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ABSTRACT

There is a wide range of variability mechanisms among intermediate mass and massive stars, which are not yet fully understood.
Using multiple complementary data sources for a large population of B- and O-type stars, we aim to study the prevalence and
interplay of different types of variability, including binarity, pulsation, and rotation, to prepare for future modelling. To this
end, we analyse high-resolution HERMES spectra and 2-min cadence TESS photometry and characterise the diverse variability
observed within a population of 873 O- and B-type stars. The spectroscopic data were normalised using machine-learning
techniques, compared to a grid of synthetic TLUSTY spectra to determine stellar parameters, and used to identify radial velocity
variability across multiple epochs. Photometric time series were analysed using standard frequency analysis methods to detect
pulsations and rotational modulation signatures. We find that more than 93 per cent of the sample exhibits photometric variability.
Photometric variability caused by pulsations is identified in 82 per cent of the sample, with dominant contributions from g Cep
and slowly pulsating B-type stars, as well as stochastic low-frequency variability. Moreover, approximately 17 per cent of the stars
show evidence of binarity, including both eclipsing and spectroscopic systems, although the latter is a lower limit owing to the
limited number of spectroscopic epochs. We also identify candidates exhibiting rotational modulation, suggestive of large-scale
strong magnetic fields. This work represents one of the largest homogeneous surveys of variability for intermediate-mass and
massive stars in the Northern hemisphere, combining both photometry and spectroscopy, and complementing similar efforts in
the Southern hemisphere. It provides a statistical framework for future studies of stellar structure and evolution, particularly in
the context of asteroseismology.
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1 INTRODUCTION cal enrichment, which can both inhibit or promote the formation of
new generations of stars (Massey 2003; Langer 2012). Finally, as
the progenitors of both black holes and neutron stars, whose merger
events produce gravitational waves, massive stars shed new light on
the structure and expansion of the cosmos, and allow for the testing
of novel physical prescriptions for gravity (e.g. Abbott et al. 2017b,a;
Laplace et al. 2020). While the most massive stars dominate feed-
back through winds and explosive endpoints, intermediate-mass stars
provide an important link between low- and high-mass stellar struc-
ture regimes. In particular, stars in the late-B and A spectral range
exhibit a transition in internal structure and variability properties,
making them valuable laboratories for studying transport processes,

Intermediate- and high-mass stars play a fundamental role in stellar
and galactic evolution, spanning regimes that contribute both to local
stellar physics and to the large-scale evolution of galaxies. Through
their intense radiation fields, strong stellar winds, and dramatic deaths
as supernovae or gamma-ray bursts they greatly impact their environ-
ment (Bromm & Larson 2004). The heavier elements they produce in
their cores, which are then distributed via mass loss or via explosive
events at the ends of their lives, are a major contributor to chemi-
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pulsation driving, rotation, and magnetism across the upper main
sequence (Aerts 2021; Bowman 2020; Kurtz 2022).

Intermediate- and high-mass stars are governed by a complex in-
terplay of several physical processes such as convection, rotation,
mixing, magnetic fields, and mass loss, many of which remain im-
perfectly understood. As such, acquiring a greater knowledge of each
of these processes is essential, not only for achieving a better picture
of the life cycles of intermediate- and high-mass stars, but also for in-
forming our broader understanding of stellar structure and evolution
across the Hertzsprung—Russell (HR) diagram (Meynet & Maeder
2000; Aerts 2021; Kurtz 2022).

Binarity plays a key role in the evolution of stars (e.g. Sana et al.
2012; de Mink et al. 2013), altering their internal structure, angu-
lar momentum evolution, evolutionary pathways, and end products
through processes such as tidal interactions, mass transfer, and merg-
ers (see Langer 2012; Marchant & Bodensteiner 2024, for reviews).
Pulsating eclipsing binaries in particular represent some of the best
laboratories for improving stellar evolution theory (see Southworth
& Bowman 2025, for a review). Observational studies of O- and
B-star populations have demonstrated that multiplicity is extremely
common, with inferred binary fractions ranging from approximately
25 to 80 per cent in O- and B-type stars depending on stellar mass,
orbital separation sensitivity, and the properties of the parent popula-
tion (e.g. Moe & Di Stefano 2017; Offner et al. 2023). For example,
studies of early B-type stars in galactic open clusters reveal high mul-
tiplicity fractions (> 50 per cent) and a significant population of close
binaries (Banyard et al. 2022; Frost et al. 2025; Nardini et al. 2025).
Surveys at subsolar metallicity, such as in the LMC, report simi-
larly elevated binary fractions (> 60 per cent) among massive stars
(Sana et al. 2012, 2013, 2025; Villaseiior et al. 2025; Dunstall et al.
2015). These results indicate that binarity is not only prevalent but
also a fundamental characteristic of massive-star populations across
a wide range of environments. Consequently, accurately identifying
and characterising binary systems is essential for interpreting ob-
served stellar properties, disentangling binarity-induced variability
from intrinsic stellar phenomena, and placing meaningful constraints
on stellar evolution models (see Southworth & Bowman 2025).

One of the most informative methods for probing the physics of
stars is through the study of their variability. Variations in bright-
ness and spectral lines arise from a variety of mechanisms, including
binarity, rotational modulation, pulsation, mass loss, and magnetic
activity. Each of these processes offers insight into different layers or
aspects of a star’s structure. This is particularly true across the B-star
regime, where pressure modes, gravity modes, and rotational vari-
ability coexist and probe different regions of stellar interiors, enabling
comparisons across stellar mass and evolutionary state (Aerts et al.
2010; Bowman 2020). Traditional observational methods, such as
photometry and high-resolution spectroscopy, have long enabled the
detection and characterisation of these phenomena. More recently,
the study of stellar oscillations via asteroseismology (see Aerts et al.
2010) has emerged as a powerful tool to investigate internal stellar
structure and infer stellar parameters with unprecedented precision —
see review by Kurtz (2022). Thanks to recent space-based missions
such as the Convection, Rotation and planetary Transits (CoRoT; Au-
vergne et al. 2009) satellite, Kepler (Borucki et al. 2010), and the
Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015),
our ability to utilise this technique has been greatly expanded (see
reviews by Chaplin & Miglio 2013; Hekker & Christensen-Dalsgaard
2017; Bowman 2020; Aerts 2021).

In this study, we have performed a combined photometric and
spectroscopic analysis of 8§73 O- and B-type stars in the Northern
hemisphere, using recent TESS space mission light curves and multi-
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epoch high-resolution spectra from HERMES at the Mercator tele-
scope (Section 2). We present here the demographics of variability
caused by pulsations and binarity displayed in the sample determined
using both photometry and spectroscopy (Section 3). A few studies
of smaller samples have been performed previously for massive stars
in the Southern hemisphere (e.g. Burssens et al. 2020), and so in this
work we complement this with a (much larger) sample of OB-type
stars in the Northern hemisphere. The goal of this work is to iden-
tify stars with variability caused by pulsations (Section 4), binarity
(Section 5), as well as candidate magnetic stars based on rotational
modulation (Section 6), which in future work can be studied us-
ing binary modelling (e.g. Zapartas et al. 2026), in-depth magnetic
characterisation (e.g. Erba et al. 2024), and forward asteroseismic
modelling (e.g. Burssens et al. 2023; Vanlaer et al. 2025; Fritzewski
et al. 2025).

2 DATA ANALYSIS
2.1 Target selection

At the inception of this project, we used SIMBAD (Wenger et al.
2000) to construct a sample of 4121 stars with a spectral type of
O or B and bright enough (i.e. V < 14 mag) to prepare a series
of TESS Guest Investigator (GI') proposals throughout cycles 3-
8. These targets are typically located in star-forming regions in the
Milky Way. However, the sampling of the sky by the TESS mission
is not regular nor uniform. In cycles 1 and 2 (2018-07-25 to 2020-
07-04), TESS observed 13 sectors (each lasting 28 d) in each ecliptic
hemisphere using four cameras with a combined field of view of
24 x 96°. In cycles 3 and 4 (2020-07-05 to 2022-09-01), TESS
observed 13 sectors in the South, 11 in the North, and a further 5
sectors covering the ecliptic plane itself. In cycles 5 and 6 (2022-
09-01 to 2024-10-01) TESS covered 9 southern sectors, 16 Northern
sectors, and 3 ecliptic sectors. Cycle 7 (2024-10-01 to 2025-09-15)
covered 3 Northern, 2 ecliptic and 8 southern sectors, and cycle 8 is
currently ongoing and due to end on 2026-09-07.

Due to the evolution of observing strategy over the course of the
TESS mission, the cadence and duration of the assembled light curves
is star dependent. For example, some stars have continuous light
curves spanning up to 1 yr because they lie in one of the continuous
viewing zones (see Ricker et al. 2015), whereas the majority of stars
only have 1 sector of TESS data in each cycle (approximately 27 d).
From the large sample of 4121 OB-type stars with V < 14 mag, a
total of 2248 were selected to be observed with a short cadence of
2 min in the context of several successful GI proposals2.

2.2 HERMES spectroscopic data

To complement the TESS observations, we initiated a large spec-
troscopic follow-up programme with the 1.2-m Mercator telescope?,
which is located on La Palma, Spain. The latitude and technical
specifications of the observatory imposed a brightness requirement
of V < 12 mag and restrictions to targets mostly in the Northern hemi-
sphere (i.e. § > —30°). We also removed any stars from the follow-up
programme that already had previous observations in the Mercator

1 https://heasarc.gsfc.nasa.gov/docs/tess/
approved-programs.html

2 proposal IDs: G03059, G04074, G05036, G06037, and GO7037 (PL: Bow-
man).

3 https://www.mercator.iac.es/instruments/
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Figure 1. Distribution of spectral types from SIMBAD for the stars in our
sample, classified by pulsator class from our analysis of TESS photometry,
described in detail in Section 2.4.

archive. The large programme with the Mercator telescope to assem-
ble these spectra ran between 2022-2025 (programme ID 123; PI:
Bowman). The final sample presented and analysed in this paper with
TESS data and new Mercator spectra is 873 stars.

The spectroscopic data in this work were assembled with the High
Efficiency and Resolution Mercator Echelle Spectrograph (HER-
MES; Raskin et al. 2011; Raskin & Van Winckel 2014). The HER-
MES instrument is a fibre-fed prism-cross-dispersed echelle spectro-
graph based on a white-pupil design, a CCD with 2048x4608 pixels,
and covers the 3800-9000 A wavelength range with a resolving power
of R = 85000 (Raskin et al. 2011; Raskin & Van Winckel 2014).
The spectra were reduced by the HERMES data reduction software
(HERMES-DRS, v.7.0), which includes bias and dark correction,
flat-fielding, wavelength calibration, cosmic ray removal, and cor-
rection for barycentric motion.

The goal of our spectroscopic programme was to acquire three
epochs per star, two separated by 1-2 months and a third occurring
about a year later. Thus, both short- and long-period radial velocity
variability should be detectable. Of the 873 stars in our sample, 138
successfully fulfilled these criteria (with a further 32 that have at
least 3 spectra but do not fulfil the scheduling criteria), 464 targets
have two out of three epochs requested, and 409 targets have only a
single epoch to date. Nonetheless, we retain the entire sample of 873
stars for spectroscopic analysis.

2.2.1 Visual inspection to identify SB2s and emission line stars

The reduced HERMES spectra were assessed to look for a variety of
features, including spectral line variability, chemical peculiarity, bi-
narity, and emission features. We first visually inspected the regions
corresponding to Ha and He 1 lines at 6563 and 6678 A, respectively,
to look for emission features typical of either OBe stars or blue su-
pergiants (BSG). We simultaneously sought to identify double-lined
spectroscopic binary (SB2) systems as, together with the emission-
line stars, these targets would need to be treated differently in the
following steps. For completeness, we also compared our sample
with the ‘SBX’ database of spectroscopic binaries (Pourbaix et al.
2004; Merle et al. 2026), and took note of any overlap. This database
does not explicitly classify targets as either SB1 or SB2, but we took
note of the 38 targets that were included in SBX for the future analysis
steps.
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Inspection of the data resulted in the identification of 19 SB2
systems, 128 OBe stars, and 26 BSGs (determined through a com-
bination of P Cygni-like emission features in the Ha line region and
the spectral type provided from SIMBAD). This leaves us with 700
non-emission line and non-SB2 stars for subsequent analysis. We
leave the analysis of emission-line stars and SB2 systems for future
work.

2.2.2 Normalisation

After having identified and separated emission-line stars and SB2 sys-
tems out from the sample, we normalised all the remaining spectra.
Instead of performing normalisation manually on a star-by-star and
spectrum-by-spectrum basis, the HERMES spectra were continuum
normalised automatically utilising the SUPPNEt? software package
(Rézanski et al. 2022). SUPPNET is a neural network designed to pre-
dict the location of the pseudo-continuum in stellar spectra, having
been trained on both synthetic and real spectra of stars spanning the
O to G spectral types, and with a wide range of variability included
(e.g. pulsation, chemical peculiarity, and emission features).

2.2.3 Cross correlation

After normalisation, next we followed the procedure presented in
Shenar et al. (2019), Dsilva et al. (2020), and Nardini et al. (2025),
which was adapted from Zucker et al. (2003), and performed a cross-
correlation technique on the continuum-normalised spectra for each
star. Using a set of spectral lines as reference points, the spectra
were co-added and weighted based on their respective signal-to-noise
ratios (S/N). To this end, we utilised the He 1 absorption lines located
at4472,5876, and 6678 A as the reference points to anchor the cross-
correlation across all the epochs available for a given star. The benefits
of this cross-correlation process are two-fold: (i) it can be used to
determine the reference point for calculating RV variability; and
(ii) it provides a combined high-S/N spectrum for stellar parameter
determination.

2.2.4 RV variability

We determined RV measurements for each spectrum available per
target using the co-added spectrum as a baseline. These RVs are
calculated using cross correlation’, based on work by Zucker et al.
(2003) and further developed by Shenar et al. (2019) and Dsilva et al.
(2020). With at least two spectroscopic epochs for a given star we
can calculate a ARV (i.e. the maximum absolute variation in RV
seen across available spectra). Additional epochs naturally lead to
higher precision and better constraints on this value; with only two
spectra available we can at least determine a lower limit. From the
sample, we identify 277 of the 377 stars with two or more epochs
(after removing targets with emission and SB2 systems) as being RV
variables. This was assessed by determining whether ARV > ARV
(i.e. the maximum variation in RV was larger than its error). This
RV variability could result from a variety of processes including
pulsation and binarity, but disentangling these effects is difficult with
only spectroscopy, especially when only a few epochs are available.
This measurement is only utilised for classifying stars in our sample
as RV variables, and is separate from the two criteria utilised for
determining binarity, as discussed further down in this section.

4 https://git.io/JqJhf
5 https://github.com/TomerShenar/Cross-correlation

MNRAS 000, 1-17 (2026)


https://git.io/JqJhf
https://github.com/TomerShenar/Cross-correlation

4 K. Thomson-Paressant et al.

Following previous spectroscopic studies of massive stars (Sana
etal. 2012; Bodensteiner et al. 2021; Banyard et al. 2022; Mahy et al.
2022; Nardini et al. 2025), we apply two RV variability criteria to
separate single stars from likely binary systems. We emphasise that
identifying binaries from RV variability only yields the observed
binary fraction rather than the intrinsic binary fraction, which is
obtained by correcting for observational and astrophysical biases
(e.g. Sana et al. 2012, 2013).

In our sample of 700 stars (after removing SB2 systems and
emission-line stars), only 377 stars have two or more spectroscopic
epochs, and only 134 stars have three or more spectroscopic epochs.
Therefore, owing to the limited number of epochs, it is not possi-
ble to determine orbital periods from the spectra alone. Moreover,
for the majority of targets, only a single available epoch means it is
impossible to determine any RV variability. As a mentioned previ-
ously (c.f. Section 2.2), the RVs for the 377 stars with at least two
spectroscopic epochs are determined using their co-added spectra as
templates, with weights based on the S/N of the spectra.

The first criterion to identify a candidate binary system is based on
whether the RV variability is statistically significant, which is defined
as

> 4.0, 6]
2, 2

oo
where v; and v j are two distinct RV measurements, and their corre-
sponding uncertainties o; and o j, respectively. We adopt an identical
threshold for the right-hand side of Eq. 1 as previous studies to limit
the impact of false-positives (Sana et al. 2012; Bodensteiner et al.
2021; Banyard et al. 2022; Mahy et al. 2022; Nardini et al. 2025).
From the 377 stars with multi-epoch spectroscopy that show RV
variability, there are 166 targets that fulfil this criterion.

The purpose of the second criterion is to remove systems with
RV variability that may be caused by a physical mechanism other
than binarity (e.g. pulsations). To achieve this it is generally assumed
that a true binary system has a minimum variation in its RV time
series, ARV, that is larger than some threshold. The second criterion
to identify a binary system is thus

ARV:lV,‘—Vj|>C, 2

where C is typically taken as 20 kms~! (Sana et al. 2013; Boden-
steiner et al. 2021; Banyard et al. 2022; Mahy et al. 2022; Nardini
et al. 2025).

Previous studies have set this threshold at C = 20 kms~! for O-
type stars in the Galaxy, LMC and SMC (Sana et al. 2012, 2013,
2025; Simoén-Diaz et al. 2024) because such stars do not typically
exhibit high-amplitude coherent pulsations. However, exceptions ex-
ist, with the massive single star £ Oph having intrinsic RV variability
caused by pulsations exceeding 20 km s~1 (Kalita et al. 2025). On the
other hand, the choice of this threshold is less clear for B-type stars
(see e.g. Villaseor et al. 2025; Bodensteiner et al. 2025; Britavskiy
et al. 2025), especially those in the Milky Way because such stars
are commonly pulsators. Banyard et al. (2022) and Nardini et al.
(2025) use the same threshold of C = 20 kms~! for different sam-
ples of galactic B-type stars in clusters and briefly discuss whether
the threshold should be different. This is because the typical RV
variability of pulsations in galactic B-type stars can commonly ex-
ceed 20 kms™! value (see e.g. Aerts et al. 2009; Simén-Diaz et al.
2024). Moreover, with only a limited set of spectroscopic epochs it
is difficult to distinguish pulsations and binarity in galactic B-type
stars.
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2.2.5 Stellar parameter estimation

Using the co-added spectrum, and the RV shifts determined in
the previous step, we also inferred the effective temperature (Tef),
surface gravity (log g), and projected surface rotational velocity
(v sin i), of each star by comparing the co-added spectrum to a
grid of synthetic spectra. The procedure follows previous work with
similar goals and sample properties (see Bodensteiner et al. 2021).
Considering the range of spectral types in our sample, we elected to
utilise the TLUSTY grid of models (Hubeny & Lanz 1995; Lanz &
Hubeny 2003, 2007). The TLUSTY models are separated into two
grids, one for the O-type stars (Lanz & Hubeny 2003) and one for the
B-type stars (Lanz & Hubeny 2007), covering the visible wavelength
regime (3000-7500 A) utilised by HERMES. The parameter space
of each grid in the visible wavelength regime is shown in Table 1.
For our sample of stars, we elected to fix the metallicity to solar
(Z]Zo = 1), with microturbulence set to vpic = 2 kms~! for the
B-star grid and 10 km s~! for the O-star grid. Additional models
were also calculated between 9000 and 15 000 K, in steps of 1000 K,
and with surface gravity log g ranging between 3.0 and 5.0 in steps
of 0.25 dex, to complement the standard TLUSTY B-star grid and
cover the lowest-temperature end of the sample. To account for line
broadening due to rotation, the entire grid was convolved using the
ROTBROAD® package (version 0.22.0), to generate additional mod-
els with v sin i values ranging from 0 to 500 km s~! with steps of
20 km s~!. For calculating the stellar parameters, we relied on fitting
the synthetic spectra to the Balmer line series, as well as He1 lines
at 5875, 6678, and 7065 A, and He 11 line at 4685 A. The best-fitting
stellar parameters, and their respective errors, were determined us-
ing a x> minimisation procedure, as described in Bodensteiner et al.
(2023). In short, this is done by comparing the co-added spectrum of
a given star to each model in the grid and calculating

n

Z(obs,- - model;)2, 3)

i=1

) 1

X = §/N

where obs; and model; are the observed and model spectra respec-
tively at a given wavelength i, with n being the total number of
wavelength values tested.

We compared the best-fitting parameters based on the spectra
normalised using SUPPNET with those resulting from a manual con-
tinuum normalisation for a small subset of stars that span the full
04-B9 spectral range of the sample. We find that the parameter val-
ues determined from the two different sets of normalised spectra
were within the confidence intervals of each other and are thus con-
sistent. This demonstrates reliability in the automated method via
SUPPNET, which proved extremely beneficial for performing this
normalisation step on such an extensive sample. Several examples
of the comparison between SUPPNET and manual normalisation are
shown in Fig. Al in the Appendix.

2.3 Gaia data

Primarily to verify the stellar parameters we acquired from compar-
ison with the TLUSTY models, we also retrieved effective temper-
atures, surface gravities, and projected rotational velocities where
possible from the Gaia DR3 archive (Gaia Collaboration et al.
2023a). We choose the values determined using the Extended Stel-
lar Parametrizer for Hot Stars (ESP-HS; Gaia Collaboration et al.

6 https://pyastronomy.readthedocs.io/en/latest/pyaslDoc/
aslDoc/rotBroad.html
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Table 1. Parameter space for the two TLUSTY model grids, including the
additionally calculated models, with the grid step size indicated in parentheses
for parameters we iterated over.

B-star O-star
Ter (K) 9000 — 30000 (1000) 27500 — 55000 (2500)
log g (dex) 1.75 - 4.75 (0.25) 3.00 - 4.75 (0.25)
Z/Zs 0.01-2 0-2
Vmic (kms™!) [2:10] 10

vsini (kms™!) 0-500 (20) 0-500 (20)

2023b). The ESP-HS includes corrections to the stellar parameters
determined for stars with effective temperatures T = 7500 K, which
is the case for our entire sample. Such parameters have been shown
to be less reliable when determined using the standard procedures
(i.e. the General Stellar Parametrizer from Photometry, GSP-Phot;
Fouesneau et al. 2023). The comparisons between the ESP-HS and
TLUSTY methods of stellar parameter determinations are discussed
in Section 3.2.

2.4 TESS photometric data

In this work, we use time-series photometric data from the NASA
TESS space mission (Ricker et al. 2015), which are made publicly
available on the Mikulski Archive for Space Telescopes (MAST) at
the Space Telescope Science Institute”.

For the vast majority of the targets in the sample (>96%), 2-
min cadence TESS data was available from the MAST database,
which formed the basis upon which our photometric analysis was
performed. When retrieving data from MAST, the light curves are
provided with two different detrending methods, Single Aperture
Photometry (SAP) and Pre-search Data Conditioning SAP (PDC-
SAP). In almost all cases we relied on the PDC-SAP light curves,
which are produced by the NASA SPOC pipeline (Jenkins et al.
2016). Historically these detrended light curves have been shown
to generally provide better results for measuring the photometric
variability of massive stars (e.g. Burssens et al. 2020; Bowman et al.
2022; Burssens et al. 2023), except sometimes in the case of the
brightest stars (e.g. Southworth & Bowman 2022). In our sample,
which only had 26 targets with V < 5 mag, the PDC-SAP remained
the more reliable choice despite testing both methods.

For the portion of the sample for which the 2-min cadence data
is not available (25 stars), we instead extracted light curves from the
TESS full frame images (FFI), using the LicuTkURVE (Lightkurve
Collaboration et al. 2018) and TESScuT (Brasseur et al. 2019) pack-
ages to select a 40x40 pixel image around each target from which to
extract the light curves. The latter were detrended using a principle
component analysis (PCA) method, performed by excluding a 10x10
pixel square centred on the target star and using the remaining pixels
in the image as regressors (see e.g. Scott & Bowman 2026).

All the light curves, regardless of their origin, were then subjected
to a Fourier analysis to identify significant frequencies associated
with one or several variability mechanisms. We calculated frequency
spectra using the modified generalised Lomb-Scargle (LS; Lomb
1976; Scargle 1982) periodogram from the AstropY (Astropy Col-
laboration et al. 2013a, 2018a) package. This not only allowed us to
identify the existence of significant peaks that correspond to pulsa-
tion mode frequencies, but also to infer the rotation and/or orbital
frequencies of stars (see Section 4).

7 https://archive.stsci.edu/missions-and-data/tess
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Generally, we use the same classification criteria as Burssens et al.
(2020). For example, stochastic low-frequency (SLF) variability is
defined as an excess of power in the low frequency domain not re-
lated to coherent modes (Bowman et al. 2019a), slowly pulsating
B-type (SPB) stars are main-sequence B-type stars that pulsate in
coherent non-radial g modes with frequencies between about 0.2 and
4 d7!, B Cephei (8 Cep) stars are main-sequence late O- and early
B-type stars that have low-radial order p- and g-mode frequencies
between about 2 and 25 d~! (see Bowman 2020). However, we note
that it is difficult to distinguish all the potential variability mecha-
nisms operating in a massive star from its light curve alone. When
classifying all stars based on their TESS light curves and correspond-
ing frequency spectra, we note that frequencies below about 0.5 d~!
could be instrumental (e.g. imperfect detrending) or astrophysical
(e.g. rotational modulation).

Each sector of available TESS data for a star is considered individ-
ually to check for the existence and consistency of variability seen
across all its light curves. This is useful for a number of reasons;
for example, to distinguish between SPB pulsation modes and SLF
variability in the low frequency regime, as the g modes in an SPB star
are typically coherent and should be generally consistent across sec-
tors, whereas SLF variability is non-periodic. Some stars presented a
combination of these features, in which cases all types of variability
were taken note of. For classification purposes, priority is given to
the dominant type of variability that is consistently observed across
all sectors of available TESS data.

3 ENSEMBLE RESULTS

Of the 873 stars included in our sample, based on our analysis of
TESS mission data we have classified based on frequency analysis
197 stars with g-mode pulsations characteristic of SPB stars, 251
stars with p- and/or g modes typical of SCep stars, and 268 stars
showing SLF variability (see Section 4). This represents a pulsator
fraction of over 80 per cent, which is consistent with previous studies
(Bowman et al. 2019a; Burssens et al. 2020). We also identify 67
eclipsing binaries (EBs), 30 of which were not previously known
in the literature. The TESS light curves have also yielded 148 stars
to show rotational modulation (sec Section 6). From analysis of the
available HERMES spectra, we identify 353 of the 873 stars to have
RV variability (or 76 per cent of the 464 stars with at least 2 spectra),
with 51 of these satisfying the two statistical criteria for binarity (see
Section 5). Finally, we also identify 19 SB2 systems, 127 OBe stars,
and 26 blue supergiants (BSGs), all of which we do not investigate
further in this study and leave for future work since such systems
require dedicated individual analysis. The full breakdown of all our
classifications is provided in Table 2.

3.1 Spectroscopic Hertzsprung—Russell (HR) diagram

Once satisfied with the visual classification and corresponding stellar
parameter determination, we generated the spectroscopic HR dia-
grams shown in Fig. 2, in which the spectroscopic luminosity values
are defined as £ = Té‘ff/ g following Langer & Kudritzki (2014), for
the 322 stars with available parameters from Gaia ESP-HS database.
We note that only 37 per cent of our sample have such parameters.
We choose to use the Gaia ESP-HS parameters, instead of the
TLUSTY-derived parameters purely when plotting an HR diagram,
because the discrete sampling of the TLUSTY grid does not yield as
informative a visual distributions in the HR diagram. For the remain-
der of this article, however, we rely exclusively on the Teg, log g,
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Table 2. The different variability types classified in our sample, which have been divided into subgroups of O- and B-type populations based on their SIMBAD
spectral type. Column 4 denotes the number of stars that fulfil both binarity criteria from our RV calculations making them candidate spectroscopic binaries,
column 5 denotes the number of SB2 systems, column 6 denotes the number of stars known in the SBX catalogue (Pourbaix et al. 2004; Merle et al. 2026), and
the numbers of EBs are given in column 7, with the parentheses denoting those that were previously known in the literature. The full table of stellar parameters

and classifications are available in the supplementary material.
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Figure 2. Spectroscopic HR diagrams for the 322 stars in our sample with available stellar parameters from the Gaia ESP-HS database, which show our
classifications based on HERMES spectroscopy (left) and TESS photometry (right). For both cases, we use the evolutionary tracks for a range of masses (solid
grey lines) from Burssens et al. (2020). The zero-age main sequence (ZAMS) and terminal-age main sequence (TAMS) are denoted by solid and dashed grey
lines, respectively. For the photometric case in the right panel, the theoretical instability strips corresponding to p-mode (blue) and g-mode pulsations (red)
from Burssens et al. (2020) are also shown. Stars not presenting any of the other features shown in the respective legends are labelled as ‘NOTA’ (None Of The

Above).

and v sin i parameters we determine from synthetic spectrum fitting
using the TLUSTY grids. In the left panel of Fig. 2 we have denoted
the subsamples of stars with significant RV variability, compared to
the population without.

In Fig. 2, we also include non-rotating evolutionary tracks cal-
culated by Burssens et al. (2020) with the MESA stellar struc-
ture and evolution software package (Paxton et al. 2011, 2013,
2015, 2018, 2019). The evolutionary tracks are for solar metallic-
ity (Zip; = 0.014), a heavy element mixture appropriate for massive
stars from Nieva & Przybilla (2012), OP opacity tables (Paxton et al.
2011), a scaled mass-loss rate with a factor of 0.5 compared to Vink
et al. (2001), an exponential diffusive convective boundary mixing
(CBM) prescription of fcgm = 0.02, and a constant minimum en-
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velope mixing value of log Depy = 1.0 (Burssens et al. 2020). The
evolutionary tracks cover birth masses between 3 and 80 Mg, which
is sufficient to cover our sample, and are calculated from the zero-age
main sequence (ZAMS) up to near-depletion of core hydrogen mass
fraction. In addition, from these models we define the terminal-age
main-sequence (TAMS) as the point in the models where X, < 107.
We emphasize, however, that the evolutionary tracks shown do not in-
clude binarity, magnetism, are non-rotating, and only include a single
prescription for envelope and convective boundary mixing (CBM),
all of which are known to play important roles in stellar evolution
(e.g. Ekstrom et al. 2012; Aerts et al. 2019; Temaj et al. 2024).

In the right panel of Fig. 2, we show the same sample but with sym-
bols that denote the dominant photometric variability as determined



by our analysis of the TESS light curves and corresponding frequency
spectra. These include B8 Cep stars, SPB stars, stars with rotational
modulation (RotMod), eclipsing binaries (EB), stars with stochastic
low-frequency (SLF) variability (see Bowman et al. 2019b), and any
stars showing none of the above (i.e. NOTA). In addition, we have
also included the theoretical pulsation instability regions calculated
by Burssens et al. (2020) by solving the non-adiabatic stellar pulsa-
tions equations using GYRE (Townsend & Teitler 2013; Townsend
et al. 2018). The two instability regions denote where one expects to
find low-radial order p modes (blue; 1 < n < 5), and a mix of low- and
high-radial order g modes (red; =50 < n < —1), for angular degrees
of 0 < £ <2and 1 < ¢ <2 for pmodes and g modes, respectively.
The hotter boundaries of the p- and g-mode instability regions are
denoted by solid lines in Fig. 2, whereas the cooler boundaries are
denoted by dashed lines. The GYRE calculations of Burssens et al.
(2020) only calculated instability regions for main-sequence MESA
models, and therefore did not include the post-main sequence phase
of stellar evolution.

We emphasize that any calculated instability region is only appli-
cable to the specific evolutionary tracks used as input. This means
that any difference in rotation rate, interior mixing, or mass loss
rate, which inevitably changes the evolutionary tracks, would also
change the location of the instability regions. Moreover, rotation not
only changes the amount of mixing inside a star, but also influences
the eigenfrequencies and the balance of driving and damping pro-
cesses of pulsations (see discussions by Townsend 2005; Szewczuk &
Daszyriska-Daszkiewicz 2017). Therefore, the evolution of stars, and
whether they are expected to pulsate or not, within the mass regime
discussed in this study are very sensitive to the choice of input param-
eters, such that small changes in parameter combinations can have
large impact on the location of both the evolutionary tracks and the
corresponding instability regions (see also Paxton et al. 2015). This
means we consider the evolutionary tracks in Fig. 2 to be representa-
tive, but not perfect. Similarly, the instability region calculations only
include a single excitation mechanism and are therefore not expected
to give a complete image of where we can expect pulsations (see,
e.g. Hey & Aerts 2024).

3.2 Comparing parameters derived from TLUSTY and Gaia

In Fig. 3, we compare the atmospheric parameters deduced from our
grid-based fitting of TLUSTY models with those available from the
the Gaia ESP-HS database. Upon first inspection, while the two sets
of T.g values appear to be largely consistent, there are a subset of stars
which have fairly large differences. The (dis)agreements in Fig. 3 are
somewhat worse for log g and v sin 7, and can be understood because
of a number of factors, which we discuss below.

Firstly, Fouesneau et al. (2023) suggests that T values determined
from ESP-HS tend to be underestimated by about 2000 K for stars
with Teg = 25 000 K when compared to large spectroscopic surveys,
such as DR6 of the Large Sky Area Multi-Object Fibre Spectroscopic
Telescope (LAMOST; Zhao et al. 2012; Cui et al. 2012; Xiang et al.
2022). This is somewhat visible in the left panel of Fig. 3, where we
see a slight bias of points above the unity line, further accentuated by
the linear regression to the data points (red dashed line) becoming
increasingly offset beyond about ~25 000 K. While this offset does
not appear to be systematically equivalent to 2000 K, the fit suggests
that the offset deteriorates towards increasingly higher values of Teg.

Secondly, Gaia log g values calculated by the astrophysical pa-
rameters inference system (Apsis; Bailer-Jones et al. 2013) are deter-
mined primarily through fitting a grid of synthetic spectra in BP/RP
photometry and low-resolution RVS spectra (when available) using
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a y? minimisation, using the Balmer and Paschen lines as anchors.
These spectral lines reach a maximal strength at Teg ~ 8500 K and,
above this threshold, there is a noticeable underestimation of log g
in the GSP-Phot values. This offset is somewhat corrected for in
ESP-HS by using a grid of synthetic spectra tailored to hot stars and
by focusing on the Balmer line series and helium lines for surface
gravity determination. For example, an improvement in accuracy by
a factor of two with respect to GSP-Phot is expected for the magni-
tude range of our sample (Fouesneau et al. 2023; Gaia Collaboration
et al. 2023b). That said, a systematic scatter of about 0.2 to 0.4 dex
is expected for the derived log g values from Gaia ESP-HS, particu-
larly when extending to the higher temperature ranges (> 30 000K).
This scatter is seen when comparing the Gaia ESP-HS values to our
grid-based TLUSTY fitting values in the middle panel of Fig. 3. We
emphasize that the step size of log g in the TLUSTY grid is larger
than that of Gaia in a relative sense, which produces ‘rows’ of values
to stack on top of each other in the middle panel of Fig. 3.

Finally, to measure v sin i in ESP-HS, Gaia assumes that effec-
tively almost all spectral line broadening is due to rotation, by con-
volving and fitting the full synthetic spectra with rotational broaden-
ing kernels (Fouesneau et al. 2023), which is not provided at all by
the standard GSP parametrisation. While this is a reasonable approx-
imation for low- and intermediate-mass stars (see Gray 2005), the
spectral lines of massive stars have considerable additional broad-
ening mechanisms. For example, microturbulence and macroturbu-
lence both have a significant impact on the shape of spectral lines
(see Aerts et al. 2009; Simén-Diaz et al. 2017; Kalita et al. 2025).
By default, Gaia assumes a standard value of vy = 2 km s71 for
microturbulence, which aligns with the available value in the B-star
grid of TLUSTY models we used in this work, though differs to the
10 km s~! value utilised for the O-star TLUSTY grid. Neither Gaia
nor the TLUSTY models include macroturbulence as an additional
fitting parameter, and are therefore not considered as a source of line
broadening. Another factor could be that of additional SB2 systems
that went unnoticed in our spectroscopic analysis, where blended
lines might appear as one star in certain epochs and as two stars in
another, resulting in an overestimation of the width of the given line
in one instance or the other. We nonetheless observe that the majority
of points (and in particular almost all of the outliers) fall below the
unity line in the right panel of Fig. 3, indicating that Gaia almost
systematically overestimates the v sin i values with respect to those
we calculated using the TLUSTY models.

Therefore, we conclude that Gaia ESP-HS produces reliable T.g
values, on average, for massive stars, which are useful for ensemble
analysis. However, high-resolution spectroscopy is highly beneficial
when studying log g and v sin i for massive stars, especially for those
in binary systems (see Section 5).

3.3 Population of evolved stars

A minority of the stars in our sample appear to have evolved be-
yond the TAMS according to the evolutionary tracks calculated by
Burssens et al. (2020) and parameters determined from Gaia ESP-
HS, shown in Fig. 2. This conclusion is based on evolutionary tracks
that include only a modest amount of CBM, with the diffusive expo-
nential prescription of fcgym = 0.02. Massive stars are expected to
evolve rapidly across the Hertzsprung gap after the main sequence, so
it may seem surprising to observe a significant portion of the sample
located in this region of the HR diagram. However, we note that the
main-sequence lifetime of a massive star and thus the position of the
TAMS are highly sensitive to the input parameters, for example ro-
tation, mixing, and metallicity, used in the evolution tracks shown in
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Figure 3. Comparisons of stellar parameters from the Gaia ESP-HS database to those determined in this study using a grid-based fitting of TLUSTY atmospheric
models. Targets have been labelled with respect to their photometric classification. Grey dashed lines corresponding to unity have been drawn for clarity, and an
additional red-dashed line has been added for the T.g plot, representing a linear regression to the data points (see Section 3.2). The bottom row corresponds to
the TLUSTY/Gaia residuals for each parameter, and the resulting RMS values.

Fig. 2 (see Bowman 2020; de Burgos et al. 2025; Martins & Palacios
2013; Ekstrom et al. 2012; Gilkis et al. 2021; Castro et al. 2014).
As such, stars seemingly redder than the TAMS may still be main-
sequence stars with large amounts of interior mixing, or undergoing
blue loops, or the results of merger products, etc.

4 PULSATING STARS

Similar to the previous study of massive stars in the Southern hemi-
sphere by Burssens et al. (2020), we find a high pulsator fraction
(> 80 per cent) for galactic massive stars. Typical examples of the
TESS light curves and corresponding frequency spectra from the
coherent pulsator classes of 8 Cep and SPB stars are shown in Fig. 4.
Within the sample, there exist many coherent pulsators that offer ex-
cellent prospects for forward asteroseismic modelling (e.g. Pedersen
etal. 2021; Burssens et al. 2023), which is the subject of future work
(Scott et al. in prep).

4.1 Pulsation instability regions

As shown in the right panel of Fig. 2, we find that the majority of
the 5 Cep and SPB pulsators in our sample lie within their respective
instability regions in the HR diagram. On the other hand, there is a
small subset of evolved 8 Cep stars located cooler than the TAMS
as calculated in the evolutionary tracks by Burssens et al. (2020). As
mentioned previously, these evolutionary tracks are non-rotating and
only assume a single set of physical assumptions, such that a larger
amount of mixing would prolong a star’s main-sequence lifetime, and

MNRAS 000, 1-17 (2026)

hence displace the TAMS to cooler temperatures. Although the num-
ber of post-main sequence 3 Cep stars is low in the literature, with
some even being explicitly referred to as near the TAMS (e.g. V453
Cyg A; Pavlovski & Southworth 2009; Southworth et al. 2020), the
number of 8 Cep stars beyond the model grid TAMS observed in our
sample only represent a small fraction of the full sample. They could
potentially be explained by varying the input physics of our evolu-
tionary tracks (i.e. mixing parameters or binary effects) to extend the
main sequence to cooler effective temperatures to encapsulate all the
observed S Cep stars.

In the HR diagram in Fig. 5, we show density contours that are
defined as large fractions of stars showing a common type of pul-
sation. Therefore, these contours represent the empirical instability
regions for each of the three main pulsator types: 8 Cep, SPB, and
SLF variability. Specifically, the hatched contours represent the re-
gion containing 66 per cent of each pulsator population, and the filled
contour represents the 33rd percentile of the observed population for
each pulsator type.

For the B Cep stars, the sample of 119 stars from Fritzewski et al.
(2025) follow a similar distribution to those in our sample. However,
while noting the difference between bolometric and spectroscopic
luminosity, our sample is shifted towards lower masses, with at least
66 per cent of the population being contained within the 5 to 20 Mg
range (with a few outliers up to 60 Mg seen in Fig. 2), compared to
their range of reported evolutionary masses: 6.5 — 32 M. A similar
comparison of the location of the empirical SPB instability region
is performed with the observed population of 52 SPB stars from
Pedersen (2022), which range from 3 — 8 Mg. Our sample of SPB
stars is mostly in agreement, with at least 66 per cent of the population
covering the same evolutionary mass range. Interestingly, despite the
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number of excited g modes in SPB stars being generally larger for
masses of about 3-4 Mg, (see figure 11 of Pedersen et al. 2020), the
mass range in which the highest fraction of SPB stars is found in our
sample is between 4-6 M. We postulate that this in predominately
an impact of metallicity, for example, the difference between OP
and OPAL opacity tables used by us and Pedersen et al. (2020)
respectively (see Paxton et al. 2015 and Moravveji 2016). Finally,
Bowman et al. (2020) find that majority of main-sequence stars with
SLF variability as their dominant variability type are O-type stars,
which is in agreement with our sample.

More generally, the two coherent pulsator types, 8 Cep and SPB
stars, are found across the whole main sequence in Fig. 5, which
contains evolutionary tracks with an assumed amount of CBM being
fcem = 0.02 (Burssens et al. 2020). This lends support to the idea
that this amount of CBM is reasonable for a population study of main-
sequence stars with masses between about 3 and 15 M. However,
the population of stars with SLF variability are mostly found towards
the latter half of the main sequence and are generally found near
the TAMS. For masses above ~15 Mg, assuming all stars with SLF
variability are main-sequence stars in our study, a larger amount of
CBM than fcpm = 0.02 (or the inclusion of rapid rotation in the
models) would be needed to shift the TAMS to cooler temperatures
and encapsulate these stars as main-sequence stars. This is, of course,
heavily dependent on the various parameters that dictate the location
of the TAMS, as described in Sec. 3.1.

There exists a subset of SCep stars in our sample with masses
between 5-7 Mg, determined by their position in the HR diagram,
which is atypically low mass for such stars (supported by the findings
of Fritzewski et al. 2025). These stars are approaching the regime
where we might expect to find ¢ Scuti stars, which also present high-
frequency pulsation peaks (between ~ 5 — 50 d~1), though in these
stars it is due to the He 11 opacity bump as opposed to the metal opacity
bump in the case of S Cep stars. Indeed, particularly in the case of
strong magnetism, it has been found that the ¢ Scuti instability strip
can be extended to higher temperatures and luminosities (Thomson-
Paressant et al. 2025). Distinguishing these two populations would
require additional photometric follow-up and investigation, using
asteroseismic modelling to determine the nature of the excitation
mechanism.

Finally, we note that there is significant overlap among the three
different pulsator types in Fig. 5. This is not unexpected since so-
called ‘hybrid’ pulsators of 8 Cep and SPB stars have been known
for some time (see Handler 2009). Moreover, many stars show mul-
tiple distinct variability types in our sample; for example, both high-
frequency p modes typical of 8 Cep stars as well as SLF variability.
In this exercise, however, we have only labelled the dominant vari-
ability type of each star, which means that hybrid stars are not a
distinct pulsator type.

4.2 SLF variability

The dominant physical cause of SLF variability in massive stars re-
mains debated in the literature, and may even arise from a combina-
tion of different physical mechanisms that dominate in different parts
of the HR diagram (see Bowman 2023). One proposed mechanism
is internal gravity waves (IGWs) excited at the turbulent convec-
tive core boundary (Rogers et al. 2013; Rogers & McElwaine 2017;
Edelmann et al. 2019; Anders et al. 2023; Thompson et al. 2024;
Pathak et al. 2025), which propagate to the stellar surface and pro-
duce a broad, low-frequency power excess in photometry (Blomme
et al. 2011; Aerts & Rogers 2015; Bowman et al. 2019a, 2020).
Another contribution to SLF variability can come from the conse-
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Figure 5. Spectroscopic HR diagram showing the distribution density of
the three main pulsator types found in the sample (8 Cep, SPB, and SLF).
Contours are drawn at the 66th and 33rd percentiles in terms of population
intervals for the hatched and filled regions, respectively.

quences of sub-surface convection zones which are associated with
opacity bumps, typically corresponding with the H, He or Fe ionisa-
tion regions/opacity peaks. These zones can excite IGWs or induce
turbulence that manifests as SLF variability (Cantiello et al. 2021;
Schultz et al. 2022). A third mechanism is variability in the radia-
tively driven winds of massive stars, for which stochastic changes
in wind density, clumping, or large-scale structures introduce low-
frequency brightness fluctuations, which is particularly important
for the most luminous and evolved massive stars (Krticka & Feld-
meier 2018, 2021). The relative importance of these mechanisms
is expected to depend on stellar mass, evolutionary state, and wind
strength.

SLF variability has emerged as a ubiquitous phenomenon in mas-
sive stars with the advent of high-precision space photometry (Bow-
man et al. 2019a). The morphology of SLF variability correlates
with mass and evolutionary state, demonstrating a direct link be-
tween SLF variability and a star’s internal stellar structure (Bowman
et al. 2020; Bowman & Dorn-Wallenstein 2022; Pedersen & Bildsten
2025). More recent studies have shown that the observed SLF prop-
erties are largely insensitive to metallicity (Bowman et al. 2024, Van
Daele et al., submitted to MNRAS), which supports the interpreta-
tion that the dominant driving mechanism is likely not dominated by



instabilities that depend directly on opacity (e.g. sub-surface convec-
tion).

Whilst remaining agnostic on the cause(s) of SLF variability in
our sample of massive stars, we find it to be ubiquitous in stars with
masses above about M > 12 Mg, with a handful of suggested cases
appearing in masses as low as 4 Mg, and it is generally the dominant
form of photometric variability in stars above about M > 15 Mg, as
shown in Fig. 5. This is in agreement with previous studies of galactic
massive stars (Bowman et al. 2019a,b, 2020). In a future study, we
shall investigate the sub-sample of stars with SLF variability in detail
(Van Daele et al., in prep.).

4.3 Pulsations and rotation

The distributions of v sin i values we derived from grid-based fitting
of rotationally broadened TLUSTY atmospheric models for each of
the three main pulsator types are shown in Fig. 6. About half of
the 664 pulsating stars are identified as slow-to-moderate rotators
based on their projected surface rotational velocities. For example,
301 of the 664 pulsators have v sin i < 100 km s_l, and a further
134 stars have 100 < v sin i < 200 kms~!. Additionally, 74 stars
have v sin i < 30 kms~!, which may constitute a sample of very
slow rotators. These distributions are consistent with the results of
previous ensemble studies (e.g. Simén-Diaz & Herrero 2014; Simén-
Diaz et al. 2017; Burssens et al. 2020). The few examples with values
v sin i > 300 kms~! have all been assessed manually to verify the
goodness-of-fit of the TLUSTY model from which the parameter
determination was performed, and are confirmed to be reasonable.
As a reminder, we have omitted the OBe stars from our sample, so
the presence of rapidly rotating stars without emission is interesting
to follow up. For example, such rapidly rotating stars may be the
products of binary interaction (see, e.g. de Mink et al. 2013) or OBe
stars in quiescent periods.

The 200 S Cep stars show a large range of v sin i values, with the
majority being slow-to-moderate rotators (0 < v sin i < 150kms™1).
However, a fast rotating tail of the distribution reaches an upper value
of about 300 kms~!. The average rotation rate is 95 kms~!. This
is consistent with the findings of Stankov & Handler (2005), who
suggest that this might be due to a selection effect, as slower rotating
B Cep stars show the highest amplitude and most easily identified
as pulsators. However, we note that the ensemble study of Stankov
& Handler (2005) is based on ground-based detections of 8 Cep
stars, which have a typical photometric precision of order 1 mmag.
Whereas space photometry, such as the TESS light curves we have
used in the current study, have a typical photometric precision of
about 10 pmag. Therefore, our modern sample of 8 Cep stars should
be less biased towards finding faster rotators than Stankov & Handler
(2005), and yet we find similar results. Therefore, it is reasonable
to conclude that 8 Cep stars are generally slow-to-moderate in their
surface rotation rates.

We see a similar distribution of v sin i values in the SPB stars to
the B Cep stars, though the range extends to slightly larger values
of 350 kms~!. The average rotation rate of the 116 SPB stars in
our sample is 116 kms~!. Finally, for the 167 stars with dominant
SLF variability, the v sin i values are typically lower with the gross
majority smaller than 150 km s~!, with an average value of 89 km s~ .

5 BINARITY

To assess the fraction of our sample that are in multiple star systems,
it is important to separate the binaries from other types of variability
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Figure 6. Distributions of v sin i values derived in this work from grid-based
fitting of rotationally broadened TLUSTY atmospheric models for the three
main pulsator types: 200 8 Cep stars, 116 SPB stars, and 167 stars with
SLF variability as their dominant type of photometric variability. A normal
distribution fit centred on 0 km s~! (black dashed line) has been overplot for
each subset.

that may mimic the signatures of binarity (e.g. pulsation, rotational
modulation; [Jspeertet al. 2021; Pr8a et al. 2022). The combination of
spectroscopic and photometric data has revealed a variety of different
types of binary systems within our sample, including many that also
pulsate.

5.1 Eclipsing binaries

From the analysis of the TESS photometry, we identify 67 eclipsing
binaries. This includes 37 that have already been identified in the lit-
erature from previous surveys (e.g. Malkov et al. 2006; Avvakumova
etal. 2013; IJspeert et al. 2021; Prsa et al. 2022; Mowlavi et al. 2023;
Eze & Handler 2024). Therefore, we add 30 new eclipsing binaries in
this work. Light curves for those with 2-min cadence TESS data are
visible in Figs. B1-B5, along with orbital period estimates. Of these
30, a half (16) have orbital periods shorter than 3 d. A few targets
(e.g. TIC 106781544) have large and unconstrained orbital periods
(Porh 2 13.5 d) because only a single eclipse is visible in a single
TESS sector, thus making accurate period determination impossible.
Unless those targets also had back-to-back sectors that contained at
least one eclipse each, we could only determine a lower threshold for
their orbital period.

We additionally find that 12 of the full list of 67 eclipsing bi-
naries have 8 Cep or SPB pulsations, as well as a further 11 sys-
tems with SLF variability. Both TIC91111448 (Chen et al. 2022)
and TIC 434723918 (Southworth & Bowman 2022) were previously
known in the literature as pulsating (8 Cep) eclipsing systems (see
also Eze & Handler 2024). Six of these EBs are also identified as
SB2s in our spectroscopic analysis, which are particularly powerful
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Figure 7. Top panel: Stacked distributions of the calculated ARV values for
the three main types of pulsating star in the sample, in comparison to the EB
population. Bottom panel: ARV value distribution for all targets in the sample
that are not identified as a pulsator nor an EB from their TESS light curve.
In both panels, the grey dashed line corresponds to the commonly adopted
threshold for binarity of C = 20 kms~!.

laboratories for constraining stellar structure and evolution theory
(see Southworth & Bowman 2025). We leave the detailed analysis of
the new (pulsating) EBs discovered in this work for a future study.

5.2 Spectroscopic binaries

Our sample contains a grand total of 124 binary systems, which
includes 19 targets classified as SB2, 28 targets included in the SBX
binarity catalogue (Pourbaix et al. 2004; Merle et al. 2026), 67 EB
systems (of which 10 fulfil both binarity criteria), and 51 targets
that fulfil both RV variability criteria described above (assuming
C = 20 kms™!). Considering exclusively binaries detected through
our analysis of the HERMES spectra results in a total of 82 systems.
Both of these values are modest fractions of the 873 stars in the
full sample (124/873 = 14 per cent) and 377 stars with two or more
spectroscopic epochs (82/377 = 22 per cent, excluding emission-
line stars and SB2), respectively, and are much lower than previous
studies (Sana et al. 2012; Bodensteiner et al. 2021; Banyard et al.
2022; Mabhy et al. 2022; Nardini et al. 2025; Frost et al. 2025), who
generally find observed binary fractions of order 50 per cent or higher
from dedicated spectroscopic campaigns. Indeed, with additional
spectroscopic epochs, it becomes more likely to detect RV variability
and identify binary systems, so our observed binary fraction is a lower
limit.

In Fig. 7, we show the ARV distribution for the subset of pul-
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sators that fulfil only the first binary detection criterion (cf. Eqn. 1),
with a dashed grey line demonstrating the classically adopted
C =20 km s~! threshold for the second criterion (cf. Eqn. 2). Also
in Fig. 7, we have included the photometric classification of the stars
based on the TESS light curves (see also Fig. 2) to gain a perspective
on the relationship between RV variability and the different pulsator
types. Clearly, all three types of pulsator exist above and below the
threshold of 20 km s_l, which makes the value of C in Eqn. (2) a
somewhat ambiguous choice. We have also included in Fig. 7 18
EBs from our sample that satisfied the first binarity criterion (i.e.
ARV > 4.0), of which 12 have at least three spectra, to demonstrate
that such systems also exist above and below the 20 km s~! threshold.

Importantly, there are a number of pulsating stars with very large
ARV values. Examples include TIC 53968952 and TIC 288489491,
whose light curves and LS periodograms are shown in Fig. 4, which
have ARV values of 44.5 and 20.5 kms~!, respectively. Without
photometric data, such systems would likely be labelled as binaries
by default since their RV variability passed both binary detection
criteria. Yet, their photometric variability is also quite large (43
and 93 mmag, respectively) and as such would be sufficient to cause
large RV variability. Therefore, we advocate that spectroscopic binary
studies of massive stars, and especially galactic B-type stars, should
be complemented with photometric data to confirm or refute the
presence of large-amplitude pulsations.

5.3 Discussion
5.3.1 Binary fraction

In this work, based on a sample of 377 O- and B-type stars with two
or more spectroscopic epochs (and no emission or SB2 features),
about 22 per cent of the stars have significant RV variability that
passed both binary threshold criteria. However, the majority of these
systems are also pulsating stars and their significant RV variability
could be caused by pulsations. After having removed the pulsators
identified using TESS light curves, the RV distribution for the sub-
sample of non-pulsating binary candidates is shown in the bottom
panel of Fig. 7. For comparison, the distribution for the pulsating stars
with significant RV variability is shown in the top panel. Therefore,
the number of non-pulsating binaries that satisfy both criteria is
1 per cent of the full sample. However, we emphasise that this is
likely an underestimate of the true binary fraction because of different
observational and astrophysical biases, which are discussed below.
First, we have excluded pulsators from the distribution in the bot-
tom panel of Fig. 7, but it is important to note that galactic B-type stars
are commonly both pulsators and found in binary systems (Burssens
et al. 2020; Southworth & Bowman 2022; Eze & Handler 2024).
However, the limited number of spectroscopic epochs for our sample
means it is not possible to confidently identify if the significant RV
variability arises from pulsations, binarity, or both. In our investiga-
tion, we have chosen to be conservative and assume that if a star is
found to be a pulsator based on its TESS light curve then the spec-
troscopic RV variability could be caused by pulsations, which means
it may not be a binary. Of course, this may be incorrect, since most
stars may in fact be pulsating binaries and spectroscopy alone is dif-
ficult to establish this. In the ideal scenario, one should check if the
candidate binary period found in spectroscopy matches a pulsation
period identified in photometry taking all available information into
account, such as range of expected pulsation periods given the star’s
location in the HR diagram. For example, if a star has a significant
spectroscopic binary period larger than about 20 d, then this is too
large to be a heat-driven pulsation period in a main-sequence 8 Cep
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Figure 8. Comparison between calculated ARV values measured from multi-
epoch HERMES spectra versus the amplitude of the dominant pulsation
frequency based on TESS data, which are divided into the three main pulsator
types. The dashed grey line is simply a unity line (i.e. not a fit) between the
axis quantities (1 kms™! = 1 mmag).

star. On the other hand, if the identified spectroscopic period is of or-
der a few days and similar periods are found in photometry indicating
pulsations, this is a strong indication that the spectroscopic period is
a pulsation period for such a star. Indeed, spectroscopic identification
of pulsation periods, especially in B-type main-sequence stars, is a
powerful technique for pulsation mode identification (see Aerts et al.
2010).

Second, with only a few spectroscopic epochs, we are not sensitive
to all possible binary orbital configurations. The selection function
depends on the cadence and total time span of the observations,
which is star dependent in our case and far from uniform across the
sample. With an average cadence of the order of a month, and only
two or three epochs, it is entirely possible to have missed a large
range of orbital periods. Regardless, all systems with significant RV
variability identified in this work are worthy of continued monitoring
with spectroscopy to ascertain their binary status and the relationship
to pulsations. Indeed, the interaction of binarity and pulsations —
tidal asteroseismology — is an emerging field and very powerful
for probing the physics of binary star evolution (see Southworth &
Bowman 2025).

5.3.2 Choice of the 20 km s~ threshold

On first inspection, the 20 kms™! threshold in the second of the
binary criteria (c.f. Eqn. 2) appears to align well with the overall
ARV distribution for pulsating and non-pulsating stars in Fig. 7,
since we find the majority (79 per cent) of pulsators to be below this
threshold. However, upon closer inspection, the ARV distribution of
pulsators (top panel of Fig. 7) consists of three peaks and a long tail to
large values. For example, a 20 km s~! threshold fails to capture all of
stars in the second peak (10 < ARV < 25 km s_l) nor any of the stars
in the third peak (25 < ARV < 40 km s~1) in the distribution. We
observe a non-negligible fraction of pulsators with ARV > 20 km 571
and an extended tail that reaches as high as 100 km s~1. On the other
hand, when considering only the non-pulsating stars (in the bottom
panel of Fig. 7), we find a far fewer systems with ARV > 20 kms~!
in absolute numbers but also a smaller relative fraction of the whole
sample.

To demonstrate the efficacy and validity of the C = 20 kms™!
threshold with respect to how pulsations among binary candidates
can create false positives, we compare in Fig. § the calculated ARV
values of each star to the highest-amplitude pulsation as measured
in time-series TESS photometry. For the latter, we only considered
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frequencies larger than 1 d~! in an attempt to avoid including any pe-
riodicity potentially related to rotation. For visibility, we have added
a dashed-grey unity line to Fig. 8, which represents that a spectro-
scopic pulsation amplitude of ARV = 1 kms~! would be equivalent
to a photometric amplitude of 1 mmag. Globally, we observe that the
different pulsator types approximately follow the same trend, albeit
with a lot of scatter, and no single pulsator type is over-represented in
any one region of the parameter space. Calculating the Pearson cor-
relation coefficients for each pulsator class, we get values of —0.039,
—0.038, and —0.042, for the populations of 8 Cep, SPB, and SLF
respectively. The considerable scatter in Fig. 8§ demonstrates that a
single threshold of C = 20 kms~! for galactic B-type stars applied
without any knowledge of the pulsation RV distribution may lead to
mis-classification of high-amplitude pulsators as binaries and vice
versa, in alignment with the findings of Simén-Diaz et al. (2024).

On balance, the choice of 20 kms~! as a threshold seems rea-
sonable for a large sample of galactic massive stars that contains a
large fraction of pulsators. But there is a need for considerable cau-
tion for applying such a criterion blindly with no knowledge of the
underlying pulsation fraction and as a consequence the pulsation-
induced RV distribution. With additional spectroscopic epochs, we
would expect the median ARV value to increase as both additional
pulsators and binaries are identified. On the other hand, shifting the
ARV threshold to larger values would decrease the number of false
binary positives, but would also increase the number of false binary
negatives. This is because genuine binaries are more likely to not
be classified as a binary if using a higher RV threshold. Therefore,
we conclude that an informed investigation of photometric pulsation
periods in parallel to spectroscopic binary periods is highly advisable
for studies of galactic massive stars (see also Nardini et al. in prep). In
this way, an optimum choice of threshold can be made since it would
be informed by photometric constraints on the amplitudes and peri-
ods of pulsations. Additionally, when considering the results of the
various studies investigating binary fractions for a range of sample
sizes and types found in the literature, a single threshold value seems
unable to take into account the full breadth of variability observed
within the populations of O- and B-type stars and that, following
the conclusions of Simén-Diaz et al. (2024), one should rather con-
sider multiple thresholds based on a given star’s position in the HR
diagram.

6 ROTATIONAL MODULATION

Rotational modulation is the periodic variation in stellar brightness
caused by non-uniform surface features, such as chemical spots re-
sulting from the presence of a large-scale magnetic field (e.g. Stibbs
1950). Since the chemical spots of early-type stars are long-lived, the
photometric signature of rotational modulation is a series of harmon-
ics in the LS periodogram with the base frequency being the rotation
frequency (e.g. Bowman et al. 2018; Mathys et al. 2020). Previous
studies have yielded success rates between 50 and 70 per cent for
the detection of magnetic fields via spectropolarimetry for stars with
chemical spots inferred from rotational modulation (e.g. Buysschaert
et al. 2018a). Rotational modulation also has the added benefit of be-
ing applicable to a wide range of spectral types, as compared to
chemical peculiarity, whose features and causes can vary between
spectral types (see Preston 1974).

Based on all available TESS light curves for our sample and the
associated frequency spectra, we searched for rotational modulation.
We define a star to have rotational modulation if at least one harmonic
of an isolated low-frequency signal is present in the frequency spec-
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Figure 9. LS periodograms for four example stars showing rotational modu-
lation. In each case, the solid red line corresponds to the rotation frequency,
and the dashed red line corresponds to its first harmonic (f = 2 X for). The
TIC ID of each star and its SIMBAD spectral type is shown in the top-right
corner of each panel.

trum (i.e. two harmonically-related frequencies). A few examples of
such stars with rotational modulation are shown in Fig. 9. Using this
criterion, we identify 148 stars in our sample with rotational modu-
lation. This subset of stars may show multiple forms of variability,
such as pulsating stars that also present rotational modulation, and is
not necessarily these star’s dominant form of variability. Therefore,
these 148 stars with rotational modulation are worthy of follow-up
spectropolarimetry to search for the presence of a large-scale surface
magnetic field.

Of particular interest are candidate magnetic stars with pulsa-
tions, since these are prime targets for magneto-asteroseismology
(see Buysschaert et al. 2018b; Lecoanet et al. 2022). We identify 15
SPB and 16 g Cep stars showing rotational modulation. Although a
modest sample in terms of size, we shall perform an in-depth inves-
tigation of these stars in a future work.

7 CONCLUSIONS

We have combined multi-epoch high-resolution spectra from a dedi-
cated large programme with the HERMES spectrograph mounted on
the Mercator telescope with new 2-min cadence TESS photometry to
investigate the ensemble properties of a large sample of 873 galactic
O- and B-type stars. In particular, we focus on spectroscopic and pho-
tometric signatures of pulsations, binarity, and rotational modulation
as a potential indicator for magnetism. This much larger sample of
Northern massive stars complements the previous study by Burssens
et al. (2020), which was focussed on the Southern hemisphere.

We demonstrate that the vast majority of massive galactic stars
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are pulsators, with a diversity of pulsations allowing us to identify
B Cep stars, SPB stars, and SLF variability. In general, photometric
variability amongst massive stars appears to be nearly ubiquitous,
with only 58 of the 873 stars in our sample showing no significant
variability at all (i.e. constant stars). These 58 stars are all B-type stars
but have a range of luminosity classes. With longer TESS light curves
and/or improved photometric precision, it is not impossible that many
of these would be detected as photometrically variable as well. As
part of our ensemble analysis, we have determined the empirical
locations of the 8 Cep, SPB and SLF variability in the HR diagram
as the parameter space in which the 33rd and 66th percentile of stars
show a specific type of variability. The stellar evolution tracks and
corresponding theoretical instability regions for p and g modes used
in this work originate from Burssens et al. (2020), but assume a single
set of physical prescriptions. Hence, these theoretical predictions do
not capture changes in the location of the TAMS because of different
mixing processes, nor differences caused by metallicity, rotation, or
magnetism. Yet, the location of pulsating stars agrees fairly well
with expectations. Most importantly, we have used the empirical
instability regions of these three pulsator types to demonstrate that
CBM is likely mass dependent (e.g. Scott et al. 2021; Whitehead
et al. 2026), especially above M > 15 M.

Our multi-epoch HERMES spectra allowed us to identify 82 spec-
troscopic binaries, including 19 SB2 systems. We also identify the
photometric signatures of binarity and discover 30 new eclipsing
binaries, with 12 of them containing a 8 Cep or SPB pulsator and
11 of them having SLF variability. We investigated the impact of
the choice of RV threshold for identifying spectroscopic binary sys-
tems. We find that a non-negligible fraction of single pulsating stars
have pulsation amplitudes larger than the typically used threshold
of 20 kms~! for determining significant RV variability presumed
to be caused by binarity. Whilst O-type stars in low-metallicity en-
vironments, such as the LMC and SMC galaxies, are typically not
high-amplitude pulsators, this is not the case of galactic B-type stars.
The distribution of pulsation amplitudes for galactic (single) B-type
stars peaks at around 20 km s~! and has an extended tail that reaches
upwards of 40 km s~L. In our sample, we have the advantage of being
able to directly compare the spectroscopic RV amplitudes and photo-
metric amplitudes, thus providing additional insight into being able
to distinguish between one source of RV variability from another
when using a threshold of 20 km s~!. Therefore, given the availabil-
ity of TESS data across the entire sky, we advocate that spectroscopic
studies of binarity among galactic massive stars should be informed
by photometry. Unfortunately, the number of spectroscopic epochs
for most stars in our sample is limited, and so a full binary analysis
is not possible, but we have identified systems worthy of follow-up.

In addition, we identify 148 stars with rotational modulation in
their TESS light curves, which is a proven indicator of a potential
large-scale strong magnetic field for early-type stars (e.g. Buyss-
chaert et al. 2018a; Shultz et al. 2019). We also identify 39 pulsat-
ing stars with rotational modulation, which may have strong, large-
scale magnetic fields making them potential targets for magneto-
asteroseismology. The inclusion of magnetic fields in a forward as-
teroseismic modelling framework yields more robust insight into the
rotation and mixing properties of magnetic stars.

In the future, we will perform forward asteroseismic modelling of
individual targets that have been characterised as high-priority from
this work to calibrate the physical prescriptions of mixing in stel-
lar structure and evolution models. While individual TESS sectors
are usually sufficient to distinguish pulsator types, they are typi-
cally not sufficient for performing precise mode identification (see
Scott & Bowman 2026). The ideal scenario is, therefore, to have



multiple consecutive sectors of TESS data, which is only realised
for a fraction of our sample. Massive stars were generally avoided
by the Kepler mission, and the light curves assembled by the K2
and TESS missions are, on average, quite short for robust forward
asteroseismic modelling. However, we expect long-duration, short-
cadence, and high-precision photometric precision light curves from
the ESA PLATO mission (Rauer et al. 2025), which is scheduled to
be launched in early-2027. Thanks to PLATO’s observing strategy,
a long temporal baseline of at least 2 yr will enable pulsation mode
identification for many massive stars. Our current study demonstrates
that the asteroseismic return of studying massive stars with TESS data
is very high, hence an equally high return is expected for massive
stars observed by the PLATO mission. Combining these TESS pho-
tometric data with other observing techniques, such as spectroscopy
and spectropolarimetry, we will form a more complete picture of how
massive stars evolve and interact with their companions.
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APPENDIX A: COMPARISON OF CONTINUUM
NORMALISATION TECHNIQUE

InFig. A1, we show a comparison of the best-fitting TLUSTY models
derived from the manually normalised and SUPPNET-normalised
HERMES spectra, for a selection of stars. This comparison, which
is typical for the entire sample, demonstrates the excellent result of
SUPPNET, since the difference in T and log g values between each
best-fitting model is usually a maximum of one grid step size.

APPENDIX B: NEW ECLIPSING BINARY LIGHT CURVES

In Figs. B1-B5, we show TESS light curves of all the new EBs that
have been discovered in this work.

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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Figure Al. Comparison of the results of normalisation between manual (blue) and via SUPPNET (grey) for three representative stars. The resultant best-fitting
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row. A dashed line has been added to each spectrum to show the continuum level.
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Figure B1. Left: Light curves for the 30 new EBs identified through this work, with their TIC ID and respective sector number. Right: Phase-folded light curves,
with the corresponding orbital period Py, and reference time T based on the primary eclipse.
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Figure B2. Same as Fig. B1 (continued.).
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Figure B3. Same as Fig. B1 (continued.).
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Figure B4. Same as Fig. B1 (continued.).
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Figure BS. Same as Fig. B1 (continued.).
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