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ABSTRACT
In recent years, high-precision high-cadence space photometry has revealed that stochastic low frequency (SLF) variability is
common in the light curves of massive stars. We use the data from the Transiting Exoplanet Survey Satellite (TESS) to study and
characterize the SLF variability found in a sample of 49 O- and B-type main-sequence stars across six Cygnus OB associations
and one low-metallicity SMC star AV 232. We compare these results to 53 previously studied SLF variables. We adopt two
different methods for characterizing the signal. In the first, we follow earlier work and fit a Lorentzian-like profile to the power
density spectrum of the residual light curve to derive the amplitude 𝛼0, characteristic frequency 𝜈char, and slope 𝛾 of the
variability. In our second model-independent method, we calculate the root-mean-square (RMS) of the photometric variability
as well as the frequency at 50% of the accumulated power spectral density, 𝜈50%, and the width of the cumulative integrated
power density, 𝑤. For the full sample of 103 SLF variables, we find that 𝛼0, 𝛾, RMS, 𝜈50%, and 𝑤 correlate with the spectroscopic
luminosity of the stars. Both 𝛼0 and RMS appear to increase for more evolved stars whereas 𝜈char and 𝜈50% both decrease. Finally,
we compare our results to 2-D and 3-D simulations of subsurface convection, core-generated internal gravity waves, and surface
stellar winds, and find good agreement between the observed 𝜈char of our sample and predictions from sub-surface convection.

Key words: stars: early-type – stars: massive – stars: interiors – stars: variables – open clusters and associations: individual:
Cygnus OB

1 INTRODUCTION

Stochastic low-frequency (SLF) variability is ubiquitous in massive
stars, from main-sequence O- and B-type stars to the more evolved
blue, yellow and red supergiants (e.g. Balona 1992; Kiss et al. 2006;
Blomme et al. 2011; Tkachenko et al. 2014; Aerts & Rogers 2015;
Aerts et al. 2018; Ramiaramanantsoa et al. 2018; Pedersen et al. 2019;
Dorn-Wallenstein et al. 2019; Bowman et al. 2019b,a, 2020; Burssens
et al. 2020; Bowman & Dorn-Wallenstein 2022; Elliott et al. 2022; Ma
et al. 2024; Shen et al. 2024; Zhang et al. 2024; Bowman et al. 2024;
Kourniotis et al. 2025) as well as the more exotic Wolf-Rayet stars
(e.g. Lamontagne & Moffat 1987; Lépine & Moffat 1999; Moffat
et al. 2008; Chené et al. 2011; Ramiaramanantsoa et al. 2019; Nazé
et al. 2021; Lenoir-Craig et al. 2022). In the frequency domain, such
variability is seen as an increase in power towards low frequencies
as characteristic of red noise, and has been speculated to be caused
by surface granulation (e.g. Kiss et al. 2006), sub-surface convection
in the Fe peak opacity zone (e.g. Cantiello et al. 2021; Schultz et al.
2022, 2023b), internal gravity waves excited by core convection (e.g.
Aerts & Rogers 2015; Edelmann et al. 2019; Thompson et al. 2024),
or stellar winds (e.g. Krtička & Feldmeier 2018, 2021).

SLF variability has been characterised in different ways. In early
studies of SLF variability detected in the space photometry of
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massive stars, the signal was generally characterised by fitting a
Lorentzian-like profile to the amplitude or power density spectrum
(e.g. Blomme et al. 2011; Tkachenko et al. 2014; Bowman et al.
2018, 2019b,a, 2020; Nazé et al. 2021; Shen et al. 2024; Kourniotis
et al. 2025). Some more recent works have adopted Gaussian pro-
cess regression to characterise the SLF variability in the time domain
(Dorn-Wallenstein et al. 2020; Bowman & Dorn-Wallenstein 2022;
Zhang et al. 2024; Bowman et al. 2024). Ma et al. (2024) used a mod-
ified Lorentzian-like profile to fit the amplitude spectrum of a sample
of stochastically variable blue supergiants in the Large Magellanic
Cloud (LMC). Yet other studies suggest that a broken power law may
be more appropriate to characterise the SLF variability depending
on the origin of the signal (e.g. Krtička & Feldmeier 2021).

The goal of this work is two-fold. Firstly, using data from the
Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2014) we
aim to identify and characterise the SLF variability of a sample of
O- and B-type stars found in six different Cygnus OB associations
containing 655 Galactic OB stars (Quintana & Wright 2021, 2022),
and compare these to a smaller well-studied sample of 13 O-type
stars in the lower metallicity Small Magellanic Cloud (SMC) (Bouret
et al. 2021). Secondly, we test a new model-independent method for
characterizing the SLF variability which aims to both simplify the
SLF characterization process as well as circumvent having to make
different choices in which model to use to characterize the variability.
We discuss the sample selection in Sect. 2 as well our new method for
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characterizing the SLF variability. For comparison, we also choose to
fit a Lorentzian-like profile to the power density spectrum and leave
a similar comparison to the Gaussian process regression method as
future work. We repeat the analysis for a sample of 70 SLF variables
previously studied by Bowman et al. (2020) in Sect. 3. We present
our results in Sect. 4 and compare them to predictions for surface
granulation, sub-surface convection, internal gravity waves excited
by core convection, and stellar winds in Sect. 5. Our final conclusions
are provided in Sect. 6.

2 METHOD

2.1 Target selection

2.1.1 Cygnus OB association sample

Starting with the initial sample of 655 O- and B-type stars in the
six Cygnus OB associations identified by Quintana & Wright (2021,
2022) (group A-F), we include all stars with log 𝐿/𝐿⊙ ≥ 4. Amongst
these we exclude contaminated stars, as determined from a visual
inspection of the TESS pixel data, and stars where the dominant
variability is due to coherent mode pulsations (𝛽 Cep and SPB stars),
eclipsing binaries, or rotational variability. Finally, we add three
additional stars with log 𝐿/𝐿⊙ < 4 where the dominant variability
is clearly SLF. The resulting sample of 54 stars is shown in the
HR diagram in Fig. 1. We further reduce the sample to 49 O- and
B-type stars after excluding stars where the signal-to-noise for the
SLF variability is too low (see Sect. 2.4). The five stars below the
detection threshold are shown as triangles in the figure. These are thus
the only non-variable stars in the six Cygnus OB associations with
log 𝐿/𝐿⊙ ≥ 4, demonstrating that the SLF variability is a common
feature among massive stars in line with previous observations (see
Sect. 1). For the rest of this paper we will refer to this sample as the
Cyg OB sample.

2.1.2 SMC sample

To compare our results to findings in low-metallicity environments,
we consider also an initial sample of 13 O-type stars in the SMC,
whose UV and optical spectra have recently been analysed in detail
by Bouret et al. (2021). Stars observed by TESS in the SMC have a
higher risk of contamination due to the higher crowding combined
with the large 21′′ × 21′′ TESS pixel sizes. The tess_localize
python package (Higgins & Bell 2023) has recently been used suc-
cessfully to localize the source of variability in TESS light curves
of evolved massive stars in the Large and Small Magellanic Clouds
(Pedersen & Bell 2023). However, this tool takes as input a list of
frequencies of coherent signals to determine the location where the
amplitude of these signals is highest and therefore by design cannot
be used to localize the source of SLF variability. Instead, we extract,
background correct, and normalise the light curves of the nearby pix-
els surrounding the target following the method outlined in Sect. 2.2
and study these light curves in combination with their corresponding
power density spectra (PDS) to determine if the detected variability
originates from the target or a nearby star.

Based on this, we find one of the stars (AV 232) to be an SLF
variable with an additional three (AV 43, AV 83 and AV 327) can-
didate SLF variables. Inspecting the pixel data of AV 83 shows that
the star does appear to be an SLF variable, however, due to the high
crowding the SLF signal is very likely diluted which would impact
its characterization. AV 327 has an adjacent similar brightness star
that is always in the same pixel as the target and it is therefore unclear
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Figure 1. HR diagram showing the position of the 49 SLF variables (circles)
and the five stars with the SLF signal below the detection threshold (triangles)
from the Cyg OB sample. The symbol of the fifth star is overlapping with
one of the other two close ≈ 80 M⊙ stars. The colour of the symbols indicate
the TESS magnitude of the star. The zero-age-main-sequence is indicated by
the dashed line, while non-rotating MIST evolutionary tracks (Dotter 2016;
Choi et al. 2016) calculated with the stellar structure and evolution code MESA
(Paxton et al. 2011, 2013, 2015) are shown in grey full lines for eight different
initial stellar masses in the range 2 − 80 M⊙ at solar metallicity.

if the signal is coming from AV 327 or its neighbour. AV 43 shows
a small amount of SLF variability but is contaminated by a nearby
Cepheid variable in some of its sectors. We therefore choose to label
these three stars as SLF candidates and only characterize the signal
of AV 232. Of the remaining 10 stars, two are found to be eclips-
ing binaries (AV 25 and AV 75), one is contaminated by a much
brighter nearby star and another by a nearby Cepheid variable. The
remaining two stars only contain white noise with (some) occasional
contamination from nearby Cepheid variables.

2.2 The TESS data

The members of the Cygnus OB associations were observed by TESS
in its observing cycle 2, 4, a few in cycle 5, and in cycle 6. Out of
the 49 stars discussed in this work, 20 have 2-min cadence available,
whereas the rest only have Full Frame Image (FFI) data available.
Over these four TESS cycles, the cadence of the FFI data changed
from 30-min, to 10-min and 200 sec, corresponding to a change
in Nyquist frequency from 277 𝜇Hz to 833 𝜇Hz and 2499 𝜇Hz. An
overview of the sample and the available TESS data is given in
Table A1.

The SMC was observed by TESS in cycle 1, 3, and 5, with the FFI

MNRAS 000, 1–18 (2024)



Stochastic low-frequency variability 3

data of cycle 1 and 3 sharing the same observing cadence as cycle 2
and 4, respectively. AV 232 was observed in sector 1, 28, 67, and 68,
and only has 2-min cadence data available for the last two sectors.
An overview of the SMC O-type sample falling in the category of
SLF variable, SLF candidate, and not variable (i.e. white noise only)
is provided in Table A2.

The light curves were extracted from the TESS FFI data and 2-
min cadence target pixel files using the python packages lightkurve
(Lightkurve Collaboration et al. 2018) and tesscut (Brasseur et al.
2019) using custom target pixel masks. To correct for background
signals and systematics, a background pixel mask was created from
which a time series of the background signals were extracted from
each background pixel and a principal component analysis subse-
quently carried out to reduce the background signals in the time
domain to their first one to seven principal components depending
on the target. These principal components were used to remove the
background signals from the target light curve using an adapted ver-
sion of the RegressionCorrector functionality of lightkurve.
The target light curves were then normalised by dividing by a low
(typically zeroth or first) order polynomial fit to the first and second
half of each sector (corresponding to two different TESS orbits) and
the flux units changed to parts-per-million (ppm). Finally, the time
stamps of the TESS FFI data were corrected following the methodol-
ogy adapted in the TESS Asteroseismic Science Operations Centre
(TASOC) pipeline developed by TESS Data for Asteroseismology
(T’DA) group under the TESS Asteroseismic Science Consortium
(TASC) (Handberg et al. 2021). For more information on the light
curve extraction and preparation, please see Pedersen et al. (in prep).

2.3 Iterative prewhitening

Before a study of the red noise, i.e. the stochastic low-frequency
variability, can be carried out we first remove any remaining pe-
riodic coherent signals from the light curves, which are unlikely
to be related to the dominant SLF variability. We use an iterative
prewhitening scheme, where sinusoidal signals are removed one at
a time until the signal-to-noise (S/N) ratio of an extracted signal
goes below a predefined S/N limit. The optimal choice of this limit
depends on the probability that the extracted signal may be a ran-
dom noise peak instead of a genuine intrinsic signal of the extracted
light curve. For one sector of TESS data, Pedersen et al. (in prep.)
have shown that a S/N limit of 3.4, 4.0, and 4.6, where the noise is
calculated using a 11.57 𝜇Hz window around the extracted signal,
corresponds to a probability of 50%, 75%, and 90% that a signal of
the given S/N value is not a random noise peak. In this work, we
adopt 𝑆/𝑁 = 4 as the limit to be consistent with previous studies of
SLF variability (Bowman et al. 2018, 2019b,a, 2020). To carry out
the iterative prewhitening, we extract signals one by one from the
observed light curve by calculating its corresponding Lomb-Scargle
periodogram (Lomb 1976; Scargle 1982) to identify the frequency
𝜈peak and amplitude 𝐴peak of the highest S/N peak at each step of the
iteration. Using the identified 𝜈peak and 𝐴peak as initial guesses, we
fit the equation

𝐹 (𝑡) = 𝐶 +
𝑁∑︁
𝑖

𝐴𝑖 sin [2𝜋 (𝑡𝜈𝑖 + 𝜙𝑖)] , (1)

to the light curve using the non-linear least squares fitting algo-
rithm provided by the lmfit python package (Newville et al. 2024),
allowing 𝜈𝑖 , 𝐴𝑖 , and 𝜙𝑖 of all the extracted 𝑖 = 1, . . . , 𝑁 signals to be
optimized at each step of the iteration. Here 𝐴𝑖 is the amplitude of

signal 𝑖, 𝜈𝑖 is the frequency, 𝜙𝑖 is the phase, and 𝐶 is a constant. The
derived model in Eq. 1 is subsequently subtracted from the original
light curve and a periodogram calculated for the resulting residual
light curve to determine the next 𝜈peak and 𝐴peak. This iterative
process continues until the S/N of the next signal drops below four.

Following Pápics et al. (2017), we carry out the iterative prewhiten-
ing in the order of the highest to lowest significant signals rather than
highest to lowest amplitude as for data with a significant amount of
red noise the latter carries the risk of reaching the stopping criterion
before all significant signals have been extracted, as lower-amplitude
higher-S/N signals at higher frequencies may exist. By prewhiten-
ing according to peak significance, we effectively remove twice as
many coherent signals compared to prewhitening according to the
amplitudes.

2.4 Fitting the power density spectrum

Following earlier studies of SLF variability in massive stars (Blomme
et al. 2011; Tkachenko et al. 2014; Bowman et al. 2018, 2019b,a,
2020), we model the red noise in the power density spectrum of the
residual light curve using the Lorentzian-like function

M(𝜈) = 𝜂(𝜈)𝛼0

1 +
(

𝜈
𝜈char

)𝛾 + 𝐶𝑊 , (2)

where 𝜈 is the frequency, 𝛼0 is the PDS at 0 𝜇Hz, 𝛾 defines the
slope of the variability, 𝜈char is the characteristic frequency, and 𝐶𝑤

is the white noise contribution to the PDS. The spectrum below
𝜈0 = 1.157 𝜇Hz is influenced by how the light curve is detrended,
and therefore we do not model the spectrum for frequencies below
this value. To convert the power to power-density we multiply the
power by the effective length of the TESS sector, calculated as the
inverse of the area under the spectral window (Kjeldsen et al. 2005).

The first term of Eq. 2 has been multiplied by the power attenuation
(Chaplin et al. 2011; Huber et al. 2022)

𝜂 (𝜈) = sinc2
(
𝜋

2
𝜈

𝜈Nyquist

)
, (3)

to account for the time averaging of high frequency signals caused
by long exposure times of the earlier TESS FFI data (see Fig. 2). If the
true power of a signal is 𝑃true, then the observed power is modulated
by the power attenuation and corresponds to 𝑃obs = 𝜂𝑃true. As
attenuation will have the highest impact on the results obtained from
the 30-min cadence data, we choose to exclude data from TESS
Cycle 1 and 2 for the remained of this paper. See Appendix C for
further discussion of cadence dependence of the parameter estimates.

To fit Eq. 2 to the PDS we derive posterior probability distribu-
tions and Bayesian evidence with the nested sampling Monte Carlo
algorithm MLFriends (Buchner 2016, 2019) using the UltraNest
python package (Buchner 2021). We adopt 400 live points to sam-
ple the parameter space assuming that 𝛼0, 𝜈char, 𝛾, and 𝐶𝑊 all have
uniform priors. At each iteration a model is calculated and evaluated
using a log-likelihood function. Under the assumption of Gaussian
noise in the time domain, which translates to a 𝜒2 distribution in
power with two degrees of freedom in the frequency domain, the
corresponding log-likelihood function can be shown to be (Duvall &
Harvey 1986; Toutain & Appourchaux 1994)

lnL(𝜽) = −
∑︁
𝑖

[
lnM𝑖 (𝜽) +

𝑆𝑖

M𝑖 (𝜽)

]
, (4)

MNRAS 000, 1–18 (2024)



4 Pedersen and Bildsten

101 102 103

Frequency [µHz]

100

102

104

106

PD
S

[p
pm

2 /
µ

H
z]

0.0

0.2

0.4

0.6

0.8

1.0

η

30 min
10 min
200 sec
2 min

Figure 2. Fractional power attenuation as a function of frequency for 30-min
(full blue), 10-min (dashed orange), 200-sec (dot-dashed green), and 2-min
(dotted black) cadence sampling. The power density spectrum of the 2-min
cadence sector 41 light curve of Gaia EDR3 2059070135632404992 is shown
in grey for comparison.

and has commonly been used when fitting Lorentzian functions
(or Harvey profiles; Harvey 1985) to the granulation background in
solar-like stars as well as their oscillation frequencies (e.g. Davies
et al. 2016; Lund et al. 2017; Li et al. 2020; Nielsen et al. 2021). We
adopt the same log-likelihood function in Eq. 4 to evaluate Eq. 2 at
each iteration.

The final parameter estimates are taken as the 50th percentiles of
the samples and the 16th and 84th percentiles their corresponding
lower and upper values. For the SLF variability detection to be con-
sidered to be significant, we require that 𝛼0/𝐶𝑤 > 10 for more than
half of the sectors that a given star was observed in. Five stars in our
initial Cyg OB sample of 54 O- and B-type stars failed this criterion,
leaving us with the final sample of 49 stars reported in Table A1. An
example residual FFI light curve (top panel) and its corresponding
fitted PDS (bottom left) is shown in Fig. 3.

2.5 RMS and integrated power

As an alternative to using the Lorentzian-like model in Eq. (2) to char-
acterise the SLF variability, we also calculate the root-mean-squared
(RMS) variability of the residual light curve as a separate measure
of the amplitude of the SLF variability, as well as the frequencies at
which 20%, 50%, and 80% of the power is located. This approach
has the benefit that it does not rely on any model fits, but instead the
quantities are calculated directly from the data. The calculated RMS
is shown against the TESS magnitude of the 49 Cyg OB stars in Fig. 4
(circles), with the TESS noise models from Sullivan et al. (2015) and
Schofield et al. (2019) shown for comparison. The results for the five
excluded stars from this sample are shown as open triangles, while
the SMC star AV 232 is indicated by a star.

We calculate the cumulative integrated power of the power density
spectrum 𝑆(𝜈) as

𝑃int (𝜈) =

∫ 𝜈

𝜈0
𝑆(𝜈)d𝜈∫ 𝜈norm

𝜈0
𝑆(𝜈)d𝜈

, (5)

where 𝜈 ∈ [𝜈0, 𝜈norm]. Once again we use 𝜈0 = 1.157 𝜇Hz as the
lower frequency limit. The upper frequency 𝜈norm defines the fre-
quency at which the cumulatively integrated power density spectrum

is normalized to one. Just as in Sect. 2.4 we exclude data from TESS
Cycle 1+2 from this analysis and choose to use the Nyquist frequency
of the 10-min cadence data as 𝜈norm.

We use the integrated power to calculate the frequencies below
which 20%, 50%, and 80% of the power resides (𝜈20%, 𝜈50%,
𝜈80%), corresponding to 𝑃int (𝜈20%) = 0.2, 𝑃int (𝜈50%) = 0.5, and
𝑃int (𝜈80%) = 0.8. Additionally, we also calculate the "width"

𝑤 =
𝜈80% − 𝜈20%

𝜈50%
, (6)

of the spectrum, which we expect to depend on 𝛾 and 𝜈char. The
bottom right panel of Fig. 3 provides an example of the normalized
cumulative integrated power density for the 10-min cadence FFI data
of the star Gaia EDR3 2059070135632404992 from sector 41. The
vertical lines show the value of 𝜈20% (orange), 𝜈50% (blue), and 𝜈80%
(green) for this light curve.

As previously mentioned, we choose the same 𝜈norm in the deriva-
tion of 𝜈20%, 𝜈50%, and 𝜈80% for all sectors and observing cadences.
This is done for the sake of consistency, allowing for direct com-
parisons between the variation of these parameters from sector to
sector due to the intrinsic variability of the star. This enforces the
use of the Nyquist frequency of the longest cadence FFI data as the
highest meaningful value of 𝜈norm. To demonstrate how the 𝜈20%,
𝜈50%, 𝜈80%, and 𝑤 parameters would change if a different choice of
𝜈norm was made, we used the Lorentzian-like model in Eq. (2) to
simulate the SLF variability in PDS for a 2-min cadence data set.
The white noise was fixed to log𝐶𝑊 = 0.2, while log𝛼0 ∈ [1, 10],
𝜈char ∈ [1, 100], and 𝛾 ∈ [1, 5] were varied within the given ranges.
The four parameters 𝜈20%, 𝜈50%, 𝜈80%, and 𝑤 were then calculated
for four different values of 𝜈norm, corresponding to the Nyquist fre-
quency of a 30-min, 10-min, 200-sec, and 2-min cadence light curve,
respectively.

We find that the differences between the estimated parameters
for the four different cadences are minimal provided that the am-
plitude of the SLF variability (log𝛼0) is sufficiently high with lit-
tle dependence on the observing cadence. The differences are less
than 1 𝜇Hz for 𝜈20%, 𝜈50%, and 𝜈80% if 𝛼0 is larger than 102,
103, and 104 ppm2𝜇Hz−1, respectively, and less than 0.1 for 𝑤 if
𝛼0 > 104 ppm2𝜇Hz−1. In comparison, when considering the depen-
dence of the four parameters 𝜈20%, 𝜈50%, 𝜈80%, and 𝑤 on 𝛾 and
𝜈char a much stronger cadence dependence is found, especially for
𝜈20%, 𝜈50%, and 𝜈80% with the differences being largest for 𝜈80%.
These differences also show a clear correlation between 𝛾 and 𝜈char
and become larger when both 𝛾 and 𝜈char increase in value. The
difference between the estimated 𝜈20%, 𝜈50%, and 𝜈80% values of the
30-min and 2-min cadence data are larger than 5 𝜇Hz (20 𝜇Hz) for
𝛾 values larger than 2.5 (1.5), 3 (2.2), and 3.5 (2.8), respectively, for
all values of 𝜈char. When comparing the results for the 10-min and
2-min cadence simulated data, the differences between the estimated
𝜈20%, 𝜈50%, and 𝜈80% values are less than 5 𝜇Hz for 𝛾 ≳ 1.5, 2, and
2.5, respectively.

Based on the results of these comparisons, we choose to exclude
the FFI data from TESS cycle 1 and 2 from our analysis including
both the calculations of 𝜈20%, 𝜈50%, 𝜈80%, and 𝑤 as well as the
Lorentzian-like model fit to the PDS described in Sect. 2.4 and adopt
𝜈norm = 833 𝜇Hz, corresponding to the Nyquist frequency of the
10-min cadence data.
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Figure 3. Top: Example residual 10-min cadence FFI light curve of Gaia EDR3 2059070135632404992 from TESS sector 41. Bottom left: Power density
spectrum of the residual light curve (grey) and the corresponding best fitting Lorentzian-like model (blue). The red and white noise components are shown in
pink and yellow, respectively. Bottom right: Cumulative integrated power density spectrum (grey). An illustration of how the frequencies at 20%, 50%, and 80%
of the power are defined is shown in orange, blue, and green, respectively.
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Figure 4. Measured RMS of the residual light curves as a function of the TESS magnitude. The RMS is shown independently for each star and each individual
TESS sector with available data as filled circles and triangles for the Cyg OB sample. The star symbol represents the SMC star AV 232. The subplot corresponds
to a different observing cadence, with the first three coming from the TESS FFI data for cycle 1+2, 3+4, and 5+6. The last subplot is the RMS for the available
2-min cadence light curves spread across all observing cycles. Open triangles are the measurements belonging to the five Cyg OB stars which were excluded
based on their derived 𝛼0/𝐶𝑤 parameters. The black full line shows the corresponding TESS noise model from Sullivan et al. (2015), while the grey dashed
line is the updated TESS noise model from Schofield et al. (2019) where the number of pixels in the target mask is adjusted based on the TESS magnitude.
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3 COMPARISON STARS

To compare our results to prior studies of SLF variability we consider
the sample of 70 O- and B-type stars studied by Bowman et al.
(2020) who also used a Lorentzian-like model to characterise the SLF
variability using TESS 2-min cadence data. One important difference
is that Bowman et al. (2020) did the fitting in the amplitude spectrum
instead of in PDS, meaning that we cannot draw a direct comparison
between their resulting parameter estimates and the ones presented
here.

To circumvent this issue, we redo the fitting for the Bowman et al.
(2020) sample in the PDS and also derive RMS, 𝜈50%, and 𝑤 for the
sample. To ensure that we are comparing similar data to those used
by Bowman et al. (2020), we consider only the 2-min cadence TESS
Pre-search Data Conditioning Simple Aperture Photometry (PDC-
SAP) light curves for this sample. These light curves were down-
loaded from the Mikulski Archive for Space Telescopes (MAST)
using lightkurve. We normalised the light curves by dividing by
a first order polynomial fit to each sector and change the flux units
to ppm. To otherwise keep the analysis method similar to the ap-
proach adopted in this work, we estimate the 𝛼0, 𝜈char, 𝛾, 𝐶𝑊 , RMS,
𝜈50%, and 𝑤 parameters separately for each sector. Finally, we ex-
clude stars with a low S/N detection of the SLF variability as well
as stars where the dominant variability is due to binarity, rotation, or
coherent pulsations. This reduces the sample of comparison stars to
53 O- and B-type stars, see Table B1 in Appendix B for an overview.
For the remainder of this paper, we will refer to this sample as the
B20 sample.

4 RESULTS

In Table A3 in Appendix A we provide the average values across
all sectors and observing cadences of the estimated parameters 𝛼0,
𝜈char, 𝛾, 𝐶𝑊 , RMS, 𝜈50%, and 𝑤 for the Cyg OB sample and the
SMC star AV 232. The corresponding parameter estimates for the
B20 sample are listed in Table B2 in Appendix B. Following previous
studies of SLF variability, we now investigate the inter-parameter
dependencies as well as the dependence on stellar evolution stage by
placing the stars in an HR diagram. Because the B20 sample only has
spectroscopic luminosities (L = 𝑇4

eff/𝑔) available, we first convert
our bolometric luminosities 𝐿 to spectroscopic luminosities using

L
L⊙

=
𝑇4

eff
𝑔

(
𝑇4

eff,⊙
𝑔⊙

)−1

=
𝐿

𝐿⊙

(
𝑀

𝑀⊙

)−1
, (7)

derived using 𝐿 = 4𝜋𝜎𝑅2𝑇4
eff and 𝑔 = 𝐺𝑀/𝑅2. The derived

spectroscopic luminosities are likewise listed in Table A3. One low-
luminosity star in our Cyg OB sample is a clear outlier from the
rest of our sample, and so we choose to exclude it from the rest of
this discussion but nevertheless list its SLF parameter estimates in
Table A3.

Figure 5 shows the six estimated parameters as a function of L
for the Cyg OB sample (blue circles), SMC star AV 232 (pink star),
and the B20 sample (orange diamonds). The grey bars on 𝛼0, 𝜈char,
𝛾, 𝐶𝑊 , RMS, 𝜈50%, and 𝑤 represent the full retrieved range in the
estimated parameter across all sectors and observing cadences for
a given star, while the symbols correspond to the average value.
Large bars are therefore indicative of large variations in these param-
eters over the different sectors, which means that the SLF variability
changes characteristics over time.

The trends in the individual panels of Fig. 5 indicate that there is a

Table 1. The Table elements list the Spearman’s rank correlation coefficients
𝑟𝑠 between the parameters listed in the first column and the rest of the column
header parameters. The colours indicate the 𝑝-value for a given correlation
as explained at the bottom of the table. Greyed out table elements are either
duplicates or cases where the correlation is calculated between the same two
parameters, e.g., 𝛼0 versus 𝛼0. The first table segment provides the 𝑟𝑠 values
when all stars in the Cyg OB, B20 and AV 232 sample are studied simulta-
neously. The second segment are the corresponding correlations obtained for
the Cyg OB sample only, while the last table segment are the correlations for
the B20 sample.

𝛼0 𝜈char 𝛾 RMS 𝜈50% 𝑤

Full sample
log L/L⊙ 0.524 0.061 0.322 0.609 -0.381 -0.497
log𝑇eff 0.001 0.504 0.460 0.174 0.153 -0.161
𝛼0 -0.509 0.133 0.948 -0.774 -0.673
𝜈char 0.572 -0.338 0.516 0.230
𝛾 0.267 -0.031 -0.304
RMS -0.639 -0.667
𝜈50% 0.471
𝑤

Cyg OB
log L/L⊙ 0.607 0.166 0.428 0.751 -0.533 -0.415
log𝑇eff 0.351 0.125 0.289 0.550 -0.257 -0.468
𝛼0 -0.339 0.449 0.891 -0.894 -0.506
𝜈char 0.422 -0.078 0.262 0.098
𝛾 0.577 -0.336 -0.478
RMS -0.733 -0.538
𝜈50% 0.398
𝑤

B20
log L/L⊙ 0.623 -0.048 0.212 0.672 -0.268 -0.464
log𝑇eff -0.331 0.835 0.616 -0.171 0.636 0.225
𝛼0 -0.553 -0.096 0.961 -0.714 -0.824
𝜈char 0.749 -0.415 0.676 0.350
𝛾 0.017 0.322 -0.092
RMS -0.569 -0.807
𝜈50% 0.512
𝑤

Colour explanation
𝑝 > 0.05 0.001 < 𝑝 ≤ 0.05 𝑝 < 0.001

correlation between most of these parameters and the spectroscopic
luminosity, independently of if all three stellar samples are considered
simultaneously or independently. To quantify this, we calculate the
Spearman’s rank correlation coefficients 𝑟𝑠 (Spearman 1904), which
are applicable and can be calculated for two variables that share
a monotonic relationship. The coefficient takes values between −1
and 1, where 𝑟𝑠 = 1 and 𝑟𝑠 = −1 corresponds to a perfect positive
and negative correlation between the two variables, respectively, and
𝑟𝑠 = 0 means that the parameters are uncorrelated. How close |𝑟𝑠 | is
to one determines the strength of the correlation: |𝑟𝑠 | ∈ ]0, 0.19] is a
very weak correlation, |𝑟𝑠 | ∈ [0.2, 0.39] is weak, |𝑟𝑠 | ∈ [0.4, 0.59] is
moderate, |𝑟𝑠 | ∈ [0.6, 0.79] is strong, and |𝑟𝑠 | ∈ [0.8, 1.0] is a very
strong correlation. Finally, each calculated 𝑟𝑠 is associated with a 𝑝-
value which determines the significance of the correlation. For 𝑝 >

0.05 the correlation is considered insignificant, while 0.001 < 𝑝 ≤
0.05 corresponds to significant, and 𝑝 < 0.001 is highly significant.

The first row of Table 1 lists the Spearman’s ranks correlation co-
efficients between logL/L⊙ and the six estimated parameters used
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Figure 5. Measured parameters from our two methods of determining the characteristics of the SLF variability shown against the spectroscopic luminosities of
the stars. The symbols denote the average parameter estimated calculated for a given star across all sectors and observing cadences while the grey bars indicate
the range in observed parameters for a given star over all sectors. The Cyg OB sample is shown as blue circles, the SMC star AV 232 is indicated by a pink star,
whereas the orange diamonds represent the B20 sample.

to characterise the SLF variability for the full sample of stars consid-
ered in this paper (Cyg OB + AV 232 + B20). The colour indicates
the 𝑝-value for the considered correlation. As seen in the Table, sig-
nificant weak to strong positive correlations are found for 𝛼0, 𝛾, and
RMS, while significant weak to moderate negative correlations are
found for 𝜈50% and 𝑤. For 𝜈char, the correlation is insignificant and
we cannot reject the null-hypothesis that 𝑟𝑠 = 0. Similar generally
stronger correlations are found if the Cyg OB sample is considered on
its own, whereas the B20 sample also shows no correlation between
logL/L⊙ and the two parameters 𝛾 and 𝜈50%.

The full sample of stars including the Cyg OB, AV 232, and B20
samples are shown in the spectroscopic HR diagrams in Fig. 6, where
the colours of the symbols in each subplot correspond to the derived
average parameter estimate for each of the six parameters 𝛼0, 𝜈char, 𝛾,
𝐶𝑊 , RMS, 𝜈50%, and 𝑤 as indicated by the colour bars. The shape of
the symbols have the same meaning as in Fig. 5. Based on this figure
we can see that stars in the same part of the HR diagram generally
have, a) high RMS values when 𝛼0 is high, b) high 𝜈50% values when
𝜈char is low, and c) high 𝑤 values when 𝛾 is low, and vice versa. The
trends with evolutionary stage are less clear especially when the
full sample is considered, but are indicative of the 𝛼0 and RMS both
increase when the stars get older, while 𝜈char and 𝜈50% both decrease.

No clear correlation with age is seen for either 𝛾 or 𝑤. Comparing
our results in Fig. 6 to the study of the trends in macroturbulence
velocities of ≈ 600 O- and B-type stars from Serebriakova et al.
(2024) shows excellent agreement, where stars with high𝛼0 and RMS
are situation in the same parts of the HR diagram as stars with high
macroturbulence velocities. This is consistent with earlier findings
of relations between photometric SLF variability and spectroscopic
macroturbulence by Bowman et al. (2020).

The correlation coefficients between log𝑇eff and each of the six
estimated SLF parameters are shown in the second rows of each of
the table segments in Table 1. When the full sample is considered, we
find that neither𝛼0, RMS, 𝜈50%, or𝑤 are significantly correlated with
log𝑇eff , but if we consider the Cyg OB and B20 samples separately a
different pattern emerges for these four parameters. When a parameter
is significantly positively correlated with log𝑇eff for Cyg OB it is
negatively correlated with log𝑇eff for B20, and vise versa. Because of
this, when the two samples are combined no correlation with log𝑇eff
is found. For 𝜈char a very strong correlation with log𝑇eff is found
for B20 while it is insignificant for Cyg OB, resulting in an overall
significant moderate correlation for the full sample. The opposite is
seen for the RMS parameter. The 𝛾 parameter is the only one that is
simultaneously found to be both significant and positively correlated

MNRAS 000, 1–18 (2024)
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with log𝑇eff for both the Cyg OB and B20 sample, but the correlation
is stronger for the B20 sample. For the Cyg OB sample, we find a
positive correlation between log𝑇eff and both 𝛼0 and RMS, which
is consistent with recent findings for a sample of blue supergiants
of lower effective temperatures than our sample (Kourniotis et al.
2025).

Figure 7 plots the six estimated parameters that we use to char-
acterise the SLF variability. The colour of the symbols indicate the
spectroscopic luminosity. In combination with the correlation co-
efficients in Table 1, we find that 𝛼0 is correlated with all other
parameters except 𝛾 for the B20 sample. The 𝜈char parameter is cor-
related with 𝛼0 and 𝛾 for Cyg OB, whereas it is also correlated with
log𝑇eff , 𝛼0, RMS, 𝜈50% and 𝑤 for the B20 sample. The 𝛾 parameter
is correlated with all other parameters for the Cyg OB sample, but
not with logL, 𝛼0, RMS or 𝑤 for B20. The RMS is correlated with
all other parameters except for 𝜈char for Cyg OB, and correlates with
logL, 𝛼0, 𝜈char, 𝜈50% and 𝑤 for the B20 sample. The 𝜈50% param-
eter is correlated with all parameters except for log𝑇eff and 𝜈char
for Cyg OB and logL for B20. Finally, the width 𝑤 is correlated
with all other parameters except for 𝜈char for the Cyg OB sample and
for log𝑇eff and 𝛾 for the B20 sample. When all stars are combined,
the only insignificant correlations are found for log𝑇eff versus 𝛼0,
log𝑇eff versus RMS, logL versus 𝜈char, 𝛼0 versus 𝛾, log𝑇eff versus
𝜈50%, log𝑇eff versus 𝑤, and 𝛾 versus 𝜈50%, i.e. for seven parameter
combinations out of 21. Six of the significant correlations are found
to be both strong and highly significant.

For the lower metallicity SMC star AV 232 we find that its SLF
parameters are generally at the edges of the parameter estimates for
both the Cyg OB and B20 sample, but are similar to the values and
correlations found for stars with similar spectroscopic luminosities.

5 DISCUSSION

5.1 Surface granulation

For solar-like oscillators, the background signal arising from a com-
bination of surface granulation noise and stellar activity is usually
modelled and removed by fitting a sum of power laws (i.e. Harvey
models) with two to five components to the PDS and including a
constant for the white noise component, resulting in

PDSBkg (𝜈) = 𝐶𝑊 +
𝑁∑︁
𝑖

𝑎𝑖

1 +
(
𝜈
𝑏𝑖

)𝑐𝑖 , (8)

for the background PDS (PDSBkg), which simplifies to Eq. (2)
when only one power law component is included in the background
model. Unlike in this work and previous studies of SLF variability in
massive stars, the 𝑐𝑖 parameter is held fixed when fitting Eq. (8) to the
background noise of solar-like oscillators. When initially introducing
this model, Harvey (1985) adopted 𝑐𝑖 = 2 for the Sun, while later it
was shown that 𝑐𝑖 = 4 appears to be a more appropriate value (e.g.
Aigrain et al. 2004; Michel et al. 2009). As seen in Fig. 5, most of
our estimated 𝛾 fall between these two 𝑐𝑖 values.

In a study of the connection between granulation noise and os-
cillation signal in solar-like, subgiant and red giant stars observed
by the Kepler space telescope, Kallinger et al. (2014) considered
eight different models for the granulation background including a
two-component Harvey model of the form of Eq. (8). Their derived
correlation between the two characteristic granulation frequencies
𝑏1 and 𝑏2 and the frequency at maximum power 𝜈max of the solar-
like oscillations are shown as dashed and full grey lines in Fig. 8,

respectively, and compared to our estimates for the Cyg OB, SMC
star and B20 sample. Here we have adopted

𝜈gran ∝ 𝜈max ∝ 𝑀𝑅−2𝑇−1/2
eff , (9)

following Kallinger & Matthews (2010) based on Kjeldsen &
Bedding (1995) and Huber et al. (2009). The derived 𝑀𝑅−2𝑇−1/2

eff
values are given with respect to solar values such that 𝑀𝑅−2𝑇−1/2

eff =

1 for the Sun. If a single component is used to fit the background,
as done for the stars in this work, the granulation frequency 𝜈gran
should fall between the two grey lines.

As seen in Fig. 8, an offset is seen between the OB stars and the
derived 𝜈char versus 𝑀𝑅−2𝑇−1/2

eff relations found by Kallinger et al.
(2014) for the lower-mass solar-like oscillators, with the massive stars
showing consistently lower 𝜈char values. This is in line with previous
findings by Bowman et al. (2019b), who argued that the observed
SLF variability in their sample of (near-) main-sequence OBA stars
is unlikely to be caused by surface granulation for this reason. If
granulation is the cause, then the properties of the resulting red
noise cannot be directly extrapolated from the relations found for
cooler stars (see also similar discussion by Blomme et al. 2011).
For comparison, we also show the characteristic frequencies derived
by Kallinger & Matthews (2010) for two 𝛿 Sct stars (red triangles),
which are oscillating main-sequence A-type stars expected to have
very shallow convective envelopes. Contrary to the OB stars, their
𝜈char values do align with the relation found for the cooler stars,
suggesting that their observed red noise could be caused by surface
granulation.

For the more evolved massive red supergiants (RSGs), the situa-
tion may be different. These stars are known to have large surface
convective cells with convective turnover timescales on the order
of hundreds of days (e.g. Goldberg et al. 2022), and have also been
shown to exhibit SLF variability (Kiss et al. 2006; Zhang et al. 2024).
Using ground-based photometric light curves of 48 RSGs from the
database of the American Association of Variable Star Observers
(AAVSO) with a mean time span of 61 yr, Kiss et al. (2006) showed
that the variability followed a 1/𝜈 frequency dependence consistent
with expectations for solar granulation background, but could not de-
rive a 𝜈char due to the much sparser sampling of the data compared to
current photometric space missions. On the other hand, Zhang et al.
(2024) find granulation time scales on the same order as the predic-
tions from Goldberg et al. (2022) by modelling the SLF variability
seen in ground-based OGLE and ASAS-SN light curves of more than
6000 RSGs in the LMC and SMC using Gaussian processes.

5.2 Sub-surface convection

Stothers & Chin (1993) were some of the first to show that the opac-
ity bumps near the stellar surface of hot massive stars caused by the
partial ionization of iron and helium (Iglesias et al. 1992) give rise to
dynamical instabilities, also known as sub-surface convection zones.
Cantiello et al. (2009) showed that while the He opacity bump in
the majority of cases does not form a significant sub-surface convec-
tion zone, convection is always developed around the iron opacity
bump for 𝐿 ≳ 103.2 L⊙ provided that the metallicity of the star is
sufficiently high. In general, this sub-surface convection zone from
the iron opacity bump (FeCZ) increases in importance and becomes
more prominent for lower surface temperatures and gravities and
higher luminosities and metallicities. Later studies by Jermyn et al.
(2022) demonstrated that the subsurface convection zones are present
over a narrower range in stellar properties than previously estimated
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Figure 7. Inter-parameter correlations between the six parameters 𝛼0, 𝜈char, 𝛾, RMS, 𝜈50% and 𝑤 used to characterize the SLF variability. The symbols indicate
the average parameter estimates and the grey bars the observed range in the estimated parameters. The shapes of the symbols have the same meaning as in Fig. 6
while their colours are determined by their spectroscopic luminosities.

and is expected to be absent below ≈ 16 M⊙ and ≈ 35 M⊙ for stars in
the LMC and SMC, respectively, while the FeCZ should be present
for all masses above ≈ 8 M⊙ for stars of solar metallicity. Bowman
et al. (2024) compared the predictions by Jermyn et al. (2022) to the
observed positions of SLF variables in the HD diagram, finding SMC
stars located within regions predicted to be stable against sub-surface
convection in the FeCZ at low metallicities.

The estimated surface velocities arising from gravity waves excited
by the FeCZ appear to correlate with the occurrence of significant

microturbulence in O- and B-type stars, indicating a possible physi-
cal connection between the two (Cantiello et al. 2009). Additionally,
it has been shown that stochastic low-frequency photometric vari-
ability and macroturbulence could be caused by these sub-surface
convection zones (Cantiello et al. 2021). With the exception of three
stars, the SLF variables in our Cyg OB sample all fall in the regime
where substantial sub-surface FeCZs are expected to be found. This
is largely due to our sample selection, in which we focused on stars
with 𝐿/𝐿⊙ ≥ 4 and deliberately avoided stars where the photomet-
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Figure 8. Comparison between the characteristic frequency (y-axis) of
observed red noise as a function of the expected granulation frequency
𝜈gran ∝ 𝑀𝑅−2𝑇−1/2

eff in solar units (x-axis) and estimates from hydrody-
namical simulations. The full and dashed grey lines show the observationally
derived relations for two characteristic granulation frequencies (𝑏2 and 𝑏1)
for low-mass stars (Kallinger et al. 2014), compared to results for two 𝛿 Sct
stars (red triangles; Kallinger & Matthews 2010). Predictions from hydrody-
namical simulations of sub-surface convection are indicated by the open black
cross and plus symbol (Schultz et al. 2022) and the sideways black triangle
(Schultz et al. 2023b). Corresponding predictions for internal gravity waves
excited by core convection are indicated by the Y symbols (Anders et al.
2023) and the cross and vertical black line (Edelmann et al. 2019). Please see
text for more details.

ric variability is dominated by rotational variability, pulsations, or
binarity. Of the stars above this threshold, 96% show SLF variabil-
ity. The SMC star AV 232, however, is found right at the boundary
(𝑀spec = 35.3 ± 8.2 M⊙ , Bouret et al. 2021) where prominent sub-
surface FeCZ are expected to be developed according to Jermyn et al.
(2022) and shows similar SLF amplitudes as the Galactic OB Cyg
sample at similar spectroscopic luminositites.

The theoretical considerations of sub-surface convection zones
mentioned above all relied on the use of 1-D stellar models. In re-
cent years, detailed 3-D numerical simulations of these sub-surface
convection zones have been carried out, partially in an attempt to
explain the SLF variability. Schultz et al. (2022) performed 3-D ra-
diation hydrodynamical simulations of the outer ≈ 15% of the stellar
envelopes of two 35 M⊙ stars at two different evolutionary stages, one
on the zero-age main-sequence (model T42L5.2) and the other half
way through the main-sequence evolution (model T35L5.0). They
find that the amplitudes of the tangential and radial velocities from
the simulations are comparable to the predictions from 1-D models,
however, the velocity profiles from the 3-D simulations are much
broader and extend all the way to the surface. While the simulated
convection from the Fe opacity bump carries minimal flux, the turbu-
lent motions reach the surface and there is therefore no convectively
quiet zone in the outer ≈ 7% of the simulated stars. Through an

100

101

102

ν c
ha

r
[µ

H
z]

a)

T42L5.2
T35L5.0
M13TAMS
A23

E19, EKin

E19, EKin, 34 M�
E19, T/K
T24

B20
Cyg OB
SMC

1 2 3 4
logL/L�

0.0

0.5

1.0

1.5

2.0

lo
g

ν c
ha

r
[µ

H
z]

3 M�
15 M�

40 M�

b)

Figure 9. Comparison between observed characteristic frequency versus
spectroscopic luminosity relations (panel a) for the Cyg OB, SMC, and
B20 samples and theoretical predictions from numerical simulations of sub-
surface convection and internal gravity waves excited by core convection.
Panel b) shows a density plot of the combined Cyg OB and B20 samples in
panel a). Symbols have the same meaning as in Fig. 8. The black square show
the additional predictions by Thompson et al. (2024) from IGWs excited by
core convection. See text for more details.

analysis of the synthetic light curves produced by the two models,
Schultz et al. (2022) find similar slopes as comparison SLF variables
from Bowman et al. (2020) found around the same position in the
HRD, while their derived 𝜈char are consistent with the thermal time
scale in the FeCZ. The same authors later added a 13 M⊙ terminal-
age main-sequence 3-D envelope model simulation to their sample
of simulated stars (M13TAMS, Schultz et al. 2023b) and likewise
determine the 𝜈char of the model. All of these simulations were run
at solar metallicity.

The results for all three simulated stars are included in Fig. 8.
A dotted line connects the two 35 M⊙ models from Schultz et al.
(2022) (open black cross and plus symbols) and are indicative of the
direction the stars should be moving over time if the SLF variability
is caused by sub-surface convection. As seen in the figure, this trend
aligns with the parameter range of the majority of the stars in the
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Cyg OB sample with the more evolved T35L5.0 model even crossing
the observed trend for surface granulations in solar-like oscillators
(dashed grey). Similarly, the results for the simulated 13 M⊙ star
matches the observations of a part of the Cyg OB sample.

The same general trends are seen in Fig. 9 where 𝜈char is shown as
a function of logL/L⊙ . As seen in the figure, the observed scatter
in 𝜈char at similar logL/L⊙ values could be the result of a change
in characteristics of sub-surface convection zone during the main-
sequence evolution. To confirm this, more simulations at similar
masses but different evolutionary stages would be required. Addi-
tionally, the weakness of the sub-surface convection theory lies in
the disappearance of such prominent zones at lower metallicities
as predicted from 1-D models (Cantiello et al. 2009; Jermyn et al.
2022) while SLF variability has previously been identified in stars
located in the LMC (e.g. Pedersen et al. 2019; Bowman et al. 2019a).
With our 𝑀spec = 35.3 ± 8.2 M⊙ SMC star being located right at
the boundary where substantial FeCZ should be able to develop at
SMC metallicity, having a 3-D hydrodynamical simulation of such
a star would be highly valuable, however, to our knowledge no such
simulations currently exist. For an extensive review of simulations
of massive star envelopes, we refer the reader to Jiang (2023).

5.3 Internal gravity waves excited by core convection

At interfaces between convective and radiative zones, internal grav-
ity waves (IGWs) are stochastically exited by processes that causes
disturbances at the convective boundary such as the overshoot-
ing/penetration of convective plumes (Townsend 1966; Montalbán &
Schatzman 2000) and Reynolds stresses of turbulent convective ed-
dies (Lighthill 1952; Lecoanet & Quataert 2013). Such excited IGWs
propagate through the radiative zones and away from the convective
regions either towards higher (low-mass stars) or lower (high-mass
stars) density regions. As discussed in Sect. 5.2, such waves are ex-
pected to be generated both above and below sub-surface convection
zones. For stars with convective cores, IGWs excited by core con-
vection have been demonstrated to be capable of efficient angular
momentum transport (Rogers et al. 2013), efficient mixing of chem-
ical elements (Rogers & McElwaine 2017; Varghese et al. 2023) and
potentially cause enhanced mass loss in massive stars towards the
end of their evolution (Quataert & Shiode 2012). For an extensive
review on simulations of convective cores please see Lecoanet &
Edelmann (2023).

While the earliest simulations of convective cores focused on the
study of convective boundary mixing (e.g. Deupree 2000; Browning
et al. 2004), increased attention has been put on the study of the re-
sulting IGW spectrum and its possible connection to SLF variability.
Aerts & Rogers (2015) took the IGW spectrum from the 2-D hydro-
dynamical simulations of the inner 0.5-98% in radius of a 3 M⊙ star
(Rogers et al. 2013) and rescaled both the frequency and amplitude
of the spectrum to match it to the photometric observations of three
young O-type stars showing SLF variability, finding good general
agreement between the two except at the very low frequency end.
A similar approach was taken by Ramiaramanantsoa et al. (2018) to
study the red noise component of the O-type star V973 Scorpii. They
showed that doing the rescaling of the simulated IGW spectrum as-
suming a 45 M⊙ terminal-age main-sequence star resulted in a better
match to the observations than for a similar evolutionary stage 34 M⊙
star.

Edelmann et al. (2019) carried out the first 3-D hydrodynamical
simulations covering 1%-90% in radius of a rotating 3 M⊙ zero-
age main-sequence star allowing them to study the properties of the
IGWs generated by the convective core throughout the majority of

the radiative envelope. They find the generated spectrum to be well
represented by a broken power law, where the frequency position of
the break point depends on the angular degree ℓ of the waves. In
Fig. 8 and 9 we show the range in frequency of these break points
found for the Fourier transform of the kinetic energy spectrum of
ℓ ∈ [1, 20] as a vertical full black line. The overlapping cross is the
break point frequency estimated for the combined Fourier spectrum
of the corresponding temperature fluctuations over all ℓ values. As
seen in Fig. 8, the range in break-point frequencies matches well with
the range in 𝜈char for the B20 sample at the given 𝑀𝑅−2𝑇−1/2

eff value.
In Fig. 9, the results from the 3-D simulations do not overlap with
the observations as the stars studied in this work are of much higher
masses and therefore higher logL/L⊙ . This is different for the 3-D
hydrodynamical simulations of a 25 M⊙ main-sequence star carried
out by Herwig et al. (2023) whose simulations cover the inner 54% of
the star. Based on these simulations, Thompson et al. (2024) derived
the 𝜈char resulting from fitting Eq. (2) to the resulting IGW spectrum.
Their result is indicated in Fig. 9 by the black square and is situated at
the lower end in the parameter ranges for the observations at similar
logL/L⊙ .

The simulations by Rogers et al. (2013), Herwig et al. (2023) and
Edelmann et al. (2019) all required a boosting of the convective core
to compensate for the high thermal diffusivity in the simulations.
In the case of the 2-D simulations by Rogers et al. (2013), Aerts &
Rogers (2015) argued that such boosting could mean that the gener-
ated IGW spectrum might be more representative of a ≈ 30 M⊙ star.
Assuming a similar argument can be made for the 3-D simulations
by Edelmann et al. (2019), this would move the full vertical black
line in Fig. 9 to the position of the black dashed line for a 34 M⊙
star1. In this case the range in break-point frequency approximately
spans the observed range in 𝜈char at the given logL/L⊙ , potentially
implying that the scatter is caused by a variation in which ℓ values
are more dominant.

The required boosting of the convective core is one of the criticisms
of the IGW theory as the source of the observed SLF variability as
it does not allow for a prediction of the amplitude of the waves.
Recently, Anders et al. (2023) carried out 3-D simulations of three
zero-age main-sequence stars at 3 M⊙ , 15 M⊙ , and 40 M⊙ covering
the inner 93% of the star in radius and without boosting the convective
core in the simulations. They find the amplitudes of the generated
IGW spectrum to be a few orders of magnitudes lower than the
observed red noise in O- and B-type stars. The derived 𝜈char are
likewise lower than the observations that they compare their results to
(Bowman et al. 2020) and decrease with mass. Here we have likewise
included the results from Anders et al. (2023) in Fig. 8 and 9. As seen
in Fig. 8, the 𝜈char values from the simulations fall along the lower
boundary of the observed values. Contrary to the findings by Anders
et al. (2023) (see their Fig. 3), the 𝜈char values from the simulations
do fall in regions in Fig. 9 that are covered by the observations,
however, the majority of the stars in our combined sample have
higher 𝜈char values at similar logL/L⊙ . Furthermore, as seen in both
figures the break point frequencies found for the 3 M⊙ simulation
with core luminosity boosting are much higher than the 𝜈char value
from corresponding 3 M⊙ simulation from Anders et al. (2023).
Another point of contingency for the IGW theory is the question if it
is possible for gravity waves, that are damped in convective regions,
to reach the surface of stars with sub-surface convection zones. Based
on 1-D stellar models, Serebriakova et al. (2024) demonstrated that

1 The log L/L⊙ value was taken from a solar metallicity zero-age main-
sequence 34 M⊙ MIST model.
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IGWs can indeed tunnel through the FeCZ if the star is less than
30 M⊙ and thereby contribute to the observed variability. Full tests
of this are currently awaiting 2-D and 3-D simulations as none (to our
knowledge) of the available published simulations of core generated
IGWs include the subsurface convection zones.

5.4 Stellar winds

Massive stars (𝑀 ≳ 15 M⊙ , Abbott 1982) have radiatively driven
stellar winds which show direct observational features in the stellar
spectra when their luminosities are higher than 104 L⊙ (Abbott 1979;
Kudritzki & Puls 2000). When the mass loss rates caused by such
stellar winds are variable as due to, e.g., line-drive wind instabilities
(Feldmeier et al. 1997; Runacres & Owocki 2002) they result in
photometric variability due to the effect of wind blanketing (Abbott
& Hummer 1985).

Relying on simulations of stellar winds of O-type stars, Krtička &
Feldmeier (2018) demonstrated that the resulting photometric vari-
ability from stellar winds is stochastic and shows similar characteris-
tics to the SLF variability found in four comparison blue supergiants,
with amplitudes decreasing for more structured stellar winds. Krtička
& Feldmeier (2021) expanded upon this study by considering the im-
pact of the choice of inner boundary atmospheric perturbations on
the stellar wind. For stochastic perturbations expected by, e.g., sub-
surface convection zones, Krtička & Feldmeier (2021) find that the
resulting frequency spectrum follows a uniform power law close to
the base of the perturbations but develops into a broken power law at
larger heights above the boundary. Additionally, they find that the disk
integrated photometric variability in mmag shows negative skewness

calculated as
(
𝑥(𝑡) − 𝑥(𝑡)

)3
/𝜎3

std, where 𝜎std is the standard devia-
tion of the photometric variability 𝑥(𝑡) in mmag as a function of time
𝑡.

The studies of the simulated SLF variability caused by stellar
winds carried out by Krtička & Feldmeier (2018, 2021) do not pro-
vide enough information to place the predictions in either Fig. 8 or 9.
Instead we calculate the skewness of the residual light curves of the
Cyg OB, B20, and SMC samples after converting the flux to mmag
and plot the skewness as a function of spectroscopic luminosity in
Fig. 10. While 66% of the stars show a negative skewness when
averaged across all TESS sectors, we find no clear dependence on
logL. The lower metallicity SMC star shows a positive skewness.
As Krtička & Feldmeier (2018, 2021) predict the signal of the SLF
variability caused by stellar winds to be larger for higher mass loss
rates ¤𝑀 , this could potentially be consistent with the lower ¤𝑀 found
for lower metallicity stars (Mokiem et al. 2007), however, the sample
size is too small to say anything conclusive. In comparison, Kourni-
otis et al. (2025) also calculated the skewness of their sample of 41
Galactic blue supergiants, finding values in the range of -0.69 to 0.34
with ≈ 54% of the stars having negative skewness values.

The hydrodynamical simulations of sub-surface convection and
convective core generated internal gravity waves discussed above
do not provide any estimates for the skewness of the predicted SLF
variability. It is therefore unclear if negative skewness of SLF light
curves can be uniquely linked to stellar winds. However, given how
different choices of boundary perturbations impact the predicted
photometric variability (Krtička & Feldmeier 2021) combined with
the results from 3-D hydrodynamical simulations showing that the
velocities generated by the iron sub-surface convection zone extend
all the way to the surface (Schultz et al. 2022) and that the wind
structure starts to form already at the iron opacity bump (Debnath
et al. 2024), it is highly likely that these processes are closely related.
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Figure 10. Average skewness of the photometric light curves for our three
considered stellar samples versus spectroscopic luminosity (left). Vertical
grey lines represent the range in skewness calculated from individual TESS
sectors of a given star. Horizontal dashed and dotted lines show the skewness
predictions of radiatively driven stellar winds (Krtička & Feldmeier 2021)
assuming the wind is made up of 300 (dashed) or 1000 (dotted) independent
concentric cones. A histogram of the average skewness is likewise provided
(right).

6 CONCLUSIONS

In this work we used two different methods to characterize the SLF
variability found in a sample of 49 O- and B-type stars located within
six Cygnus OB associations and one low-metallicity star in the SMC,
AV 232. An additional three SMC stars out of an initial sample of
13 are found to be candidate SLF variables. For comparison, we
also included 53 additional O- and B-type stars with SLF variability
which was previously studied by Bowman et al. (2020). For the
first method we modelled the SLF variability in the power density
spectrum using a Lorentzian-like profile, resulting in estimates of
four parameters: 𝛼0, 𝜈char, 𝛾 and 𝐶𝑊 . The second method uses the
photometric time series combined with the cumulative integrated
power density spectrum to characterize the SLF variability using
three parameters: RMS, 𝜈50%, and 𝑤.

We find that both 𝜈50% and𝑤 are much less impacted by the observ-
ing cadence of the TESS data than 𝜈char and 𝛾 and recommend using
the RMS, 𝜈50% and 𝑤 parameters in future characterization of SLF
variability for this reason. Similarly, Bowman & Dorn-Wallenstein
(2022) found the use of Gaussian process regression to be less sen-
sitive to the data quality than fitting models to the variability in the
Fourier domain. Upon studying the sector-to-sector dependence of
the derived SLF parameters we find that the SLF variability changes
characteristics over time. Additionally, we find that all derived param-
eters (except 𝜈char) are significantly correlated with the spectroscopic
luminosity of the stars for the combined sample of 103 studied O-
and B-type stars, whereas these correlations are no longer significant
for 𝛾 and 𝜈50% if the B20 sample is considered on its own. Studying
the values of RMS, 𝛼0, 𝜈char and 𝜈50% relative to the position of
the stars in the spectroscopic HRD indicate that both 𝛼0 and RMS
increase for more evolved stars, whereas 𝜈char and 𝜈50% decrease.
No similar clear correlation is found for either 𝛾 or 𝑤.

In line with previous studies (Bowman et al. 2018, 2019b), we find
that the SLF variability is unlikely to be caused by surface granu-
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lation. When comparing the position of the full sample of stars in
the 𝜈char versus logL/L⊙ diagram to predictions from hydrody-
namical simulations of sub-surface convection and internal gravity
waves excited by core convection, we find good agreement between
the observations and simulations of sub-surface convection zones
(Schultz et al. 2022, 2023b). Similar agreement can be found for the
simulations of IGWs generated by convective cores in some parts of
the diagram.

Having more 2-D and 3-D simulations available covering dif-
ferent masses, ages, and metallicities would be highly valuable to
compare against observations and help determine the dominating
process causing the SLF variability. Particularly, also publishing and
making publicly available the simulated light curves is especially
useful for anyone attempting to make comparisons to observations
where different methods for characterizing the SLF variability have
been applied, as is the case for this work. Here we were limited
to making comparisons to 𝜈char. For the same reasons, we could
not make similar direct comparisons to simulations of photometric
variability caused by variable stellar winds and had to derive a new
parameter, the skewness of the photometric variability, to compare
to predictions from one simulation. With more than half of the 103
stars studied here showing negative skewness, this might support a
connection to stellar winds.

The low-metallicity SMC star AV 232 shows similar SLF charac-
teristics to the 102 studied Galactic OB stars, and is located at the
boundary where Jermyn et al. (2022) predict that a substantial subsur-
face FeCZ should be able to develop according to 1-D models. Having
additional 3-D simulations of the envelope of a low metallicity SMC
star near this boundary would therefore be very valuable. Bowman
et al. (2024) studied a larger sample of SMC, LMC and Galactic
OB stars, demonstrating that the lower metallicity SLF variables are
found both within and outside the same predicted FeCZ stability win-
dows. Again, having 3-D simulations of stars in the same position of
the HRD but at different metallicities would provide an interesting
comparison for the predicted SLF signals.

Finally, in this work we focused on characterizing the SLF variabil-
ity present in the TESS light curves of our sample of stars. Previous
studies have also linked such derived SLF parameters with spec-
troscopic observations of macroturbulence (Bowman et al. 2020;
Shen et al. 2024), which may likewise be caused by core-generated
IGWs (Aerts & Rogers 2015) and subsurface convection (Cantiello
et al. 2009, 2021; Schultz et al. 2023a) with the dominating process
likely depending on the position of the star in the HRD (e.g. Serebri-
akova et al. 2024). Krtička & Feldmeier (2018, 2021) suggested that
studying the variability in the UV could also be used to distinguish
between different effects causing SLF variability (Krtička 2016).
Most recently, the SLF variability observed in TESS light curves of
the O4 supergiant 𝜁 Puppis has also been linked to variations in the
linear-polarization of the light (Bailey et al. 2024). While carrying
out similar studies are beyond the scope of this work, we look forward
to following the continued utilization of synergies between different
observations and predictions from simulations to study the origin of
the SLF variability in massive stars.
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APPENDIX A: OVERVIEW OF AND FITTING RESULTS
FOR THE CYG OB AND SMC SAMPLE

An overview of the sample fo 49 SLF variables found across the six
Cygnus OB associations including their name (Gaia EDR3 and TIC
ID), association group, TESS (T) and Gaia (G) magnitudes, effective
temperatures, luminosities and masses, as well as the available TESS
sectors with FFI and 2-min cadence data is provided in Table A1. A
similar overview of the six SMC stars from Bouret et al. (2021) that
are found to either an SLF variable, SLF candidate or not variable
is provided in Table A2. The corresponding derived SLF parameters
𝛼0, 𝜈char, 𝛾, 𝐶𝑊 , RMS, 𝜈50%, and 𝑤 are provided in Table A3 along
with the derived spectroscopic luminosity logL/L⊙ .

APPENDIX B: OVERVIEW OF AND FITTING RESULTS
FOR THE B20

Similar to Appendix A, an overview of the sample of 53 comparison
OB stars from Bowman et al. (2020) known to be SLF variables is
provided in Table B1 and their corresponding derived SLF parame-
ters are given in Table B2.

APPENDIX C: CADENCE DEPENDENCE OF ESTIMATED
PARAMETERS

With a few exceptions (Nazé et al. 2021; Lenoir-Craig et al. 2022), the
analysis of SLF variability based on TESS observations has generally
relied on the use of the 2-min cadence data. There are a couple of
reasons for this. One is that the TESS 2-min cadence light curves
are easily accessible as they are automatically made available on
MAST by the TESS Science Processing Operations Center (SPOC;
Jenkins et al. 2016), whose TESS science pipeline produces both
Simple Aperture Photometry (SAP) and PDCSAP light curves. The
same is not the case for light curves constructed from FFI data,
which therefore require additional steps to be prepared and ready for
analysis such as those described in Sect. 2.2. The TESS SPOC team
has recently started running their pipeline also on FFI data (Caldwell
et al. 2020), while other authors have also used their own pipelines
to produce TESS FFI light curves that are made available publicly
on MAST (e.g., Bouma et al. 2019; Nardiello et al. 2019; Hon et al.
2021; Handberg et al. 2021), none of which are complete.

Another reason for using the 2-min cadence TESS data instead
of FFI data is related to amplitude attenuation (e.g. Chaplin et al.
2014) also sometimes called amplitude suppression (e.g. Bowman
et al. 2020), where the time averaging of high-frequency signals
due to increased exposure times results in an attenuation of their
amplitudes. In the case of TESS data, the exposure time equals the
observing cadence and the fractional attenuation in power can be
written as Eq. 3.

As most of the stars our OB Cyg sample only have FFI data avail-
able, we quantify the impact of the sampling rate on the estimated
SLF parameters by taking all of the 2-min cadence residual light

curves for both the OB Cyg and B20 sample and resampling them
to match an observing cadence of 240 sec, 10 min, and 30 min. We
use 240 sec instead of 200 sec as it corresponds to a multiple integer
of the 2-min cadence sampling. The resampling is done by binning
the normalised residual flux to the new cadence and dividing by the
number of data points in each bin to get the averaged flux, while
the time stamps are changed to the center values of each bin. Once
the light curves have been resampled, we derive the 𝛼0, 𝜈char, 𝛾,
𝐶𝑊 , 𝑅𝑀𝑆, 𝜈50%, and 𝑤 parameters again and compare them to the
estimated values of the 2-min cadence data.

Figure C1 shows the differences in the estimated log𝛼0 (top),
𝜈char (middle) and 𝛾 (bottom) parameters obtained when the 2-min
cadence data are resampled to 240-sec (green), 10-min (orange),
and 30-min (blue) cadence. As an example, the y-axes on the top
panel corresponds toΔ log𝛼0 = log𝛼0,resampled− log𝛼0,2min, where
log𝛼0,resampled is the estimated value for, e.g., the resampled 240-sec
cadence data and the log𝛼0,2min is the corresponding estimate for
the 2-min cadence data. Instead of showing the individual parameter
estimates for all sectors and all stars in the Cyg OB and B20 sample
with 2-min cadence data available, we calculate the averages in 20
equally sized bins (full connected lines) as well as the correspond-
ing 1𝜎std indicated by the shaded green (240-sec), hatched orange
(10-min), and dotted blue (30-min) regions in Fig. C1. For all three
parameters, the estimates approach the 2-min cadence values as the
cadence increases as expected. In the 10-min and 30-min cadence
cases, the high amplitude SLF signals are underestimated at longer
cadences. In the case of 𝜈char, both the 240-sec and 10-min cadence
results are close to the 2-min cadence estimates, while a clear trend
is seen for the 30-min cadence data with the differences increas-
ing towards higher characteristic frequencies. The bottom panel of
Fig. C1 shows that while the curves representing the average dif-
ferences are generally flat the standard deviations of the differences
become smaller when the cadence is increased.

Figure C2 is the same as Fig. C1 but for the three parameters RMS,
𝜈50% and 𝑤. Because 𝜈norm is set to the Nyquist frequency of the 10-
min cadence data, we excluded the 30-min cadence comparison for
the two bottom panels of Fig. C2. We limited the comparisons to stars
and sectors with 𝜈50% < 50 𝜇Hz and 𝑤 < 12 as only few data points
are available above these values. An opposite trend with observing
cadence is seen from RMS compared to 𝛼0 where the differences
in the RMS estimates decrease for increasing RMS, contrary to the
increasing differences found for increasing 𝛼0 values in Fig. C1.

A summary of the impacts of changing the observing cadence
on the estimated parameters is provided in Table C1. The values in
the Table are the total one 𝜎 standard deviations of the differences
between the estimated parameters for the resampled data and the
original 2-min cadence residual light curves, and not just the binned
standard deviations shown in Fig. C1 and C2. As in Fig. C2, we
excluded stars and sectors with 𝜈50% ≥ 50 𝜇Hz and 𝑤 ≥ 12 in the
derivation of the total standard deviations of these two parameters
and provide the corresponding values for the full sample in the paren-
theses. A comparison between Fig. C1 and C2 as well as of the 1𝜎std
values in Table C1 shows that the RMS, 𝜈50% and 𝑤 parameters are
generally less sensitive to the observing cadence than 𝛼0, 𝜈char and
𝛾 at least for 𝜈50% < 50 𝜇Hz and 𝑤 < 12.

In their study of SLF variability in Galactic Wolf-Rayet (WR)
stars, Lenoir-Craig et al. (2022) also considered the impact of longer
observing cadences on the estimated 𝛼0, 𝜈char, 𝛾 and𝐶𝑊 parameters
derived from fitting Eq. (2) to the amplitude spectrum rather than the
PDS. To do so, they looked at the averages and standard deviations
of the “normalised parameters”, e.g. 𝛼0 [new cadence]/𝛼0 [2min],
obtained from resampling the 2-min cadence TESS data to 10-min,
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Table A1. The sample of 49 O- and B-type stars showing SLF variability and the available TESS data listed in the order of their Gaia EDR3 IDs. The first two
columns list the Gaia EDR3 and TIC IDs. Group denotes which of the six Cygnus OB associations identified by Quintana & Wright (2021) the star belongs
to, while 𝑇 and 𝐺 are the TESS and Gaia G-band magnitudes. The effective temperature log𝑇eff , luminosity log 𝐿, and mass 𝑀 are from Quintana & Wright
(2021). The last two columns list the number of sectors with FFI data (FFI sectors) and 2-min cadence data (2-min sectors) available.

Gaia EDR3 TIC Group 𝑇 𝐺 log𝑇eff log 𝐿 𝑀 FFI sectors 2-min sectors
[mag] [mag] [K] [L⊙] [M⊙]

2057949905056008960 13980753 D 8.91 9.66 4.550.06
0.13 5.010.23

0.20 21.4311.08
10.64 14,15,41,55,75,82

2057965916694269312 13252071 C 10.24 10.94 4.440.02
0.03 4.070.05

0.06 11.891.09
1.65 14,15,41,55,75,82 41,55,75,82

2057970692697712896 13980437 D 10.07 10.72 4.410.04
0.08 4.040.11

0.08 10.052.00
2.77 14,15,41,55,75,82

2058985262750809088 43417017 F 7.71 7.88 4.620.06
0.17 5.330.50

0.43 33.1929.18
21.25 14,15,41,54,55,75,81,82

2059014782091284608 89751848 A 10.82 10.89 4.310.03
0.02 3.320.06

0.08 6.680.97
0.52 14,15,41,54,55,74,75,81,82

2059070135632404992 89753650 A 7.61 7.68 4.580.02
0.04 5.000.07

0.12 25.184.13
5.50 14,15,41,54,55,74,75,81,82 41,54,55,74,75,81,82

2059072197216667776 89758873 A 7.05 7.19 4.560.05
0.14 5.110.28

0.32 22.5910.75
11.68 14,15,41,54,55,74,75,81,82 41,54,55,74,75,81,82

2059076148587289728 89757859 A 6.67 6.73 4.440.15
0.03 5.110.22

0.05 11.8915.40
1.34 14,15,41,54,55,74,75,81,82

2059076251666505728 89757779 A 7.15 7.28 4.460.09
0.07 4.710.18

0.12 12.748.45
3.55 14,15,41,54,55,74,75,81,82 41,54,55

2059129303105142144 41192804 F 9.36 9.59 4.340.14
0.02 4.140.17

0.05 7.436.83
0.70 14,15,41,54,55,74,75,81

2059130368252069888 378273410 F 7.51 7.70 4.490.07
0.09 4.740.16

0.19 14.896.88
5.01 14,15,41,54,55,75,81,82 14,15,41,54,55,75,81,82

2059150640497117952 42256981 F 9.24 9.38 4.440.01
0.02 4.060.04

0.04 11.690.84
0.91 14,15,41,54,55,75,81,82 41,54,55,75,81,82

2059223002113939840 41315581 F 7.79 7.90 4.460.10
0.04 5.010.22

0.13 12.949.29
2.08 14,15,41,54,55,75,81 41,54,55,75,81

2060508777869902592 10989276 F 7.52 7.75 4.590.07
0.05 5.120.50

0.21 27.0423.66
6.76 14,15,41,54,55,75,81,82

2060669306564757888 12017514 D 7.34 7.53 4.430.11
0.06 4.590.17

0.10 11.128.84
2.55 14,15,41,55,75,81 41,55,75,81,82

2060968682953119872 13252343 C 9.66 10.41 4.470.04
0.09 4.430.10

0.12 13.343.38
4.52 14,15,41,55,75,81,82 55,75,81,82

2061008780768493440 13778939 C 9.76 10.60 4.430.06
0.08 4.300.14

0.14 11.094.08
3.36 14,15,41,55,81,82

2061009742841196160 13554172 C 9.59 10.25 4.480.02
0.03 4.410.05

0.06 14.551.63
2.05 14,15,41,55,75,81,82

2061014342741333504 13327889 C 9.15 9.63 4.420.07
0.10 4.280.13

0.17 10.844.02
3.66 14,15,41,55,75,81,82

2061020119482237056 13328752 C 8.80 9.48 4.470.06
0.08 4.470.17

0.13 13.244.95
3.87 14,15,41,55,75,81,82

2061129727045269248 14206948 C 8.58 9.09 4.630.03
0.05 5.520.22

0.39 39.2612.50
13.80 14,15,41,55,81 41,55,81,82

2062343725324664064 274081363 B 10.12 11.17 4.430.07
0.09 4.330.16

0.16 10.964.85
3.62 14,15,41,55,81,82

2062546275984196224 11798617 B 8.07 8.49 4.420.15
0.04 4.720.28

0.07 10.6412.43
1.58 14,15,41,55,81,82 14,15,41,55,81,82

2062549471439722624 11345781 B 8.37 9.06 4.500.07
0.10 4.710.18

0.16 16.227.50
6.17 14,15,41,55,81,82

2064739041458261120 63824831 E 9.56 10.73 4.660.03
0.05 5.780.26

0.37 52.7219.39
21.03 14,15,41,55,75

2064871124590004096 64418011 E 15.96 17.15 4.030.03
0.03 1.710.19

0.11 2.470.27
0.24 14,15,41,55,56,75,76,82

2067625637438421248 15893610 E 8.94 10.30 4.620.07
0.09 5.600.43

0.50 33.3437.94
15.27 14,15,41,55,75,82

2067745076187793024 17031739 E 9.42 10.63 4.610.07
0.09 5.440.48

0.26 30.1330.54
13.38 14,15,41,55,75

2067780947755025920 17449258 E 8.37 9.67 4.590.03
0.11 5.690.14

0.21 27.237.45
13.07 14,15,41,55,75 41,55,75

2067783623515353728 17449204 E 8.32 9.61 4.560.11
0.11 5.530.37

0.29 21.9832.72
9.56 14,15,41,55,75 41,55,75

2067784246289931776 17450158 E 8.55 9.48 4.630.05
0.14 5.460.42

0.48 39.9028.80
24.23 14,15,41,55,56,75,76 41,55,75

2067784516868550016 17126660 E 10.49 11.77 4.340.11
0.56 4.150.28

0.96 7.715.06
6.55 14,15,41,55,75

2067785070923663104 17450609 E 8.75 9.74 4.550.07
0.11 5.080.34

0.20 21.4815.59
9.34 14,15,56,75,76 41,55,75

2067793351620401024 16398592 E 10.83 12.23 4.430.08
0.07 4.550.09

0.09 11.435.44
2.88 14,15,41,55,75,82

2067807885789820160 15987627 E 10.74 12.12 4.500.05
0.09 4.660.12

0.14 15.455.49
5.34 14,15,41,55,75,82

2067813005390784896 16726220 E 8.77 10.09 4.660.03
0.13 5.770.24

0.52 51.4020.71
32.35 14,15,41,55,75,82

2067827466541470080 17034121 E 10.82 12.05 4.450.05
0.10 4.350.11

0.12 12.333.81
4.26 14,15,41,55,75

2067832624801783040 17125844 E 10.32 11.24 4.400.06
0.08 4.150.09

0.10 9.773.41
2.73 14,15,41,55,56,75,76 41,55,56,75,76

2067834926904094848 17125591 E 9.77 10.57 4.340.06
0.02 4.210.09

0.04 7.592.12
0.49 14,15,41,55,56,75

2067835614098871040 17035378 E 10.07 10.91 4.390.08
0.06 4.270.12

0.11 9.274.04
2.21 14,15,41,55,75

2067837263366481536 17125275 E 10.31 10.98 4.430.02
0.05 4.010.07

0.08 10.961.20
2.24 14,15,41,75,76 41,75

2067840149584105344 16733810 E 10.46 11.76 4.470.05
0.10 4.490.12

0.14 13.683.86
5.01 14,15,41,55,75

2067887840900094848 63457037 E 10.13 11.13 4.420.07
0.08 4.340.12

0.11 10.644.08
2.97 14,15,41,55,56,75,76,82 14,15,41,55,56,75,76,82

2067888218857234304 63456866 E 8.24 9.24 4.580.04
0.10 5.530.19

0.32 26.129.94
11.60 14,15,41,55,56,75,76,82 41,55,56,75,76,82

2068008164405551104 16315781 E 11.41 12.89 4.480.04
0.07 4.450.07

0.16 14.003.22
3.81 14,15,41,55,75

2068074620437883520 15556616 E 9.95 11.16 4.470.11
0.08 4.570.49

0.23 13.4611.26
4.23 14,15,41,55,75,82

2068619802109825280 12360661 B 11.46 12.73 4.380.07
0.08 4.100.16

0.18 9.063.19
2.44 14,15,41,55,75,81,82

2068698765090280704 405944953 B 10.86 11.29 4.380.02
0.11 3.710.05

0.22 8.930.82
3.37 14,15,41,75,81,82

2074699040563479936 43073133 B 8.61 8.69 4.440.02
0.02 4.150.05

0.03 11.590.97
1.02 14,15,41,54,55,75,81,82 75,81,82
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Table A2. Sample of O-type stars in the SMC from Bouret et al. (2021) identified as either an SLF variable, SLF candidate, or showing only white noise (None).
The columns show the name of the star, TIC ID, TESS magnitude 𝑇 , Gaia G-band magnitude 𝐺, effective temperature log𝑇eff , bolometric luminosity log 𝐿,
spectroscopic mass 𝑀spec, the number of sectors with TESS FFI data and 2-min cadence data, and variability type. Stellar parameters are taken from Bouret
et al. (2021).

Star name TIC 𝑇 𝐺 log𝑇eff log 𝐿 𝑀spec FFI sectors 2-min sectors Variability
[mag] [mag] [K] [L⊙] [M⊙]

AV 232 182294089 11.23 12.26 4.53 ± 0.01 5.89 ± 0.1 35.3 ± 8.2 1,28,67,68 67,68 SLF
AV 43 180610340 14.29 13.94 4.45 ± 0.02 5.13 ± 0.1 22.4 ± 11.0 1,27,28,67,68 SLF candidate
AV 83 181043369 13.83 13.50 4.52 ± 0.01 5.54 ± 0.1 22.1 ± 8.3 1,27,67,68 SLF candidate
AV 327 182730274 12.45 13.28 4.48 ± 0.01 5.54 ± 0.1 22.8 ± 5.8 1,2,28,67,68 SLF candidate
AV 77 181051294 13.10 13.91 4.57 ± 0.01 5.40 ± 0.1 28.0 ± 12.2 1,27,28,67,68 None
AV 307 182517696 14.32 14.00 4.48 ± 0.01 5.15 ± 0.1 22.5 ± 13.2 1,28,67,68 None

30-min and 100-min. For the sake of comparison, we repeat this
exercise here and show in Fig. C3 the change in normalised parame-
ters for the resampled 240-sec, 10-min and 30-min cadence data for
the combined Cyg OB and B20 sample. The filled blue points show
the averages and associated standard deviation obtained for each ca-
dence; these values are repeated in Table C2. The orange triangles in
Fig. C3 and values in parenthesis in Table C2 show the same results
after limiting the sample to stars and sectors with 𝜈50% < 50 𝜇Hz
and 𝑤 < 12. As seen in the figure, the effects of limiting the sample
are negligible for log𝛼0, 𝜈char and 𝛾, whereas the standard devia-
tions significantly decrease for the normalised log RMS, 𝜈50% and 𝑤

parameters while their averages generally move closer to one, espe-
cially for log RMS. The open blue circles and open brown triangles
show the corresponding result obtained if 𝜂(𝜈) is excluded from the
first term in Eq. 2 used to fit the PDS, demonstrating that while in-
cluding 𝜂(𝜈) improves the results it does not fully solve the issues
with the longer cadences. For this reason, we chose to exclude the
TESS Cycle 1 and 2 data from our analysis to minimize the impact
of possible cadence dependencies on our results.

For their sample of WR stars, Lenoir-Craig et al. (2022) found the
amplitudes and slopes to be most affected by the change in observing
cadence, with 𝛼0 (𝛾) showing a negative (positive) trend and larger
standard deviations for longer observing cadences (cf. their Fig. 5).
The same albeit smaller trends are observed for our sample of OB
stars. However, in contrast to our results they find 𝜈char to be least
affected, while in our case it is the normalised parameter that changes
the most with its average value becoming almost twice as large for the
30-min cadence sampling. We attribute this in part to be due to the
WR stars having a smaller range in observed 𝜈char ∈ [1.2, 36.6] 𝜇Hz.
As shown in Fig. C1, it is above ≈ 30 𝜇Hz that the largest deviations
in 𝜈char between the observing cadences occur, with our considered
full sample of OB stars reaching 𝜈char values more than twice as high
as the WR stars studied by Lenoir-Craig et al. (2022).

Finally, we find again that both 𝜈50% and 𝑤 are much less affected
by the change in observing cadence than 𝜈char and 𝛾 also when the
normalised parameters are considered.

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

Figure C1. Differences in the parameter estimates of 𝛼0 (top), 𝜈char (middle)
and 𝛾 (bottom) obtained when 2-min cadence data is resampled to 240-sec
(green), 10-min (orange), and 30-min (blue). The curves show the binned
averages while the shaded, hatched, and dotted regions indicate the corre-
sponding one 𝜎 standard deviation. The parameter differences on the y-axis
correspond to the parameter estimate of a given resampled observing ca-
dence subtracted by the corresponding original 2-min cadence estimate, and
are plotted as a function of the 2-min cadence data results shown on the
x-axis. Bin sizes are 0.275 dex, 4.21 𝜇Hz, and 0.21 for log 𝛼0, 𝜈char, and 𝛾,
respectively.
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Table A3. Average parameter estimates for the sample of 49 O- and B-type stars in the six Cygnus OB associations group A-F and the SMC star AV 232. The
averages are calculated across all sectors and observing cadences (excluding FFI data from cycle 1) and listed in this table. The errors cover the range in the

estimated parameters across all sectors for a given star. We also list the spectroscopic luminosities ℒ

ℒ⊙ =
𝑇4

eff
𝑔

(
𝑇4

eff,⊙
𝑔⊙

)−1
= 𝐿

𝐿⊙

(
𝑀
𝑀⊙

)−1
required for comparison

to the sample from Bowman et al. (2020).

Gaia EDR3 logℒ log 𝛼0 𝜈char 𝛾 log𝐶𝑊 log RMS 𝜈50% 𝑤

[ℒ⊙] [ppm2𝜇Hz−1] [𝜇Hz] [ppm2𝜇Hz−1] [ppm] [𝜇Hz]
2057949905056008960 3.680.28

0.37 6.520.26
0.16 12.671.51

1.40 3.150.14
0.30 3.190.73

0.43 3.720.09
0.06 6.822.20

2.61 2.530.74
0.75

2057965916694269312 3.000.07
0.09 4.650.58

0.65 3.122.98
1.55 1.720.36

0.59 2.950.07
0.05 3.040.12

0.19 304.1569.54
93.24 1.970.72

0.49

2057970692697712896 3.030.12
0.17 5.560.57

0.41 2.862.04
1.65 1.700.09

0.09 2.700.05
0.05 3.020.07

0.06 12.195.24
5.86 17.956.72

4.65

2058985262750809088 3.810.54
0.64 5.560.14

0.21 15.373.29
4.18 2.290.12

0.15 2.120.14
0.21 3.300.07

0.06 11.413.15
2.70 2.850.91

0.47

2059014782091284608 2.490.09
0.08 5.780.31

0.19 12.154.46
6.01 3.820.68

1.54 3.220.06
0.05 3.360.06

0.09 9.561.86
1.50 2.711.74

1.82

2059070135632404992 3.600.12
0.14 5.490.12

0.22 37.5611.27
5.32 3.420.50

0.34 2.120.37
0.25 3.420.05

0.06 14.897.08
5.79 2.731.29

0.68

2059072197216667776 3.760.34
0.43 7.120.78

0.43 6.075.28
4.69 2.760.76

0.56 2.130.98
0.31 3.840.07

0.10 5.091.44
1.68 1.800.65

0.42

2059076148587289728 4.030.39
0.15 6.390.23

0.34 11.016.58
4.58 2.600.31

0.50 2.870.18
0.32 3.640.17

0.07 6.173.92
3.15 3.051.39

0.67

2059076251666505728 3.610.27
0.21 6.690.27

0.30 9.836.03
4.61 3.280.79

0.70 2.950.26
0.29 3.730.04

0.12 4.621.81
1.27 2.130.64

0.29

2059129303105142144 3.270.31
0.12 5.970.54

0.57 4.553.27
3.08 2.920.62

0.94 2.590.04
0.06 3.170.13

0.12 5.272.93
1.54 1.410.46

0.82

2059130368252069888 3.560.24
0.25 5.260.44

0.35 20.606.35
9.27 2.870.36

0.40 2.090.37
0.23 3.210.14

0.11 8.665.33
2.56 2.961.59

0.58

2059150640497117952 2.990.05
0.05 3.820.72

0.77 7.079.45
5.49 1.780.77

0.61 2.470.09
0.06 2.800.11

0.23 318.3669.37
82.65 1.830.62

0.46

2059223002113939840 3.900.30
0.19 5.990.33

0.16 17.964.92
8.41 3.140.37

0.57 2.230.39
0.23 3.510.07

0.06 7.311.07
2.67 2.571.11

0.37

2060508777869902592 3.690.46
0.38 5.510.02

0.03 22.293.34
2.04 3.120.27

0.18 2.190.17
0.11 3.320.02

0.03 16.212.60
3.94 1.400.54

0.38

2060669306564757888 3.540.29
0.18 6.990.26

0.23 8.482.44
2.51 3.100.47

0.19 2.260.24
0.18 3.880.08

0.06 5.721.25
1.52 1.831.10

0.49

2060968682953119872 3.310.15
0.21 5.610.69

0.40 9.166.20
6.51 2.110.25

0.19 2.920.30
0.24 3.280.13

0.15 11.095.73
6.19 6.719.23

3.85

2061008780768493440 3.250.19
0.21 6.030.43

0.44 10.655.56
3.66 2.810.31

0.17 2.740.16
0.06 3.430.13

0.13 7.974.62
3.44 2.500.98

0.76

2061009742841196160 3.250.07
0.09 5.150.28

0.20 25.977.64
10.24 2.610.31

0.31 2.630.21
0.14 3.240.07

0.04 19.542.44
3.63 2.560.47

0.48

2061014342741333504 3.250.20
0.23 5.770.60

0.96 7.9812.51
5.71 2.220.24

0.23 2.390.14
0.11 3.200.13

0.21 6.2013.96
4.02 4.903.05

2.64

2061020119482237056 3.350.21
0.22 5.980.24

0.27 20.275.51
5.31 3.250.15

0.27 2.360.19
0.14 3.550.05

0.06 8.144.46
3.27 2.340.51

0.33

2061129727045269248 3.920.33
0.36 5.650.10

0.11 29.771.65
2.23 3.610.27

0.27 2.730.39
0.26 3.470.06

0.04 15.760.77
1.58 1.820.32

0.16

2062343725324664064 3.290.23
0.24 5.810.21

0.19 14.304.19
3.74 2.470.14

0.09 2.820.03
0.05 3.410.03

0.03 9.812.97
1.89 2.840.36

0.28

2062546275984196224 3.700.39
0.19 6.190.20

0.14 17.163.12
2.12 3.330.18

0.22 2.240.18
0.22 3.610.07

0.04 8.033.53
3.74 2.621.03

0.85

2062549471439722624 3.500.24
0.27 4.940.07

0.08 46.721.10
1.80 3.300.11

0.08 2.090.11
0.08 3.200.02

0.04 21.644.03
5.16 2.610.73

0.42

2064739041458261120 4.060.34
0.39 7.040.06

0.12 9.762.10
2.64 3.320.36

0.57 2.810.18
0.24 3.900.04

0.02 6.630.98
0.97 1.620.18

0.17

2064871124590004096 1.310.16
0.16 9.001.27

1.00 5.967.21
4.67 2.880.48

0.54 6.050.53
0.29 4.920.19

0.33 2.912.07
1.14 9.8616.31

8.89

2067625637438421248 4.070.57
0.54 8.380.57

0.40 2.290.80
1.27 2.550.25

0.25 2.680.09
0.08 4.190.08

0.06 3.180.49
0.22 1.920.75

0.30

2067745076187793024 3.960.49
0.46 6.830.21

0.19 17.804.38
4.97 3.510.30

0.29 2.580.07
0.06 3.930.02

0.02 5.882.75
1.77 2.510.70

0.76

2067780947755025920 4.260.20
0.33 8.120.70

0.14 1.910.36
0.30 2.420.59

0.20 2.490.17
0.15 4.200.06

0.13 3.531.71
1.09 1.100.11

0.31

2067783623515353728 4.190.52
0.41 6.310.13

0.08 18.192.31
5.12 3.610.39

0.63 2.340.17
0.11 3.670.01

0.01 11.621.27
0.78 1.660.10

0.15

2067784246289931776 3.860.51
0.60 5.920.20

0.20 31.3110.03
6.09 4.282.09

0.69 3.230.66
0.33 3.620.11

0.08 15.402.20
1.52 2.141.09

0.40

2067784516868550016 3.270.67
1.07 5.210.06

0.06 19.492.31
2.70 2.350.09

0.13 3.170.05
0.09 3.250.04

0.02 21.710.59
0.85 7.801.22

2.06

2067785070923663104 3.740.36
0.37 5.620.03

0.04 45.295.66
7.26 4.330.68

0.57 2.870.54
0.47 3.530.04

0.02 23.132.43
4.18 1.700.38

0.16

2067793351620401024 3.490.19
0.15 5.570.22

0.29 13.565.06
2.48 2.280.15

0.09 3.250.20
0.17 3.350.11

0.12 15.073.88
3.93 6.412.55

1.55

2067807885789820160 3.470.19
0.23 5.410.67

0.29 3.811.58
1.76 1.490.14

0.25 3.480.72
0.38 3.260.41

0.23 159.40124.35
94.03 4.702.85

2.63

2067813005390784896 4.060.41
0.59 8.160.50

0.24 2.521.34
1.27 2.600.23

0.15 2.780.48
0.32 4.120.12

0.07 3.480.74
1.07 1.610.73

0.63

2067827466541470080 3.260.16
0.22 4.490.19

0.25 21.948.73
8.86 2.270.35

0.40 3.370.41
0.22 3.140.10

0.12 218.36113.75
73.95 2.810.82

1.05

2067832624801783040 3.160.16
0.17 4.770.34

0.25 17.1811.65
10.61 2.330.70

0.65 3.030.20
0.12 3.170.15

0.16 42.8232.90
20.21 10.463.63

4.06
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Table A3 – continued

Gaia EDR3 log L log 𝛼0 𝜈char 𝛾 log𝐶𝑊 log RMS 𝜈50% 𝑤

[L⊙] [ppm2𝜇Hz−1] [𝜇Hz] [ppm2𝜇Hz−1] [ppm] [𝜇Hz]
2067834926904094848 3.330.13

0.07 4.870.14
0.14 19.244.23

4.02 2.170.06
0.18 2.760.16

0.11 3.100.09
0.05 23.804.06

3.15 6.312.81
1.87

2067835614098871040 3.310.19
0.16 4.760.12

0.18 22.163.47
2.29 2.380.04

0.02 2.820.01
0.02 3.050.07

0.07 29.316.88
5.47 7.121.33

1.40

2067837263366481536 2.970.09
0.13 4.390.59

1.23 6.9411.88
4.42 2.752.23

1.26 3.010.25
0.17 3.070.14

0.30 306.5198.35
78.22 1.960.58

0.65

2067840149584105344 3.360.17
0.24 5.510.05

0.09 11.623.82
2.53 2.060.21

0.19 3.230.39
0.20 3.300.03

0.04 20.9517.89
9.87 7.883.01

2.26

2067887840900094848 3.310.18
0.18 5.090.45

0.24 20.528.81
11.23 2.290.43

0.39 2.920.21
0.14 3.240.11

0.13 21.228.68
5.99 5.062.43

1.11

2067888218857234304 4.110.29
0.36 6.660.24

0.24 16.804.16
4.87 3.770.67

0.51 2.290.54
0.16 3.810.06

0.08 11.992.99
2.26 1.400.35

0.27

2068008164405551104 3.300.15
0.18 5.100.12

0.14 10.531.43
1.75 1.870.04

0.06 3.520.05
0.05 3.250.11

0.09 140.6215.50
29.81 3.920.75

0.38

2068074620437883520 3.440.45
0.40 6.760.21

0.19 14.243.03
3.72 3.350.38

0.32 2.810.04
0.06 3.840.07

0.06 8.322.85
2.02 1.800.44

0.34

2068619802109825280 3.140.22
0.22 5.710.17

0.16 6.623.98
1.85 3.932.97

1.30 3.610.16
0.10 3.350.07

0.09 48.2945.79
35.98 16.6322.94

10.89

2068698765090280704 2.760.14
0.26 6.080.06

0.07 9.981.57
2.91 2.660.22

0.30 3.130.15
0.08 3.460.07

0.10 9.870.54
0.56 1.380.68

0.37

2074699040563479936 3.090.05
0.06 4.110.57

0.43 4.452.69
3.03 1.670.20

0.21 2.250.21
0.14 2.680.16

0.15 200.59108.92
129.43 3.273.90

1.39

SMC - Star name

AV 232 4.330.11
0.11 7.690.09

0.13 4.431.73
0.65 3.070.98

0.25 4.280.03
0.04 4.060.03

0.03 4.540.09
0.13 1.490.12

0.47

Figure C2. Same as Fig. C1 but for RMS, 𝜈50% and 𝑤. As we have used
the Nyquist frequency of the 10-min cadence data as 𝜈norm in the calculation
of 𝜈50% and 𝑤, we do not include the 30-min cadence comparison in the
two bottom panels. Bin sizes are 0.115 dex, 2.42 𝜇Hz, and 0.60 for log RMS,
𝜈50%, and 𝑤, respectively.
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Table B1. The included sample of 53 Galactic O- and B-type stars from Bowman et al. (2020) as described in Sect. 3. The stars are listed according to their TIC
IDs. The table columns provide the star name, TIC ID, TESS 𝑇 and Gaia 𝐺 magnitudes, effective temperatures 𝑇eff , spectroscopic luminosity L, and the TESS
sectors with 2-min cadence data. The 𝑇eff and L values are taken from Bowman et al. (2020).

Star name TIC 𝑇 𝐺 log𝑇eff log L 2-min sectors
[mag] [mag] [K] [L⊙]

HD 37742 11360636 4.21 3.98 4.47 ± 0.03 4.15 ± 0.15 6
CPD-47 2963 30653985 7.32 8.00 4.57 ± 0.03 4.16 ± 0.15 8,9

HD 27563 37777866 5.98 5.83 4.16 ± 0.03 2.61 ± 0.15 5,32
HD 154368 41792209 5.54 5.93 4.48 ± 0.03 4.28 ± 0.15 12,66
HD 154643 43284243 6.88 7.06 4.49 ± 0.03 3.85 ± 0.15 12
HD 37711 59215060 4.89 4.74 4.21 ± 0.03 2.61 ± 0.15 6,43,44,45,71,72
HD 52089 63198307 2.48 . . . 4.34 ± 0.03 3.60 ± 0.15 6,7,33,34,87
HD 38771 66651575 8.28 8.71 4.47 ± 0.03 4.06 ± 0.15 6,33
HD 53138 80466973 1.70 3.14 4.23 ± 0.03 4.13 ± 0.15 7,87
HD 54764 95513457 5.99 6.00 4.30 ± 0.03 3.97 ± 0.15 7,33,87
HD 38666 100589904 5.47 5.14 4.53 ± 0.03 3.59 ± 0.15 5,6,32,33,87
HD 51309 146908355 4.46 4.39 4.20 ± 0.03 3.64 ± 0.15 6,7,33,87
HD 53244 148109427 4.24 4.12 4.14 ± 0.03 2.74 ± 0.15 7,33,87
HD 53975 148506724 6.59 6.43 4.56 ± 0.03 3.74 ± 0.15 7,33,87
HD 156154 152659955 7.30 7.79 4.53 ± 0.03 4.22 ± 0.15 12
HD 54879 177860391 7.68 7.58 4.52 ± 0.03 3.16 ± 0.15 7,33
HD 55879 178489528 6.19 5.97 4.49 ± 0.03 3.85 ± 0.15 7,33,87
HD 57682 187458882 6.60 6.37 4.54 ± 0.03 3.62 ± 0.15 7,34
HD 156738 195288472 8.23 8.92 4.58 ± 0.03 3.87 ± 0.15 12,39,66
HD 155913 216662610 7.80 8.16 4.63 ± 0.03 3.88 ± 0.15 12,39
HD 47839 220322383 4.86 4.57 4.58 ± 0.03 3.70 ± 0.15 6,33,87
HD 48279 234009943 7.84 7.88 4.55 ± 0.03 3.76 ± 0.15 6,33,87
HD 48434 234052684 5.91 5.83 4.48 ± 0.03 3.93 ± 0.15 6,33,87
HD 150574 234648113 7.17 8.41 4.52 ± 0.03 3.87 ± 0.15 12
HD 46056 234834992 8.10 8.18 4.55 ± 0.03 3.58 ± 0.15 6,33,87
HD 46150 234840662 6.71 6.70 4.61 ± 0.03 4.03 ± 0.15 6,87
HD 46223 234881667 7.06 7.19 4.62 ± 0.03 4.16 ± 0.15 6,33,87
HD 46573 234947719 7.63 7.82 4.56 ± 0.03 3.93 ± 0.15 6,33,87
HD 152147 246953610 5.72 7.10 4.48 ± 0.03 4.04 ± 0.15 12,39
HD 152424 247267245 5.92 6.13 4.48 ± 0.03 4.14 ± 0.15 12,39
HD 46769 281148636 5.80 5.76 4.11 ± 0.03 3.16 ± 0.15 6,87
HD 41997 294114621 8.07 8.29 4.55 ± 0.03 3.85 ± 0.15 6,33,43,44,45,71,72,87
HD 96715 306491594 8.11 8.18 4.66 ± 0.03 4.10 ± 0.15 10,11,37,63,64
HD 123056 330281456 8.13 8.11 4.50 ± 0.03 3.70 ± 0.15 11
HD 151804 337793038 5.24 5.16 4.45 ± 0.03 4.33 ± 0.15 12,39,66
HD 152003 338640317 6.76 6.83 4.48 ± 0.03 4.12 ± 0.15 12
HD 152249 339567904 5.04 6.36 4.49 ± 0.03 4.15 ± 0.15 12,39
HD 326331 339568114 6.27 7.43 4.54 ± 0.03 3.82 ± 0.15 12
HD 152247 339570292 5.76 7.08 4.51 ± 0.03 3.94 ± 0.15 12,39,66
HD 35468 365572007 2.65 . . . 4.29 ± 0.03 2.99 ± 0.15 6,32
HD 112244 406050497 5.37 5.32 4.50 ± 0.03 4.15 ± 0.15 11,37,38,64
HD 36960 427373484 5.19 4.74 4.46 ± 0.03 3.31 ± 0.15 6,32
HD 37041 427395049 5.02 4.97 4.54 ± 0.03 3.28 ± 0.15 6,32
HD 37042 427395058 6.37 6.29 4.47 ± 0.03 3.06 ± 0.15 6
HD 37128 427451176 2.69 . . . 4.47 ± 0.03 4.05 ± 0.15 6,32
HD 74920 430625455 7.62 7.48 4.54 ± 0.03 3.90 ± 0.15 8,9
HD 110360 433738620 9.19 9.24 4.59 ± 0.03 3.60 ± 0.15 11,37,38,64,65
HD 36861 436103278 3.83 3.53 4.55 ± 0.03 4.06 ± 0.15 6
HD 135591 455675248 5.56 5.39 4.54 ± 0.03 3.99 ± 0.15 12,38,39,65
HD 303492 459532732 8.13 8.61 4.45 ± 0.03 4.29 ± 0.15 10
HD 90273 464295672 8.86 9.00 4.59 ± 0.03 3.95 ± 0.15 9,10,36,37,63,64
HD 93843 465012898 6.23 7.26 4.57 ± 0.03 4.15 ± 0.15 10,11,63,64
HD 97253 467065657 6.89 7.02 4.59 ± 0.03 4.16 ± 0.15 10,37,64
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Table B2. Average parameter estimates for the 53 O- and B-type stars from the Bowman et al. (2020) sample. he averages are calculated across all sectors and
observing cadences (excluding FFI data from cycle 1) and listed in this table. The errors cover the range in the estimated parameters across all sectors for a given
star.

TIC ID log 𝛼0 𝜈char 𝛾 log𝐶𝑊 log RMS 𝜈50% 𝑤

[ppm2𝜇Hz−1] [𝜇Hz] [ppm2𝜇Hz−1] [ppm] [𝜇Hz]
11360636 7.440.00

0.00 2.470.00
0.00 2.350.00

0.00 2.240.00
0.00 3.750.00

0.00 5.210.00
0.00 1.570.00

0.00

30653985 6.610.05
0.05 10.790.06

0.06 2.960.00
0.00 1.940.01

0.01 3.700.02
0.02 11.262.06

2.06 1.780.25
0.25

37777866 6.850.17
0.17 1.250.01

0.01 2.330.04
0.04 1.340.04

0.04 3.300.10
0.10 3.970.29

0.29 0.700.22
0.22

41792209 7.520.10
0.10 5.510.50

0.50 2.750.10
0.10 2.670.19

0.19 3.990.02
0.02 8.111.07

1.07 1.090.00
0.00

43284243 5.280.00
0.00 30.740.00

0.00 3.060.00
0.00 1.810.00

0.00 3.280.00
0.00 11.220.00

0.00 3.070.00
0.00

59215060 6.670.46
0.48 2.862.51

1.62 2.640.56
0.38 1.270.37

0.27 3.350.08
0.08 4.450.82

1.39 0.980.39
0.32

63198307 5.080.17
0.20 17.423.35

5.37 3.070.32
0.52 1.420.34

0.25 3.050.10
0.11 7.892.32

1.88 2.140.61
0.49

66651575 4.100.95
0.95 8.216.93

6.93 2.170.38
0.38 1.000.00

0.00 2.350.18
0.18 7.564.38

4.38 5.141.69
1.69

80466973 7.420.54
0.54 1.350.16

0.16 2.210.02
0.02 1.720.72

0.72 3.680.27
0.27 3.050.37

0.37 0.960.22
0.22

95513457 7.470.04
0.06 2.870.25

0.39 2.460.15
0.08 1.830.37

0.34 3.820.03
0.02 4.720.90

0.78 1.420.51
0.35

100589904 3.320.16
0.12 33.278.22

5.55 2.730.33
0.34 1.010.04

0.01 2.390.02
0.03 24.045.50

12.45 2.861.25
0.95

146908355 7.370.20
0.36 2.002.43

0.82 2.210.75
0.46 1.810.83

0.69 3.790.09
0.11 2.610.56

0.73 1.800.76
0.59

148109427 4.050.86
0.49 3.951.80

2.45 2.850.22
0.37 1.000.00

0.00 2.350.13
0.10 4.131.29

2.52 9.698.66
7.99

148506724 4.590.17
0.19 32.456.39

3.31 2.660.07
0.06 1.520.03

0.03 2.970.05
0.04 18.843.26

4.61 2.400.43
0.80

152659955 6.890.00
0.00 9.770.00

0.00 2.760.00
0.00 2.670.00

0.00 3.830.00
0.00 7.640.00

0.00 2.490.00
0.00

177860391 3.900.17
0.17 5.280.70

0.70 2.600.02
0.02 1.760.06

0.06 2.580.02
0.02 88.2674.11

74.11 17.9314.40
14.40

178489528 4.620.05
0.03 27.592.19

1.41 2.750.06
0.11 1.310.07

0.09 2.940.01
0.01 9.301.23

1.06 3.190.26
0.32

187458882 4.580.12
0.12 14.901.71

1.71 2.130.03
0.03 1.540.05

0.05 2.840.03
0.03 7.922.56

2.56 5.431.21
1.21

195288472 5.170.17
0.15 42.807.12

8.92 3.550.16
0.31 2.130.10

0.06 3.290.04
0.04 20.112.69

1.45 2.090.40
0.27

216662610 5.030.01
0.01 59.051.26

1.26 3.470.03
0.03 2.060.01

0.01 3.290.01
0.01 30.450.19

0.19 1.810.03
0.03

220322383 3.960.18
0.13 50.3721.31

13.56 2.880.51
0.39 1.510.41

0.51 2.780.07
0.07 27.961.37

2.64 2.830.62
0.51

234009943 5.100.09
0.13 34.565.89

6.09 3.200.32
0.24 2.430.20

0.31 3.250.03
0.02 18.733.56

3.90 1.880.31
0.17

234052684 6.920.28
0.47 8.687.48

3.89 2.810.65
0.41 1.970.47

0.24 3.770.06
0.07 6.071.43

1.01 2.250.35
0.24

234648113 6.440.00
0.00 14.690.00

0.00 2.640.00
0.00 2.770.00

0.00 3.710.00
0.00 11.540.00

0.00 2.270.00
0.00

234834992 3.920.10
0.10 74.898.55

11.51 3.060.20
0.27 2.010.04

0.05 2.880.02
0.02 47.090.89

0.96 2.420.07
0.10

234840662 4.550.07
0.07 55.545.16

5.16 3.290.16
0.16 1.640.09

0.09 3.040.02
0.02 25.912.41

2.41 2.490.27
0.27

234881667 4.970.04
0.05 50.633.75

5.19 3.380.13
0.21 1.760.17

0.16 3.230.01
0.01 20.161.40

0.73 2.680.07
0.05

234947719 5.190.11
0.12 34.474.88

5.90 3.040.10
0.17 1.800.06

0.08 3.260.02
0.03 14.244.63

4.13 2.550.45
0.40

246953610 7.750.21
0.21 3.780.22

0.22 2.630.13
0.13 2.500.40

0.40 4.010.08
0.08 6.171.56

1.56 1.310.01
0.01

247267245 8.300.01
0.01 1.750.24

0.24 2.470.02
0.02 2.570.37

0.37 4.040.06
0.06 6.150.21

0.21 0.920.17
0.17

281148636 3.670.39
0.39 1.420.05

0.05 1.940.52
0.52 1.160.07

0.07 2.270.04
0.04 153.4276.34

76.34 4.562.04
2.04

294114621 5.800.38
0.17 30.575.24

13.31 3.580.21
0.62 1.950.21

0.09 3.520.08
0.05 15.424.68

2.39 1.630.56
0.38

306491594 4.520.06
0.09 65.104.78

3.22 3.160.09
0.10 1.950.02

0.02 3.080.02
0.02 31.724.06

3.41 2.520.22
0.33

330281456 5.330.00
0.00 28.700.00

0.00 3.070.00
0.00 2.060.00

0.00 3.290.00
0.00 19.050.00

0.00 1.260.00
0.00

337793038 8.040.25
0.19 2.160.89

0.63 2.550.28
0.35 2.420.74

0.54 4.020.03
0.03 5.610.66

0.50 0.940.07
0.07

338640317 7.850.00
0.00 3.170.00

0.00 2.400.00
0.00 2.930.00

0.00 4.030.00
0.00 5.320.00

0.00 2.000.00
0.00

339567904 7.150.57
0.57 9.496.64

6.64 3.320.91
0.91 3.050.49

0.49 3.870.07
0.07 6.621.43

1.43 1.670.21
0.21

339568114 6.210.00
0.00 18.980.00

0.00 2.930.00
0.00 2.630.00

0.00 3.640.00
0.00 10.490.00

0.00 2.330.00
0.00

339570292 6.030.13
0.23 20.366.88

5.26 3.250.37
0.31 2.000.11

0.19 3.550.04
0.05 11.102.05

1.85 1.960.10
0.07
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Table B2 – continued

TIC ID log 𝛼0 𝜈char 𝛾 log𝐶𝑊 log RMS 𝜈50% 𝑤

[ppm2𝜇Hz−1] [𝜇Hz] [ppm2𝜇Hz−1] [ppm] [𝜇Hz]
365572007 4.620.26

0.26 3.231.95
1.95 2.150.49

0.49 1.390.26
0.26 2.550.07

0.07 4.120.61
0.61 16.1414.09

14.09

406050497 7.910.20
0.38 3.181.98

1.15 2.560.19
0.41 1.970.82

0.50 4.050.03
0.06 5.341.52

1.63 1.500.26
0.15

427373484 3.730.04
0.04 12.170.60

0.60 2.520.09
0.09 2.050.11

0.11 2.720.05
0.05 48.6818.30

18.30 10.933.38
3.38

427395049 3.590.19
0.19 17.886.04

6.04 2.600.71
0.71 1.890.01

0.01 2.660.02
0.02 39.772.44

2.44 10.481.34
1.34

427395058 4.810.00
0.00 4.740.00

0.00 2.030.00
0.00 2.990.00

0.00 3.170.00
0.00 141.290.00

0.00 3.880.00
0.00

427451176 6.950.79
0.79 5.614.39

4.39 2.820.78
0.78 2.210.62

0.62 3.640.19
0.19 5.581.45

1.45 1.260.08
0.08

430625455 5.700.14
0.14 31.776.59

6.59 3.330.27
0.27 1.880.03

0.03 3.480.03
0.03 18.440.20

0.20 1.750.39
0.39

433738620 4.710.65
0.24 10.982.47

6.81 1.650.03
0.07 2.390.04

0.04 3.000.07
0.03 27.2211.60

18.65 7.631.77
1.03

436103278 5.280.00
0.00 25.420.00

0.00 2.760.00
0.00 1.340.00

0.00 3.240.00
0.00 13.480.00

0.00 2.650.00
0.00

455675248 5.130.05
0.07 39.274.26

2.54 3.370.14
0.10 1.310.26

0.17 3.240.01
0.02 12.723.34

2.50 2.940.67
0.79

459532732 7.990.00
0.00 1.320.00

0.00 2.200.00
0.00 2.300.00

0.00 4.060.00
0.00 4.460.00

0.00 0.890.00
0.00

464295672 4.910.09
0.10 44.218.07

4.25 2.980.25
0.12 2.280.03

0.03 3.200.03
0.03 21.887.13

3.72 2.790.36
0.59

465012898 5.990.20
0.25 24.067.30

9.69 3.200.25
0.60 2.040.16

0.12 3.570.05
0.07 11.142.45

3.81 2.780.79
0.60

467065657 6.030.26
0.18 27.565.83

11.27 4.020.57
0.89 1.950.11

0.10 3.600.04
0.05 14.903.16

5.34 1.550.52
0.47

Table C1. Standard deviations of the differences in the parameters log 𝛼0,
𝜈char, 𝛾, RMS, 𝜈50% and 𝑤 (first column) obtained when resampling and
binning the original 2-min cadence light curves to 240 sec (second column),
10 min (third column), and 30 min (fourth column) cadences.

240 sec 10min 30min
𝜎std 𝜎std 𝜎std

Δ log 𝛼0 [ ppm2
𝜇Hz ] 0.079 0.19 0.256

Δ𝜈char [𝜇Hz] 1.731 4.347 8.542
Δ𝛾 0.157 0.471 0.724

Δ log RMS [ppm] 0.045 0.096 0.144
Δ𝜈50% [𝜇Hz] 0.302 (1.286) 0.481 (2.937) . . .
Δ𝑤 0.089 (0.143) 0.257 (0.307) . . .

Table C2. Averages and 1𝜎std of the normalised log 𝛼0, 𝜈char, 𝛾, log RMS,
𝜈50% and 𝑤 parameters obtained after resampling the 2-min cadence data
to 240-sec, 10-min and 30-min. The parameters were normalised by their
corresponding 2-min cadence estimates before their averages and standard
deviations across all stars and sectors were calculated. Values given in paren-
theses are the same results obtained after a) excluding 𝜂 (𝜈) from Eq. 2, and
b) limiting the sample to stars and sectors with 𝜈50% < 50 𝜇Hz and 𝑤 < 12.

240 sec 10min 30min
log 𝛼0

log 𝛼0 [2min] 0.999 ± 0.012 0.995 ± 0.029 1.000 ± 0.044
(0.998 ± 0.012)𝑎 (0.994 ± 0.028)𝑎 (0.995 ± 0.038)𝑎

𝜈char
𝜈char [2min] 1.042 ± 0.212 1.285 ± 0.87 1.354 ± 1.103

(1.047 ± 0.212)𝑎 (1.298 ± 0.87)𝑎 (1.410 ± 1.113)𝑎

𝛾

𝛾 [2min] 1.007 ± 0.060 1.056 ± 0.194 1.052 ± 0.287
(1.010 ± 0.061)𝑎 (1.067 ± 0.193)𝑎 (1.101 ± 0.272)𝑎

log RMS
log RMS[2min] 0.992 ± 0.014 0.984 ± 0.029 0.976 ± 0.042

(0.995 ± 0.008)𝑏 (0.991 ± 0.015)𝑏 (0.987 ± 0.024)𝑏

𝜈50%
𝜈50% [2min] 1.002 ± 0.055 1.006 ± 0.054 . . .

(0.996 ± 0.031)𝑏 (1.000 ± 0.043)𝑏 . . .
𝑤

𝑤 [2min] 0.999 ± 0.041 0.998 ± 0.121 . . .
(1.002 ± 0.031)𝑏 (0.994 ± 0.086)𝑏 . . .
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Figure C3. Comparison between the average normalised estimated param-
eters derived after resampling the 2-min cadence data to longer observing
cadences. The estimated parameters (y-axes) are normalised by their corre-
sponding 2-min cadence estimates and their averages and 1𝜎std calculated
across all stars and TESS sectors are shown as a function of observing ca-
dence (x-axis). Results for the full sample of Cyg OB+B20 stars with 2-min
cadence data are shown in blue, whereas the corresponding results after ex-
cluding stars and sectors with 𝜈50% ≥ 50 𝜇Hz and 𝑤 ≥ 𝑤12 are indicated
by orange triangles. For comparison we show as open blue circles and open
brown triangles the results obtained if the 𝜂 (𝜈) term in Eq. 2 is excluded
when fitting the PDS.

MNRAS 000, 1–18 (2024)


	Introduction
	Method
	Target selection
	The TESS data
	Iterative prewhitening
	Fitting the power density spectrum
	RMS and integrated power

	Comparison stars
	Results
	Discussion
	Surface granulation
	Sub-surface convection
	Internal gravity waves excited by core convection
	Stellar winds

	Conclusions
	Overview of and fitting results for the Cyg OB and SMC sample
	Overview of and fitting results for the B20
	Cadence dependence of estimated parameters

