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ABSTRACT
γ Cas stars constitute a subgroup of Be stars showing unusually hard and bright X-ray emission. In search for additional
peculiarities, we analysed the TESS light curves of 15 γ Cas analogues. Their periodograms display broad frequency groups
and/or narrow isolated peaks, often superimposed over red noise. The detected signals appear at low frequencies, with few cases
of significant signals beyond 5 d−1 (and all of them are faint). The signal amplitudes, and sometimes the frequency content,
change with time, even in the absence of outburst events. On the basis of their optical photometric variability, γ Cas stars reveal
no distinctive behaviour and thus appear similar to Be stars in general.

Key words: stars: early-type – stars: emission line, Be – stars: massive – stars: variables: general.

1 IN T RO D U C T I O N

Massive stars may display various spectral peculiarities, which is
expressed by specific letters being appended to their spectral types.
The Be category was introduced to gather stars presenting Balmer
hydrogen lines in emission. This emission is now understood as
arising in a circumstellar decretion disc (for a review, see Rivinius,
Carciofi & Martayan 2013). γ Cas has long been considered as the
prototype of this category, but its high-energy properties (high effec-
tive temperature and luminosity intermediate between X-ray binaries
and ‘normal’ OB stars) appeared at odds with usual observations of
massive stars (Jernigan 1976; Mason, White & Sanford 1976; Smith,
Lopes de Oliveira & Motch 2016). With time, more than twenty
other Oe/Be stars were found to display these peculiarities (Nazé
et al. 2020a), leading to the definition of a ‘γ Cas’ subclass amongst
Be stars (not linked to the old optical photometric ‘GCAS’ category
used in GCVS). The defining criteria of this subclass (Nazé & Motch
2018) are a Be spectral type in the optical range and a thermal X-
ray emission with log(LX(0.5–10. keV) ∼ 31.6–33.2 (equivalent to
log (LX/LBOL) between −6.2 and −4) and kT > 5 keV (equivalent
to a ratio between the fluxes in the 2.0–10.0 and 0.5–2.0 keV bands
larger than 1.6 or to LX(2.0–10. keV) > 1031 erg cm−2 s−1) – all X-
ray fluxes are after correction for the ISM absorption. When the X-ray
data are sufficiently numerous and of high signal-to-noise ratios, two
additional characteristics become obvious: the presence of Fe K α

fluorescence line near the iron complex at 6.7 keV and variations on
both short and long time-scales (Smith et al. 2016; Nazé & Motch
2018). As a comparison point, O-type stars typically show much
softer and fainter thermal X-ray emissions, with kT ∼ 0.6 keV and
log (LX/LBOL) ∼ −7 (and B-type stars are even fainter), while X-ray
binaries exhibit log (LX) > 34. As not all Be stars have been observed
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at X-ray wavelengths, it should be noted that many more cases may
remain unidentified at the present time hence the exact incidence of
the γ Cas peculiarity remains unknown.

The origin of the γ Cas phenomenon remains debated. Two main
scenarios have been proposed, one linked to accretion on to a compact
companion (Hamaguchi et al. 2016; Postnov, Oskinova & Torrejón
2017) and another one linked to magnetic star–disc interaction (Smith
et al. 2016). In this context, it is important to underline that, up to
now, the only reported difference between γ Cas analogues and the
other Be stars lies in their X-ray emission. However, not many γ Cas
analogues have been the subject of thorough (optical, ultraviolet,
infrared) investigations hence important evidence has yet to be
identified.

In this context, we decided to investigate the optical variability
of γ Cas analogues. Indeed, the variability directly relates to the
disc or the star itself hence it could pinpoint their specificities, if
the γ Cas phenomenon arises from the Be star and/or its disc. In
Nazé et al. (2020b), we already reported the detection of coherent
variations from π Aqr and HD 110432 (BZ Cru) while Borre et al.
(2020) analysed the case of γ Cas itself. We now extend the study to a
larger set of γ Cas analogues. The homogeneous data set provided by
TESS will constrain the overall characteristics of these stars and help
comparing them with other Be stars. Sections 2 and 3 will present the
data and their analysis, respectively, while Section 4 puts the results
in a broader context. Finally, Section 5 summarizes and concludes
this paper.

2 DATA R E D U C T I O N A N D A NA LY S I S

Currently, 25 γ Cas stars are known (and references therein Nazé
et al. 2020a). We have checked whether they had been observed
by the Transiting Exoplanet Survey Satellite (TESS) and this was the
case of sixteen of them. Amongst these was HD 110432, whose TESS
light curve was already reported in Nazé et al. (2020b); this paper
focuses on the 15 remaining stars but shows HD 110432 again for
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comparison. It may be recalled at this point that TESS has a bandpass
centered on the classical Ic filter, but broader as it spans 6000–
10 000 Å. It thus records the red and near-infrared emissions of stars.

Four targets were observed at 2 min cadence, and the associated
light curves were directly downloaded from the MAST archives.1

Only the corrected light curves with the best quality (quality flag = 0)
data were considered.

For the remaining eleven stars, only TESS full frame images
(FFI) with 30 min cadence are available. Individual light curves were
extracted for each target using the PYTHON package LIGHTKURVE.2

Aperture photometry was done on image cut-outs of 50 × 50
pixels and using a source mask defined by pixels above a given
flux threshold (10 e− s−1 for most stars, increased to 15 e− s−1

for SAO 49725 and γ Cas and to 20 e− s−1 for V2156 Cyg and
HD 119682, to avoid faint neighbours). γ Cas appears saturated in
TESS images, but the stellar signal is not lost, just spread out on more
pixels (the larger aperture may increase the potential contamination
from other objects, though). Background, including scattered light,
was taken out using a principal component analysis. Furthermore,
the data points with errors larger than the mean of the errors plus
their 1σ dispersion were discarded.

The TESS pixel has a size of 21 arcsec and extraction is done over
several pixels (the usual aperture has 1–3 px radius), hence crowding
issues may arise. Using Simbad, the 2MASS catalogue, and Gaia-
DR2, we examined whether our 15 targets had neighbours of similar
brightness within 1 arcmin radius. Most stars have neighbours that are
3–10 mag fainter, hence their contribution can be considered negli-
gible. Only two stars appear problematic. HD 90563 lies at 37 arcsec
of HD 302793 that has a similar brightness and a similar spectral
type: it is thus impossible to determine from which star the light
variations come. Belonging to NGC 5281, HD 119682 is surrounded
by several stars, notably the brighter CPD–62◦3559 (K 2 II/III) and
HD 119699 (A 1 II). The spectral types of the contaminating objects
are in this case different from that of the target, but the TESS images
revealed that the images of these sources are totally blended, with our
target clearly not dominating the output. Since they may not be fully
representative of the emissions of the γ Cas stars, the light curves of
these two targets should thus be taken with a great caution.

Whatever the cadence, the raw fluxes were converted into mag-
nitudes using mag = −2.5 × log (flux) + 14 (constant is arbitrary).
Fig. 1 shows the final light curves for each source, including
HD 110432 (Nazé et al. 2020b). Two stars (TYC 3681-695-1 and
V767 Cen) display strong long-term variations. Their presence leads
to large signals at low frequencies that fully hide other information
on the photometric behaviour, hence they need to be taken out for
our study. The overall trends were determined by averaging the
photometric data of these two stars within a 1 d sliding window and
then subtracted to get detrended light curves. For TYC 3681-695-1,
very rapid changes at BJD < 2458 791.8 were further discarded.
Three stars (γ Cas, SAO 49725, and V2156 Cyg) were observed in
two sectors and the two light curves were combined after comparing
their mean flux levels and shifting the second light curve to match
the mean level of the first one.

All light curves (individual, detrended, combined) were then
analysed using a modified Fourier algorithm adapted to uneven
sampling (Heck, Manfroid & Mersch 1985; Zechmeister & Kürster
2009), as there is a small gap in the middle of each sector light
curve. Fig. 2 shows the results of these searches, with a 1 per cent

1https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
2https://docs.lightkurve.org/

Figure 1. TESS light curves of the targets, plus HD 110432 for completeness;
the ordinate provides magnitudes. In the two cases with a large long-term
change, the detrended light curve is also presented. The top five panels present
the 2 min cadence light curves, while the middle and bottom panels show data
taken with 30 min cadence.
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Figure 2. Fourier periodograms associated to the light curves shown in
Fig. 1; the ordinate provides sinusoid amplitudes in mmag. For TYC 3681-
695-1 and V767 Cen, only the periodograms of the detrended light curve are
presented. The dashed red horizontal line provides the 1 per cent significance
level while dotted green vertical lines show the frequencies of previously
reported signals and small red dots indicate the frequencies which were
prewhitened to search for specific variability (see Section 2).

Figure 3. Spectral windows derived for one or two sectors, showing expected
aliases.

significance level derived using the formula of Mahy et al. (2011).3

In addition, to assess the evolution of the variability, we derived
the periodograms in sliding windows of 5 d duration shifted by
steps of 0.5 d. Finally, to search for faint signals (especially at high
frequencies) and for red noise, we subtracted the strongest signals.
This was done by first detrending the data using a 5 d sliding window
(except for TYC 3681-695-1 and V767 Cen, for which detrending
was already done before) and then taking out the 2–5 sinusoids
corresponding to the strongest peaks (Fig. 2).

3 R ESULTS

3.1 Types of variability

While there are no two identical periodograms, some general features
can be identified in Fig. 2. First, the power mostly lies at low
frequencies, usually below 3 d−1. Secondly, signals either appear as
rather isolated peaks or form broad frequency groups. Those groups
are genuine features, not just a peak and its close aliases, although
faint aliases (due to holes in sampling) can of course also be detected
(see also spectral windows in Fig. 3).

To further detail the observed variability, we subdivide the peri-
odogram features into four different types (see next). To summarize
our results, Table 1 gathers the properties of all stars, listing the
significant signals and their properties.

(i) Long-term variations: Be stars are known to vary on long time-
scales but TESS photometric data only cover 1 month per sector, so
can only provide a glimpse of the long-term properties of γ Cas stars.
In our data set, large and slow changes are seen in only two stars:
TYC 3681-695-1 and V767 Cen. The amplitude of these photometric
changes are 0.1–0.3 mag, comparable to what was observed for
π Aqr and HD 110432 in Nazé et al. (2020b). Shallower long-term
trends (<0.04 mag), resulting in some signal appearing at the lowest
frequencies in the periodograms, are seen in nine other stars (see
Table 1 for details) but they may be (at least partly) instrumental.

(ii) Red noise: A gradual increase in periodogram amplitudes can
be seen towards the lowest frequencies, especially in HD 45314,
once the light curve has been detrended and cleaned from its main
periods. This so-called ‘red noise’ actually is stellar in origin, rather
than instrumental, as its presence has been reported in several massive

3Formally, there exists no analytical formula to estimate the significance level
of a periodogram peak in case of uneven samplings. However, the TESS light
curves mostly consist of evenly sampled data, with only a few gaps, and the
Mahy et al. formula provides a very good approximation in this case.
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stars (Blomme et al. 2011; Bowman et al. 2019; Rauw et al. 2019).
Subsection 3.1.1 provides further details on the properties of the red
noise in our targets.

(iii) Frequency groups: Rather than isolated peaks, some peri-
odograms show broad groups. In our sample, these frequency groups
are dominating the periodograms of TYC 3681-695-1, V767 Cen,
CQ Cir, and V2156 Cyg. Except for CQ Cir, two main groups are
present in each star, with the one at a higher frequency having a
larger amplitude than the one at a lower frequency. In other stars
(especially HD 45995 and V558 Lyr, but see details in Table 1), a
strong peak may be accompanied by a dense set of neighbouring
fainter peaks, pointing to the presence of a low-amplitude frequency
group.

(iv) Coherent signals: When a peak appears strong, isolated, and
with a relatively stable frequency (throughout our observations, see
Section 3.2, and/or comparing with other data sets, see Section 3.3),
the signal may be assumed to be coherent. Table 1 lists the candidate
frequencies. Many stars in our sample appear to possess such
signals, with various properties: some peaks are dominant (see
next) while others are not; most are at low frequencies while a
few others, with low amplitudes, appear at high frequencies (see
further details in Section 3.1.2); some are in harmonic ratio (see
Appendix) while others could be combinations of signals; some
appear clearly separated from frequency groups while others appear
on top of frequency groups (but clearly dominating them).

(a) Dominant signal: Some periodograms show a single
peak, without any other frequency or with only much fainter
other signals. In our sample, this is particularly the case of
SAO 49725 and V810 Cas, whose periodograms present a single
peak. The periodograms of five other stars are dominated by one
frequency (with its strong harmonics for V782 Cas), but fainter
signals at different frequencies are also present. In some cases
(especially HD 45995, HD 157832, SAO 49725, and V810 Cas),
prewhitening the light curves by these dominant frequencies
still leaves significant residuals. This could be an effect of the
evolving variability (see Section 3.3) or reflect the complexity
of the underlying signal (actually not a single, pure frequency).

3.1.1 Red noise

To assess the presence of red noise in the sample of γ Cas stars, we
adopt the formalism of Stanishev et al. (2002) to fit the periodogram
with an expression:

A(ν) = A0

1 + (2 π τ ν)γ
+ C, (1)

where A0 is the red noise level at nul frequency, τ the mean lifetime
of the structures producing the red noise, γ the slope of the linear
decrease, and C the white noise level.

The parameters of this relation were determined from a fit to
the periodogram detrended and prewhitened for the most prominent
frequencies (see Fig. 4 for examples). For most stars, the fit of
the red noise parameters was performed over the frequency range
from 0.1 to 10 d−1, and the level of white noise C was determined
from the periodogram mean between 12 and 25 d−1, where red
noise is negligible. However, in a few cases, the red noise extended
to higher frequencies and we thus performed the fit of the red
noise up to 15 d−1, and in one case to 20 d−1. In those cases,
the white noise level was determined from the mean between 20
and 25 d−1.

Figure 4. Log–log plots of the periodograms of the detrended and
prewhitened TESS photometry of HD 45314 and V810 Cas. The red curves
correspond to the red-noise relations described by parameters from Table 2.

Table 2. White noise and red noise parameters in TESS data of γ Cas stars,
ordered by RA.

Star A0 γ τ C
(mmag) (d) (mmag)

γ Cas 0.31 ± 0.09 1.82 ± 0.73 0.139 ± 0.080 0.025
V782 Cas 0.63 ± 0.19 1.73 ± 0.69 0.152 ± 0.098 0.016
HD 44458a 0.47 ± 0.07 2.34 ± 0.59 0.051 ± 0.013 0.013
HD 45314 0.43 ± 0.04 2.44 ± 0.42 0.070 ± 0.010 0.007
HD 90563a 0.32 ± 0.09 1.76 ± 0.71 0.105 ± 0.059 0.019
HD 119682 0.11 ± 0.04 1.67 ± 0.67 0.281 ± 0.163 0.005
V558 Lyr 1.41 ± 0.38 1.99 ± 0.78 0.100 ± 0.053 0.032
V810 Cas 1.52 ± 0.29 2.03 ± 0.77 0.099 ± 0.051 0.093

aFit performed over the frequency range 0.1–15 d−1.

Some remarks must be made on this procedure. First, no fit
could be obtained for TYC 3681-695-1 as significant red noise
seems undetectable in the periodogram of this star. Second, the
prewhitening was imperfect in some cases, especially when complex
variability (frequency groups) was present. In those cases, lots of
residual signals remain at low frequencies, which bias the red
noise estimates. Therefore, the fitting certainly overestimates the
red noise for HD 45995, CQ Cir, and V2156 Cyg (for which the fit
was moreover of poor quality) and it somewhat overestimates it for
HD 110432, V767 Cen, HD 157832, and SAO 49725. For all those
stars, the actual red noise parameters remain uncertain. Only the
parameters fitted to the remaining cases, for which good and reliable
fits could be achieved, are presented in Table 2. It is important to
note that these values are fully compatible with those observed for
massive OB stars (Bowman et al. 2020).
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3176 Y. Nazé, G. Rauw and A. Pigulski

3.1.2 Presence of high-frequency signals

All stars studied in this paper display clear variability at low
frequencies but are they also varying at high frequencies? In Nazé
et al. (2020b), the two γ Cas analogues π Aqr and HD 110432 were
found to display coherent high-frequency variations (f > 5 d−1)
with amplitudes of ∼1 mmag. In the SMEI data of π Aqr, the 2–
12 d−1 periodogram was in fact dominated by high-frequency signals
(appearing at 7.3, 8.3, 11.6, 11.8 d−1) . In the TESS data of HD 110432
(Fig. 2 and Nazé et al. 2020b), the high-frequency signal at 9.588 d−1

appears as strong as the low-frequency ones, and there are also
numerous faint signals at 4.5–7 d−1, near 7.8 and 11.956 d−1, as
well as isolated signals at 11.164 and 13.528 d−1.

At first sight, nothing similar can be found in the 15 TESS light
curves analysed here (Fig. 2). However, low-level signals may be
present but be difficult to detect when other signals dominate.
The TESS light curves were therefore detrended and prewhitened
for the strongest signals to search for them (Section 2, Fig. 5).
Since the 1 per cent significance level derived using the Mahy et al.
(2011) formula considers the full light curve scatter, whatever the
variability frequency, it underestimates the significance of high-
frequency signals when red noise is present or in case of imperfect
cleaning at low frequencies (in other words, whenever there remain
low-frequency signals). Therefore, we used as an alternative for
detection five times the white noise level determined in Section 3.1.1
(see Fig. 5).

HD 44458 presents many low-level signals up to 10 d−1, with-
out clearly isolated peaks (which could be groups or red noise).
HD 45314 displays an isolated peak at 18.080 d−1, while for
HD 45995, a significant and rather isolated peak is present at
6.256 d−1. V767 Cen displays a significant frequency group near
5.2 d−1, plus an isolated peak at 6.812 d−1. The periodogram of
γ Cas shows a peak at 5.054 d−1, which is accompanied by another,
even fainter one at 7.572 d−1 (it barely reaches significance). The
periodogram of HD 90563 has small frequency groups near 8
and 10.6 d−1 while SAO 49725 shows isolated peaks at 7.359 and
8.194 d−1. All these signals reach amplitudes of 0.05–0.4 mmag, i.e.
much less than for HD 110432 or π Aqr: clearly, our targets do not
display strong high-frequency signals but half of them (7 of 15 if
considering groups) display low-level ones.

3.2 Temporal evolution

As mentioned at the end of Section 2, we also derived periodograms
in sliding windows of 5 d duration shifted by steps of 0.5 d. These
time–frequency diagrams (Fig. 6) enable to study the temporal
evolution of the detected signals, although with a reduced frequency
resolution (whatever the frequency, the natural peak widths are
0.04 d−1 for the full data set of one sector, or 0.01–0.02 d−1 for
multisector cases, but only 0.2 d−1 here). Only the periodograms of
V782 Cas, HD 44458, HD 45995, HD 90563, and HD 119682 appear
relatively stable. Rather large changes are seen in all other cases, with
two main categories. In the first category, the same frequencies (at
the resolution limit) seem to be always present in the periodograms,
but with changing amplitudes – varying oscillation amplitudes can
also be spotted in light curves. This occurs in γ Cas, HD 157832,
V558 Lyr, SAO 49725, and V810 Cas, as well as in HD 110432
(especially for their main signals). Changes can be very localized (as
for example in HD 157832) or occurs more slowly. For example, the
variations of SAO 49725 were stronger in the first observing window
(sector 14) than in the second one (sector 16) but the amplitude
remains rather stable within a given window. An intermediate case

Figure 5. Fourier periodograms at high frequencies, after detrending and
prewhitening the TESS light curves (see Section 2); the ordinate provides
sinusoid amplitudes in mmag. In each panel, the dashed red horizontal line
provides the 1 per cent significance level using the formula of Mahy et al.
(2011), whereas the dotted blue horizontal line yields five times the white
noise level (see text for details).
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TESS light curves of γ Cas stars 3177

Figure 6. Time–frequency diagrams for all targets; the dates in asbcissa correspond to the mid-point of the temporal window used for calculating the
periodogram. The light curve is displayed on top, whilst the periodogram for the full data set is shown on the right. For the stars with multisector information, the
same amplitudes are used for the colour levels, to spot changes more easily. For the two stars with strong long-term changes, only the analysis of the detrended
light curve is provided.
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Figure 6 – Continued

is V810 Cas, with its amplitude strenghtening covering one half of
a sector. In TYC 3681-695-1 and CQ Cir, the frequency groups also
seem to be always present (with varying details, though). A second
set of light curves display changes in both the frequency content and
the amplitude of the signals. This seems to be the case for HD 45314
(especially at low frequencies), V767 Cen, and V2156 Cyg. For the
latter star, the signal near 2 d−1 clearly dominates during the first
observing season (sector 15), whereas the second one (sector 16)
rather shows low frequencies and signals near 1 d−1.

In this context, it is interesting to search for links between the short-
and long-term variabilities. For V767 Cen, the short-term oscillations
appear maximum towards the end of the observing window, more
precisely at the maximum of a shallow brightness ‘bump’ which itself
follows a phase of slow decay. For this star, it does not seem that
strong oscillations are triggering an outburst leading to a luminosity
increase (as e.g. proposed for HD 49330, Huat et al. 2009). In parallel,
the short-term variations of TYC 3681-695-1 have a larger amplitude
during a brightness maximum but also during a luminosity increase
occurring at the end of the observing window.

3.3 Variability in other data sets

The photometric variability of our targets has been previously
studied, except for TYC 3681-695-1, HD 90563, HD 119682, and
SAO 49725. In three other cases, the published information is very
limited: HD 45995 was reported in the Hipparcos catalogue as
photometrically variable, more precisely it had ‘duplicity-induced
variability’ (see also Olsen 1982); HD 45314 and CQ Cir were
reported as photometrically variable in the Hipparcos catalogue

and by Lefèvre et al. (2009). No periodic signal was previously
mentioned in the literature for those three stars, however. This work
thus presents the first detailed photometric study for these targets. For
the remaining stars, more information exists and it is mentioned in the
dedicated items below, along with a comparison to our findings. To
further facilitate this comparison, the last column of Table 1 lists the
previously reported frequencies (also shown in Fig. 2 as the vertical
green lines), while Fig. 7 compares TESS periodograms with those
derived from published high-quality data sets from Kepler and KELT
(Labadie-Bartz et al. 2017; Pope et al. 2019).

In parallel, we searched for additional data of our targets in
several extensive photometric data bases: SuperWASP4 (Butters et
al. 2010), ASAS5 (Pojmanski 1997), and ASAS–SN6 (Shappee et al.
2014). For SuperWASP, as done for TESS, the data points with errors
larger than the mean of the errors plus their 1σ dispersion were
discarded. The derived periodograms are compared to the TESS ones
in Fig. 7. For the latter two surveys, outliers and bad quality data
were excluded but the noise often remained too large for detecting
the subtle signals found in TESS photometry. Therefore, Fig. 7 only
presents the favorable cases. A short (8 d) high-cadence BRITE7

(Weiss et al. 2014) run was available for V767 Cen and is here
added for completeness, although it does not reveal any clear signal
(Fig. 7).

4https://exoplanetarchive.ipac.caltech.edu/cgi-bin/TblSearch/nph-tblSearc
hInit?app=ExoTbls&config = superwasptimeseries
5http://www.astrouw.edu.pl/asas/?page = aasc
6https://ASAS–SN.osu.edu/
7http://brite.camk.edu.pl/pub/index.html
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Figure 7. Comparison between periodograms derived for four stars from TESS and other observations; the ordinate provides sinusoid amplitudes in mmag. For
KELT, the identification numbers from Labadie-Bartz et al. (2017) are quoted between parentheses.

Notes on individual stars:

(i) γ Cas has been the target of many studies, including several
on its photometric short-term optical variability. Using 15 seasons
of ground-based APT data, Smith, Henry & Vishniac (2006) and
Henry & Smith (2012) detected a frequency of 0.82 d−1 with variable
amplitude. The signal appeared lower in 2004–2011 compared to
1997–2003. Borre et al. (2020) confirmed these results using SMEI
space-based data taken over the same years. In recent BRITE space-
based observations, the strength of this signal seems to have further
fainted, becoming undetectable. The dominant frequency now seems
to be a signal at 2.48 d−1 frequency (Borre et al. 2020). The same
authors also reported an additional signal at 1.25 d−1 as well as
potential detections near 0.97 and 5.06 d−1. In the TESS data, the
main signal clearly is 2.48 d−1 and a peak at 5.054 d−1 also seems to
be present. There is, however, no trace of the signals at 0.82, 0.97,
and 1.25 d−1 – there are many small peaks in this region. Meanwhile,
APT observations from the most recent seasons confirm the presence
of the 2.48 and 5.06 d−1 signals; no other frequencies are visible in
those data (Smith and Henry, in preparation).

(ii) TYC 3681-695-1 was also observed by SuperWASP (Fig. 7).
While some signal is detected in the periodogram, there are a
strong daily aliasing and much larger amplitudes than in TESS. The
agreement with the frequency groups detected by TESS near 1 and
2 d−1 is thus difficult to ascertain.

(iii) V782 Cas was reported as ‘unsolved variable’ in the Hippar-
cos catalogue and in Nichols et al. (2010). Using Hipparcos data,
Lefèvre et al. (2009) derived a period of 47.621 d and attributed
an α Cyg nature to the star. The TESS light curve only covers

25 d: this is more than half a 47.621 d cycle and variations due
to this cycle should thus be readily seen. However, no significant
long-term modulation seems present for this star. More recently,
KELT data indicated a period of 2.5131700 d (Labadie-Bartz et al.
2017), which we confirm in TESS data and possibly in ASAS–SN
observations (Fig. 7). These variations (Fig. 1) present a strong
similarity with eclipses, hence we further examine this possibility
in the Appendix.

(iv) HD 44458 had been found to display quite large dispersions
of its V magnitude and U − B colours in Feinstein & Marraco
(1979) and was reported as ‘unsolved variable’ in the Hipparcos
catalogue. Using Hipparcos data, Hubert & Floquet (1998) derived
a period of 0.536 d which was confirmed by Percy et al. (2002) using
autocorrelation methods. This period is close to the strongest signal
in the TESS periodogram.

(v) HD 90563 display the same main signal in TESS and ASAS–SN
data, though with a different amplitude (Fig. 7).

(vi) HD 119682 has some signal in its ASAS–SN periodogram near
the TESS detection, but close to the daily alias and with a much larger
amplitude, casting some doubt on the ASAS–SN detection.

(vii) V767 Cen has long been known to be variable, notably
showing quite large dispersions of its V magnitude and B − V, U − B
colour measurements (Corben 1966; Feinstein 1975; Feinstein &
Marraco 1979). The presence of changes was confirmed by Dachs &
Lemmer (1989), Dougherty & Taylor (1994), Moujtahid et al. (1998),
and the Hipparcos data (the star appears as ‘unsolved variable’ in the
catalogue). Further analysis of the Hipparcos data indicated outbursts
recurring with a time-scale of about 300 d (Hubert & Floquet 1998)
and a periodicity with f = 0.23474 d−1 (Koen & Eyer 2002). The
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TESS light curve indicates long-term variability, which could be in
line with the recurrent outbursts, but shows no sign of the proposed
period (Fig. 2).

(viii) CQ Cir shows hints of the principal peak in the main
frequency group detected by TESS in both ASAS and ASAS–SN data,
though with varying amplitudes (Fig. 7).

(ix) HD 157832 has been found to be variable long ago (Cousins
1973; Stagg 1987). It appears with a period of 1.10406 ± 0.00006 d in
the Hipparcos catalogue, which was confirmed by Hubert & Floquet
(1998), Percy, Harlow & Wu (2004), and Dubath et al. (2011). In
the TESS data, the main period appears close but significantly longer
than this value. However, with their overall scarcity, leading to strong
aliasing, the Hipparcos data are not adapted for clear detections of
such high frequencies. Besides, the peak in the TESS periodogram
appears somewhat broad, with a submaximum corresponding to the
Hipparcos value (Fig. 2). Finally, it may be noted that the ASAS data
also confirm the TESS results (Fig. 7).

(x) V558 Lyr was reported as ‘unsolved variable’ in the Hipparcos
catalogue. Molenda-Zakowicz & Polubek (2005) detected two fre-
quencies, 0.60972 and 0.62625 d−1, in Hipparcos photometry. More
recently, Pope et al. (2019) found ‘hump and spike’ features near 1
and 2 d−1 in Kepler data, without any signal near 0.6 d−1 (see their fig.
11). We also fail to detect signals near 0.6 d−1 but TESS observations,
and possibly ASAS–SN data, confirm the Kepler signals (Fig. 7).

(xi) SAO 49725 seems to display frequency groups in the Super-
WASP periodogram, in particular signal exists at similar frequencies
as in TESS data, but there is not a dominant central peak.

(xii) V2156 Cyg, reported as ‘unsolved variable’ in the Hipparcos
catalogue, was found to have a period of 21.0346600 d in KELT data
(Labadie-Bartz et al. 2017), without outbursts (Labadie-Bartz et al.
2018). The star was observed in two consecutive sectors by TESS,
hence the data cover more than 50 d. While there is no obvious trace
of a 21 d cycle in the TESS light curve, the periodogram indicates
the presence of a low-frequency signal, especially during the second
observing window. However, its value is only marginally compatible
with the KELT detection (strongest TESS peak is at 28 ± 3 d in
the combined periodogram). Fig. 7 directly compares the KELT,
SuperWASP, and TESS periodograms: the presence of a strong daily
alias renders the identification of the frequency groups detected by
TESS more difficult in the former two cases, but there seems to be
an agreement between data sets.

(xiii) V810 Cas, reported as ‘unsolved variable’ in the Hipparcos
catalogue, displays slow variations according to Lefèvre et al.
(2009) but KELT data rather indicated a rather short periodicity
(2.3904100 d, Labadie-Bartz et al. 2017). The TESS data reveal an
even shorter period, of which the KELT detection is a daily alias: the
absence of TESS signal at the KELT frequency and the strong daily
aliasing in KELT periodograms are shown in Fig. 7.

4 D ISCUSSION

In the previous section, we presented the analysis of the TESS data
of 15 γ Cas analogues. The targets display isolated frequencies
or a few frequency groups, sometimes in harmonic relation and
always appearing at low frequencies (f < 5 d−1 – only a few faint
high-frequency signals are detected). The high-cadence, space-borne
photometry of three γ Cas stars had already been studied (γ Cas,
Borre et al. 2020; HD 110432 and π Aqr, Nazé et al. 2020b), as well
as the high-quality photometric data sets of several ‘normal’ (i.e.
non-γ Cas) Be stars (e.g. Labadie-Bartz et al. 2017; Semaan et al.
2018; Balona & Ozuyar 2020), allowing for a global comparison.

First, the global appearance of periodograms can be compared.
Analyzing 57 Be stars observed by TESS, Balona & Ozuyar (2020)
reported that 40 per cent of the stars displayed a simple periodogram
(one peak or two peaks in harmonic relation with little broadening
or only some fine structure), while 30 per cent were more complex
(frequency group or groups in harmonic relation). Amongst the 15
Be stars observed by CoRoT (Semaan et al. 2018), about 30 per cent
displayed strong frequency groups while a fifth of the sample had
only a single peak dominating their periodogram. In the sample
studied here, complemented by the previously studied cases of π Aqr
and HD 110432 (Nazé et al. 2020b), we found that ∼40 per cent
of the stars display a relatively simple periodogram (i.e. with a
dominant frequency) while a quarter shows strong frequency groups.
Therefore, our γ Cas sample and the Be samples appear to be
similar, especially considering the uncertainties due to small number
statistics. Note that the separation between the two extreme cases
mentioned here (single narrow versus broad groups) does not appear
clear cut, as intermediate cases (relatively strong peaks over fainter
broad groups) are often seen in our sample.

With the advent of high-precision space-borne photometry, it has
also been found that a number of massive OB stars display elevated
signal levels at low frequencies, aka ‘red noise’, in their photometric
times series (e.g. Blomme et al. 2011; Ramiaramanantsoa et al. 2018;
Rauw et al. 2019; Bowman et al. 2019, 2020). Our γ Cas stars are no
exception, showing that these stars fit the typical behaviour seen for
stars of similar spectral types. The most popular scenarios to explain
red noise variability are unresolved randomly excited internal gravity
waves generated either in a subsurface convection zone or at the
interface between the convective core and the radiative envelope (see
Aerts & Rogers 2015; Ramiaramanantsoa et al. 2018; Bowman et al.
2019, 2020, and references therein). Concerning the latter, Rogers
et al. (2013) showed that such internal gravity waves could transport
significant amount of angular momentum to the stellar surface and
thereby play a key role in the formation of Be decretion discs.

The most frequent periods reported by Labadie-Bartz et al. (2017)
for 510 Be stars observed by KELT without saturation are near 0.5
and 1.5 d (i.e. frequencies near 0.7 and 2 d−1), in line with our results.
Similar conclusions are reached by looking at the periodograms
shown by Semaan et al. (2018) and Balona & Ozuyar (2020). It
may be further noted that three quarters of our 15 targets display
coherent signals with P < 2 d, while at least 28 per cent of early-type
Be stars of the KELT sample do. Besides small number statistics,
the lower percentages of such detections in the KELT sample may
probably be explained: using space facilities allows for detecting
fainter and higher frequency signals (because of improved sensitiviy
and denser sampling) compared to ground-based telescopes.

When interpreted in terms of pulsational activity, the coherent
signals at low frequencies could correspond to g-modes as in slowly
pulsating B (SPB) stars, while the broad frequency groups could
represent dense populations of low-order g-modes (Cameron et al.
2008). In this context, the limitations of the TESS data sets should
be taken into account. Indeed, the typical month-long observation of
one sector leads to a natural peak width of ∼0.04 d−1. Furthermore,
the sampling (in particular the gap splitting the sector observations in
two separate observing windows of about 2 weeks duration) creates
aliases at fpeak ± 0.06... d−1 (see Fig. 3 for details). All this renders
the identification of real subpeaks difficult as typical mode separa-
tions of 0.01 d−1 are often found, see e.g. the zooms on groups shown
by Semaan et al. (2018). The presence of real flanks can however
be hinted at, as prewhitening by the peak frequency often leads to
remaining wings in the periodograms (aliases will on the contrary
be cleaned along with the main frequency). Longer observations,
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coupled to an intense spectroscopic monitoring, would certainly help
confirming the presence of modes and identifying them.

Another possibility should also be considered: r-modes (Saio et al.
2018). These modes are global Rossby waves that appear in rotating
stars. Because of their origin, such modes should be especially
frequent in rapidly rotating stars such as Be stars (Saio et al. 2018).
In a periodogram, they should form a frequency group appearing
below the rotation frequency, hence their appearance of a ‘hump’
dominated by a strong peak at its high-frequency limit (explaining
the ‘hump and spike’ name chosen by Saio et al. 2018). In our targets,
this is clearly the case of V558 Lyr, as was already remarked by Pope
et al. (2019). HD 45995 and CQ Cir could be two additional cases,
but this needs to be confirmed with data taken on longer timebases,
to improve the frequency resolution.

In addition to (or in place of) pulsations, rotational modulation
may also arise if starspots are present on the stars. Since spots create
not fully coherent variability, this could lead to frequency groups
(Balona & Ozuyar 2020), allowing for an alternative interpretation
of these features.

The last possibility to explain (some of) the flux variations
relates to the circumstellar disc (e.g. Rivinius, Baade & Carciofi
2016). Indeed, low frequencies, close to stellar rotation, may arise
from material orbiting in the inner parts of the disc. Frequency
groups could then arise from circumstellar aperiodic variability
superimposed on more regular features. Reprocessing of (varying)
stellar illumination may also lead to apparent disc variability. Finally,
in cataclysmic variables such as Z Cam, large but intermittent
brightness oscillations have been recorded. They may be somewhat
reminiscent of the sudden change in oscillation amplitude seen here
for, e.g. V810 Cas, though with much smaller flux variations and on
much shorter time-scales. Such changes are explained by a thermal-
viscous instability linked to hydrogen ionisation variations in the
disc (hysteresis between a bright, hot, high-viscosity state and a
faint, cool, low-viscosity state, Hameury 2020). This model was
extended to accretion discs in X-ray binaries and FU Ori-type stars,
but it remains to be seen whether decretion discs around Be stars
could also undergo a similar instability.

While low-frequency peaks, isolated or in groups, are detected,
signals at higher frequencies (f > 5 d−1) are also recorded in some
stars. However, they seldom appear alone or strong, i.e. dominating
the frequency content or even simply with amplitudes comparable
to the low-frequency signals. In Balona & Ozuyar (2020), only
∼10 per cent of the stars displayed such strong high-frequency
peaks, whereas one fifth of the 15 stars analysed by Semaan et al.
(2018) do so. For γ Cas analogues, only two stars (π Aqr and
HD 110432) harbour such strong signals (which makes a fraction
around 10 per cent). A systematic search for signals with smaller
amplitudes should certainly be undertaken, but it can already be said
that half of the sample of Semaan et al. (2018) and half of our sample
display peaks, faint or (relatively) strong, at these frequencies. Again,
there thus seems to be a good agreement between samples. Such
coherent high-frequency signals are often interpreted as p-modes
and it is therefore useful to see where the targets appear in the HR
diagram. When the stellar parameters from Nazé & Motch (2018)
and Nazé et al. (2020a) are used, the γ Cas analogues are grouped
in the HR diagram. Some stars appear outside the SPB locus, though
they vary at low frequencies, but all appear within the β Cep locus
(Fig. 8), hence could potentially pulsate at high frequencies.8 While

8On the contrary, in the sample of Semaan et al. (2018), some stars with
high-frequency signals appear outside the β Cep locus.

Figure 8. HR diagram of our targets (the black dots), three previously
studied γ Cas stars (the red stars), and three other, unobserved γ Cas stars (the
blue circles). The temperature and luminosity from Nazé & Motch (2018) and
Nazé et al. (2020a) are used. The ZAMS from Geneva stellar evolution models
(https://www.unige.ch/sciences/astro/evolution/fr/base-de-donnees/syclist/)
for solar abundance and no rotation is indicated, as well as the instability
zones of β Cep and SPB stars from Miglio, Montalbán & Dupret (2007).

there remain uncertainties on the exact positions of these Be stars in
the HR diagram, because of the fast rotation and unknown viewing
angle that could bias the luminosity and temperature evaluations,
the presence of high-frequency signals, strong or faint, in only some
objects is not readily explained. The question probably needs to
be assessed through, e.g. detailed asteroseismic modelling of these
stars.

In parallel, combinations of frequencies have been reported several
times in the periodograms of Be stars (see e.g. Semaan et al. 2018,
in which 40 per cent of targets present it). Our TESS sample is no
exception, with about one third of stars potentially exhibiting such
combinations (Table 1). HD 44458 has a peak at 0.816 d−1 that could
correspond to the difference between the 1.084 and 1.904 d−1 signals.
For HD 45314, the broad structure peaking at 0.288 d−1 could be
compatible with the difference between the 1.184 and 1.460 d−1

signals. In HD 90563, the difference between signals at 1.264 and
2.656 d−1 is close to the 1.396 d−1 frequency. For HD 119682, the
0.140 d−1 peak nicely fits the difference between the 1.032 and
1.176 d−1 signals. And for SAO 49725, the difference between the
two faint high-frequency signals at 7.359 and 8.194 d−1 appears close
to the frequency of the main signal at 0.833 d−1.

Finally, most, if not all, Be stars present long-term variations,
generally interpreted in terms of disc building/dissipation. About
half of the early Be stars observed by KELT displayed outbursts
and 45 per cent showed long-term trends (Labadie-Bartz et al. 2017).
In the CoRoT sample, Semaan et al. (2018) reported outbursts for
∼40 per cent of the stars. For γ Cas analogues (and this work Nazé
et al. 2020b), four cases of strong (a few 0.01 mag) brightness
variations are detected, which represents a quarter of the sample.
This is a lower fraction than for KELT but the coverage of TESS
data (typically a month) is short compared to long ground-based
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campaigns such as KELT, which limits the possibility to observe
outbursts or long-term signals.

In this context, it is important to note that the properties of the
short-term oscillations do not remain constant over time, for the
γ Cas stars as for other Be stars (Balona & Ozuyar 2020). Changes
are particularly interesting to note during outbursts. The CoRoT
cases displayed larger oscillations during outbursts (corresponding
to decreasing or fading brightnesses). Generally, the amplitudes
of the main frequencies increased during these events, with only
fainter signals sometimes doing the contrary. In Huat et al. (2009)
and Balona & Ozuyar (2020), the outbursting HD 49330 showed a
decrease in the amplitude of its high-frequency signals while low-
frequency groups appeared. In π Aqr, some high-frequency signals
decreased while other increased (or appeared) during outbursts,
while HD 110432 showed larger amplitudes for both low- and high-
frequency signals when the star was brighter (Nazé et al. 2020b).
In the two cases reported in the previous sections, an increase in
oscillation amplitude was detected at the maximum of an outburst and
afterwards, not before it. In the small set of stars whose oscillations
were examined at and near outbursting events, there thus seems
to be no general rule, as, e.g. stronger pulsations just before Be
outbursts. Besides, peak changes of similar amplitudes can be noted
outside outburst events (see e.g. HD 157832, V2156 Cyg, V810 Cas).
Definitely, more stars should be followed in detail before drawing
conclusions on the triggering effects associated to outbursts and
pulsation changes.

5 SU M M A RY A N D C O N C L U S I O N S

This paper reports on the analysis of TESS light curves of 15 γ Cas
analogues, complemented by ASAS, ASAS–SN, BRITE, SuperWASP
archival data. It enlarges a previous study analyzing high-cadence
photometric data of two bright γ Cas stars. This work allows us to
constrain the short-term variability properties for two thirds of the
γ Cas sample. Studying such a significant fraction provides clear
insights on the whole class.

The periodograms of these 15 γ Cas stars present signals at
low frequencies (f < 5 d−1), with only faint (though significant)
signals above that limit. The low-frequency signals consist in broad
frequency groups, a narrow dominant peak, or a combination of
features (a mix of isolated coherent signals and/or frequency groups).
Red noise also appears to be frequent, as in other OB stars.
Amplitudes of signals in periodograms often change over time, but
the frequency content may also be altered. All these detected features
are also observed in ‘normal’ Be stars, suggesting an absence of
defining γ Cas characteristics in the optical photometric variability.
Comparing the two recorded long-term variations of our sample
with published cases, there does not seem to be a general rule (yet?)
relating outburst occurence and changing oscillation amplitudes in
Be stars.
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M., Horst L., Röpke F. K., Aerts C., 2020, A&A, 640, A36
Butters O. W. et al., 2010, A&A, 520, L10
Cameron C. et al., 2008, ApJ, 685, 489
Corben P. M., 1966, MNASSA, 25, 44
Cousins A. W. J., 1973, MNASSA, 32, 11
Dachs J., Lemmer U., 1989, Astron. Gesellschaft Abstract Series, 3, 61
Dougherty S. M., Taylor A. R., 1994, MNRAS, 269, 1123
Dubath P. et al., 2011, MNRAS, 414, 2602
Feinstein A., 1975, PASP, 87, 603
Feinstein A., Marraco H. G., 1979, AJ, 84, 1713
Hamaguchi K., Oskinova L., Russell C. M. P., Petre R., Enoto T., Morihana

K., Ishida M., 2016, ApJ, 832, 140
Hameury J.-M., 2020, Adv. in Space Res., 66, 1004
Heck A., Manfroid J., Mersch G., 1985, A&AS, 59, 63
Henry G. W., Smith M. A., 2012, ApJ, 760, 10
Huat A.-L. et al., 2009, A&A, 506, 95
Hubert A. M., Floquet M., 1998, A&A, 335, 565
Jernigan J. G., 1976, IAU Circ., 2900, 1
Koen C., Eyer L., 2002, MNRAS, 331, 45
Labadie-Bartz J. et al., 2017, AJ, 153, 252
Labadie-Bartz J. et al., 2018, AJ, 155, 53
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A P P E N D I X A : V 7 8 2 C A S

The light curve of V782 Cas is reminiscent of that of an eclipsing
binary in an overcontact configuration. Assuming the Be star to be
one of the components of that eclipsing binary leads, however, to
a major contradiction. Indeed, TIGRE spectroscopic observations
taken on 2019 November 1, November 18, and December 2 (i.e.
immediately before, at the middle of, or immediately after the
TESS campaign) clearly indicate a strong H α emission line with an
equivalent width between −24.1 and −24.5 Å. The separation of the
blue and red peaks varied between 2.95 and 3.28 Å, corresponding
to a separation in radial velocity of 135–150 km s−1. Adopting
v sin i = 188 km s−1 (see Nazé & Motch 2018, and references
therein), relation (2) of Zamanov et al. (2019) for a Keplerian disc
leads to Rdisc � 6.3 − 7.8 R∗. Hence, the Be star is surrounded by a
wide decretion disc that is not compatible with the Be star being in an
overcontact configuration. With log Lbol = 4.15 and Teff = 19 230 K
(Nazé & Motch 2018), we can estimate a stellar radius of 10.7 R�.
Assuming a typical mass of 10 M� for the B2.5 IIIe star, we find
that the semimajor axis of a binary system with a period of 2.51 d
(corresponding to the detected frequency of ∼0.4 d−1) amounts to
16.8 (1 + q)1/3 R� where q is the mass ratio between the secondary
and the B2.5 IIIe primary. Even at the hard limit of q → 0.0, the radius
of the Roche lobe remains below 13 R� that is totally inconsistent
with the presence of a large circumstellar disc around the primary,
unless the Be decretion disc would be circumbinary, which would
make this system a very unusual case.

The most likely alternative then appears to be either a fortuitous
line-of-sight alignment between the Be star and a short-period
eclipsing binary or a genuine triple system consisting of the B2.5 IIIe
star physically bound to the eclipsing binary. Concerning the first pos-
sibility, we have checked the Gaia-DR2 data base for contaminating
sources within the 1 arcmin extraction radius of the TESS photometry.
V782 Cas has a G magnitude of 7.48. The next brightest object has
G = 11.7, followed by stars with G ≥ 12.9. Since the maximum
depth of the primary eclipses amounts to 0.02 mag, whereas the
secondary eclipses reach a depth of ∼0.01 mag, the eclipsing binary
would contribute at least ∼3 per cent of the total light in the TESS
photometry. If the Gaia and TESS photometric bands were identical,
this result would imply that the line-of-sight object must be of
magnitude G = 11.3 or brighter. Taking into account the fact that
the TESS band peaks at longer wavelengths than the Gaia band, the
object at G = 11.7 (Gaia-ID 515475966211949056) would be the
most plausible candidate among the resolved neighbours.

To investigate this possibility, we folded the TESS data using
T0 = 2 458 790.7 and P = 2.51256 d and then built a light curve
consisting of 100 normal points computed as the mean magnitude
per 0.01 phase bin. We took the dispersion of the data points within
a phase bin as our estimate of the uncertainty. We then used the
Nightfall code (Wichmann 2011) to fit the light curve consisting
of the normal points with a binary light curve model accounting for
the presence of a third light and for reflection between the stars.
Since the light curve fit is usually not very sensitive to the mass
ratio, we fixed this parameter to unity. Lacking any information on
the temperatures of the components of the eclipsing binary, we set
the primary temperature to 6000 or 10 000 K, and kept the secondary
temperature as a fitting parameter. Setting the values of the third
light (i.e. the Be star) contribution to values of 95 per cent and
assuming Roche lobe filling factors below unity did not allow us to
achieve an acceptable fit of the light curve. We thus tested overcontact
configurations (i.e. values of the Roche lobe filling factor exceeding
one). This improved the quality of the fit though there were still
systematic deviations between the observational light curve and the
model, and the best-fitting temperature of the secondary star became
unrealistically low (<100 K). We then allowed the code to adjust
the value of the third light. This led to a significant improvement of
the global adjustment, whilst simultaneously leading to lower values
of the percentage of third light. For instance, the solution shown in
Fig. A1 corresponds to Roche lobe filling factors of 1.15 for both
stars, an inclination of 27.9◦, primary and secondary temperatures
of respectively 10 000 and 2600 K, and a third light contribution of
75 per cent. This low value for the third light would imply that the
eclipsing binary is not the neighbour with G = 11.7, rather suggesting
a system unresolved from (hence possibly bound to) the Be star. We
caution, however, that given the lack of constraints on the properties
of the companions forming the eclipsing binary, there is certainly no
unique solution. Our purpose here was only to check whether or not
such an eclipsing binary scenario is plausible.

Figure A1. Binned TESS light curve (the red open rectangles) and best-fitting
eclipse solution (see text for details).

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 498, 3171–3183 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/498/3/3171/5895979 by U
B Frankfurt/M

ain user on 01 D
ecem

ber 2020

http://dx.doi.org/10.1093/mnras/stx2962
http://dx.doi.org/10.1051/0004-6361/201629243
http://dx.doi.org/10.1088/0004-637X/788/1/48
http://dx.doi.org/10.1086/505564
http://dx.doi.org/10.1016/j.asr.2015.12.032
http://dx.doi.org/10.1093/mnras/227.1.213
http://dx.doi.org/10.1051/0004-6361:20021163
http://dx.doi.org/10.1086/677236
http://dx.doi.org/10.1051/0004-6361/201834697
http://dx.doi.org/10.1051/0004-6361:200811296

