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ABSTRACT

Uncertainties in stellar structure and evolution theory are largest for stars undergoing core convection
on the main-sequence. A powerful way to calibrate the free parameters used in the theory of stellar
interiors is asteroseismology, which provides direct measurements of interior properties, notably angular
momentum and element transport. We report the detection and classification of new variable O
and B stars using high-precision short-cadence (2-min) photometric observations assembled by the
Transiting Exoplanet Survey Satellite (TESS). In our sample of 154 O and B stars, we detect a high
percentage (90%) of variability. Among these we find 14 newly discovered multiperiodic pulsators,
6 eclipsing binaries, 21 rotational variables, and 25 stars with stochastic low-frequency variability.
Several additional variables overlap between these categories. Our study of O and B stars not only
demonstrates the high data quality achieved by TESS for optimal studies of the variability of the most
massive stars in the Universe, but also represents the first step towards the selection and composition
of a large sample of O and B stars observed with the same telescope and with high potential for joint
asteroseismic and spectroscopic modelling of their interior structure with unprecedented precision.

Keywords: asteroseismology — stars: massive — stars: evolution — stars: oscillations — stars: rotation —
binaries: general

1. INTRODUCTION

Corresponding author: May G. Pedersen The variability of stars born with a mass M > 3 Mg
maygade.pedersen@kuleuven.be is extremely diverse in terms of periodicity (minutes to
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centuries) and amplitude (umag to mag, see e.g. Aerts
et al. 2010). Here, we are concerned with massive stars
in the earliest phases of their life, i.e., dwarfs, giants
and supergiants, of spectral type O or B. Such stars
have a much higher binarity rate than any other spectral
type, a phenomenon that cannot be ignored when test-
ing the stellar evolution theory of O and B stars (Sana
et al. 2014; Almeida et al. 2017; Schneider et al. 2018).
Throughout their life, these stars are also subject to a
strong and stochastically variable radiation-driven wind
(e.g. Lucy & Solomon 1970; Castor et al. 1975; Owocki
& Rybicki 1984; Krticka & Feldmeier 2018).

Compared to other classes of variables, O stars
have hardly been monitored with high-precision long-
duration space photometry — see Table 3 in Buysschaert
et al. (2015) for a summary of space photometric time-
series studies of O stars, and more recent studies of
their descendants including Pablo et al. (2017); John-
ston et al. (2017); Buysschaert et al. (2017b); Aerts et al.
(2018a); Simén-Diaz et al. (2018a); Ramiaramanantsoa
et al. (2018a,b). Aside from single and multiperiodic
pulsational, binary and rotational variability with pe-
riods of order hours to weeks, these recent studies also
revealed stochastic low-frequency variability. This ob-
served phenomenon was interpreted in terms of internal
gravity waves (IGWs) by Aerts & Rogers (2015). The
observational signatures of IGWs have meanwhile been
investigated systematically from CoRoT and K2 data by
Bowman et al. (2018) and Bowman et al. (submitted),
respectively, and offers an entirely new way of aster-
oseismic investigation by bridging 3D hydrodynamical
simulations of stochastically excited waves and 1D the-
ory of stellar interiors (Aerts et al. 2019, Fig. 1).

Classical gravity-mode asteroseismology, i.e., forward
modelling of the frequencies of coherent identified grav-
ity modes (see Aerts et al. 2018b, for an overview of
the methodology), has so far been limited to some 40
stars of spectral type B or F, covering the mass range
M € [1.3,8] Mg and rotation rates from almost zero
up to 80% of critical breakup. This revealed the ca-
pacity of performing high-precision (~ 10%) mass esti-
mation of single stars (see Moravveji et al. 2015, 2016;
Szewczuk & Daszynska-Daszkiewicz 2018, for B stars
and Mombarg et al. (submitted) for F stars) and of bi-
naries (Kallinger et al. 2017; Johnston et al. 2019). So
far, these asteroseismic studies using space photometry
revealed almost rigid rotation for the stars for which
estimation of both the near-core (Qcore) and envelope
(Qenv) Totation could be achieved, following the few ear-
lier results of Qcore/Qenv € [1, 5] from ground-based as-
teroseismology of early-B stars (see Aerts 2015, for a
summary). These asteroseismic findings challenge cur-

rent angular momentum transport theories across the
entire mass range (Aerts et al. 2019, their figure 4).

This Letter introduces our dedicated study to inves-
tigate single and binary O and B stars with the NASA
Transiting Exoplanet Survey Satellite (TESS) mission
(Ricker et al. 2015). In order to perform asteroseismol-
ogy, one first needs to find suitable multiperiodic O and
B pulsators. We achieve this by classifying the variabil-
ity of all O and B stars observed by TESS and subse-
quently selecting those with suitable seismic variability
for future modelling. We present our classification and
selection strategy for the 2-min cadence light curves ob-
tained in Sectors1 and 2 of the TESS mission. Accom-
panying studies focus on the magnetic stars (David-Uraz
et al., in prep) and rotational variability (Balona et al.,
submitted) and on a detailed study of the known g Cep
star HN Aqr (Handler et al., submitted).

2. METHOD
2.1. TESS light curve extraction

To study the variability of massive stars, we analyse a
sample of 154 O and B stars observed by TESS with its
2-min cadence, out of which 40 are located in the LMC.
These 154 stars were identified as O and B stars based
on the spectral types provided in SIMBAD'.

The data treated here were obtained by TESS in Sec-
tors1 (July 25 — Aug 22, 2018) and 2 (2018, Aug 23
— Sept 20) and are publicly available via the Mikulski
Archive for Space Telescopes (MAST)?. The extracted
time series are in the format of reduced Barycentric
Julian Date (BJD — 2457000) and stellar magnitudes,
where the latter have been adjusted to show variability
around zero by subtracting the mean. Where necessary,
we performed detrending of long-term instrumental ef-
fects by means of subtracting a linear or low-order poly-
nomial fit to a sector.

2.2. Classification procedure

We calculated amplitude spectra of all light curves
using Discrete Fourier Transforms (DFT) following the
method by Kurtz (1985). We used an oversampling fac-
tor of ten to ensure that all frequency peaks in the DFT
are adequately resolved. The 2-min cadence of TESS
results in a Nyquist frequency of 360 d—!, which is suf-
ficiently high to avoid a bias when extracting signifi-
cant frequencies using iterative prewhitening. Ampli-
tude suppression of variability in time series is negligi-
ble within the frequency range of interest for such high

L http://simbad.u-strasbg.fr/simbad/
2 http://archive.stsci.edu/tess/all_products.html
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sampling (Bowman 2017). Based on visual inspection of
the light curves and amplitude spectra by several of the
authors independently, we provide the variability clas-
sification of all 154 O and B stars in Table 1 in Ap-
pendix A. We also report the number of available spec-
tra for each of the stars and the instrument used for the
observations. This information is particularly relevant
for future studies of these 154 O and B stars and are re-
ported here for completeness. Figures of the light curves
and amplitude spectra are made available electronically
in Appendix B.

2.3. Gaia color-magnitude diagram

Asteroseismic modelling of stars with coherent oscil-
lation modes can be optimally performed if at least one
additional global stellar parameter (aside from the iden-
tified oscillation frequencies) can be measured with high
precision. The availability of such an independent mea-
surement helps greatly to break degeneracies among the
global and local stellar model parameters to be esti-
mated (e.g., Moravveji et al. 2015, Figs5 and B.1). A
model-independent mass from binarity (Johnston et al.
2019) or a high-precision (10%) spectroscopic estimate
of the effective temperature (Mombarg et al., submitted)
have been used to break degeneracies. Another useful
quantity is a star’s luminosity from Gaia data (Pedersen
et al., in preparation).

With this in mind, and to check the SIMBAD spectral
types that went into the selection of our sample, we
used Gaia DR2 photometry (Gaia Collaboration et al.
2018a) to place all our sample stars in a color-magnitude
diagram (CMD, Fig.1). Each star was color-coded by
its dominant variability type. The apparent Gaia G-
band magnitudes were converted to absolute magnitudes
Mg using the Gaia DR2 distances from Bailer-Jones
et al. (2018). The colours are derived from the appar-
ent Gaia BP and RP band magnitudes. All other stars
observed in 2-min cadence by TESS in Sectors1 and 2
with Gaia DR2 data available were included (20883 out
of the 24816 TESS targets indicated by black dots). Us-
ing the same approach as in Gaia Collaboration et al.
(2018b), the position of the stars in Fig. 1 have not
been corrected for reddening or extinction, but we show
a typical 20 error bar for the positioning of the stars in
the CMD. Two stars (TIC 197641601 = HD 207971 and
TIC 354671857 = HD 14228) are outliers in the CMD
(at BP-RP > 2). Although these stars are B stars, they
are bright (V = 3.01 and 3.57, respectively) which could
explain the discrepant Gaia photometry. Furthermore,
based on the position in the CMD we excluded two stars
(TIC 206482194 = HE 2203-2210 and TIC 290648723 =
EC 00311-8215) from our original sample of 156 stars,

as they turn out to be sdB stars. These stars are not
counted in the 154 number of stars reported in this work.

The 151 out of 154 stars in our sample observed with
Gaia shown in color in Fig.1 constitute the first sam-
ple of variable O and B stars monitored at high cadence
in high-precision space photometry, after the K2 sample
monitored at 30-min cadence in Bowman et al. (sub-
mitted). These two samples, along with future ones as-
sembled by the TESS mission, will reveal numerous O
and B stars suitable for asteroseismic modelling. Such
modelling requires a frequency precision better than
0.001d~! and pulsation mode identification for tens of
modes (Aerts et al. 2018b). In this way, we will extend
the large Kepler samples of hundreds of low-mass and
intermediate-mass pulsators with estimation of their in-
terior rotation profile discussed in Aerts et al. (2019)
to higher masses. The interior physics, and rotation
and chemical mixing profiles in particular, will hence be
calibrated asteroseismically for large samples of massive
stars that eventually explode as supernovae.

3. RESULTS

It is not possible to discuss each star in the sample
individually. Here we focus on the binarity and pul-
sational properties, and briefly discuss the detection of
rotational and/or magnetic properties of the sample of
stars. Out of a total of 154 stars, 41 show clear vari-
ability in their light-curves but their nature could not
be uniquely identified.

3.1. Eclipsing binaries

Eclipsing binaries (EBs) hold the potential to provide
model-independent distance, radius, and mass estimates
and are crucial calibrators for stellar evolutionary the-
ory (Torres et al. 2010, for a review). Unfortunately, the
number of O and B stars in EBs observed with high-
precision space photometry remains small compared to
the thousands of binaries with low-mass components
(Kirk et al. 2016).

Six of the stars in our sample were already known
as EBs and we confirm this classification using the
TESS data: HD 6882 (¢ Phe), HD 61644 (V455 Car),
HD 224113 (AL Scl), HD 42933 (6 Pic), HD 31407 (AN
Dor), and HD 46792 (AE Pic). Their light curves in Ap-
pendix B are of unprecedented quality and future mod-
elling will improve their mass determinations. One of
these stars (HD 42933) is known to have 5 Cep type
pulsations detected from BRITE photometry (Pigulski
et al. 2017). We confirm the variability in this work.
In addition, the three objects (HD 224990, HD 269382
and HD 53921) were known spectroscopic binaries, while
ten more (HD 269676, HD 68520, HD 19400, HD 53921,
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Figure 1. Classification results for O and B stars placed in a Gaia DR2 CMD. Black dots are the entire TESS sector 1 and 2
short-cadence stars also observed by Gaia, and open black circles corresponds to uncertain classification. The labels in the legend
correspond to the following types of variability: SLF = Stochastic low-frequency signal, Instr/const = possibly instrumental
or constant, SPB = slowly pulsating B star, ROT = rotational modulation, ROT/SPB = rotational modulation and/or SPB,
Hybrid puls.? = both p- and g-modes, EB = Eclipsing Binary, EV? = Ellipsodal variable or rotational modulation, § Sct = ¢
Scuti star. The error bar shows a typical 2o-error on the position in the CMD, shown in both panels for convenience.

HD 2884, HD 46860, HD 208433, HD 37854, HD 209014
and CPD-60 944) were listed as known double or mul-
tiple stars in SIMBAD; the TESS light curves of these 13
non-eclipsing binaries did not reveal the binarity, except
for HD 208433, which shows the signature of a single
transit. In addition to the eclipsing binaries, we find
four stars showing either ellipsoidal variation or rota-
tional modulation from spots: HD 268798, HD 222847,
HD 20784 and HD 37935. None of these four stars have
previously been identified as binaries, but HD37935 is a
known Be star.

HD 53921 is a known spectroscopic magnetic binary,
which was previously identified as a Slowly Pulsating
B (SPB) star by De Cat & Aerts (2002). However,
with the help of the high-quality TESS light curves we
find that the reported dominant g-mode frequency of
0.6054d~! shows a second harmonic. Based on this as
well as the morphology of the light curve, we deduce that
this frequency is caused by rotational modulation from
magnetic spots. This example illustrates how difficult g-
mode asteroseismology from ground-based observations
can be. This and other known magnetic stars in the

sample are discussed in more detail in David-Uraz et al.
(in prep.).

In total, the light curves of eight of these 19
binaries reveal pulsations. We show the phased
light curve for a newly discovered binary pulsator
(HD 61644=TIC 349907707) in Fig.2. This result il-
lustrates the promise of TESS to provide numerous
pulsating O and B binaries suitable to calibrate stellar
evolution models from binary asteroseismology (John-
ston et al. 2019).

3.2. Pulsating stars

Coherent non-radial oscillation modes in O and B
stars come in two main flavors: pressure modes with
periods of a few hours (3 Cep stars, for spectral types
from 09 to B3) and gravity modes with periods of or-
der a few days (SPB stars, for spectral types from late
O to BY9). For an extensive discussion on their early
discoveries and pulsation properties, we refer to Aerts
et al. (2010, Chapter 2). However, the space-based pho-
tometry assembled with MOST, CoRoT, Kepler, K2,
and BRITE revealed that many O and B pulsators are
hybrids, i.e., pulsators with both types of modes simul-
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Figure 2. Phase folded light curve (black) of the known
eclipsing binary HD 61644, showing the signature of previ-
ously unkown pulsations. The red line shows the binned
phase curve. The pulsational signal is seen on top of this.

taneously, with the dominant type of pulsation being de-
termined by the spectral type, as outlined above. Such
hybrid pulsators have proven to be a powerful tool for
constraining and studying opacities in the partial ion-
ization layers responsible for exciting the pulsations. As
an example, the detailed seismic modelling of v Eri per-
formed by Daszyriska-Daszkiewicz et al. (2017) revealed
that a factor three increase in the opacity at log T = 5.46
was needed to excite the g-modes in this star.

In total, we find 14 new O and B pulsators, among
which 10 have gravity modes and four are potential hy-
brids. We show the light curves and DFTs for one of
the newly discovered SPB and hybrid stars in Fig3 and
Fig. 4, respectively. One star in the sample, HN Aqr,
is a known 3 Cep star and is discussed in Handler et
al. (submitted). Future continued TESS and/or spec-
troscopic monitoring will be needed to assess the as-
teroseismic potential of these 14 pulsators in terms of
frequency precision and mode identification.

3.3. Rotational variability

We classified 21 of the stars in our sample as rotational
variables, one of which is labeled as a Wolf Rayet star in
SIMBAD (HD 269582). Among these are four stars previ-
ously known to be magnetic: HD 223640 (Bychkov et al.
2005; Sikora et al. 2018), HD 53921 (Hubrig et al. 2006;
Bagnulo et al. 2015) and HD 63204 (Bernhard et al.
2015; Hiimmerich et al. 2016), as well as HD 65987 (Bag-
nulo et al. 2015). Rotational modulation is usually inter-
preted as due to temperature and/or chemical spots on
the stellar surface caused by large-scale magnetic fields.
We refer to the accompanying papers by David-Uraz
et al. (in prep.) and Balona et al. (submitted) for an
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Figure 3. Example of a newly-discovered SPB star
(TIC 167523976 = HD 49193). The TESS light curve and
amplitude spectrum are shown in the top and bottom pan-
els, respectively.
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Frequency (d71)

Figure 4. Example of a newly-discovered hybrid pul-
sator showing both SPB and B Cep type pulsations
(TIC 469906369 = HD 212581). The TESS light curve and
amplitude spectrum are shown in the top and bottom panels,
respectively.

extensive discussion of the rotational modulation and
magnetic properties of the sample.

The star HD 10144 (aka Achernar and « Eri) is a Be
star rotating at 95% of critical breakup, whose stel-
lar disk has been imaged by interferometry (Dalla
Vedova et al. 2017). We find its dominant fre-
quency to be 0.729d7!'. Also HD 214748, HD 209522,
HD 33599, HD 19818, HD 221507, HD 46860, HD 37974,
HD 53048, CD-56 152, HD 209014, HD 37935, HD 68423,
HD 224686 and HD 66194 were known to be Be stars
prior to our study. However, while HD 221507 is known
as a Be star, recent studies have shown that it lacks
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clear emission and has a low vsini (e.g. Arcos et al.
2017).

In addition to the stars classified as rotational vari-
ables, we found 25 stars which show rotational mod-
ulation and/or SPB type variability. The simultane-
ous occurrence of rotation and pulsation frequencies in
space photometry is not unusual, but there is only one
such case so far for which combined spectropolarimet-
ric and asteroseismic modelling has been achieved: the
hybrid magnetic 8 Cep/SPB star HD 43317 monitored
by CoRoT (Buysschaert et al. 2017a, 2018). Our re-
sults are encouraging to expand the domain of magneto-
asteroseismology in the near future.

3.4. Stochastic, low-frequency signatures

Stochastic, low-frequency (SLF) variability has re-
cently been shown to be a common phenomenon in blue
supergiants in both space-based photometry (Bowman
et al. 2018) and spectroscopy (Simén-Diaz et al. 2018b).
Several theories have been offered to explain this vari-
ability, such as sub-surface convection, dynamical stellar
winds and IGWs excited at the convective core bound-
ary (see Bowman et al. 2018, for a detailed discussion).
In our sample of 154 O and B stars, we find 25 stars
with stochastic low-frequency variability, all of which are
classified as blue supergiants based on the spectral types
from SIMBAD. This is in agreement with the conclusions
by Bowman et al. (submitted) from K2 photometry of
such stars.

3.5. Other types of variability

We found several stars in our sample that showed
“outbursts” in their light curves (see Table 1 and Ap-
pendix B). Such outbursts may be connected with
episodic mass loss, such as in Be stars, or flaring due to
magnetic activity in low-mass stars. In some cases, the
detected outbursts occur in various of the light curves
at the same time and for the same duration. This is
a strong indication that for these stars the signature
is likely instrumental. For the remainder of the tar-
gets, spectroscopic follow-up and a study of the pixel
data is required to confirm that the outbursts are phys-
ical, rather than instrumental artefacts (Pedersen et al.
2017). A more extensive discussion is provided in Balona
et al. (submitted).

4. DISCUSSION AND CONCLUSIONS

We presented stellar variability classification for the
154 stars with spectral type O or B that were moni-
tored in short-cadence (2-min) by the TESS mission in
its Sectors 1 and 2. We found 138 of the O and B dwarfs,
giants, and supergiants to be variable at the TESS detec-
tion threshold. This is a high percentage of variability

(90%) given that the time base of each sector is only
27d, preventing longer-period variables from being dis-
covered. We placed the 151 out of 154 targets with a
Gaia DR2 parallax in a CMD (Fig. 1).

Our variability classification had the main goal to
start compiling an optimal large and unbiased sample of
O and B stars for future asteroseismology, either based
on multiple individual frequencies of identified coherent
standing modes and/or from the observed properties of
low-frequency stochastically excited IGWs. We found
15 single and 8 binary O and B pulsators (i.e., alto-
gether 15% of the monitored stars) as potential candi-
dates for such future asteroseismic modelling, and 25
stars with stochastic, low-frequency signatures (16%).
Among these, the 79 stars in the continuous viewing
zone are the most promising for asteroseismic modelling.
However, for all of them, an extension of the TESS light
curve monitoring will provide the frequency precision
required for such detailed modelling efforts. Our initial
study thus reveals the major potential of the combined
TESS, Gaia, and spectroscopic all-sky monitoring as al-
ready outlined by Kollmeier et al. (2017).
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APPENDIX

A. VARIABILITY CLASSIFICATION

In Table 1, we provide the TESS Input Catalogue (TIC) and Gaia identification numbers, as well as Gaia magnitudes
and colours, SIMBAD spectral types and the classification of the dominant source(s) of variability for each of the 154 O
and B stars observed by TESS in sectors 1 and 2 at a 2-min cadence.
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16 PEDERSEN ET AL.

B. TESS LIGHT CURVES AND AMPLITUDE
SPECTRA

In this section, we provide the light curves and am-
plitude spectra for the 154 O and B stars observed by
TESS in sectors 1 and 2 at a 2-min cadence. This ap-
pendix will be available electronically.



