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ABSTRACT

Context. Asteroseismic observations of the interior rotation of main sequence stars have shown that angular momentum transport is
much more efficient than expected. Which transport mechanisms are responsible for this is still unclear. Detections of radial differential
rotation provide valuable constraints on these transport mechanisms. This has been detected in several massive main sequence βCep
pulsators, even though fewer than ten βCep stars have been asteroseismically modelled in detail so far.
Aims. We aim to expand the sample of asteroseismically forward modelled βCep pulsators to maximally exploit their potential to
observationally constrain angular momentum transport mechanisms. To that end, we seek to constrain their rotation profiles.
Methods. We searched for rotational splitting of non-radial modes in a large βCep sample with identified mode degrees. These were
subjected to a novel forward modelling approach, which consistently accounts for second-order rotation effects using the state-of-the-
art StORM oscillation code.
Results. We successfully modelled 36 βCep stars and constrained crucial parameters such as their initial mass, internal rotation
frequency, convective core mass, and age. Like in intermediate-mass main sequence stars, the internal rotation rate globally decreases
in βCep stars as they evolve along the main sequence. Radial differential rotation is constrained in 17 βCep stars. The rotation rate in
at least 14 stars varies by more than 10%. Of these 14 stars, ten have their rotation rate decreasing from the core to the surface while
it is the opposite in four of them.
Conclusions. We affirm that radial differential rotation is common in βCep stars. Moreover, our constrained rotation profiles suggest
that the typical βCep rotation profile may be non-monotonic.
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1. Introduction

Asteroseismology, the study of pulsating stars, has begun to un-
veil the interior structure of stars (e.g., Hekker & Christensen-
Dalsgaard 2017; García & Ballot 2019; Aerts 2021; Aerts &
Tkachenko 2024). Thanks to the recent space photometry rev-
olution brought on by the CoRoT (Auvergne et al. 2009), Kepler
(Borucki et al. 2010), and TESS (Ricker et al. 2015) telescopes,
precise asteroseismic measurements of the interior structure of
thousands of stars are now available (see Kurtz 2022, for a re-
cent observational overview). A key goal of asteroseismology10

is to unravel transport processes inside the stars, notably angu-
lar momentum transport mechanisms such as those described by
Zahn (1992); Talon et al. (1997); Mathis & Zahn (2004, 2005);
Mathis et al. (2013); Rogers et al. (2013). Calibrating these pro-
cesses requires a measurement of the internal rotation profile of
stars in various evolutionary stages (e.g., Deheuvels et al. 2014;
Kurtz et al. 2014; Triana et al. 2015; Di Mauro et al. 2016; Triana
et al. 2017; Li et al. 2024; Aerts et al. 2019, for a review).

Asteroseismic studies of hundreds of intermediate-mass
main sequence stars with a convective core have revealed that20

the vast majority of them rotate quasi-rigidly regardless of their
age (Ouazzani et al. 2019; Li et al. 2020; Aerts 2021, for a re-
view). These observations stand in stark contrast to the predic-
tions of radial differential rotation increasing with age when no
angular momentum is transported (e.g., Maeder 2009) or when

modelling angular momentum transport by meridional circula-
tion and turbulence (e.g., Zahn 1992; Talon et al. 1997; De-
cressin et al. 2009; Amard et al. 2019). As such, angular momen-
tum transport in intermediate-mass main sequence stars must be
far more efficient than previously thought. It is currently unclear 30

which transport mechanisms are responsible for this efficient an-
gular momentum transport along the main sequence. As a result,
current stellar evolution models are subjected to considerable
systematic uncertainty. Moreover, these transport mechanisms
could also transport material, further affecting the star’s structure
and evolution. Efficient internal mixing refuels the convective
core and thus extends the star’s lifetime, smoothens chemical
gradients, and brings metals produced in the core to the surface.

Our present study aims to lift our knowledge of the inter-
nal rotation properties of high-mass main sequence stars to a 40

population level. The most massive main sequence pulsators
are the βCephei (βCep) stars. They display low-order pressure-
(p-) and gravity-(g-)modes and have masses between approxi-
mately 8 and 30 M⊙ (Aerts et al. 2010; Bowman 2020; Kurtz
2022). Unlike intermediate-mass main sequence pulsators, most
βCep pulsators with internal rotation measurements display dif-
ferential rotation. Such differential rotation was first reported by
Aerts et al. (2003) and was recently summarised by Burssens
et al. (2023). Hence, βCep stars provide valuable constraints to
angular momentum transport studies in the high-mass regime. 50

However, the exploitation of this pulsator class is limited by the

Article number, page 1 of 21



A&A proofs: manuscript no. output

small number of targets for which the internal rotation rate was
measured. Fewer than ten βCep stars have been asteroseismi-
cally modelled in detail and never all together in a consistent
population-level study. Of these stars, only five provided con-
straints on their differential rotation (Burssens et al. 2023). In
three stars the rotation rate near the core is up to about 3 times
faster than near the surface. In one case, the near-core region ro-
tates slightly slower than the envelope and the final star rotates
quasi-rigidly.60

CoRoT observed only one genuine βCep star but it did not
reveal any information on its internal rotation (Degroote et al.
2009) and Kepler observed none with proper mode identifica-
tion. This is not surprising given that βCep pulsators were not
the main focus of these space missions. Several hundreds of
βCep stars were recently discovered by TESS (e.g., Shi et al.
2024; Eze & Handler 2024) and other projects (e.g., Burssens
et al. 2019; Labadie-Bartz et al. 2020; Pereira et al. 2024). How-
ever, the internal rotation profile has only been constrained in
one of these stars, namely HD 192575 (Burssens et al. 2023;70

Vanlaer et al. 2025). This shortage is due to a lack of mode iden-
tifications of the detected oscillations, which are necessary to
measure the interior rotation rate of βCep pulsators. The inter-
nal rotation is usually measured from rotational splitting of non-
radial modes via the Ledoux constant of that splitting (Ledoux
1951). As the low-order modes of βCep stars do not occur in
the asymptotic regimes of low or high frequencies, their Ledoux
constants must be extracted from a proper stellar structure model
of the star. Such a model is usually found by forward astero-
seismic modelling of zonal mode frequencies, whereby the ob-80

served frequencies are matched to model predictions. Forward
asteroseismic modelling is only reliable if at least a few observed
modes are identified (Ausseloos et al. 2004). Moreover, most for-
ward modelling efforts used a first-order perturbative treatment
of rotation, which is not optimal for the βCep frequency regime
(Suárez et al. 2009, and references therein).

Mode identification of βCep pulsations was historically per-
formed from ground-based multi-colour photometry (e.g., Heyn-
derickx et al. 1994) or spectroscopic line profile variations (e.g.,
Aerts & De Cat 2003). This research was boosted by long-90

duration multi-site observation campaigns of a few bright βCep
targets (e.g., Handler et al. 2004; Aerts et al. 2004b; Handler
et al. 2005; Briquet et al. 2005; Handler et al. 2006, 2012; Bri-
quet et al. 2012). However, these require significant allocations
of telescope time, international collaboration efforts, and intri-
cate analyses. Consequently, such campaigns are difficult and
expensive to scale up to large samples, especially for dim tar-
gets. Despite these challenges, modern ground-based multi-site
monitoring projects to identify the signals in a few dozen bright
βCep stars are ongoing, such as the Global Asteroseismology100

Project (Shitrit & Arcavi 2024).
A new avenue towards βCep mode identification recently

opened up in the form of space-based multi-colour photome-
try. Hey & Aerts (2024) demonstrated that the sparse time se-
ries photometry of the Gaia space telescope (Gaia Collaboration
et al. 2016, 2023) captures the dominant frequency detected by
TESS in over 80% of pulsators with an amplitude above 4 mmag.
Subsequently, Fritzewski et al. (2025) performed a multi-colour
analysis on over 200 βCep stars based on their amplitudes in the
TESS and Gaia passbands. For 143 of these stars, they identified110

the most likely degree of the dominant mode. In 33 of these stars,
they also found a rotationally split multiplet which includes the
dominant mode. These multiplets were subsequently matched to
stellar models to estimate the envelope rotation rate. Gaia spec-
troscopy placed a lower limit on the surface rotation frequency

of 20 of these pulsators. Based on these two rotation frequencies,
Fritzewski et al. (2025) provided upper limits on the envelope-
to-surface rotation ratio of these 20 stars . These limits vary be-
tween 0.3 and 4, albeit with considerable uncertainty.

In this study, we provide observational constraints to future 120

theoretical studies of angular momentum transport in high-mass
main sequence stars by bringing βCep asteroseismology to a
population level. To that end, we revisit the sample of Fritzewski
et al. (2025) looking for βCep stars with sufficient mode identifi-
cations to asteroseismically model. Our sample of βCep stars is
described in Sect. 2. Section 3 presents a new grid of stellar mod-
els and their oscillation predictions. This grid enables a novel as-
teroseismic modelling approach consistently including second-
order rotation effects, as described in Sect. 4. Based on these re-
sults, Sect. 5 evaluates the impact of the second-order rotation 130

effects. Section 6 delves into relations between the asteroseismi-
cally inferred rotation and stellar parameters. The detections of
differential rotation are shown and discussed in Sect. 7. Finally,
a summary and our conclusions are presented in Sect. 8.

2. Target selection

The goal of forward asteroseismic modelling is to constrain a
number of free parameters and the input physics of stellar mod-
els by matching the observed frequencies of identified modes
to those predicted by those models. At minimum, this must
constrain the stellar mass and age for a chosen initial metal- 140

licity and chemical mixture. For intermediate- and high-mass
stars, core-boundary mixing (Dupret et al. 2004; Mazumdar et al.
2006; Johnston 2021; Pedersen et al. 2021) and envelope mixing
(Moravveji et al. 2015; Pedersen et al. 2021) are also essential
ingredients. We seek to evaluate the rotation rate as well, hence
our optimisation problem is five-dimensional. Therefore, we aim
for five observational constraints to attempt to break the degen-
eracies between the free parameters. Two such constraints can
be provided by the effective temperature and luminosity, which
are now available for most known βCep stars from Gaia DR3. 150

The remaining constraints come from observed mode frequen-
cies, for which the azimuthal order of observed modes must be
known to account for rotational shifts. Therefore, we require a
sample of βCep stars with at least three observed frequencies
with an identified degree and azimuthal order. No sample with
these stringent selection requirements on mode identifications
has been collected or modelled before.

2.1. Initial input from Fritzewski et al. (2025)

Most of our sample stars are selected from the 222 βCep stars
presented in Fritzewski et al. (2025) and we followed their ap- 160

proach in drawing their stellar parameters from Gaia. When
available, the effective temperature Teff comes from Gaia’s ESP-
HS pipeline (Fouesneau et al. 2023). Otherwise, we took Teff
from the GSPPHOT-OB pipeline. Following Fritzewski et al.
(2025), we took a conservative relative uncertainty of 10% for
Teff as the errors listed in Gaia DR3 are unrealistically small
(Fouesneau et al. 2023). Together with the measurements of dis-
tance, mean G magnitude, and extinction from GSPPHOT-OB,
these Teff were used to find the luminosity L using Pedersen et al.
(2020)’s Model 1 bolometric correction. Finally, like Fritzewski 170

et al. (2025) did, we estimated the surface rotation frequency
with an unknown projection factor frot sin i for 167 βCep stars
by combining the ESP-HS projected surface velocity with the
radius computed from L and Teff .
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We drew on the TESS light curves, Fourier analyses, and
identifications of mode degrees of Fritzewski et al. (2025) as
the foundation to build our sample on. By combining Gaia and
TESS photometry in different passbands, they assigned proba-
bilities to the dominant frequency of each star having a degree
l of 0, 1, or 2. For 143 βCep stars, they could identify a partic-180

ular degree with a probability greater than 60%. However, the
azimuthal orders of these dominant modes are not provided by
the multi-passband identification method.

2.2. Stricter mode identification from rotational splitting

To determine the degree and azimuthal order of as many sig-
nals detected in each target’s TESS light curve as possible,
we searched for rotationally split multiplets. For the low-order
modes of single, non-magnetic βCep stars, these multiplets
show up as series of up to 2l + 1 roughly evenly spaced fre-
quencies in the Fourier transform of a light curve.190

Without prior information on a star’s rotation and the identi-
ties of its pulsation modes, there are many possible combinations
of detected modes that could plausibly form a multiplet. Hence,
to avoid misidentifying multiplets, we constrained ourselves to
candidates that satisfy a number of conditions based on the exist-
ing observations and the expected properties of βCep pulsations.
However, imposing a list of overly strict conditions can intro-
duce selection biases and limit our sample size. Therefore, the
identification of a potential multiplet was considered sufficiently
secure when it satisfied at least four of these five conditions:200

1. All 2l + 1 frequencies in the multiplet are detected.
2. The rotational splitting in the candidate multiplet should be

compatible with the frot sin i estimate from Gaia if it is avail-
able. To that end, we defined the mean rotational splitting
as ∆ f ≡ ⟨ fm− f0

m ⟩, wherein fm is the multiplet’s frequency of
azimuthal order m (so f0 is the zonal mode frequency) and
⟨⟩ indicates a mean over the non-zonal (m , 0) modes. ∆ f
should either be greater than the lower limit frot sin i, or no
more than 2σ or a factor 2 smaller to account for the Ledoux
constant (Ledoux 1951).210

3. The identification of the candidate multiplet’s degree must
not contradict the multi-colour analysis of the dominant
mode by Fritzewski et al. (2025). How this condition is ap-
plied depends on the dominant mode identity and to which
multiplet the dominant mode belong.
a) If the dominant mode is part of the candidate multiplet, the
probability of the degree suggested by the rotational splitting
must be at least 40% in Fritzewski et al. (2025).
b) If the dominant mode belongs to a multiplet other than
the candidate multiplet, we compared ∆ f of and the candi-220

date multiplet. Since rotational splitting in either multiplet
can be reduced by up to 50% due to the Ledoux constant,
we demanded ∆ f in each multiplet to differ less than a factor
2. If there are no observed signals in this frequency window
around a high-amplitude signal, we considered that signal as
a radial mode.
c) If Fritzewski et al. (2025) identified the dominant mode
as a radial mode with a probability of at least 60%, this con-
dition was neglected for candidate multiplets that do not in-
clude the dominant mode.230

4. The broader a multiplet’s rotational splitting, the more likely
it becomes for an unrelated mode to be misidentified as part
of the multiplet. Moreover, rotational splitting in rapidly ro-
tating stars is expected to be more asymmetric, which com-
plicates mode identification. Therefore, we selected multi-
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Fig. 1: Hertzsprung-Russell diagram with the targets in our sam-
ple. The dashed blue line indicates the p-mode instability strip
of Burssens et al. (2020). Some examples of evolutionary tracks
from our model grid are shown in orange. Solid lines indicate
the models with the weakest core overshoot and envelope mix-
ing and dotted lines those with the strongest mixing.

plets with ∆ f < 0.75 d−1, following observations of con-
firmed multiplets of βCep stars in the literature.

5. Rotationally split p-mode multiplets in slow to moderate ro-
tators are nearly symmetric with a dimensionless asymmetry
|A|m|| =

2 f0− fm− f−m
fm+ f−m

of the order of a few times 10−2 (Guo et al. 240

2024). Consequently, we sought multiplets with |A|m|| < 0.10
to prevent the misidentification of unrelated signals that ap-
proximately line up by coincidence.

2.3. Literature pulsators

To validate the novel asteroseismic forward modelling strategy
described in Sect. 4 and to expand our sample further, we added
βCep stars with forward modelling in the literature. Our study
is focussed on pulsations of degree l = 0, 1, 2 since those are
the only identifications provided by Fritzewski et al. (2025) and
are the most commonly observed in space photometry of βCep 250

pulsators. Due to the requirements of our modelling approach,
we selected literature stars with at least one identified rotation-
ally split multiplet and either an identified radial mode or another
multiplet.

Six well-known βCep stars fulfil these conditions, namely
HD 129929 (e.g., Aerts et al. 2003, 2004b; Dupret et al. 2004),
νEri (e.g., Aerts et al. 2004a; Ausseloos et al. 2004; De Ridder
et al. 2004; Pamyatnykh et al. 2004; Jerzykiewicz et al. 2005;
Dziembowski & Pamyatnykh 2008; Suárez et al. 2009), βCMa
(e.g., Handler et al. 2003; Desmet et al. 2006; Mazumdar et al. 260

2006; Shobbrook et al. 2006), θOph (e.g., Handler et al. 2005;
Briquet et al. 2005, 2007; Lovekin & Goupil 2010), HD 192575
(Burssens et al. 2023; Vanlaer et al. 2025; Vandersnickt et al.
2025), and 12 Lac (e.g., Handler et al. 2006; Dziembowski &
Pamyatnykh 2008; Desmet et al. 2009). Notably, 12 Lac was al-
ready included in the sample of Fritzewski et al. (2025), who
agreed with the mode identification by Handler et al. (2006)
and Desmet et al. (2009). For the other five validation stars, we
adopted the observed Teff , L, frequencies, and identifications of
l and, if available, m reported in the literature. 270
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Our work presents the largest sample of βCep stars with
enough identified modes to perform asteroseismic forward mod-
elling in a homogeneous way. Table D.1 summarises all obser-
vational input used for our modelling. Of the 36 stars we suc-
cessfully model in Sect. 4, 24 have an identified radial mode
and 17 have more than one identified rotationally split multiplet.
Figure 1 shows our targets in the Hertzsprung-Russell diagram
(HRD) alongside some evolutionary tracks.

3. Grid of stellar models

Asteroseismic forward modelling requires stellar models with280

predictions of their pulsation frequencies to match observations
to. One can either use a model grid with medium resolution or
an initial grid with poor resolution which is continually refined
around a star’s optimal parameter values. This second approach
was commonly used by past studies on individual βCep stars
(e.g., Dupret et al. 2004; Briquet et al. 2007; Suárez et al. 2009;
Burssens et al. 2023). Since we seek to model a large number of
pulsators, refining the grid for each star is not feasible. Figure 1
shows our stars are spread over a broad area of the HRD, so we
require a grid covering the entire βCep instability strip.290

3.1. Models of stellar structure and evolution

We computed a new grid of non-rotating stellar models us-
ing the stellar structure and evolution code Modules for
Experiments in Stellar Astrophysics (MESA) version
r24.08.1 (Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn
et al. 2023). These models were optimised for asteroseismic
modelling by improving the spatial resolution around burning
and convective regions using the scheme of Burssens et al.
(2023). The models contain the solar metal fractional abun-
dances from Asplund et al. (2009). We used the correspond-300

ing radiative opacity grids of the Opacity Project library (Seaton
2005), except at low temperatures where they are blended with
the opacity tables of Ferguson et al. (2005). The equation of
state is a blend of FreeEOS (Irwin 2004) and Skye (Jermyn
et al. 2021). Our custom nuclear network contains 32 isotopes
covering the four cold CNO-cycles and the α-backbone up to
56Fe and 56Ni. We exclusively used the nuclear rates of the JINA
REACLIB (Cyburt et al. 2010).

We used the Ledoux criterion for convection and set the
mixing-length parameter αMLT = 2.0. Since most of our stars310

lack strong observational constraints on their metallicity from
high-resolution spectroscopy, we fixed the initial metallicity
Z at 0.014. The consequences of this choice are assessed in
Sect. 4.1.5. We included the levels of core-boundary and enve-
lope mixing as free parameters in the models. Core-boundary
mixing was implemented as exponential overshooting, which be-
gins a distance of 0.005 HP into the convective core, wherein
HP is the pressure scale height. The core overshoot parameter
fov varies from 0.005 to 0.035 in steps of 0.005. Beyond the
overshooting zone, the mixing profile represents envelope mix-320

ing caused by internal gravity waves. Based on the hydrody-
namical simulations by Rogers & McElwaine (2017), the mix-
ing profile is set to Dmix = Dmix,0

ρ0
ρ

, with ρ the local den-
sity and ρ0 the density at the base of the envelope. As shown
by the simulations of Varghese et al. (2023) and confirmed by
the observational calibration of Mombarg et al. (2025b), mix-
ing by internal gravity waves increases with mass. Therefore,
we let Dmix,0 vary from 10 to 106 cm2 s−1 in logarithmic steps
∆ log Dmix,0 = 1 in the model grid. However, to prevent the mod-

Table 1: Parameter space of our MESA-StORM grid.

parameter code min. max. number
M [M⊙] MESA 7.00 29.85 43

log Dmix,0 [cm2 s−1] MESA 1.0 ; 2.0 5.0 ; 6.0 5
fov MESA 0.005 0.035 7
Xc MESA 0.0001 0.701 118

frot/ fcrit StORM 0.0 0.40 41

els with M < 13 M⊙ from being completely mixed, we set the 330

upper limit of Dmix,0 to 105 cm2 s−1 for that mass regime. On the
other hand, Dmix,0 = 10 cm2 s−1 is too low to meaningfully mix
models more massive than 13 M⊙, which is required to match
asteroseismic observations (Moravveji et al. 2015). As such, the
lower limit for Dmix,0 is set to 102 cm2 s−1 for these masses.

To sample the entire βCep space, we computed main se-
quence models with 43 values for M between 7 and 30 M⊙ in
logarithmic steps of ∆ log M = 0.015. This results in typical
steps in M of 0.5 M⊙ with tighter sampling around lower M.
Each MESA run created output at 118 values of central hydrogen 340

fraction Xc between 0.701 and 0.0001, with the resolution in-
creasing as Xc decreases. This fine age resolution ensures there
is a model reasonably close to the star’s true parameters. Table 1
summarises the parameter space of our grid.

3.2. Oscillation computations

To predict the pulsation frequencies of l = 0, 1, 2 modes
in our stellar models, we employed the adiabatic oscillation
code Stellar Oscillations with Rotation (StORM, Van-
laer et al. submitted)1, which is optimised for the low-order
modes of βCep stars. It includes the second-order rotation ef- 350

fects due to the Coriolis force and rotational deformation, ap-
proximated by the Chandrasekhar-Milne expansion to second-
order (Chandrasekhar 1933; Tassoul 1978) applied to a spheri-
cal stellar input model. This deformation increases the star’s to-
tal size and hence reduces all mode frequencies. The oscillation
frequencies are further perturbed by coupling between spheri-
cal harmonics, including toroidal components (Saio 1981; Lee
& Baraffe 1995). As frequencies of different azimuthal order are
perturbed at different levels, these second-order effects of rota-
tion result in asymmetric rotationally split multiplets. 360

Recently, Mombarg et al. (2025a) compared the pulsations
of 2D stellar models to those computed with StORM from 1D
models to evaluate StORM’s ability to constrain an internal mag-
netic field from asymmetry rotational splitting. Their study con-
siders rotation frequencies frot below 20% of the Keplerian crit-
ical rotation rate fcrit. They showed that the rotational asymme-
tries predicted by StORM are in general accurate enough for as-
teroseismic modelling of βCep stars with identified low-order
modes. Thanks to StORM’s predictions of the asymmetry of mul-
tiplets, we can include the observed rotational splitting of non- 370

radial modes as additional constraints in the asteroseismic for-
ward modelling, as also proposed by Suárez et al. (2010). This
strongly constrains frot in particular, which we include as a fifth
free parameter in our forward modelling (see Table 1).

We computed the oscillations at frot in the range 0-40% of
the Keplerian critical rotation rate fcrit in steps of 1% of fcrit.
This pushes beyond the 20% limit below which Mombarg et al.
(2025a) showed StORM to be fully reliable. As such, the mod-
elling of some modes may only be approximate in the most

1 https://storm.stellar-oscillations.org/
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1. Choose an observed signal as the fixed mode

For each considered radial order for fixed mode

2. For each MESA evolutionary track

• For each considered 𝑓rot

‒ Find age where  𝑓model = 𝑓fixed 
‒ Interpolate in age
‒ Compute 𝜒2

splitting 

• Find minimum of 𝜒2
splitting

• Interpolate in 𝑓rot

• Is model within 2𝜎 on HRD? 
      YES : compute 𝜒2

          NO : discard

3. Take 𝜒2–weighted mean of stellar parameters

4. Manually select radial order of fixed mode

5. Calculate uncertainties

6. Compute final model for post-processing

Fig. 2: Step-by-step overview of the forward modelling method
applied to each star. The steps in coloured boxes are repeated
for each considered radial order of the fixed mode (green), for
each evolutionary track in our model grid (blue), and for each
considered rotation rate (red). Each step is explained in its own
section in the main text.

rapidly rotating stars in our sample. Nevertheless, this is still380

superior to a first-order approximation resulting in symmetrical
splittings. While most parameters in stars with frot > 20 % fcrit
are still well-constrained, some stars’ l = 1 multiplets are rather
poorly reproduced, as detailed in Sect. 5.

Although βCep stars are known to feature differential ro-
tation, our oscillation computations assume rigid-body rotation
because the rotation profiles of the sample stars are not known
a priori. This choice limits the dimensionality and makes our
modelling problem solvable while still accounting for the ef-
fects of rotation in a more advanced way than past βCep for-390

ward modelling applications. The framework outlined by Suárez
et al. (2010) would permit to further constrain the rotation pro-
files, though this has not yet been applied to an observed βCep
pulsator. Such an additional step is beyond our global sample
study. Instead, we placed constraints on the rotation profiles of
our stars using these Uniformly rotating models in Section 7.

We scanned for frequencies of modes with degrees l = 0, 1, 2
between 2 and 15 d−1, which reliably includes the radial orders
npg from -3 to +5 that we consider in our modelling. StORM de-
fines npg using the Eckart-Scuflaire-Osaki scheme (Eckart 1961;400

Scuflaire 1974; Osaki 1975), except for l = 1 modes for which it
uses the Takata scheme (Takata 2006).

4. Asteroseismic forward modelling

In this section, we detail our modelling approach, demonstrate
its reliability using the six validation stars in our sample, and
present some essential modelling results. All observational input
data used in the modelling are available in an electronic table, a
snippet of which is shown in Table D.1.

4.1. Step-by-step modelling breakdown

Our forward modelling approach is inspired by that of Ausseloos410

et al. (2004), who first fitted the radial mode of νEri to find its

0.00.10.20.30.40.50.60.7
Xc

2

3

4

5

6

7

8

f [
d

1 ] l=0 ; frot/fcrit=0%
l=0 ; frot/fcrit=25%
l=1 ; frot/fcrit=0%
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Fig. 3: Evolution of the radial (green), dipole (blue), and
quadrupole (orange) zonal p1-mode frequencies of a non-
rotating (solid lines) and rotating (dashed lines) model.

age before fitting the remaining zonal modes. This two-step ap-
proach reduces the computational cost of the forward modelling,
which is of great importance when modelling an entire sample
of βCep pulsators. We implemented a similar methodology, but
generalised it in two important ways. First, we account for the
second-order effect of rotation on the mode frequencies through
STORM’s model of stellar deformation. Consequently, the age
found from a mode frequency depends on the rotation rate, so
we determined the rotation rate in a consistent way during the 420

forward modelling rather than in a ‘a posteriori’ analysis step.
Secondly, not all targets in our sample have an identified radial
mode. Therefore, the age of each stellar model in the grid may
be determined from a different identified mode, which we refer
to as the star’s ‘fixed mode’.

Our modelling methodology is shown schematically in
Fig. 2. Each of these six steps is explained in a section below.

4.1.1. Selecting the fixed mode

We first select an identified signal as the fixed mode used to de-
termine the optimal age. Following Ausseloos et al. (2004) and 430

Desmet et al. (2006), we always use a radial mode as the fixed
mode if one is identified in the observations. Figure 3 shows the
evolution of three zonal mode frequencies at different rotation
rates. The radial mode frequency decreases monotonically with
age until the model approaches the TAMS. Meanwhile, the non-
radial modes display some bumps due to mixed mode behaviour
and avoided crossings (Burssens et al. 2023; Guo et al. 2024).
Consequently, radial modes are preferred over non-radial modes
as they always allow for a unique age determination from one
observed frequency in each evolutionary track. 440

For targets without an identified radial mode, we selected a
zonal mode as the fixed mode since they are less dependent on
frot than non-zonal modes. The bumps seen in Fig. 3 are more
common for modes of lower radial order and thus lower fre-
quency. Therefore, we picked the identified zonal mode with the
highest frequency as the fixed mode. This has the disadvantage
that these modes are more affected by the second-order rotation
effect stellar deformation (e.g., Saio 1981), although the rotation
optimisation procedure described in Sect. 4.1.2 accounts for that
effect. 450

Should the zonal non-radial mode in a star still be influenced
by these bumps, the age established from the fixed mode would
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vary chaotically with the other free parameters. This behaviour
showed up in the modelling of one target, which was subse-
quently excluded from our sample as the age could not be re-
liably determined.

4.1.2. Fixing age and rotation frequency for each
evolutionary track

With a chosen fixed mode at hand and assuming its radial order
is known (we revisit this assumption in Sect. 4.1.4), we com-460

pared the observed and predicted frequencies in an evolutionary
track of MESA-StORM models. We created a cubic interpolation
spline of the predicted fixed mode frequency for the different
ages. Next, we found the age when the prediction spline matches
the observed fixed mode frequency. Then similar cubic interpola-
tion splines were created for all predicted frequencies and stellar
parameters to produce an asteroseismic model at the fixed age.
The errors incurred by this interpolation are smaller than the ob-
servational uncertainties.

Because of StORM’s inclusion of the second-order rotational470

effect caused by the stellar deformation, zonal mode frequencies
depend on the rotation rate. Therefore, we repeated the above
age fixing for each considered rotation rate to find the rela-
tion between the fixed age and rotation rate. To select an op-
timal rotation frequency and thus age, we computed for each
of these models at different rotation rates the merit function
χ2

splitting =
∑

j
(∆ fj,obs−∆ fj,model)2

σ2
∆ f j

, with ∆ f the rotational frequency

splitting and σ∆ f its uncertainty. The index j iterates over
all identified non-zonal modes. χ2

splitting represents how well a
model’s frequency predictions (‘model’) reproduce the observed480

rotational splitting (‘obs’). Using a cubic interpolation spline for
χ2

splitting against frot/ fcrit, we minimise χ2
splitting to find the best-

fit value for frot/ fcrit in this evolutionary track. Finally, the pre-
dicted frequencies and stellar parameters in the age-fixed models
are interpolated in frot/ fcrit.

By establishing the optimal age and rotation rate from a
fixed mode and the measured rotational splittings, we reduced
an entire evolutionary track of thousands of MESA-StORM mod-
els down to one. This procedure was performed for each evo-
lutionary track –characterised by M, log Dmix,0, and fov– in our490

model grid. To ensure these models were compatible with the
spectroscopic constraints provided by Gaia DR3, we discarded
the selected models outside the observed 2σ error ellipse in the
HRD.

4.1.3. Statistical parameter estimation

As a measure for the quality of each selected model within the
2σ error ellipse in the HRD, we computed χ2 =

∑
i

(Qi,obs−Qi,model)2

σ2
Qi

.

For the fitted quantities Qi, we used the identified zonal mode
frequencies f j,0, identified rotational splitting ∆ f j, log Teff , and
log L.2 The contributions of log Teff and log L to χ2 are small due500

to their large observational uncertainties. As the radial orders of
the observed modes are not known a priori, we scanned all radial
orders npg and used the one with a zonal frequency closest to the
observed zonal frequency of the multiplet. We considered the
range of radial orders npg = (−3, . . . , 5). In the end, none of the
observed signals were matched with the extrema −3 and 5, which
shows that our range in npg was sufficiently broad.

2 Note that the frequencies fm, j of non-zonal non-radial modes are not
directly fitted.

We computed statistical parameter estimates from a
weighted average over the remaining models in the 2σ error el-
lipse in the HRD with weights given by exp (− χ

2

2 ). This reduces 510

the dependence on the grid resolution by allowing the free pa-
rameters to take on values between the grid output. Moreover,
the weighted standard deviation provides an estimate of the sta-
tistical uncertainty σQ,stat for each quantity Q.

4.1.4. Identifying the radial orders

In the modelling steps described above, it was assumed that the
radial order of the fixed mode was known. However, this is not
the case. Therefore, we repeated steps 1 to 3, each time assuming
a different radial order for the fixed mode. Then, we assessed the
modelling outcomes from the different analyses and manually 520

selected the most likely radial order based on three hierarchical
conditions:

1. We always favoured a radial order that produced a model
with frequencies that explained unidentified signals in the
observations.

2. If the first condition did not result in a favoured radial order,
we examined the smallest χ2 values of each modelling run
and used these as a measure of the overall fit quality. We
preferred a certain npg if the minimal χ2 is at most half of the
minimal χ2 obtained with different npg. 530

3. If the previous conditions did not provide a best npg, we se-
lected the model closest to the observed position in the HRD.

For radial fixed modes, we tested npg = 1, 2, 3. Higher or-
der radial modes were not considered as these have never been
observed in any βCep star and are predicted to be stable (Pamy-
atnykh 1999; Rehm et al. 2024). For non-radial fixed modes, we
also tried npg = −1,−2,−3 on top of npg = 1, 2, 3 as βCep stars
are known to feature non-radial p- and g-modes. No star in our
sample favoured npg = −3 for its fixed mode, so we did not try
any higher-order g-modes. Finally, if the fixed mode has degree 540

l = 2, we also considered that the fixed mode may be an f-mode,
represented by npg = 0.

4.1.5. Errors and systematic uncertainties

Several sources of uncertainty for each estimated parameter Q
can be considered. The statistical spread between the selected
models is represented by the weighted standard deviation σQ,stat
computed in step 3. These neglect the theoretical uncertainties on
predicted pulsation frequencies due to the choice of frozen input
physics, which may be orders of magnitude larger than the typ-
ical observed frequency error. Therefore, we set the uncertainty 550

on our identified frequencies to 10−3 d−1, which is the typical
theoretical uncertainties for βCep stars (Aerts et al. 2018).

Even taking into account the uncertainty caused by the
choice of input physics, almost all stars have unrealistically
small σQ,stat from step 3. This occurs when the frequency differ-
ences between models of different (M, log Dmix,0, fov) are much
larger than the frequency uncertainty, which leads one model
to dominate the statistical estimate of Q. This is a known phe-
nomenon from grid modelling and makes it difficult to obtain
statistical values for (M, log Dmix,0, fov) between the grid out- 560

put. In these cases we adopt an uncertainty on the free param-
eters of at least half a grid step. We thus set an uncertainty on
Q of σQ = max(σQ,stat,

∆Qgrid

2 ), with ∆Qgrid the grid step for
Q = M, log Dmix,0, fov. These increased uncertainties are then
propagated to all other stellar parameters through the theoretical
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correlations between those parameters and M, log Dmix,0 in the
closest grid output.

Another source of systematic uncertainty is our fixed Z =
0.014, as βCep pulsators display a range of metallicities (e.g.,
Niemczura & Daszyńska-Daszkiewicz 2005, and references in570

Table 2). A weighted standard deviation of the metallicity in
the 31 βCep field stars reported by Niemczura & Daszyńska-
Daszkiewicz (2005) shows the spread on Z is approximately
0.003. The unknown metallicity affects the modelled stellar mass
(e.g., Ausseloos et al. 2004; Dupret et al. 2004; Aerts et al. 2018).
To estimate this additional uncertainty on M, we computed ad-
ditional MESA-StORM models at Z = 0.011 and Z = 0.017.
From these models, we calculated the change in a pulsation fre-
quency f j of a particular mode j due to a change in metallicity
∆Z = 0.003. Then we assessed the change in mass ∆M j re-580

quired to compensate for these frequency changes as ∆M j =( d f j

dM

)−1 d f j

dZ ∆Z. This mass shift depends approximately linearly
on M, only weakly on Xc, and strongly on the mode identifi-
cation j. Subsequently, we calculated the typical relative mass
shift M j =

∆M
M of each mode j. As a conservative estimate

for the uncertainty due to unknown metallicity σM,Z , we used
σM,Z = max j(M j)M with j going over the known mode identi-
fications in each target. As our final estimate of the error on M,
we took max(σM,stat,

∆Mgrid

2 , σM,Z). σM,Z proved to be the largest
mass uncertainty in all but one of our stars. Again, this increased590

uncertainty was propagated to the other parameters.
For frot, we consider one more source of uncertainty. As

detailed in Sect. 5, the rotational splitting is not adequately re-
produced by StORM in some rapidly rotating stars, which may
lead to frot getting under- or overestimated. To quantify this ef-
fect, we computed ∆ f from the observations and our StORM
model. An additional error on frot is then computed as ∆ frot =

frot

(
1 − ∆ f model

∆ f obs

)
. If |∆ frot| > σ frot , it is used as a unidirectional

error on frot depending on its sign.3

4.1.6. Compute model at statistical parameter values600

After establishing the fixed mode’s radial order, we are left with
a set of statistical estimates for the five free parameters (M,
log Dmix,0, fov, Xc, frot) computed in step 3. However, no model
output is available in the grid at precisely these statistical values.
Subsequently, we computed a new MESA-StORM model for each
star to ensure consistency in the further analyses of these models
in Sects. 5 and 7.

4.2. Validation of the procedure

We tested our modelling methodology on the six validation stars610

described in Sect. 2.3. Figure 4 compares the observed frequen-
cies and our models. Overall, we successfully match the ob-
served zonal frequencies except for the l = 2 mode in 12 Lac,
which is strongly coupled to its radial mode. This makes it diffi-
cult to model that l = 2 mode, hence why it was excluded from
the observational input by Desmet et al. (2009). The rotational
splittings are reproduced very well except for some multiplets in
HD 192575 and 12 Lac, the two most rapidly rotating stars of the
six validation stars. We also find the same npg as reported in the
six studies summarised in Table 2. This shows that the conditions620

3 As the other stellar parameters are not directly dependent on the ro-
tation rate, this unidirectional systematic error is not propagated.

used for the radial order identification summarised in Sect. 4.1.4
are sound.

We compare five essential stellar parameters from our mod-
elling with the values reported in the literature in Table 2. The
uncertainties or value ranges on these five parameters are in-
cluded where available in the literature. Our values mostly agree
with the literature within 1σ, which verifies the quality of our
sample modelling. In some stars, there is a discrepancy in M due
to our fixing of Z = 0.014 while the literature models vary Z.
These mass differences also propagate to discrepancies in log g 630

and Xc, which is especially the case in βCMa. Overall good
agreement is obtained and differences are understood in terms
of different input physics.

4.3. Summary of modelling results

We applied our modelling procedure to 38 targets selected from
the sample of Fritzewski et al. (2025). We found a satisfactory
model for 31 of these targets. Together with the five literature
stars this produces a final sample of 36 modelled βCep pulsators.
The modelling results of the 36 βCep pulsators are summarised
in Table D.2. 640

A corner plot of the five free parameters is given in Fig. A.1.
Our sample covers most of the parameter space quite well,
though only two stars have M > 20 M⊙. The maximum value of
Xc is 0.43 so our sample only probes the second half of the main
sequence, in line with the βCep instability strips presented by
Pamyatnykh (1999) and Burssens et al. (2020). A similar range
in Xc was reported by Fritzewski et al. (2025), who modelled the
Teff , L and one zonal mode frequency in 119 βCep stars based
only on the identified l of the dominant mode. The modelling
outcomes of the stars in both modelled samples are compared 650

in Appendix B.1. While there is an overall agreement in M, our
modelling greatly improved the estimates of Xc.

Our inability to find a good model for seven stars could in-
dicate that their mode identifications were incorrect since the
identified degrees from Fritzewski et al. (2025) are not abso-
lute. Moreover, rotational splitting can be misidentified by the
chance alignment of different modes. Alternatively, the pulsa-
tion frequencies in these stars may be affected by some physical
processes not accounted for in our model grid, such as binary in-
teractions (e.g., Sun et al. 2023) or magnetic fields (e.g., Mathis 660

& Bugnet 2023; Das et al. 2024; Guo et al. 2024).

5. Importance of second-order rotational effects

Thanks to the size of our sample, we can now examine the
systematic impact of second-order rotational effects in forward
modelling of βCep pulsator. Most past measurements of frot
from rotational splitting ∆ f = fm − f0 in βCep stars relied
on first-order Ledoux splitting ∆ f = m(1 − Cnl) frot, where the
Ledoux constant Cnl (Ledoux 1951) was computed for the best
forward model based on using only the identified zonal frequen-
cies (e.g., Aerts et al. 2003; Dupret et al. 2004; Pamyatnykh et al. 670

2004; Desmet et al. 2009; Burssens et al. 2023). Even studies that
included second-order rotation effects (e.g., Briquet et al. 2007;
Dziembowski & Pamyatnykh 2008; Suárez et al. 2009; Vanlaer
et al. 2025) estimated frot a posteriori. In our modelling, the rota-
tionally induced asymmetric splitting and zonal frequency shifts
played a key role cf. Sect. 4.1.2).

To evaluate how the second-order rotation effects included in
StORM affect the measured frot, we computed Cnl using the os-
cillation code GYRE version 7.2.1 (Townsend & Teitler 2013).
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Fig. 4: Comparing the observed (top) and best model’s frequencies (bottom) for the six validation stars. The x-axis is different for
each star. The y-axis in the top panel shows the square root of the relative flux amplitude (except in βCMa, whose spectroscopically
detected signals are given in km s−1). Unidentified signals are green lines while identified ones are black and are topped by a marker
indicating the degree. In the bottom panel, the colours and y-axis indicate the radial order. Markers have a thin grey outline to
distinguish overlapping markers.

Emulating previous studies, we estimated frot for each rotation-680

ally split multiplet as frot = ∆ f /(1 − Cnl). Figure 5 compares
these estimates to our consistently optimised frot from StORM.
The two estimates start to deviate when frot > 10% fcrit. We thus
conclude that second-order rotational effects should not be ig-
nored in βCep modelling for stars rotating faster than approxi-
mately 10% fcrit.

Figure 5 shows that the optimal frot found with StORM tends
to be smaller than frot estimated from GYRE. The difference in
frot is especially prominent for l = 1 multiplets at high frot. This

occurs because StORM often predicts large asymmetric splittings 690

for dipole modes, such that |∆ f | is greater for retrograde modes
(m < 0) than for prograde modes (m > 0). Indeed, the top panel
of Fig. 6 shows that the predicted asymmetry tends to be larger
than observed for l = 1 modes. This is partly because we looked
for multiplets with a small asymmetry, as described in Sect. 2.
Consequently, our forward modelling method reproduces the
splitting of the retrograde modes reasonably well, yet some-
times underestimates the prograde mode splitting. As a result,
the mean rotational splitting ∆ f can get underestimated by our
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Table 2: Comparison of the parameter estimates from our forward modelling to modelling results reported in the literature.

Our statistical model Model(s) in literature
star M log Teff log g Xc frot M log Teff log g Xc frot Z Ref.

[M⊙] [K] [cm s−2] [d−1] [M⊙] [K] [cm s−2] [d−1]

HD 129929 8.9(6) 4.34(2) 3.892(16) 0.318(19) 0.0132+1
−44 9.35 4.350 3.905 0.353 0.0127-

0.0147 0.0188 (1)

νEri 8.6(6) 4.32(2) 3.803(17) 0.267(17) 0.0265+4
−4 7.83 4.306 3.789 . . . . . . 0.0155 (2)

βCMa 12.0(7) 4.370(16) 3.644(12) 0.17(2) 0.060+14
−4 13.5(5) 4.373 3.529 0.128(3) 0.054(9) 0.021 (3)

θOph 8.0(5) 4.33(2) 3.948(17) 0.393(17) 0.107+3
−11 8.2(3) 4.348(5) 3.950(6) 0.38(2) 0.1068-

0.1075 0.012 (4)

HD 192575 13.0(9) 4.39(3) 3.62(5) 0.23(3) 0.188+7
−7 13.0+0.3

−1.3 4.401+28
−5 3.66+10

−5 0.24+1
−12 . . . 0.014 (5)

12 Lac 11.4(8) 4.361(18) 3.662(14) 0.167(6) 0.156+9
−28

10.0-
14.4

4.343-
4.408

3.64-
3.70 . . . 0.186-

0.190
0.010-
0.015 (6)

Notes. The initial metallicity in our models is not shown as it is fixed to 0.014. 12 Lac is shown separately due to its limited capacity to test
our forward modelling. We compare our model of θOph to that of Briquet et al. (2007) rather than the more recent study by Lovekin & Goupil
(2010) because the latter kept the initial mass fixed. Our results for νEri are compared to Ausseloos et al. (2004)’s model instead of Suárez et al.
(2009) who used an initial hydrogen mass fraction of X = 0.50 which is too different from ours to merit comparison. For consistency, the model
results shown here used only the eight frequencies modelled in Ausseloos et al. (2004), though the results of νEri below included all ten detected
by Jerzykiewicz et al. (2005) and modelled by Suárez et al. (2009). Similarly, we included 12 Lac’s (n, l) = (0, 2) multiplet in our modelling,
which Desmet et al. (2009) reported but did not fit. Herein we added a new frequency detected in the TESS light curve. The literature results of
HD 192575 are from Vanlaer et al. (2025) Set 1, which matches our identifications of the radial orders.
References. (1) Dupret et al. (2004); (2) Ausseloos et al. (2004); (3) Mazumdar et al. (2006); (4) Briquet et al. (2007); (5) Vanlaer et al. (2025);
(6) Desmet et al. (2009).
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Fig. 5: Difference in rotation frequency from each identified mul-
tiplet by our self-consistent modelling using StORM and by the a
posteriori step with GYRE against the relative rotation rate. Mul-
tiplets belonging to a validation stars are outlined in black. The
grey dotted line shows where the two estimates agree.

modelling, as demonstrated in Fig. 6’s bottom panel. This may700

imply that we somewhat underestimate frot for some stars with
identified prograde l = 1 modes rotating faster than 10% fcrit. Our
additional error on frot was introduced in Sect. 4.1.5 to compen-
sate for this. All rotational splitting data used to compute that
error and shown in these two figures are gathered in Table D.3.

The asteroseismic modelling methodology presented in
Sect. 4.1 is the first applied to βCep pulsators from a consis-
tent fit to the rotational splitting using a second-order treatment
of rotation. To examine the impact of these features, we repeated
our forward modelling with two alternative methods. First, we710

re-analysed all stars with frot optimised for only a first-order ro-
tation treatment using GYRE during step 2 of the modelling. Sec-
ondly, we removed the contribution of ∆ f j to the χ2 cost function
in step 3. The methods and results from these two tests are only
summarised here but elaborated on in Appendix B.2. Electronic
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Fig. 6: Difference in asymmetry (top) and mean rotational split-
ting (bottom) from each multiplet between the model and obser-
vations against the relative rotation rate. Multiplets belonging to
a validation star are outlined in black. The grey dotted line shows
where the model reproduces the observation.

tables summarising the results using these alternative methods
are available at the CDS. The observed zonal frequencies are
better reproduced when including the stellar deformation. In this
respect, the incorporation of second-order effects improves the
forward modelling quality. Moreover, our modelling with StORM 720

improves the fit to the observed asymmetries and mean splittings
for all frot. On the other hand, the inclusion of ∆ f j in the χ2 cost
function worsens the match with the observed zonal frequencies
when frot > 20% fcrit. Therefore, whether or not one should add

Article number, page 9 of 21



A&A proofs: manuscript no. output

∆ f j in χ2 depends on what stellar parameters one prioritises. As
this study is primarily concerned with the rotational properties
of βCep stars, we included the rotational splittings in the cost
function. Finally, the differences in all stellar parameters, except
frot, produced by these different modelling approaches are gen-
erally small. As such, the additional systematic uncertainties are730

modest, which justifies the exploitation of the results presented
in the next Section.

In conclusion for this Section, a first-order treatment of the
rotation cannot explain multiplet asymmetries. In that sense, our
sample modelling treating the rotational deformation of the stars
brings an essential improvement. Nevertheless, further future
improvements can be considered. Aside from the limitations in
StORM’s treatment of the rotational deformation, the star’s actual
rotation profile also affects multiplet asymmetries (Suárez et al.
2006, 2009, 2010). Given that we assumed rigid rotation in our740

oscillation computations, future derivations of the rotation pro-
files will allow for an upgrade in the quality of the modelling
from the observed asymmetries. Moreover, some or all of these
βCep stars could possess strong internal magnetic fields (Van-
dersnickt et al. 2025), which counteract the rotationally induced
asymmetric splitting (Mathis & Bugnet 2023; Das et al. 2024;
Guo et al. 2024).

6. Behaviour of core mass and rotation rate

We now look for trends in the stellar structure parameters of the
modelled βCep stars. In particular, we examine the mass of the750

convective core given its importance to the star’s later evolution
and its chemical yields (e.g. Hirschi et al. 2005; Pedersen 2022;
Brinkman et al. 2025). We also focus on the internal rotation to
facilitate future angular momentum transport studies for a sam-
ple of high-mass stars, instead of only a handful as done so far.

6.1. Convective core mass

The convective cores of massive stars shrink as they evolve along
the main sequence due to the changing opacity as hydrogen is
fused into helium. This has already been studied from asteroseis-
mology of γDor (e.g. Mombarg et al. 2021) and SPB stars (e.g.760

Pedersen 2022). With the forward modelling results of our βCep
sample, we can now asteroseismically calibrate the behaviour of
the relative convective core mass Mcc/M across a higher mass
range. To that end, we fitted Mcc/M against M and Xc, as shown
in Fig. 7. The best fitting relations are given by

Mcc/M = −3.4(1.8) 10−4
(

M
M⊙

)2

+ 0.0241(63)
M

M⊙
+ 0.039(50)

Mcc/M = 0.469(87) Xc + 0.136(24)

Mcc/M = −3.90(91) 10−4
(

M
M⊙

)2

+ 0.0236(32)
M

M⊙
+ 0.328(34) Xc − 0.064(26)

The coefficients of determination of these three relations are
0.73, 0.45, and 0.93, respectively, which indicates that the bi-
variate fit explains most of the variability in Mcc/M. Our results
are in agreement with Johnston (2021), who compared Mcc from
asteroseismology and eclipsing binaries to conclude that stars770

with a convective core possess a wide range of core masses.
The third panel of Fig. 7 suggests that Mcc/M increases with

fov as overshooting provides the core access to more hydrogen
from the envelope, although this relation is just barely not statis-
tically significant. The final panel shows a correlation between

Mcc/M and frot, which is due to the frot − Xc correlation seen
in Fig. A.1. This relation between frot and Xc reflects the de-
crease of the internal rotation rate along the main sequence. Such
a decrease is in line with the large sample of intermediate-mass
main sequence stars in Aerts (2021); Aerts et al. (2025). Another 780

significant correlation included in Fig. A.1 is between fov and
Xc, which indicates that core overshooting weakens as the stars
evolve. Parametrised core overshooting is merely a reflection of
core boundary mixing due to a multitude of instabilities occur-
ring in this transition layer. Many of these instabilities are caused
by the local rotation rate (see Heger et al. 2000; Aerts et al. 2019,
for extensive discussions of these instabilities), meaning these
last two correlations are likely connected.

6.2. Specific angular momentum of βCep stars

The evolution of the specific angular momentum J/M = 790

4π/3 frotR2 of a population of stars is used to study initial stellar
rotation rates and angular momentum losses. Kraft (1967) dis-
cussed a decrease of frot with age in solar-type stars, indicating
efficient angular momentum loss due to magnetic winds. The re-
lation between J/M and stellar mass M, in particular the ‘Kraft
break’ around 1.3 M⊙, has also been used to examine how the ef-
ficiency of angular momentum loss depends on stellar structure
(Kawaler 1987, 1988). Aerts (2025) studied asteroseismic J/M
values for approximately 3000 pulsating main-sequence stars
with masses M ∈ [1.3, 9] M⊙. From the near-core rotation rate 800

and assuming quasi-rigid rotation, they found another break in
the J/M(M) relation around 2.5 ± 0.2 M⊙.

Using our sample of βCep stars in the M ∈ [8, 30] M⊙ range,
we test the upper limit of J/M in a higher mass regime. Fig-
ure 8 displays the J/M(M) and J/M(Xc) relations along with the
high-mass upper limit in J/M(M) presented by Aerts (2025).
Our massive βCep stars obey this upper limit, in agreement with
the findings by Aerts (2025). For βCep pulsators, the assumption
of quasi-rigid rotation may be inaccurate just as found by Aerts
(2025) for the B-stars. Nonetheless, the J/M(M) upper limit re- 810

mains over 50% above the J/M(M) of our stars, which is com-
parable to the typical level of differential rotation in βCep stars
(Burssens et al. 2023, cf. Sect. 7).

There is no sign of J/M increasing as Xc decreases in the
right panel of Fig. 8. In contrast, Aerts (2025) finds that J/M in-
creases as Xc decreases for the more massive stars in their sam-
ple of intermediate-mass stars. That increase either means that
some of these stars gained angular momentum from binary in-
teractions or developed differential rotation. The lack of such a
relation in our sample may indicate that the internal rotation pro- 820

files of our high-mass βCep stars are different from those of the
intermediate-mass stars of Aerts (2025). We investigate this in
the next Section.

7. Differential rotation constraints in 17 βCep stars

We now seek to constrain the rotation profiles in a subsample
of our βCep stars. Following Fritzewski et al. (2025), we placed
an upper bound on the envelope-to-surface rotation ratio from
our optimised internal rotation frequencies frot,interior

4 and the
projected surface velocities frot,surface sin i estimated from Gaia
spectroscopy. Figure 9 shows the relation between these two ro- 830

tation measurements for 29 stars with an available estimate of
4 The internal rotation rate was previously symbolised by frot, but we
add the ‘interior’ subscript here to distinguish it from the surface rota-
tion rate.
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Fig. 7: Convective core mass relative to total stellar mass against the total mass (M), central hydrogen mass fraction (Xc), overshoot
parameter ( fov), and rotation frequency ( frot). Red lines show a quadratic and linear fit against total mass and central hydrogen mass
fraction, respectively. Boxes display the Pearson correlation coefficients and the p-values of the associated t-tests.
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Fig. 9: Projected surface rotation frequency from Gaia’s ESP-HS
pipeline against the interior rotation frequency when modelling
all identified multiplets. The grey dotted line marks where the
two measurements are equal. The Pearson correlation coefficient
and the p-value of the associated t-test is included in a box. Two
stars were assigned a surface rotation velocity of zero, which
indicates that rotational broadening was not detected.

frot,surface sin i. Notably, they are uncorrelated, which is in part
because frot,surface sin i is only a lower limit of frot,surface. On the
other hand, broadening of spectroscopic lines by the pulsations
can lead to frot,surface sin i getting overestimated for our high-

amplitude βCep pulsators. Therefore, we turn to purely aster-
oseismic constraints on the internal rotation profile, which are
more precise and unaffected by unknown projection factors.

In order to constrain the internal differential rotation of stars
using rigidly rotating models, we re-analysed the 17 stars with 840

more than one rotationally split multiplet. We re-model them
once per multiplet. Each time, we included all identified zonal
mode frequencies in the observational input, but only one mul-
tiplet’s rotational splitting ∆ f j. Consequently, frot is optimised
for only that multiplet in modelling step 2. For consistency, the
statistical parameter estimation of frot in step 3 still used the
exp (−χ2/2) weights found when modelling all multiplets’ ∆ f j.
Next, we computed the multiplet’s rotational sensitivity kernel
Knl. All information on the frot estimates from each multiplet
and their sensitivity kernels required to reproduce the results 850

presented in this section are collected in Table D.4. Figure C.1
shows some examples of such sensitivity kernels, which are dis-
cussed further in Appendix C. The left panel of Fig. 10 shows
the statistical frot for each multiplet against the normalised ra-
dius where it is most sensitive. The right panel plots the rotation
rate normalised to that of the mode that is most sensitive clos-
est to the surface. Normalised rotation rates below 1 indicate the
rotation rate is greater at higher radius and vice versa.

The frot measurements vary by more than 10% in 14 of the
17 βCep stars , showing that strong radial differential rotation is 860

common among this subsample. Even the three stars with a small
difference in frot, such as θOph (shown in red in Fig. 10), might
still be differential rotators. Figure C.1 shows that θOph’s two
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Fig. 10: Interior differential rotation in 17 stars with several rotationally split multiplets. The left panel shows the rotation frequency
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multiplets probe the same layers of the envelope, so it could still
feature differential rotation in unprobed regions. The outward
rotation gradient ∂ frot

∂r is most commonly negative, as observed
before (Burssens et al. 2023). Nevertheless, there are four stars
for which frot grows with r by over 10%. Such a strong outward
increase in frot has not been detected in βCep pulsators before.
Only in the aforementioned θOph has an outward rotation in-870

crease of about 5% been suggested before (Briquet et al. 2007).

That strong differential rotation is so commonly detected
in our sample is somewhat surprising as there are three biases
against it. First, the low-order modes in βCep stars are usually
sensitive to broad regions of the stellar envelope, as shown in
Fig. C.1. When the sensitivity kernels of two multiplets overlap,
the difference in their optimal frot is diminished as they both av-
erage frot over the same layers. Secondly, there is a selection bias
in our mode identification from rotational splitting. As discussed
in Sect. 2.2, candidate multiplets with rotational splitting differ-880

ing by more than a factor 2 were not included in our sample.
Finally, our modelling is set up to reproduce all observed rota-
tional splittings based on models assuming rigid rotation. Con-
sequently, the difference in frot required to optimally reproduce
the splitting of each multiplet individually is reduced. That we
detect rotation differences greater than 10% in 14 out of 17 stars
despite these biases strengthens the conclusion that strong radial
differential rotation is common in βCep stars.

Remarkably, three of the five stars with two multiplets
probing r/R∗ > 0.5 display an outwardly increasing rota-890

tion frequency, namely HD 229085 (grey), θOph (red), and
TIC 14085632 (orange)). These stars could have undergone ac-
cretion during binary interactions as expected in this mass
regime. Eight out of ten stars with one multiplet probing near
the core and another one assessing the upper envelope have a
negative rotation gradient. Combined, these trends may indi-
cate that the typical rotation profile of βCep pulsators is non-
monotonic, featuring a relatively rapidly rotating core and a
slower envelope with ∂ frot

∂r > 0. The two of the three stars with
three or more rotationally split multiplets, HD 192575 (yellow)900

and TIC 326724924 (cyan), also produce both positive and neg-

ative ∂ frot
∂r . The rotation inversions of HD 192575 by Vanlaer

et al. (2025) showed that it has a core-to-envelope rotation ra-
tio no greater than two and its rotation profile is not mono-
tonic. Furthermore, both 2D hydrodynamical simulations (e.g.,
Rogers & Ratnasingam 2025) and 1D stellar structure models
including transport by waves (e.g., Neiner et al. 2020) can pro-
duce such non-monotonic rotation profile in high-mass main se-
quence stars. As a conclusion, there is mounting evidence that
non-monotonic differential rotation occurs in βCep stars. 910

To help identify and calibrate the underlying angular mo-
mentum transport mechanisms, the rotation gradient should be
observed at various points throughout the envelope and at dif-
ferent stages along the main sequence in yet more βCep stars.
Here we are limited by βCep stars only occurring in the sec-
ond half of the main sequence (cf. Sect. 4.3). On top of that, the
mode excitation of βCep pulsations is also not uniform through-
out their evolution. As seen in the right panel of Fig. 10, all
five stars that probe at different points in the upper envelope
have Xc > 0.29 . This makes them among the least evolved 920

stars of this subsample of 17 stars. Ten out of eleven stars that
probe both the near-core region and outer envelope are all more
evolved with Xc < 0.28. The computations of mode excitation
by Rehm et al. (2024) in a 9 M⊙ stellar model indicate that sev-
eral p-modes, which probe the envelope, are only excited while
the star is young. Once the star is more evolved, it excites more
and higher-order g-modes, which are most sensitive to the near-
core layers. Consequently, it may be difficult to observe the enve-
lope rotation gradient in evolved stars and the core-to-envelope
rotation ratio in relatively young βCep pulsators. Nonetheless, 930

their value to constraining angular momentum transport makes
seeking such detections a worthwhile effort. Moreover, that the
relatively young TIC 411281532 probes both the near-core lay-
ers and envelope demonstrates it is possible to find βCep stars
providing these constraints.

In conclusion, measurable differential rotation is common in
βCep stars. The level of differentiality we could measure in our
sample goes up to approximately a factor 2.5. This implies that
the uncertainty on J/M in Fig. 8 due to the radial differential ro-
tation is small enough that our stars still obey the upper limit 940
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in Aerts (2025). Moreover, as differential rotation in βCep stars
appears to be non-monotonic and βCep pulsations probe a vari-
ety of different layers, the presented J/M may be overestimated.
Therefore, the conclusions from Sect. 6.2 regarding the specific
angular momentum remain valid.

8. Summary and conclusions

We presented a sample of 36 asteroseismically modelled βCep
stars with the aim to exploit their potential to constrain angular
momentum transport on the main sequence. This marks the first
population of βCep stars with forward asteroseismic modelling.950

For most stars in this sample, Fritzewski et al. (2025) provided
identifications of the modes’ degrees, which we complemented
with identifications of degrees and azimuthal orders from rota-
tional splitting. For our forward modelling, we created a new
grid of MESA main sequence models with a wide range in mass,
age, core overshoot, and envelope mixing. The oscillations in
these models were computed using the state-of-the-art StORM
code, which includes second-order rotation effects. Using these
improved oscillation predictions, we developed a novel forward
modelling approach for βCep pulsators that consistently takes960

rotation into account.
Making use of the size of our sample, we calibrated the evo-

lution of the convective core mass and its mass-dependency.
We found that the core overshoot weakens with age, reflecting
the shrinking core of these massive main sequence stars. Con-
sequently, stellar models should ideally implement some time-
dependent core overshooting scheme. Like in intermediate-mass
main sequence stars, the rotation rate decreases as the stars
evolve. Moreover, our βCep stars obey the specific angular mo-
mentum relations of intermediate-mass stars.970

One notable shortcoming of our modelling is our overesti-
mation of the asymmetry of rotationally split dipole multiplets,
which indicates some important physics is missing or oversim-
plified in our modelling. Internal magnetic fields are an obvious
candidate as they are known to reduce the asymmetry of rotation-
ally split multiplets. However, unambiguously disentangling the
effects of both magnetism and rotation from asymmetries alone
is difficult. This issue is alleviated if a multiplet displays both ro-
tational and magnetic splitting, resulting in more than 2l+1 com-
ponents. HD 192575 is currently the only known βCep star with980

such splitting (Vandersnickt et al. 2025). Consequently, a popu-
lation level study including magnetic effects is not plausible until
more βCep pulsators with magnetic splitting are discovered.

An observational avenue to continue improving our under-
standing of βCep stars is to further expand the sample to fill out
the broad parameter space. In particular, there is still a shortage
of βCep stars more massive than 20 M⊙. Further, more targets
with enough rotationally split multiplets to measure the internal
rotation rate near the core and throughout the envelope at differ-
ent ages would also be highly beneficial. The upcoming PLATO990

space telescope (Rauer et al. 2025) is capable of providing the
necessary photometry to detect the pulsation frequencies of sev-
eral dozen βCep pulsators with high precision (Nascimbeni et al.
2025). Meanwhile, both ground- and space-based multi-colour
observations of βCep stars have proven their capability to iden-
tify those pulsation signals. As shown by our work, these mode
identifications can then be further refined from rotational split-
ting.

We successfully constrained radial differential rotation in 17
stars, increasing the sample of βCep stars with purely asteroseis-1000

mic measurements of differential rotation more than threefold.
An overall trend emerged suggesting that the inner region near

the convective core rotates faster than the envelope. For the few
stars offering the information, we find that the rotation rate of-
ten increases outwardly in the envelope. Such a rotation gradient
is expected for stars that experienced accretion in their recent
past and/or are subject to the action of internal gravity waves.
Combined with rotation inversions and rotation profiles in multi-
dimensional hydrodynamical simulations, we conclude that non-
monotonic differential rotation is common in βCep stars. Test- 1010

ing which angular momentum transport mechanisms can explain
these rotation profiles will require stellar modelling using new
generations of stellar structure and evolution models with realis-
tic transport mechanisms in order to verify if they reproduce all
the observed rotational splitting.

Data availability

The complete versions of Tables D.1, D.2, D.3, and
D.4 are only available in electronic form at https:
//github.com/Mathijs-Vanrespaille/Vanrespaille_
BetaCepheiForwardModelling.git (placeholder, to be 1020

replaced with CDS information). The Python code used
to perform our forward modelling is publicly available at
https://github.com/Mathijs-Vanrespaille/BCep_
forward_modelling.git. The MESA stellar models, including
the StORM oscillation computations, can be freely accessed at
the KU Leuven Research Data Repository (link to be added).
Meanwhile, the MESA work directory and StORM setup can be
found at the following Zenodo repository (link to be added).
Electronic figures similar to Figs. 4 and C.1 for all 36 βCep stars
with a good model in our sample are available at the Zenodo 1030

repository (link to be added).
Acknowledgements. The authors thank the anonymous referee for their feed-
back. MV warmly thanks Hannah Brinkman for her advice in adapting our MESA
inlists and for designing the nuclear network and acknowledges Ehsan Moravveji
for his assistance in setting up the MESA grid computations. He also thanks Noi
Shitrit, Tami Rogers, Miriam Rodriguez-Sanchez, Jelle Vandersnickt, Zhao Guo,
and Pablo Huijse for useful conversations. Helpful comments on the manuscript
were provided by Alex Kemp, Joey Mombarg, Michel Rieutord, Laura Scott, and
Keegan Thomson-Paressant. The MESA and StORM computations were done at the
Flemish Supercomputer Centre (VSC). MV has received funding from the KU 1040
Leuven Research Council (doctoral mandate grant DB/24/008). VV gratefully
acknowledges support from the Research Foundation Flanders (FWO) under
grant agreement N◦1156923N (PhD Fellowship). DJF and CA acknowledge sup-
port from the Flemish Government under the long-term structural Methusalem
funding program by means of the project SOUL: Stellar evolution in full glory,
grant METH/24/012 at KU Leuven. MV and CA acknowledge financial sup-
port from the European Research Council (ERC) under the Horizon Europe pro-
gramme (Synergy Grant agreement N◦101071505: 4D-STAR). While partially
funded by the European Union, views and opinions expressed are however those
of the authors only and do not necessarily reflect those of the European Union 1050
or the European Research Council. Neither the European Union nor the granting
authority can be held responsible for them. CA also acknowledges the Belgian
Federal Science Policy Office (BELSPO) for the provision of financial support
in the framework of the PRODEX Programme of the European Space Agency
(ESA).
Software: This research made use of the astropy (Astropy Collaboration et al.
2022), h5py (Collette 2013), matplotlib (Hunter 2007), NumPy (Harris et al.
2020), pandas (Wes McKinney 2010), and SciPy (Virtanen et al. 2020) Python
packages. We used the MESA (Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn
et al. 2023) stellar structure and evolution code to compute our new grid of stellar 1060
models and the codes StORM (Vanlaer et al. submitted) and GYRE (Townsend &
Teitler 2013) to perform the oscillation computations.

References
Aerts, C. 2021, Reviews of Modern Physics, 93, 015001
Aerts, C. 2025, arXiv e-prints, arXiv:2511.02909
Aerts, C., Christensen-Dalsgaard, J., & Kurtz, D. W. 2010, Asteroseismology

(Springer Netherlands)

Article number, page 13 of 21



A&A proofs: manuscript no. output

Aerts, C. & De Cat, P. 2003, Space Sci. Rev., 105, 453
Aerts, C., De Cat, P., Handler, G., et al. 2004a, MNRAS, 347, 463
Aerts, C., Mathis, S., & Rogers, T. M. 2019, ARA&A, 57, 351070
Aerts, C., Molenberghs, G., Michielsen, M., et al. 2018, ApJS, 237, 15
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Appendix A: Parameter space and correlations

Figure A.1 shows a corner plot of the five free parameters in our
modelling. These distributions and some of the correlations were
already discussed in Sects. 4.3 and 6.1, respectively. Here we ex-
amine some of the remaining correlations or lack thereof.1220

The Pearson correlation coefficients with the initial mass M
reported in Fig. A.1 are dominated by the two most massive stars.
If these two targets are neglected, the correlations with frot and
Xc become greatly weakened and are no longer significant. How-
ever, a significant positive correlation between M and log Dmix,0
aappears when neglecting the two most massive stars. This new
correlation reflects how the mixing coefficients must be greater
in more massive stars to mix the greater mass over a longer ra-
dius. The slope of log Dmix,0 against M is similar to that found
in the simulations of Varghese et al. (2023) for the middle main1230

sequence. This justifies our decision to increase log Dmix,0 for
the models with M > 13.03 M⊙ (see Sect. 3.1), although how we
constructed the log Dmix,0 parameter grid is also partly responsi-
ble for the relation with M.

Besides the correlation between fov and Xc discussed in
Sect. 6.1, there is no significant correlations including either of
the mixing parameters fov or log Dmix,0. Notably, fov is not signif-
icantly negatively correlated with frot, despite theoretical work
suggesting that rotation can reduce the efficiency of convec-
tion and core-boundary mixing (e.g., Tayler 1973; Augustson &1240

Mathis 2019; Bessila et al. 2025).

There are several causes behind this lack of clear relations.
First, not all βCep pulsations are sensitive to the envelope (e.g.,
the top right panel of Fig. C.1), which makes it difficult to con-
strain log Dmix,0 in some βCep stars. Secondly, the βCep pulsa-
tion class is inherently diverse due to the wide range in mass,
age, metallicity, and rotation rate, which complicates the rela-
tions between these parameters. Thirdly, the broad parameter
space is not covered uniformly or completely by our sample,
which features a gap in the mass range between approximately1250

20 and 25 M⊙ in the mass histogram of Fig. A.1. Finally, dif-
ferential rotation is common in βCep stars, while the optimised
frot probe diverse regions of the stars. Therefore, frot may not be
representative of the star as a whole, which potentially clouds
relations between frot and other free parameters.

Appendix B: Different modelling approaches

Appendix B.1: Comparison to Fritzewski et al. (2025)

Here we seek to test how the addition of more identified fre-
quencies and our more intricate modelling approach improves
upon the modelling of Fritzewski et al. (2025). For the 24 stars in1260

both samples, we compare three essential parameters in Fig. B.1.
Overall, there is a clear agreement in the stellar mass M, ex-
cept at the highest and lowest masses. This is because Fritzewski
et al. (2025) used the stellar model grid of Burssens et al. (2023)
which only covers M ∈ [9, 21.5] M⊙, while we found that these
stars’ masses range from 8 M⊙ to 30 M⊙. The differences in the
central hydrogen mass fraction Xc are large, demonstrating that
this work significantly improved the estimates of Xc and there-
fore the age. This superior Xc constraint also results in an im-
proved estimate for the convective core mass due to the strong1270

relation with Xc discussed in Sect. 6.1.

Appendix B.2: Further evaluating the impact of second-order
rotation effects

As shown in Sect. 5, StORM tends to overestimate the asymmetry
of the rotational splitting in l = 1 multiplets of βCep stars with a
rotation frequency frot greater than 10% of the Keplerian critical
rotation frequency fcrit. This subsequently leads to the estimated
frot being smaller compared to an extraction of frot from a sim-
plified, ‘a posteriori’ estimate based on the first-order rotation
treatment of the GYRE oscillation code. When frot = 0, StORM 1280

reproduces the frequencies computed with GYRE to within ob-
servational errors (Vanlaer et al. submitted). Consequently, we
can evaluate the impact of the second-order rotation effects in
our forward modelling by comparing the modelling results from
these two codes. The most notable second-order effects are the
asymmetric rotational splitting and stellar deformation reducing
mode frequencies.

Here we compare the modelling outcomes of different mod-
elling methodologies in order to answer the following questions:

– Does the reduction of mode frequencies due to stellar de- 1290

formation and shifts in zonal frequency from mode coupling
lead to a better match with the observed zonal frequencies?

– Does our consistent inclusion of asymmetric rotational split-
ting ∆ f j in the χ2 merit function in modelling step 3 worsen
the fit of the other observations?

– How does the choice of oscillation code and modelling strat-
egy affect our estimates of the stellar parameters?

We repeated the modelling of our 36 stars using the same
grid of stellar models, though with the oscillation computations
performed with GYRE. The modelling method was identical to 1300

the one described in Sect. 4.1 with two notable changes. First,
zonal mode frequencies f0 are unchanged by rotation to first
order. Therefore, the procedure of fixing the age of each evo-
lutionary track using the fixed mode described in Sect. 4.1.2
only needed to be performed for frot = 0. Subsequently, the
process of interpolating between various at different ages also
became unnecessary. Secondly, the optimal frot is determined
from the observed rotational splitting ∆ fobs, j by calculating the
Ledoux constant Cnl, j (Ledoux 1951) with GYRE and minimising∑

j(∆ fobs, j − mj(1 − Cnl, j) frot)2/σ2
∆ fobs, j

. With this new procedure, 1310

the optimal Xc and frot were once again determined for each evo-
lutionary track and only models within 2σ on the observed posi-
tion in the HRD were retained. Afterwards, modelling steps 3 to
6 were followed as before.

In another test, we repeated both the analyses with the StORM
and GYRE grid with an altered χ2 merit function in modelling
step 3. We left the identified rotational splitting ∆ f j out of the
merit function, so the statistical parameter estimates are opti-
mised to only the effective temperature log Teff , luminosity log L,
and identified zonal mode frequencies f0, j. 1320

We first examine the impact of second-order rotation effects
on the modelling of zonal modes by using the results found when
neglecting the contributions of ∆ f j in modelling step 3. Fig-
ure B.2 compares the largest discrepancy between the observed
f0, j and the those in the model found with StORM and GYRE. Most
stars lie well below the grey dotted line, which indicates that
the model found with StORM grid outperforms the GYRE model.
Therefore, we conclude that the treatment of rotationally induced
stellar deformation included in StORM improves the fitting of f0, j.

Next, Fig. B.3 compares the model quality with and with- 1330

out the contribution of ∆ f j to χ2 using the StORM grid. On one
hand, the observed f0, j are generally better reproduced when
∆ f j is not optimised alongside f0, j in βCep stars rotating more
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Fig. A.1: Corner plot of the rotation frequency, core overshoot parameter, envelope mixing strength, central hydrogen mass fraction
and initial mass. Pearson correlation coefficients and p-values of the associated t-tests between each set of two parameters are
included in boxes.

rapidly than 20% fcrit. This indicates that beyond this rotation
threshold, the difficulty in matching the observed rotational split-
ting may throw off the fitting of zonal frequencies. Figure B.4
shows two such stars, where one’s model is weakly affected and
the other’s strongly affected by the change step 3. On the other
hand, the observed dimensionless asymmetry and the mean ro-
tational splitting ∆ f are naturally better reproduced when ∆ f j is1340

included. Notably, ∆ f is much better reproduced when includ-
ing second-order effects at small frot/ fcrit. These differences are
exaggerated at small frot/ fcrit as ∆ f is reproduced precisely in
both approaches, which makes the ratio between the two mod-
els volatile as the discrepancies in ∆ f are small. Nevertheless,
this demonstrates that optimising asymmetric rotational split-
ting from second-order effects is still worthwhile even when frot

is small, as also argued by Briquet et al. (2007). In summary,
the inclusion of ∆ f j in χ2 can adversely affect the fitting of f0, j
when frot > 20% fcrit and thus potentially throw off stellar pa- 1350

rameters such as mass and age. However, it also leads to signifi-
cantly better reproduction of non-zonal frequencies and thus pro-
duces a superior frot estimate at all rotation rates. Consequently,
whether ∆ f j should be optimised consistently depends the rota-
tion regime as well as on which stellar parameters one prioritises.

To test how these different modelling approaches affect the
derived stellar parameters, Fig. B.5 shows the five free parame-
ters and the relative convective core mass Mcc/M obtained when
including or excluding the ∆ f j from χ2. By and large, these mod-
elling approaches produce similar results as the initial mass M 1360

and the central hydrogen mass fraction Xc as a proxy of age
agree for most stars. Subsequently, Mcc/M is also in agreement.
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was not included in the χ2 merit function in step 3. For stars be-
low the grey dotted line, the modelling using StORM better repro-
duces the observed zonal modes than the modelling with GYRE
and vice versa. The validation stars have a golden outline.

Nonetheless, there are a handful of stars for which the two mod-
elling procedures differ significantly as a different local mini-
mum in χ2 becomes the global minimum.

For completeness, we also compare the modelling results ob-
tained with StORM and GYRE in Fig. B.6 with ∆ f j considered in
χ2. Again, most parameters are broadly in agreement, although
Xc tends to get underestimated when using GYRE at higher rota-
tion rates as the reduction of mode frequencies due to stellar de-1370

formation is neglected. This results in significant differences in
the estimates of the other parameters. Notably, these differences
are larger than the scatter than in Fig. B.5, which suggests that
the choice of oscillation code has a greater impact than some de-
tails of the modelling methodology. As also discussed in Sect. 5,
the optimal frot is usually greater when using GYRE than when
using StORM, especially at higher frot.

Appendix C: Sensitivity kernels

The low-radial order pulsations in βCep stars typically have
a broad rotational sensitivity kernel Knl. Figure C.1 displays1380

Knl, calculated using equation (3.356) in Aerts et al. (2010),
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Fig. B.3: Ratio of the largest discrepancy between the observa-
tions and models when including over excluding the rotational
splitting in χ2 modelling step 3 against the relative rotation fre-
quency. The top panel shows the discrepancies in zonal mode
frequencies, the middle panel the mean splitting within a mul-
tiplet, and the bottom panel the dimensionless asymmetry pa-
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of the identified rotationally split multiplets in two stars.
TIC 314833456 (top) has one multiplet sensitive to a thin region
near the core and another sensitive to a broad part of the enve-
lope, hence its core-to-envelope rotation ratio can be well con-
strained. Meanwhile, θOph has two multiplets that are both sen-
sitive to approximately the same broad regions of the envelope.
Consequently, these overlapping kernels average the rotation fre-
quency over the same values, dampening the difference between
the two measured rotation frequencies. Therefore, the constraint1390

on the differential rotation in this star is merely a lower limit.

Appendix D: Electronic data, code, and figures

This paper is accompanied by a number of electronic tables con-
taining all the observational constraints as well as all the mod-
elling results required to reproduce the figures presented in the
main text. Snippets of these tables are shown in this Appendix.
Further instructions on how to access these electronic tables,
electronic figures, and our forward modelling code are given in
the Data Availability section above.
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Fig. B.5: Comparison of the initial mass, mixing at the base of the envelope, core overshoot parameter, relative convective core
mass, central hydrogen mass fraction, and rotation frequency found when including and excluding the rotational splitting in χ2 in
modelling step 3. Grey dotted lines indicate where the modelling results agree. The validation stars have a golden outline.

Table D.1: Observational input used in the modelling of five stars examined in this study, including mode identities. For simplicity,
we omitted the uncertainties and the lists of all detected signals in this excerpt. Similarly, we only show one identified signal.

TIC ID Name Gaia DR3 ID RA dec. V success source Teff log Teff log L frot,surface sin i Ni Nf i1 npg,1 l1 m1 f1 a1
[◦] [◦] [mag] [K] [L⊙] [d−1] [d−1]

13332837 HD 229085 2061190956100233088 305.39636 38.61325 9.8 True esphs 4.366 4.172 0.48 2 5 1 2 1 -1 8.638539 0.001555
14085632 TIC 14085632 2057943789022548096 305.72188 37.11278 11.0 True esphs 4.533 4.938 0.38 2 7 1 1 1 -1 4.521608 0.003241
15166556 HD 146442 5990434159009246848 244.59709 -45.84034 9.11 True esphs 4.362 3.727 0.76 2 4 1 1 1 -1 6.366871 0.002721
18827544 TIC 18827544 5941164183970835200 247.97767 -48.42875 12.28 False esphs 4.398 3.939 0.38 2 4 1 . . . 1 -1 4.39127 0.000732
34590771 βCMa -1 95.67494 -17.95592 1.97 True Mazumdar2006 4.4 4.45 . . . 2 3 1 1 0 0 3.9995 2.6
. . .

Notes. Ni is the number of identified radial modes or rotationally split multiplets, i.e. how many unique sets of (npg, l) were identified, while Nf
is the total number of identified modes observed. The columns suffixed with 1 describe the first identified pulsation mode. The complete table,
including uncertainties, all identified frequencies, and lists of all detected frequencies including unidentified ones, is available at the CDS with
additional documentation.

Table D.2: Modelling outcomes and statistical parameter estimation of five stars examined in this study when modelled using StORM
and including rotational splitting in the merit function. For simplicity, we omitted the uncertainties in this excerpt.

TIC ID Name χ2 | f0,obs − f0,model| M log Dmix,0 fov Xc frot frot/ fcrit age log Teff log L log g log R Mcc Mcc/M
[d−1] [M⊙] [cm2 s] [d−1] [Myr] [K] [L⊙] [cm s2] [R⊙] [M⊙]

13332837 HD 229085 29658.7 8.2e-06 12.59 4.0 0.035 0.429 0.4106 0.2039 10.92 4.43 4.268 3.946 0.796 3.87 0.307
14085632 TIC 14085632 317.2 0.006026 18.41 6.0 0.01 0.297 0.1123 0.084 7.74 4.477 4.798 3.765 0.968 6.16 0.335
15166556 HD 146442 1844.8 0.002667 8.04 4.0 0.01 0.203 0.3785 0.2211 29.56 4.295 3.702 3.775 0.784 1.34 0.166
34590771 βCMa 0.8 4.87e-05 12.03 3.2 0.0147 0.167 0.0598 0.0481 15.67 4.37 4.306 3.644 0.936 2.57 0.214
42940133 HD 228101 184.4 0.0013233 11.75 4.8 0.021 0.394 0.234 0.1177 12.56 4.411 4.183 3.926 0.791 3.25 0.277
. . .

Notes. The full table, including uncertainties, is available at the CDS with additional documentation. Similar tables using the alternative modelling
methods described in Appendix B.2 are also available at the CDS.
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Fig. B.6: Comparison of the initial mass, mixing at the base of the envelope, core overshoot parameter, relative convective core
mass, central hydrogen mass fraction, and rotation frequency found from StORM and GYRE. Grey dotted lines indicate where the
modelling results agree. The validation stars have a golden outline.
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Fig. C.1. Sensitivity kernels of each identified rotation-
ally split multiplet in the βCep stars TIC 314833456
and θOph. In each panel, we include the name of the
star and the multiplet’s degree, radial order, zonal fre-
quency, and extracted rotation frequency.
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Table D.3: Observed and modelled rotational splitting in each identified multiplet of five stars in our sample.

TIC ID Name npg l f0,obs f0,model ∆ f1,obs ∆ f−1,obs ∆ f2,obs ∆ f−2,obs A1,obs A2,obs ∆ f1,model ∆ f−1,model ∆ f2,model ∆ f−2,model A1,model A2,model frot σ frot,− σ frot,+ frot,GYRE Cnl
[d−1] [d−1] [d−1] [d−1] [d−1] [d−1] [d−1] [d−1] [d−1] [d−1] [d−1] [d−1] [d−1] [d−1]

13332837 HD 229085 2 1 9.13184 9.13184 0.59119 0.4933 . . . . . . -0.09026 . . . 0.25463 0.55531 . . . . . . 0.37123 . . . 0.4174 0.0007 0.1636 0.5656 0.04127
13332837 HD 229085 1 1 6.87714 6.87715 . . . 0.3861 . . . . . . . . . . . . 0.26675 0.38614 . . . . . . 0.18286 . . . 0.3838 0.029 0.029 0.402 0.03959
14085632 TIC 14085632 1 1 4.63305 4.63305 0.1386 0.11144 . . . . . . -0.10864 . . . 0.108 0.13197 . . . . . . 0.09988 . . . 0.1275 0.0009 0.027 0.133 0.06005
14085632 TIC 14085632 -1 2 4.21651 4.21048 0.09717 0.07341 . . . 0.15961 -0.13931 . . . 0.07823 0.08066 0.15343 0.16478 0.01527 0.03569 0.1047 0.0007 0.0056 0.1129 0.24158
15166556 HD 146442 1 1 6.57384 6.57651 0.19547 0.20697 . . . . . . 0.02857 . . . 0.13906 0.22906 . . . . . . 0.24449 . . . 0.3785 0.0045 0.0323 0.4165 0.51682
15166556 HD 146442 1 0 5.50359 5.50359 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
34590771 βCMa 1 0 3.9995 3.9995 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
34590771 βCMa -2 2 3.8828 3.88275 . . . . . . 0.0965 . . . . . . . . . 0.04861 0.04934 0.0965 0.09949 0.00746 0.01529 0.0598 0.0016 0.0016 0.0589 0.18062
42940133 HD 228101 0 2 7.1674 7.16607 0.22259 0.24275 . . . 0.43567 0.04331 . . . 0.21416 0.2214 0.42089 0.44987 0.01662 0.03328 0.234 0.0023 0.0023 0.235 0.0661
42940133 HD 228101 1 0 6.30245 6.30245 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . .

Notes. Each row in this table represents one rotationally split multiplet or radial mode, meaning there are several rows per star. We included the
statistical rotation frequency estimate from our modelling step 3, its asymmetric uncertainties, and the rotation frequency found with the simplified
‘a posteriori’ step from the Ledoux constant estimated with GYRE. In the subscripts of rotational splitting ∆ fm,source and dimensionless asymmetry
parameter A|m|,source, ‘m’ indicates the azimuthal order and ‘source’ whether the value comes from the observations or the best model. The zonal
frequencies f0,source use the same scheme. The full table is available at the CDS with additional documentation.

Table D.4: The constraints on differential rotation in five stars in our sample. We only show the rotation and kernel positions from
one rotationally split multiplet in this excerpt for brevity.

TIC ID Name frot,surface sin i σ frot,surface sin i frot σ frot,− σ frot,+ Xc σXc Nr f0,1 n1 l1 frot,1 σ frot,1,− σ frot,1,+ (r/R∗)mode,1 (r/R∗)mean,1 (r/R∗)median,1
[d−1] [d−1] [d−1] [d−1] [d−1] [d−1] [d−1] [d−1] [d−1]

13332837 HD 229085 0.48 0.15 0.4106 0.0125 0.1043 0.429 0.015 2 9.13184 2 1 0.4174 0.0007 0.1636 0.882 0.738 0.837
14085632 TIC 14085632 0.38 0.10 0.1123 0.0034 0.0019 0.297 0.007 2 4.63305 1 1 0.1275 0.0009 0.027 0.744 0.431 0.437
15166556 HD 146442 0.76 0.23 0.3785 0.0278 0.0323 0.203 0.02 1 6.57384 1 1 0.3785 0.0045 0.0323 0.131 0.451 0.196
34590771 βCMa . . . . . . 0.0598 0.0043 0.0143 0.167 0.021 1 3.8828 -2 2 0.0598 0.0016 0.0016 0.123 0.406 0.384
42940133 HD 228101 0.46 0.12 0.234 0.0204 0.005 0.394 0.015 1 7.1674 0 2 0.234 0.0023 0.0023 0.205 0.405 0.265
. . .

Notes. Nr is the number of identified rotationally split multiplet. The columns (r/R∗)X are the relative radius of the position of the maximum,
mean and median of the sensitivity kernel. The columns suffixed with 1 describe the first identified multiplet. The full table, including all identified
rotationally split multiplets, is available at the CDS with additional documentation.

Article number, page 21 of 21


