou (2024).

2.3. Kepler K2 data

The Kepler second mission (K2, Howell et al., 2014) had released
its data for open access.6 Each K2 Campaign has a duration of approx-
imately 80 days. Light curve data are usually provided in a 30-min
cadence. This long-time coverage improves the frequency resolution
of variability detection and is suitable for both stable and unstable
periodic and non-periodic variations of a wide range of variable star
studies.

There are three main types of light curve data available to the
public: (1) K2 Systematics Correction (K2SC): This is a K2 light curve
detrending tool that uses Gaussian processes to robustly model the

3 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html; or https:
/archive.stsci.edu/tess/.

4 The Beginner Tutorial Notebooks: https://outerspace.stsci.edu/display/
ESS/TESS+Archive+Manual.

5 https://archive.stsci.edu/hlsp.
6 K2: Extending Kepler ’s Power to the Ecliptic, The Ecliptic Plane Input

atalog (EPIC) for Kepler ’s K2 mission, see http://keplerscience.arc.nasa.gov/

2/.

https://archive.stsci.edu/missions-and-data/tess
https://heasarc.gsfc.nasa.gov/docs/tess/the-tess-space-telescope.html
https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
https://archive.stsci.edu/tess/
https://archive.stsci.edu/tess/
https://outerspace.stsci.edu/display/TESS/TESS+Archive+Manual
https://outerspace.stsci.edu/display/TESS/TESS+Archive+Manual
https://archive.stsci.edu/hlsp
http://keplerscience.arc.nasa.gov/K2/
http://keplerscience.arc.nasa.gov/K2/
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Table 2
Frequency solution of V1821 Cyg based on TESS sectors 14 and 15 in order of
amplitude. The digits in parentheses represent the error in the last two or three decimal
places. Amplitude units are milli-magnitudes (mmag), with typical uncertainties of
0.0483 mmag.

Frequency Amplitude Phase SNR

(d−1) (μHz) (mmag) (0-1)

𝑓0 = 8.242804(99) 95.40 9.316 0.8514(16) 292.0
𝑓1 = 8.818414(678) 102.06 6.014 0.4022(106) 220.4
𝑓2 = 11.081546(266) 128.26 4.955 0.8659(41) 188.8
𝑓3 = 7.784887(244) 90.10 2.909 0.8084(38) 79.9
𝑓4 = 10.523831(366) 121.80 1.857 0.5910(57) 58.7
𝑓5 = 9.025902(367) 104.47 1.484 0.8562(57) 55.4
𝑓6 = 6.528729(368) 75.56 1.356 0.0249(57) 28.7
𝑓7 = 7.424097(421) 85.93 1.348 0.6054(66) 28.6
𝑓8 = 8.699668(456) 100.69 1.344 0.5155(71) 49.2
𝑓9 = 6.069261(383) 70.25 1.339 0.7659(60) 35.8
𝑓10 = 6.605663(516) 76.45 1.286 0.5332(80) 27.2
𝑓11 = 10.379898(557) 120.14 1.172 0.8938(87) 31.1
𝑓12 = 11.231811(865) 130.00 1.081 0.6107(135) 41.2
𝑓13 = 6.79021(179) 78.59 0.955 0.9006(279) 20.2
𝑓14 = 11.334946(169) 131.19 0.885 0.4683(26) 33.7
𝑓15 = 7.75810(93) 89.79 0.763 0.0358(144) 21.0
𝑓16 = 9.03846(176) 104.61 0.727 0.3265(275) 27.1
𝑓17 = 8.860836(751) 102.56 0.656 0.3702(117) 24.0
𝑓18 = 9.751664(958) 112.87 0.570 0.1569(149) 16.8
𝑓19 = 10.91737(108) 126.36 0.533 0.0851(169) 16.8
𝑓20 = 9.58463(131) 110.93 0.514 0.4823(204) 15.1
𝑓21 = 6.62731(101) 76.70 0.488 0.7725(157) 10.3
𝑓22 = 9.79761(438) 113.40 0.456 0.3001(683) 13.4
𝑓23 = 9.869381(72) 114.23 0.376 0.9901(11) 11.1
𝑓24 = 11.03762(167) 127.75 0.279 0.3745(260) 10.6
𝑓25 = 11.00491(242) 127.37 0.221 0.7026(377) 8.4
𝑓26 = 11.55159(283) 133.70 0.204 0.2037(441) 5.9
𝑓27 = 5.355046(332) 61.98 0.174 0.8965(52) 5.6
𝑓28 = 13.84356(328) 160.23 0.151 0.2784(511) 4.8

Dependent frequencies within the frequency resolution 0.018518 d−1:
𝑓29 = 7.77449(5) = 𝑓3 − 0.0104 89.98 2.020 0.6311(08) 55.5
𝑓30 = 7.78731(36) = 𝑓3 − 0.0024 90.13 1.501 0.1968(57) 41.2
𝑓31 = 8.8264(22) = 𝑓1 + 0.0079 102.16 0.276 0.9438(348) 10.1

Zeropoint: −0.00000497 mag
Residuals: 0.001678375 mag

systematics due to the Kepler telescope pointing jitter together with
he astrophysical variability. The K2SC-detrended light curves are espe-
ially suited for studying variable stars in K2 photometry (by allowing
s to remove the position-dependent systematics while keeping time-
ependent variability intact), and searches for transiting planets (by
llowing us to remove both the systematics and astrophysical vari-
bility). (2) K2 Extracted Lightcurves (K2SFF): These light curves are
xtracted from the K2 images using a variety of photometric apertures.
hey contain larger systematics than the original Kepler mission light
urves, due to the reduction in pointing precision as a result of hav-
ng to rely on only two reaction wheels. However, a technique has
een developed to correct for the pointing-dependent nature of the
ixel-level fluxes, which improves the photometric precision by typical
actors of 2–5, and results in the median photometric performance of K2
argets to within a factor of two of the original, 4-wheeled mission. (3)
VEREST light curves: These are products from an open-source pipeline
or removing instrumental systematics from K2 light curves, using a
ombination of pixel-level decorrelations to remove spacecraft pointing
rror and Gaussian processes to capture astrophysical variability. Light
urves from campaigns 0 through 8, 102, 111, 112, 12, and 13 are
urrently available. Either K2SFF, K2SC, or EVEREST light curves can
e used, depending on which one looks better. For our current work,
e used K2SFF light curves. However, the K2SFF data is not yet flat,

o we had to further remove a profile by fitting a polynomial of orders
etween 4 and 24 to the data. Each campaign dataset may be divided
nto 2 or 3 segments for better fitting and detrending. The residuals are
hen combined for pulsation analysis.
3

r

Table 3
Frequency solution of V2238 Cyg based on TESS Sectors 14 and 15. The digits in
parentheses represent the error in the last two/three decimal places. Amplitude units
are milli-magnitudes (mmag), with typical uncertainties of 0.1168 mmag.

Frequency (d−1) μHz Amplitude
(mmag)

Phase (0-1) SNR

𝑓0 = 15.706491(125) 181.79 9.528 0.3050(20) 59.9
𝑓1 = 9.506178(204) 110.03 5.838 0.2654(32) 56.2
𝑓2 = 8.003665(313) 92.64 3.803 0.9101(49) 42.6
𝑓3 = 13.006620(442) 150.54 2.693 0.1753(69) 20.8
𝑓4 = 7.393761(552) 85.58 2.158 0.4064(86) 19.2
𝑓5 = 13.698784(86) 158.55 13.805 0.8836(13) 108.9
𝑓6 = 16.653335(642) 192.75 1.857 0.8347(100) 17.2
𝑓7 = 12.375046(683) 143.23 1.744 0.6027(107) 18.1
𝑓8 = 13.957571(518) 161.55 2.300 0.6748(81) 18.1
𝑓9 = 14.779595(759) 171.06 1.569 0.3116(118) 12.9
𝑓10 = 14.844955(837) 171.82 1.424 0.3430(130) 11.7
𝑓11 = 15.068730(899) 174.41 1.325 0.3879(140) 8.7
𝑓12 = 13.24527(174) 153.30 0.685 0.5473(271) 5.3
𝑓13 = 12.92956(179) 149.65 0.665 0.2699(279) 5.1
𝑓14 = 8.90253(188) 103.04 0.633 0.9442(293) 6.7
𝑓15 = 10.11068(193) 117.02 0.618 0.9488(301) 6.3
𝑓16 = 7.50853(167) 86.90 0.716 0.7601(260) 7.1
𝑓17 = 11.52962(169) 133.44 0.707 0.4171(263) 8.3
𝑓18 = 8.29477(255) 96.00 0.468 0.7138(397) 5.2

Dependent frequencies within the frequency resolution 0.018518 d−1:
𝑓19 = 𝑓5 + 0.00044 158.56 12.009 0.6419 94.7
𝑓20 = 𝑓0 − 0.00378 181.79 9.528 0.3050 59.9
𝑓21 = 𝑓3 − 0.0194 92.83 6.659 0.5853 74.5

Zeropoint: 9.99954193 mag
Residuals: 0.0039986 mag

2.4. Gaia and TIC v8.2 data

Both Gaia Data Release 3 (DR3, Gaia Collaboration et al., 2023,
016a) and the TESS Input Catalog (TIC v8.2, Stassun et al., 2018;
aegert et al., 2021) are used to retrieve astronomical and stellar atmo-
pheric parameters, including magnitudes in 𝐵 and 𝑉 , Gaia photometric
agnitudes (𝐺,𝐵𝑃 ,𝑅𝑃 ) and color indices (𝐵𝑃 −𝑅𝑃 ,𝐺−𝑅𝑃 ), parallax,
istance, radius, radial velocity, effective temperature, luminosity, sur-
ace gravity, mass, etc. Absolute magnitude was calculated using the
aia distance according to the definition 𝑀𝑉 = 𝑉 + 5.0 − 5 log(𝑑).

. Frequency analysis

Fourier transform is a powerful tool for analyzing light curves to
ssist identification of light variability of a star. It is usually used to
esolve light variations into a sum of multiple sine or cosine wave-
orms with different frequencies, amplitudes, and phases. We per-
ormed Fourier analysis of light curves using the period04 software
ackage (Lenz and Breger, 2005). The procedure is the same as that
escribed in Zhou (2024). We first performed a Fourier transform on
he processed light curve. This analysis yields the amplitude spec-
rum, a graphical representation of the amplitude (intensity) of each
requency component present in the light curve. The amplitude spec-
rum reveals both the number of distinct frequencies contributing to
he light variations and the strength (amplitude) of each frequency’s
ontribution.

Next, we performed successive prewhitenings to pick up frequen-
ies. This involves repeated subtraction of the best-fitting sine waves
rom the light curves and recalculating the Fourier transform on the
esiduals. The prewhitening process terminated when no significant
eaks remain in the amplitude spectrum.

The frequency, amplitude and phase parameters of the best-fitting
ine waves were then optimized using a least-squares fitting procedure.
inally, we recalculated the signal-to-noise ratio (SNR) based on the

emained significant frequencies and residuals.
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Particular attention was paid to aliasing and frequency resolution in
resolving both lower and close frequencies. Aliasing is a phenomenon
that can occur when the sampling rate of the data is not high enough to
resolve all of the frequencies present in the signal. Frequency resolution
is the ability to distinguish between two close frequencies.

4. Results for individual stars

4.1. NGC 6871

TESS observed this field and light curves are available at MAST in
wo products: the 2-min cadence SPOC (Sector 41) and 30-min cadence
LSP-QLP (Sectors 14 and 15).

The three sectors data, spanning from BJD 2458683.3628 to
459446.5818 (during 2019-07-18 20:42 and 2021-08-20 01:57 UT),
rovide an effective frequency resolution of 0.012 d−1, calculated by

using the actual duration of observations (3 × 27.4 days). However,
this value could be largely biased. The theoretic frequency resolution
given by the reciprocal of the entire observing time span 𝑇 , which is
763.2 days, would be 𝛥𝑓 = 1∕𝑇 = 0.0013 d−1, which is about ten times
better than the effective frequency resolution. We will use the value
0.0013 d−1 as the minimum resolvable frequency spacing between two
close frequencies. This means that two frequencies with a difference
less than 0.0013 d−1 will be regarded as one term, otherwise they will
be treated as two individual terms.

However, when combining the three sectors data for V1821 Cyg
together, we found two strongest aliases at 𝑎1 = 0.054238 d−1 and
2 = 47.998507 d−1 with 20% and 11% intensity of the main peak,
espectively. The first alias can be converted to an equivalent sampling
ap of 18.437 days. The second alias 𝑎2 is caused by the sampling

intervals 𝛥𝑡 of 30-min cadence data from Sectors 14 and 15, which have
a Nyquist frequency of 24 d−1 (i.e. the maximum possible frequency
defined by 𝑓max = 1∕(2𝛥𝑡)). Frequencies exceeding half the sampling
rate would be aliases. The 2-min cadence (S0041) and 30-min cadence
(S0014 and S0015) non-differential photometric data may have differ-
ent amplitudes for a variable star. As the star’s pulsational frequencies
distribute in a narrow range of 5–15 d−1, we prefer to apply Fourier
analysis to the two sectors of 30-min cadence data (secured in BJD
2458683.3628–2458737.3853) in the frequency range 0–23 d−1. Thus
the actual frequency resolution becomes to be 0.0185 d−1.

4.1.1. NGC 6871: V1821 Cyg
V1821 Cyg (=HD 227695 =TIC 90350726, 𝐵 = 10.m56, 𝑉 = 10.m22,

A5p) is a known 𝛿 Sct star. We resolved 29 independent significant
pulsational contents based on TESS data. This set of frequencies, re-
ported in Table 2, is a great update to the previous solution of only
two pulsation frequencies (Zhou et al., 2001a). Fig. 1 shows the typical
TESS light curve in Sector 41 and the periodogram resulted from the
two consecutive Sectors 14 and 15.

4.1.2. NGC 6871: V2238 Cyg
V2238 Cyg (= GSC 2683–3076 = TIC 41195917) was first revealed

to be a 𝛿 Sct star by our group (Du et al., 1999). It was observed by
TESS in sectors 14, 15, and 41. SPOC light curves are available with a
cadence of 2 min for sector 41, while 30-min cadence HLSP-QLP data
are available for sectors 14 and 15. Similar to that for V1821 Cyg,
we resolved 19 individual pulsational frequency contents along with
four dependent frequencies unresolvable by the effective frequency
resolution based on the two consecutive TESS data in Sectors 14 and 15.
The pulsational solution given in Table 3 greatly improves the previous
detection of seven frequencies in the star’s light variations (Zhou et al.,
2001b). As seen in Fig. 2, the pulsations are in two distinct groups
4

around 10 and 15, respectively.
Table 4
Frequency solution of BR Cnc based on TESS sectors 44 and 46. The digits in
parentheses represent the error in the last two or three decimal places. Amplitude
units are milli-magnitudes (mmag), with typical uncertainties of 0.0099 mmag.

Frequency (d−1) μHz Amplitude
(mmag)

Phase (0-1) SNR

𝑓0 = 24.978248(23) 289.10 3.054 0.8505(05) 77.4
𝑓1 = 11.464797(37) 132.69 1.870 0.0345(08) 87.1
𝑓2 = 8.202908(56) 94.94 1.238 0.5647(13) 50.7
𝑓3 = 12.784615(87) 147.97 0.801 0.2097(20) 41.1
𝑓4 = 10.364524(91) 119.96 0.761 0.2583(21) 36.4
𝑓5 = 10.971461(96) 126.98 0.723 0.0677(22) 34.5
𝑓6 = 24.185592(102) 279.93 0.683 0.2136(23) 17.3
𝑓7 = 11.744333(147) 135.93 0.474 0.1125(33) 22.1
𝑓8 = 15.790582(156) 182.76 0.444 0.2109(35) 22.0
𝑓9 = 5.393000(315) 62.42 0.220 0.8645(71) 12.7
𝑓10 = 11.967700(237) 138.52 0.293 0.2289(54) 13.6
𝑓11 = 12.893700(461) 149.23 0.151 0.5362(104) 7.7
𝑓12 = 15.671600(485) 181.38 0.143 0.4780(110) 7.1
𝑓13 = 16.227000(452) 187.81 0.153 0.5985(102) 10.4
𝑓14 = 16.721100(60) 193.53 1.148 0.1667(14) 77.9
𝑓15 = 19.869000(317) 229.97 0.219 0.9284(72) 13.6
𝑓16 = 26.691000(212) 308.92 0.328 0.0215(48) 6.8
𝑓17 = 39.315000(622) 455.03 0.111 0.4088(141) 5.4
𝑓18 = 9.516344(176) 110.14 0.394 0.2545(40) 19.0
𝑓19 = 2.607590(267) 30.18 0.260 0.2599(60) 14.5
𝑓20 = 10.104400(384) 116.95 0.181 0.3809(87) 8.6
𝑓21 = 14.309000(282) 165.61 0.246 0.2418(64) 12.0
𝑓22 = 14.569000(545) 168.62 0.127 0.0507(123) 6.2
𝑓23 = 15.678000(194) 181.46 0.357 0.5510(44) 17.7
𝑓24 = 16.264000(777) 188.24 0.089 0.1790(176) 6.1
𝑓25 = 17.144900(294) 198.44 0.236 0.1924(66) 17.8
𝑓26 = 29.335000(327) 339.53 0.212 0.8914(74) 5.2
𝑓27 = 30.411000(233) 351.98 0.298 0.9032(53) 8.6
𝑓28 = 16.689820(181) 193.17 0.383 0.8279(41) 26.0
𝑓29 = 30.321977(206) 350.95 0.337 0.4091(47) 9.7
𝑓30 = 21.792000(310) 252.22 0.224 0.2281(70) 13.4
𝑓31 = 30.365375(199) 351.45 0.348 0.5783(45) 10.0

Dependent frequencies within the frequency resolution 0.0118 d−1

𝑓32 = 2𝑓1 − 2𝑓4 + 0.005846 0.1740 0.1210 14.5
𝑓33 = 𝑓4 − 𝑓2 + 0.002416 0.1950 0.8253 10.8
𝑓34 = 𝑓1 + 𝑓3 − 0.000588 0.4830 0.5953 12.2
𝑓35 = 𝑓1 + 𝑓3 − 0.003088 0.2350 0.3234 6.0

Zeropoint: 8.52563615 mag
Residuals: 0.0012473623 mag

Table 5
TIC v8.2 catalog parameters for four neighboring 𝛿 Sct stars BU, BV, BN Cnc and HD
73712 in NGC 2632.

ID/Parameters BU Cnc BV Cnc BN Cnc HD 73712

HD HD 73576 HD 73746 HD 73763 HD 73712
TIC 175240124 175264756 175264749 175261925
EPIC 211936696 211931309 211933524 211941583
RA 08 39 44.664 08 40 32.959 08 40 39.234 08 40 20.145
Dec +19 16 30.77 +19 11 39.57 +19 13 41.85 +19 20 56.32
𝐵 7.823 8.933 7.986 7.019
𝑉 7.66791 8.66168 7.81068 6.78136
𝑇eff 7890.0 7333.36 7744.0 7408.0
SpType A7Vn F0V A9V A9V
log 𝑔 3.85145 4.11231 3.81905 3.30218
𝑀∕𝑀⊙ 1.89 1.663 1.827 1.692
𝑅∕𝑅⊙ 2.70108 1.8764 2.75664 4.81

4.2. NGC 2632

NGC 2632, also known as Praesepe, is a young nearby open cluster
(0.8 Gyr, 172 ± 47 pc), it is well known for its dense population of
14 𝛿 Sct stars in a small region. TESS observed the NGC 2632 region
in Sectors 44 and 46 at the short cadence of 2 min, together with
10-min cadence QLP light curves in Sector 45. Kepler K2 observed
the Praesepe cluster area during 2015.04.27–2018.07.02 in Campaigns
c05, c16 and c18. Here, we reviewed five of the 𝛿 Sct stars in NGC
2632 that were covered in the author’s previous studies, with the aim of
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Fig. 1. TESS light curve of V1821 Cyg in Sector 41 (Top) and amplitude spectrum based on Sectors 14 and 15 with the inset showing the residuals (Bottom).
deriving insights into the properties of stars using high-precision space
photometry.

4.2.1. NGC 2632: BR Cnc
BR Cnc (= HD 73175 = TIC 307678320, F0Vn, 𝑉 = 8.m25, 𝐵 = 8.m48)

is one of the members of stellar cluster Praesepe (NGC 2632) and a
known 𝛿 Sct star (Zhou et al., 2001c; Zhou, 2002). The Data Validation
Report Summary produced in the TESS Science Processing Operations
Center Pipeline (SPOC) presented a transit analysis with a period of
4.18766 ± 0.00109 days. However, it is finally not a TESS Objects of
Interest (TOI, Guerrero et al., 2021), and the suspicion of hosting an
exoplanet was not confirmed either by the NASA Exoplanet Catalog7

or the NASA Exoplanet Archive (Exoplanet and Candidate Statistics) at
Caltech.8

7 https://exoplanets.nasa.gov/discovery/exoplanet-catalog/.
8 https://exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html.
5

However, no Kepler data of BR Cnc available for public. Based on
the short cadence light curves in TESS Sectors 44 and 46, an atten-
tive pulsational frequency analysis yields 32 independent frequencies.
These frequencies are resolved over the effective frequency resolution
0.0128 d−1, derived from the observing duration (BJD 2459500.3616
to 2459578.7058). The results are presented in Table 4 and Fig. 3.
These frequencies are distributed in two distinct groups around the
two strongest frequencies at 𝑓0 = 24.9782 and 𝑓1 = 11.4648 d−1,
respectively.

4.2.2. NGC 2632: BU Cnc, BV Cnc, BN Cnc and HD 73712
BU Cnc, BN Cnc, BV Cnc and HD 73712 are four neighboring known

𝛿 Sct stars in the Praesepe cluster (NGC 2632). Fig. 4 shows their
finder’s chart and neighborhood. These four stars form a close-knit
group approximately 40 arcminutes southeast of BR Cnc.

BU Cnc was once observed at five international observatories during
a multi-site photoelectric photometry campaign during 1989 February

https://exoplanets.nasa.gov/discovery/exoplanet-catalog/
https://exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html
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Fig. 2. TESS light curve of V2238 Cyg in Sector 41 (Top) and amplitude spectrum based on Sectors 14 and 15 with the inset showing the residuals (Bottom).
2 through 26, which resulted in five pulsation frequencies with mil-
limag amplitudes at 19.76, 17.36, 16.69, 18.62 and 19.87 d−1 (Breger
et al., 1993). This is one of the highest cited works in the 𝛿 Sct field. In
addition, BU Cnc and BN Cnc were observed during the 1992 STEPHI
IV campaign (lasting 3 weeks), where five and six frequency peaks
were detected, respectively (Perez Hernandez et al., 1995). Reanalyzing
the published photoelectric photometry using statistical weights signifi-
cantly reduced noise levels, enabling the detection of seven frequencies
in BU Cnc and eight in BN Cnc, including three previously unknown
frequencies in BN Cnc (Arentoft et al., 1998). Table 5 lists the main
stellar parameters for the four Praesepe members adopted from the
TESS Input Catalog (TIC v8.2, Paegert et al., 2021).

Among the four stars, BN Cnc has TESS light curves available to pub-
lic in sector 46 at MAST, HD 73712 has TESS light curves in sectors 44
and 46 at 2-min cadence. There are no TESS light curve data available
for BU Cnc and BV Cnc by the time of this writing. However, Kepler
K2 observed the Praesepe cluster area during 2015.04.27–2018.07.02
in Campaigns c05, c16 and c18. There are K2 data available for all the
four stars. A total of 9450 data points were collected on actual 208
observing days over a time span of 1162.75 days. The K2 data provide
6

a theoretical and efficient spectral resolution, of up to 0.00086 d−1 and
0.0048 d−1, respectively. The superior frequency resolution and lower
main alias level (at 0.000976 d−1) of the K2 data compared to TESS
data ensure that closely spaced frequencies can be better resolved. We
analyzed K2 data for stars BU Cnc, BN Cnc, and BV Cnc, while analyzed
both K2 and the two 2-min cadence TESS sectors data for HD 73712.

With Kepler K2 data, we resolved 26, 17, and 26 pulsation frequen-
cies for BU Cnc, BN Cnc, and BV Cnc, respectively. Fig. 5 shows the
periodogram for BU Cnc, where the low frequency region is very clean
pure white noise showing lone-term stability of Kepler K2 photometry.
The resolved significant pulsational frequencies are given in Table 6.
For BN Cnc and BV Cnc, see Tables 7 and 8 for their frequency
solution, Figs. 6 and 7 for their amplitude spectra, respectively. Our
analysis successfully recovers six previously reported frequencies for
BN Cnc (Arentoft et al., 1998) even when these frequencies exceed
the Nyquist frequency of approximately 24.5 d−1 . Additionally, a new
group of frequencies near 21 d−1 is revealed.

HD 73712 is a spectroscopic binary system with the primary com-
ponent being a pulsating star of 𝛿 Sct type. We first applied frequency
analyses to the K2 data and resolved 30 significant pulsational frequen-
cies reported in Table 9. The TESS data which involved lower frequency



New Astronomy 111 (2024) 102235A.-Y. Zhou
Fig. 3. TESS light curves in Sector 44 (upper) and amplitude spectrum of BR Cnc based on the two 2-min cadence Sectors 44 and 46.
resolution and less data coverage are also analyzed for comparison.
We remark those frequencies detected in both sets of data in the TESS
results in Table 10. Frequency contents within the frequency resolution
of 0.0128 d−1 are considered common terms. The frequency patterns
clearly show that HD 73712 is a hybrid 𝛿 Sct–𝛾 Dor pulsator. Fig. 8
shows the periodograms based on the two sources of data and demo
light curves from TESS sector 46.

4.3. NGC 2682: EX Cnc

EX Cnc (=TIC 437039231, B9V, 𝑉 = 10.m92, 𝐵 = 11.m17) is one
of the members of the renowned solar-age Galactic open cluster NGC
2682 (also known as Messier 67, i.e. M67), it is a known 𝛿 Sct star
observed by the author (Zhou, 2002, 2001). EX Cnc is also an os-
cillating blue straggler (assigned S1284) in M67 with five pulsation
frequencies (Zhang et al., 2005). An earlier multisite campaign on the
open cluster M67 in a time-baseline of 43 days revealed 26 pulsational
frequencies for EX Cnc (Bruntt et al., 2007). However, the most recent
7

simultaneous multi-color observations (in 𝑉 , 𝑅, and 𝐼) aiming for
mode identification led to just a single frequency solution of 𝑓1 =
20.61 d−1 (Yakut et al., 2009).

TESS observed EX Cnc in four sectors 42, 44, 45, and 46 at 2-
min cadence. Results of an attentive pulsational frequency analysis are
presented in Table 11 and Fig. 9. There are multiple closely spaced
terms distributed in three groups around 0.5, 5, and 20 d−1, respec-
tively. We first unveiled the two groups of lower-frequency pulsational
contents which strongly suggest that EX Cnc is pulsating in hybrid 𝛿 Sct-
𝛾 Dor modes. We now validate the reality of both the aforementioned
pulsation frequency 𝑓1 = 20.61 d−1 and the term at ∼19.6 d−1 that was
suspected being daily alias in Yakut et al. (2009). Fortunately these
authors ‘‘cannot exclude that 19.6 c/d is the correct frequency value’’.
We compared our current frequency solution with literature values and
adopted their labeling scheme. Besides three frequencies (𝑓17, 𝑓18, and
𝑓19), the rest 23 frequencies in the table 3 of Bruntt et al. (2007) are
confirmed within an error bar given by the frequency resolution of the
analyzed data. Concerning the long-term stability of TESS data, these
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Fig. 4. Finding chart for BU Cnc, BV Cnc, BN Cnc and HD 73712 in the stellar cluster NGC 2632. The farthest separation between these stars is ∼13 arcminutes, and the shortest
separation is 2.5 arcminutes.

Fig. 5. Amplitude spectrum of BU Cnc based on Kepler K2 light curves on Campaigns c05, c16 and c18.

Fig. 6. Amplitude spectrum of BN Cnc based on Kepler K2 light curves on Campaigns c05, c16 and c18.
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Fig. 7. Amplitude spectrum of BV Cnc based on Kepler K2 light curves on Campaigns c05, c16 and c18.
z

Table 6
Frequency solution of BU Cnc based on Kepler K2 mission campaigns 05, 16 and 18.
The digits in parentheses represent the errors in the last two or three decimal places.
The amplitude units are milli-magnitudes (mmag), with typical uncertainties of 0.0229
mmag. The previously detected frequencies are labeled by asterisks.

Frequency (d−1) μHz Amplitude Phase (0-1) SNR

𝑓0 = 19.767731(09) ∗228.79 1.199 0.4243(30) 46.3
𝑓1 = 9.799938(21) ∗113.43 0.885 0.1450(71) 36.0
𝑓2 = 7.893159(22) 91.36 0.613 0.0079(75) 22.3
𝑓3 = 18.619838(19) ∗215.51 0.579 0.1462(36) 24.8
𝑓4 = 16.706031(19) ∗193.36 0.566 0.0716(63) 23.8
𝑓5 = 16.859086(19) ∗195.13 0.514 0.3030(64) 21.6
𝑓6 = 17.054589(22) 197.39 0.485 0.6364(86) 20.3
𝑓7 = 14.584224(23) 168.80 0.480 0.7939(76) 23.6
𝑓8 = 11.913144(43) 137.88 0.254 0.0498(107) 10.8
𝑓9 = 19.858675(51) ∗229.85 0.211 0.1498(209) 8.2
𝑓10 = 16.849761(65) 195.02 0.208 0.4233(216) 8.7
𝑓11 = 19.828865(70) 229.50 0.201 0.4718(234) 7.8
𝑓12 = 9.915434(62) 114.76 0.174 0.1073(101) 7.1
𝑓13 = 10.752580(74) 124.45 0.168 0.1275(247) 7.2
𝑓14 = 14.357945(54) 166.18 0.156 0.5617(181) 7.6
𝑓15 = 6.874254(89) 79.56 0.154 0.0110(299) 6.1
𝑓16 = 17.359629(52) ∗200.92 0.148 0.8552(175) 6.3
𝑓17 = 16.874621(89) 195.31 0.131 0.7618(298) 5.5
𝑓18 = 11.681082(84) 135.20 0.129 0.7620(283) 5.5
𝑓19 = 18.219348(83) 210.87 0.122 0.0215(279) 5.2

Dependent frequencies within the effective frequency resolution 0.0048 d−1

𝑓20 = 𝑓0 − 0.001145 228.78 1.017 0.5451(36) 39.3
𝑓21 = 𝑓1 − 0.002163 113.40 0.602 0.6514(59) 24.5
𝑓22 = 𝑓2 − 0.002186 91.33 0.399 0.5958(60) 14.5
𝑓23 = 𝑓3 − 0.00316 215.47 0.362 0.9842(91) 15.5
𝑓24 = 𝑓4 − 0.002141 193.33 0.359 0.5248(173) 15.1
𝑓25 = 𝑓6 − 0.001249 197.38 0.422 0.0133(143) 17.7
𝑓26 = 𝑓7 − 0.002183 168.77 0.340 0.3531(100) 16.7

Theoretical frequency resolution: 0.000862 d−1 = 0.01 μHz
Zeropoint: 0.00002268 mag
Residuals: 0.00151853 mag

low frequencies are significant and they are interesting for exploring
the star’s pulsational prosperities.

4.4. TESS revisiting five field 𝛿 Sct stars

In this section, five field 𝛿 Sct stars previously observed by the
author were reanalyzed using TESS data. The results are inspirational
and have improved our knowledge on these stars’ light variations
largely. Below are separate summaries for each star.
9

Table 7
Frequency solution of BN Cnc based on Kepler K2 mission campaigns 05, 16 and 18.
The digits in parentheses represent the error in the last two or three decimal places.
The amplitude units are milli-magnitudes (mmag), with typical uncertainties of 0.019
mmag. Known frequencies are labeled by asterisks.

Frequency (d−1) μHz Amplitude Phase (0-1) SNR

𝑓0 = 20.971987(17) 242.73 0.486 0.8595(56) 28.8
𝑓1 = 27.969884(24) ∗323.73 0.341 0.4660(79) 19.8
𝑓2 = 25.940455(24) ∗300.24 0.333 0.5485(81) 19.7
𝑓3 = 22.783984(25) ∗263.70 0.321 0.8160(84) 19.0
𝑓4 = 23.176901(28) 268.25 0.289 0.0675(94) 17.1
𝑓5 = 23.187222(29) 268.37 0.281 0.5363(96) 16.6
𝑓6 = 24.176865(39) ∗279.82 0.205 0.5790(131) 11.8
𝑓7 = 22.998186(40) 266.18 0.203 0.0154(133) 12.0
𝑓8 = 23.002698(40) ∗266.23 0.202 0.5970(134) 11.9
𝑓9 = 20.982365(40) 242.85 0.202 0.1331(133) 12.0
𝑓10 = 26.154517(42) 302.71 0.192 0.2260(141) 11.2
𝑓11 = 19.323674(49) 223.65 0.165 0.4818(163) 9.8
𝑓12 = 20.670855(53) 239.25 0.153 0.5178(176) 9.1
𝑓13 = 28.271959(60) ∗327.22 0.134 0.9665(202) 8.0
𝑓14 = 23.997385(67) 277.75 0.120 0.1232(224) 7.0
𝑓15 = 23.169194(70) 268.16 0.115 0.6267(236) 6.8
𝑓16 = 23.068174(81) 266.99 0.099 0.7431(272) 5.9

Dependent frequencies within the effective frequency resolution 0.0048 d−1=0.056 μH
𝑓17 = 𝑓0 − 0.003256 242.69 0.467 0.0579(58) 27.7
𝑓18 = 𝑓3 − 0.003226 263.67 0.308 0.9685(88) 18.2
𝑓19 = 𝑓6 + 0.003265 268.41 0.223 0.2777(121) 13.2
𝑓20 = 𝑓12 + 0.00263 239.28 0.137 0.3091(196) 8.1
𝑓21 = 𝑓9 + 0.004163 242.90 0.134 0.8729(201) 8.0
𝑓22 = 𝑓6 − 0.003165 279.79 0.135 0.5395(201) 7.7
𝑓23 = 𝑓11 + 0.004178 223.70 0.130 0.1769(207) 7.7

Theoretical frequency resolution: 0.000861 d−1 = 0.01 μHz
Zeropoint: −0.00000225 mag
Residuals: 0.00111803 mag

4.4.1. AD Ari
AD Ari (= HD 14147 = TIC 246938869, F0, 𝑉 = 7.m43) might have

been misclassified as a 𝛿 Sct stars. It was included in the 𝛿 Sct stars
catalog by Rodríguez et al. (2000). Zhou (2002) observed the star on
four nights with a result of 991 photometric measurements through two
photoelectric 3-channel and 4-channel photometers. Due to the actual
longer periodic light variations, the author only saw a portion of the
periodic light variation at different phases each night and was unable
to give an overall and accurate judgment on the star’s variability.

With data from STEREO TRansiting Exoplanet and Stellar Survey,
Sangaralingam and Stevens (2011) showed full periodic light curves
with two distinct amplitudes and suspected that this star could be a
binary system rather than a 𝛿 Sct star. Ziaali et al. (2019) derived a
period–luminosity pair values of log𝑃 = −0.57,𝑀 = 2.26 using Gaia
𝑉
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Fig. 8. TESS light curves in Sector 46 (upper) and amplitude spectra of HD 73172 based on two TESS sectors (middle) and Kepler K2 light curves in three campaigns (bottom).
DR2 parallaxes. They quoted the star as being an ellipsoid variable
following Handler and Shobbrook (2002). There were no updates on
the star’s variability until TESS.

AD Ari was observed in two TESS sectors 42 and 43 in 2-min
cadence. Uninterrupted monitors during four successive orbits, TESS
collected perfect phase-coverage light curves which show distinct bi-
nary nature. The QLP team paid a close attention to the light curves’
fitting for validating a possible transiting exoplanet. A Fourier anal-
ysis yielded three significant frequencies: 𝑓1 = 3.7060408 d−1 (𝑃1 =
0.26983 days), 𝑓2 = 1.8525275 d−1 = 0.5𝑓1 (𝑃2 = 0.539803 days), 𝑓3
= 5.5585683 d−1 = 𝑓1 + 𝑓2. As the folded light curves shown now in
Fig. 10, it is ultimately a rotating ellipsoidal binary variable, rather than
a common contact eclipsing binary system, though having a rounded
bottom during the primary eclipse and a deeper secondary eclipse.
10
4.4.2. 𝜄 Boo
𝜄 Boo is a bright 𝛿 Sct star (=21 Boo = HR 5350 = HD 125161

= TIC 310381204, 𝑉 = 4.m75, A7V). Earlier photoelectric photom-
etry studies only revealed a single significant frequency content of
37.750 ± 0.001 d−1 by Kiss et al. (1999a) and 37.6804 d−1 by Zhou
(1999). Liakos and Niarchos (2017) listed the star as a suspected
pulsator in an eclipsing binary system and adopted a dominant fre-
quency of 37.750 ± 0.001 d−1 according to the result of 1995–1998
photoelectric observations by Kiss et al. (1999b) and The Washington
Double Star Catalog (Mason et al., 2001). This star is too bright to be
a suitable target for telescopes sized over 50 cm with CCD photometry
due to saturation issues concerning a reasonable CCD exposure time
and restricted readout rates. However, TESS observed the star in four
sectors 22, 23, 49, and 50 at 2-min cadence. The TESS stacked 2-min
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Fig. 9. TESS light curves in sector 46 (upper) and amplitude spectrum of EX Cnc based on TESS light curves in sectors 42, 44, 45, and 46.
cadence observations are good for a pulsation analysis. For this star,
SAP fluxes are lined up and look like little systematic variations, thus
SAP fluxes are used without extra processing.

The current available TESS data for 𝜄 Boo spanned 𝑇 = 792.19 days,
starting from BJD 2458899.3216408 to 2459691.51163725 (i.e. be-
tween 2020.02.19 19:43 and 2022.04.22 00:16 UT). There are observ-
ing gaps between two orbits in a sector (nearly a day, e.g. 0.96665 days
in Sector 23, 0.90692 days in Sector 50), and between two successive
sectors. In our case, 1.6125 days between sectors 22 and 23, 0.956937
days between sectors 49 and 50. These gaps would produce aliases
similar to the daily aliases of ground observations. As a composite
effect, the spectral window reflects the aliasing structure: in the current
case, there is an evident alias at 𝑎1 = 0.001384 d−1. Nyquist sampling
theorem indicates that a frequency peak will be accompanied by the
combination side peaks at 𝑓 ± 𝑛 ∗ 𝑎1 (n are integers). In fact, 𝑎1 is less
than frequency resolution discussed below, so aliasing issues will be
removed effectively.

As seen now in Fig. 11, it is clear that the previous one-component
sine wave function fitting (Kiss et al., 1999a; Zhou, 1999) is not
enough to account for the light variations. The former main frequency
should be a daily aliased value of the true dominant frequency 𝑓0
= 36.752011 d−1. The star is a single pulsating star not involved in
a binary system. We present the pulsation contents of 74 significant
frequencies with SNR exceeding 5.1 in Table 12, resolved by taking into
account of an effective spectral resolution of 0.00912 d−1 (reciprocal of
4 ∗ 27.4 days) although the analyzed data give a theoretical frequency
resolution of 𝛥𝑓 = 1∕𝑇 = 0.001262 d−1. However, the residuals are not
white noise yet. The complicated pulsation spectrum deserves further
studies.
11
By the way, the author’s previous work (Zhou, 1999) fortunately
used ‘star minus sky’ measurements instead of differential magnitudes,
which had a larger scatter very likely caused by the comparison star HD
234118 (= SAO 29066 = TIC 310381154, K2), a spectroscopic binary
in Simbad, which turns out to be a rotating ellipsoidal variable in terms
of TESS data.

4.4.3. IT Dra
IT Dra (= SAO 16394 = HD 127411 = TIC 166177270) is a 𝛿 Sct

star that was first discovered by our group (Liu et al., 1998, 2000).
TESS observed IT Dra in seven sectors (15, 16, 22, 23, 48, 49 and
50) in 2-min cadence during the period from BJD 2458711.3629 to
2459691.51 (i.e. in 2019.08.15–2022.04.22 UT). The data coverage
is 13.7 ∗ 2 ∗ 7 = 191.8 days (23523.5 h) with 127968 photometric
measurements. The two previously detected frequencies (𝑓1 = 16.8493,
𝑓2 = 23.0613 d−1) are dominant and confirmed in TESS data, along
with multiple additional pulsation contents. Results of the well-resolved
71 independent pulsational frequencies together with those unresolv-
able dependent frequencies are presented in Table 13. A significant
frequency is detected with a SNR over 5.4 and resolved by the most
conservative effective spectral resolution of 0.0052 d−1 calculated as
the reciprocal of actual time length with data (191.8 days). Fig. 12
shows the TESS light curves in sector 49 and the amplitude spectrum
based on all seven sectors data.

4.4.4. CD-54 7154
CD-54 7154 (= TIC 173503902 = ASAS 171022-5415.1, 𝐵 = 10.m65,

𝑉 = 10.m26) is a known 𝛿 Sct star with the GCVS designation of V0952
Ara (Kazarovets et al., 2015). It was first discovered as a 𝛿 Sct variable
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Fig. 10. TESS light curves (upper) and amplitude spectrum of AD Ari. The phase diagrams are folded using periods 𝑃1 = 0.26983 and 𝑃2 = 0.539803 days, respectively, with
zero phase at BJD 2459447.88506, the first minimum in Sector 42.
star by ASAS (Pojmanski, 2002). The star’s light curves obtained in
TESS sectors 12 and 39 are notable for their conspicuous long-periodic
light variations at a period of about 4.81 days, superimposed by shorter
periodic variations (see Fig. 13). This at first glance resembles the
dumbbell-shaped amplitude modulation.

Khruslov (2010) claimed multiperiodicity with nonradial pulsations
and detected five pulsation frequencies: 𝑓0 = 9.16355, 𝑓1 = 9.36903,
𝑓2 = 9.15744, 𝑓3 = 9.15132, 𝑓4 = 15.40360 d−1. Frequencies 𝑓0, 𝑓1
and 𝑓4 are confirmed in this work, while the others disappeared (see
Table 14).
12
The visible amplitude modulation is caused by the beating be-
tween the two strongest close frequencies 𝑓0 = 9.162285 and 𝑓1 =
9.36902 d−1. In stellar oscillation, the beating phenomenon refers to
the temporary variation in the amplitude of an observed oscillation
due to the interaction of two or more oscillation modes (pressure waves
traveling through the star’s interior) with slightly different frequencies.
In this case, the beating frequency is 𝑓beat = 𝑓1 − 𝑓0 = 0.002408 d−1,
which corresponds to period 𝑃beat = 4.8371 days. Additionally, the
combination interaction of 𝑓20 = 𝑓0+𝑓1 + 0.000117 = 18.531305 d−1 is
truly present in the frequency spectrum as well as a slight different term
at 𝑓 = 18.528015 d−1.
22
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Fig. 11. TESS light curves in sector 22 and the amplitude spectrum of 𝜄 Boo based on the data in four sectors 22, 23, 49 and 50.

Fig. 12. Typical TESS light curves in sector 49 (upper) and the amplitude spectrum of IT Dra based on the data of all the available seven sectors 15, 16, 22, 23, 48, 49 and 50.
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Fig. 13. TESS light curves in sector 39 and the amplitude spectrum of CD-54 7154(= TIC 173503902) based on the data in Sectors 12 and 39.

Fig. 14. TESS light curves in sector 24 and the amplitude spectrum of GSC 04040-01606(= TIC 372724683) based on the data in three sectors 18, 24, and 25.
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Table 8
Frequency solution of BV Cnc based on Kepler K2 mission campaigns 05, 16 and 18.

he digits in parentheses represent the error in the last two or three decimal places.
he amplitude units are milli-magnitudes (mmag), with typical uncertainties of 0.0149
mag. Known frequencies are labeled by asterisks.
Frequency (d−1) μHz Amplitude Phase (0-1) SNR

𝑓0 = 16.454138(06) ∗190.44 1.119 0.8445(21) 75.1
𝑓1 = 15.708030(16) 181.81 0.542 0.1481(52) 33.8
𝑓2 = 20.254236(19) 234.42 0.455 0.3553(62) 32.7
𝑓3 = 11.236416(31) 130.05 0.401 0.2922(102) 21.1
𝑓4 = 19.281025(29) 223.16 0.380 0.5151(96) 26.6
𝑓5 = 11.079418(45) 128.23 0.328 0.7031(151) 17.2
𝑓6 = 16.027988(63) 185.51 0.325 0.6541(212) 20.6
𝑓7 = 16.437150(13) 190.24 0.323 0.4650(44) 21.7
𝑓8 = 10.523808(22) 121.80 0.260 0.8337(73) 13.5
𝑓9 = 17.745867(30) 205.39 0.246 0.0926(101) 18.4
𝑓10 = 13.818642(22) 159.94 0.234 0.6335(72) 16.6
𝑓11 = 18.454742(27) 213.60 0.231 0.2104(91) 16.8
𝑓12 = 9.387727(50) 108.65 0.215 0.2710(167) 12.2
𝑓13 = 1.143246(45) 13.23 0.163 0.3746(150) 5.6
𝑓14 = 10.093334(51) 116.82 0.158 0.2178(170) 9.2
𝑓15 = 16.946492(33) 196.14 0.157 0.5382(110) 11.0
𝑓16 = 16.388637(43) 189.68 0.141 0.4884(145) 9.5
𝑓17 = 9.936352(73) 115.00 0.139 0.5719(244) 8.1
𝑓18 = 18.421911(52) 213.22 0.138 0.9745(175) 10.1
𝑓19 = 20.967817(51) 242.68 0.135 0.2245(171) 9.8
𝑓20 = 16.037943(29) 185.62 0.126 0.3591(99) 8.0
𝑓21 = 16.016966(56) 185.38 0.122 0.0645(188) 7.7
𝑓22 = 18.333466(58) 212.19 0.112 0.3234(194) 8.1
𝑓23 = 16.787254(50) 194.30 0.112 0.5194(168) 7.8
𝑓24 = 21.760402(63) 251.86 0.097 0.0721(211) 7.0

Dependent frequencies within the effective frequency resolution 0.0048 d−1

𝑓25 = 𝑓9 + 0.000129 205.39 0.240 0.3487 18.0
𝑓26 =
2𝑓0 − 2𝑓3 − 0.002208

120.81 0.141 0.3537 7.3

Theoretical frequency resolution: 0.000861 d−1 = 0.01 μHz
Zeropoint: −0.00000219 mag
Residuals: 0.00099412 mag

4.4.5. GSC 04040-01606
GSC 04040-01606 (= UCAC4 771-012013 = TIC 372724683 = Gaia

R3 512143690071260800, 𝐵 = 14.m1, 𝑉 = 14.m01) is a known 𝛿
ct star whose variability was first claimed by Handler and Meingast
2011) during a search for new 𝛽 Cephei stars in the young open cluster
GC 637. The star lies north of NGC 637 at an angular separation of
bout 10 arcminutes. Due to the limited data, it was suspected to be a
ultiple-frequency pulsator in the above literature. No further research
as found. TESS observed the star in sectors 18, 24, and 25 at the 30-
in cadence. Light curves are available as HLSP-QLP products. Based

n the three sector data, we detected 14 significant pulsation frequen-
ies with SNR over 4.5 resolved at an effective frequency resolution of
.0122 d−1 against the theoretic one of 0.004575 d−1. The frequencies
nd amplitudes are listed in Table 15. The light curves are shown in
ig. 14.

TIC v8.2 cataloged surface gravity log 𝑔 = 3.23709, mass of 1.18
⊙, luminosity 24.63𝐿⊙, and effective temperature 𝑇eff = 6180 ± 122,

ut Gaia DR2 gives 𝑇eff = 4909.9 K with an upper limit of 5014.9 K.
pectroscopy and multi-color photometry are useful in the future stud-
es regarding the star’s relative simple pulsation spectrum and easy
ode identification.

. Conclusions

The uninterrupted high-precision photometry from TESS and Kepler
2 has allowed us to better understand the real nature of stars that
xhibit low-amplitude light variations. In this work, the author has
ade use of the space data to reanalyze 13 known 𝛿 Sct stars. Four

tars’ pulsational amplitudes are under 1.2 milli-magnitudes. These
tars would not have been well resolved for their pulsation content in
he previous short-term ground observations and fewer daily-gapped
15

ata. The highlights of this work are as follows:
Table 9
Frequency solution of HD 73712 based on Kepler K2 mission campaigns 05, 16 and 18.
The digits in parentheses represent the error in the last two or three decimal places.
The amplitude units are milli-magnitudes (mmag), with typical uncertainties of 0.012
mmag. Known frequencies are labeled by asterisks.

Frequency (d−1) μHz Amplitude Phase (0-1) SNR

𝑓0 = 7.082444(20) ∗81.97 0.473 0.5895(67) 27.1
𝑓1 = 7.169653(21) 82.98 0.359 0.9749(70) 20.6
𝑓2 = 7.076171(22) 81.90 0.356 0.2096(74) 20.4
𝑓3 = 2.073726(24) 24.00 0.285 0.6395(80) 10.9
𝑓4 = 8.485967(05) 98.22 0.274 0.2331(17) 19.1
𝑓5 = 0.415086(06) 4.80 0.259 0.8646(19) 9.0
𝑓6 = 2.458471(31) 28.45 0.253 0.2978(103) 10.2
𝑓7 = 1.430804(92) 16.56 0.239 0.4499(309) 8.5
𝑓8 = 3.142627(16) 36.37 0.020 0.6493(54) 7.5
𝑓9 = 𝑓8 + 0.00607 36.44 0.019 0.3568(45) 7.1
𝑓10 = 0.394456(62) 4.57 0.203 0.5296(206) 7.0
𝑓11 = 9.544075(39) 110.46 0.186 0.3896(132) 14.9
𝑓12 = 2.093481(77) 24.23 0.183 0.1269(258) 7.0
𝑓13 = 8.667229(74) 100.32 0.174 0.1555(250) 12.2
𝑓14 = 6.154719(33) 71.24 0.159 0.0980(110) 8.7
𝑓15 = 14.912859(12) 172.60 0.146 0.2689(41) 18.5
𝑓16 = 9.671240(51) 111.94 0.140 0.3936(173) 11.2
𝑓17 = 5.993164(23) 69.37 0.114 0.8954(76) 6.3
𝑓18 = 7.088776(94) 82.05 0.111 0.2714(315) 6.4
𝑓19 = 7.487203(98) 86.66 0.108 0.0619(329) 6.6
𝑓20 = 6.118509(41) 70.82 0.108 0.0237(137) 5.9
𝑓21 = 4.212949(36) 48.76 0.103 0.8947(121) 5.4
𝑓22 = 13.570806(56) 157.07 0.093 0.5868(188) 10.0
𝑓23 = 8.474514(67) 98.08 0.091 0.0592(226) 6.3
𝑓24 = 9.713114(31) 112.42 0.089 0.0061(105) 7.1
𝑓25 = 12.731512(65) 147.36 0.075 0.5353(217) 8.5
𝑓26 = 16.617048(63) 192.33 0.062 0.0197(212) 8.4
𝑓27 = 14.741815(50) 170.62 0.061 0.3857(168) 9.1
𝑓28 = 𝑓27 + 0.006542 170.70 0.059 0.8119(178) 7.0
𝑓29 = 11.900878(53) 137.74 0.050 0.2468(177) 6.7

Dependent frequencies within the effective frequency resolution 0.0048 d−1

not available

Theoretical frequency resolution: 0.000861 d−1

Zeropoint: 0.000007297 mag
Residuals: 0.000806758 mag

• AD Ari, previously misclassified as 𝛿 Sct due to fewer data, is now
identified to be a rotating ellipsoidal binary variable.

• Analysis revealed prominent beatings in the 𝛿 Sct star CD-54
7154, caused by a pair of closely spaced pulsation frequencies.

• 𝜄 Boo exhibits complex pulsations with over 73 distinct frequen-
cies, as we only picked up those with SNR exceeding 5.1, leaving
a number of peaks in the residual spectrum (see Fig. 11). It is
not in an eclipsing binary system, as previously suspected in the
literature (Liakos and Niarchos, 2017).

• More than 71 individual frequencies and 19 dependent terms
were resolved in IT Dra with SNR above 5.4 (see Fig. 12).

• EX Cnc emerges as an exceptional 𝛿 Sct star due to its hybrid 𝛿
Sct–𝛾 Dor nature revealed by the three distinct frequency groups
shown in Fig. 9. HD 73712 is identified to be another hybrid 𝛿
Sct–𝛾 Dor pulsator.

• Kepler K2 data greatly increased the number of pulsation frequen-
cies of the three 𝛿 Sct stars: BU Cnc and BV Cnc from six to 26,
and BN Cnc from eight to 17.

• The four stars BR Cnc, BU Cnc, BV Cnc, EX Cnc are in contrast to
BN Cnc, which displays a simple Fourier spectrum, implying an
easy mode identification. BR Cnc, BU Cnc, BV Cnc, HD 73712 are
good seismic targets for their membership of NGC 2632.

• The three stars EX Cnc, 𝜄 Boo, and IT Dra are challenging targets
for asteroseismic modeling.

• With high-precision and long-term space-borne photometry, we
are able to reveal the true nature of a star’s variability and
discern its pulsational contents more clearly. Multiple stars in the

selected group exhibit rich and regular pulsation patterns in their
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Table 10
Frequency solution of HD 73712 (=TIC 175261925) based on TESS sectors 44 and 46. The digits in parentheses represent the error in the last
two or three decimal places. The amplitude units are milli-magnitudes (mmag), with typical uncertainties of 0.0054 mmag. Last column ‘K2’
shows common terms resolved in both K2 and TESS data regarding the effective frequency resolution of 0.0128 d−1, assigned with identical
labels.

Frequency (d−1) Amplitude Phase (0-1) SNR K2

𝑓0 = 7.079656(57) 0.672 0.6302(13) 24.9 Yes
𝑓1 = 7.166453(72) 0.527 0.1646(16) 19.5 Yes
𝑓𝑎 = 0.723091(89) 0.427 0.6381(20) 9.9 –
𝑓𝑏 = 2.002063(111) 0.342 0.0295(25) 9.0 –
𝑓5 = 0.411645(111) 0.341 0.2907(25) 8.0 Yes
𝑓6 = 2.460935(119) 0.319 0.4582(27) 8.4 Yes
𝑓7 = 1.434695(125) 0.291 0.3408(33) 7.0 Yes
𝑓3 = 2.078010(133) 0.285 0.1466(30) 7.5 Yes
𝑓𝑐 = 6.157444(156) 0.270 0.9532(35) 9.2 –
𝑓11 = 9.541868(144) 0.263 0.1767(33) 13.8 Yes
𝑓16 = 9.668234(169) 0.250 0.8659(38) 13.1 Yes
𝑓4 = 8.482500(192) 0.224 0.8136(43) 9.3 Yes
𝑓29 = 11.895700(263) 0.144 0.3172(59) 9.9 Yes
𝑓17 = 5.985360(315) 0.138 0.1271(71) 4.6 Yes
𝑓𝑑 = 13.788900(284) 0.134 0.3091(64) 11.1 –
𝑓26 = 16.619800(2457) 0.121 0.4265(556) 17.2 Yes
𝑓25 = 12.730170(186) 0.120 0.6025(104) 9.0 Yes
𝑓𝑓 = 12.577700(152) 0.080 0.0129(34) 6.7 –
𝑓𝑔 = 14.915990(592) 0.073 0.8387(134) 6.9 –
𝑓ℎ = 16.031650(517) 0.064 0.4800(117) 6.8 –
𝑓𝑖 = 18.491500(490) 0.045 0.6159(111) 8.1 –
𝑓𝑗 = 27.713280(468) 0.043 0.4090(106) 7.6 –

Combination and dependent frequencies within the resolution limit of 0.0128 d−1

𝑓𝑘 = 2𝑓1 + 𝑓4 − 0.002049 0.198 0.7001 18.3
𝑓𝑙 = 𝑓0 + 2𝑓1 − 0.002038 0.029 0.9813 10.8
𝑓𝑚 = 2𝑓0 + 0.000232 0.078 0.1448 6.0

Zeropoint: 6.88636843 mag
Residuals: 0.00068237 mag
Table 11
Frequency solution of EX Cnc based on TESS sectors 42, 44, 45 and 46. The digits in parentheses represent the error in the last two or
three decimal places. The amplitude units are milli-magnitudes (mmag), with typical uncertainties of 0.0162 mmag. The previously detected
frequencies are marked by asterisks, while the last column ‘𝛥’ gives the differences between current and literature of Bruntt et al. (2007).

Frequency (d−1) μHz Amplitude Phase (0-1) SNR 𝛥 (μHz)

𝑓1 = 19.604583(49) ∗226.90 2.318 0.1510(11) 40.1 0.01
𝑓2 = 20.639830(58) ∗238.89 1.984 0.1029(13) 33.2 0.01
𝑓3 = 20.759821(88) ∗240.28 1.298 0.2854(20) 21.7 0.02
𝑓4 = 16.530810(562) ∗191.33 0.203 0.2583(127) 5.3 0.13
𝑓5 = 19.563735(182) ∗226.43 0.629 0.0257(41) 10.9 0.02
𝑓6 = 17.758755(76) ∗205.54 1.504 0.1290(17) 38.8 0.06
𝑓7 = 19.757764(116) ∗228.68 0.986 0.3452(26) 17.1 0.02
𝑓8 = 18.603164(236) ∗215.31 0.483 0.1459(53) 10.8 0.02
𝑓9 = 17.013275(250) ∗196.91 0.457 0.9073(57) 11.7 0.05
𝑓10 = 16.493099(295) ∗190.89 0.387 0.8837(67) 11.7 0.03
𝑓11 = 18.782580(317) ∗217.39 0.361 0.1744(72) 8.0 0.04
𝑓12 = 18.302547(189) ∗211.84 0.605 0.8262(43) 14.5 0.02
𝑓13 = 16.941118(462) ∗196.08 0.247 0.3166(104) 6.4 0.07
𝑓14 = 16.756059(143) ∗193.94 0.797 0.0506(32) 20.7 0.01
𝑓15 = 19.006540(193) ∗219.98 0.591 0.1925(44) 11.9 0.03
𝑓16 = 20.369790(103) ∗235.76 1.112 0.7519(23) 18.3 0.58
𝑓17 = 17.553237(197) ∗203.16 0.579 0.8720(45) 14.9 0.03
𝑓18 = – ∗223.01 – – – –
𝑓19 = – ∗258.86 – – – –
𝑓20 = – ∗199.45 – – – –
𝑓21 = 20.254370(299) ∗234.43 0.382 0.1479(68) 6.3 0.04
𝑓23 = 21.608110(309) ∗250.09 0.370 0.6546(70) 7.5 0.56
𝑓24 = 22.204720(461) ∗257.00 0.2480 0.2937 5.6 0.14
𝑓25 = 15.668230(527) ∗181.35 0.217 0.5016(119) 6.3 0.74
𝑓26 = 12.823290(605) ∗148.42 0.189 0.5663(137) 5.9 0.12
𝑓27 = 5.536208(47) 64.08 2.418 0.6912(11) 60.0
𝑓28 = 5.557908(50) 64.33 2.278 0.4349(11) 56.5
𝑓29 = 5.573865(81) 64.51 1.406 0.0742(18) 34.9
𝑓30 = 5.520251(106) 63.89 1.083 0.0472(24) 26.9
𝑓31 = 0.478052(94) 5.53 1.212 0.1337(21) 24.8
𝑓32 = 0.717397(106) 8.30 1.076 0.1275(24) 22.8
𝑓33 = 5.475574(135) 63.37 0.848 0.9242(30) 20.2
𝑓34 = 5.608968(171) 64.92 0.669 0.1231(39) 16.6
𝑓35 = 5.593650(247) 64.74 0.506 0.6575(56) 11.4

(continued on next page)
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Table 11 (continued).
Frequency (d−1) μHz Amplitude Phase (0-1) SNR 𝛥 (μHz)

𝑓36 = 0.955465(228) 11.06 0.502 0.6866(51) 10.6
𝑓37 = 16.163760(235) 187.08 0.487 0.0405(53) 14.8
𝑓38 = 16.163760(258) 187.08 0.484 0.0415(58) 9.8
𝑓39 = 0.237430(259) 2.75 0.482 0.5553(59) 10.4
𝑓40 = 17.880080(308) 206.95 0.371 0.3512(70) 9.6
𝑓41 = 5.640800(342) 65.29 0.334 0.7625(77) 8.3
𝑓42 = 5.402200(340) 62.53 0.336 0.0815(77) 8.0
𝑓43 = 17.208950(348) 199.18 0.328 0.9715(79) 8.4
𝑓44 = 21.217449(354) 245.57 0.323 0.7481(80) 5.7
𝑓45 = 13.951290(356) 161.47 0.321 0.9703(80) 9.3
𝑓46 = 5.445705(373) 63.03 0.306 0.4527(84) 7.3
𝑓47 = 1.194708(418) 13.83 0.274 0.1501(94) 7.0
𝑓48 = 21.859160(463) 253.00 0.246 0.7795(105) 5.0
𝑓49 = 5.677930(472) 65.72 0.242 0.6556(107) 6.0
𝑓50 = 15.575570(489) 180.27 0.233 0.6221(111) 6.7
𝑓51 = 5.324946(518) 61.63 0.221 0.7568(117) 5.3
𝑓52 = 18.287926(543) 211.67 0.210 0.8207(123) 5.1
𝑓53 = 18.420590(583) 213.20 0.196 0.3977(132) 4.7
𝑓54 = 14.220298(629) 164.59 0.182 0.8162(142) 5.0
𝑓55 = 15.252830(594) 176.54 0.192 0.0392(134) 5.7
𝑓56 = 6.247450(674) 72.31 0.170 0.8763(152) 4.6
𝑓57 = 28.453980(686) 329.33 0.167 0.4791(155) 4.7

Dependent frequencies within the effective frequency resolution 0.0128 d−1

𝑓58 = 3𝑓27 − 2𝑓29 − 0.003828 0.6250 0.3211 14.9
𝑓59 = 3𝑓27 − 2𝑓35 − 0.005106 0.5060 0.6701 12.1
𝑓60 = 𝑓27 + 𝑓29 + 0.008686 0.2510 0.9152 8.0
𝑓61 = 𝑓28 + 0.01058 0.264 0.8526 6.5
𝑓62 = 𝑓27 + 𝑓35 + 0.002053 0.1960 0.0855 6.3
𝑓63 = 𝑓8 + 0.01016 0.255 0.9434 5.7
𝑓64 = 𝑓27 + 3𝑓29 + 0.005212 0.2480 0.2937 5.6

Theoretical frequency resolution: 0.012735 d−1 = 9 μHz
Zeropoint: 11.2592026 mag
Residuals: 0.00276131 mag
Table 12
Frequency solution of 𝜄 Boo based on TESS data in sectors 22,23,49 and 50. The digits in parentheses represent the error in the last two or
three decimal places. The amplitude units are milli-magnitudes (mmag), with typical uncertainties of 0.0019 mmag. The previously detected
frequency is marked by asterisks.

Frequency (d−1) μHz Amplitude Phase (0-1) SNR

𝑓0 = *36.752011(01) 425.37 2.363 0.8038(01) 439.3
𝑓1 = 32.632110(01) 377.69 0.935 0.1384(03) 276.8
𝑓2 = 29.694026(02) 343.68 0.678 0.3058(05) 231.7
𝑓3 = 25.142709(03) 291.00 0.488 0.1928(06) 141.3
𝑓4 = 20.680305(03) 239.36 0.437 0.9876(07) 148.8
𝑓5 = 29.950102(04) 346.64 0.353 0.2790(09) 120.6
𝑓6 = 12.425427(04) 143.81 0.353 0.2141(09) 73.4
𝑓7 = 12.577021(04) 145.57 0.325 0.4000(10) 67.5
𝑓8 = 25.200827(04) 291.68 0.327 0.8082(09) 94.7
𝑓9 = 23.724616(05) 274.59 0.294 0.7578(10) 82.9
𝑓10 = 22.456986(06) 259.92 0.222 0.3831(14) 73.3
𝑓11 = 16.697468(05) 193.26 0.267 0.9036(12) 114.4
𝑓12 = 11.482119(06) 132.89 0.209 0.6106(15) 49.7
𝑓13 = 27.568840(07) 319.08 0.198 0.3496(16) 76.2
𝑓14 = 48.018360(07) 555.77 0.190 0.0395(16) 47.4
𝑓15 = 50.137099(07) 580.29 0.182 0.1640(17) 47.5
𝑓16 = 8.950240(08) 103.59 0.179 0.1281(17) 78.7
𝑓17 = 27.679861(08) 320.37 0.169 0.0955(18) 64.9
𝑓18 = 45.536400(08) 527.04 0.167 0.6224(18) 50.7
𝑓19 = 29.617119(08) 342.79 0.168 0.6383(18) 57.3
𝑓20 = 20.450560(09) 236.70 0.158 0.1718(20) 53.7
𝑓21 = 35.879740(09) 415.27 0.143 0.1803(22) 26.7
𝑓22 = 11.656840(10) 134.92 0.140 0.3965(22) 33.5
𝑓23 = 37.090820(10) 429.29 0.133 0.4618(23) 25.8
𝑓24 = 43.350000(11) 501.74 0.124 0.8946(25) 49.1
𝑓25 = 39.157760(12) 453.21 0.117 0.6053(26) 34.4
𝑓26 = 35.896580(12) 415.47 0.114 0.3440(27) 21.3
𝑓27 = 23.929040(13) 276.96 0.106 0.9423(29) 29.8
𝑓28 = 36.767840(13) 425.55 0.101 0.3084(31) 18.8
𝑓29 = 15.487619(14) 179.25 0.097 0.8693(32) 32.7
𝑓30 = 43.722060(14) 506.04 0.097 0.1061(32) 38.3
𝑓31 = 39.105500(15) 452.61 0.093 0.3423(33) 27.3
𝑓32 = 25.129980(14) 290.86 0.093 0.1167(33) 27.0

(continued on next page)
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Table 12 (continued).
Frequency (d−1) μHz Amplitude Phase (0-1) SNR

𝑓33 = 11.979180(15) 138.65 0.089 0.8055(35) 21.1
𝑓34 = 6.720160(15) 77.78 0.089 0.5227(35) 36.6
𝑓35 = 21.410680(17) 247.81 0.080 0.9329(39) 26.9
𝑓36 = 37.362980(17) 432.44 0.080 0.3232(39) 15.6
𝑓37 = 16.402560(17) 189.84 0.079 0.8239(39) 33.8
𝑓38 = 37.806800(17) 437.58 0.077 0.0211(40) 15.1
𝑓39 = 34.115580(18) 394.86 0.077 0.6681(40) 15.6
𝑓40 = 46.144740(18) 534.08 0.075 0.9266(41) 20.7
𝑓41 = 25.151930(19) 291.11 0.070 0.0544(44) 20.3
𝑓42 = 39.617700(21) 458.54 0.064 0.7103(48) 18.9
𝑓43 = 18.125060(22) 209.78 0.063 0.3883(49) 25.1
𝑓44 = 36.306945(22) 420.22 0.061 0.2825(50) 11.4
𝑓45 = 42.887000(22) 496.38 0.060 0.3982(51) 24.7
𝑓46 = 24.931001(23) 288.55 0.058 0.4495(53) 17.8
𝑓47 = 33.643310(24) 389.39 0.057 0.1822(54) 15.3
𝑓48 = 12.558130(24) 145.35 0.057 0.9624(54) 11.8
𝑓49 = 33.089422(25) 382.98 0.055 0.2823(56) 14.8
𝑓50 = 26.271100(26) 304.06 0.053 0.8588(58) 16.2
𝑓51 = 60.587629(26) 701.25 0.052 0.5132(60) 20.4
𝑓52 = 51.524101(27) 596.34 0.050 0.2279(62) 14.1
𝑓53 = 20.299088(27) 234.94 0.049 0.1018(63) 16.8
𝑓54 = 36.614240(28) 423.78 0.048 0.4593(64) 9.0
𝑓55 = 57.254387(30) 662.67 0.045 0.3807(68) 12.8
𝑓56 = 60.125610(31) 695.90 0.043 0.2850(72) 17.0
𝑓57 = 45.771298(32) 529.76 0.043 0.5252(72) 12.9
𝑓58 = 57.426300(32) 664.66 0.042 0.9215(73) 11.9
𝑓59 = 12.593170(24) 145.75 0.042 0.9692(54) 8.8
𝑓60 = 8.199867(32) 94.91 0.042 0.1179(74) 18.5
𝑓61 = 53.340400(33) 617.37 0.041 0.0681(76) 12.4
𝑓62 = 29.364901(34) 339.87 0.040 0.9418(77) 13.7
𝑓63 = 36.414500(37) 421.46 0.036 0.9748(85) 6.7
𝑓64 = 65.807070(38) 761.66 0.036 0.6490(86) 19.5
𝑓65 = 25.117000(41) 290.71 0.033 0.1554(94) 9.5
𝑓66 = 7.856200(43) 90.93 0.032 0.8680(98) 13.6
𝑓67 = 36.780525(43) 425.70 0.032 0.5866(98) 5.9
𝑓68 = 67.259730(43) 778.47 0.031 0.4437(98) 14.4
𝑓69 = 68.228050(49) 789.68 0.028 0.9328(112) 13.5
𝑓70 = 35.208497(49) 407.51 0.027 0.0616(113) 5.1
𝑓71 = 64.107990(61) 741.99 0.022 0.8777(139) 13.4
𝑓72 = 68.372790(66) 791.35 0.020 0.2937(151) 9.9
𝑓73 = 31.468100(37) 364.21 0.019 0.5790(85) 6.0

Dependent frequencies within the effective frequency resolution 0.00912 d−1

𝑓74 = 𝑓41 − 0.001470 291.09 0.059 0.3827(52) 17.1
𝑓75 = 𝑓51 − 0.000579 701.24 0.049 0.3811(62) 19.5
𝑓76 = 2𝑓0 0.0170 0.7743 11.2
𝑓77 = 𝑓0 − 0.006131 425.30 0.038 0.4325(82) 7.0
𝑓78 = 𝑓47 + 0.000672 389.40 0.025 0.8057(124) 6.7
𝑓79 = 2𝑓3 + 𝑓4 − 0.007377 0.0210 0.8759 11.0
𝑓80 = 3𝑓1 − 2𝑓3 − 0.003885 0.0280 0.1879 6.9

Theoretical frequency resolution: 0.001262 d−1

Zeropoint: 4.9513359 mag
Residuals: 0.000375055316 mag
Table 13
Frequency solution of IT Dra based on TESS sectors 15, 16, 22, 23, 48, 49 and 50. The digits in parentheses represent the error in the last two
or three decimal places. The amplitude units are milli-magnitudes (mmag), with typical uncertainties of 0.0039 mmag. The previously detected
frequencies are marked by asterisks.

Frequency (d−1) μHz Amplitude
(mmag)

Phase (0-1) SNR

𝑓0 = *16.850786(01) 195.03 4.124 0.6811(02) 419.5
𝑓1 = *23.062767(01) 266.93 2.089 0.3999(03) 219.4
𝑓2 = 11.785623(02) 136.41 1.014 0.2738(06) 103.8
𝑓3 = 18.141353(03) 209.97 0.699 0.4737(09) 63.4
𝑓4 = 14.656449(03) 169.63 0.655 0.2176(10) 83.7
𝑓5 = 31.213879(04) 361.27 0.572 0.7476(11) 65.6
𝑓6 = 17.507855(04) 202.64 0.515 0.3725(12) 48.3
𝑓7 = 12.004582(05) 138.94 0.489 0.5302(13) 49.6
𝑓8 = 15.442096(05) 178.73 0.464 0.9629(13) 58.8
𝑓9 = 15.208178(06) 176.02 0.381 0.2623(16) 48.3
𝑓10 = 25.060636(07) 290.05 0.304 0.5506(21) 29.4
𝑓11 = 20.825305(07) 241.03 0.294 0.3958(21) 31.7

(continued on next page)
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Table 13 (continued).
Frequency (d−1) μHz Amplitude

(mmag)
Phase (0-1) SNR

𝑓12 = 18.078680(08) 209.24 0.283 0.5877(22) 25.6
𝑓13 = 0.036672(08) 0.42 0.266 0.0564(23) 9.0
𝑓14 = 33.289025(10) 385.29 0.232 0.1260(27) 30.4
𝑓15 = 32.187801(13) 372.54 0.172 0.6326(36) 22.6
𝑓16 = 34.398346(13) 398.13 0.164 0.4014(38) 21.9
𝑓17 = 37.454100(15) 433.50 0.146 0.0440(43) 22.5
𝑓18 = 42.082750(16) 487.07 0.134 0.0220(46) 26.0
𝑓19 = 55.084270(31) 637.55 0.072 0.6614(87) 20.5
𝑓20 = 50.749873(36) 587.38 0.061 0.6373(102) 15.2
𝑓21 = 48.768254(40) 564.45 0.056 0.5698(112) 12.9
𝑓22 = 21.232822(12) 245.75 0.189 0.9484(33) 19.1
𝑓23 = 14.564082(14) 168.57 0.160 0.7639(39) 20.4
𝑓24 = 6.656792(11) 77.05 0.192 0.5780(32) 14.6
𝑓25 = 8.834044(21) 102.25 0.106 0.8273(59) 11.1
𝑓26 = 19.008615(13) 220.01 0.176 0.1575(35) 18.7
𝑓27 = 19.425886(13) 224.84 0.165 0.0135(38) 17.5
𝑓28 = 15.049642(11) 174.19 0.207 0.1489(30) 26.2
𝑓29 = 23.574049(02) 272.85 1.3500 0.2389 136.8
𝑓30 = 39.934970(37) 462.21 0.059 0.8579(105) 10.8
𝑓31 = 20.331594(14) 235.32 0.154 0.4418(40) 16.6
𝑓32 = 18.042950(17) 208.83 0.130 0.7385(48) 11.8
𝑓33 = 18.535810(26) 214.53 0.086 0.8948(72) 8.5
𝑓34 = 15.884880(22) 183.85 0.102 0.4798(61) 12.3
𝑓35 = 18.820119(16) 217.83 0.134 0.1155(46) 13.3
𝑓36 = 24.456255(27) 283.06 0.081 0.6745(77) 8.9
𝑓37 = 24.495975(30) 283.52 0.073 0.8746(85) 8.1
𝑓38 = 25.035300(31) 289.76 0.071 0.9912(87) 6.9
𝑓39 =26.865194(21) 310.94 0.107 0.6335(58) 11.8
𝑓40 = 14.144850(24) 163.71 0.094 0.6514(67) 11.7
𝑓41 = 27.459350(43) 317.82 0.051 0.4261(122) 5.5
𝑓42 = 28.073580(36) 324.93 0.062 0.4781(101) 6.8
𝑓43 = 28.640780(37) 331.49 0.0600 0.7838 6.6
𝑓44 = 30.525790(30) 353.31 0.073 0.6111(85) 9.2
𝑓45 = 31.065240(45) 359.55 0.049 0.2825(127) 5.6
𝑓46 = 31.070716(43) 359.61 0.051 0.3376(123) 5.8
𝑓47 = 33.701670(25) 390.07 0.0890 0.4775 11.6
𝑓48 = 35.770920(29) 414.02 0.077 0.6171(81) 10.5
𝑓49 = 39.831920(41) 461.02 0.053 0.9772(117) 9.7
𝑓50 = 40.536060(50) 469.17 0.044 0.9152(141) 8.0
𝑓51 = 20.730160(21) 239.93 0.105 0.0970(60) 11.3
𝑓52 = 20.136625(23) 233.06 0.094 0.3928(66) 10.1
𝑓53 = 5.742250(25) 66.46 0.088 0.9376(71) 6.9
𝑓54 = 20.209454(26) 233.91 0.085 0.2973(73) 9.2
𝑓55 = 15.924470(27) 184.31 0.083 0.0440(75) 9.9
𝑓56 = 16.512520(27) 191.12 0.083 0.9523(75) 8.4
𝑓57 = 15.404060(32) 178.29 0.070 0.4152(89) 8.8
𝑓58 = 17.577664(25) 203.45 0.087 0.0545(71) 8.2
𝑓59 = 15.639730(38) 181.02 0.059 0.2401(106) 7.0
𝑓60 = 15.735250(49) 182.12 0.045 0.5122(138) 5.4
𝑓61 = 16.146690(42) 186.88 0.052 0.3339(120) 6.1
𝑓62 = 5.492620(16) 63.57 0.141 0.9773(44) 10.9
𝑓63 = 3.318598(18) 38.41 0.121 0.6376(52) 9.3
𝑓64 = 2.370830(18) 27.44 0.121 0.6178(52) 8.6
𝑓65 = 6.125770(21) 70.90 0.103 0.4185(60) 7.9
𝑓66 = 6.235430(20) 72.17 0.108 0.0129(58) 8.3
𝑓67 = 3.116365(25) 36.07 0.087 0.9967(71) 6.7
𝑓68 = 2.439138(24) 28.23 0.090 0.3127(69) 6.4
𝑓69 = 𝑓0 + 0.007436 = 16.843350(17) 194.95 0.128 0.4374(49) 13.0
𝑓70 = 𝑓1 − 0.008875 = 23.053892(14) 266.83 0.155 0.8534(40) 16.2
𝑓71 = 𝑓1 − 0.007126 = 23.055640(16) 266.85 0.134 0.8558(47) 14.1

Dependent frequencies within the effective frequency resolution 0.00521 d−1

𝑓0 + 0.002089 = 16.852875(06) 195.06 0.364 0.3131(17) 37.1
𝑓1 − 0.001716 = 23.061051(03) 266.91 0.721 0.8505(09) 75.7
2𝑓2 − 0.002803 1.3500 0.2389 136.8
𝑓5 + 0.001861 = 31.215740(23) 361.29 0.096 0.8730(65) 11.0
𝑓8 − 0.002704 = 15.444800(30) 178.76 0.074 0.2602(84) 9.4
𝑓10 + 0.001864 = 25.062500(36) 290.08 0.061 0.8381(102) 5.9
𝑓15 − 0.001975 = 33.287050(19) 385.27 0.113 0.8489(55) 14.9
𝑓16 − 0.000409 = 34.398755(21) 398.13 0.105 0.3820(59) 14.0

(continued on next page)
frequency spectra. Several stars are now updated with a couple of
dozen frequencies, which is a significant improvement from the
previous ground photometry results of a few.
19
Probing and using pulsation frequencies is an effective way to gain
insights into stellar structure. Simple pulsation spectra facilitate iden-
tification of oscillation modes and their modeling. Complex pulsation
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Table 13 (continued).
Frequency (d−1) μHz Amplitude

(mmag)
Phase (0-1) SNR

𝑓22 − 0.0005259 = 21.232296(18) 245.74 0.121 0.4970(51) 12.2
𝑓28 − 0.0034679 = 15.053110(19) 174.23 0.118 0.3219(53) 14.9
𝑓31 − 0.004901 = 20.336495(25) 235.38 0.089 0.4073(70) 9.6
𝑓31 − 0.0006239 = 20.330970(28) 235.31 0.078 0.8029(80) 8.4
𝑓32 − 0.000885 = 18.043835(14) 208.84 0.162 0.4536(38) 14.7
𝑓33 − 0.0004640 = 18.535346(21) 214.53 0.106 0.4295(59) 10.4
𝑓35 + 0.0009889 = 18.819130(20) 217.81 0.108 0.2998(58) 10.7
𝑓39 + 0.0007039 = 26.864490(32) 310.93 0.069 0.8513(90) 7.6
𝑓0 + 𝑓2 − 0.004371 0.0600 0.7838 6.6
2𝑓0 − 0.000098 0.0890 0.4775 11.6
𝑓1 + 𝑓2 − 0.001198 0.0450 0.7144 6.7

Theoretical frequency resolution: 0.00102 d−1

Zeropoint: 7.97601007 mag
Residuals: 0.000991485736 mag
Table 14
Frequency solution of CD-54 7154 (=TIC 173503902) based on TESS sectors 12 and 39. The digits in parentheses represent the error in the
last two or three decimal places. The amplitude units are milli-magnitudes (mmag), with typical uncertainties of 0.0418 mmag. The previously
detected frequencies are marked by asterisks.

Frequency (d−1) μHz Amplitude
(mmag)

Phase (0-1) SNR

𝑓0 = *9.162285(01) 106.04 24.388 0.0327(03) 461.0
𝑓1 = *9.369020(02) 108.44 15.4150 0.7847 291.4
𝑓2 = *9.15744 105.99 – – –
𝑓3 = *9.15132 105.92 – – –
𝑓4 = *15.404979(12) 178.30 2.431 0.9971(27) 62.3
𝑓5 = 16.246765(19) 188.04 1.589 0.3877(42) 34.7
𝑓6 = 9.879882(23) 114.35 1.317 0.6386(51) 27.3
𝑓7 = 20.629477(53) 238.77 0.566 0.5506(118) 14.4
𝑓8 = 16.459082(53) 190.50 0.568 0.6116(117) 12.4
𝑓9 = 10.258152(59) 118.73 0.514 0.3408(129) 10.6
𝑓10 =15.427366(67) 178.56 0.452 0.9713(147) 11.6
𝑓11 = 16.213636(70) 187.66 0.430 0.8800(155) 9.4
𝑓12 = 19.408859(73) 224.64 0.415 0.4193(160) 9.5
𝑓13 = 9.769503(77) 113.07 0.389 0.3994(171) 8.1
𝑓14 = 17.375864(78) 201.11 0.385 0.7853(173) 7.8
𝑓15 = 10.380897(85) 120.15 0.353 0.3007(189) 7.3
𝑓16 = 14.695983(99) 170.09 0.304 0.7244(219) 9.5
𝑓17 = 𝑓0 − 0.02563 = 9.136657(14) 105.75 2.213 0.6940(30) 41.8
𝑓18 = 𝑓0 − 0.03359 = 9.128695(25) 105.66 1.211 0.1088(55) 22.9
𝑓19 = 𝑓0 + 0.02593 = 9.188212(34) 106.35 0.881 0.3646(76) 16.7

Combination and dependent frequencies within resolution limit 0.0182 d−1

𝑓20 = 𝑓0 + 𝑓1 + 0.000117 214.48 1.7470 0.3624 36.6
𝑓21 = 2𝑓0 − 0.002688 212.12 1.0050 0.1237 21.1
𝑓22 = 𝑓0 + 𝑓1 − 0.00329 214.44 0.7190 0.1536 15.1
𝑓23 = 2𝑓1 − 0.002688 216.91 0.5990 0.5512 12.6
𝑓24 = 𝑓0 + 𝑓2 − 0.002691 284.37 0.3220 0.9611 7.7

Frequency resolution: 0.00131 d−1

Zeropoint: 0.000301970746 mag
Residuals: 0.00212318609 mag
spectra can provide much better constraints on the control parameter
of a stellar model, such as the initial chemical composition, mass, age,
mixing-length, and opacity of the stellar material, etc.

One of the widely accepted excitation mechanisms for the low-
frequency (0.3–5 d−1) gravity-mode pulsations in 𝛾 Dor stars are driven
by the modulation of the radiative flux by convection at the base of
a deep envelope convection zone (Guzik et al., 2000). However, it
is not the whole story because some 𝛾 Dor stars have been observed
that also pulsates in 𝛿 Sct-type 𝑝-mode pulsations driven by the H
20

and He ionization 𝜅-effect. It is not known whether a single excitation
mechanism can be responsible for both the 𝑝 and 𝑔 modes in hybrid
𝛿 Sct/𝛾 Dor stars (Balona et al., 2015). A recent theoretic study shows
that the oscillations of 𝛿 Sct and 𝛾 Dor stars are both due to the combi-
nation of the 𝜅-mechanism and the coupling between convection and
oscillations. These stars belong to the same class of variables at the low-
luminosity part of the Cepheid instability strip. Within the 𝛿 Sct-𝛾 Dor
instability strip, most of the pulsating variables are very likely hybrids
that are excited in both 𝑝 and 𝑔 modes (Xiong et al., 2016). High-
precision photometry will reveal more hybrid pulsations, prompting

an investigation into a possible unified pulsation mechanism. We are
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Table 15
Frequency solution of GSC 04040-01606 based on TESS sectors 18, 24 and 25. The
digits in parentheses represent the error in the last two or three decimal places. The
amplitude units are milli-magnitudes (mmag), with typical uncertainties of 0.1542
mmag.

Frequency (d−1) μHz Amplitude (mmag) Phase (0-1) SNR

𝑓0 = 7.543132(53) 87.30 7.421 0.0950(33) 45.6
𝑓1 = 7.168275(65) 82.97 6.057 0.5795(41) 36.4
𝑓2 = 6.515472(184) 75.41 2.124 0.8685(116) 13.2
𝑓3 = 11.854332(333) 137.20 1.177 0.7561(208) 8.4
𝑓4 = 6.754491(372) 78.18 1.052 0.9157(233) 6.3
𝑓5 = 14.217330(378) 164.55 1.037 0.5742(237) 6.7
𝑓6 = 11.977436(412) 138.63 0.950 0.9333(258) 6.8
𝑓7 = 6.190357(445) 71.65 0.880 0.6625(279) 5.8
𝑓8 = 12.324753(476) 142.65 0.823 0.8473(298) 6.0
𝑓9 = 13.612377(484) 157.55 0.810 0.4309(303) 5.5
𝑓10 = 6.500103(524) 75.23 0.747 0.5437(328) 4.7
𝑓11 = 7.948547(539) 92.00 0.727 0.0347(337) 4.6
𝑓12 = 14.442319(556) 167.16 0.705 0.5606(348) 4.5
𝑓13 = 9.109439(610) 105.43 0.643 0.3949(382) 4.7

Effective frequency resolution of 0.0122 d−1

Zeropoint: 0.9982993 mag
Residuals: 0.0058959 mag

looking into theoretic updates of the Hertzsprung-Russell diagram for
stellar oscillations, which would be a revolutionary change from the
earlier picture such as that by Christensen-Dalsgaard (1988).
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