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Abstract

TESS photometry is analyzed for 430 classical Be stars observed in the� rst year of the mission. The often complex
and diverse variability of each object in this sample is classi� ed to obtain an understanding of the behavior of this
class as a population. Ninety-seven percent of the systems are variable above the noise level, with timescales
spanning nearly the entire range of what is accessible with TESS, from tens of minutes to tens of days. The
variability seen with TESS is summarized as follows. Nearly every system contains multiple periodic signals in the
frequency regime between about 0.5 and 4 day� 1. One or more groups of closely spaced frequencies is the most
common feature, present in 87% of the sample. Among the Be stars with brightening events that are characteristic
of mass ejection episodes(18% of the full sample, or 31% of early-type stars), all have at least one frequency
group, and the majority of these(83%) show a concurrent temporary amplitude enhancement in one or more
frequency groups. About one-third(34%) of the sample is dominated by longer-term trends(timescales> 2 day).
Low-frequency stochastic signals are prominent in about 25% of the sample, with varying degrees of intensity.
Higher-frequency signals(6 < f < 15 day� 1) are sometimes seen(in 15% of the sample) and in most cases likely
re� ect p-mode pulsation. In rare cases(� 3%), even higher frequencies beyond the traditional p-mode regime
( f > 15 day� 1) are observed.

Uni� ed Astronomy Thesaurus concepts:Be stars(142); Pulsating variable stars(1307); Stellar mass loss(1613);
Photometry(1234); Light curves(918); Early-type emission stars(428); Circumstellar disks(235); Multi-periodic
variable stars(1079)

Supporting material:machine-readable table

1. Introduction

Classical Be stars have been studied for over 150 yr, yet key
aspects of their nature remain veiled. Since their discovery in
1866 (Secchi1866), it has been established that classical Be
stars(here after simply Be stars) are nonsupergiant B-type stars
with rapid, near-critical rotation, and are in general nonradial
pulsators, which nonradiatively eject mass to form a viscous,
near-Keplerian circumstellar“decretion” disk from which
characteristic spectral emission features arise(Rivinius et al.
2013, and references therein). While signi� cant progress has
been made in the past several decades, the following questions
regarding Be stars remain outstanding in general: How do they
acquire such fast rotation? Why do they pulsate the way they
do? How does rapid rotation in� uence internal processes such
as angular momentum transport and chemical mixing? How are
matter and angular momentum ejected at suf� ciently high
amounts? How does this ejected matter organize itself around
the star on a geometrically thin and mostly Keplerian disk?

Mass, rotation, binarity, metallicity, and magnetic� elds are
the primary factors that dictate the life of a star. Be stars span
the entire spectral type range from late O to early A, do not
host large-scale magnetic� elds down to a detection limit of
about 50–100 Gauss(Wade et al.2016, in a sample of 85 Be
stars), are more common in lower-metallicity environments

(Maeder et al.1999; Wisniewski & Bjorkman2006; Peters
et al. 2020), and are the most rapidly rotating nondegenerate
class of objects known, on average rotating at or above 80% of
their critical rotation rate(Frémat et al.2005; Rivinius et al.
2013). The binary fraction and binary parameters of Be stars as
a population are somewhat uncertain, but there is evidence that
the binary parameters are similar to those of B-type stars in
general(Oudmaijer & Parr2010), as well as suggestions that a
very high fraction of Be stars exist in binaries(Klement et al.
2019), often with evolved companions and especially hot
subdwarf stars(Wang et al.2021). Be stars then represent
critical test beds, especially for theories that explain the role of
rotation in stars, which to date remain insuf� ciently developed
for rapid rotators.

Space photometry has led to signi� cant advances in the� eld
of Be stars in recent years. Analysis of space-based photometry
has revealed that pulsation is ubiquitous among classical Be
stars, and that they pulsate primarily in low-order g-modes
where gravity is the restoring force(Rivinius et al. 2003),
similar to the class of slowly pulsating B(SPB) stars (De
Cat 2002). Higher-frequency p-modes(pressure being the
restoring force, exempli� ed in the� Cephei pulsators; Stankov
& Handler 2005) are also observed in some Be stars, but are
less common than g-modes. Rossby waves(r-modes, where
centrifugal forces dominate) may also be present in Be stars
(Saio2013; Saio et al.2018b). Typical observed frequencies of
p-modes are between approximately 6 and 15 day� 1, and g-
and r-modes are typically observed with frequencies less than
6 day� 1. Analysis of photometry from the MOST(Walker et al.
2003), BRITE (Weiss et al.2014), Kepler(Koch et al.2010),
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and CoRoT(Baglin et al.2006) satellites has shown that the
frequency spectra of Be stars are often complex relative to
other B-type main-sequence pulsators(the � Cephei and SPB
stars), typically exhibiting multiperiodicity, groups of closely
spaced frequencies(as well as isolated frequencies), signatures
of low-frequency stochastic variability, and long-term(usually
aperiodic) trends(Walker et al.2005a; Rivinius et al.2016;
Baade et al.2017, 2018a; Semaan et al.2018). The fact that
virtually all Be stars pulsate suggests that pulsation is an
important aspect of these systems, and is also a potentially
useful probe of their interiors via asteroseismology. High-
precision space photometry therefore represents a valuable tool
to study the physics of Be stars and to learn about the role of
rapid rotation in stellar structure and evolution.

The Transiting Exoplanet Survey Satellite(TESS; Ricker
et al. 2015) mission, launched in 2018, has opened a new
window into OB star variability. The Kepler spacecraft
dramatically advanced the state of the art of stellar variability
with its unprecedented photometric precision and long(4 yr)
observational baseline of a single� eld (Borucki et al.2010).
However, due to its observing strategy, only a small number of
relatively faint OB stars were observed. While TESS has the
same general goal as Kepler(the discovery of transiting
exoplanets), its observing strategy is markedly different, at
great bene� t to the study of OB stars. In its prime mission,
TESS covered� 74% of the sky in two years, with a large� eld
of view that shifts approximately every 27 days. Unlike Kepler,
the TESS sectors have signi� cant overlap with the galactic
plane, where the vast majority of OB stars are found. Whereas
Kepler observed only three known Be stars(Rivinius et al.
2016), TESS is observing over 1000. Another bene� t is that the
TESS mission was designed for brighter stars(V � 12), which
means that the systems viewed by TESS have more
comprehensive historical data sets and are more practical to
observe from the ground.

Capitalizing on the strengths of TESS, the main goal of this
work is to provide an overview of the variability seen in the
population of over 400 Be stars observed in the� rst year of the
TESS mission at a high precision and at short timescales(tens
of minutes to weeks). Variability characteristics are ascribed to
every star in the sample, providing insight to the behavior of
the population as a whole and bringing to light patterns that
exist according to spectral type and correlations between the
different variability characteristics. In this context, the most
typical signals are those of stellar pulsation that manifest as
periodic signals in the� ux of a given system. As has been
reported in many studies, such periodic signals often form
“frequency groups” in the observed power spectra(e.g., Walker
et al.2005a; Rivinius et al.2016; Baade et al.2018a; Semaan
et al. 2018). These frequency groups are in general the most
characteristic signature of Be stars observed with space
photometry. In addition to photospheric signals, TESS is also
sensitive to changes in the circumstellar environment close to
the star, which can be associated with episodes of mass ejection
(with the matter perhaps being inhomogeneously distributed in
azimuth).

In Section2, the TESS satellite and its data products are
introduced, and methods for data extraction are described.
Section3 describes the analysis methods and shows example
results of these methods for arti� cial light curves. Section4
introduces the characteristic features seen in the TESS data of
Be stars, which are then used to describe each star in the

sample. The results of the analysis of these signals are
presented in Section5, including discussion of each character-
istic and the relevant astrophysical context. In Section6 a broad
overview is given with an emphasis on correlations between
the different variability classi� cations presented in Section5,
followed by concluding remarks in Section7.

2. Data

NASA TESS(Ricker et al.2015) is a photometric mission
performing wide-� eld photometry over nearly the entire sky.
The four identical cameras of TESS cover a combined� eld of
view of 24° × 96°. During the� rst year of TESS operations,
nearly the entire southern ecliptic sky was observed in 13
sectors, with each sector being observed for 27.4 days. Some
regions of the sky are observed in multiple sectors. TESS
records red optical light with a wide bandpass spanning
roughly 600–1000 nm, centered on the traditional CousinsI
band. For optimal targets, the noise� oor is approximately
60 ppm h� 1.

Full-frame images(FFIs) from TESS are available at a
30 minutes cadence for the entire� eld of view, allowing light
curves to be extracted for all objects that fall on the detector.
Certain high-priority targets were preselected by the TESS
mission to be observed with 2 minutes cadence, some of which
were chosen from guest investigator programs. For the sample
studied in this work, light curves were extracted from the FFIs
for all systems, and 2 minutes cadence light curves were
also used whenever available. Generally the 30 minutes and
2 minutes light curves contain the same signals, which bolsters
our con� dence in the methods used for the FFI light-curve
extraction. However, there are some subtle differences that are
further explained in the following subsections.

Because of the large pixel size of TESS(� 20� ), the broad
PSF, and the fact that the vast majority of OB stars lie in or near
the Galactic plane, it is important to consider the effect of
blending, where contaminating� ux from neighboring sources
can contribute to the light curve extracted for the target star. For
each star in this sample, the“contamination ratio” (de� ned as
the amount of� ux from all neighboring sources divided by the
� ux of the target system) was calculated in the same fashion as
described in Section 3.3.3 of Stassun et al.(2018) using the
Python codeTIC_INSPECT.3 Additionally, when analyzing each
system, images from the digital sky survey were compared
against the TESS images(which include the aperture that was
used) to gauge potential blending issues in a more qualitative
way. With moderately blended objects(where one or more
neighboring stars of roughly comparable brightness contribute
to the total aperture� ux), different light-curve extraction
methods using different aperture sizes were compared(see the
following subsection), and in extreme cases, heavily blended
systems(where one or more neighboring stars dominate the
total aperture� ux) were not included in further analysis.4

Additionally, for moderately blended cases, Simbad was
queried to check for known variables in the vicinity of the
target. In practice, for the majority of objects, source confusion
due to blending is of little concern in the present study(except

3 https:// github.com/ mpaegert/ tic_inspect
4 e.g., TIC 434254190= BQ Cru with a contamination ratio of 3.8173, TIC
261862960= mu.02 Cru with a contamination ratio of 2.6170, TIC
207043035= HD 258782 with a contamination ratio of 14.6662, TIC
380224370= Cl* NGC 4103 with a contamination ratio of 3.8180, and TIC
709917565= � Mon A with a contamination ratio of 2.7740.
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perhaps for the higher-frequency signals in some cases) with
the main effect being a mild suppression of amplitude in the
30 minutes cadence data. The median(mean) value for the
contamination ratio of the Be star sample is 4.6%(12.0%),
where typically dozens to hundreds of much fainter stars
contribute to this contamination(such that any one source is
unlikely to contribute to the light curve in a signi� cant way).

2.1. Extracting Light Curves from TESS FFIs

Light curves(LCs) are extracted from the TESS FFIs using
three different methods. This is done to increase our con� dence
in the results when these methods produce LCs that agree, and
also decreases the incidence of false-positive detections of
signals if they exist in only one version of the extracted LC,
being perhaps caused by imperfect removal of systematic
trends or blending from neighboring objects.

The � rst method used to extract LCs begins by using the
LIGHTKURVE package(Lightkurve Collaboration et al.2018)
and TESSCUT (Brasseur et al.2019) to download a target pixel
� le with a 50× 50 pixel grid centered on the target star’s
coordinates for every available TESS sector. An aperture
threshold of 10� relative to the median� ux level is used as a
� rst step to automatically determine the aperture mask for the
target star. The size of the target pixel mask is allowed to scale
with stellar brightness, ranging from a radius of 2 pixels for
the fainter stars(Tmag � 10) to 6.5 pixels for the brightest
(Tmag � 5). All pixels outside of a 15× 15 pixel exclusion
zone(centered on the target star) are then used as regressors in
a principal component analysis(PCA) to remove common
trends across this region of the CCD(using � ve PCA
components). The result is a PCA detrended light curve that
is largely free from systematic trends. At the same time, an
alternate version of the light curve is produced(second
method), using only background removal, since in some
instances a PCA detrending method will remove astrophysical
variations in the target star with timescales of many days or
longer.

The third method uses the ASTROQUERY(Ginsburg et al.
2019) routine CATALOGS to identify � ve stars of similar
brightness on the same CCD as the target star within an annulus
of an inner radius of 0°.1 and an outer radius of 0°.35 (although
this is allowed to vary if there are too few stars of suf� cient
brightness within the original annulus). TESSCUT is then used
to extract a light curve for the target star and all of the identi� ed
neighboring stars using a 3× 3 grid of pixels. The trend
� ltering algorithm in theVARTOOLS light-curve analysis
package(Hartman2012) is then used to identify and remove
trends that are common to the set of the target star and its
neighbors. This aperture is almost always smaller than that
used in the PCA method, and is therefore less susceptible to
blending(at the cost of achieving a lower signal-to-noise ratio
(S/ N) due to excluding some� ux-containing pixels).

In some cases, one of the above methods will fail partially or
completely(most often when a target is close to the edge of a
detector, or in the most crowded� elds). Using different
extraction methods allows us to determine when this is the case
so that improperly reduced data is� agged as such. The� rst
method usingLIGHTKURVE tends to be more reliable and
produces a light curve with a higher S/ N, and all plots of
30 minutes cadence data shown in this work use this version of
the light curve. The sampling rate of 30 minutes allows for the
detection of frequencies up to 24 day� 1.

2.2. Two Minutes Cadence Light Curves

About 65% of the sample has 2 minutes cadence light curves
available from the TESS of� ce. When these LCs exist, the
same analysis was performed as was done for the LCs extracted
from the FFIs. In nearly all cases, the results are virtually
identical between different versions of the LC. We use the Pre-
search Data Conditioning Simple Aperture Photometry
(PDCSAP) � ux from the TESS LCs, which is calibrated in a
way that often removes long-term trends. This generally yields
a cleaner version of the LC(compared to the simple aperture
photometry, SAP,� ux) that is well suited for frequency
analysis. The disadvantage is that the detrending process may
remove astrophysical variability on relatively long timescales.
These, however, can easily be identi� ed in the 30 minutes data.
For that reason, both sets of data were always analyzed for
all stars for which they are available. The higher cadence
2 minutes LCs allow for the detection of much higher
frequencies relative to the data extracted from the FFIs, up to
the Nyquist limit of 360 day� 1.

2.3. Sample Selection

The Be Star Spectra(BeSS) database5 (Neiner et al.2011)
was used to create a list of Be stars betweenV-mag of 4 and 12.
The sample of Be stars from Chojnowski et al.(2015) was also
included. Only targets in the southern ecliptic hemisphere were
chosen, in order to match the� elds observed by TESS in its
� rst year of operations. Of this initial list of 543 stars, 64 were
either not observed by TESS or the data are problematic(i.e.,
when a star falls onto the very edge of a detector, or systematic
effects or unusually high noise levels severely hamper our
ability to analyze a given LC) and therefore not analyzed
further. A further 49 systems are rejected from the sample, with
35 of these being con� rmed as something other than a classical
Be star(see AppendixB.2), and 14 are strongly suspected of
being some other type of system(see AppendixB.3).

The remaining 430 classical Be stars make up the sample
studied here. Of these, 218(51%) are of early-type(B3 and
earlier), 79 (18%) are mid-type(B4, B5, and B6), 110 (26%)
are late-type(B7 and later), and 23 (5%) are of unknown
spectral type.

An important aspect of the analysis undertaken in this work
was determining if a given object is not a classical Be star. To
this end, a literature search was conducted, any available BeSS
or APOGEE spectra were inspected, the spectral energy
distribution (SED) was inspected,6 and any unusual features
in the light curve were noted(e.g., indications of a short-period
binary) for each object. Systems that masquerade as Be stars
include OB stars with strong magnetic� elds, chemically
peculiar stars, B[e] stars, interacting and/ or close binaries,
Herbig Ae/ Be stars, supergiants, and OB stars embedded in
nebulae.

The 49 objects thus rejected from the sample suggest a
“contamination fraction” of � 10%. Some of the objects
rejected here have been included in works that aim to describe
Be star populations(e.g., Frémat et al.2005; Labadie-Bartz
et al.2017), underscoring the need to carefully vet samples of
supposed classical Be stars against contamination from other
types of astrophysical systems. This contamination fraction

5 http:// basebe.obspm.fr
6 Via the “Photometry viewer” hosted on Vizier(http:// vizier.u-strasbg.fr/
vizier/ sed/ ).
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may be slightly underestimated if additional systems are
revealed to be impostor Be stars, like the 20 systems in
AppendixB.4 for which there is insuf� cient evidence to reject
their classical Be stars designation, despite having character-
istics that may cast some doubt as to their nature.

The majority of these targets also have years-long light
curves from the ground-based Kilodegree Extremely Little
Telescope(KELT; Pepper et al.2007, 2012), where the data for
some of the TESS sample are published and available in
Labadie-Bartz et al.(2017, 2018). While the KELT data was
not directly used in the analysis of these systems in this work,
in some instances it was used to corroborate long-term trends or
periodic signals seen in TESS, or to con� rm systems that are
not Be stars(e.g., binaries with ellipsoidal variation). Further
works studying these systems should take advantage of the
more comprehensive suite of time-series data provided by
TESS, KELT, BeSS, APOGEE, ASAS(Bernhard et al.2018),
and perhaps other sources.

3. Analysis

A variety of methods were used to analyze the sample. Standard
Fourier methods lie at the core of the analysis, but the diversity of
signals expressed by Be stars demands a careful study, including
visual inspection of the light curves, separately considering
different frequency regimes, measuring aperiodic variability,
tracing variable amplitudes of periodic signals, and documenting
correlations in time between different signals. Consideration is also
given to the degree of blending, and potential issues from
saturation, systematic effects, and noise. Details about the data
analysis are described in the following subsections.

3.1. Removing Outliers and Bad Data

Because of the variety of signals in the data, especially in
systems exhibiting longer-term trends of relatively high ampl-
itude, outliers cannot be removed through standard methods
such as sigma clipping. Instead, outliers and sections of poor-
quality data were removed in the following way. After
reconstructing the light curve with a sum of Fourier terms, the
calculated� t was subtracted from the observed data, and points
greater than� ve times the median absolute deviation from the
median of the residuals were automatically identi� ed as outliers.
At this stage, the observed and calculated data and the residuals
were manually examined, allowing for the possibility of
removing additional sections of poor-quality data. These cleaned
light curves, with outliers and sections of poor-quality data
removed, are used in all following analysis steps.

3.2. Low-frequency Detrending and Recovery of Periodic
Signals

Because of the generally complex nature of photometric
variability of Be stars, there are signals with a wide range of
timescales and behavior that we are interested in measuring,
which requires extra analysis steps. For example, in a system
with signi� cant aperiodic low-frequency variability, it is
prudent to detrend against these signals when analyzing the
data for higher-frequency signals.

A Fourier-based detrending method was employed, whereby
each sector of data for each object was detrended against all
signals lower than 0.5 day� 1 up to a false-alarm probability of
10� 2 (in a similar fashion as Rivinius et al.2016). This cutoff is
simply a convenient choice for removing the most signi� cant

low-frequency signals to prepare the light curve for a frequency
analysis above 0.5 day� 1. This Fourier-based method has the
advantage of being applicable in a uniform fashion to every
light curve regardless of its complexity and is robust in tracing
all low-frequency behavior, whether periodic or not. Other
detrending options, such as moving averages or polynomial� ts
either require some� ne-tuning on a case-by-case basis(e.g., on
the order of the polynomial or size of the moving average
window), and/ or can introduce spurious signals when used for
detrending(especially near the edges of data substrings for
moving averages, and when high-order polynomials are
required to trace more complex low-frequency signals). The
Fourier-based detrending method does not introduce spurious
signals at higher frequencies, which would otherwise hamper
the subsequent frequency analysis steps.

A frequency analysis was then performed for the entire set of
TESS observations for each star, separately for the original and
low-frequency detrended versions of the light curves. The
TIMESERIES.LOMBSCARGLEpackage(VanderPlas et al.2012;
VanderPlas & Ivezi� 2015) of ASTROPY(Astropy Collabora-
tion et al. 2013, 2018) was used to compute these modi� ed
Fourier transforms. The above procedure was applied to both
the 30 and 2 minutes cadence data, when available.

To determine the individual frequencies present in the data,
the VARTOOLS light-curve analysis software with the LOMB-
SCARGLE routine (Press et al.1992; Zechmeister & Kürster
2009) was used to detect and iteratively pre-whiten the data
against each recovered signal(up to a false-alarm probability of
10� 2), recording the frequency, phase, amplitude, S/ N, and
false-alarm probability. The frequency and amplitude of these
signals are used to plot the pre-whitened periodograms(with
discrete values for each detected frequency), and are also used
to reconstruct each light curve based on the recovered signals,
which are visually compared to the original photometric data to
ensure a good� t from the Fourier analysis. These methods are
similar to what is typically done for space photometry of Be
stars, e.g., with MOST(Walker et al.2005a), Kepler(Rivinius
et al.2016), and CoRoT(Semaan et al.2018).

Note that the choice to stop the iterative� tting routine down
to the signi� cance of a false-alarm probability of 10� 2 is
arbitrary but reasonable and convenient. Since the VARTOOLS
software assumes white noise and cannot be forced to
simultaneously� t the red noise pro� le, a “continuum” of
relatively low-amplitude frequencies is often identi� ed by the
routine(apparent in most of the plotted frequency spectra).

3.3. Wavelet Plots

It is common for Be stars to show photometric signals that
vary in amplitude over time. Wavelet plots are a convenient
way to visualize this, as they depict the frequency spectrum as a
function of time (at the cost of a degraded frequency
resolution). The Python packageSCALEOGRAM7 was used to
perform a wavelet analysis for each star, considering the
original and low-frequency detrended(signals with frequencies
< 0.5 day� 1 removed) versions of the data separately.

3.4. Testing Arti� cial Light Curves

In order to better understand the signals that are recovered
from TESS light curves of Be stars, tests were performed where

7 https:// github.com/ alsauve/ scaleogram
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arti� cial signals are injected into the data and then recovered.
This process begins by taking a TESS light curve of a typical
Be star (TIC 14088298, Tmag= 8.125, using 2 minutes
PDCSAP data) from a single sector(sector 5), and removing
all signals through iterative pre-whitening, leaving a light curve
that contains only noise. Signals are then injected, and the light
curve is analyzed using the same methods that are applied to
the real data. The injected signals were motivated by common
features seen in the data for Be stars.

In the � rst trial, nine sinusoidal signals with different but
constant amplitudes are injected into the pre-whitened light
curve in two groups, with four signals centered around 2 day� 1,
and � ve signals centered around 3.3 day� 1 to imitate the
frequency groups that are commonly seen in Be stars(the
amplitudes of these signals are between 0.2 and 1 ppt).

The arti� cial light curve is then analyzed through iterative
pre-whitening. All of the injected signals are recovered, with
the mean difference between the injected and recovered
frequencies being 0.06%, and the recovered amplitudes are
precise to within 10%. However, other signals are also found in
the analysis. These spurious signals are all close to the injected
frequencies and lie within their respective groups. Panel(A) of
Figure 1 shows the frequency spectrum and the signals
recovered through iterative pre-whitening of this� rst arti� cial
light curve, with the location of the injected signals also
marked. Only one frequency group is shown for clarity, as the
behavior of the other group is qualitatively the same. In the
following trials, only this group near 3.3 day� 1 is modi� ed, and
there is no discernible in� uence on regions of the frequency
spectrum that are not shown in Figure1.

Next, a single frequency at 3.5 day� 1 is injected into the light
curve with an amplitude that decreases linearly from 1 ppt to
reach an amplitude of 0 at the end of the light curve. Panel(B)
of Figure1 shows this trial. The injected frequency is recovered
to within 0.02% with an amplitude indistinguishable from that
of the injected signal at its strongest. Other signals are also
found close to the injected frequency and with amplitudes
decreasing with distance from this frequency. These signals are
weaker than the injected single frequency, but are still
signi� cant relative to the noise level. The periodogram peak
is also wider than it would be if the amplitude were not
modulated.

The original nine signals are again injected, with the
strongest(at 3.5 day� 1) being modulated in amplitude in the
same way as the second trial. Again, there are spurious peaks
near 3.5 day� 1 caused by the amplitude modulation, but now
there are additional peaks in the group that did not exist in the
� rst trial, and one of the injected signals(the second in the
group, at 3.282 day� 1) is not properly recovered. Panel(C) of
Figure1 shows this.

This test is repeated, but with the amplitude of the 3.5 day� 1

signal being constant and the amplitude of the middle
frequency of the group, at 3.32 day� 1, linearly decreasing at
the same rate as the second and third trials. Spurious peaks
appear, and the precision with which the� ve injected signals of
the group are recovered is degraded, as shown in panel(D) of
Figure1.

A trial similar to the second one is done, but instead of a single
frequency with a linearly decreasing amplitude, the amplitude is
modulated by a sinusoid with a frequency of 0.0275 day� 1. In this
case, the original injected frequency at 3.5 day� 1 is not recovered,
but rather two strong peaks appear in the periodogram(panel(E)

of Figure1). This can be explained by the trigonometric identity
� B � C � B � C � B � C� q � � � � � � � �sin sin sin cos 2( ) ( ) [ ( ) ( )] . In other

words, with a standard frequencyanalysis alone, it is impossible
to distinguish between a single frequency,� , whose amplitude is
modulated by some lower frequency,� , and two signals of
constant amplitude located at� � � and� + � . In principle, this

Figure 1. Analysis of an arti� cial light curve with known signals injected. The
locations of injected signals are shown with red dotted vertical lines, with
amplitudes of constant signals marked by a redx, and the maximum amplitude
of signals that vary in strength with time is marked by a green circle. The
frequency spectrum of the arti� cial light curve is shown in light blue, and the
signals found through iterative pre-whitening of the arti� cial light curve are
vertical black lines, where their height re� ects the amplitude of the recovered
signal. The window function(with arbitrary vertical scale), centered at
3.1 day� 1, is shown in panel(B). Note that each sector will have a slightly
different window function, and for systems viewed in multiple sectors the
window function becomes more narrow. Panel(A): a frequency group where
all injected signals have a constant amplitude. Panel(B): a single frequency
with a linearly decreasing amplitude is injected. Panel(C): the same as panel
(A), but the strongest signal at 3.5 day� 1 has a linearly decreasing amplitude.
Panel(D): the same as the panel(A), but the middle signal at 3.32 day� 1 has a
linearly decreasing amplitude. Panel(E): the same as the panel(B), but the
amplitude is modulated by a sinusoid. Panel(F): the same as panel(A), but all
amplitudes are smaller by a factor of ten.
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can be remedied by also considering phase information. However,
such an analysis is not performed in this work.

Finally, the� rst trial was repeated but with all amplitudes
being smaller by a factor of 10(panel(F) of Figure1). With
these amplitudes approaching the noise� oor of the data, the
injected signals are poorly recovered. This demonstrates that a
practical, but approximate, lower limit on the amplitude of
signals that can be reliably recovered in a typical TESS light
curve is� 0.05 ppt.8

The � rst trial, where the injected signals that make up two
groups all have a constant amplitude, is shown in more detail in
Figure 2. The wavelet analysis of this arti� cial light curve
shows that the two groups are variable in power over time.
However, this is solely a consequence of the beating
phenomenon between signals in a given group, since each
injected signal is known to be constant in amplitude. The
beating can also be seen as a corresponding change of the
overall amplitude in the light curve itself.

Numerous other similar tests were performed, but the above
examples serve to demonstrate the overall results of attempting
to recover signals in groups of closely spaced frequencies when
amplitudes are allowed to vary(as is often the case with Be
stars). The main conclusions of these tests are that the methods
used to detect signals in the TESS data will almost always
result in some spurious signals whenever there are groups of
frequencies and that signals with varying amplitudes can,
sometimes dramatically, compound this effect. While the
frequency groups themselves, and usually the strongest
frequencies they comprise, are reliably recovered, some degree
of spurious detections is inevitable. Complex beating patterns
can exist within a frequency group, causing apparent modula-
tion of the strength of the group over time despite all individual
signals having a constant amplitude. Therefore, caution must be
exercised when analyzing TESS data for Be stars, and these
limitations must be kept in mind when considering the light
variability seen in this sample. While these limitations are well
known in general, the complex nature of Be star variability and
the low-frequency resolution of most TESS light curves
exacerbates such issues.

3.5. Interpreting Observations of Be Star Systems

Certain observed variations can be con� dently attributed to
either the star or the disk. In terms of photometry, brightening
or fading events that occur on timescales of months or years are
understood to be due to disk growth or dissipation, while
coherent, stable periodic signals on timescales of around 1 day
and less are best attributed to stellar pulsation. There are,
however, many cases where photometric signals are ambiguous
in origin. The stellar rotation period, orbital period in the close
circumstellar environment, and possible pulsational periods are
all very similar. Since many factors can in� uence the total
brightness of the system(and other observables) in often
complex and time-variable ways, care must be taken in
interpreting photometric data. In the following, examples are
provided of variability that can be� rmly connected to either the
disk or star, but debatable cases are also discussed, in order to

highlight both the great potential, as well as the complications
ensuing from interpreting space photometry alone.

4. Characteristic Features of Be Stars in TESS

The main goal of this work is to assign characteristic
variability features to each star in the sample, and to then use
these characteristics to describe the sample as a population.
This section introduces these features and shows examples.

4.1. Light Curves and Their Frequency Spectra

Most of the characteristic features in the TESS data of Be
stars can be inferred by inspecting the light curve and the
frequency spectrum. While each light curve and frequency
spectrum is unique, there are certain features that are common
among many members of the sample. Figure3 shows examples
of Be stars that show these characteristic features, which are
introduced and described here.

In what follows, a convention is adopted where low
frequencies are those less than 0.5 day� 1, mid frequencies are
between 0.5 and 6 day� 1, high frequencies are between 6 and
15 day� 1, and very high frequencies are greater than 15 day� 1.
While these distinctions are somewhat arbitrary, they are
physically motivated. Low-frequency signals are generally
below those of typical g-mode pulsation observed in Be stars
(Rivinius et al.2003), mid (high) frequencies span the typical
range of g-mode(p-mode) pulsation in Be stars, and very high
frequencies are above the typical p-mode regime in Be stars
(e.g., Handler2013; Bowman2020, and references therein).
While the rapid rotation(and evolutionary stage) of Be stars
can complicate this simpli� ed scheme, it is useful to choose

Figure 2. Arti� cial light curve(top), modi� ed Fourier periodogram(left), and
wavelet plot (middle) for the � rst trial discussed in Section3.4 with two
frequency groups, with each signal having a constant amplitude. The wavelet
plot shows both groups having apparently variable power, which is solely a
consequence of the beating phenomenon. In the wavelet plot, horizontal dashed
lines mark the injected frequencies, and regions occupied by hash marks denote
gaps in data and regions where wavelet signals are otherwise unreliable due to
edge effects.

8 A true lower limit depends on the brightness of the target, how successfully
systematic trends are removed, the details of the frequency spectrum in the
vicinity of a given signal(including red noise), the number of sectors in which
the target was observed, the choice of aperture used to extract the light curve,
and perhaps other factors.
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cutoffs to delineate these categories in order to classify the
observed variability.

The characteristic features adopted are as follows:

1. Frequency groups:Many closely spaced frequencies
often form groups in the frequency spectra of Be stars.
The system in panel(A) of Figure3 shows three well-
de� ned groups near 0.1, 0.95, and 1.9 day� 1, and panel
(E) shows two groups near 3 and 6 day� 1. Panels(B) and
(F) also show two frequency groups each. There is one
group in panel (D) (near 2 day� 1) plus stochastic
variation at lower frequencies. Panel C is more
ambiguous as plotted, but shows two prominent groups
near 0.6 and 1.4 day� 1, which are more easily identi� ed
through iterative pre-whitening and acknowledging that
the periodogram peaks are wider than the window
function, suggesting they contain multiple unresolved
signals. It is common for a harmonic series that begins
with the mid-frequency groups to extend to higher
frequencies.

2. Longer-term trends dominate:Longer-term trends with
timescales> 2 days are the most prominent features in the
data. Panel(A) in Figure 3 is an example of this
characteristic where oscillatory behavior with a timescale
of � 10 days is evident(and is the highest-amplitude
signal). Likewise, the high-amplitude longer-term trends

in panel (B) belong to this category. This is usually
apparent from the light curve, but can be more
quantitatively determined if the strongest periodogram
signals are in the low-frequency regime.
(a) Flickers:Flickers are a speci� c type of longer-term

trend that are characterized by an initial increase(or
decrease) in brightness of a few percent over a few
days, followed by a return toward baseline. The
largest-amplitude features in panel(B) of Figure3 are
examples of this(e.g., the variability in the� rst 10
days is characteristic of a single� icker event). Flickers
are not an oscillation around the mean brightness(like
in panel(A)), but are rather a marked departure from
the baseline brightness.

3. Low-frequency stochastic variation:Nonperiodic varia-
bility is a signi� cant feature of the data. Low-frequency
stochastic signals can appear as extra“noise” in the
frequency spectrum that is strongest at the lowest
frequencies, and decreases toward higher frequencies.
However, this“red noise” is astrophysical, and arises
from genuine variability. Panel(D) in Figure3 shows an
example that includes prominent low-frequency stochas-
tic variability. The forest of signals between 0 and
2 day� 1 in the periodogram is stochastic in nature, while
the frequency group just above 2 day� 1 is a distinct
(periodic) feature (i.e., a frequency group). Panel (B)

Figure 3. TESS light curves(left) and frequency spectra(right) for a representative selection of Be stars that show certain characteristic features, as described in
Section4. For panel(B), the periodogram is re-calculated after removing the low-frequency(< 0.5 day� 1) signals(which are shown in a lighter gray color). Panel(F)
uses 2 minutes cadence data, which better emphasizes the highest-frequency signals. All other panels use 30 minutes cadence data. The frequency axisof the
periodogram in panel(F) is extended to include the high frequencies. Signals at frequencies higher than 10 day� 1 are absent in all other stars shown here. The TIC ID,
common ID, spectral type, and TESS sectors are printed in the periodogram plots.
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likewise includes low-frequency stochastic variability
(manifesting as an underlying“continuum” of signals at
low frequencies in the periodogram) in addition to
frequency groups that clearly stand above the local noise.

4. Isolated frequencies:In contrast to groups, some fre-
quencies are isolated. There are many isolated frequen-
cies in the periodogram of panel(F) in Figure 3
(including at 1.7, 3.4, 6.7, 13.6, and 22.5 day� 1), and
also some in panel(D; with low amplitudes between 6.0
and 7.5 day� 1, and being more apparent in the 2 minutes
cadence data after removing low-frequency trends).
(a) High- and very-high-frequency signals:Systems that

exhibit periodic signals in the high-(6 < f <
15 day� 1) and very-high-( f > 15 day� 1) frequency
regime are recorded.9 Panel(F) in Figure3 shows a
star with many of these high- and very-high-frequency
signals, while panel(D) also meets the criteria of
having high-frequency signals. Harmonics alone are
not considered here, nor are near-harmonic sequences
of groups that begin at mid frequencies. For example,
if there is a signal at 4.0 day� 1 with an exact harmonic
at 8.0 day� 1, it is not classi� ed as a high-frequency
signal since the presence of this harmonic may simply
indicate that the fundamental signal(at 4.0 day� 1) is
not perfectly sinusoidal. In panel(E), the groups near
6 day� 1 and 9.5 day� 1 are the second and third groups
in a series that begins with the strongest group near
3 day� 1, and thus this star does not meet the criteria
for having high-frequency signals.

(b) Harmonics of isolated signals:Some frequency
spectra show clear harmonics, where a signal is found
at an integer number times the frequency of another
signal. In some cases these harmonics are exact, while
in others they are approximate. An exact harmonic is
seen in panel(F) of Figure 3, where the lowest
frequency, f0 = 1.684 day� 1, has a� rst harmonic at
2 × f0 = 3.368 day� 1 (and increasingly smaller-ampl-
itude second, third, and fourth harmonics). Frequency
groups often have(multiple) harmonics, but those are
considered separately.

5. No detected signals:A small fraction of the stars in the
sample shows no variability above the TESS noise level.
This is generally restricted to later spectral types, where it
is well known that amplitudes are relatively low.

4.2. Time-variable Signals: Temporarily Enhanced Frequency
Group Strength

While traditional light-curve and frequency analysis provide
valuable information about the signals present in the data, it is
clear from Figure3 that some signals are variable in time. The
most notable aspect of this is seen when� ickers coincide with
enhancement of the power of one or more frequency groups
(the group enhancement may occur during or after the rising
branch of the� icker). This is clearly seen, for example, in
Figure4 where both main groups(near 2 day� 1 and 4 day� 1)
are strongest during the two� icker events. We limit our
consideration of time-resolved signal analysis to only this
situation, recording instances where groups are enhanced
coincident with � ickers. Further analysis is possible(e.g.,

quantifying correlations between signal amplitudes over time)
and will be explored in future works.

In principle, the alternative could be considered, where
decreases in group strength are instead noted. Generally,
variations in group strength most obviously manifest as
increases in amplitude that are highly localized in time and
thus represent a departure from their“ typical” strength
(averaged over the full TESS observing baseline). This is
especially evident when viewing systems where groups are
relatively strong during� icker events. However, the reverse
(where frequency group amplitude suddenly drops beyond
what is expected for beating patterns) is rarely seen.

4.3. Interpreting Results of Our Analysis

After identifying the characteristic features of interest, plots
for the sample were visually inspected in order to determine
which of the above characteristics can be attributed to each star
and other information about the signals that are present(e.g.,
the location and relative strength of frequency groups).

There is some degree of subjectivity in assigning variability
classi� cations. Each object was analyzed in detail indepen-
dently by three authors of this work. If a consensus was
reached regarding a given classi� cation, then that classi� cation
was assigned to the system. If there was disagreement or
uncertainty, then the object was inspected in more detail and a
� nal decision was made regarding the classi� cation in question.

Figure 4. A system where� ickers correspond to the enhancement of the two
main frequency groups. First: 2 minutes cadence LC(black), with the low-
frequency signals in red. Second: the LC after removing low-frequency signals.
Third: wavelet analysis(after removing the low frequencies). Fourth: frequency
spectrum(after removing the low frequencies). The top three panels share the
samex-axis (TJD).

9 Frequencies up to the Nyquist limit(360 day� 1 for 2 minutes cadence, and
24 day� 1 for 30 minutes cadence) are probed.
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In some cases, it remained not possible to con� rm or reject a
given classi� cation.

Panels(E) and(F) of Figure3 show an apparent modulation
of the amplitude of the most prominent signals. In these and all
similar cases, such modulation is interpreted as a beat envelope
from two or more closely spaced signals even if the
observational baseline is too short to fully resolve these signals
(i.e., a frequency group). The alternative view that a single
frequency is varying in amplitude on these relatively short
timescales is not employed. Certain other Be stars studied
with much longer baseline space photometry(e.g., StH� 166
with 4 yr of Kepler data; Rivinius et al.2016) show closely
spaced groups with beat envelopes that have timescales of tens
to hundreds of days. Although TESS may not fully resolve
each signal in such a group, the apparent presence of a beat
envelope is a reasonable indicator that multiple signals exist.

4.4. Determining the Center of Frequency Groups

A Python routine was developed to more objectively
quantify groups and their properties from the pre-whitened
frequency spectrum for each star. This clustering algorithm
served to identify groups, and to provide numerical descrip-
tions of their net amplitude and weighted center, thus allowing
the location and relative strength of groups identi� ed in a given
light curve to be compared. Further details are provided in
AppendixA.

5. Results and Discussion for Each Variability Type

The variability features for all Be stars in the sample were
tabulated and the occurrence rates are shown in Table1. The
last columns in Table1 are computed from the� half of the
sample with the lowest contamination ratios(< 5%), which are
largely free from any blending issues. This subsample has
virtually the same distribution of spectral type bins as the full
sample. In the following subsections, the variability types and
characteristic examples are discussed. These results are
discussed in a broader scope in Section6.

5.1. Frequency Groups

5.1.1. Overview

The existence of frequency groups in the power spectra is a
common feature of Be stars observed from space(Walker et al.
2005a; Saio et al.2007; Saio2013; Kurtz et al.2015; Baade
et al.2018a; Semaan et al.2018). Eighty-seven percent(376/
430) of this sample shows one or more frequency groups.
According to spectral type, this percentage is 91%(199/ 218)
for early-types(B3 and earlier), 94% (74/ 79) for mid-types
(B4–B6), and 77%(85/ 110) for late-types(B7 and later).

Frequency groups in classical Be stars are clearly complex in
their nature. The majority of Be stars exhibit two or more
frequency groups. However, a not insigni� cant fraction of these
systems(116, or 27%) shows only one or zero frequency
groups(or have groups in an atypical con� guration, which is
not following an approximate harmonic series). This is
contingent on the noise level(perhaps there are low-amplitude
frequency groups below the detection threshold), and it is also
sometimes observed that the strength of groups and/ or their
most prominent frequencies can signi� cantly vary over time
(Smith et al.2006; Labadie-Bartz & Carcio� 2020a; Borre et al.
2020; Labadie-Bartz et al.2021), so that the lack of observed
groups at the time when a given star is observed by TESS does
not necessarily mean that groups have not existed in the past
(or will not become more prominent in the future).

Some Be stars observed with suf� ciently long baselines
demonstrate that it is possible for signals to be too closely
spaced to resolve in just one or a few TESS sectors. For
example, in one of the Be stars observed by TESS in all 13
sectors of Cycle 1, TIC 279430029= HD 53048, it is evident
from an analysis of the full year-long light curve that there are
frequency groups. Yet, these signals are so closely spaced that
they are completely unresolved in a single TESS sector with no
hint of a beat envelope. Therefore it is possible that some
objects that are here determined to have only isolated
frequencies(and not groups) may instead host very narrow
frequency groups.

Table 1
Percentages Showing Variability Classi� cations

Variability All Early Mid Late Unknown All

Characteristic (B3 and Earlier) (B4, B5, and B6) (B7 and Later)
(Cont.

Ratio < 5%)

(430) (218) (79) (110) (23) (217)

freq. groups 87.4% (376) 91.3% (199) 93.7% (74) 77.3% (85) 78.3% (18) 88.5% (192)
typical group con� guration 83.5% (314) 85.4% (170) 85.1% (63) 77.6% (66) 83.3% (15) 84.9% (163)
longer-term trends dominate 34.0% (146) 51.4% (112) 24.1% (19) 9.1% (10) 21.7% (5) 31.3% (68)
� ickers 17.9% (77) 30.7% (67) 7.6% (6) 0.9% (1) 13.0% (3) 18.0% (39)
� ickers+ enhanced freq. groups 83.1% (64) 82.1% (55) 100.0% (6) 100.0% (1) 66.7% (2) 82.1% (32)
low-frequency stochastic 24.7% (106) 33.0% (72) 12.7% (10) 15.5% (17) 30.4% (7) 23.5% (51)
isolated freqs. 29.3% (126) 22.5% (49) 34.2% (27) 36.4% (40) 43.5% (10) 26.3% (57)
harmonics of isolated freqs. 21.4% (27) 6.1% (3) 25.9% (7) 30.0% (12) 50.0% (5) 22.8% (13)
high freq. 14.7% (63) 15.6% (34) 16.5% (13) 12.7% (14) 8.7% (2) 10.6% (23)
very high freq. 3.0% (13) 2.3% (5) 2.5% (2) 5.5% (6) 0.0% (0) 2.8% (6)

Note.Fraction of stars showing each type of variability, according to their spectral type, followed by the total number of systems showing the given characteristic. The
percentage of systems with� ickers+ enhanced frequency groups are calculated from only the systems with frequency groups. The percentage of systems with a
typical group con� guration are calculated from only those with frequency groups, while the percentage with harmonics of isolated frequencies are calculated from
only those with isolated frequencies. The� nal column shows the variability fractions for only the half of the sample with the smallest contamination ratios(< 5%),
which are least susceptible to blending issues.
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The presence of frequency groups is the most common
characteristic signal seen in the Be stars of this sample. Balona
& Ozuyar (2021) analyzed TESS data for a sample of 441
classical Be stars(from sectors 1–26), and found that only 73%
show short-period variability, which is considerably lower than
even the fraction of stars in the present sample showing
frequency groups. Of the 15 Be stars in the study of Semaan
et al. (2018), 12 or 13 (80%–87%) were found to have
frequency groups in CoRoT photometry(their sample skews
more heavily toward early-types compared to this work). In the
15 � Cas analogs(which are early-type classical Be stars)
studied with TESS photometry in Nazé et al.(2020b), they
report frequency groups in 10 systems, but it could be argued
that all but two exhibit groups. Indeed, there is a consensus that
frequency groups are very common in Be stars regardless of
any differences in interpretation.

Multiple frequency groups like those seen in the majority of
Be stars are not common in non-Be OB stars(e.g., Bowman
et al.2020; Burssens et al.2020). Frequency groups are often a
consequence of very rapid rotation in pulsators(Saio et al.
2018b; Lee & Saio2020), and may be an important component
of the Be phenomenon(where the Be phenomenon is
understood to be the active ejection of material and not simply
the presence of a disk, which may have been formed at some
time in the past and does not necessarily imply ongoing mass
ejection).

There are multiple processes known to produce frequency
groups in rapid rotators. g-mode pulsation can naturally form
frequency groups, as modes with different radial orders(n), but
the same value ofl andm, will oscillate at similar but slightly
different frequencies. For sectoral g-modes(i.e., l = |m| and no
latitudinal nodal lines exist, which are common in Be stars;
Maintz et al.2003; Rivinius et al.2003; Neiner et al.2012a),
the frequency in the inertial(observational) frame is propor-
tional to |m| and the� rst group is generally found above the
rotation frequency by about 20%(Cameron et al.2008; Saio
et al.2018a, 2018b; Semaan et al.2018). r-modes in moderate
to rapidly rotating stars also form frequency groups, where the
strongest of these r-mode groups(|m| = 1) is located at slightly
below the rotational frequency, with further groups becoming
weaker in observed amplitude with increasing|m|, and located
slightly below|m| × frot (Saio et al.2018b). Variability in the
circumstellar environment, especially during active mass
ejection, can cause frequency groups near and slightly below
the rotational frequency, and also generate harmonics(Šte�
et al.1998; Baade et al.2016). The characteristic frequencies of
this phenomenon are dictated by the orbital timescale close to
the star, which depends on the orbital radius of the recently
ejected material(which generally evolves with time). Balona &
Ozuyar(2021) have interpreted frequency groups in Be stars as
re� ecting rotation of an inhomogeneous surface where
magnetic � elds are invoked. In general, detailed modeling
and/ or spectroscopic observations are needed to distinguish
between these scenarios, any or all of which may occur in a
given Be star over some observational baseline.

About 10% of the sample shows one or more frequency
groups that are qualitatively similar to the groups of r-modes
reported in Saio et al.(2018b), with a somewhat broad“hump”
and a relatively strong and narrow signal on the high-frequency
side of the hump. Panel(7) in Figure5 shows one example, but
TIC IDs 237059039 and 295099096 exhibit the greatest
similarity to these“hump and spike” r-mode groups. Figures 3

and 9 of Semaan et al.(2018; for the Be stars CoRoT
102686433, 102785480) show frequency spectra that are
perhaps consistent with r-modes. While frequency groups are
very common, and despite predictions that r-modes are
expected in rapid rotators(Saio et al.2018b), “hump and
spike” con� gurations consistent with r-modes seem to be the
exception and not the rule. If r-modes are indeed ubiquitous in
Be stars, they may be somewhat hidden in the relatively
complex frequency groups, such that disentangling the
contributions from r-modes, g-modes, and/ or circumstellar
variations is a challenge. With contemporaneous time-series
spectroscopy and/ or polarimetry, it may be possible to
distinguish between r-modes and circumstellar signals, which
are both expected to form groups slightly below the stellar
rotation frequency.

5.1.2. Typical Group Con� gurations and Relative Strength

Although there is a wide range in the location, width,
number, and relative strength of individual frequencies making
up the group, and relative strength of the groups themselves,
there are some patterns that are common when considering the
whole sample. The most typical con� guration includes three
groups(although there may be further harmonics of these with
decreasing amplitude). The lowest-frequency group,g0, is
centered at< 0.5 day� 1 (and often much lower, as is more
clearly seen in many instances in similar studies with longer
time baselines; e.g., Neiner et al.2012a; Baade et al.
2016, 2017; Semaan et al.2018). The next group,g1, is
centered at some intermediate frequency(typically between 0.5
and 3 day� 1), and g2 is located at approximately twice the
frequency ofg1. A variation of this con� guration is seen when
g0 is absent, butg1 and g2 still follow the same pattern.
Figure5 shows many examples of frequency groups, where all
but panel (10) exhibit this typical con� guration. In what
follows, the center of a typical frequency group, as determined
by the clustering algorithm of AppendixA, is written asfg1 or
fg2. Note that in some systems, an otherwise typical near-
harmonic series of groups may skip what would be the third
group in the series(i.e., at� 3 × fg1) as in panels(7) and(9) of
Figure5.

The frequency spectra of this sample have varying degrees of
complexity, and there are some cases where multiple signals
exist in the vicinity of each other. Panel(8) of Figure5 shows
one such example, where the frequency spectrum does include
two groups following the typical pattern( fg1 � 2.45 day� 1,
and fg2 � 4.94 day� 1). There is also a strong isolated signal
( f � 1.30 day� 1) and its subharmonic, which are seemingly
unrelated to the two frequency groups. Situations like this may
re� ect “composite frequency spectra,” where the 1.30 day� 1

signal and its subharmonic may indicate binarity or rotation
(perhaps of a companion star or system), while the pair of
higher-frequency groups is formed by families of pulsation
typical of Be stars. This example is purely speculative—such
interpretation requires further data and analysis and is beyond
the scope of this work.

All cases where the typical group con� guration is realized
(and when it is not) and the relative strength and central
location ofg1 andg2 were recorded. No attempt was made to
specify the center ofg0 because the frequency resolution in this
regime is poor, owing to the short TESS observing baseline,
except that, per the adopted de� nition, g0 is centered at
< 0.5 day� 1.

10

The Astronomical Journal, 163:226(36pp), 2022 May Labadie-Bartz et al.






















































	1. Introduction



